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5 Foreword

If you say once,you are working for the future of the lead-acidbattery,you will always get the same
astonishedquestionasked:"Doesactuallythe lead-acidbatteryhavemorethanapast?"

Indeed,its pastis glorious.And its future will begloriousaswell.
It mustbe conceded,its pastis long! But evenafter 150 yearsintensiveresearchand developments,the
lead-acidbatteryis a countrywith still manyregionsto exploreandmanydevelopmentpossibilities.
Facingthis long existencetime andthe high economicalimportanceof the lead-acidbattery,the amount

of literatureexisting on the subjectlead-acidbattery is almost infinite. Therefore,1 choseto write this
documentwith a bibliographicalpart at the beginningof eachchapterdescribingthe evolution of the
researchand the stateof the art in the concemedfield. 1 hope that way to haveproduceda manuscript
easierandpleasanterto read.

For gettinga Ph.D. title form the University of Nancy,France,mostof the experimentalwork took place
at ZSW, in Germany,working on a Europeanproject. This arrangementgave good prerequisitesfor
trying to get the Europeanlabel for this Ph.D. And sincemost Germanpeopledo not readFrenchand

even lessFrenchpeopleread German,it seemedlogical to write this thesisin English, also in order to
allow an easierreading for the Bulgarian and the Italian referees.This mixture of nationalities and
encounteringof different framesof mind was muchenrichingandwas also a main aspectof theseyears
of Ph.D.work.

Abstract
The performancesand life of the VRLA battery for cyc1ing applicationwere improvedby applying a
mechanicalpressureon the electrodestackwith helpof a newseparator(AJS).

The mechanicalpropertiesof AJS allow the transferto the electrodesof a mechanicalpressurethat limits
the free spacethroughoutthe celllife. Thus,while the negativeactivematerialis compacted,the positive
active material developsa structurewith a skeletonrobustagainstdischargeand large voids allowing a
betterutilisation overthe wholeplatethickness.Thepositivegrid corrosiondecreasesandthe mechanical

stackstabilisationallowedby AJS reducesdramaticallythe effectsassociatedwith positivegrid growth.
Theassociationof phosphoricacid with AJS improvesthe cell performanceat high dischargecurrentsfor
a while providedthe cells areadequatelycharged.With cyc1ing,the effectof phosphoricaciddisappears.
The oxygen recombinationin AJS cells is slow but sufficient for cyc1ing life over 1000 cyc1es.The

oxygentransfertakesplaceacrossthe gasspaceandthroughgaschannelsin the separatorthat are freed
of their electrolyteby an oxygenoverpressure.

Keywords
Valve RegulatedLead-Acid(VRLA) Battery; mechanicalpressure;AJS separator;corrosion;phosphoric
acid; oxygentransfer;recombination.
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6 Prologue

Prologue
Si d'aventurevousprétendeztravailler à l'avenir de la batterieau plomb, vous risquezfort de subir une
déceptionquant'àla réactionde votre interlocuteuret devrezprobablementrépondreà cette inévitable

questionétonnée:« Vraiment, la batterieauplomb aplus qu'unpassé?»
L'accumulateurau plomb peuteffectivements'enorgueillird'un passéglorieux, mais son avenir le sera
aussi!Carmêmeà l'issuede 150 ansde rechercheet développementintensifs,la batterieauplomb estun
domaineavecde nombreusesrégionsinexploréeset despossibilitésde développementconsidérables.

Au vu de sa longuehistoire et de son importanceéconomique,la quantitéde référencesbibliographiques
concernantle systèmeplomb/acideest presqueinfinie. Pour cette raison, j'ai choisi de rédiger ce
manuscritd'une façon qui peut paraîtrepeu orthodoxe,c'està dire avecune synthèsebibliographique
décrivantl'évolution de la rechercheet l'état de l'art en débutde chaquechapitre.J'espèreainsi avoir

produitun documentplus facile et agréableà lire.

La façon dont le travail de thèseprésentéici a été conduit est elle mêmepeuorthodoxe.En effet, pour
l'obtention d'un titre de Docteur de l'Université de Nancy, la plus grande partie des travaux
expérimentauxa été réaliséeau ZSW (Centrede recherchespour l'énergiesolaireet l'hydrogène)à Ulm
en Allemagne dans le cadre d'un projet à financementEuropéen. Un tel arrangementfournissait
d'excellentesprédispositionsà l'obtentiond'un label Européenpour cettethèse.Et puisquela plupartdes
Allemandsont quelquesdifficultés enFrançaiset qu'unnombreencoreplus restreintde Françaisgoûtela
lecture d'un manuscriten Allemand, il m'a semblé logique de rédiger ce travail en Anglais. Ce qui
assuraitenoutreunelectureplus facile pour lesrapporteursBulgareet Italien.

Le mélangede nationalitésquej'essayede faire transparaîtredansces quelqueslignes a été un aspect
majeur de mes années de thèse. Source d'enrichissement,de maux de tête, de quiproquos,
d'affrontementset d'ouverture, la confrontation à des cultures différentes a une grande part de
responsabilitésdans l'aboutissementde cette thèse et je suis extrêmementreconnaissanteà tous ses

acteurs.

.li·' "t,'f '.'
,1 �'�~�. '.,;
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Summary

11 Summary

For defeatingthe treat of global warming, the world has to reduce drastically its greenhousegases
emissions.Sincetransportationcontributefor almost30% to the harmful emissions,the extensiveuseof

electric vehiclescould decreasedrasticallyour emissions.For the propulsionof the electric vehicle, the
lead-acidbatteryis a competitorwith manyadvantageslike robustness,availability, high recyclability and
low cost. But its performanceand life have to be improved for the lead-acidbatteryto be a dominant
actor in cycling applications.This improvementwasthe targetof this Ph.D. work andwasachievedwith
theutilisationof a new separationsystem(AJS) for VRLA batteries.
The good mechanicalpropertiesof AJS allowedmechanicalpressureapplicationon the electrodestack
and the sustainingof this pressureduring the whole battery life. Therefore,improvedperformanceand
cycling life were obtainedwith over 1000 full cycles for AJS cells. During cycling undermechanical
pressureapplication,the positiveactivematerialgetsa "corralloid structure".It consistsof a skeletonof
denselead dioxide allowing for robustnessagainstdischargeand of cavities providing an electrolyte
reservefor the further discharge.Additionally, even the innermostparts of the positive electrodeare
utilisedat high dischargerates.

Theutilisation of AJS provedto decreasethe damagesassociatedwith positivegrid corrosionin lead-acid
batteries.Firstly, the applicationof mechanicalpressureon a leadsurfacedecreasesits corrosionrate.But
moreover, the new separationsystem, combinedwith extemal mechanicalpressure,confere a high
tightnessto the electrodestack. Thus, for growing underthe effect of corrosion,the positive grid must
deformalsothe surroundingseparatorsandnegativeplates.Therefore,theeffectsassociatedwith positive
plategrowtharedramaticallydecreased.
We showedthat addition of phosphoricacid in the electrolyte of the AJSNRLA cells improves the
performancesof the cells in the beginning of life provided the charging regime allows for a high
polarisationof thepositiveelectrodes.Undertheseconditions,phosphoricacid is adsorbedon thepositive
platethusblockingthe leaddioxide precipitationsitesandincreasingthe leadIV ions solubility. The lead
dioxide precipitatesin muchsmallercrystalsandtendsto precipitatein the insideof the electrodewhere
no phosphoricacid is present,thusforming leaddioxideaggregatesofhigh density.
The oxygen cycle provedto proceedat a much lower rate in AJSNRLA cells than in cells with other
separationsystems.The transferof oxygenfrom the positiveto the negativeelectrodetakesplacevia gas
channels.Thesechannelsare formed when an oxygenpressurebuilds up on the positiveplate that frees
the largestporesof theseparator.Sincethe life of the AJSNRLA cells canlastaslong as 1000full cycles
andis not limited by drying out, the oxygenrecombinationrateis not a problematicquestionfor the cells

containingAJS.
As a conclusion,the constructionof an improvedleadacid batterywasproposedconsistingof a battery
caseof strongmaterial,separatorswith goodmechanicalpropertieslike AJS, negativeplatespastedonly
on the grid thickness,positiveplateswith a high densitypaste,high evennesselementsfor a limited free
spaceand 30 g/l phosphoricacid in the electrolyte.A high electrolytesaturationanda suitablecharging
regimewould allow for full efficiencyandlong lastingof this battery.
The constructionandtestingof this batterydesign,a full understandingof the effectof phosphoricacidas
well as an investigationof the transmissionof the mechanicalpressureto the positivegrid and its effect
on corrosiondependingon the characteristicsof the active materialare further researchways that were
openedhere.Thereis still a lot of work to do beforethe optimallead-acidbatteryis producedfor electric
vehicle applicationsbut a small step towards this target was done in this work that may be a small
contributionto sustainabledevelopment.
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Pourenrayerle processusdu réchauffementplanétaire,il estnécessairede réduirenosémissionsde gazà
effet de serre.Dansla mesureoù les moyensde transportscontribuentpourpresque30% aux émissions

de dioxyde de carbone, l'utilisation intensive de véhicules électriquespeut réduire sensiblementles
émissionsdansla mesureoù la productiond'énergieélectriquereposepour uneplus grandepart sur les
énergiesrenouvelablesou nucléaire.
Pour la propulsiondu véhicule électrique,la batterieau plomb est un concurrentprivilégié de par sa
robustesse,sa hauterecyclabilité, sa disponibilité en grandequantités,son niveaude développementet
sonfaible coût. Mais pourune applicationde type véhiculeélectrique,sescaractéristiquesen matièrede
performanceset de duréede vie encyclageprofonddoiventêtreaméliorées.C'estcetteaméliorationainsi
qu'unemeilleureconnaissancedu systèmeplomb/acidequi on étérecherchésdanscetravail de thèse.

L'utilisation d'un nouveauséparateur(AJS) a permisd'accroîtreles performancesmais surtoutla durée
de vie de batteriesau plomb fermées.Cette améliorationest liée aux bonnespropriétésmécaniquesdu
séparateurqui estcapablede transféreraubloc d'électrodesunepressionmécaniqueet de la soutenirtout
au long de la vie de la batterie.L'applicationd'unepressionmécaniquesur les parois d'unecellule au
plomb a permis de restreindrel'espacevide que la matière active positive peut occuper lorsque sa
structuredevientplus poreuseau fur et à mesuredes cycles. Lorsquel'espaced'expansionest limité,
d'unepart un squelettede particulesde dioxyde de plomb densémentaggloméréesse forme qui rend la
matièreactivepositiveplus robusteà la décharge.D'autrepart, à forts taux de décharge,une utilisation
plushomogènede la matièreactivesurtoutel'épaisseurde l'électrodeestautorisée.
L'emploi du séparateurAJS a en outrepermisde réduire la corrosiondesgrilles positiveset les effets
néfastesqui lui sontassociés.D'unepart la pressionmécaniquetransféréeauxgrilles positivesdiminuela
vitesseà laquelleellesse corrodentet d'autrepart, le séparateurAJS stabilisele bloc d'électrodesen lui
donnantune grandecompacité.La croissancede la grille positive liée à la corrosionest ainsi limitée et

par là lesrisquesde formationdecourtcircuit par le dessusdu bloc d'électrodes.
L'addition d'acide phosphoriquedans une cellule au plomb/AJS fermée a permis d'améliorer ses
performancesà fort courantdedéchargeendébutde vie dansla mesureoù un régimede chargeapproprié
permettantune forte polarisation des électrodespositives était appliqué. Dans de telles conditions,
l'adsorptionde l'acidephosphoriquesurles électrodespositivespermetunefine cristallisationdu dioxyde
de plomb liée une haute solubilité des espècesplomb IV qui ont tendanceà précipiter là où l'acide
phosphoriquen'estpas adsorbéet à augmenterla compacitédes agrégatsde dioxyde de plomb dans
l'électrodepositive.L'influencede l'acidephosphoriqueperdtoutefoisen intensitéau fur et à mesureque
le nombredecyclessubisparla batterieaugmente.
Enfin, il a étéprouvéque le nouveauséparateurpermetun cycle de l'oxygènelimité qui a lieu grâceau
transferten voie gazeusede l'oxygènede l'électrodepositive vers l'électrodenégativepar le biais des
plus grosporesdu séparateur.L'accumulationd'oxygènesur l'électrodepositiveconduità unedifférence
de pressionentre les deux côtésdu séparateurqui libère cesporesde leur électrolyte.La recombinaison
de l'oxygène ainsi autoriséesuffit à assurerune vie des cellules plomb/AJS de plus de 1000 cycles
profonds.
Au vu de ces résultats,la constructiond'une batterie«améliorée»a été proposéedont les éléments

seraientun bacenmatériaurigide, un séparateurprésentantdebonnespropriétésmécaniquestel AJS, des
plaquesnégativesempâtéessur la seule épaisseurde la grille, des plaquespositive avec une pâte de
densitéassezélevée,des constituantsde granderégularité afin d'avoir un espacevide minimal dans
chaque cellule et un électrolyte contenant30 g/l d'acide phosphorique.Une saturation initiale en
électrolytede 100% ou légèrementsupérieureet un régime de chargeadéquatassureraientde pleines
performancesà cettebatteriedont le principal avantageestd'utiliser l'expansiondesélectrodespositives
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pour produire une «auto-compression» �~�m�s avoir à recourir à une pression mécaniqueextérieure
difficile à réalisertechniquement.
La productionde cettebatterieaméliorée,une étudeapprofondiede l'adsorptionde l'acidephosphorique
en fonction du potentielde l'électrodepositive ou uneobservationde l'effet sur la corrosionde la matière

activequi transmetunepressionmécaniqueà la grille positive sontquelquesunesdespistesde recherche
laisséesouvertespar cette thèse.Parconséquent,un grandtravail de compréhensionet de développement
resteà faire avantque la batterieau plomb optimalesoit produitepour desapplicationsde type véhicule
électrique.Ce travail espèreavoir tout de mêmepermisquelquesprogrèsdanscettedirection et apporté

ainsi unepetitecontributionau développementdurable.
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The drawback of energyproduction

14 Introduction

Our world developsand makesrapid technologicalprogress.But developmentrelies on energy.As a
matterof fact, the productionof energyis in most of the casesa transformationof chemicalenergyinto
eithere1ectlicalor mechanicalenergy.And sincethis transformationgenerallya combustion,combustion

productslike carbondioxide or nitrogenoxidesare rejectedin the atmosphere.Figure l is an illustration
of this allegationand showsthe energymix of which commercialprimaI)' energyis gained."Globally,
fossil fuels provide 87%of cOlTunercialprimat)'energy"[1].

Fossil

• Nuclear

D Hvdrolic

DRenewable

Figure 1: Energy mix for production of the commercial primary energy

Form this primaI)' energy,one third flows in the productionof e1ectricalenergywith againover 67% of

fossil fuels in the mix for the electricalenergyproduction.
The gasesemittedas a resultof combustionare responsiblefor the growth, in the atmosphere,of a layer
that allows the solarrays to penetrateinto the atmospherebut hindersthe long wave radiationemittedby
theearthsurfaceto go out asshownin Figure2. That way, the trappedradiationis oscillatingbetweenthe

eatihsurfaceand the polluting gaslayer, warming the eaIih surfaceand the air betweenthe two surfaces,
just like in a greenhouse.The effect of wanning the first layer of the atmosphereis known as the
greenhouseeffect and the gasesresponsiblefor the formation of the batTier layer in the atmosphereare

calledthe greenhousegases.
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Figure2: Schematic representationofthemechanismofthegreenhouseeffect [2]

Why the global warmingof the eal1hsmfaceis a threatfor the humanbeing is obvious.The expansionof
waterand melting of ice willlead to an increaseof the oceanlevel (50 cm by the year 2100) and reduce
the usablesurface. In many countries, the water will becomea strategieresourceand many climatic

disastershave to be expected.Figme 3 gives a schematicrepresentationof the consequencesof a global

warmingby 1°C in tennsof wetteranddryerplaces.
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Figure3: The consequencesof a global warmingby 1°C [3]

Facing the threat of global warming, in December1997, 117 countriesmeetingfor the United Nations
global meeting on climate changein Kyoto, Japan,agreedthe Kyoto protocol. This protocol saw the

introduction of a set of legally binding limitations on emissionsfrom the world's 39 industrialised

countriesby which the greenhousegasemissionsof thesecountriesaggregateshouldbe reducedby 5.2%

in the year 2008-2012when comparedto their 1990 emission levels. This Kyoto protocol is much

impo11antbecauseit is the first stepon the way to a necessaryglobal ecologicalregulation.
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Emissionsrelated to transportation
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We showedthat developmentneedsenergy and energyproduction implies pollution. And one of the
greatestsourcesof greenhousegasesandin the sametime, oneof themostsensitivesign for development
is the car.TheWorld HealthOrganisation[4] found that the "pollution causedby motorscould kill more
people each year (in Austria, France and Switzerland) than road accidents."Moreover, a European
Commissionreport [5] statesthat "transportationaccountedmore than 30% of the EU total final energy

demandin 1995" thus leadingto the fact that "form an environmentalpoint of view, transportaccounted

for 26.5% of COz emissionin the EuropeanUnion in 1995". Facing this immensecontribution, it is
necessaryto reduceeither the numberof vehicle or the quantity of emissionfor one vehicle in order to
meettheKyoto exigencies.

You may think that the solution for reducingof the greenhousegas emissionsmadeby transportation
would be to find a new methodfor transportationandleavebehindthe privatecar. But if sornepeoplein
industrycountriescan afford the luxury of leavingtheir car at homeand go to work by bike or by bus, it
is in many casesa step only reachableafter the developmenthas comethroughthe obligatory phaseof

having possesseda car. Furthermore,the world develops,its populationgrows, and the numberof cars
thatwas676.2million in theyear1996 [6] is foreseento reachover one billion in the year 2005 and3.5
billions by 2050.This meansthat the only reductionof theproductionof greenhousegasfor eachcarwill
not be enough.For effectively reducingthe greenhousegas emissionsby transportation,zero emission

vehicleshaveto be produced.The developmentneeda "more" in technologyaspeoplewill not go back
to lesstechnologyif not forcedto [7].
For years,the only knowledgeof thesealarmingestimationswas not able to markedlypushthe research
for the developmentof low emissionor zeroemissiontransportation.A political interesthadto be showed

thatwould motivatethe industryto makethenecessaryinvestrnentsin theresearchanddevelopment.

The lead-acidbattery: a competitor for the electric vehiclepropulsion

In 1994, the stateof California createdlegislationconcerningthe ZEV (zero emissionvehicles)and the
salesof electricvehicleswereprojectedto be2% of aIl vehiclesin 1998and10%in 2003 Le. for example
850000carsby 2000 [8]. Even if the environmentallegislationconcerningthe zero-emissionvehicleshas
beendelayedandsoftenedandhasnot producedthe resultsexpected,the Californianact for cleanair was
a greatmotor for the researchto alternativesto the combustionengine.

In order to usean electricalengine,one needa sourceof electricalenergyin the car and the mostused
electrochemicalsystemfor the conservationof electrical energy is the lead-acidbattery. Besidesits
robustness,its low cost, its availability and its ability to be recycledat over 98% make it a successful

productdifficult to competewith.

Of coursethe image of the lead-acidbattery is disappointingbecausemost people know it as an old
systemusedonly for the startingof cars.But in fact, lead-acidbatteriesarepresentin our life evenmore
in the "new society" of the internet age since this system is also used for telecommunications
(transmissionstations...), uninterruptedpower supply systemsand internet (PC and serverbackup...),

energyproductionand distribution, military applications(submarine...), aviation (poweringof the flight
control system...), railway applications,accumulationof electricity gainedfrom solar andwind energy...

[9].

In spite of its many qualities,the lead-acidbatteryhassorneweakpoints andhasto competewith many

electrochemicalaccumulatorsfor thepropulsionof the electricvehicle. Table 1 showsa recapitulationof
the advantagesanddrawbacksof aIl thepossiblechallengers.
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Lead-acid Ni-MH Na-NiCI Li

Security + 0 0 -

Power(W/kg) 70 to 100 120to 150 150 300

Cost(US$IkWh) 150 >750 300 >750

Cycles(3h rate) 500 700 1000 1000

Energy(Wh/kg) 25 to 35 65 to 75 75 100

Developmentlevel ++ + (+) (+)

Environment 98%recycling No heavymetal No poisonsubstance

Main problems Lowenergy Selfdischarge High temperature Safety

Table1: Advantagesanddrawbacksofthedifferent competitorsfor theEV powering[10]

The most importantparametersfor the choice of an energysupplier for electric vehiclesare, listed by

priority:

• Security,

• Powerdensity,

• Specificcost(If the costof the batteryis not very importantfor the cordlessutilisation, "in the caseof
the electricvehicle,wherethe batterymay accountfor half thetotal cost, it is a major factor" [11].),

• Specificenergy(This factor limits the driving range).

Concemingthe first threerequirements,the lead-acidbatteryis in a quite goodposition.But for stayinga

main actorof the batteryscene,in particularin the field of electriclhybridvehicles,the lead-acidbattery

needsto fulfi1 sornecriteria [12] :

• High specificenergy(50 Whlkg) for a driving rangeof about150km,

• High specificpower(150 Wlkg),

• Low cost«150US$IkWh),

• Cycle life over500 full cycles,

• Rapidrecharge.
In an attemptto drive the researchin the field of VRLA batteries,leadproducers,batterymanufacturers,

componentsuppliersandrelatedindustrial sectorshavebeenpooling researchanddevelopmentresources

to a common purpose. They founded the ALABC (Advanced Lead-acid Battery Consortium) as a

counterpartto the USABC (the US AdvancedBatteries Consortiumthat concemsall the advanced

batteriessystemsas e.g. lithium and nickel/metal hydride). This Ph.D. thesishas for a big part been

performedin the frameof a projectsupportedby theALABC andtheEuropeanCommunity.

Motivation of thework

Many factors could be improved for the lead-acidbattery to be a main actor in the market of the

electriclhybridvehicle. One is the energydensity,anotherwould be its chargeefficiency and fast charge
ability so that the drawbackof the limited driving range for one charge can be overcameby often

chargingthe batteries.Additionally, in a systemcontaininga lead-acidbattery,"the cost of batteryand
replacementgenerallyfar exceedsthe operatingcosts,generallyby a factor threeor four" [13]. What can

be a greatermotivation for the improvementof the cycle life in deep cycle application?This work

attemptsto find a way to improvethe performanceandlife of the lead-acidbattery.
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And in first line, for improving a system,it is necessaryto know it. Even after over 150 yearsresearch
and developmenton the subject,the lead-acidbatteryhasstill many mysteries.It had the chanceto be
allowedto makefirst experimentswith a newseparationsystemthatprovedto openwide possibilitiesfor
the lead-acidbattery. Through the use of this new separationsystem,investigationof many processes

happeninginside the batterywas allowed as weIl as betterunderstandingof the complex influenceof a
passivepart in the lead-acidbattery:the separator.
The thesis presents an introduction to the lead-acid battery, followed by results conceming the
improvementof theperformanceof the lead-acidbatteryby the applicationof mechanicalpressureandits
mechanism.The effect of mechanicalpressureon the corrosion process and its interaction with
phosphoricacidarethendescribed,followed by sorneconsiderationson the oxygencycle.

This work is meantto be a contributionon the way to a betterunderstandingof the lead-acidbatteryin
general andmaybeit will allow an improvementof its performancesin the future.
More in general,it is alsoan attemptto contributein a modestway to the world's conservation.The signs
areclearenough:the globalwarmingis a reality andwe mustactandreduceemissionsbeforewe reacha
"global thermalrunaway".l feel, l will not be allowedto tell thenextgenerationl did not know whatwas
goingon. If this work allows anylittle improvementof the lead-acidbatteryfor usein an electriccaror as

an accumulatorin photovoltaicequipment,it will alreadybe a success.
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Introduction

Les effets pervers de la production d'énergie

Introduction

Notre mondese développeet fait de rapidesprogrèstechnologiques.Mais le développementreposesur

l'énergie et la production d'énergiereposedans la majorité des cas sur une transformationd'énergie

chimique soit en énergieélectlique,soit directementen énergiemécanique.La Figure 1 représenteles

différentessourcesd'énergiecommercialeprimaire. « Globalement,les combustiblesfossiles fournissent

87% de l'énergiecommercialeprimaire» [1].

III Fossile
• Nucléaire
D Hydrolique
o Renouvelable

Figure 1: Les différentessourcesd'énergiecommel'cialeprimaire.

Un tiers de cette énergieprimaire est utilisée pour la productiond'énergieélectrique,ce qui conduit de

nouveauà une contributionde plus de 67% descombustiblesfossilesà la productiond'énergieélectrique.

Ce passaged'uneforme d'énergieà l'autreseproduit donc essentiellementparcombustionet les produits

de combustionsont ainsi rejetés dans l'atmosphèreà l'instar du dioxyde de carboneou des oxydes

d'azote.Cesgazsontresponsablesde la croissancedansl'atmosphèred'unecouchequi permetle passage

des rayonssolaires maisbloque une partie des rayonnementsà grandelongueurd'ondequi sont réémis

par la surfacede la terre. Ainsi, la radiationest indéfinimentréfléchieentre la surfacede la terre et cette

couchebarrière(Figure2) et provoqueun réchauffementde la surfacede la terre et de l'air comprisentre

les deux surfaces de réflexion. Cet effet de réchauffementdes couches internes de l'atmosphère,

semblableà ce qui se produit dansune serre,est nommél'effet de sen'eet les gazpolluantsmis en jeux

sont les gazà effet de serre.



20 Introduction

Figure 2: Représentationschématiquedu processusde l'effet de serre[2]

Les raisonspour lesquelleslm réchauffementplanétaireest une menacepour l'humanitésont évidentes.

L'expansiondesocéansliée au réchauffementet la fonte desglaciersvont causerune élévationdu niveau

des océansde 50 cm avant l'an 2100 et réduire les surfacesutilisables pour l'être humain. Pour de

nombreuxpays, l'eauva devenirune ressourcestratégiqueet de nombreusescatastrophesnaturellessont

à prévoir. Une répatiition géographiquedes zonesqui verront une augmentationou une diminution des

précipitationsdansl'hypothèsed'un réchauffementglobal de 1°C estproposéeen Figure3.
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• Hivers courts et humides, étés longs et secs

• Zones inondées par élévation du niveau des océans

Figure3: Variationsclimatiquesdansle mondepourun réchauffementglobal de 1oC [3]

Pour faire face à la menacedu réchauffementplanétaire,117 pays se sont réunis en décembre1997 au

Japonpour la conférencedesNationsUnies sur le changementclimatiqueglobal. Ils y ont signé le traité

de Kyoto qui prévoit une limitation des émissionsde gaz à effet de serrede 39 pays industrialisés.Ces

payssontcontraintspar uneréglementationà réduirede 5,2% leursémissionsde gazpolluantspar rappOti

aux niveaux de 1990. L'impotiance de ce traité réside dans le fait qu'il est le premier pas vers une

régulationécologiqueinternationalenécessaire.
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Les émissionsliéesaux transports
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Le paragrapheprécédenta démontréque le développementest basésur l'énergieet que la production
d'énergieestuneénormesourcedepollution. Et l'unedesplus importantessourcesdegazà effet de serre
maisenmêmetemps,l'un dessigneslesplus sensiblesdedéveloppementéconomique,c'estla voiture!
L'OrganisationMondialede la Santéa estiméque« la pollution causéepar les moteurspourraittuerplus
de personneschaqueannée(en France,Autriche et Suisse)que les accidentsde la route» [4]. En outre,
un rapport final à la CommissionEuropéenneaffirme que «les transportssont responsablesde plus de
30%dela dépensetotalede la communautéeuropéenneenénergiefmale » et qu'ainsi,«dupoint de vue
de l'environnement,les transportssontresponsablesde 26,5%desémissionsde dioxydede carbonedans
la communautéeuropéenneen 1995» [5]. Ces chiffres alarmants prouventqu'il est nécessaire,pour
atteindreles objectifs fixés par le traité de Kyoto, d'agir soit sur la pollution dont estresponsablechaque
véhicule,soit sur le nombrede véhicules.
Vous allez sans doutes penserque la solution pour réduire les émissionsde gaz à effet de serre
consisteraità trouver un nouveaumoyen de déplacementqui rendrait la voiture superflue. Mais si
certainespersonnesdansles paysindustrialiséspeuventsepermettrele luxe de laisserleur véhiculechez
elleset de serendreà leur travail enbusou enbicyclette,unetelle démarchen'estsouventenvisageable
qu'à l'issue d'un développementqui est passépar la possessiond'unevoiture. En outre, la population
mondiale croît de façon exponentielle,le développementéconomiquese poursuit et le nombre de
voitures,qui atteignait676,6millions en 1996 [6], doit selonles estimationsdépasserle milliard en 2005
et 3,5 milliards en 2050. Ceschiffres signifient clairementque la seuleréductiondesémissionsproduites
par chaquevoiture ne serapasunemesuresuffisantepour diminuer la productionde gazà effet de serre.
Pour réduiresubstantiellementles émissions,il seranécessairede produiredesvéhiculesqui n'émettent
aucungazpolluant.Parconséquent,c'estseulementparun « plus en technologie»que le réchauffement
planétairepourraêtre endiguépuisqueles êtreshumainsne s'accommoderonten aucuncasde ce qu'ils
considéreraientcommeunerégressions'ils n'y sontpasforcés [7].

La batterie au plomb, concurrente pour la propulsion du véhicule électrique

Depuis des années,la connaissancede ces chiffres alarmantsn'a pas suffi à motiver sensiblementla
recherchepour le développementde véhicules à faibles émissionsou à émissionsnulles. Il était
nécessairequ'une volonté politique se dessine qui pousse l'industrie à faire les investissements
nécessairesdansla rechercheet le développementde solutions.
En 1994,l'étatde Californie a voté uneloi qui contraignaitles producteursde véhiculesà veiller que2%
de tous les véhiculesde l'état de Californie ne produisentaucuneémissiondès 1998. Ce chiffre devait
atteindre10% en2003 ce qui correspondaità 850 000 véhiculesnonpolluantsen l'an 2000 [8]. Bien que
cette loi ait entretempsété assouplie,tolérantaussides véhiculesà faibles émissionset repoussantles
échéances,elle a eupoureffet depropulserla recherchedansle domainedu véhiculepeuou nonpolluant.
Nous avonsvu que la transformationd'énergiechimique en énergiemécaniquepar combustionest en
grandepartie responsabledes émissionspolluantes.Ceci signifie que pour produire un véhicule non
polluant, il faut utiliser un moyendepropulsionautreque le moteurà combustion.L'alternativeidéaleest
alors le moteurélectrique.Et pour alimenterun moteurélectrique,une sourced'énergieélectriquedoit
être présenteà bord du véhicule. Le système électrochimiqueactuellementle plus utilisé pour
l'accumulationd'énergieélectriqueest la batterieau plomb. Outre sa robustesse,son faible coût, son
aptitudeà êtrerecycléeà plus de 98% et sadisponibilité en grandequantitéen font un produit difficile à
concurrencer.
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Il est vrai que l'image de la batterieau plomb estplutôt celle d'un produit suranné,utilisé pour le seul
démarragedesvoitures.Mais en fait, la batterieau plomb estun élémentprésentautourde nousencore
plus dansla nouvellesociétéde l'ère multimédiaqu'auparavant.En effet, ce systèmed'accumulationde
l'énergie électrique est aussi utilisé dans les domaines des télécommunications,des systèmes

d'alimentationsans interruption et de sauvegardede données,de la production et de la distribution
d'énergie, de l'aviation et l'aérospatiale,de la défenseainsi que dans les applications solaires ou
éolienneset les systèmesferroviaires...[9]
En dépit de ses nombreusesqualités, la batterie au plomb souffre de quelquespoints faibles qui la

handicapentvos à vis des autressystèmesélectrochimiquesdans la compétitionpour la propulsiondu
véhiculeélectrique.Dans Tableau1, les avantageset inconvénientsde chaquesystèmeélectrochimique
susceptibled'alimenterle moteurd'unvéhiculeélectriquesontrépertoriés.

Plomb/acide Ni-MH Na-NiCl Li

Sécurité + 0 0 -

Puissance(W/kg) 70 à 100 120 à 150 150 300

Coût (US$/kWh) 150 >750 300 >750

Cycles(3h rate) 500 700 1000 1000

Energie(Wh/kg) 25 à 35 65 à 75 75 100

Niveaude développement ++ + (+) (+)

Environnement Recyclageà 98% Pasdemétauxlourds Pasde substancestoxiques

Principalproblème Faibleénergie Auto-décharge Hautetempérature Sécurité

Tableau1: Caractéristiquesdesdifférentssystèmesélectrochimiques
pour la propulsion du véhiculeélectrique[10]

Les paramètresdominantle choix d'une sourced'énergiepour le véhicule électriquesont par ordre de
priorité:

• la sécurité,

• la puissancemassique,
• le coût (Si le coût n'estpas le facteur déterminantdansle casdesappareilsélectroniquesportables,

"dansle casdu véhiculeélectrique,où la batteriepeutêtre responsablede la moitié du coût, c'estun
facteurprimordial." [11]),

• l'énergiemassique(c'estle facteurqui déterminel'autonomiedu véhicule).
Pource qui concerneles trois premiersparamètres,la batterieauplomb esten bonneposition. Mais pour
rester un acteur dominant sur la scène des accumulateursélectrochimiques,en particulier dans le
domainesde véhiculesélectriquesou hybrides, la batterie au plomb doit satisfaireà certainscritères

énumérésci-après[12] :

• Energiemassiqueélevée(50 Whlkg) pouruneautonomied'environ150km,

• Puissancemassiqueélevée(150 Whlkg),

• Faiblecoût« 150US$/kWh),

• Rechargerapide.
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Afin de pousserla recherchedansle domainedesbatteriesau plomb fermées,desproducteursde plomb,
des fabricantsde batteries,dessoustraitantset desacteursindustrielsliés au secteursde la batterieau
plomb ont mis en commun leur ressourcede rechercheet développement.Ils ont fondé le ALABC
(AdvancedLead-Acid Battery Consortium,Consortiumpour la batterieplomb/acideavancée)comme
pendantà l'USABC, un consortiumaméricaindestinéà la recherchesur les systèmesélectrochimiques
"avancés"c'està dire parexemplele lithium ou l'hydruredemétal.
Le travail relatédanscettethèsea étéconduitpour la plus grandepart dansle cadred'un projet financé
parle ALABC et la CommunautéEuropéenne.

