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Abstract

New materialshaveencourageddevelopmentof bipolarLi-AI/FeS=batteries
forelectricvehicle(EV) applications.Currenttechnologyemploysa two-phaseLi-
alloynegativeelectrodelow-melting,LiCI-richLiCI-LiBr-KBrmoltensaltelectrolyte,
and either an FeS or an upper-plateau(U.P.) FeS= positiveelectrode. These
componentsare assembledin a sealed bipolarbatteryconfiguration. Use of the
two-phase Li-alloy((x+ 13Li-AIand LisAlsFe2)negativeelectrodeprovides in situ
overchargetolerancethat rendersthe bipolardesign viable. EmployingLiCI-rich
LiCI-LiBr-KBrelectrolytein "electrolyte-starved"cellsachieveslow-burdenedcells,
that possess low area-specificimpedance; comparable to that of flooded cells
using LiCI-LiBr-KBreutecticelectrolyte. The combinationof dense U.P. FeS_
electrodesand low-meltingelectrolyte producesa stable and reversiblecouple,
achievingover 1000 cycle life in flooded cells, with high power capabilities. In
addition,a family of stablesulfideceramic/sealantmaterialswas developed that
produce high-strengthbonds between a variety of metals and ceramics, which
renders lithium/ironsulfide bipolarstacks practical. BipolarLi-AI/FeS2 cells and
four-cellstacksusingthesesealsare beingbuiltand tested inthe 13 cm diameter
size for EV applications. To date, Li-AI/FeS2cells have attained400 W/kg power
at 80% DOD and 180 Wh/kg energyat the 30 W/kg rate. When cell performance
characteristicsare usedto model full-scaleEV and hybridvehicle (HV) batteries,
they are projected to meet or exceed the performance requirementsfor a large
variety of EV and HV applications.Efficientproductionand applicationof Li-alloys
and Li-saltelectrolyteare criticalto approachingbattery costobjectives.

1.0 INTRODUCTION

Sincethemid-1980's,ArgonneNationalLaboratory(ANL) hasbeenconductinga low-level
parallelresearchproject on Li-AI/FeS2andLi-AI/FeScells[1.2.3]forelectricvehicles.Several major
technicaldevelopmentson this projecthave produceda shift in emphasis,away from prismatic
Li-AI/LiCI-KCI/FeS cells and batteries, to bipolar Li-AI/LiCI-LiBr-KBr/FeS2 and Li-AI/LiCI-LiBr-



KBr/FeS cells and batteriesthat operateat 400-450°C. The Li-AVFeS2technologybeingpursued
involvesdischargeon the upper voltageplateau (U.P.) of a dense FeS=cathode:

2Li-AI + FeS2 < --- > Li=FeS2 + 2AI (1)

The theoreticalspecificenergy for this reactionis 480 Wh/kg.

Developmentsinmaterialsandelectrochemicalmechanismsformolten-saltbatterieshave
provided significant advances to LVFeS2 battery performance. Stable electrochemistry and
metal/ceramicseal technology[1]have encourageda sealed bipolarbattery design (Fig. 1). The
bipolarbattery is series-connectedcells which depends upon no open circuitfailures for stable
operation. Additionally, overcharge tolerance of cells by a lithium-shuttlemechanism has
promoteddevelopmentof highvoltagebattery operationinwhichcell charge equalizationcan be
accomplishedby trickle-chargingthe entire battery.

Two majoradvantages of the bipolardesign over otherdesign configu.rationsare higher
performance and lower matedal costs. Higher performance results from reducing the intemal
impedance, therebyincreasingspecificpower, and reducingthe weight and volumeof nonactive
materials,and therefore increasingspecificenergy. Also, reducingthe non-active/activematerial
ratioreduces the materials' costson a dollars/kWhbasis.

This paper will review these technicalachievementsin lightof materials developed. High
temperature lithiumbattery technologypromises outstandingperformance, as well as a cost-
effectiveapproach for the demandingelectric car application. As indicated,new materials are
leadingthe way for meeting the ambitiouscostobjectives,$100/kWh. More efficientproduction
of lithiumalloys and lithiumsalts will improvecommercialprospectsfor materials suppliersand
profit marginsfor battery manufacturers. Currently,Argonne has teamed with SAFT America
(Cockeysville,MD) who will commercializethe bipolarLVFeS=battery for electricoars.

2.0 THE Li/FeS: CELL

As describedin Section1.0, bipolarlithium/sulfidebatteriesutilizea lithium-alloynegative
electrode, a moltensalt electrolyte and either an FeS or FeS2 positive electrode. Unlike earlier
cells that usedthe LiCI-KCI eutectic(m.p. 356°C) electrolyteand dischargedthe FeS2to Li2Sand
Fe, these cells use the LiCI-LiBr-KBr electrolyte (m.p.-320°C) and the FeS2 electrode is
disn,hargedonly to Li2FeS2. These type cells are referredto as U.P. Li-AVFeS_cells, since they
use only the uppervoltage plateau of the FeS2 half-cellcouple: FeS2+ 2Li. + 2e _ Li2FeS2.

Althoughtheoretical specificenergies of the U.P. FeS_cell and FeS cells are similar(460
to 475 Wh/kg), the U.P. FeS2 cell has specificenergy and power capabilities (200 Wh/kg and
200 W/kg) whichare almostdouble thoseof the FeS cell. The highervoltage,as Shownin Fig. 2,
and lower impedance of the U.P. FeS2 electrode are combined with 50% greater utilization of
theoretical capacity. The energy density of the U.P. FeS= electrode is about 1.90 Wh/cm3,
compared to about1.05 Wh/cm3for the FeS electrode. In addition,cell power (V=/R)for the U.P.
FeS=cell is aboutdoublethat of the FeS cell. Voltagefor the U.P. FeS=cell is about 35% higher,
and cell impedanceat 80% depth of discharge(DOD) is about 80% of the FeS cell impedance.



Therefore, the U.P. FeS cell can achieve a much higherfraction of theoreticalenergy than the
FeS cell based on similar supportingstructureweight and cell volume.

The positive FeS2 electrodes are fabricated by cold-pressingmixed powders of metal
sulfidesand electrolytesalts. The FeS=electrode typicallycontains 10-15 mol% CoS= or NiS=
as a conductivityenhancementadditive. FeS=electrodesare fabricatedina 90% stateof charge,
withLi=Sas a sourceof lithiumto formLi-AI=Fe5at the negativeelectrode. Electrode performance
is linkedto a balance of ionicand electronicconductivityof theporous-bedelectrode. According
to the Bruggemanequation('],Km = (1 -_z, where Km is the bed/dense body conductivityratio
and f is the electrolyte fraction.Thus, increasingelectrode loadingdensity from 32 to 50 vol %
doublesthe electronicconductivityof the FeS=electrodeIs].Accordingly,the best performingU.P.
FeS2 electrodes have a theoreticalcapacity density of 2.4 Ah cm"3(50 vol%).