Motivation decetravail dethèse
De nombreusesaméliorationpeuventêtre apportéesà la batterieau plomb afin de lui assurerun rôle
dominantsur le marchédu véhicule électriqueou hybride. L'une serait l'augmentationde son énergie
massique,une autre serait le développementde son aptitude à la rechargerapide de telle façon que
l'inconvénientlié à la faible autonomiesoit pallié par les chargesfréquenteset rapidesde la batteries.En
outre, dansun systèmecontenantune batterieau plomb, "le coût de la batterieet de sonremplacement
excédentgénéralementlargementle coût de fonctionnement,courammentd'un facteur trois ou quatre"
[13]. Quelargumentpourraitmotiverplusun allongementde la duréedevie encyclageprofond?
Cetravail vise doncà l'améliorationdesperformanceset de la duréedevie desbatteriesauplomb.

En premierlieu, pour améliorerun système,il estnécessairede le bien connaître.Or, quoiquecomptant
150 annéesde rechercheet développementintensif à son sujet, la batterie au plomb est encore la
détentricede nombreuxsecrets.J'ai eu la chancede pouvoir réaliserles premièresexpériencesavecun
nouveausystèmede séparation.Ce systèmea révélé qu'il ouvrait de larges possibilités au système
plomb/acide.En outre, l'investigationde nombreuxprocessusse déroulantdansla batteriea été rendue
possiblegrâceà son utilisation ainsi que la meilleure compréhensiondu rôle que joue un composant
"passif'de la batterie:le séparateur.

Ainsi danscettethèse,une introductionde la batterieplomb/acideseratout d'abordfaite. Des résultats
concernant l'améliorationdes performancesde la batterie au plomb par l'application d'une pression
mécaniqueserontprésentésainsi qu'unedescriptiondes mécanismesmis en jeu. L'effet de la pression
mécaniquesur le processusde corrosion et son interaction avec l'acide phosphoriqueseront ensuite
décrits.En dernierlieu, l'effet du nouveausystèmedeséparationsur le cycle de l'oxygèneseraabordé.

Le but avouéde ce travail est la meilleurecompréhensiondu systèmeplomb/acideafin de permettreune
améliorationde sesperformanceset de saduréede vie. Mais dansun sensplus général,cettethèsetendà
contribuerde façon modesteà la conservationde l'environnement.Notre planètenousdonnedes signes
clairs: le réchauffementglobal est une réalité et nous devons agir pour réduire nos émissions.Aux
questionsdesgénérationsfutures, je ne pourrai pasrépondrequeje ne savaispas. C'estpourquoi si ce
travail permetquelquepetiteaméliorationque ce soit de la batterieau plomb conduisantà sonutilisation
dansun véhiculeélectriqueou dansun équipementphotovoltaïque,ce seradéjàun succès.



1 The lead-acidbattery

1.1 Electric energyaccumulation
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Figure 4 presentsaIl batteriesand electrochemicalsourcesof electrical energy. By opposition to the
primary batteriesthat can be used only for one discharge,the lead-acidbattery is an accumulatoror
secondaryceIl. It meansthat it canbedischargedandrecharged.

Figure 4: Ali types of batteries [10]



1.2 History of the lead-acidbattery
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Evenif Sinstedenpublishedperformancedatafor this systemin 1854,GastonPlantéwasthe first ableto
demonstratea rechargeablelead-acidbatteryin 1860.A moredetailedhistoryof the lead-acidbatterycan
befound in [14] and [15].
Sinceits discovery,the lead-acidbatterygainedgradually importanceas a consequenceof the industrial
revolution that beganin the United Kingdom for sorne200 years.Used nowadaysin first line for the

startingof cars,the global salesof lead-acidbatteriesamountedbetweenApril 99 andMarch 2000 over
12 billion US$. From these12 billion US$, the SU (starting, lighting, ignition) market amountedover
8 billion US$ and industry batteriesabout 3.2billion US$, the rest concerningportable rechargeable
applications[10].

1.3 Principle

Principally, the denomination''battery" describesa connectionin seriesof severalcells. For example,the

usualcarbattery,with a voltageof around12V is a connectionin seriesof 6 lead-acidcells. But the word
batteryis in fact usedalso for singlecells nowadays.
As everyelectrochemicalcell, the lead-acidcell consistsof a positive electrodeanda negativeelectrode
that are immersedin an electrolyte. At each electrode,an electrochemicalreaction takes place that

releaseselectrons(oxidation)or absorbselectrons(reduction)asshownin Figure5.

The positive electrode, that acceptselectrons during discharge,consistsof high fine porosity lead
dioxide (Pb02) supportedby a leadcurrentcollector.
The negative electrode, that delivers electrons during discharge,consists of metallic lead of high

porosity(just like a sponge)with sorneadditives(BaS04'expander)The active material is also supported
by a CUITent collector,usuallyof similar compositionasthe oneof thepositiveelectrode.
Theelectrolyteconsistsof dilute sulphuricacid (H2S04). It is responsiblefor the ionic conductionbut is
also an active material since it is consumedduring dischargeand regeneratedduring charge.Therefore,

during cycling, the densityof the sulphuricacid changes.Densitiesof 1.28g/cm3 are usually encountered
in a fully chargedstate. In the concentrationrange encounteredin the lead-acidbattery, Le. between
1 mollI in the dischargedstateand 5 mollI in the chargedstate,the sulphuricacid is not fully dissociated
andis presentasH30+ andHS04'.
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Pb02+2e-+3 H 3O++HS04- Pb + HSO4- + H 20

::::? PbS04 + 4 H 20 �~ �~ :::::} PbS04 + 2 e- +H 3O+

r-- --

V
V

/Electrolyteof diluted
sulphuricacid /'

L--- -

Figure 5: Electrode reactionsof the lead-acidbattery

The sumof bothelectrodereactionsis thecell reaction:

Or morecorrectly

Equation 1

1.4 The electrochemicalsystem"lead-acid battery"

1.4.1 Generalconsiderations

Two laws govem every chemical or electrochemicalreaction: in first place thermodynamicsand in
secondplace,kinetics.

1.4.1.1 Thermodynamics of the systemPb/H2S04IPb02

For a chernicalor electrochernicalreactionto happen,the first condition to fulfil is that the reactionis
therrnodynarnicallypossibleand favoured. Essentially, therrnodynamicsdo not take into accountthe
reactionpath, consideringonly the energyof the productsand the reactants.It describesthereforethe
maximumperformancethatcanbeexpectedfrom a system.
The thermodynamicstatefunctions describe theenergeticstateof a system.Concemingan (electro-)
chemicalreaction,it is the differencebetweenthe initial and the final statethat is of interest.The most
importantparameteris the one that describesthe amountof energythat canbe convertedinto work i.e.
the free enthalpy ofreaction AG:AG=,AH-TAS.

�~�G representsthe maximumamountof electricalenergythatcanbegainedduring a reactionif all work is

convertedinto electricalenergy.
Equation 2 givesthe electrochernicalexpressionfor the free Gibbsenergy.
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z =numberofelectronicchargesexchanged

/).G =-zFEO F =Faradayconstant=96500 As Equation2

EO =equilibrium potentialof the reaction

The reactionof Equation 1 has a free enthalpy- 372.6 kJ. It meansa cell equilibrium potential of
Eo= 1.931 V for standardconditions(i.e. whenHSOtand H30+ are presentwith an activity of 1 what

meansat a density of the acid of about 1.065 g/cm3 [16]). The cell equilibrium voltage at different
concentrationsis givenby theNernstequation(Equation3).

[Ox] =activity of oxydant
Equation3

[Red] =activity of reducer

A usualapproximationof it is E = 0.84+ d wheredis theacid density(in g/cm3).

When different reactionsare thermodynamicallypossiblein a system,the one with the highestvoltage
takesplace in priority. In other words, the two half reactionswith the highestdifference of potential
happen.
From the cell voltage deducedfrom Equation3, the thermodynarnic wouldassumethat the lead-acid
batteryis not viable.Namely,the electrolyteis dilute sulphuricacidandon eachelectrodeof the lead-acid
cell, thereactionofwaterdecompositionshould takeplace.In this case,the lead-acidbatterycouldnot be
conservedin a chargedstate.
A smallscaleof thehalf-cell reactionpotentialsis representedin Figure6.

At pH=O

1.790V

1.229V

OV

-O.336V

Figure6: Schematicrepartitionon thevoltagescaleof thereactionsin a lead-acidbattery

Fromthis scale,the thermodynarnicsaysthatduringrest,waterwill decomposeto oxygenon thepositive
electrodeandto hydrogenon thenegativeelectrode.Thereactionsthatwould takeplaceare:

On thepositiveelectrode:

On the negativeelectrode:

Equation4

Equation5
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Whena currentflows betweenthe electrodes,thesereactionscorrespondto the electrolysisof waterand

when no current flows, the counter reaction is on the same electrode and self-dischargeof the
accumulatorhappens.

The domainof stability of the different speciesin the systemPb/H20 dependingon the potentialand on

the pH conditions are summarisedin the so called Pourbaix diagram that is shown in Figure 7 for
different concentrationsof Pb2

+.

>:<:"':

i lA

Figure7: Pourbaixdiagramof the lead/watersystem[17]
(0,-2,-4,-6HnesindicatePbH concentrationsof 1, 10-2, 10-4, 10-{) mol/dm3 respectively)

Form a thermodynamicpoint of view, not only water decompositionshouldtakeplaceon the electrodes

of the lead-acidcell. The Pourbaix diagram also shows that lead is not stable at the potential of the

positive electrodein conditions of low pH as encounteredin the lead-acidbattery. The detail of the

reactions that are not the normal charge or discharge reactions and that take place becauseof

thermodynamicconsiderationsis discussedin section1.4.2.

1.4.1.2 Kinetic of the lead-acidbattery

In fact, the secondlaw thatgovemsan electrochemicalreaction,that is to saythekinetic, allows the lead

acidbatteryto exist.

The kinetic takesinto accountthe reactionpathby which a reactiontakesplace.Namely, in orderto get a

flow of electrons,sorneresistancehas to be overcomethat leadsto a deviationof the reactionpotential

from the equilibriumpotentiai.This resistancecorrespondsto the sumof eachreactionstepthat precedes

or follows the actualchargetransferstepand that is limited by e.g. transportor diffusion. That way, the

rate at which eachreactionstephappensis controlledby its kinetic parametersandthe kinetic of reaction

is limited by the kinetic of eachreactionstep.Therefore,polarisationhasto be appliedto the electrodein

order to obtain a reaction and this polarisation deviatesthe electrodepotential from the equilibrium
potentialof the reactionthatwould bededucedfrom the thermodynamicdata.This polarisationis the SUffi

of e.g. the overpotentialsof crystallisation,diffusion, chargetransfer,pre- andpost-reactions...

An electrochemicalequilibrium is alwayscomposedof one reactionand its reversaI.The dependenceof

the reactionrateon the deviationfrom the equilibriumpotentialis a currentlvoltagecurve in which each
reactiondirectioncanberepresented.
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For examp1e,a vo1tammogramof the 1eaddioxide/1eadsu1phatee1ectrodein su1phuricacid is presentedin
Figure 8. Tt was takenduring eyc1ic vo1tammetryof a dise e1ectrodemadefrom pure 1eadin the anodie
regionin su1phurieacid (d=1.28g/cm3

) at a potentia1variationrateof 5 mVis.
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È
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Figure8: Cyclic voltammogramof Pb in H2S04, cycle 100

On1y the part of the vo1tammogramdrawn in thiek representsthe dynamiccurrent/potentia1curve of the
PbOiPbS04 pair but the reaetantsareavailab1ein a 1imitedamount.Additionally, the otherreaetionsthat
eanhappenin the systemPb/HZS04 area1sopresentin sueha measurement(i.e. oxidationofwaterathigh
potentia1).The extrapolationof the on1y unlimited PbOzIPbS04 reaetion is shown in Figure 9. The

equilibrium potential is reachedwhen a reactionand its reverseare equally fast. The current at the
equi1ibriumpotentia1is theso ealledexchangecurrent.
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ElectrodePotentia1Eo
versusHydrogenElectrodeIV

�~ Equilibrium Potentia1

1

!

ExchangeCUITent

---------

Ireduction

ioxidation

Figure 9: Extrapolated current/potential curve of the Pb02IPbSO4 pair

For eachelectrochemicalreactionthat is not limited by diffusion, the current/voltagedependencefollows
theButler-Volmerequation[16].

i = io{exp[:;' (E - Eo)] - exp[ (1 �~�~�)�F (E - Eo)]}

Eo: equilibriumpotential

ex: transfer factor describingthe efficacy of the

over-voltageon forward andbackwardreactions

i: currentdensity

io: exchangecurrentdensity

E: actualelectrodepotential

In the rangewherethe reversaIequationcanbe neglected(potentialrangefar from the equilibrium), the
secondterm of the Butler-Volmer equation can be neglectedand the equation becomesa simple
exponentiallaw. It is then convenientto representthe logarithm of the current as a function of the
voltage.One obtainsthat way the so-calledTafel lines. A schematicrepresentationof the Tafel lines of
thewaterdissociationreactionson leadis shownin Figure Il in the next section(the reductioncurrentis
alsorepresentedaspositive).

1.4.2 Secondaryreactions

The secondaryreactions (or parasitereactions) are the ones that are not wanted but that have an

equilibrium potential lying within the cell operationvoltage. Therefore,they are inherentin the system
andunavoidable.Not only the waterdissociationis a parasitereactionin the lead-acidbatterybut alsothe
corrosionof lead.

Secondaryreactions during rest.

The potentialof the negativeelectrodeis morenegativethanthe reactionpotentialof Equation5 andon

thepositive,thepotentialis higherthanthe reactionpotentialofEquation4.
Sincethereis by definition no outer currentflow betweenthe electrodesduring rest, the counterreaction
that deliversor acceptselectronstakesplaceon the sameelectrode.This is the dischargereactionof each
electrodeandthe global reactionsaregivenin Equation6 for the positiveelectrodeandin Equation7 for

the negativeelectrode.
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Equation6

Equation7

Whensucha reactiontakesplaceon an electrode,the electrodeis at a mixedpotentialthat is determined
by the kinetic parametersof the oxidationandthe reductionjust as illustratedfor thepositiveelectrodein
Figure 10.

Îoxidation

Mixed Potential

/

1.229

1.790

ElectrodePotentialversusSHEIV

Ireduction 1
Figure10: Mixed potentialof thepositiveelectrodeduringselfdischarge

Therefore,the restpotentialof the lead-acidcell is not equivalentto the equilibriumpotentialcalculated
from the Gibbs energyand the Nernst equation.Bach electrodeis at a mixed potentialbecausewater
dissociationtakes place on it and the rest potential of the cell is the difference betweenthe mixed
potentialsof the two electrodes.But due to the low kinetic of the water decompositionon both the
positive and the negativeelectrode,the deviationof the cell open circuit voltage from the equilibrium
potentialis quite negligible.
During rest, anothersecondaryreactiontakesplace, this is the rest corrosionof the positive electrode.
Namely, leadcannotbe in equilibriumwith leaddioxide. Whenthesetwo materialsare in contact,a lead
oxide layerbuildsup betweenthem.And sincethe leadoxide is not stablein sulphuricacid, it reactswith
the electrolyteandforms leadsulphate.During rest,the leadoxide layer is transformedto leadsulphate.

Secondaryreactionsduringcharge.

During charge,both the positiveandthe negativeelectrodesarepolarised.It meansthat the currentflow
leads to a deviation from the open circuit potential at each electrodeand the whole cell potential
increases.Dependingon the currentdensity, the chargereactionof both electrodestakesplace already
whenthe polarisationof the electrodesis low. Whenrechargeproceeds,the polarisationof the electrodes
increasesas a resultof the lower amountof availableunchargedmaterialandof the higherconcentration
of sulphuricacid in thepores.Dueto the higherpolarisationof the electrodes,the secondaryreactionsare
concurringwith the chargereaction.The different kinetics of the oxygen and the hydrogenevolutions
lead to different evolution rates of the gasesfor the samepolarisationof the positive and negative
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electroderespective1y.Therefore, "positive electrodestypically begin gassingat about 70% state-of
charge,while negativeelectrodescommenceat about90%" ([18] andreferencestherein).
The representationof the Tafel Hnes of the oxygen evolution on the positive electrodeand of the
hydrogenevolutionon thenegativeelectrodedependingon the electrodepotentialis madein Figure 11.
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Figure 11: Tafellines ofthe hydrogen and oxygenevolutionson lead [16].

One can easily deducefrom thesecurvesthat during rest, the water dissociationis unavoidablebut that
thereactionsdescribedin Equation4 andEquation5 arein fact extremelyslow on 1ead.Theyneeda high
deviationfrom theequilibriumvoltagein orderto proceedat anoticeablerate.
The other secondaryreactionthat happensduring chargeand overchargeis the corrosionof the positive

leadgrid. Thecorrosionprocessis detailedin section4.

1.5 Different designsof the lead-acidbattery

There are many lead-acidbattery designs.They can be classified on the base of the state of their
electrolyte (liquid or immobilised) and dependingon the design of their electrodes.In the different
categoriesof lead-acidbatteries,diverse featurescan differentiatea battery from anotherand make it
more suitable for one or anotherapplication. For example, thicker grids are more resistantagainst

corrosionbut only suitablefor a stationarydesignbecauseoftheir weight.

1.5.1 Floodedbattery

The first lead-acidbatteryconsistedof lead sheetsthat were cycled in sulphuricacid so that a layer of
activematerialcould form on the electrodesasa corrosionproduct.Thesewerethe Plantéelectrodes.In
1881, Fauréhad the idea to cover lead foils with a pasteof lead oxide that is then chargedand thus

oxidisedor reducedto activemateria1.Thatway, the capacityof thebatterieswasincreased.
The "usual" lead-acidbattery may be describedas the "car battery" or the SU battery (for starting,
lighting, ignition) andhasa prismaticflooded Faurédesign.A schematicrepresentationof the "typical"
lead-acidbatteryis presentedin Figure 12.
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9

1. BattelY consistingof 6 cells in series 6. Negativegrid

2. Platestack 7. Positiveplatein a polyethyleneseparator

3. Negativeplates 8. Pastedpositiveplate

4. Positiveplates 9. Positivegrid

5. Pastednegativeplate

Figure 12: Schematic repl'esentation ofa flooded lead-acid battery [19]
The electrodesconsistof pastedgrids and in order to hinderthe formation of shortcircuits, a separatoris
placedbetweenthepositiveandthe negativeelectrode.The separatormusthavethe following propel1ies:

• Electronicisolation,

• Ionie conductionby providing openporesthat are filled with acid. The ionic transferbetweenboth
electrodeshasto be easyso that the internai resistanceof the lead-acidcel! is minimised,

• Stability in 40 wt% sulphuricacid,

• High porosityfor a good ionic conductivitybut alsoa low displacementof acid.
Therearemodifieddesignsof the typical prismaticflooded cells. While the negativeelectrode alwayshas

a Faurédesign, the positive electrodescan have two designsother than the usual pastedgrid, the most

encounteredonebeingthe tubularplate. In this variation, the positiveelectrodeis a connectionof kind of

tubesconsistingof a leadspinesurroundedwith positiveactivematerialandcontainedin a gauntlet.

Figure 13 showswhat a tubularplate looks like. This designallows the contentionof the positive active

material in a tight envelopeandis characterisedby a prolongedcycling life.
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Finishedtubularplatefilled with
positiveactivematerial

Figure 13: Picture of a tubular plate and its components[20]

The last variant of the positive electrodefor flooded batteryis the Plantédesign."The Plantéversionof
positiveplatesis madefrom a castingof pure leadthat hasnumerousthin vertical grooves,strengthened
by a seriesof horizontal cross-ribs,in order to increasethe surfacearea.The active material (Pb02) is

formedelectrochemicallyfrom the leaditselfby carryingout a seriesofcharge/dischargecycles" [21].

Figure 14: Picture of Planté
positive electrodesaCter casting,

aCter formation and crosssection [20]

The flooded lead-acidbatteryneedsa periodical maintenanceby refilling water that has escapedas a
result of the electrolysis of water from the electrolyte (self discharge or overchargereactions).
Additionally, a floodedbatteryis not tight becauseopeningsfor the waterfilling areprovidedandsinceit

containsliquid electrolyte,the batterycannotbe tilted or usedtop side down for securityreasonsbut also
becausethe electrolyte supply of the electrodeswould be modified. Furthermore, spilling of the
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electrolyteandescapingof acidaerosolshappenespeciallyduring overchargeandcreatea very corrosive

atmospherearonndthe batteryleadingto corrosionof the tenninalsandpossiblyalsoof the surronnding
metalparts(wiresetc...).

1.5.2 VRLA battery

Sinceeverymarketis moving towardsmoresecurityandlessmaintenance,it wasnecessaryto developa

new product that would overcomethe drawbacksof the flooded design of lead-acidbatteriesquoted
above.The first stepfor tbis developmentwas the immobilisationof the electrolyteby additionof silicon

dioxideto rnakea spill proofbattery.

The result of the developmenttowardsa closedbattery is the valve regulatedlead-acidbattery (VRLA
battery).Why valve regulated?Becausea fully closedbatterydesign,as is for exampleexisting for the

nickel/cadmiumsystem,is not possible.Namely,aswasshownin section 1.4.2, secondaryreactionsare
inherentfor the lead-acidbattery:

• On thepositiveelectrode,oxygenevolutionandgrid corrosionhappen,

• On the negativeelectrode,hydrogenevolutiontakesplace.

In a VRLA battery, the electrolyteis immobilisedand also starvedso that sornevoids are presentthat

allow the oxygenproducedon the positive plate to reachthe surfaceof the negativeplate. At the rest

potentialof the negativeplate,andevenmore at its chargepotential,oxygenis reducedto waterandthis

reductionis thethennodynarnicallymostfavouredone.As long asoxygenis presentandas long asa fTee
lead surfaceis provided,the oxygenreductiontakesplacein priority. That way, the electrolyteloss (or

moreprecisely,the waterloss) is avoided.A precisedescriptionof the processesinvolved in the oxygen

cycleandof its limitation is givenin section6.

But evenif the oxygencycle is fully efficient, thennavoidablesecondaryreactionsthataregrid corrosion
and hydrogenevolution happen.Even more, in the caseof a fully efficient oxygen cycle, the current

balanceimposesthat the corrosioncurrenton the positive electrodeequalsthe oxygenreductioncurrent

on thenegativeelectrodeduring overchargeor float charge(seesection6 for moredetails).

As a result of the hydrogenproduction,an overpressurewould build up in a closeddesign,leading to

possibledamages.For that reason,in order to allow the releaseof the hydrogen,the VRLA battery is
provided with a valve. This valve has on opening pressurein the range of sorne hnndred Pascal
overpressure(i.e. �~ 10kPa).

Thesnnunaryof thereactionsthatcanbeenconnteredin a VRLA batteryis presentedin Figure15.
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Figure 15: Reactionsin a valve regulated lead-acidbattery [22]
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Therearetwo techniquesfor immobilising the electrolytein a VRLA battery.Onecaneitheradsorbit in a
separatorconsistingof glassfibres that retain the electrolyteby capillaty forces,or form a gel that fixes
the electrolyte by mixing silica dioxide with the electrolyte. A better description of the two
immobilisation/separationsystemsis madein section3.2.

The transferof oxygenin agasis about104 times fasterthan in a liquid [23]. Therefore,in a systemwith

immobilisedelectrolyte,in order to get the requiredoxygentransfer,somefree room in the poresof the
separatoror in the gel is necessmy.Thus, additionally to the charactetisticscited abovefor the separators
of the floodeddesign,an AGM separatorfor VRLA applicationhasto havea largesurfacefor adsorption

and a high fine porosity. For the gel system,additionally to the gel, a separatorof high thin porosity
provideselectrical isolationandat the sametime, goodoxygentransfer.
In the sameway as for the flooded design, the VRLA battetyexists in a prismatic designwith either
pastedgrids aspositiveelectrodeor with tubularpositiveplates.Anothervariationof the VRLA battelY is

the spiral wounddesignaspresentedin Figure 16. This is the designthat is cUlTently in developmentor
alreadyproposedby manyproducers.The basic idea of the spiral wound designis the utilisation of gtid
alloys with high lead content in order to get the best cOlTosion resistanceand no negativeelectrode
poisoning(seesection 4). But pure lead grids have low mechanicalpropeliies. Therefore, the spiral

wounddesignis usedfor providing a mechanicalstabilisationof the platestacks.

RESEALABLE PRESSURE
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RUGGËO SPIRALGElL
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CLOSE,PLATE SPACING
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POWER " .',
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Figm'e16: VRLA batteryin spiralwound design.Yel10w Top by Optima

1.5.3 Bipolar lead-acidbattery

A velY attractive solution to overcomethe problem of the limited power of the lead-acidbattelY is to
reducedrasticallythe internai resistanceby usinga bipolar design.In a bipolar battety,the inter-cell wall
makesthe cOlmectionbetweentwo ceIls and acts as a CUITent collector and mechanicalsupportfor the
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posItIve electrode of the first cell and the negative electrode of the second cell. A schematic
representationof the bipolardesigncomparativelyto a monopolardesignis presentedin Figure 17.

2 ceUsin monopolardesign 2 ceUsin bipolar design

�~ Negativeplate

D Separator

• Positiveplate

• Cell connector

Figure17: Two cells in monopolarandin bipolar design.

The problemof the bipolarplate is that the activematerialcalTier is in the sametime the CUlTent collector
and has to be electronicallyconductivebut ionically isolating. Additionally, the material of the bipolar

platemustbe resistantagainstcorrosionin an environmentof concentratedsulphuricacid andhigh anodic

potentialson the positive side. Noble metalscannotbe usedbecausethey presenttoo lows hydrogenand

oxygenoverpotentialsand they are expensive.Therefore,only COITosionresistantleadalloys are suitable

and in this casethe life of the cell is limited by the COlTosionrate of the alloy and the thicknessof the

plate.More sophisticatedmaterialscould alsobe used(like conductivepolymers)but they areexpensive.
A "side by side bipolar design"could ovel'come the problemof the bipolarplate material. In this design,

the connectionbetweenthe positive and the negativeelectrodeis realisedby a commonedge of the
CUlTent collector.
In her paperof 1994 [8], Bullock reviews the state of the art of the bipolar design as weil as the

advantagesand limitations that are associatedwith the bipolar technology. These advantagesand

drawbacksaresununarisedin Table2.

Advantages Drawbacksand limitation

• High power(lesspassivepaliS, low internai • Low capacity(onepositiveonenegativeplatepel'

resistance) cell andthin films)

• Homogeneousvoltageandcunentdistribution • Higher rateof side reactions(moreCUlTent

• High voltagedesigneasyto build
collectorsurface)

• Increasedheateffectsin the stack

• Difficulty to find a stablesubstratematerial

Table2: Advantages,drawbacksandlimitations of the bipolar designfor the lead-acidbattery.
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Prototypesof bipolar lead-acidbatterieswere realisedby Arias ResearchAssociates,Inc. and Bipolar
Technologies,Inc. [24] and the developmentof the bipolar designreached thecommercialripenessfor
e.g. ElectrosourceHORIZON [25]. But the realisationof a bipolar battery is a technological challenge
thatno batterymanufacturerwasableto meetuntil now for a largescaleproduction.

1.5.4 Different designsoflead-acidbatteries

Table 3 showsthe most commonly encounteredlead-acidbattery designs.Principally, for all different
designs,the flooded or the valve-regulatedvariant is possible. But in fact, sorne designs are only
producedin oneor the othervariant.

No bipolar lead-acid battery has currently reached thelevel of developmentthat would allow a
commercialisation.This is the reasonwhy the bipolar designis not presentin Table 3. But principally,
floodedaswell asVRLA batteriescouldbe producedin bipolardesignandboth the pastedor the Planté
technologywould be suitablefor thebipolarplateproduction.

Positiveelectrode Gridlpasted Spines/Tubular Thin filmIPasted Planté

Usualdesign Spiral Prismatic Prismatic Spiral Prismatic

Usualtype VRLA VRLA Flooded VRLA Flooded VRLA Flooded
AGM GeVAGM Gel/AGM AGM

Table 3: Different usual designsof the lead-acid battery

1.6 Life limiting factors

The cycling life of lead-acidbatteries,in their floodedor valve regulatedversion,canbe limited by many
processes[21] and [26]. Themajorlife limiting factorsarelistedin this section.

1. 6.1 Drying out

This is the result of overchargeor self-discharge.In flooded batteries,drying out happensonly if
maintenanceis not carefully carriedout. The electrolytelevel decreasesand only the lower part of the

electrodesparticipateto the chargeand discharge.In such a case,a concomitantincreaseof the acid
concentrationtakesplace.
In VRLA batteries,this failure modeis more critical. It "is mostly connectedwith a too severecharging
regime,often in combinationwith high cell temperature"[26].

Anotherfactor influencinggreatlythewaterlossof thebatteryis the so-calledpoisoning.It happenswhen
a metal, on which hydrogenevolution happensat a lower overpotentialthan on lead, deposeson the
negativeplate.Or whena metalon which oxygenevolutionhappensat a lower overpotentialthanon lead
is presenton thepositiveplate.
In the caseof the "negativeelectrodeplating", the poisoninghappense.g. when the concemedmetal
dissolvesfrom the positive grid and is reducedon the negative.This metal canbe presentin the positive
grid asan alloying agentfor lead.In thatcase,it givesdesiredmechanicalpropertiesto the alloy (asis the
casefor antimony). The "poisoningmetal" can also be presentin the alloy or in the pasteif the raw
materialsareof low purity. This couldhappenwhenrecyc1edlead is usedandthis problemof poisoning

couldbe a limiting factor for theuseof recyc1edleadasa primarymaterialfor lead-acidbatteries.
The poisoningmetal can alsobe presentas an impurity in the sulphuricacid or in the wateraswell as in
othercomponents.
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Whena contactbuildsup betweena positiveanda negativeelectrode,the currentflows throughthe short
circuit andis lost for the useroutsideof the battery.A self-dischargeof the accurnulatortakesplaceand
also a wanningof the spot wherethe short circuit happens.Such a short circuit can fonn throughthe
separator,either by puncture or by fonnation of conductingbridges in the pores of the separator.
Therefore,the separationsystemusedis of greatimportanceregardingthis failure mode.
The shortcircuit canalsobuild up aroundthe separatorwith help of shedmaterialor acrossthe corrosion
productfrom thetop lead(seeillustrationof top leadcorrosionin section4)

1.6.3 Sulphation

This name designatesthe processof irreversible fonnation of large lead sulphatecrystals on both
electrodes.SulphationhappenspreferentiaIlywhen a battery is left in a stateof too low stateof charge
(SOC)for a long time. Becausebig leadsulphatesminimisetheir surfaceenergyin comparisonto smaIler
crystals and are thennodynamicallymore stable, lead sulphatesundergo a dissolution/precipitation
mechanismduring restperiods.As a result, smaIl lead sulphatecrystalsdissolveandbig lead sulphates
grow. When the battery is discharged,sulphuric acid is consumedand the density of the electrolyte
decreases(see Equation 1). Since the solubility of lead sulphate is depending on the sulphate
concentrationof the electrolyte, the lower the electrolyte density, the higher the solubility of lead
sulphate.Consequently,at low SOCof thebattery,thedissolution/precipitationis easier.
Lead sulphateis an insulatorand its dischargehappensthrough a dissolution/precipitationmechanism.
The fonnation of big lead sulphatescausesa decreaseof the specific lead sulphatesurfaceand thus a
decreaseof the dissolutionkinetic in the foIlowing chargeas weIl as an increaseof the diffusion path
betweenthe dissolutionsiteson the leadsulphatecrystalsandthe precipitationsiteson the leadelectrode
[27]. That way, the lead sulphatecrystals are not totaIly convertedto either lead or lead dioxide.
AdditionaIly, they cover a part of the electrodesand passivatethe active material that lies underthem.
Both the activematerialthat is storedin the crystalsandthe activematerialthat lie underthemarelost for
the electrochemicalprocesses,thus leadingto a reducedcapacityof the accumulator.This sulphationis a

phenomenonthat concemsboth the positiveandthe negativeelectrodes.It happenson the whole surface
of the electrodes.High temperatures,low currentdeepdischargesandrestperiodsin a dischargedstate
favour this homogeneoussulphation.

1.6.4 Thermal runaway

This failure modeis specific for the valve regulateddesignandmoreparticularly, it concemsthe VRLA
batteriesin which the oxygen cycle is very efficient. In fact, the oxygenproductionis catalysedby an
increasein temperature.In parallel, the oxygenreductionon the negativeplate is an exothermicreaction.
That way, in designs where the oxygen transfer betweenboth electrodesis easy and where the
temperatureis not managed,a processof "catalyseof the oxygenproductionby the oxygenreduction"
happens(seereference [28] ). If the heat exchangewith the surroundingmedium is insufficient, a
dramaticincreaseof the temperaturehappens,leadingto damagesin thebattery.

1.6.5 Stratification

The sulphuric acid is an active material in the battery. It is consumedduring dischargeand produced
during charge.Sincethe sulphuricacid is denser,whencomingout of the poresduring charge,it tendsto
faIl underthe effect of gravity. This is the processof stratification in which the electrolyteon the bottom
of a ceIl tendsto be more concentratedthan on the top. It is a processwherediffusion andgravity fight
againsteachotherbut with repeatedcycling, gravity dominates.
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In sucha case,the currentflow in the cell becomesinhomogeneous.Namely, the Nernstequationshows

that the potential is dependingon the concentrationof the electrolyte.As an approximation,the value

generallyacceptedfor the rest potential of a cell dependingon the density (d) of the acid expressedin

g/cm3 is:

Eo=O.84+ d [16]

With the resistanceof the currentcollectorbeingvery low, whencurrentflows in the cell, it tendsto flow

preferentially in the placesof low potential. It meansthat the top of the cell suffering stratification is

preferentiallychargedwhile the bottom is still in a dischargedstate.This leadsto a sulphationof the

bottomof the electrodes.

With U=RI

IfU 1<U2

Figure 18: Schematicrepresentationof the current flow in a stratified cell

Additionally, during chargeand overcharge,becauseof the voltagerepartition, small exchangecurrents

flow betweenthe top andthebottomof the platethathavethe sameconsequenceof sulphatingthebottom
of the plates.

When a battery where the electrolyte is in a liquid form is overcharged,the gas formed at the end of

chargeallows convectionmovementsof the electrolytethat mixes up. For this reason,flooded batteries

need a certain amount of overcharge. Otherwise, they will suffer stratification and therefore,

inhomogeneoussulphatepassivationwhile in the systemswherethe electrolyteis strongly immobilised,

the stratificationof the acid is hindered.

The processof "stratified sulphation"canalsobeassociatedwith the naturalrepartitionof the currentin a

conductor.Due to the resistanceof the conductor,the charge currentat the top of the electrodesif higher

thanat thebottom [29]. Therefore,a "naturalsulphatestratification"of thebatteriesmustbe expectedthat

is not presentif the positive and negativepoles are in oppositedirection or if there is a top-bottom

contact.

1.6.6 Fai/ure ofthepositiveelectrode

1.6.6.1 Corrosion

"The corrosionof the positive grid representsa restrictionof the lead-acidbatterythat finally limits the

useful life, if no other reasonscausefailure before"[16]. As a consequence,a well-designedbattery
shouldalwaysfail becauseof corrosion.But this corrosionis not allowedto be prematureand in orderto

delay it, corrosion resistantalloys have been developed.In the caseof VRLA batteries,the hydrogen
evolution and the corrosion rate are in balanceand unavoidable.The consequencesof positive grid

corrosionare a loss of mechanicalstability of the plate, a lossof conductivityof the currentcollectorand

a grid growththat canleadto shortcircuits aroundthe edgesof the separators.
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1.6.6.2 Premature failure modesfor the positive plate
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If the failure mode is not the conosionor if conosionhappenstoo early in the battelY life, we are in

presenceof a prematurefailure of thepositiveelectrode.Voss [30] proposedthe very usenll hierarchyof
theprematurepositiveelectrodefailure modesshownin Figure 19.

Prematurepositive electrodefailure

Related'togrid/massinterface

Sulphate/oxi<le�p�a�s�s�i�v�~�t�i�o�n

Relateqto acJivei'I1aterial

Reversibleins'ufficient massutilisation

"Nelsonpassivation"

Figure 19: Premature positive electrodefailure modes[30]

The prematurecapacityloss (PCL) of the positive plate is the most encounteredfailure mode for both
flooded and VRLA batteries.The PCL was imputed by different authorseither to the sheddingof the

positive active material,or to a loss in the electrochemicalactivity of the positive active material(PAM)

dueto the increasedamountof electrochemicallyinactivematerial [31] or to a loss of conductivityof the

PAM. It wasprovedby the useof a model that the conductivitydecreaseof thepositiveactivematerial is
the actual reasonfor the capacity loss of the positive plate [32]. Later on, this processwas called the

conductivity limited capacityloss [33]. The region of reducedconductivitycanbe the interfacebetween
the grid andthe activematerialand in this case,the loss of capacityhappensearly in the cycling life. This

phenomenonwas calledPCLl [34]. When the region of reducedconductivity is the bulk of the positive

activematerial itself, the capacitylossprocesshappensmore graduallyandis calledPCL2. The following

lines describeShOlily theprocesses summarisedin Figure 19.

• Sulphate/oxidepassivation.Happensat the gridiPAM interface. It is the formation of a layer of

reducedconductivitythat consistsof leadsulphateor leadmonoxide.This canhappenduring l'est and

wasdescribedin section1.4.2.as l'est corrosion

• Thermopassivation.This concernsthe formation of a passivationlayer at the interfacebetweenthe
grid and the positive active material that is due to the high temperatureusedfor dlying the plates.

Namely, the high temperaturesfavour the solid statecorrosionreactionas weil as the reactionsin the
liquid phase.That way, full dried plates are coveredwith an insulating layer and thus inactive in

further cycling [35].
• NelsonPassivation.This effect concernsonly the positive grids consistingof pure lead. An a-Pb02

layer builds up due to the absenceof corrodablegrain boundariesand actsas a resistor sinceit cuts
off muchof the positiveactivemassduring dischargebut if the dischargeis pursuedto lower voltages

thanusual, thenormalpositiveactivemassutilisation canbe observed[36].
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• Activematerialshedding.This is the phenomenonby which someactive material is leaving the bulk
andeitherfalling on the bottomof the cell (muddingin floodedcells) or penetratingin the largepores
of the separators(as can be the casefor large porosity AGM in VRLA cells). This phenomenon

happensafter the patiicles lost mechaniccontactwith the rest of the active material (CLCL) and is
strongly influencedby the oxygen formation in which oxygen bubblespush the particles that lost
contactout of the matrix. Sheddinghappensat the end of charge [17] and the material fi'OlTI the
sludgeconsistsof almostpure leaddioxide [37].

• Sulphatepassivation.It is either the homogeneoussulphation(section 1.6.3) or the inhomogeneolls
slliphatepassivationassociatedwith stratification(section1.6.5)

1.6.7 Fai/ure ofthenegativeelectrode

With the progressmadeon the positive electrode,negativeplate failure is proved to be now the main
failllre modeof theVRLA battelY [26]. Justin the sameway as for thepositiveelectrode,onecandraw a

figure of the differentprematurenegativeelectrodefailure modes(Figure20).

Prematurenegativeelectrodefailure

Sulphatepassivation

Oxygendepolarisationin VRLA

Figure20: PrematurenegativeelectrodefailUl-e modes

• Top leadcorrosion.This type of cOlTosiononly concernsthe VRLA batteries[16] and can lead to a
ruptureof the negativegI'id/top bar connection[26]. The cOlTosionreactionis the dischargereaction
of the lead electrode.It stalis in principle at the equilibrium potential of the lead electrodeand

happensonly if the potential is more positive that the equilibrium potential. In flooded batteries,
during rest or float charge,concentrateslliphuric acid is always in contactwith the lead and the
potential of the negativeelectrodestays low. But an increaseof the electrodepotential happensin
VRLA battelies in areas where oxygen reduction occurs, producing water and leading to a

depolarisationof the concernedarea. Subsequentlythe pH of theseareasincreases.Becausethe
conductivityof the thin electrolytefilm leadingto the concernedareasis reduced(increasedpH), an

additional voltage drop occurs that keeps these areas in a dischargedstate, not allowing for the
reductionof the formed sulphates.

• Sulphatepassivationby oxygendepolarisation. This sulphationof the negativeelectrodehappens
only in the VRLA batteriesand is related to the basis principle of the VRLA battelY, namely the
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oxygencycle. Whenoxygenreachesthe negativeelectrode,it is reduced.During charge,the CUITent
that flows in the oxygen reduction is lost for the chargereaction. If the oxygen transfer from the
positive plate to the negative is too easy, the very efficient oxygencycle can lead to a chronic
insufficient rechargeof the negativeelectrode [38]. Additionally, if the VRLA battery is untight,

oxygenfrom the outsidecornesin contactwith thenegativeplateandreactswith the leadto form lead
sulphate.This leadsalsoto a sulphatepassivationof thenegativeelectrode.

• Compaction.The loss of porosity of the negativeelectrodewith increasingcycling numberis a
well-known phenomenonboth in flooded andvalve regulatedlead-acidbatterydesigns.This loss of

porosity decreasesthe specific surfaceof the negativeactive material and therefore,the numberof
availablereactionsitesis decreasing.Subsequently,thenegativematerialutilisation decreases.There
aretwo processesby which thenegativematerialloosesits porosity.
The first one is chemica1.It is the leakageof the additivesthat are adsorbedat the negativeplate

surfaceandpromotethe formationof the spongeousstructureof leadby disturbingthe growth of the
leadcrystals.Theseadditivescalledexpander,wherediscoveredasrubberseparatorssupplantedthe
celluloseseparators.One thendiscoveredthat this replacementhada badeffect on the cycling life.
The reasonfor that was the absenceof the lignin coming from the celluloseseparator.After that,

expanderswere addedto the negativepate.But the expandersprogressivelydissolvein the solution
andleavethe negativeplate.And sincethey aremostlyof organic nature,in contactwith thepositive
plate, they are oxidised to e.g. carbon dioxide and leave the battery. Thus the restorationof the
spongestructureof thenegativeplateduringchargeis not possibleanymore.

The secondreasonfor compactionis of mechanicalnature(seesection 3.6.1). Namely, the fact of
applyinga mechanicalpressureon thepositiveplateof thebatteryprovedto increaseits performance
and the batteryassemblynowadaysis very tight. As a result, a progressivecompactionof the soft
negativeactivematerialoccurs.

1.7 Different ways for the improvement of the lead-acid battery

One generaldrawbackof the lead-acidsystemis that the electrolyteis an active materia1.The sulphate

ionssottakepart to the reactionsandmustmoveto the reactionplaceandtheir big sizehindera quick
movement.By opposition,in the concurringsystemslike the lithium systemsor the nickel systems,the
ions that haveto moveduring chargeanddischargeare very small and thus very mobile. In the alkaline
systems,OR and ft are available in a sufficient amount from the water. In the lithium systems,the
lithium ions intercalatedduring dischargein the positive electrodearedeliveredas the dischargeproduct

at thenegativeelectrode(Li => Ln. Therefore,the conductivityof the electrolyteis almostunchangedin
alkaline and lithium systems.Their quantity of ions andthe numberof diffusion path do not haveto be
oversized.While in the lead-acidsystem,the conductivity of the electrolytedecreasesduring discharge
andthus,thepowercapability.Therefore,electrolytemustbepresentin excessin the lead-acidbattery.

In order to improve the performanceof the lead-acidbattery, in particular for assuringto the lead-acid
batterya placein the marketof electricvehicles,both its life andits energydensityhaveto be improved.
While the life limiting factorswerelistedin the former section,Figure21 showswhereefforts haveto be
madein orderto increasethe specificenergyof the lead-acidbattery[39].
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20%practicalenergy
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Figure 21: Specifieenergylossin a flooded the lead-acidbattery at high disehargerate (about 1h)

The highestcostin energyis relatedto the low activemassutilisation, to the electrolyteexcessandto the
passivecomponents.In the fol1owing lines, we will summarisewhich parameterscan be influencedin
orderto improvethesetwo pointsandto overcomefailure, focusingon the electricvehicleapplications.

1.7.1 Design

• VRLA design. Thesebatterieshave less excesselectrolyteand a tighter assemblyand thereforea
higher specifieenergy.The additionalweight due to the separation/immobilisationsystemdoesnot
compensatethis gain in specifieenergy

• Strong immobilisation of the electrolyte. Such a design al10ws no stratification and associated
inhomogeneoussulphatepassivation.

• Thin plates. The active material utilisation dependson the distancefrom the active material to the
CUITent col1ector.An illustrationof this phenomenonis madein Figure22.
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Figure22: Active materialutilisationdependingon averagedistanceto thecurrentcollector [40]

A thin plate designallows a higher active materialutilisation and lesspassiveparts.The thin plate
designis possiblein a prismaticor a spiral wound form but the distancebetweenthe electrodesis
reducedandthat way, the risk of shortcircuits formation increases.Additionally, a thin plate is less
resistantagainstcorrosion.

• Mechanicalpressure.It is claimedto improve the performanceof the batterywhen appliedon the
plate stack. For the application of mechanicalpressureto be durable, a separatorwith adequate
mechanicalpropertiesis required.

• Oxygencycle. While a very efficient oxygen cycle may decreasethe water loss, a too efficient
oxygen cycle may lead to thermal runaway and to a chronic insufficient rechargeof the negative
plate. Thus, the oxygen recombinationprocesshas to be clearly understoodand a compromise
betweenwaterlossandthermalrunawaymustbe found. The oxygencycle canbe influencedby the
designof the battery, in first line by the immobilisationsystemused(gelledbatteriesare known to
recombinelessthan the AGM designs)andby the saturationof the separatorin electrolyte,i.e. the
amountof pathsthatareleft free for theoxygentransferfrom thebeginningoflife ofthebattery.

• Separator.The choiceof the separationsystemis very importantsinceit determinesthe shortcircuit
formation, the oxygen transferas describedabove,and the mechanicalpressure.Additionally, the
choiceof the separatorandthe immobilisationsysteminfluencethe characteristicsof liquid drainage
andacidstratificationin thebattery.

In this work, especiallythesedesignfactorsareaddressed.

1. 7.2 Compositionandcharacteristicsoftheactivematerials

Theelaborationprocessof aFaurétypeplatefor a lead-acidbatteryis summarisedin Figure23
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e.g.Bartonor Moulin process
(ex. and(3-PbO,residualPb)

Products:lBS* (PbO.PbS04)

3BS* (3PbO.PbS04.HzÜ)

Re-crystallisationof thebasicsulphates
�P�b�~�P�b�O

3BS*+ PbO �~ 4BS*
4BS* and3BS* obtained

Chapter1. The1ead-acidbattery

(*BS = "basicsulphate")

Figure 23: Elaboration processofthe plates for a lead-acidbattery [41]

1.7.2.1 Composition variation

The compositionof the pasteprior to formation influencesthe characteristicsof the final activematerial.
Sorneof the characteristicsof the activematerialthatcanbemodifiedare listedbelow

• Compositionof the positive and negative active materials. The electrodesare sensitive to the
compositionof the original pasteprior to formation (i.e. previousto the first original charge).It is

commonlyacceptedthat electrodeswith 3PbO*PbS04 (3BS) show bettercapacitywhile electrodes
with 4PbO*PbS04 (4BS) show bettercyc1ing life. Lamelle et al. [42] observedthat the electrodes
showbetterperformancesif the pasteconsistsof 4PbO*PbS04 (4BS). Evenmore, they showedthat
the shapeof the4BS is influencingthe futureperformanceofthepositiveplate(crystalswith a needle

shapeleadto a betterpositiveactivematerialutilisation).
• Porosity. Thedensityandporosityof the activematerialhavea dramaticeffecton theperformanceof

a battery.An activematerialwith high porositywill delivermorecapacityin thebeginningof cycling
becauseits specifie surfaceis largerbut it will also fail earlier than a pasteof lower porosity. This
earlier failure results in the fact that the porosity increaseswith cyc1ing to a point where the
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conductivity is affectedand this point is reachedlater for pastesof lower initial porosity. Changing
the amountof sulphuricacid andwater thatare addedto the pastecan vary thesecharacteristicsof
porosityanddensity.

• Additives.Almost aU possiblematerialshavebeenaddedto the lead-acidbatteryin orderto improve
the performanceof the battery.The patentsconcerningadditivesarereviewedin [43]. The additives
can be sorteddependingof their mode of addition to the lead-acidbattery, Le. either in the active
materialor in the electrolyte.Or theycanbe sortedon thebaseof theirmodeof action.

• Stabilisingthe activematerialmechanically.Ploymerfibres are commonlyaddedto the positive
pastefor a mechanicalstabilisationof it.

• Influencingthe solubility ofthe leadsulphate.The problemof sulphationat low SOC could be
overcomeby decreasingthe solubility of the leadsulphate[44]. Sincethis solubility is depending
on the sulphate ions concentrationin the electrolyte, the addition of sulphate salts to the
electrolytecould modify the sizeof the lead sulphatecrystals.For deepcycling application,e.g.
NaS04 is addedto the electrolyte in order to increasethe S04- concentrationand thus the
electrolyteconductivityat low SOC.

• Influencing the crystallisation of lead sulphate. For example, barium sulphate has crystal
parametersthat aresimilar to the oneof leadsulphate.Therefore,bariumsulphateis addedin the
negativepaste becauseit acts as a germ for the lead sulphatecrystals and lead to a fine
precipitationof the sulphates.

• Influencingthe crystalgrowth ofthe leaddioxide. For example,phosphoricacid adsorbson the
positiveplate and modifies the crystal growth of the lead dioxide, thus hinderingthe premature
capacityloss(bothPCU andPCL2)

• Influencing the crystal growth of lead. These additives are the so-caUedexpandersthat are
adsorbedon the leadsurfaceanddisturbthe growth of the leadcrystalsso that it hasa spongeous
structure.

This work will only focus on one aspectof the active material composition:it is the addition of smaU
amountsofphosphoricacid in the electrolyte(section5).

1.7.2.2 Processvariation

The processof curing and formation of the pasteis very importantfor controUingits composition.It is
beyondthe frameof this work to dealwith the modificationof theseprocesses.

1.8 Conclusionabout possibleimprovements of the lead-acidbattery

The lead-acidbatteryis a much complexsystemwith many interactionsthat are not aU weU understood
yet. Improving onecharacteristicof the systemmay deteriorateanother.Therefore,compromiseshaveto
be permanentlyaccepted.And becausesorneimprovementsare incompatible,the marketof the lead-acid

batterytendsmoreandmore to a specialisation.For example,batteriesfor PV applicationdo not needa
high specifieenergyby oppositionto the onesfor EV applications,thebatteryfor UPS in ahospitalneeds
a higherreliability thanthe onefor otherapplications.

The announcedobjectiveof this work was the improvementof the lead-acidbattery,in particular
of the VRLA designfor electricvehicle applications.The differentways followed in orderto get an
improvementwere the applicationof mechanicalpressureand the utilisation of an additive to the
electrolyte.In parallel, the effect of the mechanicalpressureon corrosionwas studied.And since
for applying a mechanicalpressure,a new kind of separatorwasused,the particulareffect of this

separatoron the oxygencyclewasalsoinvestigated.
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Conclusionsur les généralitésconcernantla batterie au plomb

Danscechapitre,le fonctionnementdu systèmeélectrochimiquePb/H2S04IPb02 a étédécrit en tennesde
thennodynamiqueet de cinétiqueet les facteursqui affectentsa duréede vie et sesperfonnanceson été
détaillés.
Il en ressortque le systèmeplomb/acideest fort complexeet de nombreusesinteractionsne sont pas
encoreparfaitementcomprises.L'améliorationd'une caractéristiquerisquantde porter préjudice à une

autre,descompromisdoiventêtreen pennanenceacceptésdansla réalisationd'unebatterieau plomb. Et
puisquecertainescaractéristiquessont incompatiblesavecd'autres,le marchéde l'accumulateurauplomb
tendà se spécialiser.Ainsi, par exempleune batteriedestinéeà une applicationphotovoltaïqueauraune
faible énergiemassiqueparcomparaisonavecunebatteriepourun véhiculeélectrique.

Le but déclaréde cettethèseétait l'améliorationde la batterieplomb/acide,en particulierdanssaversion
fennée,pour l'utilisation dans les véhiculesélectriques.Par conséquent,puisqu'unutilisateurva rouler
avec son véhicule jusqu'à ce que son "réservoir" soit vide, il était nécessairede développerun

accumulateurayantdebonnesperformancesencyclageprofond.
La principaledirection suivie pour l'améliorationdu systèmeplomb/acidefut l'applicationd'unepression
mécaniquepar le biais d'unnouveausystèmede séparationdonton a étudiél'effet sur lesperfonnanceset
la duréede vie debatteriesainsi quesurla corrosion.

La secondemodificationapportéeau systèmefut l'utilisation, en interactionavecle nouveauséparateuret
la pressionmécanique,d'unadditifà l'électrolytedont les conséquencessur lesperfonnanceset l'étatde la
batterieen fin de vie furent observées.En dernierlieu, l'influencedu nouveauséparateursur le cycle de
l'oxygènea étédétenninée.
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The standardtechniquesof observationand analyseusedaIl along the work will be explainedin the
presentsection.Othertechniqueswere implementedfor the purposeof the work andarenot listed here.

For betterreadability,theywill be detailedin the paragraphin which the resultsconcerningthe technique
arealsoreported.

2.1 Electrical testson batteries

Cells andbatterieswerefirst evaluatedconcerningtheir performanceunderdynamicconditionsandunder
cyclic conditionswith different separationsystemsandelectrolyteformulations.All testswereperformed
at ZSW (Ulm, Germany).They characterisethe electric performanceof a battery. Delivering electrical

energy is finally the actual purpose of a battery, therefore the electrical tests are the ones that
unquestionablyassesstherelevanceof an improvement.

2.1.1 Internai resistance,opencircuit voltage,peakpower(IROCVP test)

The IROCVP test is takenfrom the EV battery test procedureadoptedby the EUCAR traction battery
group [45]. This testwas performedon a Digatronbenchthat canprovide 300A at 300V. The software
associatedwith thebenchis aDigatronBTS 600.
Within this single test, the internaI resistance,the open circuit voltage and the peak power can be
determinedversusdepthof discharge.First, the opencircuit voltageis determinedafter a restperiodof 3
hours (or less if the voltage changesless than 1% over a 30 minutesperiod). Then,a high discharge

CUITent of 300A is appliedduring 30s followed by a restperiodof 3minutes.The high CUITent internaI
resistanceis deducedform the ratio betweenthe voltage difference (rest voltage after 3 minutesDi 
voltageat the endof the high CUITent dischargepeakUD and the dischargeCUITent. At the end of the 3
minutesrest, the battery is dischargedat the C/5 rate until 10% of the rated capacity is removed.The

sameprocedureis thenappliedagainat the next stateof charge(SOC). Whenthe dischargevoltagelimit
is reachedduring the high CUITent dischargeor during the following C/5 discharge,the test is completed.
A shortrecapitulationof theprocedureis madefor oneSOCin Figure24.

Current

uo=OCV

Time/min
- C/5

- 300 t
Figure 24: Summary of the IROCVP procedure for oneSOC
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The ECE 15 testwas perfonnedon the samebenchas the IROCVP test. The ECE 15 procedureis also
takenfrom the EV batterytestprocedureof theTractionBatteryWorking Group [46]. The ECE 15 test is
derived from the speed-timeprofile (standardisedfor vehicles with combustionengines).It gives the

specifiepower-timeprofile necessaryto drive a referenceelectric vehicle (the parameterfor this vehicle
are fixed) and include regenerativebreakingperiods.Sincethe powerprofile is given in specifievalues
(W!kg), the testcanbeappliedto anybatterywith anysizeandweight
The driving cycle simulatesurban and suburbandriving periods.The sequenceof 4 urbanIl suburban

driving periodsis repeateduntil the batteryis not able to deliver a requiredminimumpower.The driving
range is detenninedby readingequivalencetablesthat correlatethe driving time and regime (urban or
suburban)with the simulateddriving distance.

2.1.3 Cyclingtest

A cycling test was perfonnedon both cens and batterieswith different separationsystemsand initial

externalmechanicalpressure.For the cens,the test took placeon a 6-channelsbenchwith 20A and5V.
For the batteries,a channelwith 160A, 150V was used. In both cases,the bencheswere of the mark
Digatron and controlledwith the BTS 600 softwareeditedby Digatron. The cycling regimeof the cens
wasadaptedaswe gainedexperiencein the new separationsystem.The changesin the cyc1ingregimein

these special casesare reviewed later in this work (see section . In this section, only the optimum
chargingregimefor eachcell/batteryis described(Table4)

Type of charge Chargingcurrent Chargingvoltage Time 1phase

AJS andgel cells lU 14.4A 2.45V 10h

AGM cells lU 14.4A 2.4V lOh

AJS andgel batteries lUI 14.4A 2.45V 8h 400mA,2h

AGM batteries lUI 14.4A 2.4V 8h 400mA,2h

Table 4: Typical charging regime orthe batteries and cells

The dischargetakesalwaysplaceat a constantcurrentof either20 A (aboutC/2 rateuntil 1.6V) or 9.6 A
(C/5 rateuntil 1.75V).

2.1.4 Dependenceofthedischargecapacityon the dischargecurrent

With the same charging regime as in the cycling test, a detenninationof the cell/battery capacity

dependingon the dischargecurrent was carried out. The equipmentused was a Digatron channel
contronedby a PC with the BTS 600 software.The testswere carriedout at room temperatureand at 
18°C.

2.2 Preparation of polishedsections

At the endof the cycling test, crosssectionsfrom the electrodesweremade.The sampleswereembedded
in epoxyresin.Thenthe sectionswerepolishedwith SiC paperwith the granulometry80, 320, 500, 1200,

2400and4000.The final polishwasmadeon a specialtissuewith a suspensionof colloidal Si02•



2.3 Microscopy

2.3.1 Opticalmicroscopy
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The first observationof thepolishedsectionswasmadewith help of anopticalmicroscopeOLYMPUS of
thetypeVANOX AHMT. Picturesof the sectionsweretakenwith help of a digital cameraconnectedto a
personalcomputerusingthe softwareAnalysis.

2.3.2 ScanningElectron Microscopy

SEM picturesweretakenat ZSW (scanningelectronmicroscopeDSM 940, ZEISS and at the University
Nancy(SEM HITACHI 2500,backscatteredprimaryelectronsmicrographs).

2.3.3 MicroprobeAnalysis

This techniqueprovidesvery accuratequantitativeanalyses.The equipmentat the UniversityNancywas
producedby CAMECA andwasof the type CAMEBAX SX 50.

2.4 Chemical analysisand electrolyte concentration

The electrolyte concentrationis determinedby titration. The content of lead, lead dioxide and lead
sulphate in activematerialsfrom lead-acidbatteriesweremeasuredwith help of chernicalanalysis.This

provedto be the most accuratetechnique.The proceduresare standardisedat ZSW in the frame of the
ISO 9000certification [47] [48] [49] and [50].

2.5 Porosimetry

The porosity of sorne samplesof active materialswas deterrninedby Sonnenscheinby weighting the
samplesin a dry stateandthenin a wet stateafterdiving of the samplein water.The porosity is deduced
from the differencebetweentheweightin the dry stateandtheweightin thewet state.

2.6 X-ray diffraction

The identificationby XRD of the compoundspresentin a powderobtainedafter cycling a leadgrid in a

solution of sulphuric acid and phosphoricacid (see section 2.8.3) was performed using a D 5000
producedby SIEMENS.

2.7 IR pictures

In orderto find out regionsin which high temperaturesdevelop,IR picturesof cellsweretakenthatwere
meantto show eitherwhereshort circuit occurredor wherepreferentialoxygenrecombinationhappens.
The camerawas of the type PM525 of AGEMA FliR Systemsand the pictures were visualisedand

correctedusingthe softwareIR-win.

2.8 Electrochemical techniques

2.8.1 Cyclic voltammetry

A GS PV3 variatorassociatedwith a GS PS4potentiostatwereused.Theywereconnectedto a Servogor
X-Y recordingdevicethat could be controlledusingthe Servosoftsoftware.The referenceelectrodewas
a �H�g�l�H�~�S�0�4�1�H�2�S�0�4 electrodewith sulphuricacid at the sameconcentrationas the electrolyteused.The
potential of such an electrodeagainstthe hydrogenelectrodeis dependingon the concentrationof the

sulphuric acid (0.616V electrode potential versus SHE in standardconditions [51]). The working
electrodeconsistedof a pure lead cylinder embeddedTeflon. The surfaceof 0.785 cm2 was polished
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before eachmeasurementuntil a granulometryof 1200. The counterelectrodewas a pure lead foil. A
schematicrepresentationof theset-upis givenin Figure25.

Variator
D,I

X-y recorder

Referenceelectrode

Working electrode
Embeddedin Teflon

Counterelectrode

Figure 25: Set-up for the cyclic voltammetry

2.8.2 Potentiostaticcorrosion measurement

In the potentiostaticcorrosion measurements,the set-up was similar to the one used for the cyc1ic
voltammetrybut the variatorwas replacedby a frequencygeneratordelivering a squaresignal between
the referenceelectrodeand the working electrode.The output betweenthe working electrodeand the
counter electrodewas recordedand the dischargecapacitywas ca1culatedby integratingthe discharge
currentovertime. Theset-upis schematicallyrepresentedin Figure26.



B

53

Potentiostat

Chapter2. Experimentaltechniques

A: Pureleadrod in Teflon

B: Referenceelectrode�(�H�g�l�H�~�S�0�4�/�H�2�S�0�4�)

C: Electrolyteofsulphuricacid (d=1.28g/cm3
)

D: Counterelectrode(pastednegativeof 1 Ah)
E: SeparatorAJS (thickness1.45mm)

Figure26: Principleschemefor the measurementof theeffectof mechanicalpressure
on thecorrosionbehaviourof purelead.

The corrosionregime consistedof cycles with 30 s chargeat 1400 mV followed by 30s dischargeat

900mV (potentialsnotedversusmercuryelectrode).

2.8.3 Galvanostaticcorrosionmeasurement

The test equipmentconsistedof the BEATE hardware(+/- 12V, 2.5 A) andthe BASYTEC software.In
this experiment,the cell potential was controlled and not the positive electrodepotential. In order to
minimise the variationsof the negativeelectrodepotential,the grid that actedas working electrodewas
insertedbetweentwo pastednegative electrodes.Their capacity is extremely large comparedto the

capacityof a baregrid. Thatway, it is certainthat the negativeelectrodeis alwaysin a chargedstateand
that its potentialdoesnot vary too much. In this measurement,the charge/dischargetook placeat constant

currentunderendpoint voltagecontrol.
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3 Mechanicalpressureapplication

3.1 Bibliography of "compression"

On his way to a batterywith fast chargeabilities, Alzieu [52] was the first to think about applying a
mechanicalpressurevertically to the plane of the electrodesof a prismatic cell in order to preventthe
sheddingof thepositiveactivemateria1.For this purpose,a multi-layerseparatorwasused, whatalsowas

apremière.In 1984 [53], Alzieu reportson compressedbatteriesloadedwith a rapidchargeregime.In the
specifieddesign,the compression/cyclelife curve showsa maximumaround1 bar. At this pressure,the
batterywhich reached600 cyclesuncompressedlastsfor over2000cycles(cycles:30 min ru charge,l at
3*C5, U at 2.65V, dischargeat (C/5)/1.7until the cell voltagereaches1.5V). At higherpressure,the ceUs

failed becausethe separatorscoUapsedor becausethe separatorsdesigncausesdamagesto the negative
grid. In orderto increasethe cycle life more, Alzieu tried to preventthe sheddingof the positive active
material from the edgesof the platesby melting the separatorsto form a kind of enveloparoundthe
positivee1ectrode.At 0.75 bar compression,the batteryperformedup to 3000 cycles.Later on, the same

team [54] separatedthe "heat effect" and the "expansioneffect". Thesetwo effects lead to opposite
expansionand contractionof the active materialsduring chargeand discharge.The work of this teamis
thereaUyfirst referenceto an activeapplicationof mechanicalpressureon thewaUsof a ceU or battery.

E. 1. Ritchie [43] madeanotherearly referenceto the utilisation of externalmechanicalpressure.In 1980,
he wrote that " A mechanicalsolutionto the problem...[of sheddingpositivematerial]... caUsfor sealing
eachpositive plate in its own porousenvelope,and using a tight assembly.Thus, when active material
sheds,it will still beheld in placeandnotbe entirely lost from service".

It is importantto differentiatethe active mechanicalpressureapplicationfrom the passivecontentionof
the activematerialthatwasalreadyperformedin sornetypesof batteries.

From a wide point of view, one could say that the first "compressionbattery" was the first batterywith
tubular plates.Namely in this design,the active material is containedin a gauntletand is thereforenot
allowedto expandin any direction. The first who hadthe ideaof gauntletswasBoriolo in 1959 [55], but
the first tubulardesignwasproducedevenearlier(1910)with tubesofrubbermaterialcontainingthe lead
spineandactivemateria1.
Secondly,anotherattemptto containthe positive activematerialwas madewith the developmentof the
pocketingof thepositiveplatein a separator.Thatway, the positiveactivematerialis not aUowedto shed
easily from the positive grid and causeshort circuits. Such a sealingof the electrodesin their porous

envelopewas madepossibleby the introductionof polyethyleneseparatorsaround1975. They are now
the mostwidely usedseparators(70% of aU automotivebatteriesworld-wide [56]). But in fact, no real
pressureis applied on the active material that way becausethe separatorsare not robust enoughto
constraintthe activematerialexpansion,only muddingis hindered.

A further paperconcerning"active" compressionwas publishedin 1983 [57]. In a conventionalAGM
design,batteriescompressedin a dry stateat 20, 40, 100 and300 kPawerecycled(dischargeat 30°C for
3hwith 1.25*15, chargeat 20°Cfor 5h with 0.9*15), Thecycle life wasdoubledby the increaseof pressure
from 0.2 to 0.4 bar. But a higherpressuredid not leadto further improvement.The authorspointedout

that the compressionappliedin a dry designdecreaseddramaticaUyafter the filling due to the shrinkage
of the absorptiveglassmatseparators.They alsomeasuredthatthe force appliedby the activematerialon
the cell waUsincreasesduring dischargeanddecreasesduring charge.
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In 1984, Changshowedthe constrainingof a plate stack to improve the cycling life but "with sorne
sacrificein capacity"[58].In 1990 [37], the applicationof 14 kPa on a flooded batterywith 5 mm glass
frits as separatorsleadto a four timeshighercycle life in comparisonwith a cell with electrodeshanging
free in the electrolyteand in 1991, "A slight but equalpressureon the batteryplates"was proved to
increasecycling life [59]. Onestudyalso comparedthe cycle performanceof AGM VRLA cells with the
side walls of the containerreinforcedwith metal frame or not [60]. The cell with a containerthat was
allowedto freely deformunderthe associatedeffectsof the cell stackexpansionandof the temperature
increasehad a much shortercycle life. In 1992, Paul Rüetschireports on capacitymeasurementsof
electrodespreparedofa-or- fi leaddioxide [61] andpointsout the necessityofusing"definedconditions

of mechanicalcompression,which is essential for reproducible results". Therefore, he uses pellet
electrodeswith micro-fibreglassseparatorscompressedto 40% oftheir initial thickness.

In 1994,J. Landfords [62] comparesdiverseseparatorsandshowsthat, for a given compressiondesign,
the cycle life of the batteriesdependsmuchon the separatorsystemused.While the uncompressedcells
perform 90 cycles, thosewith 100 kPa last 750 to 1150 cycles dependingon the separatorused. The
conclusionof Landfordsis that everyseparatorhas its own specific optimal working pressureand sorne
key pointshaveto be takeninto accountfor the choiceof a separator:
�~ A high diffusion resistanceof the separatorincreasesgrid corrosion
�~ A micro-porousseparatorcloseto the negativeelectrodewould avoiddendritesgrowth
�~ Thewhole structurehasto allow a goodacidandoxygentransfer
�~ The separatorcloseto the positiveelectrodehasto havea structurewith thin poresto avoidshedding

of thepositiveactivemateria1.

Later on between1995 and 1997, the researchteamof CSIRO(CommonwealthScientific and Industrial
ResearchOrganisation,Division of Minerais,Melbourne,Australia)workedintensivelyon compression.
Firstly [63], they found that the restrainingof plate expansionmaintainsa high densityof the positive
active material in the battery.This density is the limiting factor in the cycle life of a battery, sincethe
decreasein capacity becomesrapid once the material density falls under a critical value. 1996,
Hollenkamp[33] usedthe fact that both compressionand limitation of plate group expansionincrease
cycle life to explainprematurecapacityloss (PCL). WhathaspreviouslybeendescribedasPCL is in fact
a continuousprocessof conductivity limiting capacity loss (CLCL) related to preferentialdischarge,
expansionof the PAM with subsequentincreaseof porosity and decreaseof conductivity of the active
materialnearto the currentcollectorin theworstcase(PCL 1). In the caseof a moreprogressivecapacity
loss(PCL 2), the lossof conductivityis relatedto a redistributionof PAM from theregionnearthegrid to
the outsideof thebulk.
Limitation of the e1ectrodeexpansionandconservationof compressionin the batterythroughtheuseof a
separatorhaving "spring" characteristicsdetermine the rate at which porosity increases.In 1997,
HollenkampandNewnham[64] found that the compositionandcharacteristicsof the PAM havea lower

influence on the cycling life of a batterythan the plate group compression.AGM separatorshave the
drawbacknot to havethe ideally required"spring" characteristicswhich meansthat the pressurein the
batteryis not lastingaslong asbatterylife. It leadsto apossiblesheddingofPAM aswell asto abadacid
supplyof the electrodes.CSIROproposedseveralmethodsto allow compressionto be maintainedalong
the cycle life of AGM or gel batteriesand a new designfor a "compression-resistant"separator.This
separatorhasno "springcharacteristics"but canwithstandup to 200kPapressure.