Initially,electrodes were evaluated in 3 cm diameterelectrolyte-starvedcells employing
the LiCl richLiCI-LiBr-KBrelectrolyteat 425°C. These cells incorporated30 wt% MgO pressed-
powderseparatorswiththicknessesof 2 mm. Similarly,theLi-AI/FeS=cellexhibitedan U.P. FeS=
electrode utilizationof about90% of the 625 mAh theoreticalcapacity at about 100 mA cm"=,as
shown in Fig. 3. At 200 mA cm"=,the U.P. FeS= utilizationwas about70%. Also, the combined
use of U.P. FeS=electrodes and the LiCl-LiBr-KBrelectrolyteat 425°C has extended the cycle
life of this technologyto more than 1000 cycles in flooded cells[6J.

The overpotentialrequiredto charge the FeS=electrode is believedto be one of the key
factors in the observed limitedcycle life of the Li-AIIoy/FeS=two-plateaucells (<150 cycles) that
use the LiCI-KCI eutectic electrolyte. The soluble active positiveelectrode species that are
formed at these high overvoltages r7.8]tend to migrateto the separatorwhere iron and lithium
sulfide are precipitated. The consequence of this is an increase in cell impedance and a
significantand rapidcapacity decline.

To circumventthis capacitydeclineproblem,Kaun_]shiftedto a lithium-ionrichelectrolyte
(25 mol% LiCl - 37 mol% LiBr - 38 tool% KBr), which has a very broad liquidus region, and
operated the cell only on the upperplateau, i.e., FeS=,-->Li=FeS=(see Fig. 4).

Cell testinghas shownthat these cells exhibit highspecificenergy and power and stable
capacity with extended cycling. The reason these cells have excellent capacity retention,
comparedto eadier cells, is notcompletelyunderstood,but itprobablyresultsfrom a combination
of effects. First, the cells are operated at a lower temperature, reducing the solubilityof any
harmful soluble species framed. Secondly, the broad liquidus region of the LiCI-LiBr-KBr
electrolyte (Fig. 4) permits significantelectrolyte compositionchanges(Li./K. ratioof 1.25-1.81)
without salt precipitation,thus, one can operate the FeS=electrode with active material loading
densities of 50 vol% solidsin the fullychargedstate, whichalso reducestransportof any soluble
transitionmetal species from the electrode. Thirdly, on the upper plateau, the FeS=electrode is
reported_°]to be more reversible in the LiCI-dch LiCI-LiBr-KBrelectrolytethan in the LiCI-KCI
electrolyte, where the higherLi. ioncontentof the electrolytetends to eliminateK. ion-containing
electrode phases, such as LiK6Fe2,S_CI and KFeS=, which tend to interfere with the kinetics
of FeS= formation.

Li-alloy/FeS=cell electrochemistryhas been modifiedas we soughtto replace the BN felt
separator with an MgO powder separator,which has the potential for lower costs and greater



thermodynamicstability in overcharge-tolerantU.P. FeS2 cells. However, the MgO powder
separator,since it is not physicallystable under floodedelectrolyteconditions,mustbe operated
in an "electrolyte-starved"cell configuration. In our efforts to develop an electrolyte-starved,
overcharge-tolerantcell, we fabricatedand tested LiAI+ 10 % LisAIsFe2/U.P.FeS2cells (_.5-Ah
capacity) with LiCI-LiBr-KBrelectrolyte and 100-cmz MgO powder separators. These cells
demonstratedperformancecomparable to that of the flooded cell with BN felt separator. To
increase the ionicconductivityof the electrolyte-starved cell, which is normallyabout 30% lower
than that of the floodedcell, the electrolyte compositionwas shifted off-eutectic to a LiCl-rich
composition(in tool%,34 LICI-32.5LiBr-33.5 KBr),whichhas a 25% higher ionicconductivitythan
that of the eutectic at 425°C [11]. This higher ionic electrolyte conductivity approximately
compensates for the reduced electrolytecontentof the electrolyte-starved cell. Therefore, the
area specific impedance (ASlt) of the electrolyte-starved monopolar cells _1.1 L'I cm2) is
comparableto that of the floodedcell (1.1 _ cm2). The capacity utilizationof the electrolytecells
after more than 50 cycles (>85% at discharge current density of 50 mA/cm2) is now slightly
greater than that of the floodedcell.

The effect of conductiveadditives(9]to the positive electrode (NiS2, CoS2)was studied to
evaluate the improvementinelectrodeperformance in the UCl-dch electrolyte. In cellscontaining
the new electrolyte and no electrode additive,about 85% utilizationof theoretical FeS2 capacity
was seen at the 50 mA/cm2dischargerate, and, in general, utilizationwas 10% lower than that
seen in similarcells containingan additive. In addition,the impedance of an U.P. FeS2electrode
without additive was about 10-15% higher (1.1 _ cm2) than that of an electrode containing
10 tool % NiS2 (0.9-1.0 _ crn_). The increased impedance here appears to be electronicrather
than ionic in nature; thus, the ASI at 45 ms (the electronicimpedance) is about 0.6 _ cm_ for
electrodewith no additive,comparedto 0.5 L'Icm2for theelectrodeswith 10 mol % NiS2additive.
The ASI vs. depth of discharge (DO0) curve for U.P. FeS2 electrodes with or withoutadditive
remains fiat during the bulk of the discharge, however. The electrolyte-starved U.P. FeS=
electrode withoutconductive additives may have adequate performance for some applications,
but noticeable improvementresultsfrom just 10 tool % NiS2 additive. Thus, we have attained
satisfactoryperformance without use of the expensive CoS= additive.

The negative U-AI electrode is normallynot dischargedinto the single-phaseAI region,
because the cell voltage would be greatly reduced[_]. (See Fig. 5). Thus, during cycling the
electrode reactionis

13-Li-AI<-->Li + ec-AI+ e (2)

The theoreticalcapacityof the (¢¢+ 13)-Li-AIcontaining47 at. % lithiumis0.74 Ah/g,but increases
as the lithiumcontent is increasedto 50 or 55 at % Li[la].

As the Li-AVFeS2cell technologymoved from the prismaticcell configurationto the high-
performance bipolarcell configuration,itbecame necessary to developoverchargetolerancefor
the cells. This overcharge tolerance is needed to enable the state-of-charge of all cells in a
bipolar stack to be equalized. Under normal operating conditions, the cells tend to become
unbalanced (see Section 6.0). The basis of the developed technique is to increasethe lithium
activityin the negative electrode sufficientlyduringcell overcharge so that a significantlyhigher
level of self-discharge is created in the cells that have reached the fully charged state[_']. To
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avoidhavingthe Li-AIalloymaterialinthenegativeelectrodebecomingliquidat these highlithium
activities(< 50 mV vs. lithium)approximately10 molAIsFe= is added to the negativeelectrode.

As one charges a cell into the overcharge region the followingelectrochemicaland
chemical reactions occur:

Electrochemical Reactions (3)

cathode
15U . • 15O * 3AIsFe= ..... 3UsAIsFe2

anode
5UaFe2S4 • 10FeS2 • 15U . • 150

Chemical Reactions (4)

U6A/6Fe=.

3Udmo_,d+ 2FeS=-. I.i3F_S 4

The chemical reactionsgive dseto a controllablerate of self-dischargecausedby the presence
of dissolved lithium metal in the electrolyte. Further details of this overcharge tolerance
mechanismare given in Sections3.0 and 4.0.