In 1995,BashtavelovaandWinsel [65] investigatedthe evolutionof the force appliedby a leadrod on the
positive and negative paste during cycling. They found that during discharge,the force on the rod
decreasedand it increasedduring charge.They explainedthis surprisingphenomenonby the fact that
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"during discharge,the generatedlead sulphateis depositedwithin the free-porespacewithout stretching
of the Pb02 network".

Up to 1997,this literaturestudycouldbe summarisedasfollows.
The most importantresult to point out is that for a given battery,any applicationof pressureon its plate

group perpendicularlyto the grid plane leads to a longer cycle life of the battery. This is due to a
restrictionof the possibility for positive active materialexpansion.The PAM keepsthenthe originallow
porosityandthe associatedhigh conductivity.
The separatordesignis becominga critical point for the applicationof compression.In orderto adaptto

the expansionsand contractionsof the active material, separatorshaveto show "spring characteristics".
The systemof separationof the electrodesalso hasto maintainthe initial compressionduring the whole
batterylife. A third point is that the optimumof compressionto apply to a given batterydependson the
separatorused.And in the actualstateof the art in the field of separators,no compressionover 100 kPa

could be applied to the battery becausethe separatorscrushed. In summary, a separatorhas to be
deve10pedthatdoesneithershrinkwhenwettednor crushwhencompressed.
In 1997,the problemof "how to realisehigh compression"wasnot solved.1t was difficult to put highly
compressedplatesstackin casesandstrongcasematerialswerethennecessary.

As a lastcomment,onecanpoint out that themechanismby which the applicationof mechanicalpressure
improvestheperformanceof lead-acidbatterieswasnot comprehensivelyexplainedyet. In the sameway,
the evolutionof the forces in the batteryduring cycling was a subjectto controversysincethe resultsof
Takahashiandal. or Alzieu arein oppositionwith thoseofBashtavelovaet al.

Since 1998, the time at which the work for this thesisbegan,quite many teamshavebeenworking on
"compression"for examplein Australia,in Germanyor in the CheckRepublic.

3.2 Electrolyte immobilisation/separation systems

3.2.1 The complexinfluence ofapassivepart: the separator

The importanceof the separatorhas been increasingas the performanceof the lead-acidbatteries
progressedand as the developmentof the VRLA battery proceeded.Namely, the requirementsof

immobilisingthe electrolyteandof leavingfree gaschannelsfor the transferof the oxygenwereaddedto
the initial necessaryfeaturesof separator,i.e. electronicisolation and ionic conductivity. Sincethen, the
separatorwas not any more an inert part in the batterybut more a participator.It has astronginfluence
on:

• Theperformanceof the battery. The separatordeterminesthe internaI resistanceof the battery by
fixing the distancebetweenthe electrodesaswell asthe electrolytediffusion rate.

• The life ofthe battery. By influencing the rate of mechanicalpressurethat is kept on the stack,by
determiningshortcircuits will appearor not and by fixing the rate of oxygentransferbetweenboth

e1ectrodes.

• Themanufacturing.Different separationsystemsneeddifferentassemblingandfilling proceduresand
thus imply differentcosts.

As late as 1990 [66], the effect of the separatordesignon the dischargeperformanceof a starvedlead

acid cell was discussedconcerning only its thickness, porosity and tortuosity, i.e. the mechanical
propertiesof the separatorwerenot of centralinterest.
Later on, due to the arising importance of pressureagainst the active mass (see section3.1), the
mechanicalpropertiesof the separatorcameunderincreasedexamination.
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Thereare two typesof VRLA batteries,with two different systemsof immobilisationof the electrolyte.

The first systemfor electrolyteimmobilisationis a silica gel. The mostusedsystemis an adsorptiveglass

mat (AGM). Electrolytesoaksthe AGM separatorandis retainedby capillary forces.

3.2.2 Gel

By using silica gel (Si02), a spill proof battery was designedas early as 1936 [67]. The Rulac cell

producedin Sonnenbergwas a sealedlead acid battery with a gelled electrolyte but no valve. One

supposesthat the hydrogenoverpressurecould be accommodatedby hydrogendiffusion throughthe cell

walls. The Rulac cell wasthe first to usethe gel technologyevenif sorneauthorsreportthat the first spill

proof batterybasingon this technologywas built in 1958 [16]. And alreadyin 1965, "the only viable

batteryproductappearedto be the SonnenscheinDryfit battery,a gelled-acidproduct.It employeda soft
rubbercheckvalve..." [68]

When 5-8% pyrogenic silica is added to an e1ectrolyte of dilute sulphuric acid, the molecules of

electrolyteare fixed on thebig surfaceareaof Si02 (200 to 300 m2/g) by Van der Waals forces and a gel

with thixotropic propertiesis formed. In orderto fix the distancebetweenthe e1ectrodesandto hinderthe

formation of short circuits, a separatoris usedthathastypically sorne70% porosityanda meanporesize

of0.5 f.l1ll [72]. The separatarhasa typical backwebthicknessof 0.3 mm and is ribbed in arderto leave

sornefree room betweenthe plates.That way, the gel can fill the spacebetweenthe platesandprovide

electrolytehomogeneously.

At the beginning of its life, a gel VRLA battery behavesmore like a flooded battery: only a limited

oxygentransferis possibletrough the fresh gel. After sornecyc1es,sornewaterhasdried out and cracks

haveformed in the gel constitutinga networkof free channelsfor the oxygentransferin the gasspace.It
means that the oxygen recombinationefficiency is low at the beginning of life but increaseswith

operatingtime. Table5 summarisesthe advantagesof usinga gelledelectrolyteVRLA battery.

Advantages Drawbacks

No stratificationor drainage Difficult filling procedure

Goodcyc1ingstability Higher internaIresistance(lower peakpower)

Highercost

No mechanicalpressureapplicationpossiblevia the gel

Limited oxygentransferin thebeginningof life

Heavy(low specifieenergy)

Table5: Advantagesand drawbacksof gel for VRLA batteries.

3.2.3 AGM

Originally, AGM is a mat of glassfibres. The first AGM batterybasingon oxygenrecombination(with

spiral wound design and associatedhigh compression)was producedin series in 1971 [68]. In the

meantime,this type of separationsystemconsistingof fibres retainingthe electrolyteby capillary forces

is called recombinantbattery separationmat (RBSM) [69] and can consistof glass fibres of different
diameteraswell assorneorganicfibres.

In his paperof 1996,K. Petersdescribesthe influenceof compression(or moreprecisely,its absence)as

a main factor in the limitation of the battery life in AGM VRLA batteries[13]. He also commentsthe
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poorknowledgewe hadof theway the mechanicalpropertiesof the separatorchangeduring service.The
limit of compressionfor AGM separatorsbeyondwhich fibre breakageoccursis around45% (i.e. by 55%
of original thickness).

In 1997 [69] and [70], G. Zguris reportson the mechanicalpropertiesof recombinantbatteryseparation

mat (RBSM) separators,and particularly on the advantagesof 100% micro-glassseparatorswith fine
fibres. The addition of fine fibres in a conventional adsorptive glass mat (AGM) allows for less
compressionlossat wetting,betterresiliency,betterpuncturestrengthandbetterspringcharacteristics.
In 1998,K. McGregoret al. [71] publish a recapitulationof the effectsof compressionon the RBSM.

Theseseparatorsacceptsornecrushduring the first applicationof pressurein the dry state.Additionally,
whenwettedwhile undercompression,theRBSM shrink. At least,separatorsafter cycling showa similar
springconstantbut a muchreducedinitial thickness.
ThedifferentadvantagesanddrawbacksofRBSMaresummarisedin Table6.

Advantages Drawbacks

Low cost Electrolyte stratification and drainage

(dependingon the fine fibres content)

Goodstability of glassin sulphuricacid Shrinkswhenwetted

Easyfilling processof thebattery Lowercyclingperformances

Easyoxygentransferduringthewhole life Risk of thermalrunaway
(becausehigh porosityandlargeporesize) (if the oxygentransferis too easy)

Low internaIresistance Crusheswhencompressed

(= goodhigh powercapability) (dependingon the fine fibres content)

Largeporesleadingto easiershortcircuits

Limitation in thematthickness

(thin matsdifficult to handle)

Optimum saturation level difficult to
determine

Table6: Advantagesanddrawbacksof AGM asseparationsystemfor VRLA batteries.

3.2.4 ThenewAcidJellyingSeparator(AJS)

Both existing immobilisation/separationsystemsfor VRLA batteriesshow advantagesand drawbacks.
They also have both poor mechanicalpropertiesand cannotwithstand a mechanicalpressure.RBSM
separatorsare introducedin the plate stackin a dry state.They shrink when the electrolyteis filled and
they crushif a mechanicalpressureis appliedon the plate stack.Concerninggel, the spacebetweenthe

platesis filled with it and if any mechanicalpressureis appliedon the stack,the gel creepsor flows and
the separatorcanonly applypressurevia its ribs.

In order to combinethe advantagesof both systemsand additionally allow the durable applicationof
mechanicalpressureon the plate stack, a new immobilisation systemhas beendevelopedby Daramic

[72]. Its is calledAcid Jellying Separator(AJS) and is producedby extrusionof a misxtureconsistingof
silica, polyethyleneandoil, with subsequentextractionof themajorpartof the oil to generatetheporosity
of the separator.The result is a flexible homogeneousseparatorthat canbe easilyhandled.Producedfor
the first time in 1997 [73], AJS was first evaluatedoutsideof the battery. Its mechanicalpropertiesas
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weIl as the physico-chemicalpropertieshavebeendetenninedand are summarisedin Figure 27 for a
samplewith 1.45mmthickness.The samefigure showsapictureof the separatorafterusein a cell. Prints
of the negativeplatearevisible on its surface.The separatorof this specificationwasthe standardAJS for
ourwork andwasthe typeusedin aIl our testsif not mentionedotherwise.

Areaweight 500g/m2

Oil content 5%

Porosity 81%

Acid absorption(with andwithout vacuum) 1650g/m2

Electricalresistance 136mn.cm2

Defonnationby acidwetting (isotrope) 1%

Elongation(in machinedirection) 116%

Elongation(crossmachinedirection) 123%

Tensilestrength(isotrope) 0.7N/mm2

Figure27: Pictureandpropertiesof anAJSseparatorwith 1.45mm thickness

We cancomparethegeneralpropertiesof AJS with thoseof theconcurringsystems.
In fact, the gel systemis optimal for cyc1ing application,allowing no stratification,but it is difficult to
handleandit allows no applicationof mechanicalpressure.TheAGM systemis easyto handleandleaves
from the beginning free spacefor the oxygen transportbut it has poor mechanicalpropertiesand is
subject to stratification and drainage.AJS aims at combining the advantagesof thesetwo systems.
Additionally, its good mechanicalpropertiesand small pore diametershouldmake it suitablefor thin
platedesigns.Table7 showsthe propertiesof AJS in comparison withan AGM separatorof standard
specification,i.e. containing25% fine fibres.

AJS AGM

Thickness 1.2 mm 1.85mm (1 kPa)

Electricalresistance 110mn.cm2 68 rnQ.cm2

Acidabsorption(lmm thickness) 980g/m2 1100g/m2

Porosity 81 % 92%

Poresize 0.2 /-lm 13/-lm

Elongation 70% 3- 4%

Thicknessdecrease(100kPa) < 1 % 45%

Acidshrinkage + 1 % - 0.5 %

Acidstratification very slow 6 timesfaster

Drainage no drainagewithin 7 days high drainageafter7 days

Table7: Comparisonof thepropertiesof AGM andAJS
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In Figure 28, the comparisonis made betweenthe mechanicalpropertiesof the standardAJS and a
standardAGM with 25% fine fibres.
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Figure28: Relativedeformationversusappliedpressurefor AJS andAGM

The optimum of mechanicalpressureto be appliedon a lead-acidcell is not c1earlydefinedbut values
over40 kPaandaround100kPaarecurrentlyproposed.
At 100 kPa,while a typical micro-fibresglassmat has lost over 40% of its thickness,the AJS separator
shrinksof only 1%: Furthermore,this mechanicalstability provesto beretainedovercyc1ing.A separator
thatwasinsertedin a cell andunderwent467 cycleswith full C/2 dischargeis deformedoflessthan3.5%
whensetunder100kPamechanicalpressure.

3.2.5 More than compression

In the previousworks dealingwith the applicationof mechanicalpressureon a platestack,referencewas
always made to compression.Initially, with this appellation,the degreeof compressionof the AGM
separatorusedwasmeant.But lateron, "compression"meant"any applicationofmechanicalpressure".
Theword compressionis only adaptedin thecaseof a springor whenthe materialon which a pressureis
appliedshrinks. In fact, the target for the lead-acidbattery is to apply a certain amountof mechanical
pressureon the activematerial.Not the degreeof thicknesslossis importantbut the effectiveforce that is
appliedon 1 cm2 of surfaceof theelectrode.
With the new AJS, it is not correctany moreto speakaboutcompression,with respectto its mechanical
properties(see Figure 28). Therefore, in this work, we will not refer to compressionbut to External
MechanicalPressureApplication(EMPA)

3.3 PerformanceimprovementthroughEMPA

The application of external mechanicalpressureon a cell should lead to an improvement of its
performanceand a new separationsystemseemsto promise the possibility of durable application of
mechanicalpressureon the electrodesof a cell. In orderto first find out if the new AJS separationsystem
was suitab1eat an for VRLA batteries andfor deterrniningits performancesin the lead-acidbattery,cells
thenbatterieswere built with the new AJS separatoras well as with the concurringseparationsystems.
For comparisonpurpose,all cells and batterieshad exactly the samedesignexceptfor the separation
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system. The target was firstly to prove the suitability of the AJS separatorfor VRLA application,
secondlyto seehow it behaveswith respectto themechanicalpressure.

3.3.1 Experimentalconditions

AlI measurementswere performedat room temperature,exceptthe determinationat low temperatureof

the capacitydependenceon the dischargerate. The cells and batterieswere submittedto two seriesof
tests. The first one determinesthe parametersof the concernedcelVbattery, Le. for exampleits peak
power, internaIresistance,capacityversusdischargerate. The secondis the cyc1inglife test.The first test
is necessaryfor a rapid characterisationof a batteryand gives importantresultsabout its performance.

The cyc1inglife testcostsa lot of time andmoneybut deliversthe only reliabledataon the actuallifeof a
battery.

3.3.1.1 Characteristics ofthe cells and batteries

The cells and batteriesto which this work will refer, both in this sectionand in the next sectionsare
describedin Table 8, as well as the conditions of external mechanicalpressureto which they are

subrnitted.

Nature Designation Separationlelectrolyte IEMP** Fixationof the EMP

cell Gel Darak2000/gel + PA* "" 30 kPa Thicknessfixed at nominalthickness

cell AGM StandardAGMI no PA "" 30 kPa Thicknessfixed at nominalthickness

cell AJS 30 kPa StandardAJS/no PA "" 30 kPa Thicknessfixed afterEMP adjustrnent

cell AJS 60 kPasprings StandardAJS/no PA "" 60 kPa EMP fixed throughsprings

cell AJS 80 kPa StandardAJS/no PA "" 80 kPa Thicknessfixed afterEMP adjustrnent

cell AJSPA 30 kPa StandardAJS/+ PA "" 30 kPa Thicknessfixed afterEMP adjustrnent

cell AJSPA 80 kPa StandardAJS/+ PA "" 80 kPa Thicknessfixed afterEMP adjustrnent

battery AJS PA 80 kPa StandardAJS/+ PA "" 80 kPa Thicknessfixed afterEMP adjustrnent

battery AJSPA springs StandardAJS/+ PA "" 60 kPa EMP fixed throughsprings

battery AGM springs StandardAGMI no PA "" 60 kPa EMP fixed throughsprings

battery AGM free StandardAGMI no PA - -

battery Gel Darak2000/gel + PA* "" 30 kPa Thicknessfixed at nominalvalue

battery Gel free Darak2000/gel+ PA - -
*PA = phosphoncaCld
**IEMP = initial externalmechanicalpressure

Table 8: Conditions ofthe cells and batteries tested

The platesused in all our cells and batteriesare issuedfrom the productionHne of Sonnenscheinin
Buedingen,(Germany)andthe cellsibatterieswereassembledby Sonnenschein.Theplateswereweighted
beforeselectionand only plateswith the sameweight were usedfor the cells andbatteriesbuilt for this
work. The separatorsinsertedin the cells andbatterieswereprovidedby Daramicfor the AJS andfor the

Darak2000while AGM wasprovidedby H&V.
The following lines describethe detailedconstituentsof the cells. The batteriesare built with the same
platesnumberandthe samedesignasthe cells.
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Gelcell

• Separator:Darak2000, 153.5mm* 127.0mm, thickness:1.45 mm with glassmat, 10 separators/ cell

• Negativeplates:6 negativedJychargedplates/cell,148mm*123 mm, thickness= 1.90nun

• Positiveplates:5 positivedlY chargedplates/cell,148mm* 123 mm, thickness= 2.85 mm

• ElectrolyteSulphuricacid (d= 1.30g/cm3)+silica with additionof phosphOlicacid, 820 g/cell
The gel cell with additionof phosphoricacid hasa designappropriatefor EV applicationwith a nominal
capacityof 48 Ah (5 hoursrate).

The plate groupsare caston sh·ap.An V-shapefleece aroundthe plate group was usedto preventshOlt
circuits aroundthe edgesof the plates.This fleecewas not coveringthe externalnegativeplatesbut only
the sidesof thestackasshownon thepictureof Figure29.

Figure29: Pictureillustrating how thebottomfleeceis placedin the gel andAJS cells andbatteries.

(HereanAJSbatteryaCtersorne650 cycle)

AGMcell

• Plates:same type andnumberofplatesasgel cells

• Separator:standardglassmat (Hollingsworth & Vose Co. Ltd) with 25% fine fibres, 156 mm * 130
mm, thickness= 1.53 mm (20 kPa),separatorof V shapearoundthe positiveplate.

• Electrolyte:Sulphuricacid (d=1.30g / cm3
) without additionofphosphOlicacid, 589 g/cell

No additionalV-shapefleeceor bottomfleecewasused.

AJScell

• Plates:sametype andnumberof platesasgel cells

• Separator:standardAJS, 160 lIDU* 130mm, thickness= 1.45mm

• Electrolyte:Sulphuricacid (d=1.30g / cm3
) withlwithout additionofphQsphoricacid (=PA).

637 g/cell without PA, 640 g/cell with PA
Bottom fleeceis usedonly in the sameway asfor the Gel design

Specialremarkaboutthesaturationin electrolyteofthe cellsandbatteries.
The saturationof a VRLA cell is an important issuesince it determinespattially its ability to have an
efficient oxygen cycle. But if a low saturationallows a good oxygen cycle and an associatedsmaller
electrolyteloss, in the sametime, a lack of electrolytecandecreasethe performanceof the cell.
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In the caseof this work, the gel cells hadan excessof electrolyte,the AJS cells were 100%saturated,it
meansthat the excesselectrolyte was removed.For the AGM cells, they were filled to 95% of the
practicalsaturation.Onemay arguethat the lower amountof electrolytein the AGM cells is responsible
for the lower performanceof the AGM system.But all cellshada similar capacityat the beginof service

and moreover,AGM batterieswere built with a higher saturationbut their performancedecreasedvery
rapidly comparedto the othersystemsevenif theyweresimilar at thebeginningof life.
The electricaltestswereperformedon cells andbatterieswith the sameplate design,only the separation
systemandthe amountandnatureof the electrolytedid differ. This seemedto be the bestsolutionfor an

objectivecomparisonof the separationsystems.It mustbe consideredthat the activematerialandplate
designare optimisedfor the gel system,therefore,the direct comparisonof the performancemay not be
the most relevantcriterion sincethe optimum conditionsfor AJS and AGM may be different. But this
work constitutesa first evaluationand must be consideredas such. It delivers a lot of information and

further optimisationarealwayspossible.
The AJS cells andbatteriesshowedno sensitivitytowardselectrolytesaturationprovidedmorethan92%
of the total porosity is filled. Under this value, a steepdecreaseof the capacity is observed.And the
saturationcanalsobe somewhathigherthan100%without any influenceon the capacity.

3.3.1.2 Experimental arrangement

After having determinedthe characteristicsof the new AJS separationsystemoutsideof the battery, it
wasnecessaryto testit in the lead-acidbattery.And for gettingsimultaneousinformationon the electrical
behaviourand on the developmentof forces in the cells and batteries,the experimentalarrangement
shownin Figure30 wasbuilt.

B

A: Aluminium plates
B: Forcesensors

c: Plasticspacersfor the transmissionof
the force on the only electrodessurface

Figure 30: Principle schemeand picture of the realisation
of an online mechanicalpressurerecording device.

The cells to be testedwereinsertedbetweenthe aluminiumplatesandthe initial mechanicalpressurewas

setwith help of screws.That way, the thicknessof the stackwas fixed andkept constantfor the whole
cycling.
The principle of the set-upis easy:whenno compressiblepartsarepresentin the cell, any force coming
from the electrodesis transferredto the cell walls. The deformationof the casematerialis neglectedandit
is possiblethat way to measurethe developmentof the force coming from the plate group or set from
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outsideon the plate group. The continuousobservationof the force developmentis thus allowedevenif
the contributionsof thepositiveandthenegativeplatescannotbe differentiated.
For the cells whosemechanicalpressurehad to be kept constantand not the thickness,a designwith
springswasadoptedasshownin Figure31.

o o o

B

Figure31: Designfor the applicationof a constantmechanicalpressureon a lead-acidcell.

A: Aluminium plates
B: Springs
c: Plasticspacerof thesamesurfaceastheelectrodes

The constancyof the pressureappliedon the cells walls in this designwas verified by addinga force
measurementdeviceduring one cycle additionally to the springs.The pressurevariation provedto stay
under6 kPa.

3.3.1.3 Mechanicalpressurerecordingdevice

The device for recordingthe mechanicalpressurewas consistingof four force sensors basingon the
deformation of metallic strips (Tefal). The original properties of the force sensorequipmentwere
modifiedsothattheautomaticeutoff andtheautomaticresetwerecancelled.
The time and temperaturestability of the force recording device were checkedand proved to be
satisfying.
The force is applied via a plastic spacerof the exact surface of the electrodes(i.e. 182 cm2), the
mechanicalpressurewascalculated.The correspondingvalueof themassin kg is readon thedisplay.
Themaximumof the scalewasabout150kg, correspondingto mechanicalpressuresover 80 kPa. A reset
wasperformedat about75 kg beforeincreasingthe force via the screwto the initial desiredvalueof the
externalmechanicalpressure.That way, the measurementrangewas shifted from 0-150 kg (i.e. 0 - 80
kPa)to 75-225kg (i.e. 40 - 125kPa)

3.3.2 Parametertest

Theparametertestallows a rapid comparisonof all the systemsandwas supposedto showclearly if the
AJS systemwassuitableat all for VRLA batteriesin comparisonwith the otherconcurringsystems.With
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respectto the wide spectrumof parameterstested,an unsuitabilityof the AJS systemwould haveshown
out c1earlyduring thesetests.The parametertestwasperformedon two batchesof cells andon onebatch
of batteries.The resultswere similar for all test series.For this determination,all cells were inserted
betweentwo aluminiumplatesandkeptat the nominalthicknessduring the test.Thebatterieswerein the

samestateof mechanicalpressureasduring the cyc1ingtest.

The dischargecapacityversusdischargerateat different temperaturesis a primordial characteristic
for the userandis calledthe Peukertdependence.It determinesthe time a cell/batterywill supplyenergy

in a given utilisation. In fact, the dischargecapacityfor a cell/batteryis strongly dependenton both the
currentof dischargeandthe temperatureof discharge.The reasonfor that is the limitation of the diffusion
process(i.e. the supplyof acid at the reactionsite) with increasingdischargeCUITent andwith decreasing
temperature.For EV applications,it is important that a batteryhas a good behaviourat high discharge
ratesandalso, at low temperaturessincethesecharacteristicswill deterrninethe ability of a car to sustain
high speedandalso its ability to function at low temperatures.
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Figure32: Dischargecapacityversuscurrentof dischargefor cellswith AGM andAJS

Figure 32 shows that the capacity dependenceon the dischargecurrent of the AJS system is very
satisfYing.Neverthe1ess,sinceboth systemsarenot in their optimisedconditions,the absolutevaluesare
not very relevant.But the evolution of the dischargecapacitywith increasingdischargecurrent is even
betterfor the AJS system,evenat low temperature.It meansthat no acid supply limitation occursin the

systemevenif theseparatorhasa lower anda thinnerporosity.This resultis very encouraging.

TheECE15 driving testcharacterisesthe dynamicbehaviourof a batteryfor EV applications.This test
canbe usedfor life testingbut in our case,it was performedonly oncein orderto give an estimationof

the driving rangefor one chargeof eachcell tested.
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Onceagain, the resultsdeliveredby the AJS cell are velY satisfyingwith a driving rangeover 50 km.
Within this test,the specificenergycaneasilybe calculatedandin our conditions,the batteriesshowedan
energyof lessthan25 Wh/kg. This result is quite representativeof the CUITent stateof the alto

The IR-OCV-P test(internaI resistance-opencircuit voltage-peakpower)allows the measurementof
the opencircuit voltage,the internai resistanceand the peakpowerat different depthof discharge.These
characteristicsallow a comparisonof the different systems.

Figure34 presentsthe opencircuit voltageversusdepthof dischargefor an AGM cell and two AJS cells
with or without phosphoricacid

AIS with phorphoricacid
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The AGM cells hasthe lowestopencircuit voltage.This highervalue found for the AJS systemmay be
imputableto a possibleslowerelectrolytediffusion in theAJS cells. After charge,moretime is neededfor
the concentratedacid presentin the poresof the electrodeto diffuse towardsthe separatoranda gradient
of concentrationis presentbetweenthe electrolyteof theporesandthe electrolytein the separator.

Figure35 showsthehigh CUITent internaIresistanceof the cellsdependingoftheir stateof charge.
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Figure 35: Internai resistanceat high current of dischargeversusdepth of discharge

for different cells.

While the lowestinternaIresistanceis expectedfor the AGM cell, we measuredthe highestvaluefor this
cell. It canbe relatedto eitherthe lower saturationof the cell in electrolyteor to the fact that the contact

betweentheplatesandthe separatoris betterin theAJS cells.
The lower internaI resistanceat high dischargeCUITent and the higheroevmeasuredfor the AJS cells
resultedin a higherpeakpowerasconfirmedby theresultspresentedin Figure36.
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Figure36: Specifiehigh eurrentpeakpowerversusdepthof disehargefor differenteells.

The AJS cells have a better high CUITent peak power that is the counterpartof the lower internaI

resistance.

The totality of the resultsobtainedwith the parametertest are very encouragingand evensurprisingfor

the AJS separatorsince a higher electricalresistanceof the AJS separatorwas measuredoutsideof the
cell by Daramic.

3.3.3 Cyclinglife

For the cycling life test, the cycling regime consistedof 25 cycles at 2üA CUITent of discharge

(approximately2 hoursrateuntil 1.6 V) followed by two cyclesat 9.6A (5 hoursrateuntil 1.75 V). In the

first seriesof experiment,the chargingregime of the cells was varied dependingon the nature of the

separation systemused(see Table 9) in order to get a satisfYing chargingfactor for eachseparationand

electrolytesystemandalsoin orderto getexperienceconcerningthe AJS system.

Table9: Chargingregimeof theeells

The experiencegained with the cycling of cells helped choosinga suitable charging regime for the

batteriesdescribedin section2.1.3.

Figure37 showsthe evolutionofthe C/2 capacityofthreecellsversuscyclenumber.
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200 400 600

Cyclenumber

800 1000 1200

Figure3i: Evolutionof relativeC/2 capacityversuscyclenumber

The first encouragingresultwasthe goodbehaviourof the AJS cell in comparisonwith the AGM system
with the samedesign. But the very astonishingresult was the improvementof the cycling life until
reachingtheendof life criterion, i.e. 80%of the initial capacitythat is summarisedin Figure38.

Cell AGM30 kPa AJS 30 kPa AJS 80 kPa

Cyclesuntil under80% "" 250 "" 500 "" 1010
of initial capacity

Figure38: Cyclelife of theceUsof Figure37

While the life is doubledwith AJS in comparisonto AGM with the sameinitial mechanicalpressureof
30 kPa, this showingthe ability of AJS to sustainthe mechanicalpressure,the life canbe increasedby a
factor four by applying a higher initial mechanicalpressureof 80 kPa. Sincethe cells usedfor this test
were the first producedwith AJS, this resultwas extremelypromising.The goodresultswere confirmed

when batterieswere also manufacturedwith different separationsystemsand cycled. The resultsof the
cycling testfor thebatteriesareshownin Figure39.
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The batterieswith the AGM separatorhad a very short life and proved to suffer strong COITosion and
extremepositiveactivematerialsoftening.Thesebatterieswerefilled with moreelectrolytethanthe cells
in the former batchand this highersaturationseemsto haveleadto rapid capacityloss.The gel batteries
undelwent strongtop grid conosionand failed after sorne480 cycles for the variant with the highest

mechanicalpressure.And the AJS battelY under high mechanicalpressurelastedfor over 500 cycles.
Both AJS batteriesshoweda very stable capacity until over 1000 cycles. The last 650 cycles were
performedby only 2 cells for eachbattery since the other cells were removed in order to check the
componentsaftera numberof cyclessimilar to the oneof the othersystems.

3.3.4 Conclusionabouttlte electricaltests

The new separationsystemgavevelY promisingresultsin the parametertestas well as in the cycling life
test. The very important point of the suitability of the new separationsystemfor the VRLA system
demonstratedand the improvementof the celllbattelY Iife by applicationof mechanicalpressureon the
externalwalls wasproved.

3.4 Mechanicalpressuredevelopmentduringonecycle

The evolutionof the mechanicalpressureon the walls of a cell constraintat a constantthicknessis still a

questionof controversy.The first papersreporting about this evolution [54] and [57]) show that the
mechanicalpressureon the cell walls increasesduring dischargeand decreasesduring charge.But later
on, anotherteamfound an oppositeevolutionof the forces[65].
ln order to find out which is the real evolutionof the mechanicalpressure,it was recordedby the means
of the designshownin section3.3.1.2.

3.4.1 Typicalevolutionoftltemecltanicalpressure

The typical curve for the evolutionof the mechanicalpressureon the walls of an AJS cell during oneC/5
cycle is representedin Figure 40. Thesevalueshave beenrecordedafter the cell had alreadyperformed
100 full C/2 cycles.
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Figure40: Evolutionofthemechanicalpressureon thewalls of anAJScell duringonecycle

For aIl separationsystems,a similar evolution is obtained(seesection3.4.4). In aIl cases,an increaseof
the mechanicalpressureon the ceIl waIls can be observedduring discharge,foIlowed by a decrease
duringcharge.

3.4.2 Increaseofthemechanicalpressureduring discharge

During discharge,the doublesulphationreactiontakesplace.If onecomparesthe specifievolumesof the
productsandreactants,the volume onthe positiveelectrodeis increasedby a factor 1.92andthe volume
of the negativeelectrodeis increasedby a factor 2.62 if aIl materialis transformedto leadsulphate.That
way, the total volumeof theactivematerialsincreasesby a factor 2.27.

Pb + PbCh, + 2H2S04 => 2 PbS04 +2 H20

EF = VProducts =2.27
VReactants

333
(V Pb =18.3 cm /mol, V Pb02 = 25 cm /mol, V PbS0

4
=48 cm /mol)

3.4.2.1 Dissolution/precipitationreaction

On the positive as weIl as on the negative electrode, the sulphation reaction is c1aimed to be a
dissolution/precipitationprocess[74]. And it is generaIlyacceptedthat a precipitationreactionis not able
to deve10pforces. The crystaIlisationtakesplacewherethere is ftee room and is not associatedwith a
deformationof the structure.In reference[65], Bashtavelovaand Winsel publishedresults that would
supportthis idea. They found that only at the end of dischargethe mechanicalpressureon the positive
platedoesincreaseafterhavingdecreaseddrasticaIlyduringthe first partof thedischarge.

It is possibleto calculatethe variationof the porosityPr of an e1ectrodedependingon its initial porosity
Po (as a the ratio of the pore volume on the total volume of the electrode),on the expendingfactor EF
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associatedwith the conversionof its active material to lead sulphateduring dischargeand of the
utilisation rate of the active materialU (as a ratio of the active materialpart that reactedto the initial
amountof activematerial).
The final poresvolume is the differencebetweenthe initial poresvolume andthe additionalvolume the
leadsulphateoccupiescomparedto the activemateria1.

Vp =VR -(EF-l)*U*VAM
f 0 0

Equation8

Pf = Po - [(EF -1) * U * (1- Po)] Equation9

With PI / VPj = Po / Vpo and VAMo =VPo *(1- PO) / Po

The typical porosity of the active material is bigger than 54% for a new positive plate and bigger than
60% for a new negative.The evolution of the porosity of the positive and negativeplate versusactive
materialutilisation is presentedin Figure41 for new electrodes.
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Figure41: Porosityversusactivematerialutilisation for newelectrodes

If the free room for expansionis limited to the only porosity, it meansthat the crystallisationof the lead
sulphateleadsto no deformationof the structure,the maximumutilisation rate is obtainedwhen aU the

porosity is fiUed (Pf=O, seeEquation10).

u - Po
max - (EF - 1)(1- Po)

Equation10

Consideringthe free room associatedwith theporosityof newplates,the maximum utilisationratesof the
positiveandthenegativeactivematerialwould berespectively128%for the PAM and93% for the NAM
in thebeginningoflife if the structurewould not beaffected.Theseresultsaresummarisedin Table 10.
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activematerial
ositive

negative

porosi aCterformation1%
54
60

expansionfactor
1.92
2.62

Table10: Maximumactivematerialutilisation ratebasingon volumeconsideration

The maximumutilisation rate obtainedby this calculationfor positive active material is over 100%. It
meansthatthepositiveelectrodehasenoughporosityto accommodateaIl the leadsulphatein its structure

evenif aIl the leaddioxide is convertedto leadsulphate.Thus,the dischargeof thepositiveplateis never
lirnited becauseof a room restriction,evenif the batteryis constraintso that the structureof the positive
plate is not allowed to expand.Of course,this result implies that the dissolution/precipitationprocesses
arenot localisedandapplythereforeno constrainton the structure.

The effectivepositive active materialutilisation rate (PAMU) is dependenton the dischargeregimethe
batteryis subrnittedto and is much lessthanthe utilisation rate calculatedherebecausethe utilisation is
limited by acid diffusion. Values in the range of 50% are commonly encountered.Under simulated
electric-vehic1eservice,thePAMU is lessthan45% [75].

While PavlovandBashtavelova[76] found a linear dependencebetweenthe total porosityandthe actual
dischargecapacityof the positive active material in a lead acid ceIl, our calculationgives an hyperbolic
dependencebetweenthe maximumactive materialutilisation ratewithout structuredeformationand the
porosityasshownin Figure42 but canbe approximatedwith a straightline in the rangethatconcemsthe
effectiveporosityencounteredin the lead-acidbattery.
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Figure42: Maximum activematerialutilisationachievable
if theroomfor expansionis limited to theonly porosity.

For the new negativeactive material, a maximum of 93% utilisation can be achieved.Unfortunately,
sincethe negativee1ectrodewas not the limiting oneuntil now, no datacould be found in the literature
aboutthe actual activemassutilisationof the negativeplate.
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The negativeplatesof the cells usedherearepastedwith 115gactive materia1.The capacityassociated
with this quantityof activemassis 178.5Ah for a 100%utilisationof theactivemateria1.
If one takes also into accountthat the porosity of the negativeelectrodedecreaseswith cycling, the
maximumpossibleactivematerialutilisationdecreasesover life. At theendof life, aporosityin therange
of 40% was measuredfor negativeplatesof an AJS cell after 465 cycles (seesection 3.6.1). At this
porosity, the maximum utilisation without expansionof the structureis 41%. It meansthat it is well
possible that the restricted room available for the active material conversion to lead sulphate is
responsiblefor the limited active materialutilisation if the plate stackthicknessis constraint.But in our
case,a utilisation of 41% of the negativeactive material would lead to a dischargecapacityof about
71 Ah, what is still far abovethe capacitythe cell deliveredat the opening.It meansthat the utilisation is
alsolimited by anotherprocesslike diffusion.

Thecalculationof themaximumactivematerialutilisationwithout expansionallowsthreeconclusions.
• It is possiblefor the positiveactivematerialto be totally convertedinto leadsulphateover discharge

without deformationof the original structureof the plate, assumingthat the dissolution/precipitation
processesarenot localised.It is thereforenot possibleto explainthe force developmentwe measured
duringdischarge bytheroom limitation for thepositiveplate.

• The negativeactive materialutilisation canpossiblybe restrictedby the limited room availablefor
the precipitation of lead sulphates.In the beginning of life, a maximum utilisation of 93% is
ca1culatedbut sincetheporosityof the negativeplatedecreasesover life (seesection 1.6.7)to values
evensmallerthan40% (seesection3.6.1), the subsequentutilisation is then lessthan41% basingon
the only room consideration.The over-dimensioningof the negativeplatesallows neverto reachthe
limits causedby this mechanism.

• It is not possibleto provethat the utilisationratesobservedin batteriesarehigherthanthe maximum
utilisation rates ca1culatedconsideringthe only free room available for crystallisation. Such an
observationwould unquestionablyinduce a deformationof the plate structureand an associated
evolutionof themechanicalpressureon thecell walls duringdischarge.

In spite of thesecalculations,the mechanicalpressureduring dischargeincreasesin our resultsand this
increasewas also observedby many other teams.It meanseither that a precipitationreactioncan be
associated with the development of forces, or the discharge reaction is not purely a
dissolution/precipitationreaction. In fact, the dischargebut even more the chargeprocessesare well
known to be localised,e.g. the precipitationof the leaddioxide taking placeasnearas possiblefrom the
lead sulphatecrystal from which the lead II ions are dissolved.For example,Takeharaprovedthat the
precipitationof the chargereactionproductstakesplaceat the interfacebetweenthe lead sulphatesand
the active material on which they grew [77]. Another argumentin favour of a localisedprecipitation
processis the fact that the sulphateions haveto diffuse to theprecipitationplaceandarehinderedin this
by theirbig size.

3.4.2.2 Force associatedwith crystallisation

In the chemistryof concrete,referenceis oftenmadeto crystallisationprocessesthat leadto a destruction
of the structureandto the fractureof masonry,leadingto damagesin buildings of historical importance
(e.g. [78]). Even if the PbIPbS04/HzS04/PbOz systemis totally different from the chemicalsystemof a
concrete,following this idea, a useful papercould be found in the literature of concretedealing with
crystallisationin pores[79]. Basingon this paper,the following argumentationfor the lead-acidbatteryis
proposed.
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The driving force for crystallisationis the differencein chemicalpotentialbetweenthe solution and the

crystal. The maximum of the crystallisationpressurecan be deducedfrom this difference in chemical

potential, it meansthat it is dependenton the concentrationof the solution and on the equilibrium

concentration(if the activity coefficientsareignored).

dl-l =RT ln( C /Co)

dl-l =f.1crystal - f.1Ziquid

R =ideal gas constant

C =concentration of solute

Co =equilibriu m concentration

Pc =crystallis ation pressure

Pz =liquid pressure

Vc =crystal volume

Equation 11

Equation 12

For the caseof the lead-acidbattery, the supersaturationof lead ions during dischargein the poresis a

weIl known phenomenon,especiallyat the beginningof dischargeof a fully chargedceIl, explainingthe

phenomenonknown as the "coup de fouet" [80]. In a recentpaper[74], Takeharameasuredthe reaction

rate of the dischargeof Pb02 in sulphuric acid (0.5 M HiS04) with a rotating ring-disk electrodeand
could measurePb2+ concentrationsof 2.65*10-2M on the disk while the solubility of PbS04 in 0.5 M

H2S04 is 1.88*10-5 M. It meansa supersaturation(C/Co) around1400.With VPbS0
4

=48 cm3
/ mol, in

sucha disposition,the hydrostaticpressurethatwould haveto be appliedon a PbS04 crystal to suppress

its growth at 25°Cwould haveto be in the rangeof 3700atm (373 MPa!).

This calculation gives the maximum of the crystallisation pressure. Of course in the battery,
supersaturationin this range is not encountered.In addition, a crystal has also an internaI capillary

pressurethat results from its surfaceenergy following the Laplace equation,so that small crystalsof

spherical shapecan be in equilibrium with a high crystallisationpressuredependingon their surface

energy.

Pcap = FI +YelKël

Pcap =capillary pressure

Yel =interfacial energy crystal / liquid

lCel = curvature of the interfacecrystal / liquid

Equation 13

Using the samemethod as Edwardsand Schmitz [17], we can estimatethe surface tension of lead

sulphatewith useof dataaboutPbSO4 in the anglesiteform from reference[81] .

Themeltingpoint ofPbS04 is 1170°C= 1443.15K

The approximatevolume at melting temperatureofPbS04 is 49.91 cm3/mol = 49.91 10-6 m3/mol

The deducedapproximationof the surfacetensionofPbS04 is 0.179J/m2
.

At atmosphericpressure,a lead sulphatecrystal of sphericalshapewith a radius of 60 nm is then in

equilibriumwith a crystallisationpressureof about60 MPa.

After germination,the lead sulphatecrystal has to grow into a pore and the pore walls haveto exert a
radial stresson the crystal in orderto balancethe differencesin capillarypressurethat appearin a crystal

as a resultof the growth of its different faces.The radial stress dependson the contactanglebetweenthe

porewall andthe crystalsface andit is mostprobablythe origin of the force that is transferredto the cells

walls in our mechanicalpressuremeasurements.This radial stressis expressedin Figure43.
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�~ CYr =Yel cos(8) / rp

Figure43: Expressionof the radialstresson theporewall

The biggerthe pores,the smallerthe mechanicalstress.
In the most extremecase,i.e. when the bulk hassmall poresand the anglebetweenthe crystal and the

pore is 180°, one finds a hoop tensionin the wall of the pore that accompaniesthe radial stressof about
half the capillary pressurein the crystal. This hoop tensionis the one that can lead to deformationsof
the activematerialstructure.
The dependenceof the hoop tension on the pore size can partially explain the mechanicalpressure
evolution as discharge proceeds.With increasing discharge time, more and more lead dioxide is

convetiedto leadsulphateand that way, the sizeof the poresin which the leadsulphatecrystalsgrow is
increasing.Thus, the mechanicalpressureapplied by the lead sulphateCtystais to the pore wall should
decrease with proceedingdischarge.But of coursethis effect is compensatedby the growth of the lead
sulphatectystalsthatoccupyalmosttwice the volumeof the leaddioxide, beforeits dissolution.

In summmy,a mechanicalpressurecandevelopduring dischargeas a result of the leadsulphatecrystal
growth. The maximumvalueof this pressureis determinedby the ctystallisationpressure.Its actualvalue
is determinedby the shapeandsizeof the leadsulphatectystalsand the shapeandsizeof the poresin the

activematerial.

3.4.2.3 Dischargecapacityand mechanicalpressureincrease

Disappointingly,no linear relationshipcould be found betweenthe increaseof the mechanicalpressure
during dischargeand the dischargecapacity. It meansthat the increaseof mechanicalpressureis not
directly relatedto the ratio of activematerialconversionU. The reasonfor that is probablyto be found in

the shapeof the mechanicalpressureevolution in the beginningand at the endof the discharge.Namely,
in thesestatesof low and high depth of discharge(DOD), the mechanicalpressureevolution is much
flatter.
Logically, in the beginningof discharge,the supersaturationhas to build up and the germinationhas to

takeplacebeforethe ctystal growth cancausea stressdevelopmenton the pore walls. Additionally, the
structureof the electrodesandof the whole battetysystemis probablyable to deform a bit andtherefore
to accommodate a small increaseof the mechanicalpressure.
At the end of discharge,the supersaturationdecreasesprogressively.In the low charging states,the

sulphuric acid concentrationis decreasedand the solubility of lead sulphateis consequentlyincreased.
The dependencebetweensulphuricacid concentrationand leadsulphatesolubility is shownin Figure 44
from reference[82].
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Figure 44: Solubility oflead sulphatein sulphuric acid of different concentrations

With increasingsolubility of the lead sulphate,the supersaturationdecreasesand thus the crystallisation

pressurealso decreases.The equationof the dischargereactionshowsthat for each2 molesof electrons
flowing betweenthe electrodes,2 molesof sulphuricacid are transformedto water. It meansthat thereis
a directrelationbetweenthe numberof ampere-hoursdischargedfrom a ceil andthe contentin sulphuric
acidofits electrolyte.For eachampere-hour,3.659gH2S04 areconsumed,producing0.672g water [16].

Takingthe AJS cell for example,it containsin the original fuily chargedstate637 g dilutedsulphuricacid
at the density1.3 glcm3 i.e. at ambienttemperaturesorne252.8g H2S04 • With theseparametersthe mass
fraction of su1phuricacid in the electr01yte(x) wascalculateddependingon the dischargedamperehours
(y). The equationof the curveobtainedis y = -169.08x2 - 105.0?x+ 68.778anda graphicalrepresentation

of it is shownin Figure45.
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Figure 45: Dependenceof the amperehours dischargedon the massfraction of sulphuric acid

in the electrolyte for an AJS cell without phosphoric acid
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Theassociationof Figure44 andFigure45 givesthe dependenceof the solubility of leadsulphateversus
thecapacitydischargedfrom anAJS cell asshownin Figure46.
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Figure 46: Solubility of lead sulphateversusdischargedcapacity of an AJS cell

Accordingto theseresults,the solubility of leadsulphateincreases allalongthe dischargebut particularly
at the endof the discharge.It is onereasonfor the slower increaseof the mechanicalpressureat the end
of discharge.Additionally, thenumberof placeswherecrystalgrowthcantakeplaceis high.

3.4.2.4 Influence of the eurrent of diseharge

The evolution of the mechanicalpressureon the cell walls is presentedin Figure 47 for two different

dischargerates.The scaleof the X axis is the numberof ampere-hoursdischarged.For betterreadability,
the valuesof themechanicalpressureat thebeginningof dischargehavebeensuperimposed.
The differencein dischargecapacity(41 Ah for the C/2 rate and 46.4Ah for the C/5 rate) is not the
reasonfor the differencesin behaviourduring discharge.In the former section, nolinearcorrelationcould
be found betweenthe increaseof mechanicalpressureduring dischargeandthe dischargecapacity.This is

alsoconfirmedby theresultsshownin Figure47. For a samenumberof amperehoursdischargedfrom an
AJS cell, the variationof mechanicalpressuredependsa lot on the dischargerate.
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For a similar dischargecapacity,the mechanicalpressuretransferredto the cells walls increasesmuch
moreat lower dischargerates.This is relatedwith the fact that:
• The supersaturationis not increasinglinearly with the dischargecurrent. As a consequence,the

driving force for crystallisationis not doubleat a doubledischargecurrentwhat would be necessary
to developtwice theforce in the sametime.

• At high supersaturation,the germinationprocessis preponderanton the crystal growth. Even if the
super saturationis increasedby an increaseddischargecurrent, there will be less crystal growth
developingconstraintsin the structureandmoreprecipitationof germswhich shapeallows themto
be in equilibrium with higher crystallisationpressures.Therefore, the different behaviourof the
mechanicalpressureis relatedwith thedifferentcrystalsizes.

3.4.2.5 Conclusion about the mechanicalpressureincreaseduring discharge

The doublesulphationprocessis accompaniedby a developmentof mechanicalpressure.Theupperlimit
of this pressureis the crystallisationpressurethat is associatedwith the supersaturationin lead (II)
species.The lower limit is dependingon the form and interfacialenergyof the lead sulphatecrystalsas
well ason theporesizeandon thecontactanglebetweenthe crystalandtheporewal1s.
When the thicknessof the plate stack is fixed and in the caseof a non-compressibleseparator,the
possibility for expansionof the active material is reducedand in such a case,the ca1culationof the
maximumutilisation rate of the active materialas a function of its initial porosity and of the expansion
factor 1:Jetweenthe productsand the reactantsis possible.It showsthat the dischargecapacitycan be
limited by the negativeplatewhenits porositydecreaseswith increasingnumberof cycles.

3.4.3 Evolution ofthemechanicalpressureduring charge

Duringcharge,therearetwo conflicting contributionsto themechanicalpressureonthecellswalls.

• Firstly, thechargereactionof the activemateria1.It is thereversereactionof the discharge.
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Logically, if the reaction of dissolution/precipitationdoes not allow the fonnation of forces, the
dissolutionof the speciesfonned during dischargewould lead to no relaxationof the mechanical
pressure.
We observea decreaseof the mechanicalpressureduring charge.In thebeginningof the charge,i.e.

in the first half of it, the evolution of the mechanicalpressureis almostthe perfectreflection of the
pressureevolution during discharge,especiallyin the AIS cells. It cornesfrom the relaxationof the
forcesevolvedin the materialduring discharge.The shapeof the "relaxationcurve" speaksin favour
of the idea that the growth of lead sulphatecrystals during dischargeputs the structuresof the

positive and negativeelectrodesunder stressand that this stressis relaxedwhen the fonned lead
sulphatesareback-transfonned.The beginningof the chargeis responsiblefor the transfonnationof
most of the lead sulphatebecausethe lead-acidbatteryacceptsthe majority of its chargein a short
time. Afterwards, in orderto get the remainingfew percentof the activematerialin a chargedstate,

it takesa long time. Therefore,the evolution of the mechanicalpressureduring the first half of the
chargeis logical as a resultof the relaxationof the mechanicalstress createdin the structureduring
discharge.

• Secondly, the oxygen and hydrogen evolution. This is a positive contribution to the mechanical

pressureat the end of the constantCUITent chargeperiod and is characterisedby the apparitionof a
shoulderin the relaxationcurve.This contributionis describedmore in detai! in section3.4.4.1.

Of course,relaxationcanonly takeplacewherestresswaspresent.Therefore,the relaxationcurveduring

chargeis alsodependanton the CUITentof theprecedingdischarge.

3.4.4 Influence ofthe separationsystem

For all the separationsystems,the general tendencyof the mechanicalpressureis to increaseduring
dischargeandto decreaseduring charge.Testswerealsoperfonnedon cells of a secondproductionseries
and with modified separators.These cells show the same general behaviour. But dependingon the

separationsystemused,evenif the generaltendencyis the sameduring onecycle, sornesmall differences
in the evolutionof themechanicalpressureareobservedwhenlooking closerat the curves.

3.4.4.1 AGM

Figure48 showsthe evolution of the mechanicalpressureduring one C/5 dischargeand the following
charge.This cyclewasperfonnedaftersorne200C/2 cyclesfor anAIS cell andanAGM cell.
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Figure48: Evolutionof the rnechanicalpressureduringonecycle
for anAJS andanAGM cell aftersorne200 C/2 cycles.

Since the plates of both cells are exactly the sameand that only the separationsystemdiffers, the
differencesin behaviourhaveto berelatedwith the separator.

• During discharge,the increaseof the mechanicalpressurewith time is almostlinear for theAGM cell
and it is much slower than for the AJS cell. In this case,while the total increasebetweenthe

beginningandthe endof dischargeis 18.68kPafor the AJS cell, it is lessthanthe half (9.06kPa)for
the AGM cell. This is due to the fact that the AGM separatoris less stiff than AJS. AGM is
compressedby the increasingmechanicalpressureso that not all the pressureis transmittedto the
cells wall. Sorneof the force gets lost in the compressionof AGM and allows the active massto

expand.If onetakesthe valuesof the deformationof an AGM separatordependingon the mechanical
pressurethat is appliedon it (Figure28), it is possibleto calculatethe expansionof the positiveactive
material. In the region between10 and 100 kPa, the deformationof the separatorfollows almost
perfectly the equationy=-18.587 ln(x) + 142.71 wherex is the mechanicalpressureappliedon the
separatorandy is its thicknessrelativelyto its original thicknessat 10 kPa.
The initial thicknessunder20 kPaof the AGM separatorin our cells is 1.53 mm. If oneconsidersthat
thereis no variationof the thicknessof the negativeplate,the evolutionofthepositiveplatethickness
during dischargewas calculatedfrom the pressureevolution(Figure 48) andthe separatorbehaviour

(Figure28) andis shownin Figure49. The original thicknessof thepositiveplatewas2.85mm.
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Figure 49: Evaluated thicknessof the positive plate in an AGM cell during discharge

• During charge,oneobservesan increaseof the mechanicalpressureat the endof the constantCUITent
chargeperiod. This increaseis due to the oxygen evolution. Figure 50 shows the amount of gas
measureddownstreamof thevalve during charge.
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Figure 50: Evolution of releasedgasamount and mechanicalpressure

during charging of an AGM cell

Before the gas is released,the overpressurebuilds up in the battery until reachingthe opening
pressureof the valve. Sincethe valve opensat an overpressurearound13 kPa, a gaspressurebuilds
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up in the free spaceof the cell from the value at the endof discharge(that is relatedto the hydrogen

partialpressureandthe oxygenrecombinationthattook placeduring rest)to 13 kPaat the time when

the valve opensup. The increasein pressurerelatedwith the gas formation cannotbe smoothedby

the separatorsincewe are in presenceof an hydrostaticpressureand the separatorhas a high and

broadporosity,sothat the gascanenterit very easily.
The evolution of the mechanicalpressurein the AGM cell after the oxygen formation peak is

complexandthe behaviouris worth to be analysedin detail sincemany influencescanbe observed.

The more detailedobservationof the evolution of the mechanicalpressureduring chargeand after

switchingout of the CUITentwill be donein section6.

3.4.4.2 Gel

The evolution of the mechanicalpressureduring one C/5 cycle in a Gel cell is shown in Figure 51 m

comparisonwith thebehaviourof the AGM cell asdiscussedbefore.
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Figure51: Evolution of the mechanicalpressureduring onecycle
for a Gel cell andanAGM cell

• The cells haddifferent capacitiesafter200 C/2 cycles.The dischargecapacityof the gel cell is higher

and the subsequentactive material utilisation is also higher, but still the increasein mechanical

pressureis smallerbetweenthe beginningand the end of discharge.It is relatedto the very poor

mechanicalpropertiesof gel that cannotwithstandmechanicalpressure.Thepressureis transmittedto
the cell walls by the only ribs of the separatorandis thereforemuch lower thanin the AGM cell. The

activematerialis allowedto expandin the gel without causinganypressureincreaseon the cell walls.

• For thebehaviourduring charge,the peakassociatedwith the gasformationat the endof the constant

CUITentperiodcanalsobe observed.
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3.4.5 Influence oftheinitial mechanicalpressure

Figure 52 showsthe evolution of mechanicalpressureduring one cycle for two AJS cells subjectedto
different initial externalmechanicalpressures.Both cells hadexactlythe sameC/5 capacityduring cycle
109 (the currentevolutioncurvesaresuperimposed).
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Figure 52: Evolution of the mechanicalpressureduring one cycle
for two identical cells setat different initial external mechanicalpressures

One can concludethat two identical cells with different initial externalmechanicalpressurehavea very
similar behaviourconcerningthe evolutionof mechanicalpressureduring onecycle. Theonly differences
arethat:

• Thereis a slightlybiggerincreaseof themechanicalpressureduringdischarge(about4 kPamore)for
the cell setunderhigherinitial pressurein this cycle. This will beexplainedin section3.5.1.

• The shouldercorrespondingto the gas formation at the endof the constantcurrentchargeis less
pronouncedfor the cell with the highestinitial mechanicalpressure.This featurewill be discussedin
the chapterdealingwith oxygenrecombination (section6)

• The force generatedduring dischargecannotbe influencedor suppressedby the applicationof an
externalmechanicalpressure.

3.4.6 Behaviourfor a battery

The evolutionof the mechanicalpressurefor a cell anda batteryconsistingof 6 cells in seriesis shownin
Figure53. Sincesection3.4.5 showedthat the initial externalmechanicalpressureappliedhasonly very
few influence on the evolution of the pressureduring one cycle, the scalesin the diagramhave been
adaptedso thatthe comparisonis easier.
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Figure53: Evolutionof the mechanicalpressureduring oneC/2 cycle

for a cell anda batterywith AJS andphosphoricacid in theelectrolyte

• The increasein mechanicalpressureon thewalls of the batterybetweenthe beginningandthe endof

dischargeis twice as much as on the walls of a cell. It means that only the contributionsof the

extemal cells have been transrnittedto the force recording device: on the inner cells walls, the
principle of action and reactionappliesand there is no transferof forces from one cell to another.
This result is very interesting from a practical point of view. It meansthat the utilisation of a
moderatelyhardmaterial is sufficient for the cell separation.Only the extemalcasehasto constraint

the extemalcells andmustbestiff.

• One observesa relaxationof the stressduring rest. This was also observablefor one cell but in a
muchlower extendandcanbe associatedto reorganisationprocessesin the cellsduringrest.

3.4.7 Conclusionaboutthemechanicalpressureevolutionduring onecycle

The shapeof the curvesrepresentingthe evolution of mechanicalpressureduring one cycle is constant.

Independentlyfrom the separationsystemused,the batchof cells or the numberof cells connectedin
series,the mechanicalpressuretransrnittedto the walls increasesduring dischargeand decreasesduring
charge.

For the separationsystemsthat can be deformed easily, the variations of mechanicalpressureare

smoothedby the separatorandallow thepositiveactivematerialto expand.
The increaseof mechanicalpressureduring dischargeis imputableto the growth of leadsulphatecrystals
on both electrodes.This reactionproducthasa much largervolumethan the reactants.Its precipitationis
a localisedphenomenonandits growth into theporesof the electrodesexertsa pressureon theporewalls

which maximumis determinedby the over-saturationof leadII ions.

The recordingof the mechanicalpressureof the cell/batterywalls allows also a visualisationof the "gas
process"in the lead-acidcel1/battery.This subjectwill bedevelopedin section6
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3.5 Evolutionof themechanicalpressureovercycling life

After havrngobservedthe evolutionof the mechanicalpressureduring onecycle, it is now of interestto
follow the evolutionwith increasingcyclenumberandfind out if the ageing/failureprocessofa lead-acid
cell/batterycanberelatedwith theevolutionof themechanicalpressureon its walls.

3.5.1 Variation ofmechanicalpressurebetweenbeginningandendofdischarge

During onedischarge,the mechanicalpressureincreases.This increaseis reportedversuscyclenumberin

Figure54 for theAJSandtheAGM cells.
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Figure54: Increaseofmechanicalpressureduringdischargeversuscyclenumber

The variation of the mechanicalpressureduring one dischargeis aImostconstantwith increasingcycle
numberandis not linearly relatedto thedischargecapacityof thecell asshownin Figure52.
For the AJS cells with the samedesignsbut different initial extemal mechanicalpressure,the more

pressurisedcell showsa biggerincreaseof themechanicalpressurebetweenthe beginningandthe endof
one discharge.The difference is constantly about 4 kPa while the dischargecapacity of the less
pressurisedcell is lower. Sincethe accommodationroom is evenlessfor the morepressurisedcell, for a
sameminllnal deformationor tendencyto deformation,a higherforce is necessary.

For the AGM cell, the small continuous increaseof the mechanicalpressurevariation during one
dischargecan be associatedwith the non linear mechanicalbehaviourof the separator.With increasing
cyclenumber,the initial pressureon thecellswalls increasesaswill beshownin thenextsection.And for
a samedeformationof the separatorthatbasto accommodatea samedeformationof the activematerial,a

higbermechanicalpressureis required.

3.5.2 Increaseofmechanicalpressurebetweenthebeginningandtheendofonecycle

Evenafter a resttime long enoughto assureno superimpositionof gaspressure,the mechanicalpressure
on the cells walls is sligbtly higher at the endof chargethan at the beginningof the former discharge.
This is particularlytrue for the non-compressibleseparationsystem.

ln orderto confirm this small increaseof the mechanicalpressurebetweenthe beginningandthe endof
one cycle, the value of the mechanicalpressureon the cells walls was observedover cycling life for a
samestate of charge.In order to avoid any superimpositionof gas, the value recordedat the end of
dischargewaschosenfor this observationandis shownin Figure55.



87 Chapter 3. Mechanical pressureapplication

130,---,--,---,--r--,---;--,------r--,---,-----,

�~�1�O�+�-�-�-�t�_�-�-�-�t�-�-�-�+�-�-�+�_�-�-�t�_�-�_�_�t�-�-�_�+�_�7�"�"�-�-�-�-�+�
il..,

�~�H�H�-�t�=�7�~�~�~'ô 90
."=�~
�~..,
:: 70 +---t_---t=II""''+--+_---7F--__t--_+_--+_--t_-__t---i
=
�~
:
�~ 50 �-�f�-�-�-�1�-�-�-�+�-�-�-�-�-�:�;�-�I�J�f�"�'�-�-�7�~=

01

�.�~ v·
'5 30-f--r=it_--+--+"---f---f----+--+---f---f----+----j
�~

1000 llOO900800700600500400300200100

�1�O�+�-�-�-�-�+�-�-�-�+�-�-�-�f�-�-�-�+�-�-�+�-�-�-�+�-�-�+�-�-�-�-�-�-�j�~�-�-�+�-�-�+�-�-�~

o
Number of cycle

Figure 55: Evolution ofmechanicalpressureat the endof discharge

Theincreaseofmechanicalpressureat eachcycle is relatedto the ageingof thecelllbatterycausedby the
positiveelectrodeexpansion.
For the compressiblesystems,AGM andgel, the mechanicalpressureat the end of dischargedoesnot
changemuch over cycling life. Once again, the increasein mechanicalpressureassociatedwith the
ageing processesis accommodatedby the deformationof the separationiinnnobilisationsystem: the
electrodesexpandsand the distancebetweenthe electrodesdecreases.Therefore,it is very difficult to
makeanyconclusionaboutthe ageingof a cell basingon the only observationof themechanicalpressure
in compressiblesystems.For the AGM separationsystem, in the beginningof life, the mechanical
pressureat a given stateof chargedoesnot changebut from cycle 350 on, a small increasingtendency
canbe observed.Thesetwo differentbehaviourscanbe imputedto a possiblechangeof its mechanical
propertiesafterpartof the fibres it consistsof mayhavecrushedunderthemechanicalpressure.
In opposite, for the cells containing the less compressibleAJS, with increasingcycle number the
mechanicalpressureat the endof dischargeincreasesahuostlinearly, reachinga kind of plateauat the
endoflife.
Figure 55 showsthat a "processof self compression"takesplacefor the AIS system.From a practical
point of view, it meansthat the plate stack can be put togethertightly in the cell containerby the
manufacturingandthatprovidedthe casedoesnot deform,the changesin the activematerialthathappen
with increasingcycle numberwill leadto the developmentof a mechanicalpressurein the case.This is
only allowedby thefact thatthe separatordoesnotdeformwhensubmittedto a mechanicalpressure.
The straightline interpolationof both curvesrelativeto AJS betweencycles50 and900 givesthe resuhs
presentedin Table Il.
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Equationof the strait line Regressioncoefficient

AIS 30kPa �y�~ 0.084*X+26A R'=0.98

AIS 80kPa �y�~ 0.081*X+50A R'=O.98

Table11: Linearinterpolationof themechanicalpressureat theendof discharge
versuscyclenumber.

The increaseof the mechanicalpressurefor onecycle is independentfrom the initial externalmechanical
pressure.Additionally, the kind of plateauis reachedfor the two AIS cells after the samenumberof
cycle, i.e. sorne900 cycles.

The fact that the mechanicalpressuredoesnot recoverthe initial valueafteronecycle canberelatedwith
threepossibleageingprocesses:

• Firstly with the sulphationi.e. the formationof leadsulphatecrystalsduringthedischargethatarenot
reducedduringthe subsequentcharge.This sulphationis relatedwith an irreversibleexpansionof the

activematerial

• Secondlywith the corrosionof the positive grid that happensduring charge.The productsof the
corrosionof leadhavea biggervolumethanthe initial alloy andsincethe corrosionreactionis a solid
statereactionthetransformationcanbeassociatedwith a developmentof force (seesection4).

• Thirdly to an irreversiblechangein the structureof the activematerial. Il wasalreadyobservedthat
e.g. theporosityof thePAM increasesduringcycling life. (seenextsectionandFigure42)

Eventhe applicationof high initial mechanicalpressurecannotbinderthe ageingprocessthat is causing
the increaseof mechanicalpressurewith increasingcycle number.This is shownby the fact that the

initial external mechanicalpressureapplied on the AIS cell has no influence on the increaseof
mechanicalpressurewith cyclenumberandthis increaseis linearly goingon, evenat bigh cyclenumber.
The ageingprocessnow hasto be identified.This only canbe doneby postmortemanalysisof the plates
of cycledcells. This analysisis reportedin the following section.

3.6 How doesEMPA affecttheperformanceof thelead-acidbattery

3.6.1 Changesin thestructureofthenegativeelectrode

Thenegativeelectrodeis affectedby theapplicationofmechanicalpressurein a mannerthatcanleadto a
limitation of its capacity.ln Table 12, the porosity and thicknessof negativeelectrodesof two cycled

cells and one new cell are recorded.ln this case,the porosity was determinedby water saturatingand
weightingtheplatesthathavebeenwashedanddriedafteropening.

Cell Cyclesperformed Porosity/% Negativeplatethickness/mm

New 0 55-57 1.9

Gel 472 46 1.9

AIS 60 kPasprings 464 40 1.7

Table12: Porosityandtbicknessof newandcyclednegativeplates

The porosity decreasewith increasingcycle numberof the negativeplate in the lead-acidbatteriesis a
weil known phenomenon.Il is a normal process when associatedwith an expander loss (see
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section1.6.7). In the caseof the AJS cell Table 12 refers to, the decreasein porosity is much more
pronouncedthan for the gel cell cycled under lower constraint.This leads to the conclusionthat the
applicationof mechanicalpressureon the walls of a lead-acidcell is responsiblefor a decreaseof the
porosityof the negativeplatedue to a mechanicalcompaction.In pat'aUelwith the porosity,the thickness

of the negativeplatedecreasesasa resultof compactionandthe final thicknessof the negativeplateis the
thicknessof the gtid.

Figure56: CI'osssectionof the negativeplates.

Thepicturesof the negativeplatescrosssectionsin Figure56 show that the loss of porosity is associated
with the formation, in the middle of the negativeplates,of a region of higher porosity and of different
aspectthat seemsto consistof leadsulphatewhile the outer layersareconsistingof lead.Thereseemsto
exist a lack of rechargeof the inner part of the plate that is responsiblefor the leadsulphatelayer in the

centreof thenegativeplate.

Surprisingly,whenlooking at the dataof Table 13, the sulphatecontentof the negativeplate is increasing
with increasingmechanicalpressure.While the sulphaterepartition in the negativeplate of the AGM
differs betweenthe top andthe bottom,no stratificationof the sulphationis observedbetweenthe top and

the bottom of the plate for the AJS ceUs. The presenceof sulphatesis not relatedto an inhomogeneous
repatiition of the electrolyte. In the sametime as the sulphatecontent increases,the thicknessof the
central layer decreaseswhat speaksin favour of a more homogeneousrepatiition of the sulphatewhen
mechanicalpressureis applied.

Cel! negativetop negativebottom

AGM 30 kPa 1039cycles) 10.9 15.1
AIS PA 30 kPa(l051 cycles) 10.1 10.5
AIS 60 kPasprings(467 cycles) 12.5 12.4
AIS 30 kPa(l051 cycles) 11.9 10.0
AIS 80 kPa(l024 cycles) 14.0 14.7

Table13: Leadsulphatecontentof thenegativeplates( mass%)
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In the beginningof the cycling life, a compactionof the outerpart of the negativeelectrodetakesplace.
From Figure 55, one deducesthat until cycle 100, the irreversible increaseof the mechanicalpressure
with cycling is partially compensatedby the compactionof the negativeactivemateria1.From cycle 100
on, thereseemsto happenno more compaction.The separatoris now applying the mechanicalpressure

on the grid andthereis no moredeforrnationof thenegativeactivemateria1.
It is quite logical that the compactlayer is forrned on the surfaceof the negativeelectrode.The innerpart
of the electrodeis not affectedbecausethe transferof the pressureto the central part of the plate is
hinderedby thepresenceof the grid andby the fact thatthe AJS separatorcannotbedeforrned.As canbe

seenon Figure56, the negativeplatehasa very regular,very straightsurface,showingtheperfectcontact

betweenthe separatorandtheplate.Only a kind of smooth"print" of the negativegrid couldbe observed
on the surfaceof the separatorin Figure 27 and no concaveparts were presenton the surfaceof the
negativeplatethusshowingthatoncethe separatoris in contactwith the grid, the compactionstops.

The compactionof the negativeactive material could be hinderedif the plate was not overpasted.The
resultspresentedhere show that oncethe AJS separatoris applying the pressureon the grid, no further
compactionof the negativeplatetakesplacethat is dueto mechanicalpressure.Therefore,if the negative
platesarenot overpasted,the separatorwould be in contactwith the grid from thebeginningon andthere

would be no compactiondue to mechanicaleffects but only electrochemicalcompactiondue to the
expanderloss.