3.0 LITHIUM-ALLOY ELECTRODES

A varietyof lithiumalloyshave been testedfor use in secondaryLi-alloy/ironsulfidecells,
includingthose shown in Table 1. This table illustratesthe effects of the density and usable
capacity of the alloysuponthe effectivecapacitydensity of the electrode. The effectivecapacity
density, as definedfor thistable, involvesthe totalvolumeof thealloys,but notthe volumeof the
electrolyte associated with the electrode. Most of the lithium/sulfidecells use Li-AI negative
electrodes. In early studiesof the Li-AI/FeScell, the rate of capacity declinewas unacceptably
high (as highas 0.25% per cycle). Metallographicexaminationsidentifiedagglomerationof the
porousLi-AIelectrode as the maincauseof thisrapidcapacitydecline[15].These electrodeswere
cold-pressedto high loadingdensitiesand dischargedto about 85% lithiumutilization. Under
these conditions,the electrodes sinteredat the center to produce dense structureswith high
aluminumcontent,which did not react readilywith lithiumionson charge.



Methodsof circumventingelectrodesinteringduringoperationhave includedpreparation
by slurryformationor the use of additivesto cold-pressedpellets. Electrodes made by forming
a slurry of the Li-AI powders in an organic solvent (which was later removed by evacuation)
produced electrodes having longer lives than cold-pressedpelletswithoutadditives. However,
the use of carbon or MgO powder additivesin cold-pressedpellets produced electrodes with
battery cycle-life stability better than those produced by the slurry forming method (without
additives). Cold-pressingof Li alloy with MgO powder and electrolyte salt has become the
preferredmethod for Li alloy electrode fabrication. Capacity decline of the Li-AI electrodewas
reduced to about0.02% per cycle. Cells of this type having about300.Ah capacity had a mean
time to failureof about 1000 cycles.

The lithium-siliconalloy electrode has a higher theoretical specific energy than Li-AI
becausesiliconis lightand willacceptseveralatoms of lithiumper atom of siliconI16"1a].However,
the use of siliconas an alloying agent for lithium is not as advantageous as it would first
appear[_3],

Table 1. Capacity Densities of Secondary Li Electrodes

_ LiuSi 1.05 1.80 65 1.17
LI-AI(50 atom% Li) 1.75 1.39 82 1.14

Li-AI(53 atom% Li) 1.65 1.47 85 1.25

Li_AIsFe= 2.77 1.26 85 1.07

Li_lCaSi= 1.41 0.84 95 0.80

50 atm% Li-AI+ 50 atom% Li_Si 1.28 1.44 80 1.15

88 atom% Li-AI+ 12 atom% Li_Si 1.66 1.44 80 1.15

"Electrodecapacityhavinglithiumactivityof < 0.45 V vs. lithium.

First, at least one of the lithiums(about25-30 mol%) is unusable because it i_ released
at too lowan operatingcell voltage. This additionallithiumincreasesthe volumeof the electrode,
decreasingthe effectivecapacity density comparedto that of Li-AI (Table 1) and resultsin a cost
penalty for the expensive unused lithium. Second, the rate of reactionfor the Li-Si electrode is
lower (particularlyon the lowest-voltageplateau) than that for Li-AI. This results in a higher
specific impedance for the I.i-Si electrode than for the Li-AI electrode during a 15-s high-rate
discharge, such as would be needed for acceleration of an electricvehicle. Finally, siliconis
corrosiveto thesteel currentcollector;nickelmay notbe acceptableforLi-Si electrodes,whereas
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steel currentcollectorsshow negligiblecorrosion in contactwith Li-AI. Improved designsmay
resultin the Li-Sialloy being favoredover Li-Al, but in currentdesigns, the Li-AI alloy appears to
have a slightoverall advantage in specificenergy, power, and cost.

Temary lithium-alloyshave been under developmentto improve upon the Li-AI and Li-Si
electrodeproperties. Alsoas in Table 1, the Li-Al Si electrodeshave effectivecapacitydensities
that are similar to that of l.i-Al about 1.15 Ah/cms. Generally, higher lithium activity than is
afforded with Li-AI at the beginningof dischargeis exchanged for lower lithium activity at 80%
depth ofdischarge. Eventhough the LisAlsFe2alloyc_°lhassignificantlyhigherdensity, 2.65 g/cm3,
it possesseshigherLi-activity(-260 mV vs LiAI) through 80% DOD. Effectivecapacity density 3t
1.07 Ah/cm3 is similar to Li-Al. Another concern is introducedfor electrode development,that of
the lithium-shuttlemechanism(LSM). As discussed in detail later, the Li-alloyelectrodes of our
bipolarcells make use of the LSM by usinga two phase alloy of Li-Al and Li-AlsFe2. The high
lithium activity, that is developed at the end of charge, providesovercharge tolerance and cell
balancing.Recently, l.ages, et al._] describeda Li_CaSi_ lithiumalloyfor molten-saltelectrolyte.
This lithium-alloyelectrode has a veryfavorablelithiumpotentialof -90 to -140mV vs a (z + _ LiAl
reference. Its capacity density is about 25% lower than the other alloys, but continued
developmentcould improvethis feature. Although,the LiCaSi electrodeneeds to prove itscyclG
life, it representsan approachfor increasingcell performancealong with efficientuse of lithium.
An objectiveof continued researchon lithium-alloyelectrodesisto increasethe effectivecapacity
densityand to increase the lithiumactivityand cell voltage,especiallyat 80% depth of discharge.
A furtherobjectiveis to avoid the inclusionof unavailablelithium,which is quite considerablefor
the Li-Si electrodeas noted above.

An Li-alloyelectrode exhibitingbimodal lithiumactivit_ I] has been developed to provide
overcharge capacity, as well as overcharge tolerance, using the LSM. Figure 6 shows the
potentialvs. capacity for a 25.Ah LiAl electrodein which 10% of its lithiumcapacity overcharge
capacityhas been substitutedby IJsAlsFe_. This two-phase Li.alloyelectrode has a decreased
potential of -190 to -140 mV over its last 10% of charge. The open-circuitpotentials may be
10 mV morenegativeundertricklecharge rates. A cell usingthis Li-alloyelectrode shouldexhibit
increasedself-dischargerelated to the highlithium activity,which imparts overcharge tolerance.
A coulometricassessment of a Li-altoy/FeS2cell with the two-phase IJ-alloy electrode revealsthe
LSM rate change. The cell (1.8 mm thick separator) is charged to voltage cutoff (2.05 V) and
discharged in Cycle 1. Its couIombicefficiencyat 425°C indicatesa 0.15 mA/cm_ self-discharge
rate. Cycle 2 includesa 3-h trickle charge at 3.5 mA/cm2 near full-charge state. The reduced
coulombic efficiency indicatesa 3.0 mA/cm= self-dischargerate (LSM) during the trickle-charge
period. As the cell reachesfull charge, at greater than 2.00 V, the two-phase Li-alloyelectrode
has transitionedto a 200 mV more negativepotential. Inconfirmati_.nof the increased LSM rate
duringtrickle-charge,both cycles 1 and 2 yield the same dischargecapacity.

Figure7 plots the voltage during the charge half-cycle, along with the associated self-
dischargerateforan overcharge-tolerantFeS2cell operatedat 415°C inthe upper-voltageplateau
(U.P.). The bimodal self-discharge rate of the cell is coupled with a transition in its
voltage/capacity(_rve due to the two-phase Li-alloyelectrode. As the cell begins its transition
into the overcharge capacity state, the self-discharge rate increases in a stepwise fashion by
20-fold, to about2.5 mA/cm2. In the overchargestate, the cell exhibitsvoltageand self-discharge
characteristicsrellativeto the I.isAlsFe2 constituentof the lithiumelectrode versus the U.P. FeS2
electrode. Consi:;tentwith a typical2.00 V charge cutoff,the bimodal characterof the two-phase
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Li-alloyelectrodeyieldsa cell witha uniquecombinationof overcharge capacityand overcharge
tolerance.

4.0 LITHIUM MOLTEN SALT ELECTROLYTES

Three lithium-ion-containingmolten salts have been employed in lithium/sulfidebattery
development: LiCI-KCI, LiCI-I.iBr-KBr, and LiF-LiCI-LiBr[_]. We have recently determined
conductivities as a function of temperature for their eutectic compositions using the AC
impedance technique.The resultsare plowedin Fig. 8. Each of these molten salts has unique
propertiesthat affect cell development.The LiCI-KCI eutectichas a 354°C melting point,while
cells are operated at 450°C, where the conductivity is 1.4 S cm"_m]. Althoughthe LiCI-KCI
electrolyte was the baselinee_ectrolytefor primarythermal batteries and secondary batteries, it
is being replaced by the three-l-omponentsalts. The LiF-LiC:I-LiBr(all Li-ionelectrolyte) has the
highest conductivity about 3.0 S cm" at 450°C[_:]. On the other hand, the LiCI-LiBr-KBr
electrolyte, with its low meltingpointof 320°C and broad liquidusregion, allowinglarge Li/K ion
ratio deviations from that of the eutectic, providesa stable operatingenvironmentat 400°C for
the FeS=electrode[:". It has a conductivityof 1.3 S cm"_at 450°C. The Li+ and K. ion activities
of these too!ten salts regulatesolubilitiesof charge/electrode discharge productsand electrode
kinetics. As willbe discussedlater, self-dischargerates, cell performance, and cycle-life stability
stronglydepend upon the electrolyteproperties.

Use of LiCI-LiBr-KBr electrolyte allows Li/FeS cell operation at considerably lower
temperatures (400-425°C) than with other electrolytes (LiCI-KCI or LiF-LiCI-LiBr). In general,
Li/FeS cells with LiF LiCI-LiBrare operated at 475°C, where corrosionreactionsare, more likely
to limit cycle life. Also, thermal management of the Li/FeS battery operated at 475°C requires
an active heatingandcoolingsystem,whereas at 425°C greater temperature fluctuationscan be
tolerated to ease requirementsof the thermal management system•

A variationof thiselectrolyte,an LiCl-dchcomposition, was identifiedas the electrolyteof
choice for use in "electrolyte-starved"cells (i.e., cells that contain only a limited quantity of
electrolyte in the pores of the separator). The LiCI-richcomposition (in mol%, 34 LICI-32.5
IJBr-33.5 KBr) possesses a 25% higher ionic conductivity(1.7 S cm"_)than the LiCI-LiBr-KBr
eutectic at 425°C (Fig. 8). This higher conductivity allows these electrolyte-starved cells to
operate with a cell impedance, ASIt comparableto that of floodedcells that employ the eutectic
electrolyte[''].

As discussedbriefly in Section 3.0, a "lithium shuffle" mechanism was developed to
providelithium/sulfidecellswith an overcharge tolerancecapabili_ 2_]ra4.m.This is accomplished
byforming a differentlithiumalloy inthe negativeelectrode, as thecell reaches the overcharged
state. This alloy possesses a higher lithiumactivity than the standard (x+ 13Li-AI alloy, thereby
significantlyincreasingthe concentrationof lithiummetal dissolvedin the electrolyte. Dissolved
lithium is free to diffuse across the electrolyte/separatorand react chemically at the positive
electrodeina serf-chargereaction. The higherdissolvedlithiumconcentrationproducesa higher-
serf-dischargerateand allowselectrochemicalchargingof the cell to proceed at a rate equivalent
to the self dischargerate withoutcausing any net change in the state-of-chargeof the cell. The
ultimate lithium shuttle mechanism (LSM) rate is controlled by the lithium activity of the
overcharge alloy, the electrolyte composition, the operating temperature,and the structureand

8



thickness of the separator. Figure 9 illustrates the effects of electrolyte compositionand
temperatureon the "lithiumshuffle"rate for a givenalloyand separatordesign. The rates are fit
to Arrheniusexpressionsfor the three electrolytecompositionsshown. These rate expressions
agree well with available physicaldata for lithiumsolubility,includingdimerizationof lithiumfor
the respective moltsn-salt compositions. That is, Li2. would form in alI-Li (LiF-LiCI-LiBr)
electrolyte,whereas LiK*wouldfor in the K+containingmoltensalts (LiCI-KCI and LiCI-I_iBr-KBr).
Ingeneral, the electrolytecompositionestablishesa levelof lithiumsolubilityto enable the LSM|21].

5.0 LITHIUM COMPATIBLE STRUCTURAL MATERIALS

Despite the fact that lithium/sulfide cells and batteries employ active and corrosive
chemicals at 400°C, they do not present any unmanageable materials compatibility problems.
The relatively high sulfur activity of FeS= limits the type of materials that can be used as
electrically conductivecurrentcollectors(bipolarplates) in the U-AI/FeS2 battery. Also, for both
U-AI/FeS and U-AI/FeS=batteries, the lithiumactivityassociatedwithoverchargetolerantU-alloy
electrodes limitsthe type of electrical-insulatingmaterials that can be used as the separator.
Furthermore, development of a practical bipolar battery design introduces the need for a
peripheral seal material that provides a leak-free seal between metals and ceramics and is
tolerantof thermal cycling. Thissectiondiscussesseparator,bipolar plate,and seal materials that
have been foundto work well for bipolarlithium/metal sulfidecells and stacks.

S.1 Separators

Magnesia powder was selected for the separator because it is more widely
available and less costly_'a]. Also, it has a greater chemical stabilitythan BN fiber in contact
with lithiumat high activity. A MgO powder separator with very high surface area and 70-80
vol % molten salt providesa separator with plastic-likeproperties. However, cells having MgO
powder separators must be operated in an electrolyte-starved state to avoid formation of a low
Viscositysuspensionof Mgr') in the electrolyte, which wouldallow the electrodes to touch and
form a short circuit. The MgO powder separator is fabricated as a cold-pressed plaque from
firmlygroundparticlesof electrolytesalt and high surface area MgO. These plaqueshave been
made indisks up to 13 cm diameterand 12 x 17 cm sheetsof 1-2 mm thickness. Generally, the
separator is physicallysupported by perforated metal sheets. Cost considerations have driven
separator development toward the use of MgO, possibly combined with other materials to
enhance the resilienceand tortuosity of the separator for particle retention, rather than the use
of perforated metal sheets.

Others have investigatedporousrigidplaques(eg. AIN)Is°I,as replacementsfor the
electrolyte-starved MgO powder separator. Reduced electrolytefractions,on the order of 50%,
require that these new separators be much thinner (0.5-0.8 mm) to compensate for their lower
ionic conductivity. A further challenge is to develop fracture toughness for the thin, porous,
ceramic plates.