3.6.2 Postmortemanalysisofthepositiveelectrode

3.6.2.1 Analysis of the positive active material

The sulphatecontentof the active material that composedthe electrodeswas chemicaUyanalysedwith

the methoddescribedin section 2.4. The plate thicknessand the thicknessof the grid were measured
underoptical microscopy.The dimensionsof the gridswires areexplainedin the following schema.

AlI thesevaluesaresurnmarisedin Table 14.

Cell Leadsulphatetop/bottom/wt% Platethickness/mm Wire heightandwidth /mm

New <5/<5 2.85 2.4/1.9

AGM 11.1/13.5 3.9 2.1/1.7

AJS 30 kPa 12.8/10.5 3.65 2.1/1.7

AJS 80 kPa 9.2/13.4 3.35 2/1.6

Table 14: Sulphatecontent, grid and plate thicknessofnew and cycledpositive electrodes

The positive grid corrosionwas much advancedin aIl the cells after over 1000 cyclesbut no conclusion
aboutthe corrosionratescanbe made.AlI grids werecorrodedto the extendthat the integrity of the plate
was only conservedbecauseof the tight stack packing. Of course, the corrosion can lead to the
developmentof forces due to the highervolume of the corrosionproductsbut it is very improbablethat
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the increaseof mechanicalpressureis relatedto thesemechanicaleffectssincethe small deformationsat
the grid/activematerialinterfaceareabsorbedby thenearsurroundingactivemateria1.
The sulphatecontentis quite similar in all the cells. Evenif doubledin comparisonwith a newplate,the
sulphatecontentin the activematerialis not high enoughto be the reasonfor failure of theplates.

The point that is really emergingfrom thesedatais the expansionof the activemateria1.In the threecells,
thepositiveplategrew. In parallelwith the growthof theplate,the activematerialbecomesmoreporous,
thus showingthat the growth is not relatedto an irreversibleformation of sulphates.Table 15 illustrates
theparallelmodificationof theplatethicknessandof theporosity.

Cell Cyclesperformed Porosity/% Positiveplatethickness/mm

New 0 51-57 2.85

AJS 60 kPasprings 464 58-61 3.4

Gel 472 63 4.1

Table15: Positiveplatethicknessandporosityof cycledcells.

Therefore,the increaseof mechanicalpressureover life that is recordedin Figure 55 is explainedby the
expansionof thepositiveactivemateria1.Sincethe free roomin the cell is limited andthe thicknessof the

cell is kept constant,this expansionhappensat the expenseof the negativeplate andby a reorganisation
in the cell (accommodationof the small initial irregularitiesof the surfaces...).

3.6.2.2 Structuralchangesin thepositiveelectrode

The fact that theporosityof thepositiveplatesincreaseswith cycling wasprovedin the former section.It
is now of interestto seehow theporositychanges,if homogeneouslyor not.
Figure 57 shows picturesof the positive electrodescross sectionsof an AGM cell and two AJS cells
underdifferent initial mechanicalpressuresafterover 1000cycles.
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Figure57: Picturesof thecrosssectionsof cycledelectrodesin a chargedstate
aCterover1000cycles

Naturally, also in thesecells, thehigherthe initial externalmechanicalpressure,the smallerthe expansion
of thepositiveactivemateria1.
Generally,threelayerscanbedistinguishedasschematicallyrepresentedin Figure58.



92 Chapter3. Mechanicalpressureapplication

Figure58: Schematicrepresentationofthestructureof a cycledpositiveelectrode

LayerA. The outerlayer, that is somewhatthickerandwith lessbig poresin the AJS cells correspondsto
the region of high packingdensitythat forms nearestthe electrolytein positive electrodescyc1edunder
compressivecondition as describedby Hollenkampin [33]. It is composedof small crystals of lead
dioxide with a high packingdensity.For Hollenkamp,thesepartic1eshavelost contactwith the bulk and
have beentransportedby oxygen bubblesout of the active material at the end of chargeor during

overcharge.The thin leaddioxidepartic1escomefrom the insideof the bulk andhavebeenstoppedat the
surfaceof the separatorwhen therewas no room to move further. In the caseof a flooded cell, these
partic1eswould haveleft the electrode.Whenthe separatorin contactwith thepositiveelectrodehaslarge
pores,the fine partic1esof material can enterthe separatoras is the caseat sorneplacesin AGM. And
whenthe separatorhasvery smallpores,the "would haveshed"activematerialis retainedat the interface
separator/positiveelectrode.

AGM AJS 30 kPa AJS 80 kPa

Figure59: Picturesof thesuperficiallayersof the positiveplatesaftercycling
in anAGM cell or in anAJS cell undertwo differentinitial mechanicalpressures.
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Figure60 showsthe BSE micrographof the positive electrodeextemallayersof two AIS cells undera
different initial extemalmechanicalpressure.The microprobeanalysisshowsthat the layer A consists
exclusivelyof leaddioxidewhich surfaceis partially coveredwith big leadsulphatecrystals

Figure60: BSEpictureof thepositiveplateofAJS30 kPa(A) andAJS80 kPa(B)
(multiplication factor 60)

It seemsthatthe extemallayer is not electrochemicaIlyinactiveandtakespartto the chargeanddischarge
processes.Otherwise,it would not consistof pure leaddioxide but would show a strongtransformation
into sulphateasa resultof selfdischargeover the long time of inactivity. But the denselayerA mayhave
the drawbackof hinderingthe acid diffusion betweenthe active materialpore systemand the separator
bulk electrolytesystem.
With increasingmechanicalpressure,thezoneof very largeporosityat the interfacebetweenthe layersA
andB disappears.This zoneof very high porosityprobablyforms asa resultof the free room that exists
when the relaxationof the structuretakesplaceduring charge.When only little mechanicalpressureis
applied on the ceIl, sorne free spacecan developbetweenthe separatorand the positive plate as the
positiveplateshrinksduring charge.This free room becomespartiaIly fiIled with the "would haveshed"
material but large poresare presentat the peripheryof the positive active material that is filled with
electrolyteandprovidesan electrolytereservoirfor the nextdischarge.This only happensif thereis room
for expansion,so that the positiveplate is aIlowedto grow andundergoelasticdeformation.Whenthere
is no room for the positive plate to grow, the dischargeproductsmust precipitatein the structureand
irreversiblydeformthe structure.
It also seemspossible,basingon the shapeof the large roundporesand of the poresin the inner layer,
that sornegasunderpressureis responsiblefor the formation of the layerA andof the largeporesat the
frontier betweenlayersA andB.

LayerB containsthe active materialwith the main contributionto the charge/dischargereactionsat the
considered rateof discharge.It is composedof lead dioxide of high porosity. When the mechanical

pressureapplied on the electrodeincreases,this layer is more homogeneousand composedof coarser
particleswith largerporesbetweenthe aggregates.
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AGM AJS 30 kPa AJS 80 kPa

Figure 61: Intermediary layer (B layer) of positive plates in the charged state
aCter cycling in AGM and AJS cells

In the caseof the AGM ceIl, layerB is composedof smaIlleaddioxide aggregatesjuxtaposedwith lead
sulphatecrystals. In the caseof the cells with AJS, the aggregateshavea roundershapeand this layer
containsfewer sulphatesthanin the AGM cell. For comparison,the intermediarylayersB oftwo cells are
shownin Figure62 with a largermagnification.

AGM AJS 30 kPa

Figure 62: Intermediary layer of the positive electrode

of an AGM cell and an AJS cell aCter over 1000cycles

In our experiments,the cyc1ing regime consistedof dischargesat approximatelythe two hours rate. At
this rate, the usualobservationis that only the outerpart of the positive activematerialtakespart to the

discharge.This was shownin [82] by analysingthe sulphatecontentversusthe position in the electrode
afterdischargeof a positiveplateandis illustratedin Figure63.
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Figure63: Leadsulphatedistributionacrossthe thicknessof dischargedpositiveplatesasa

function of currentdensity [82]

The reasonfor the inhomogeneousmassutilisation is the limitation of the acid supply. At high discharge
rates,the inner acid contributesmore to the dischargeandthe contributionfrom the outeracid is limited

to the zonenearthe edgeof the electrode.The diffusion of sulphuricacid is evenmorelimited in positive
electrodeswith a compactlayer on the surface,what explainsthe presenceof the third layer of medium
porosity in the insideof the plates.

LayerC is muchmore observable inthe ceUssubmittedto low initial mechanicalpressure.This layer is
composedof the active materialthat did almostnot participateto the chargedischargecyclesbecauseof
the high dischargerate and the subsequentlimitation of the dischargecapacity through limited acid
supply in the inside of the electrode.When the mechanicalpressureappliedon the electrodeincreases,

layersBandC tendto form oneuniquelayer.

AGM AJS 30 kPa AJS 80 kPa

Figure64: SEM picturesof the internallayersof the positiveplatesaCtercycling
in anAGM cell or in anAJScell undertwo different initial mechanicalpressures.

LayerChasdifferent structuresdependingon the ceU concernedascanbeobservedon Figure64.
For the ceUsunder low compression,the structureof the internaI layer is similar to the one of the new
active material, thus demonstratingthat layer C effectively consistsof active material that did not fuUy
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participateto the chargeanddischargereactions.Theactivematerialpartic1eshavea shapewith anglesas
if consistingof partic1esfrom the original activematerialfrom which a partdid dissolve.
Surprisingly,with increasingexternalmechanicalpressureon thepositiveelectrode,the thicknessof layer
C decreasesor more precisely, the shapesof partic1esform layer Band C are very similar and the

porosityasweIl. The activematerialconsistsof agglomeratesof roundershape.Clearly, the structureof
layer C in the AJS cell under 30 kPa is the intermediarybetweenthe structureof this layer in the cell
cyc1ed under low mechanicalpressure(AGM) and the cell cycled under high mechanicalpressure
(AJS 80 kPa).Thepicturesof the four structuresoflayerC arepresentedin Figure65.

Figure 65: SEM pictures oflayer C for a new cell (a) and cells aCter cycling:
AGM (h), AJS 30 kPa (c) and AJS 80 kPa (c)

With increasingmechanicalpressure,there is a displacementof the charge/dischargereactionsto the
insideof the positiveplate.The reasonfor this displacementis the diminution of the free roomrelatedto
themechanicalpressureapplication.

Whenduring dischargethe leadsulphatecrystalhasreachedsucha sizethat its facespresson thewalls of
the pore in which it grows, the further crystallisationis delayedbecausethe supersaturationdoes not
providea sufficientdriving force to breakthe structure.As a consequence,the reactionis displacedto the
inside of the plate becausethe acid had a bit time to diffuse to a placewhere lesssupersaturationwas

,(
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requiredfor the growth of the lead sulphate.When the relaxationtakesplaceduring charge,a void is left
that canbe filled with acidandcanactasanacid reservoirfor the nextdischarge.
Whenonly little mechanicalpressureis appliedon the cell andthereis free room for the expansionof the
active material, the reductionreactionis limited to the externalpart of the positiveplatesincethereis no

driving force for a displacementof the reactiontowardsthe inside of the plate.Namely, the deformation
of the structureis easyandthe expansioncantakeplacein the free room. Thus,no largeporosityforms in
the insideof the platethat would itselfallow the utilisationof the activematerialinsideof the plate.
That way, the displacementof the dischargereactiontowardsthe insideof the positiveplate resultsfrom

the applicationof mechanicalpressure.This displacementcreatemore favourableconditionsfor a higher
active material utilisation in the zoneswhere the active material alreadyundelwenta discharge/charge
cycleandthepropagationgoesprogressivelyon.

Sorneof the agglomeratesof layersBandC in the AJS cell underhigh initial mechanicalpressurecanbe

consideredas"islandswith a beachof leaddioxide arounda heali of lead sulphate".Figure 66 illustrates
this ideaandboth"beach"and"island" wereanalysedwith the microprobeanalyser.

Figure66: Agglomeratesin the activematedaloftheAJS80 kPacell aftel' over1000cycles
[optical micrograph*500, BSE micrograph*700]

The formation of these"sulphateislands" in the platessubmittedto high mechanicalpressureprovesa
limitation of the masstransferthrough the lead dioxide formed underhigh mechanicalpressure.During

charge,the surfaceof the lead sulphatecrystalsdissolvesto form lead dioxide and the sulphateions have
to diffuse away from the reactionsite. The fact that the rechargecannotfully proceedis proving that the
leaddioxide formedduring chargeundermechanicalpressureis morecompactandslows down the mass
transfer.The processof formation of thesecompactbelts of leaddioxide is easilyunderstandable.When

the leadsulphateclystal grows, it pushesthe small lead dioxide particlesandaggregatesaroundit that do
no take part to the discharge.Since there is only few free room due to the applied mechanicalpressure,
the leaddioxideparticlesandaggregates arepushedagainsteachother.

During discharge,the lead sulphatedissolvesbut the belt of compact lead dioxide slows down the
diffusion of sulphuric acid outside of the cavity the lead sulphate clystal created. The higher the

mechanicalpressureapplied on the cell, the smaller the free room. Thus, the more compactthe lead
dioxide belts. For this reason, the sulphate islands are more observable in the cell under higher
compressionevenif the fonTIs typical for the processof alveoleformation are alsoobservablein the AJS
cell underlow mechanicalpressure.
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This processof "alveole" formation is also the basefor the fonnation of a skeletonof compactlead

dioxidethatcanbeobservedon the secondpicturein Figure62. When a lot of free room is availableas is

the case in the AGM cell, the density of lead dioxide aggregatesis not so high so that they do not
agglomerateto fonn the skeleton.

3.6.3 Modelsdescribingthepositiveactivematerial

As describedin section1.6.6.2,the prematureloss of capacityof the positive electrode,that is the cause
of failure for many of the batteries,is provedto be a consequenceof the decreasein the conductivityof

the positiveplateor moreprecisely,of sorneregionsof thepositiveplate [33].

3.6.3.1 Conductivity and mechanicalpressure

The conductivity of the powder of an electronic conductivematerial can be relatedto the mechanical
pressureto which is submitted [83] and the lead dioxide of the batteriespositive active masscan be

approximatelydescribedas a sinteredpowder. But it was proved that in the caseof the lead dioxide

positiveactivematerialof the lead-acidbattery,both the resistanceof the interfaceactivematerial/current

collectorandthe activemassresistancemeasuredin cells on which walls a mechanicalpressureis applied
"are independentof compression" [84]. It meansthat the electrical conductivity of the lead dioxide

material itself is not improvedby the pressureappliedon it in the rangeconsidered(between0 and200

kPa). Therefore, the improvement of the perfonnanceof the lead-acid battery, when submitted to

mechanicalpressure,cannotbe imputedto the direct effectof mechanicalpressureon the conductivityof
leaddioxide.

3.6.3.2 PbOz as an agglomerateof sphere

Following the work of Euler on the conductivityof powders(e.g. [83], [85] ), the agglomerateof sphere

model was first appliedto the lead dioxide electrodein 1989 [87] (AOS, in Gennan"Kugelhaufen").In

order to explain the variation of the PAM conductivity over discharge.Meissnerwrote a very useful

review on the AOS theoryin [30] and a further deve10pmentof the AOS theory is madein the excellent

paperof EdwadsandSchmitz[17]. In thenext lines,we try to summarisethe idea andthe mainresultsof
the AOS.

The fully chargedpositiveelectrodeof the lead-acidbatteryis consideredas consistingof spheresof lead

dioxide. Thesespheresarecontactedby so callednecks.A schematicrepresentationof the structureof the

active material is representedin Figure 67. With such a representation,in a given volume of active
material,the conductivityis govemedby the numberandshapeof inter-particles.

As was describedin section 3.4.2.2, "a small crystal experiencescompressivestressas a result of its

surfaceenergy"[79]. TheLaplacepressurefor theneckandthe spherearealsogiven in Figure 67 as well
asthe potentialsassociatedto thesepressures.

The Laplacepressureon the necksis negativetherefore,underequilibrium conditions,materialwill flow
from the spheresto the necksin orderto decreasethe absolutevalueof the Laplacepressureon thenecks

until 1PN 1 equalsthe yield stress(eo) of the materia1.Therefore,thereis a fixed relationbetweenRand

h. (with thegeometricrelation R2+ (h + r)2 = (R + r)2 andifh«R, 1PN 1"" 2yRlh2=f.o)
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Laplace pressure

of thesphere:Ps =2y1R

1 1
of theneck: PN =y(- --)

h r

Potential associatedwith the pressure

of thesphere:ESp = r Va
RF

of theneck: EN =r Va (..!.. _..!..)
p 2F h r

with:

y =surfaceenergyof Pb02

va = specifievolumeof Pb02

F = Faradaysconstant

Figure 67: Geometry of the AOS model [17]

According1yto theequationsin Figure67, thepotentialofthesphereassociatedwith theLaplacepressure
is higherthanthepotentia1of the necks.
For Meissner, the difference of potentia1betweenthe necks and the spheres1eadsto very important

conclusionsconcemingthe lead-acidbattery.During rest,the materia1of the sphereswill tendto dissolve
andmoveto the necks,thusstabilisingthe structureof the agglomerateof spheres.And during discharge,
the reactionwill preferentiallyhappenon the spheres,thusleavingthenecksintact. As a consequence,the
conductivityof the activematerialis not affecteduntil dischargeis quite advanced.

The difference in potential betweenthe necks and the spherescan be related to a variation of the
stoichiometryof the lead dioxide. In fact, the "The deviationfrom stoichiometry 8 of Pb02-ô decreases

with increasingPb02-ô electrodepotential" [30]. Therefore, the active material composingthe necks

deviatesmore from the stoichiometrythanthe activematerialcomposingthe spheres.Sincethe deviation
8 has lower and upper limits �(�0�.�0�0�3�~ 8 �~�o�.�o 16), the potential difference betweenthe necks and the

sphereshasalsoanupperlimit.

r Va 2 1 1
fill =Es - EN =-(---+-) =-0.12410g(8R 18h) �~ 0.09 V

p p 2F R h r
Equation 14

Therefore,with the geometricrelation R2+ (h +r)2 = (R+ r)2 betweenR, randh, the relativevaluesof

Randh arelimited by the critical valuethatequalisesbothtermsin Equation14.

Edwardsand Schmitzcometo the critical ratio by anotherway. For them, the lead dioxide electrodeis
also an oxygenelectrodesincethe stoichiometryof leaddioxide dependson the oxygenpartial pressure.

Therefore,the potentialof the leaddioxide electrodeat the necksandat the spheresis a summationof the
term associatedwith the Laplacepressureandthe term relatedwith the oxygenpartial pressure.It canbe

noted E =ELaplace+0.991- 0.124 log 8 + 0.0592pH

Consequently,the differencein potentialbetweenthe two locationson the leaddioxide electrodecanbe
calculated.

fill =Esp - ENp - 0.124loge8R 18N )
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The differencein potentialrelatedto the Laplacepressurecanbe accommodatedby the stoichiometryof
thenecksandspheres.For this purpose,contraryto the ideaofWinsel et al. [86] and [87], 8 will increase

on the sphereswhile it will decreaseon the necks. With the same limits of deviation from the
stoichiometry,they find the samecritical ratio for RIb thatcanbe accommodatedby the stoichiometry.If
the critical ratio of RIb is exceeded,the differencein potentialbetweenthe necksandthe spheresdueto
the Laplacepressurecan no longerbe accommodatedby the stoichiometryand the oxygenevolution is
favoured over the chargereaction in the necks regions. Therefore, the necks dissolve and shedding
happens.For theseauthors,the applicationof mechanicalpressureincreasesthe critical RIb ratio from
which on theoxygenevolutionis favouredon theneckszones.

3.6.3.3 Coarsestructure and micro-structure

While the AOS theory explainsthe micro-structuralchangesin the positiveplateof a lead-acidbattery,
the changesin the coarsestructurestay unexplained.Pavlov and Bashtavelova[88] were the first to
develop the ideaof the positive plate consistingof a skeletonthat is responsiblefor the mechanical
stability andtheconductivityandthatis coveredby thin activematerialthat is the energypartof theplate
andtakespartto thechargedischargeprocess.

3.6.4 Why mechanicalpressureapplication increasesthe life ofthepositiveactivematerial

Figure60 showsthat the aspectof layer A is not much influencedby the increaseof the initial external
mechanicalpressureeven if in the AGM cell, the layer can be discontinuousand presentsorne large
pores.Therefore,the decreasedproductionof oxygenanddecreasedtransportof partic1esthat lost contact
to the bulk doesnot seemto be the reasonfor the improvementof the positive plate performanceby
mechanicalpressureapplication.Additionally, the theory of Edwardsand Schmitzthat implies that the
necksdissolveduring chargeis difficult to accommodatewith the fact that capacityloss is observedin
casesof insufficientchargeandwhenlow CUITent is usedat thebeginningof charge.

It is c1earlyunderstoodthat the loss of capacityis relatedto a loss of conductivityof the positiveactive
materialor moreprecisely,of sornepartsof the activematerial [33]. This conductivity loss is associated
with an increaseof the porosity and therefore,we will conc1udethat the loss of mechanicalintegrity is
responsiblefor the lossof conductivity.

The resultspresentedinducethe conc1usionthat the applicationof mechanicalpressureis responsiblefor
lessexpansionof the positiveplate, a decreaseof the porousinterfacebetweenlayersA and B, a more
homogeneousstructure of the layer B and a more homogeneousactive material utilisation. The
observationof cyc1edpositiveplatesshowsthatat high externalmechanicalpressure,the internaIlayerof
thepositiveplatealsotakespartto the electrochemicalreactions.

Therefore,the applicationof mechanicalpressurehasan effect on the skeletonthat influencesitself the

microstructure.
• In first line, the applicationof a mechanicalpressureaffectsthe coarsestructureof thepositiveactive

material.The growth of the leadsulphatecrystalspushesthe leaddioxide aggregatesthat do not take
part to the dischargeandsincethe applicationof externalmechanicalpressurereducesthe free room,
the aggregatesarepushedagainsteachotherandform a skeletonlooking like a coral. This processis
associatedwith the formation alveolesin the chargedstateas a result of the dissolutionof the lead
sulphatecrystalsandallows a morehomogeneousutilisation of the activematerialsincethe alveoles
are filled with acid that allows the surroundingactive material to take part to the next discharge
process.The progressionof the alveole-ske1etonformationprocesstowardsthe insideof the positive
plate is favoured by the external mechanicalpressurein the fact that the mechanicalpressure
applicationreducesthe room for expansion.Sincethe room is limited, whenthe leadsulphatecrystal
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grew until filling the poresof the outerpart of the positive electrodewhereelectrolyteis available,a
higherover-saturationis neededto allow the further growth of the lead sulphatesthat would haveto
deform the structureto further grow. This "crystallisationdelay" allows the sulphuricacid to diffuse
farther towards the inside of the positive electrode and react there where lower crystallisation

pressuresarerequired.

• Themicrostructureof thePb02 forming the skeletonis indirectly affectedby the externalmechanical
pressure.It is in fact the mechanicalpressurethat is developedby the growth of the lead sulphates
that leadsto the formation of the leaddioxide with wider necksas a resultof the reductionof room
for expansionthe externalmechanicalpressureis responsiblefor.

When the "alveole-skeleton"formation processproceeds,the active material aroundthe alveolesis
pressedtogetherandbecomesmore dense.This developmentof mechanicalpressurehelpsforming a
highly stablestructureby widening the connectingzonesbetweenthe lead dioxide particles. In our

view, basingon theAOS model,thepressureat thenecksurfaceis the sumof themechanicalpressure
that is transferredto the surfaceof the neckandof the Laplacepressure.Sincethe limit value of the

pressureon the necksis the yield stress( Ea = Pmechanical+ PLaplace),any increaseof the mechanical

pressuretransferredto the neckwill lead, for compensation,to a decreaseof the Laplacepressureand
thus, to an increaseof the neckradius.Therefore,at equilibrium, in the placesto which a mechanical
pressureis transferred,the active material of the positive plateshas a structurethat is much more

stablesincethewider necksresistlongerbeforethey aredesegregatedduring discharge.
That way, the skeleton consistsof active material that is more robust against dischargebut this
"improved microstructure"of the positive active material is only the indirect result of the external
mechanicalpressureapplication.

As a summary,one can say that externalmechanicalpressureapplicationdecreasesthe free room for
expansion.Thatway, a secondarymechanicalpressuredevelopsin thepositiveelectrodeasa resultof the
lead sulphatecrystal growth that leadsto the formation of an alveoles-skeletonstructure.This indirect
mechanicalpressureis the one that is responsiblefor the improvedmicrostructureof the positive active

materialthat keepsa high conductivitywhile dischargeproceedsasa resultsof wider necksaccordingto
the AOS theory. This explainswhy the applicationof a mechanicalpressuredoesnot directly affect the
performanceof a positiveplatebut increasesits life.

3.7 Conclusionabout mechanicalpressureapplication on the lead-acidcell

Onceagain,we could measurethat the applicationof a mechanicalpressureon the walls of a lead-acid
cell improvesits cycling life. Moreover,the new separationsystemAJS wastestedin lead-acidcells and
batteries.Near the fact that the cellslbatteriesshow good performanceboth in parametertests and in

cycling life tests, AJS proved to allow the application and the conservationover life of mechanical
pressure.

3.7.1 Mechanicalpressurevariation on the cell walls

Independentlyfrom the separationsystemusedand from the numberof cells connectedin series,in the

courseof one cycle, the mechanicalpressurethat is transferredto the walls of one cell that is kept at a
constant thicknessincreasesduring dischargeanddecreasesduring charge.
The increaseof the mechanicalpressureduring dischargeis a resultof the biggervolume of the reaction
products.Even if the doublesulphatereactionis a dissolution/precipitationreaction,the localisedgrowth
of crystalsin the poresof the activematerialcan leadto the developmentof a force sufficient to explain
the developmentof mechanicalpressureon the cell walls. The maximumof this force is relatedwith the
supersaturationof leadII speciesduring the dischargeprocess.
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Over life, the mechanical pressure transferred to the walls progressively increaseson aIl ceIls,
independentlyof the level of initial constraint.It is the sign of the structuralmodificationof the positive
activematerialandit reachesa saturationaround900 cycles.

3.7.2 Structuralchangesin thenegativeelectrode

The applicationof mechanicalpressurehas a negativeeffect on the negativeelectrodeby leadingto a
compactionof the active material on the extemalsidesof the electrode.This compactioncan lead to a
capacitylossandevenworst, to a lower chargeacceptanceof the negativeplate.This drawbackcouldbe
overcomein AIS cells by not over-pastingthe negativeplates. That way, the separatorapplies the

pressureon the only grid andno compactionof the activematerialdueto mechanicaleffectstakesplace.

3.7.3 Structuralchangesin thepositiveelectrode

A layeringin the structureof thepositiveactivematerialcouldbe demonstrated.

• A: layerof compactleaddioxide formedon the surfaceof the positiveelectrodeat the interfacewith
the separator.The thicknessandthe regularityof this layer dependson the porosityof the separation

systemandof the intensityof the initial extemalmechanicalpressure.The fine particlesconstituting
this layer lost mechanicalcontactwith the bulk of thepositiveactivematerialandweretransportedto
the outsideof the bulk by oxygenbubbles.The materialthat composesthis layer would haveshedin
floodedceUsor enteredthe separatorif it would havehadlargepores.

• B: intermediarylayer of very porousmaterialthat consistsof the activematerialthat took part to the
chargedischargereactions.For anAGM ceU, this layeralsocontainsmanyleadsulphatecrystals.For
the AIS ceUs,the intermediarylayer consistsof aggregatesof lead dioxide of round shape.Part of
theseaggregatescontainleadsulphatecrystalsin their centre.

• C: internaIlayerconsistingof activematerialthatdid not takepartto the electrochemicalreactions.

3.7.4 How doesmechanicalpressureapplicationimprovethelife ofthelead-acidbattery

The applicationof mechanicalpressureleadsto lessexpansionof the positiveelectrodebecausethe free
room is limited. Therefore,e.g. the porousinterfacebetweenthe superficialandthe intermediarylayerof
thepositiveelectrodedisappears.This limitation of the expansionroomhastwo majorconsequences.

• A compactionof the lead dioxide happensas a consequenceof the growth of the lead sulphatesand
the compactedlead dioxide forms the skeleton of the positive active material. In paraUel, the
dissolutionof the leadsulphatesduring chargeleaves alveolesthat act as sulphuricacid reservoirsin

the insideof thebulk.

• A displacementof the dischargereactiontowardsthe insideof the positive electrodetakesplaceand
thereforea bettermaterial utilisation. At high externalmechanicalpressure,eventhe most internaI
layeralsoparticipatesto the charge/dischargereactions.

Theseresultsareprovedby both the evolution of the mechanicalpressureduring one cycle andover life

andby the observationof cycledelectrodescrosssections.

3.7.5 Importanceoftheseparator

The mechanicalpropertiesof the separatorhavea large influenceon the transmissionof the mechanical
pressureto the activematerialor morecorrectly,on the developmentof a mechanicalpressurein the cell.
It could be clearly observedfrom the evolution of the mechanicalpressureover one cycle where the
increaseof pressureduring dischargerelatedto the formation of lead sulphatewas smoothedwhen the
separationsystemwascompressible.
But additionaUyto the goodmechanicalproperties,the structureof the separatorhasa large influenceon
the evolution of the PAM structure.ComparingAIS and AGM, one can concludethat the material that
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would haveshedin a floodedbatteryor that would haveenteredthe poresof a separatorwith largepore
size is blockedat the interfaceelectrode/separatorwhenthe separatorhassmall pores.Therefore,no loss
of mechanicalpressurecanhappenthroughthe loss of material in lead-acidcells with a separatorthat is
hardto deformandthathassmallpores.

3.7.6 Perspectives

With the positiveeffectof the applicationof compressionclearlydefined,the questionis openof "how to
apply it". A patentof 1995 [89] describesa pre-compressedAGM that would expand at the addition of
electrolyte,thus settingthe plate stackundera certaindegreeof mechanicalpressure.Many ideaswere

alsoproposedby CSIRO,from the compressionplateto thepneumaticplasticbag [64] and [90].
The first limitation to the applicationof mechanicalpressureon the plate stackfrom the inside of the
batterycontaineris that nowadays,the polymerusedfor batterycasingundergodeformations.One can
often observethe convex form of the battery walls after sornecycles as schematicallyrepresentedin
Figure68.

Figure68: Schernaticrepresentationof a batteryaftersornecycles.

In fact, the applicationof an externalmechanicalpressurewould be alreadypartially practisedif the
batterycaseswould undergoonly little deformation.That way, the irreversibleexpansionof the positive
active materialwould leadto a "self compression".But the poor mechanicalpropertiesof the separation

systemsusedat thepresenttime hindera "full scaleselfcompressioneffect". Therefore,a separatorwith
bettermechanicalpropertiesis alsonecessaryfor sustainingthemechanicalpressureoverthe cycling life.
Our work showed that a new separationsystem (AJS) allows a mechanicalpressureto build up
progressively in the battery that leads to an improved cycling life with no cost for the electrical
performances.Thusthe utilisation of a hardbatterycasein associationwith the AJS separator,plateswith

high pastedensityand a regularsurfacemay be a solutionto the prematurecapacityloss of the CUITent
batteries.The high density pastewould be allowed to expand a bit to fill the small free room that is
related to the irregular plate thicknessand the "self compressionmechanism"could enter in action.
Additionally, the negativeplatemustnot be overpastedso that no compactionof the negativeplatetakes
placethatwould both limit the capacityandhinder"a full scaleselfcompressioneffect".
In our view, it is not the intensityof the appliedmechanicalpressurethat is important,it is the restriction
of the free room for expansion.Thus, with respectto the "self compressioneffect" we observed,the
recipefor an easyproductionof a "compressionbattery"would be.

• A separatorwith goodmechanicalpropertieslike AJS

• A batterycaseof strongpolymeror a stiff geometryof the case

• Negativesplatespastedon the only grid thickness

• Positiveplatesofhigh densitymaterial

• Plateswith a regularsurfaceandconstantdimensions
With suchcomponents,thereshouldbe no necessityto apply an additionalexternalmechanicalpressure
asthepositiveactivematerialcontentionwould alreadybeperformed.
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Résumé et conclusion du chapitre concernant l'application d'une pression
mécaniquesur lesparois d'une batterie au plomb.

Dansce chapitre,aprèsune descriptionde l'état de l'art en matièrede pressionmécaniqueappliquéesur
une cellule plomb/acide,les caractéristiquesdes différents systèmesde séparationexistant pour les
batteriesferméesont été comparéesaveccellesd'un nouveausystèmede séparation(AIS) mis au point
par l'entrepriseDaramic.Nous avonsmontré que des celluleset batteriesproduitesavec le nouvel AIS
présententdesperformancesélectriqueset desduréesde vie extrêmementsatisfaisantes.En outre,il a été
prouvéquel'applicationd'unepressionmécaniquedurableestrenduepossiblepar l'utilisation du nouveau
séparateuret qu'elle a pour effet, ainsi qu'il est reportédansla littérature, d'augmenterla duréede vie
d'unecelluleou batterie.
Les mécanismespar lesquels l'application d'une pression mécaniquepermet une amélioration des
performancesd'unecellulelbatterieauplomb ont étéidentifiés.
Tout d'abord, l'améliorationdes performancesest le fait d'une modification structurellede la matière
activepositivealorsquecettemêmepressionmécaniquea un effet néfastesur la matièreactivenégative,
conduisantà unecompactionde cettedernièrejusqu'àce quele séparateurreposesur la grille deplomb.
L'applicationd'unepressionmécaniquelimite l'espace librelaisséà la matièreactive positive pour son
expansionlors de la décharge.Cette limitation de l'espacelibre a pour conséquenced'une part de
permettrela formationd'unestructurecoralloïdede la matièreactivepositiveet d'autrepart, depermettre
à cette structureen alvéolesde progresservers l'intérieur de la plaquepositive, conduisantainsi à une
utilisationplushomogènede la matièreactive.