5.2 Bipolar Plate

The highersulfurand chlorineactivitiesencounteredin cells with FeS2 electrodes
require currentcollectormaterials having highercorrosionresistance. In most Li-AI/FeS2cells,
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the bipolar plate material for the FeS= electrode has been molybdenum. Other materials
consideredinclude carbon, tungsten, titanium nitride, and titanium carbide, all of which need
further development. The molybdenumoxidation potentialis 2.4 V vs. Li-AI, which is 0.35 V
above the normalcharge voltagecutoffof 2.05 V. The corrosionrate was foundto be sufficiently
low, suchthat a 0.025 mmthickmolybdenumlayeron a metallicsurfacewouldprovidea 10-year
corrosion lifer3_].

A bipolarplate of TiN coated steel is an attractivealtemative to molybdenum for
the positive current collector in the Li/FeS2 bipolar cell. This materialeadier was evaluated in
a 3 cm bipolar Li/FeS2cell. The cell was operated 40 cycles(200 h) at 415°C with more than
97% coulombic efficiency at current densities up to 100 mA cm"2. Upper-plateau FeS= cell
capacityutilization was about85% at 50 mA cm"2. The cell demonstrateda tolerancefor thermal
cycles. These resultsindicatethat pinhole-freecoatings were achieved, because coatingswith
pinholestypicallyexhibitrapidperformance degradation. This coatingwas producedusing high-
temperature multilayerchemical vapor deposition (Richter Precision,Pennsylvania). Post-test
metallographic examination confirmed the stability of the TiN coated steel collector. In
subsequenttests of TiN coatedsteelin a 13-cmdiametercell, embdttlementof the steelsubstrate
led to coating failure. However, a TiN-coated Hastalloy B currentcollector,which successfully
operated over 750 h at 425°C in a 13 cm diameter cell, further validatedthe stabilityof the TiN
coating. Futuredevelopmentof thisapproachwillpursuespecificationsfor the steel thatwillavoid
substrateembdttlement.

5.3 Bipolar Peripheral Seal

A key to the successful development of lithium/sulfidebipolar batteries is a
metal/ceramicbonded peripheralseal for each cell(a=_=].The development of corrosion-resistant
sulfidesealantsr_] at ANL led to metal/ceramic bonds that are an order of magnitude stronger
than those obtainable with commercially-available sealants for service over 300°C. This
peripheralseal aids in achievinglong life by eliminatingelectrolyteleakage from and between
cells of the bipolar stackm_

Requirementsfor the Li-AI/FeS2 seal are that they:

• possess propertiesof an electrical insulator;
• providestrongbondsto metals and ceramics;
• maintain bonds dudng cool-down from formation at 1100°C and during

thermal cycles between roomtemperature and 450 °.
• remain stable to electrode active materialsand electrolyte over the same

temperature range;
• providegas-tight seals.

The sulfide ceramic sealantsappear to meet all these requirements. They can be
specially formulated to accommodate differences in thermal expansion between steel,
molybdenumand ceramics by forming "graded"ceramic seals. They exhibit greater than 95%
coverage and wettinganglesthat approach0° for both steel and molybdenum. Additionally,we
have achieved a six fold increase in fracture strengthof the sulfide structuralceramic through
changes in its composition.
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The sulfide ceramics[35]are based on non-transitionmetal sulfides (rather than
conventionaloxides, nitridesor boddes). The sulfide ceramicsprovide a unique combinationof
properties(Table 2), for advancedcomponentdevelopment. Specifically,a groupof new sulfide
compoundswas discovered, whichincludesilicon,aluminum,lithiumcalcium, sodiumand other
non-transitionmetals. These sulfide compounds are characterized by relatively low melting
temperatures 700-1100°C and have excellent chemical stabilitysimilar to compounds which
generallymeltat 2000°C or greater. Inherent chemical stabilityof crystalline(ratherthan glassy)
sulfideceramics encourageshightemperatureapplication(400-1000°C). A sulfideceramicbased
on CaAI_S4,forexample, has uniquepropertiesofferingprospectsfora vadetyof new engineering
applications. As an "enabling"material, sulfide ceramics displayhigh-strengthbondingto other
materials,engineered propertiesand inherent stability to specifichighlycorrosiveenvironments.
A significant application of sulfide ceramic, thus far, has been to couple together metal
components in large diameter electrically-insulatingconfigurationfor service within severely-
corrosive,high temperatureenvironments,Fig. 1.

Table 2. Sulfide Ceramic Matedals Properties
, i,, ,, ,_ , , , ,,,,,, ,'Y'I,,'I' '" " ' i, i,M i, , ,,,,, ,,i, ,, ,,,| ,, , i iI , ,,_h,l ,i ,

1. A ceramic insulatorwith low fusion temperatures (850°C - 1050°C).

2. Chemical stability to alkali metals in molten halidesat 400°C to 500°C.

3. Engineered thermal expansion propertiesof compositematerials,5 to 15 x 10"6PC.

4. Fused ceramic wets a broad range of metals, ceramics, and graphite.

5. Excellentbonding to metals by self fluxing.
,,, , , , ,,, ,i , , , ,,,, ,, ,, ,,,, , , i ,, , , ' ' 'T

As bondingand sealing agents, the sulfide ceramics form a strong reactionbond
with a broad range of metal components. The sulfide ceramic melts, aggressively wets, and
attacks the metal surface to stronglybond as interlockingfingersof metal and ceramic, Fig. 10.
In joining metals to ceramics, they produce bonds up to 20 times stronger than those of other
bondingagents. Sulfide ceramics could replace weldingfor joining materialsthat are difficultto
weld, such as graphite, molybdenum,and tungsten. Using these sulfide-based materials in
metaVceramic seals eliminates the need for diffusion bonding under high temperature and
pressure. These ceramics can produce strong bonds in materials with coefficientsof thermal
expansion that differsignificantly(such as, graphite coupled to steel).

As a structuralceramic component, the sulfide ceramics are a composite of a
fusible material enveloping solid aggregate, such as oxides, nitridesand other sulfides. The
aggregatesdictate physical propertiessuch as coefficientof thermal expansion (CTE), ceramic
toughness,and fusion temperatureflow properties. Aggregatematerialsare also usedto change
the electrical properties of the ceramic. Additionally, by choosing aggregates having the
appropriateproperties, structuralceramics can be engineered to have a CTE that reducesstress
at metaVceramicinterfaces. As in Fig.11, sulfideceramic compositionshave CTE that rangefrom
6.5 to 15 x 104PC.
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at metal/ceramicinterfaces. As in Fig.11, sulfideceramiccompositionshave CTE that rangefrom
6.5 to '15x 104/°C.

Effectivemodulusof rupture(MOR) was determinedfor selected sulfideceramics
usinga 3-pointbend method. These MOR's are on the orderof 10,000 to 15,000 psi, (100 MPa)
which is approximatelythat of sinteredMgO _=_. In our seal fabrication, these sulfideceramics
60 railthick(1.5 mm thick)are laminatedwitheither5 milthick(0.126 mm) molybdenumor steel.
The MOR of the laminated metal/ceramic/metal componentincreases by at least 50% over the
sulfideceramicitself. Annealingof the metal/ceramic bondedlaminatewilloccurat a 400-450°C
operatingtemperatureto further increase laminatedcomponentMOR.

As showninTable 3, the standardsulfidesealantproc_ucesstrongbonds. In many
cases, the substrate rupturedbefore the ceramic bond. In forming a bond to molybdenum,the
boundstrength is increasedmorethan seven-fold by producingan intermetallicsurface layer on
the molybdenum prior to bond formation, in comparison to commercially available, high
temperature bonding agents (e.g. bomsilicate glass, Aremco products), the standard CaAI=S4
sealant exhibitsbond strengthsapproximatelyten times greater. Also, the chemicalstabilityof
these sealantsmakes them ideallysuitedfor hightemperaturebatteryapplications. Additionally,
as a result of their excellent wetting properties, bond formation does not rely on a
thermal/compressionprocess;thus, the bondingis not unidirectional.

We have successfullyfabricated over four dozen 13 cm I.D. peripheralseals and
evaluated them in bipolar lithium/sulfide cells. The bipolar Li/FeS= cell uses a
steel/ceramic/molybdenum peripheral seal. Coated-steel materials or Grafoil have been
investigatedas replacements for molybdenum as the positive current collector. The unique
properties of the suffide ceramics and sealants enable formation of stress absorbing
metal/ceramicsealsusinga varietyof materials. Large-diametercomponentspossessingdifferent
coefficientsof thermal expansion (e.g., molybdenum/steel)have been bonded together using a
single-compositionceramic ring.

Table 3. Tensile Strength of Bonded Surfaces

lMo/standard sealant/Mo 2.0 3.2
i i ,, , R,I

J Mo/standard sealant/Mo 0.5 23.0

J (Mo !ntermetallicused!..........................

_1Mo/borosilicateglass/Mo 0.5 ..... 3.47

_ Al=03/standardsealant/Al=0s 0.72 19.76

_ MgO/standard sealan_tgO 0.4 52.87
i i ii ,, i , IIH i i i i

i SteeVstandardsealant/MgO 0.48 >35.6*

TiN coated steel/standard sealant/TiN coated steel 0.5 >16.7"

_ SteeVAmmco565/MGO 1.5 1.4+
• i ii iiip iii I ii i i ......
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The initialwork to establish long-term stabilityand reproducibilityof seals was
conducted using approximately2.5 cm I.D. components. We prepared six bipolarseals using
similar,.:eramiccompositionsand processingmethods. One seal was leak-checkedat a vacuum
of 100 _.mHg, the limitof ourtest fixture. Anotherseal was usedto builda sealed bipolarLi/Fe$2
cell to _,)stabllshthermal-cycle (25 to 425°C) stability. This cell operated for more than 400
charge/dischargecyclesand2000 h with less than 10% capacity loss. The remainingfour seals
were u'md to fabricate sealed bipolarLi/FeS=cells whichwere assembled into a four cell stack.

This four cell stack operated for more than 500 cycles (2500 h) with more than
98% coulombicefficiency_ to demonstrateseal stability. Three of the four originalcells were
employed throughout the 500 cycles, while one initially weak cell was replaced at 150
cycles. Bipolarstack capacity (0.45 Ah) was at least 90% that of individual cells. The
stack operated at 425°C using 4 h charge and 2 h dischargerates, with charge and discharge
cutoff voltages of 8.2 and 5.4 V, respectively. The average stack discharge voltage of
approximately6.5 V greatly exceeded the decompositionvoltageof the molten salt electrolyte,
3.2 V. Thus, extended operationof thisstackverifiedtheabilityof our seals to maintain individual
cell isolation.This initialbipolar stackwas assembledfromfour individualcells stacked with nickel
felt pads and voltage leads between the cells. The stack impedance was 0.7 ohm cm2 of cell
area, which is within 130% that of individual cells, in spite of the added intercell contact
resistance. Improvementresultingfrom stack integrationindicatethat stack impedance should
be less than that of the cells,because of greater uniformityin intercellcontact. The voltage and
capacity of individualcells were sufficientlywell matched that charge equalizationwas needed
onlyevery 20 cycles. Charge equalizationwas achieved withoutelectronicequipment,using our
chemicalovercharge.tolerancecapability,as shown in Fig. 12. The stack was effectivelycharge
equalized when all the cells had reached the overcharge capacity state.

Our bipolar cell and stackscale-upeffort_involvethe setup of equipment capable
of handlingthe fabricationof 13 cm. I.D. metal/ceramicseals. The fabricationfacility incorporates
a 200 ton hydraulicpress (Tee Tool, Joplin. Mo), a large 1100°C seal processing oven, ceramic
powder preparationequipment, weldingsqutpment,and bipolarstack test stations,all contained
withina high-purityargon glovebox. This equipmentpermitsthe developmentand evaluationof
alternativedesignsand processingmethods. In our currentbipolarseal design, the metal current
collectorcomponents are attached to each otherwitha 2 mm thick13 cm I.D. cerar_licring. This
ceramic ringis formed from pressedpowders of chalcogenideceramicmaterials.

The seal components are designed for a simple stackingassembly method. The
metal components are each bonded to the ceramic ring (an electrical insulator) via parallel
horizontalsurfaces. The metal components are custom designed and fabricated by stamping
5 milsheet metal (Meyer Tool, Oak Lawn, IL). The seal is formed in a singlethermal processing
stepperformed at 1100°C. Subsequentthermalcycle testingisperformed between 25 and 400°C
to evaluate seal mechanicaldurability. Metal/ceramic interfacesprepared in this manner have
remained crackfree afterthermalcycling. It is anticipatedthatfurtherevolutionof the seal design
will lead to improvementsin fabricationand durability.The sulfideceramicscan be engineered
to meet new seal design objectives.

One objectiveof our seal developmenteffort for bipolarLi/FeS2 is to incorporate
a molybdenumbipolar plate in sucha way that the stack does not require a difficultMo-Mo weld
during final assembly. As described elsewherem], the preferred seal configuration of steel
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dng/ceramic/Mo cup/steel ring has been successfullyfabricated. This configurationpermits
Li/FeS=stack integrationusinga steel/steelweld. However, due to limitationsin cell component
sizing (as discussedlater), an all Mo hardware battery,with bipolarseals in a dng/ceramicJring
configuration,was used in the assembly of the first 13 cm diameter bipolar Li/FeS=stack. The
bipolarseal forLi/FeS stacks, usinga steel ring/ceramic/steelringconfiguration,Is a much less
challengingdevelopment. Coated steel may substitutefor molybdenum in Li/FeS2 batteries.
Suchseal configurationswouldpermiteasy bipolarstack integrationusinga steel-steelperipheral
weld.

i

6.0 BIPOLAR BATTERY DEVELOPMENT AND TESTING
i

The purpose of cell testing is to evaluate the status of cell performance (e.g., specific
energy and power)and cell stability(i.e., cycle llfeand capacity retention). For Li/FeS2 cells, the
mostcommontestingconsistsofconstant-currentdischarge(25 - 200 mAcm "2)to a voltagecutoff
(1.3 to 1.1 V) and constantcurrentcharge (25-50 mAcm "_)to a voltagecutoff (2.05-2.15 V). A
charging profile is being developed to equalize cell capacities in sedes connected battedse by
trickle charging at 2-5 mA crn"2, Computer simulated EV ddving schedules (e.g., $FUD$) are
conducted as a means of more accurately projectingcell performance under vehicle driv!ng
conditions. Bipolarcells and stacks are placed intoa test fixturewith movableplatens that can
be used to evaluate the effect of compressive load upon stack performance, via a pneumatic
cylinder.