• La structurecoralloïderésultede la formation d'îlots de sulfatesde plomb pendantla décharge.Ces
cristaux,engrossissant,poussentles agrégatsde dioxydedeplomb les unscontreles autreset lorsque
l'espacepour la croissancedescristauxestrestreint,cesagrégatsformentdesagrégatsplus grosavec
deszonesparticulièrementcompacteslà où la pressiondescristauxs'estexercée.De cettefaçon, un
squelettede dioxydedeplomb estformé où lesparticulesde dioxydede plomb sontconnectéesentre
ellespar de plus grossessurfaceset sontainsi plus résistantespendantla décharge,ce qui stabilisela
structuredu squelette.Lors de la rechargesuivante,les cristauxde sulfatede plomb se dissolventet
laissentà leur place des alvéolescontenantde l'acide sulfurique et servantainsi de réserved'acide

pour la déchargesuivante.
• La progressionde cettestructurecoralloïdevers l'intérieur de l'électrodepositiverésulteelle ausside

la limitation de l'espaced'expansion.Lors d'unedéchargeà fort courant,seulela partie extérieurede
l'électrode participe à la déchargedu fait de la diffusion limitée de l'acide vers l'intérieur de

l'électrode.Lorsqueles sulfatesdeplomb seformentdanscettezonepériphériquede l'électrodeet ont
rempli tout l'espacelibre, leur croissancepeutse poursuivres'ils déformentla structureexistanteet
pour ce faire, une pressionde cristallisationplus élevéeest nécessairec'està dire une plus grande
sursaturationen ions plomb II. Ce retardementde la cristallisationlaisse la possibilité à l'acide de
migrer vers des zonesplus internesde l'électrodeoù une sursaturationmoins élevéeest nécessaire
pourla précipitationdessulfatesdeplomb.Ainsi, au fur et à mesuredescyclesdechargeet décharge,
les réactions électrochimiquespeuvent se produire sur une plus grande épaisseurde l'électrode
puisquela formation de sulfatesdansune zone internede l'électrodepermetpendantla rechargela
créationd'uneréserved'acideet ainsi, une utilisation immédiatede cettezonependantla prochaine

décharge.

L'évolution de pressionmécaniquesur les paroisd'une cellule pendantun cycle et sa variation avec le
nombrecroissantde cyclessubissupportentcettehypothèseau mêmetitre que l'observationde sections

de la matièreactiveà l'issuedu cyclage.
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• Pendantun cycle, la pressionmécaniquesur les paroisd'unecellule augmentependantla déchargeet
diminuependantla charge.Ceci résultede la croissancependantla déchargede cristauxde sulfatede
plomb dont le volume est supérieurà celui des matièrespremières.Cette croissanceexerceune
contraintesur la structuredesélectrodespendantla déchargeet la relaxationde cettecontrainteest
observéependantla chargelorsqueles cristauxsedissolventet reformentles matièresactivesde plus
faible volume.

• Lorsque le nombre de cycles subis par une cellule augmente,pour un même état de charge, la
pressionmécaniqueexercéepar le bloc d'électrodessur les parois augmente.Ceci résulte de la
formation irréversiblede la structurecoralloïde.

Parconséquent,l'intensitéde la pressionmécaniqueexercéeinitialementn'estpasle critèredécisifpour
l'accroissementde la duréede vie. Le point important est de restreindrel'espaceque la matièreactive
positive pourrait utiliser pour son expansionpendantla charge.Pour ce faire, il faut remplir certains
critèresqui permettraientuneproductionetun assemblageaisésde la "batterieencompression".
• Choix du séparateur. Seulel'utilisation d'un systèmede séparationnon compressibleassureraune

résistanceaux contraintesqui sedéveloppentdansla matièreactivepositive. Si, commec'estle cas
du gel ou du matelasde fibres de verre, le séparateura de faiblespropriétésmécaniques,la restriction
du volume de l'électrodepositive n'est pas assurée.Ceci empêchela formation de la structure
coralloïdeet la progressiondesréactionsélectrochimiquesvers les partiesinternesde l'électrodesà
tauxdedéchargeélevés,limitant ainsi la duréede vie.

• Electrode négative.Dansla mesureou la matièreactivesupportéepar la grille négativeestun plomb
spongiforme,celle-ci a de faibles propriétésmécaniqueset se compactesousl'effet des contraintes
développéespar la matièreactivepositivependantla décharge.Cettecompactionsepoursuitaufur et
à mesuredu cyclagejusqu'àce que le séparateurreposesur la grille de plomb dans le cas d'un
séparateurayant de bonnespropriétésmécanique.Il est mêmeenvisageableque la compactionse
poursuivedansles alvéolesde la grille si le séparateurest déformable.Outre donc un séparateurà
bonnespropriétésmécaniques,desplaquesnégativesempâtéessur la seuleépaisseurde la grille sont
nécessairespourconserverla porositéde la matièreactivenégativelors du cyclage.

• Régularité des composants.Dans la mesureoù le séparateurne peut accommoderque de petites
déformations,il estnécessairede veiller à la planéitédescomposantset particulièrementdesplaques
positiveset négatives.Une granderégularitéde l'empâtageseraainsi utile afin d'assurerun minimum
d'espacevide dansle bloc d'électrodes.

• Matériau du bac. Il n'estpasrarede voir lors du cyclagelesparoisdesbacsdebatteriesprendreune
forme convexesousl'effet de la pressionde gaz et descontraintesliéesal'expansionde la matière
active. Dans une telle configuration, la restriction de l'espaced'expansionn'est bien entendupas
assurée.Pourla productiond'une"batterieencompression",unpolymèrerelativementrigide doit être
utilisé pour la productiondubac.

• Densité de la pâte positive. L'utilisation d'unepâte positive à relativementfaible densitépourrait
permettreune fabrication aisée des batteriessans nécessitéd'appliquerune pressionmécanique
excessiveà l'assemblage.Nos mesuresont monté que dans des conditions d'espaced'expansion
limité, un effet d'auto-compressionseproduitdansla celluleauplomb. Si unepâteà hautedensitéest
utilisée,sonexpansionva comblerle faible espacelaissélibre lors de la productionet la porositéde la
matièreactivecroît dansla mêmeproportion.Une fois l'espacelibre ainsi comblé,la formation de la
structurecoralloïdepeutseproduire.
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4 Corrosion

4.1 Generaisaboutcorrosionofleadandleadalloys

4.1.1 Definition

Chapter4. Corrosion

The tenu corrosioncomesfrom the Latin word "corrodere"or more precisely"rodere" that means"to
gnaw" [91]. COITosiondescribesthe "reactionofa metallicmaterialwith its environment"[92].With such

a definition, somecharacteristicsof corrosionare left behind.For examplethe fact that the reactionthat is
definedas cOlTosionis a reactionthat is mostly a drawbackand thereforenot desired.The term corrosion
is replacedby "oxidation" or "surface passivation"when the processis favourable.For anotherauthor,
"colTosion is defined as a graduai wearing away or alteration ...[of a metal]... by a chemical or
electrochemicaloxidisingprocess"[93].

The positive or the negativegrid -that actsas a currentcollectorand a canierfor the active material- is
damagedby reactingwith its environment.This happensbecauselead is not thermodynamicallystablein
an environmentof concentratedsulphuric acid as shown on the Pourbaixdiagram(Figure 7). In many
cases,the ilTemediablecOHosionis the life limiting factor of the lead-acidbattelY. It happenswhen the

grid is that much cort'odedthat it is not able any more to conductthe reactionCUiTent from the active
material to the outside of the battelY, when the contact betweenthe active material and the current
collectoris lost or whenthe activematerial is not mechanicallystabilisedany more.
A growthof thepositivegtid is associatedwith its COITosion.Whenthepositivegrid gt·owsandthe l'estof

the stackkeepsthe samesize,the potentialityof ShOlt circuitsbuilding acrossthe edgesof the separatoris
high. Figure69 illustrates this phenomenon.

Figure69: Pictureof a gel batterythat failed by corrosionof thepositivegrid
(grid growth leadingto shortcircuitsaroundthe top edgesof the stack)

There is an additional effect of corrosionthat has to be taken into account.When cOlTosion occurs,the
oxygen ions that are reacting with the lead grid are taken from the water and the corrosioncausesa
dramaticwater loss. While this water loss is compensatedin flooded cell, in VRLA batteries,no refilling
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takesplace.In 1994 [94], Brechtca1culatesthat corrosionof 25% of the grid leadin a lead-acidbattery
leadsto a lossof 10% water. In systems,like AGM, that are very sensitiveto saturation,a decreaseof as
muchas20% of the capacitycanbeobservedif 10%of the wateris boundin the corrosionlayer.

4.1.2 When doescorrosion occur

Justin the sameway as for eachchemicalor electrochemicalreaction,a corrosionreactionoccurswhen
the valueof the free energychangebetweenthe reactantsandtheproductsis negative.

!:J.G = [G(products ) - G(reactants)]< 0

In mostof the cases,one speaksof corrosionwhena metal reactswith its environmentandforms oxides.
In this case,the reactionis necessarilythermodynamicallyfavouredsincethe metal productionis based
on the reductionof the oxide ores. Evenif this argumentis not exactlyvalid for leadsince its ore is PbS
and called galena,lead reactsin the air (formation of lead oxide in presenceof oxygen) and also in the

electrolyteof the lead-acidbattery.This reactionconsumesthe leadof thepositivegrid.
Thermodynamicallyfavourable conditions for the corrosion of the positive lead grid are met during
charge/overchargeor duringrest.Thecorrosionreactionson thepositivegrid are listedbelow.

Duringpolarisation(formation, chargeandovercharge)

Pb+2H20 �~�a�-�P�b�0�2 +4H+ +4e-

During rest

Pb+ Pb02 �~ 2 PbO

2 PbO+ 2 H 2S04�~ 2 PbS04 +2 H20

Pb02 + H2S04 �~ PbS04+ H20+ li 02

Pb+PbCh.+2 H2S04 ==> 2 PbS04 +2 H20

Selfdischargereaction

Direct reactionofPbwith the electrolyte

The negativegrid corrosionwas describedin section 1.6.7. In the presentsection, only positive grid

corrosionwill be discussed.It is in fact the one that is of mostconcembecauseleadingto many of the
batteriesfailures.

4.1.3 The corrosion layer on thepositiveleadgrid

The natureof the developingcorrosionlayer is very sensitiveto thepolarisationconditions[95] and [96].
The following sectionssuggestsan explanationfor this phenomenonthat also meansthat the corrosion

productsand corrosionratesdependon the batteryoperationconditions.Additionally, dependingon the
applicationa battery is built for, a different alloy will be more suitablethan another,dependingon its
corrosionrateunderthe givenpolarisationconditions.

4.1.3.1 Positivegrid corrosion during polarisation

During chargeandovercharge,the potentialof the grid is forced to high values.The corrosionprocessis
thensimilar to a processunderconstantcurrentpolarisation.This is relevantfor batteriesusedunderfloat
conditions.
In this case,the corrosionreactionhastwo fronts: the one at the grid Icorrosion layer interfaceand the
secondat the corrosionlayer/electrolyteinterface[97]. At the gridloxide interface,a densecorrosionlayer
buildsup consistingoft-PbOand a-Pb02, becausePb02 andPb cannotthermodynamicallycoexist [16].
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When the battery is always submittedto a high polarisation,oxygen is steadily evolved. Since the
corrosionlayer is denseandcompact,the diffusion of the oxygenspeciesthroughit is hinderedandlimits
the growth of the corrosionlayer that follows the Wagnerlaw. It meansthat the variation in massof the
corrosionlayer increasesasthe squareroot of the time.
At the oxide/electrolyteinterface,a porouslayer consistingessentiallyof !3-Pb02 is formedas the result

of a dissolutionandre-crystallisationof the a-form.

4.1.3.2 Positive grid corrosion at low potential of the electrode

During rest, the potential is not forced to high valuesby the applicationof a CUITent. A battery that
undergoescyclesalso goesthroughasrestanddischargeperiodsandthe structureof the corrosionlayer
is modifiedthereby.

In 1964,RuetschiandAngstadt[98] describedthe corrosionprocessof a positive lead electrodeat low
polarisation.At a potential below 1.3V (againstmercury/mecuroussulphateelectrode),a lead sulphate
film forms at thesurfaceof the electrodethat is only slowly oxidisedto !3-Pb02 (potentialbetween1.l4V

and1.3V againstmercury)or evennot oxidisedat aIl (potentialbelow 1.l4V). The sulphatelayerbuilt by
this processcanact as a semi-permeablemembraneand canblock the transferof big ions (SO/') to the
reactionsites in the corrosionlayer, thereby favouring a higherpH and subsequently,the formation of
leadoxidesspeciesof low stoichiometrylike PbO. This paperis the first referencein the literatureto a
semi-permeablelayer that promoteshigherpH conditionsinside of the corrosionlayer. But it hasto be
mentionedthat the conditionsfor the formation of a corrosionlayer in a batteryare quite different from
thosedescribedin thepaper.

In 1967, Simonwasthe first to reportaboutmechanicaleffectsin the corrosionlayer [99], relatedto the
highervolumeof the corrosionproductsin comparisonwith lead.And in 1974,SimonandCaulder[100]

observedthat"the corrosionproductaroundthe grid sectionbuilds up during continuedcycling to a point
where internaI stressgeneratedwithin the film is relievedby crackingwhich extendsoutwardsfrom the
grid at thepointsof critical stress".

In 1984,Chang [101] investigatedpastedgrids of Pb-CaandPb-Sballoy underdeepcycling and found
out that the corrosionlayer in both casesconsistedof a denselayer in contactwith the grid and a more
porouslayer betweenthe denselayer and the active material. The denseinner layer proved not to be
modified by dischargein both case.For the Pb-Cagrid, the outer layer was coveredwith small lead
sulphatecrystalsduring discharge,hinderingfurther discharge.The accumulationof thesesulphatesdue
to incompletere-oxidationis a causefor very prematurecapacityloss(PCU)

In his book of 1993 [16], D. Berndt describedthat at open circuit voltage, no current forces the
conversionofthethin PbOlayerat the leadsurfaceto beoxidisedto a-Pb02• But thereactionbetweenPb

and Pb02 goeson and the PbO layer grows. Since this oxide is not stable in sulphuric acid, the fast

reaction PbO+H 2S04�~ PbS04+ H20 takesplaceand severegrid corrosioncanoccurduring rest

periodsbecausethe protectivecorrosionlayer (a-Pb02) is destroyed (particularlyin flooded batteries

whereelectrolyteis in excess).

4.1.3.3 Formation of passivelayers at high pH

ThePourbaixdiagramshownin Figure7 (section 1) gives the regionsof stability of the leadcompounds
in solutiondependingon the pH of the solutionandon the potential.In concentratedsulphuricacid, only
leaddioxidecanbe encounteredat thepositiveplatepotential.But if a thin layerof high densityforms on
the surfaceof leadthathindersthe diffusion of sulphateions, the pH underthe barrierlayer canincrease
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to values where isolating specieslike lead oxides are stable. These speciesare responsiblefor the
dramaticform of theprematurecapacityloss.

4.1.4 Effect oftheactivematerialon the corrosion

In 1967,Simonreportedthat the mechanicalstresscausedby the activematerialvolumevariation is not

responsiblefor the stresscorrosionin the grids of the lead-acidstoragebatteries.He showedthat the
cracksthat result from intergranularcorrosionin the grid metalsdo not extendto the outersurfaceof the
corrosionlayer. And "in thosefew caseswherethe cracksdid extendthroughthe corrosionproducts,they
also extendedfor a considerabledistanceinto the activematerialitself, andagainthe cracksnarrowedat

the endin the activematerial" [99].

In 1974,SimonandCaulder[100] investigatedwhetheractivematerialcoveringhasa beneficialeffecton
the problemof Pb/Sbgrid corrosion.They showedthat "while not dependenton a definite thickness,
....any effect of over-pastingis due to mechanicalsupportof the corrosionproductat the critical stress
areaswhich thus may delay cracking". In fact, the table in this papershowing the dependenceof the

corrosionlayer thicknesson the location of the layer indicatesthat the thickest corrosionlayer can be
measuredat theplacewherethe activematerialis the thinnest(if presentat aU). AdditionaUy, they found
out that if two pasteswith the samecompositionbut a different density are used,the formation of the
adherentanddensePb02 corrosionlayer is delayedon the plateswith a high densitypaste.Firstly, large

leadsulphatecrystalsareformedthatareafterwardsconvertedto leaddioxideuponcontinuedcycling.

In 1978 [102], Feliu et al. reportedclearly that pastingreducesthe constantCUITent corrosionof lead
antimonygrids. They explainedthis effect by the fact that "the pasteacting itself as an anodedisplaces
[the] anodic reaction from the metal surfacetowards the external surfaceof the paste. Since oxygen

becomesliberatedfar away from the metal surface,the possibilitiesfor a direct reactionbetweenoxygen
and lead decreasea great deal". And in 1978 also [52], Alzieu wrote that his "considerationstend to
attributefor the activemateriala preponderantrole in the protectionof the positivegrid from corrosion".
In this case,the observationbasedon floodedcells in which the placeswheresheddingoccurredsuffered

a dramaticcorrosion.

But in 1995 [95], Garchereportedthat during constantpolarisationof a leadrod, thepresenceof PAM or
evenelectronicallyisolating a-Ah03 aroundthe rod decreasesthe corrosionrate of the rod dramatically.

This measurementsprovedthat the displacementof the oxygenproductionto the surfaceof the active
material,andthe thereforelongerdiffusion time for the oxygenspecieswerenot the main reasonfor the
reductionof the corrosionby pastingasFeliu et al. thoughtit to be. The reducedcorrosionwasprovedto
berelatedto changesin the structureof the corrosionlayer (mechanicalstabilisation).AdditionaUy, if rest

periods are added during the polarisation, the corrosion rate is higher for the same total time of
polarisation.In fact, during rest, the corrosionlayer relaxesand self discharge/corrosiontakesplaceboth
in the cracksandat the lead surfacethat is madereachableby the cracks.The corrosionlayer hasthen
becomeporousthroughoutits entire thicknessand during the foUowing polarisationperiod, the dense

corrosionlayerhasto bebuilt again,goingthrougha phaseof acceleratedcorrosion.
Later on, the mechanicalrelaxationand associatedstructuralmodification of the corrosionlayer during
restperiodswasprovedby ultrasoundmeasurements.[39]

4.1.5 Conclusionoftheliterature studyon corrosion

Underconstantcurrentpolarisationor overcharge,after formation of the oxide layer of critical thickness,

the corrosionrate is constantdependingon time. The corrosionunderpolarisationis a balancebetween
two processes.Firstly the solid state oxidation of lead to t-PbO and a-Pb02, that is limited by the
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transpoltof oxygen ions towardsthe substrateand subsequently,by the oxygenproduction.The second
processis the formation of the porous external layer with a high concentrationof !3-PbOz. This layer

appearsas a result of the relaxation of the stresscausedby the increasein volume of the cOlTosion
productscomparedto lead.Name1y,in the caseof a solid statereaction,forcescandevelopas a resultof
the differencein specific volume betweenthe reactantsand the products.The relaxationtakesplacevia
crackingand the cracks fill up with corrosionproductsfrom dissolutionprecipitationreactions,i.e. p
PbOz. Oncethe first denselayer hasreacheda critical thickness,the fUlther productionof t-PbO and (X

PbOz by a solid stateCOlTosion reactionleadsto excessiveinternai stressand the externalporouslayer

beginsto fonn. The denselayer keepsa constantcritical thicknessand the porous layer develops.The
critical thicknessof the denselayer is dependingon the polarisationconditions,on the natureof the lead
alloy andon the mechanicalstabilisationby activemateria1.

p-PbO z 1 1 Electrolyte
L- _

r--
Y
-_-a-x-js--I

Figure70: Structureof the corrosionlayerundercontinuouspolarisation
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Figure71: Schematicrepresentationof theconcentrationvariationfor the differentcorrosion
pl'oductsin the corrosionlayer
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During rest, as a consequenceof the mechanicalreorganisationof the corrosionlayer, the lead oxide of
the denselayer is reachedby the solution of sulphuric acid and is allowed to convertto lead sulphate.
During discharge,only the externalporouspart of the corrosionlayer is affectedand convertedto lead
sulphate.

4.1.6 Effectofantimony

The reviewingof papersconcerningthe corrosionof leadalloys gaveraiseto manyquestionsconcerning
the effect of antimonyon the corrosionprocess.Of course,sincethis work dealsin first line with valve
regulatedlead-acidbatteries,the alloys that are used are generall antimony free. But the still open

questionson the effect of antimony representeda small challengeand in the following section, an
explanationbasedon the literaturereviewis proposedfor theseeffects.

In presenceof antimony, the corrosionrate of the grid of storagebatteriesis lower and the corrosion
productis betterretained[99]. Simonexplainsthis phenomenonby both the largerspecifievolumeof the
alloy in comparisonwith pure lead andthe dissolutionof antimonybeforeformation of the lead dioxide

corrosionproduct(namely,the primary corrosionproductof leadantimonygrids containsno antimony).
Thesetwo factors leadto a "reducedvolume changein the conversionfrom lead(alloy) to leaddioxide"
anda subsequentreductionof thestressdueto thebiggerspecifievolumeof the corrosionproducts.
By opposition,underconstantpolarisationconditions,an alloy containingno antimonywill showa better
corrosionresistancethanan alloy with antimony [96]. The resultsof Papazovet al. are surnmarisedin
Figure72.

Corrosionrate

.•··•··,

.....1 Constantpolarisation

..., ................
••••• Polarisationwith restperiods

,.
".'.'.', ..'.

Cycling conditions

2% Sb content

Figure 72: Dependenceof the corrosion rate of a lead alloy on its antimony content
for different polarisation conditions [96]

At least,Wagner[26] reportsthat Pb-Sballoys suffer intergranularcorrosionin a much bigger extend
thanPb-Caalloys do.

A listing of thepropertiesof antimonyin leadalloys canhelp understandingtheprocesses.
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• Favouredanodicdissolutionof Sb in comparisonto Pb.
• Increasedintergranularcorrosionin presenceof Sb(relatedto the favoureddissolution).
• Higherspecifievolumeof the Pb/Sballoy in comparisonto purePb.

• Smallervariationof thespecifievolumebetweenthealloy andthecorrosionproductif Pb/Sballoy.

Antimony seemsnot to influencethe dense/porousstructureof the corrosionlayer [101]. In fact, since
antimonyis dissolvedfrom the alloy andis not presentin the corrosionlayer, this is logical.
The importanceof the mechanicaleffects in the corrosionlayer is much increasedby the rest periods,
thereforethe figure of Papazovet al. can be explainedby the balancebetweenthe modification of the
mechanicaleffectsassociatedwith the presenceof antimonyandthe fact that antimonyis preferentially
dissolvedand increasesintergranularcorrosion.For the samepolarisationtime, the morerestperiodsare
insertedbetweenthe polarisationperiods,the more the rate of corrosionrelatedto mechanicaleffects
increases.At constantpolarisation,the effect of intergranularcorrosionis predominantand the presence
of antimony increasesthe corrosion rate. With increasingrest time insertedbetweenthe polarisation
periods, the proportion of corrosion rate associatedwith mechanicaleffects increasesand since the
presenceof antimony decreasesthese mechanicaleffects, with cycling conditions, the presenceof
antimonydecreasesthetotal corrosionrate.
The explanationwhy antimonydiminishesthe appearanceof peL 1 is alsorelatedto the decreaseof the
mechanicaleffectsin the corrosionlayer in presenceof antimony.Sincethedifferencein volumebetween

the alloy and the corrosion product is reduced,the zone of contactbetweenthe grid and the active
material is subjectedto lessstressin presenceof antimonyand the leaddioxide layer resultingfrom the
corrosionhasa low porosity and a high <x-lead dioxide content.Thus the formation of a zone of high

porosity, and consequentlyof low conductivity, is hinderedby use of a lead-antimonyalloy for the
positivegrid.
Facingthis effect of antimony, it is now difficult to find an alloying elementthat allows the corrosion
product to have a lower volume, i.e. an elementthat dissolvesfrom the alloy without entering the
corrosion products. But at the same time, this elementshould not plate the negative electrodeand
decreasethe hydrogenoverpotential.This alloying elementhasto havethe samepropertiesas antimony
but it shouldnot dissolvepreferentially so thatthe intergranularcorrosionis reduced.

4.2 Effect of mechanicalpressureon corrosion

With the mechanismof corrosionexplained,it was of interestto find out whetherthe applicationof
mechanicalpressurehad an effect on the corrosionof lead. For this purpose,the grids of cycledVRLA
cellswereobservedandinvestigationswerecarriedout onpure leadelectrodesoutsideof the battery.

4.2.1 Corrosion measurementunderpotentiostaticconditions

Assumingthat the corrosionproductsdo not leavethe electrodeandthat the utilisation is independentof
the thickness,the amountof leaddioxide containedin a corrosionlayer canbe measuredby discharging
this corrosionlayer. The approximationsare true for relatively thin corrosionlayers. The massof lead
dioxide is thendirectly deducedfrom the dischargecapacityusingFaraday'sequation.

Q =f1 dt (in Ah)

Q =npbD;, * z * F

mpb02 =QxMPh02 / zF
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The dischargecapacitymeasuredwith the set-up describedin section2.8.2 is displayedversus cycle
numberin Figure73.

1 No pressure 1

1,,,,û,,..,...�w�.�~�4�r�·�c�·�· "",
,/.Jk4 1,/,,13

..•.o,,/.J

!// �.�~�.�,�<�I�.�/�·�·�·�·�·�/�f�'
./...û·.··

Low pressure(6 kPa),,/,",,""

J..•..•
è

,,..·.·///··lt',F•.P •·••

1/·/' 'W.@..
I.....·,···/··,,/[f

" 1Mediumpressure(22 kPa:1
",/,i é'"'"

d./.-="

�~

1)'" l-

i::>/"
.. 1 . "'1

.,••".H" , Y 0,0095x + 0.5404
.....p ..;.".,.,.-ù,,·.·".................•. R' 0.9905 -

�i�~�:�:�:�:�/�~ i""

1 1

8

, 7e

o
o 20 40 60 80

Timclh

100 120 140 160 180

Figure 73: Dischargecapacity of the corrosion layer versuscycling time.
In fact, the densecorrosionlayer is almostnot affectedby the discharge,only the outerporouslayer is

participatingin the dischargeprocess.The dischargecapacityof the corrosionlayer increasesmuchmore
rapidly, the lessmechanicalpressureis appliedon the surfaceof the electrode.It meansthat the thickness
of theporouscorrosionlayerdecreaseswith increasingmechanicalpressureapplication.
Thedifferentstepsof thecorrosionprocessareschematisedin Figure74.

A: Lead

B: DenselayerofPbOanda-Pb02

c: Porouslayerof �~�-�P�b�0�2

v: Progressionrateof the corrosionfront

Figure 74: Schematicrepresentationofthe different stepsof formation
of the corrosion layer with increasing cycling time
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At t1 thecorrosionprocessbegins:a thin layerof a-Pb02 deposeson the surfaceof the leadelectrodeand

PbOforms betweenthe lead andthe leaddioxide. At t2, the a-Pb02 layer growsuntil it reachesat 13 the

critical thicknessat which cracksform to relax the mechanicalstressaccumulatedin the layer dueto the
highermolar volumeof the corrosionproducts.At this point the cracksare filled with �~�-�P�b�0�2 and the

porousexternallayerbeginsto form. With increasingcycling time, the internaI layer doesnot grow any
more andkeepsthe critical thickness.1ts front just progressestowardsleadwith the progressionrate v

and the thicknessof the porouslayer increases.This view of the processis of courseidea1isedsinceon
the surfaceof a-Pb02, reactionwith the electrolytetakesplacethat transformspart of the a-Pb02 to �~�

Pb02, but the contributionof the superficial1ayeris believedto benegligib1e.
The fact that for the same number of cycles, the porous corrosion layer thickness decreaseswith
increasingmechanicalpressureis quite logical, with respectto the natureof the corrosion layer. The
applicationof mechanica1pressureis responsiblefor a compensationof the internaIstressthat appearsin
the densecorrosionlayer. This stressappearsas a resultof the biggervolumeof Pb02 comparativelyto
Pb. Thus, by application of mechanicalpressurethe critical thicknessat which cracking occurs is
increased.
Oncethe interna1layerhasthe critical thickness,the systemreachesa kind of equilibrium (after sorne16
cycles)in which the front of corrosionin the 1eadprogresseslinearly with the cycle number.In fact, the
oxygenions needa certaintime to diffuse throughthe denselayer. Sincethe compactcorrosionlayer is
thicker in the caseof higherappliedmechanicalpressure,lessoxygenions reachthe1eadsurfaceandthe
corrosionspeeddecreases,accordingto the first Ficks law.

J = -D oC
0 2- 8x

The flux of the0 2
- ions thusdecreasesif the thicknessof thePb02 layer is increasing.

In our experiment,since the chargingtime is fixed, at eachcycle, the sameamountof oxygenspecies
have time to diffuse to the lead surfaceand thus, the sameprogressionof the corrosionfront happens,
associatedwith a samegrowthof theporouslayer.

As an example,the linear approximationof the variation of the corrosionthicknessis representedin
Figure73 for the e1ectrodeunder22 kPamechanicalpressure(y = 0.0095x+ 0.5404,R2 = 0.9905).The
capacityof the porouslayer increasesof 0.0095 mAs at eachcycle and this approximationhas a good
regressionfactor.

For the experimentswith lessmechanica1pressure,the approximationby astraightline fits not so goodto
the increaseof the porouscorrosionlayer. This is due to the smallercritical thicknessof the denselayer
that canbe easiercrackedon its whole depth.In sucha case,thedenselayer is brokenandhasto build up
again.Therefore,the linear approximationcannotbe made.The evolution of the porouslayer thickness
wou1dmoreresemblethe schemaof Figure75
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Figure 75: Schematicrepresentationof the porous corrosion layer thickness
for different mechanicalpressure.

These experimentsof corrosion on pure lead under mechanical pressure allowed the following
conclusions.

• The corrosionlayerhasa structurewith a denselayerandaporouslayer. The critical thicknessof the
denselayer is constantandonceit is reached,theporouslayergrowslinearly with time.

• The applicationof mechanicalpressureincreasesthecritical thickness.

The application of mechanicalpressurestabilisesthe densecorrosion layer by increasingits critical
thicknessandhindersany breakageof it on its whole thickness.Therefore,at high mechanicalpressure,
the linearapproximationof a porouslayergrowthwith chargingtime is verified.

4.2.2 Mechanicalstabilisationoftheplatestackwith theAJSseparator

The direct effect of mechanicalpressureon corrosionitself wasprovedin the former paragraph.Thereis
an additionaleffect that is encounteredin the AJS cells: the mechanicalstabilisationof the platestackin
the plane of the electrodes.This effect is not presentin cells with other separationsystems,except
possiblyin AGM cells subrnittedto high extemalmechanicalpressure.
In fact, in an AJS cell, the packingof the electrodesis so tight that the possibility for expansionof the
positive grid is very much lirnited. Thus, even if corrosion proceedson the positive grid, the only
drawbackrelatedto corrosionthat canbepresentin the AJS cell is the lossof conductivityof the CUITent
collector. Mechanical stability loss and appearanceof short circuits as a result of grid growth are
preventedby the AJS separator.A schematicrepresentationof the processof deformationof the plate
stackasaresultofthepositive gridcorrosionis madein Figure76.

Figure 76: Schematicrepresentationof the grid growth processin an AJS cell
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The consequenceof this positive grid growth is a deformationof the whole plate stack.It is canbe seen
from Figure77 that the negativeplatedid deforrn in a way similar to the positiveandthat the deformation

of the whole stackleadsto a crackingof the edgesof theseparators.

FigUl'e 77: Picturesof the top of an AJS cell andof a negativeplate
artel" deformationof a platestackby positivegrid growth

This effect is only possiblebecausethe contactbetweenthe platesand the separatoris very tight. If it is
not the case,the processshown in Figure 69 happens.In this case, the gel immobilisation system in

associationwith the separatordoes not provide any mechanicalstabilisationof the positive electrodein
the directionpara11elto theplanof the electrode.

4.2.3 Observationofgrids after cycling

The observationof positiveplatescrosssectionsafterover 1000cycleswasa quite difficult point. In fact,
ail grids arequite corrodedandthe deductionfrom the only crosssectionof the extendto which cOlTosion

did proceedwas not possible.Gnly the subjectiveimpressionthat the mechanicalintegrity of the positive
platewas betterwhenhighermechanicalpressurewas appliedcanbe repOitedhere.A dissolutionof the

positive active material and fol1owing weighting of the remaininglead would havebeenuseful but was
not performed.

4.2.4 Conclusionabouttlte effectofmeclumicalpressureon tltepositivegrid corrosion

• Potentiostaticmeasurementsshowedthat the applicationof a mechanicalpressureon a pure lead

electrodedecreasesits corrosionrate. The COITosionproductshavea higher volume and mechanical
stressbuilds up in the cOlTosionlayer. The releaseof this stressleadsto the splitting of the corrosion

layer in a densepatt and a porous patt. Mechanicalpressureapplication balancesthis stressand

increasesthe critical thicknessof the denselayer from which on the layer cracksandthe porouslayer

beginsto fonn.

• The use of the AIS separatoral10ws an additional diminution of the damagesassociatedwith the

cOlTosion. The high packingdensityof the plate stackal10wedby the utilisation of AIS leadsto less

positive grid growth and thus can solve the problem of life limitation by shOit circuit around the

edgesof the plate stackor loss of mechanicalintegrity associatedwith the corrosionof the positive

gtid.
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• The direct effectof mechanicalpressureon the corrosionprocesswas difficuIt to show in cells after
cycling. The mechanicalstabilisationthrough high packing density seemsto be the predominant
effectwhenusingAJS separators.

Résuméet conclusiondu chapitre concernant la corrosion desgrilles positives
de batteries au plomb.

Après une synthèsebibliographiqueconcernantle processusde corrosiondes la grille positive dansles
batteriesau plomb et un approfondissementde la rechercheau sujet de l'effet de l'antimoine sur le
processusde corrosion,l'effet de l'applicationd'unepressionmécaniquesur la corrosionde la grille de
l'électrodepositiveaétéétudié.
• Il a étémontrétout d'abordpar desexpériencesde voltampèromètriecycliquequel'applicationpar le

biais du séparateurAJS d'unepressionmécaniquesur une surfacede plomb pur diminue de façon
spectaculairela vitessede corrosion.Cet effet est dû à la stabilisation mécaniquede la couchede
corrosioninternedanslaquelledescontraintessedéveloppenten conséquencedu plus grandvolume
desproduitsde corrosionpar rapportau plomb. Sousl'effet de la pressionmécanique,la couchede
corrosiondenseatteint une plus grandeépaisseuravant de se fissurer. La couchedenselimite la
diffusion desions oxygènevers la surfacedu plombpar conséquent,l'augmentationde sonépaisseur
conduitàunediminutionde la vitessede corrosion.

• La diminution de la corrosiondes grilles positive par l'applicationd'unepressionmécaniquea été
observéesur des cellules avec électrodesde type Fauré mais dans une nettementmoins grande
mesureque pour les tests où la pressionmécaniqueétait appliquéedirectementsur la surfacede
plomb.