Another important area of the testing program has been post-tsst analyses. Extensive
metallograph!c,analytical chemistry, and scanning electron microscopyanalysis has provided
valuable insightintocell degradation. In the earlier workon prismaticcells, mechanical defects
contributed to cell short circuiting. Generally, these phenomena have been eliminated in the
bipolarhardware.

Sealed and unsealed prototype bipolar lithium/sulfidecells have been tested. These
bipolarcells are 7 mm thick, possess 13 cm diameter electrodes, and have a total weight of
0.25 ks](includingthe weight of two full currentcollectors). The electrode materialsaccount for
48% of the total bipolar cell weight. The cell thickness breakdown i8 as follows: iron suifide
electrode,2.2 mm; MgO powder separator,1.8 ram;Li-alloyelectrode, 3.0 mm. The separator
is thicker than desired to aid handling of the 13 cm diameter pressed powder pellets.
Electrodes andseparator pelletswere pressedat SAFT-America (Cockeysville,MD) usinga 400
ton press. The 13 cm diameter pellets possess good handling properties. Future prototype
bipolar cells will increase the thickness of the electrodes and reduce the thickness of the
separator layer. This should further increasespecificenergy and power.

These first 13 cm diameter bipolar cells exhibit approximately30% increased specific
energy and more than double the specific power of eadter monopolar (prismatic design) cells.
Li/l=eSzbipolar cells are operated at 425°C usingthe LiCI-richLiCI-LIBr.KBrelectrolyte. The Li-
alloy electrode consistsof I.iAI + LiAIFeto provideovercharge tolerance. Overcharge tolerance
rates were measured at over 2.5 mAcm "2. As shown in Fig. 13, bothcell types deliver about
25 Ah at a 5 A discharge rate. These capacities translate to about 90% utilizationfor the U.P.
FeSt, electrodecapacity and 70% utilizationfor the Fee electrode capacity. These values are
similar to those obtainedwith 3 cm diameterbipolar cells.
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The scale-upfrom 3 to 13 cm led to performanceel ihancement. The bipolarLi/FeS2cell
delivem a specificenergy of 180 Wh kg"1at a 30 W kg"1discharge rate, while the Li/FeS cell
delivers 130 Wh kg"_at a 25 W kg"_discharge rate. The bipolar cell scale-up also yielded
improvedspecific power as a resultof lower intemal impedance. Generally, it was more difficult
to achieve uniform surface contact in the 3-cm diameter bipolar cells. Cell impedance was
measured by a current interruptmethod,with voltage relaxation recorded from milliseconds to
about 15 s. This method indicateselectronicand ioniccontributionsto cell impedance. Supedor
specificpower was achieved for the bipolarLi/FeS2 cell because of its high average discharge
voltageand impedancestabilitythroughoutthedischarge. As shownin Fig. 14, thisfirstprototype
cell had an impedanceof 0.5 to 0.6 ohm cm2at 80% DOD. This indicatesa peak specificpower
in excess of 400 W kg"_.

A number of 13 cm diameter sealed bipolar Li_eS_ cells underwent post-operative
metaUographicanalysis.The metallographicfindingssupportthechemical/physicalstabilityof our
seal technology. In generalthere was no indicationof electrolyteescape fromthe sealed bipolar
cells. Also, unlike eadier prismatic ('monopolar') cells, the electrode and separator layers
retained their "as fabricated" thicknesses, to within 10%. The bipolar seal assembly and
processingmethodscontinue tc be refined.

A number of sealed Li/FeS_bipolar stacks (Fig. 1), employingfour 13 cm diameter cells
each, have been fabricated to evaluate stack performance and improve battery assembly
techniques. The Li/FeS_bipolarstacks, havingall Mo hardware,were assembled and placed on
test recently. Aside from deficienciesin component sizing, especiallyan undersized separator,
future stack assembly must accommodate some reductionin electrodethicknessfrom the as-
fabricated state. The stack assembly was accomplished by spot-welding the seal/bipolar
plate/seal combinationat the cell periphery. All four cells were integrated into the stack usinga
Tungsten Inert Gas (TIG) weld of the peripheral metal junctions. These bipolar stacks have
achieved about 90% of cell performance;these first stacks are being operated with cell-level
voltage cutoffs. These stacks have been operated 200-400 cycles.

As background,tests of overcharge-tolerantprismatic FeS_ cells (25-Ah capacity) with
referenceelectrodes(Ni/NisS2)haveverifiedthatthe lithium-shufflemechanismprovidessufficient
levelsof overchargetolerance. Suchcells have operated over 200 cycles withhigh performance
and stable overchargetolerance. In Figure 15, the electrode potentials vs. percent of capacity
utilizationfor a U.P. FeS2 cell [Li-AI + 10 % Li_ldsFea/LiCI-LiBr-KBr(MgO)/FeS2]are given for a
charge-diechargecycle. A bulkcharge at 25 mA cm"=to 2.03 V was followedby a tricklecharge
of 3.0 mA crn"_. As seen in Fig. 15, the U-alloy electrode undergoesabout a 200 mV transition
near full-charge capacity. This is crucial to ensure cell longevity. The U.P. FeS_ electrode
indlcatesnegligiblechange In potentialduringthe overchargepedod; that Is, it is protected from
thedeleteriouseffects of overchargepolarization. The self-dlscharge rate undergoesa stepwise
Increaseto the trlckle-chargerate. In this test, the trlckle-chargeperlod (8 h) charged 15% more
coulombs into the electrode than the rated capacity, and the extended trickle charge did not
contributeto additionalcapacity in the subsequentdischarge.

Overdisohargeof FeS2electrodeisavoidedby buildinglithiumlimitedcalls. When the LI-AI
electrode is dischargedinto the a phase, a marked atepwiee reductionin cell volt_lgeoccurs,
indicatingthe end of discharge.The capacity of the LJ-AIelectrodeis limited,as comparedto that
of the FeSt electrodeto prevent appreciableformation of low-densityLies in the FeS2electrode
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(adischargereactionproductthatcannegativelyaffectoncyclelifeifallowedtoforminsuffident
quantity).Typicallythisis accomplishedby designingcellsfor90% utilizationof the U.P. FeS_
capacityand 80% utilizationof the LI.AI electrode. A cell of this type operatedat over98%
coulombicefficiencyfor more900 cycles,whenthe Li-AIelectrodewas allowedto polarizeby
2300 mV at the endof dischargere3.

The overchargecapacitysafeguardsthe cell and permitsunmonitoredbulkchargeat
30-60 mA/cm2witha batteryvoltagelimit. A batterycan thusbe chargedwitha voltagethatis
2.00 V multiplledbythe numberof cellsinthe battery(e.g.,a 100-cellbatterywou!dbecharged
at 200 V). Assuminga bell-shapeddistributionIn chargecapacity acceptatnceof cells at
completionof a bulkcharge,the "stronger"halfof the batterycellswouldattalr_,the overcharge
capacitystate. (Theconventionalelectroniccharger/equalizer,whichmonitorsthevoltageofeach
cell,wouldhaveendedthe bulkchargewhenthe firstcell attaineda chargecutoffvoltageof
2.00 V). After the bulkchar_le,batterycell equalizationis accomplishedby a batterytrickle
charge of about 2.5 mAJcm_. The "strongercells, which have been safeguardedby the
overchargecapacity,are chargedatapproximately0% coulomblcefficiencybecausethe trickle-
chargera1:ebalancesthe llthiumshuttlerate. The "weaker"cells,on the otherhand,accept
additionalcapecltyat abouta 2.5 mA/cm2rateovera 3-8 h periodandundergoan addltlonal5-
10% increaseincapacity. The battery iseffectivelychargeequalizedwhenall thebatterycells
have reachedthe overchargecapacitystate (withoutany electronicmonitoring).Figure12
provldesthe voltage/tlmeplotsof a smallbattery (fourovercharge-tolerantcellsconnectedin
serles)whichhas been operatedto a battery voltagecutoff. A subsequentchargeincludesa
tricklechargeperiod nearfull-chargestate. Asa resultof the llthlumshuttlemechanism,the
batteryrapacityhasbeenincreased,the strongestcellhasnotbeenjeopardizedbyovercharge,
andweakestcellhasIncreasedincapacity.

7.0 SUMMARYAND CONCLUSIONS

It is worthnotingthat the R&Demphasiswas onlyrecentlyshiftedaway fromprismatic
U-AI/FeSbatteriesto blpolarLI-AI/FeSandU-AI/FeSmbatterieswith the mainemphasisdlrected
atbipolarU-AI/FeS+batteries.Severalmajortechnicaladvances,achievedduringthe 1988-1990
timeframe, inspiredthis shiftto bipolarbatteries. These majoradvancesare summarizedIn
Table4.

The firsttechnicaladvancedealsspecificallywlth theachievementof a morereversible
FeS_cathode,basedon the use of a low-temperatureelectrolyteanda densecathodethat Is
operatedonlyonthe uppervoltageplateau.Acceptablereversibilityhasbeendemonstratedover
i000 cycles.The otherthreeadvancesapplytobothLI-AI/FeS:_andLI-AI/FeScellsandbatteries.
Developmentofoverchargetolerancerm,in1988,permittedconsiderationofbipolarstackdesigns,
becausean in _tu meansof balancinglongstringsof seriesconnectedcellsIs an essential
ingredientforseriousconsiderationof bipolarbatteryconfigurations.Developmentof the llthlum
rlchelectrolyteformulation,in 1989,helpedreducetheweightandvolumeofelectrolyterequired
In eachcell,by permittingthe changeto electrolytestarvedcellswithout sacrificingpowerm).
Higherpowerand energydensitiesresultedfromreducingwelghtandvolumewhile maintaining
similarpowerandenergy.Also,electrolytestarvedconfigurationsaredesirableInbipolarbattery
designs,whereelectrolytecontainmentIscrlticel. Developmentof thefirstsealmaterialin 1990,
made bipolarbattery designs practicalfor thls technology_u). This seal technologywas
demonstratedIn3 cm diameterlaboratorycells,Initially,andthen scaledto 13 cm diameterEV
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cells[_]. Furthervalidationhas been gained throughthe buildingand testingof several four cell
stacks.

Table 4. Major technical advances in the development of bipolar
lithium/iron sulfide cells

TIm

1986 Low-temperatureelectrolyteand upper- Achieves > 1000 cycles
plateau dense FeS2 cathode

,11 i ,. i r ,

1988 Electrochemicaloverchargetolerance Makes bipolardesign viable
,, i,i ,,,,,,,,,,,, , i,, , ,H

1989 U-rich electrolytein starvedcell Enhances performance

1990 Sulfideceramic seal matedal Makes bipolardesign practical
i, - i iii ,=1,1,,=, i I I I [ I I I ........ iiii iI ......... i IlllLIIl[H[Jml: I .......

The projectionsof Fig.16 illustratethe magnitude of the performance enhancements
associatedwiththe use of the bipolardesign. These performanceprojectionsIs'!were developed
as part of the design trade-off studies which the spread sheet model accounts for all the
components and subsystems required to produce a fully operational EV battery, Fig. 17.
Altemative batterydesignsare represented by dots, correspondingto an energy density from a
battery designed to meet the accelerationpower (expressed as power density) for the missi(_n.
Performance envelopesare, shownsurroundingthe design points for each basic designconcept
Also, Fig. 16 incorporates the mid-term and long-term performance objectives of the U.S.
Advanced Battery Consortium(USABC), as well as typical performance requirements for three
electricand hybridvehicle applications (squares). The commuter vehicle considered here is a :
high-performance vehicle, similarto the GM Impact, that targets a 50% greater range capability
than that achievable with lead-acidbatteries.

Bipolar lithium sulfide batteries possess a number of very attractive attributes for EV
applications, over and above their high-performance characteristics.These attributes include:

• Stable and reversibleelectrodespossesslong-lifecapability;
• solid reactants,coated with electrolyte, provideinherentsafety;
• in situ short circuitingof failed crJIIsproducesir_herentbattery stack reliability;
• inherentlow impedance provides high power and rapid recharge capabilities;
* cells are tolerantto overcharge, overdlscharge,and freeze/thaw abuse;
. Easymodificationof electrodethicknessprovidesa highdegree of designflexibility

and to achieve optimal performance in many vehicle applications;
* Bipolar stack simultaneouslyachieves high power and high energy.

The featuresof bipolarlithiumironsulfidebatteries that pro_,lucethese attractive attributes
have been discussed in the body of this review. At this stage In the development of bipolar
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The features of bipolar lithium iron sulfide battedes that producethese attractiveattributes
have been discussedin the body of this review. At this stage in the development of bipolar
lithiumiron sulfidebattedes, they appear to be excellent candidatesfor a wide rangeof electdc
and hybridvehicle appllcatlons.

Efficientproductionof base matedals, lithium-alloysand lithium-salts(Sections2.0 and
3.0), are cdticalto the commercialsuccessof hlghtemperature LI/FeS=batteriesforelectdccars.
These lithium containing materials may account for about 50% of the battery matedals costs.
Molten-saltelectrochemicalresearchseeksto optimizeutilizationof the lithiumcapacityof lithium-
alloy electrodes. Molten-saltelectrolytecompositionshave significantlyenhanced the utilization
and power capabilityof the irondisulfide electrode. Furtheradvances in bipolar Li/FeS=battery
performance haveresultedfromdiscoveryandapplicationof llthium-compatibleceramic matedals.
As in Section 4.0, sulfide ceramic sealants have enabled a large-diameter, metal/ceramic
pedpheml seal. As a consequence, the weightand volumefractionof cell hardware have been
reducedby at least 50%. The bipolardesign also aids the battery electrochemistrywith more
uniformcurrentdlstdbutionfor electrodes. Development of thin, tough ceramic separatorscan
improve battery power, without reducingspecificenergy. Porous,dgld ceramic plates (eg. AIN)
are pmopectNe separators. Enhancedbattery performance is a chiefapproachto more efficient
use of battery materials.
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