• L'effet prédominantdansles cellulesavecAJS estunestabilisationmécaniquedu bloc d'électrodequi
empêchela croissancedesgrilles positives.En effet, dansunebatterieavecun systèmede séparation
à faiblespropriétésmécaniques,le bloc d'électrodeestmoinscompactet lorsquela grille positiveest
corrodée,elle tend à croître jusqu'à ce que des morceauxde grille positive dépassentdu bloc
d'électrodeset froment des court circuits sur les côtés du bloc. Dans le cas des cellules avec le
séparateurAJS sur lesquellesune pressionmécaniqueest exercée,le bloc d'électrodesest très
compact et pour pouvoir croître, la grille positive doit déformer avec elle le séparateuret les
électrodesnégativesqui l'entourent. Par conséquent,la croissancedes électrodespositives est
extrêmementlimitée danslesbatteriesavecAJS souspressionmécaniqueet le risquede courtcircuits
par lescôtésdubloc d'électrodesdusà la croissancedesgrilles positivesestgrandementdiminué.
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In order to improve the performanceof the lead-acidbattery, phosphoricacid is the additive most
commonly used for deep cycling applicationsin gel batteries.Surprisingly, while it seemsto have a

positive effect on cells wherethe electrolyteis truly immobilisedandwherethe separatorhasa very thin
porosity, its positive effect in flooded cells and in VRLA cells with AGM separatoris a subject of
controversy.Therefore,the effect of phosphoricacid in the lead-acidbatteryin generalwas investigated
andits interactionwith thenew separationsystemalso.

5.1 Bibliography of the phosphoric acid

The additionof phosphoricacid andphosphatesin the electrolyteof lead-acidbatteriesis alreadyCUITent

since 1900.But until now, despitethe numerousresearchthat hasbeenperformedon that topic, no clear
answerwas found at the questionwhetherphosphoricacid addition is beneficialto the lead-acidbattery
or not. Furthermore,the mechanismby which phosphoricacid influencesthe reactionsin the lead-acid
batterystaysunc1ear.It is proposedthat the phosphatereversibly adsorbson the Pb02 active sites and

modifies its growth from 3-dimentionalto 2-dimentional [103]. The 2D-Pb02 hasa smallersurfacearea

andis moredifficult to reducethanthe 3D form [104]. Leadphosphates[Pb3(P04)2] are claimedto be

presentin the leadcorrosionfilms [105] andhinderpeuby impedingthe reductionof the 2D-form of
Pb02 and thus preventingthe formation of an isolatinglead sulphatelayer. In his review of 1988 [106],

Voss detailsthe earliestwork on phosphoricacid anddescribesthe formation during chargeof lead(IV)
speciesat thepositiveelectrode.
In reference[107], Hullmeine et al. supposethe presenceof Pb(HP04hin the chargedpositive active
material. They a1so observe an "higher electrolyte flow resistancewhich is observed in Eloflux

experimentswith FauréelectrodesafterH3P04addition".
In 1991 [108], Garcheet al. interpretthe action of phosphoricacid as resulting from the formation of a
fine leadsulphatelayeractingasa semi-permeablemembranethat favoursmorealkalineconditionsin the
active massbulk andthereforepromotesthe formation of a-Pb02• They also showthat H3P04 hasonly

an effect whenpresentduring the chargeof the positiveelectrodethus it influencesthe only oxidationof
leadsulphateto leaddioxideandnot the reversereductionreaction(seea1so [109]).
In 1992 [110], Doeringet al. explainthe fact that thepresenceof phosphoricacidhindersthe formationof

a passivationlayer betweenthe grid and active material of the positive e1ectrodeby the fact that lead
sulphateof very fine structureprecipitatesat dischargeof the corrosion layer, thus preventingfurther
discharge,i.e. the subsequentformationof large leadsulphatecrystalsandre1atedsulphation/insulationof
the corrosionlayer.

While mostauthorsobserveno effectofphosphoricacidon thebehaviourof thenegativeelectrode[103],
in 1993,S. Venugopalanfinds out thatphosphoricacid decreasesthe hydrogenevolutionon the negative
e1ectrodeof 1ead-acidbatteries[111]. Sincethereis a direct relation betweenthe hydrogenevolution on
the negativeelectrodeandthe corrosionrateof the positiveelectrodeof a VRLA battery,this increaseof

thehydrogenoverpotentialis responsiblefor a decreaseof the corrosionof thepositivegrid.
ln 1997[112], E. Meissnermakesa useful review about phosphoricacid as an additive for lead-acid
batteriesin electricvehicle applications.Table 16 tries to give an overview of the effectsof phosphoric
acid addition.
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Positiveeffect Drawback

Increasescycle life[l04] Capacitylossin the initial cycles[104]

Reducescorrosion[104] Formationof leaddendrites(mossing)[104]

Reducesthe irreversiblesulphation[104] Poorlow temperatureperformance[104]

Reducesselfdischarge Increasedpotentialof thepositiveelectrode[107]

Reducedsheddingof PAM Passivationof thepositiveelectrode[109]

HindersPCLl by antimonyfree grids Increasesthe solubility of Pb4+ species,oxidative

Betterlow temperatureperformance[113] for the separators[106]

Table16: Summaryof the advantagesanddrawbacksof the additionof phosphoricacid

But the effect of phosphoricacid is a subjectof controversysincefor example,while a decreaseof the
low temperatureperformancein presenceof the additive is reportedin [104], an increaseis reportedin

[113]. Still thereseemto be a lot of work to be donein orderto explaintheprocessby which phosphates
andin particularphosphoricacidaffect the lead-acidbattery.It seemsthat the effectof phosphoricacid is
stronglydependingon the separationsystemusedandon the applicationthe cel1/batteryis usedfor.
Additionally, the mode of action of phosphoricacid is no elucidatedyet. The purposeof this work was

alsoa contribution toa betterunderstandingofhow phosphoricacidactsin a lead-acidbattery.

5.2 Resultsconcerningtheinfluenceof phosphoricacid

In this section,our purposewasto testsmall additionsof phosphoricacid in the electrolyteof AJS cells.
In fact, the positiveeffect of phosphoricacid in gelledcells is alreadyknown for long. And AJS is only a
few more than a "gel in slices". Therefore,the effect of phosphoricacid was testedoutsidethe cell and
afterward,in theAJS cell in comparisonto cellswith the samedesignandno phosphoricacid.

5.2.1 Cyclic voltammetryonpurelead

In order to observethe influenceof phosphoricacid on the positive and the negativeelectrodes,cyclic
voltammetrywas performedon pure lead electrodesin the positive and negativepotential ranges.The
potential was varied by 5 mV each secondand the potential measuredagainsta mercury/mercurous
suphateelectrode.

Figure78 showsthatthepresenceof 0.2 moUl (Le. 19.59g/l) H3P04 in the electrolytehasa strongeffect
on the positive electrode.The oxidationpeakis shiftedtowardsmorepositivepotentialsandoxidation is
almosttotally impeded.As a result, the reductionpeakis very small andit is alsoshiftedto morenegative
potentials.
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Figure78: Cyclic voltammogramin the positivepotentialrangewith andwithout phosphoricacid

in theelectrolyte(d= 1.28g/cmJ,5 mY/s, [H3PÛ4] = 0.2 mol/l= 19.59g/l)

By opposition,the presenceof phosphoricacid orny shifts a little bit the hydrogenformation peakon the
negativeelectrodewithout affectingthe Pb/PbS04 reactions(Figure79). This is exactly in accordwith ail

the resultsreportedin the literature.
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5.2.2 Phosphoricacidandelectricalperformance

It wasoften claimedthatthe additionof phosphoricacid in the lead-acidbatteryleadsto a decreaseof its
capacity,in thebeginningof its life for sorneauthorsor durablyfor sorneothers.
Our different measurementsshowedthat the presenceof phosphoricacid hasonly a very small effect on

the high rate dischargecapacityafter sorne10 acclimatisationcyclesbut decreasesthe low ratecapacity.
An illustration of this is madeby representingthe variation in capacitybetweena C/2 dischargeand the
following C/5 dischargefor different separation/immobilisationsystems.Theseresultsconcernthe ceIls
describedin section3.3.1.1. Figure 80 is showingthe middle value of the calculationmade for many

consecutiveC/2 andC/5 cyclesaIl alongthe life of the cells. The relativevariationbetweenthe C/2 and
the C/5 capacityis not influencedby the ageof the cell or battery.AlI cells presentedin Figure 80 have
the sameplatedesignandaresubrnittedto the sameinitial externalmechanicalpressure.
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Figure80: Increasein capacitybetweenthe C/2 andtheC/5dischargerate.

The low rate capacity is decreasedby the addition of phosphoricacid in comparisonwith the same
cell/batterycontainingno additive. The high rate capacity in presenceof phosphoricacid is almostnot
affectedand thus, the cells/batteriescontainingphosphoricacid areless sensitiveto the dischargerate.
This resultis fully in accordwith theresultsof Meissner[112].

The comparisonof the cycling behaviourof AJS ceIls underdifferent initial mechanicalpressureswith
andwithout phosphoricacid in their electrolyteis shownin Figure81.
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Figure81: Evolution of the dischargecapacityversuscycle number
for AJS ceUswith andwithout phosphoricacid

At low pressure,the cycling life is significantly increasedby adding phosphoricacid while at higher

mechanicalpressure,the benefitof phosphoricacid addition is morequestionable.The surprisingpoint is
that at the end of life, for a sameinitial mechanicalpressure,the cells with and without phospholicacid
havea similar behaviour,thusmaybeshowingthat aftera while, thephosphoricacid losesits effect.

5.2.3 Mechanica[pressureandtheeffectofphosphoricacid.

The evolution of the mechanicalpressuretransfelTedto the walls of an AJS lead-acidcell with and

without additionof phosphoricacid in its electrolyteis shownin Figure82 for cycle 100.

20

15

10

....--c
0

<lJ......
::l

U
-5

-10

-15

-20
1200

AISwith PA

1000800

1AiS wjthout PA 1

600400200o
20 'f------,r-----r----.----.-----r-----r---L

40...--------------------------r

35
.:t:

<lJ...
::l
�~
�~

<lJ...
Q. 30
0;
�.�~
c
"..c
'"'"�~ 25

Timc /min

Figure82: Evolution of the mechanicalpressureduring cycle 100
fOl' AJS ceUswith andwithout phosphoricacid



123 Chapter5. Phosphoricacid

During cycle 100, for two cells with the samedesignand initial mechanical.the mechanicalpressure
evolution is different if the electrolyteis addedof phosphoricacid or not. Namely, the increaseof the
mechanicalpressureduring dischargeis smallerin presenceof phosphoricacid.
This smaller increaseof the mechanicalpressureduring dischargein presenceof phosphoricacid is

observedduring the beginningof life but is not markedany more after sorne350 cyclesas canbe seen
from Figure83.
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Figure83: Mechanicalpressurevariationduringdischargeversuscyclenumber
for two AJS cells with andwithout phosphoricacid.

As reportedin section 3.5.1, the variation of mechanicalpressureduring dischargeassociatedwith the
growth of the lead sulphatecrystals is steadyover cycling life for the cell without phosphoricacid,
independentlyof the cell capacity.For the cell containingphosphoricacid, this variationdecreasesin the
beginningof life until cycle 100 andincreasesthenuntil reachingthe level of the cell without phosphoric
acid. The decreaseof this variation may be associatedto a progressivelyhigher adsorptionof the
phosphoricacid in the first 100 cycles.After that, a processof degradationof the phosphoricacid or of
"passivation"of the "phosphoricacid effect" takesplace.Phosphoricacid canbe lost in the formationof
inactivecompoundslike e.g.Pb.3(P04)2 or PbHP04. Nevertheless,it canbe observedthat until the endof
life, for a samecapacity,the increaseof mechanicalpressureduring dischargeis still higher for the cell
containingno phosphoricacid (cycle900).
In Figure84, the comparisonis madebetweenthemechanicalpressurevariationduring dischargeandthe
dischargecapacityof the AJS cell with phosphoricacid andlow mechanicalpressure.Surprisingly,in the

beginningof life, a correlationcan be found betweentheseboth parameters.The correlationdoesnot
exist for cells without phosphoricacid and for the cells with phosphoricacid, the dependencedisappears
aftersorne300 cycles.
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In conclusion,for a samedischargecapacity,the mechanicalpressureon the cell walls increasesless if
the cell containsphosphoricacid. Sincethe presenceof phosphoricacid leadsto a finer crystallisationof
the lead su1phate,one can concludethat the growth of severa1small crystalsexert a smallermechanical
stresson the structureof the positive active material than the growth of less crystals of bigger size.

Concemingthe crystallisation,phosphoricacidactsasif theelectrodehadbeendischargeat ahigherrate.
The effectof phosphoricacid seemsto be limited in time.

5.2.4 Blleetofphosphorieaeidon thepotentialofpastedeleetrodes

Figure85 showsthe influenceof phosphoricacidon the cellspotentialevolutionduring charge.
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AU ceUshavea sirnilar capacity(exceptAIS PA 80 kPa that lies a bit higher than the others)andare in

the beginning of their life (they already perforrnedsorne 115 cycles). Independentlyfrorn the initial

externalrnechanicalpressure,the potentialof the ceUscontainingPA increasesrapidly at the beginningof
charge,it reachesthena kind of plateaubeforeit increasesagainsteeplyat the endof the constantCUiTent

periodof charge.By opposition,the potentialof a ceU containingno phosphOllcacid increasesconstantly

forrn the beginningto theendof the constantcun'entchargingperiod,

The positiveelectrodeis responsiblefor thesedifferent behaviours.For the chargereactionof the positive
electrodeto proceed,a higherpotential is neededin presenceof phosphoricacid. This was shownby the

displacernentof the oxidation peak towardshigher potential in the cyclovoltammetricalrneasurernents.

Thereforea strongoverpotentialbuilds rapidly up on thepositiveelectrodein presenceofphosphoricacid
andthe chargehappens.

5.2.5 Phosphoricacidandgasformation

The rneasurernentof the arnountof gas ernittedby the ceUs during the chargingprocessis presentedin

Figure86.
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Figure86: Evolution of theCUiTentandvolumeof gasreleasedve.·suschargingtime

for differentceUs

Theseresultscon'elateperfectlywith the evolutionof the potentialof a ceU during charge.As a resultof
the strongpolarisationof the positiveelectrodeearly in the charge,in the ceUscontainingphosphOllcacid

(i.e. either the AIS ceU with phosphoricacid or the gel cell) sorne gas is releasedvelY early in the
constant CUiTent period, The ceU voltage at the valve opening for the different ceUs is reported in

Table 17.
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CeU description AverageceU voltageat ventopeningN

Gel (PA) 2.18

AJS PA 30 kPa 2.18

AGM 2.35

AJS 80 kPa 2.33

AJS 60 kPasprings 2.34

AJS 30 kPa 2.36

Table 17: Averagecell voltageatventopeningfor differentcells.

Gassingbeginsat a low ceU voltage in the ceUs containingphosphoricacid. In theseceUs, while the
negativeelectrodeis not polarisedyet, the positive electrodeis stronglypolarisedand oxygenis already

evolvedat low ceU voltagesand at low statesof charge.This cOll'e1ateswith the resultsdeliveredby the
cycling voltammetty that showed a displacementof the potential of the oxidation reaction of lead
sulphatesto lead dioxide towardsmore positive regions.The overpotentialof the oxygenevolutionmay
be increased,but sincethe positiveelectrodeis morepolarised,the oxygenformation beginsearlier in the

charge.

5.2.6 Oxidativeeffectofphosp/wricacid

The AJS separatorperformedvelY weU in the ceUs and batteriesand the electrical results were velY
satisfyingboth in presenceand in absenceof phosphoricacid. Thepostm0l1emanalysisshowedthat the
AJS separatoris absolutely intact after cycling in ceUs without phosphoricacid. In presenceof the

additive, the very externalsurfaceof the AJS separatorthat was in contactwith thepositiveelectrodewas
a bit cOlToded.

.' ,.
Figure87: Pictm'eof theseparatorforrn theAJS80 kPabatterywith sornerestpositiveactive

rnaterialon the top partand the thin cOlTosionlayer' in white
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Thewhite layeronecanobservein Figure87 was analysedby EDX andprovedto consistof pure silicon
(SiOz). The silicon oxide is coming from the separator.After the matrix of polyethylenehas been
corroded,only thesilicon oxide is left.
Lateron, Daramicmodifiedthe formulationof the AJS separatorin orderto improveits resistanceagainst

oxidation and the new formulation proved to perform weIl and have bettermechanicalcharacteristics
after450 cycles.The superficialcorrosionin presenceofphosphoricacidis reduced.
The oxidative effect of phosphoricacid in the lead-acidbatteriesis weIl known and associatedwith its
stabilisationofthe leadIV species(seereference[106]). The high potentialof the positive electrodethat

we demonstratedin section5.2.4is a partofthis sameprocess.

5.2.7 Phosphoricacidandcorrosion

5.2.7.1 Negativegrid corrosion

The corrosionof the negativepole seemsto be increasedon the top lead of the cells that contained
phosphoricacid. This remarkis only of quite subjectivenaturesinceit baseson the only observationof
the top leadof thenegativestackat the openingof cellsandbatteries.Thereseemedto bemore"sulphate
flowers" on the top leadasweIl ason the edgesof the negativeplatesanda quite thick white layeron the
top lead Figure 88. This remarkis only relevantby documentingthe fact that the lead sulphatemay be

moresolublein sulphuricacidaddedof phosphoricacid.

AGM cell after 1050cycleswithout phosphoricacid AJS batteryafter650with phosphoricacid

Figure 88: Pictures ofthe negativestrap at openingaCter cycling with and without phosphoric acid

Additionally, it seemedto be of interestto point out the possiblyincreasednegativetop leadcorrosionin

presenceof phosphoricacid since this result correlateswith the increased"oxygen effects" that are
observedin section6.1.
As a lastpoint, the highersolubility of the leadII ions could alsoexplainwhy the developmentof forces
is smallerduring dischargein presenceof phosphoricacid. Namely,a highersolubility of the leadII ions

would imply a smaller over-saturationand thus, a smaller force developmentbasingof the theory of
crystalgrowth in pores.
Thesepoint would needfurther studyto be demonstrated.

5.2.7.2 Positive grid corrosion

The cell containingphosphoricacid showeda betterintegrity of the positive grid at the endof life after

sorne1000full C/2 cycles.In the sameway as in the experimentson corrosionwithout phosphoricacid,
this allegationwas difficult to documentsincethe positive grids of the cells that underwentover 1000
cycleswereaIl quitebadlycorroded.
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After 650 cycles, while the gel and AGM batteriessufferedquite pronouncedtop grid corrosion and

associatedgrid growth, the AJS batterieswerestill healthy. It rneansthat two contributionsarepresentin

the AJS cells containingphosphoricacid that needto be differentiated:the one of the phosphoricacid

itself andthe rnechanicaleffect. Both the rnechanicalpressureappliedvia the separator(seesection4.2.1)

and the expansionrestrictionprovidedby the separator(seesection4.2.2)are very important facing the

problernof corrosion.

In orderto proveanyeffectof phosphoricacidon corrosion,rneasurernentswereperforrnedon leadgrids.

First, sincethe usual industrialprocessesusesorne30 g/l phosphoricacid in the electro1yte,we prepared

11 electrolytesolutionof 1.28 g/crn3 sulphuricacidwith 30 g phosphoricacid. In this solution, a positive

grid consistingof 1eadcalciumalloy wasp1acedbetweentwo negativepastedplatesof 48 Ah capacity..

Thepositivegrid wassubjectedto cyclesbasingon the sarneideaasthe corrosiontestin section4.2.1 but

the regirnewas galvanostaticand not potentiostaticas in section 4.2.1. The typical behaviourof a lead

calciumgrid in sulphuricacidat the density1.28g/crn3 is shownin Figure89.
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Figure89: Dischargecapacityof thecorrosionlayerversuscyclenumber
in sulphuricacid (d=1.28g/cm3

)

The dischargecapacityof the porouscorrosion layer increasesprogressivelywith cycle nurnber. After

sorne400 cycles,this increaseis sloweddown. The cyc1ingregirneof the grid is shownin the figure. It
baseson galvanostaticchargeanddischarge.
The cycling regirne in the electrolyte with phosphoricacid was a bit different. The regirne and the

evolutionof the dischargecapacityof the corrosionlayerarepresentedin Figure90.
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Figure 90: Dischargecapacity of the corrosion layer versuscyclenumber

in electrolyte with phosphoric acid

The presenceof phosphoricacid affectsdrastically the grid corrosionin the usualpotentialregion. The
dischargecapacityof theporouscorrosionlayer is extremelylow andthis effect is not only attributableto

the lower charge/dischargeintensity. For increasingthe corrosion,the value of the chargelimit voltage
wasincreasedbut with no significanteffect. Thedischargecapacityevendecreasedwherewe would have
expectedanincrease.

Theseresultsshowclearly that the presenceof phosphoricacid dramaticallydecreasesthe corrosionrate
ofleadcalciumgrids. In ref. [114], the authordescribesthe adsorptionofperfluorinedsurfactantsandthe

mechanismof adsorptionandreductionof surfacetension.At high stateof charge,the positive electrode
surface is chargedpositively. If one imaginesthat the phosphateions are adsorbedon the electrode
surfacewhenthe surfaceis chargedpositively, it meansthat the adsorptionhappensonly at high stateof
chargeof the electrode.Even more, thereseemto be a dependencebetweenthe corrosionrate and the

electrodepotential in presenceof phosphoricacid. The higher the positive electrodepotential,the lower
the corrosionrate. It canmeanthat morephosphoricacid is adsorbedon the positiveelectrodehindering
moreandmorethe leaddioxideformation.

The thin layer of white materialcoveringthe surfaceof the positive grid at the end of the measurement

afterchargewasanalysedby X ray diffraction. Thediffractogramis shownin Figure91.
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Figure91: Diffractogramof the materialcoveringthe leadgrid
aftercycling in electrolytecontainingphosphodcacid

The extemalpatt of the cOlTosion layer proved to consistof lead, lead dioxide, lead sulphateand lead
phosphate�[�P�~�(�P�0�4�)�2�]�. K. Bullock [105] alreadyfound such lead phosphatesin the con'osionproduct.
Additionally, a kind of white "skin" did fOim that deposedon the bottom of the containerin which the
measurementwas performed.This skin was initially believedto consistalso of lead phosphate.It was
analysedandprovedto bepure leadsulphateof the Anglesiteform!
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Figure92: Diffractogramof the materialcomposingthewhite "skin" presentin theelectrolyte
aftercycling of the grid lead in sulphudcacid addedof phosphoricacid.
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The apparitionofthis "white skin" mustbe relatedto the adsorptionof the phosphateson the siteswhere
either the lead dioxide or the lead sulphatewould have deposed.The most probable mechanismis
explainedin the following lines.
During chargeat high potential, the adsorbedphosphatesblock most of the sites where lead dioxide

would precipitate.The solubility of the leadN speciesis increasedandlots of lead N ions arepresentin
solution.
At the beginningof discharge,the surfaceof the electrodeis still positively chargedandthe desorptionof
the phosphateshappensonly slowly. As the potentialof the electrodedecreases,the lead N speciesare
reducedto leadII andthe precipitationof the first leadsulphateshappenson the few numberof sitesthat
arenot blockedby the phosphates.The further leadsulphatesprecipitationhappensthenpreferentiallyon
the few germsthat arepresentandthe growthof the sulphatetakesplacetowardsthe solutionandnot on
the electrode.Thus leadingto the formationof the "white skin ".

A schematicrepresentationof the differentstepsis presentedin Figure93.

Charge Discharge

Figure 93: Schematicrepresentationof the adsorption of the phosphatesduring charge

and of the precipitation of the leadsulphatesduring discharge

Our experimentfor the determinationof the effect of phosphoricacid on corrosion delivered three
interestingresults.

• The corrosionrate of a tin calciumgrid is drasticallydecreasedin presenceof phosphoricacid. This
effect is due to the adsorptionof phosphateson the active sitesof the grid whereleaddioxide would
haveformed. This blocking of the reactionsites for the lead dioxide is responsiblefor an increased
solubility of leadN speciesandthe high oxidativeeffectof phosphoricacid in leadacidbatteries.

• The adsorptionof the phosphatesseemsto be driven by the potential of the positive electrode.
Therefore,the higher the positive grid potential, the slower the corrosionrate. But this point needs
moreinvestigationto be clearlyassessed.

• During discharge,the lead sulphateprecipitate on the only few sites that are unblocked at the
beginningof discharge.The growth of the sulphatesthengoeson the few germsthus forming a chain
of smallleadsulphatecrystalsthatgrowsin the solution.
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5.2.8 Structuralchangesil1 thepositiveactivelIlateria[ duetop/wsphoricacid

When cycled with phosphoricacid, the cells/batteriesshow out an unusualshapeof the surfaceof the
positiveelectrode.Thepictureof Figure94 representsa positiveplateat the battelY opening.It is a plate
from the AJS batterycycled under80 kPa externalmechanicalpressureafter it hasperfolmedsorne650

cycles.

FigUl'e 94: Surfaceof a positiveplateat theopeningof a batteryaftel' cycling with phosphoricacid

Onecanobservethe externallayerof brightercolour that is like a crust.This layer is easyto removefrom
the plate.The materialthe layer consistsof is also very brittle. Therefore,it wasalmostimpossibleto cut
crosssectionsfrom the positiveelectrodesthatwould still be integer.

Figure 95 show a view of the whole electrodessections.Sornepiecesof the surfaceare failing on the
bottom of the picturesbecausethe external layer did breakout. In the sameway as for the cells under
mechanicalpressurewithout phosphoricacid, oneobservesa layeringof the positiveactivematerial.

Gel battelY AJSPA 30 kPacell AJS PA 80 kPabattery

Figure95: SEM picturesof the positiveactiveelectrodesfrom ceUsandbatteries
cycledwith phosphoricacid
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Layer A The externallayer at the surfaceof the plate correspondsto the "crust" of brightercolour that
was observedat the openingof the cells cycled with phosphoricacid in Figure 94. This layer is very
brittle, differing in this frorn the external layer of batteriescycled without phosphoricacid. When only
little rnechanical pressureis appliedon the cell, layerA is rnuchthinnerascanbe seenfor the gel cell on

the first pictureofFigure96.

Gel battery AJSPA 30 kPacell AJS PA 80 kPabattery

Figure 96: SEM pictures ofthe externallayer of positive activeelectrodesfrom cellsand batteries
cycledwith phosphoric aeid

While layer A constituteda part of the positive electrodecycledwithout phosphoricacid, in presenceof

the additive, layer A has a much different aspectand is also absolutelynot tightly boundto the active
material. The picture showscracksthat developin layer A perpendicularlyto its surface.The cracksare
orientatedtowardsthe inside of the electrode.They mostly not reachthe outer surfaceof the electrode.
They seemto comefrom the defonnationof the activematerialin the internaIpartof the electrode.

The compositionof layer A wasanalysedwith the microprobe.It consistsof leaddioxide, eventhe small
bright crystalsthatcanbeobservedparticularlyat high pressure.

Layer B. The inside of the electrodehas a quite complicatedstructure.For the gel battery, the A-B-C

layering cannotbe observedwhile for the AJS cell andbattery,a thin layer B is present.As canbe seen
on Figure97, theleaddioxide aggregatesthat fonn the intennediarylayerhavea shapesimilar to the ones
of the layer B of the AGM cell or the AJS cell after cycling underlow externalmechanicalpressurebut
with a higherporosity.
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AJSPA 30kPacell AJS PA 80 kPabattery

Figure97: LayerB of andAJScell andanAJS batteryaftercycling.

Layer C The inner part of the positive platescyc1edwith phosphoricacid hasa much unusualaspect.
Oneobservesarandomdispositionof aggregatesof varioussize.
On a SEM picture, the densityof the compoundobservedis responsiblefor the contrast.The denserthe

compound,the brighter its colour on the SEM picture. For the AJS cell/batterycyc1edwith phosphoric
acid, placescan be observedthat consistof a bright compoundsurroundedwith a darker areas(see
Figure98).

Gel battery AJS PA 30kPacell AJS PA 80 kPabattery

Figure 98: InternaIlayerof the positiveelectrodeaftercycling
in a gel batteryandin AJS batteryandcell.

Figure 99 c showsthe detail of the interfacebetweentheseregions. They prove to consistof a dense
material surroundedwith a more porous one. The microprobeanalysesdemonstratedthat the internaI
partsof theseagglomeratesconsistof leaddioxide. The compoundsurroundingthebright zonescontains
sornephosphor(in the rangeof 2 atom%)andthe materialprovednot to be stableunderthe beam.One
could observethe formation of a bubbleunderthe carbonplating and the elementanalysisdid not go to

l.,.
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100%. A deeperanalysisof the compoundwas not realisedthat would show for exampleif one is in
presenceof a hydrogenatedcompound,whatcouldexplainthe instability underthebeam.

New positiveplate Gel battery AJSPA 30 kPacell

Figure 99: SEM pictures of the internailayerof a new positive plate and platescycledwith
phosphoric acid in a gel battery or in an AJS cell

Thepositiveactivematerialfrom the internaIlayerof the cells cycledwith phosphoricacid is evendenser

than the material from a new plate. It can be seenby comparingpictures band c with picture a from
Figure 99. It meansthat a material reorganisationtakesplace in which lead dioxide migratesfrom the
externalpart of the plateor the outsideof the aggregatestowardszonesthat aremore in the insideof the
plate or in the inside of the leaddioxide aggregatesand are that way lessexposedto the phosphoricacid

adsorption.

5.3 Conclusionabout the effect of phosphoric acid

The effect of phosphoricacid is an inhibition of the chargereactionby hinderingthe threedimensional
growth of the lead dioxide and subsequentlypromotinga fine crystallisationof the lead dioxide formed
during charge.The subsequentdischargeof the PbÛ2 formed in presenceof H3PÛ4 is also inhibited and
allows the formationof fine leadsulphatecrystals.

When phosphoricacid is adsorbedon a surface,it blocks the precipitationsites for lead dioxide. Thus,
lead IV ions are presentin higher concentrationin the solution and this is the reasonwhy lead dioxide
precipitatemore finely as a resultof the higherover-saturation.Theseions are alsosusceptibleto diffuse
to places where no phosphoric acid is adsorbedand precipitate there. This is the most probable

mechanismto explain the aggregatesof high density we observedin the positive active material after
cycling with phosphoricacid.
Disappointingly, a full global explanationof the effect of phosphoricacid on the positive electrode
processescouldnot be found.
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Résuméet conclusiondu chapitre concernantl'acide phosphorique.

Après une synthèsebibliographiquemontrant que l'effet de l'addition d'acide phosphoriquesur les
performancesde la batteries au plomb est un sujet controversé,différentes influences de l'acide
phosphoriquesont étémontrées.

• D'une façon générale,il est acceptéque l'acide phosphoriquen'a pas d'effet sur les réactions
électrochimiquesde l'électrodesnégative.Notre étudea montré que les potentielset intensitésdes
réactions dans un milieu d'acide sulfurique concentréne sont effectivementpas modifiés. En
revanche,la présenced'acidephosphoriquesembleaccroîtrela corrosiondescollecteursde plomb de
l'électrodenégative des batteries fermées où le film d'électrolyte est mince et la réduction de
l'oxygèneseproduit.

• L'addition d'acide phosphoriqueà l'électrolyte d'une batterie au plomb agit principalementsur
l'électrodepositive en modifiant la précipitationdu dioxyde de plomb. Les sitesde précipitationdu
dioxydesdeplomb étantenpartiebloquéspardesespècesphosphatesadsorbées,la solubilité desions
plomb IV estaccrue.Le milieu devientainsi plus oxydantpour le séparateuret les surtensionsdes
réactionssur l'électrodepositive sontaccrues.En outre, la corrosiondu plomb pur esttrès affectée
par la présenced'acidephosphoriquedansles expériencessurgrilles mêmesi ceteffet estatténuépar
la présencede matièreactive dansles batteriesavecdesplaquesde type Fauré.Il ressortfinalement
de nos expériencesque l'effet de l'acidephosphoriquessur les performancesde cellulesou batteries
construitesavecle nouveauséparateurestplutôt positif mais sembledécroîtreau fur et à mesuredu
cyc1age.Pour obtenirun batterieà grandeduréede vie, l'applicationd'unepressionmécaniqueest
finalementbeaucoupplus efficaceque l'addition d'acidephosphoriquemêmesi cettesecondepeut
être bénéfiquepour les performancesde la batterieen débutde vie dans la mesureoù une charge
permettantune forte polarisation de l'électrode positive a été appliquée à la celluleibatterie.
L'adsorptionde l'acidephosphoriqueet donc son efficacité esten effet dépendantedu potentielde
l'électrodepositive.
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The history of the VRLA batteryandthe different technologieswere alreadyreviewedin sections1.5.2
and 3.2. The phenomenonthat allows the constructionof suchmaintenancefree batteriesis the oxygen
cycle. Theprinciple of the oxygencycle is simpleandschematisedin Figure 100. During charge,oxygen
is evolved on the positive electrode as a result of the unavoidable secondaryreaction of water
decomposition.With respectto the electrodesdimensionand the stateof chargeat which oxygen and
hydrogenevolution begin on each electroderespectively,oxygen is formed on the positive electrode
while the negativeelectrodeis still in the chargereactionandthe hydrogenproductionhasnot begunyet.
The oxygencanmovefrom the positiveto the negativeelectrodevia gaschannelsin the separatoror via
the gasspace.Whenoxygenreachesthenegativeplate,thereductionof theoxygenis predominanton the
chargereaction.Thusthe electrodeis depolarisedby oxygenreductionandno hydrogenproductiontakes
place.Half cell potentialmeasurementsundertakenby Mahatoet al. [115] prove this chainof happenings
in theoxygencycle.

Negative
electrode

Positive
electrode

Figure 100: Schematicrepresentationofthe oxygencycle

Of course,the full efficiency of the oxygen cycle can only be obtainedfor chargingcurrentsbelow a
certainlevel. Above this level, the transferof the oxygento the negativeelectrodeis limiting. Too much
oxygen is evolvedwhich cannotbe fully "recombined"on the negativeelectrodeand must be vented
throughthe valve.
But even if the charge/overchargecurrent is low enoughso that the oxygencycle is fully efficient, the
corrosionof the positive gridtakesplaceandthe part of the chargingCUITent that flows in the corrosion
mustbe compensatedby hydrogenformation on the negativeplate [116]. It meansthat evenin the best
configuration,an overpressurewill build up in the cell. The batteriesmust thereforebe equippedwith a
ventthatallows thereleaseof gaseswhenthepressureincreases.
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Dependingon the separationsystemandon the initial electrolytesaturation,the evolutionof oxygenon
the positive electrode,the transferfrom the positive to the negativeand the reductionon the negative
electrodecan be different. Thesestepsalso changeover the life of the cells and batteries.Therefore,it
becameimportantto look closerat the oxygencycle in cells andbatterieswith thenewAJS separator.

In fact, the oxygencycle is a phenomenonwith still somequestionsopenyet. The rate at which it must
proceedis a subjectto controversysincea fully efficient oxygencyclepreventsextremewaterlossbut it
is also responsiblefor higher heatproduction, leading in extremecasesto thermal runaway(28] and
[117]). Additionally, whenthe oxygenproducedat thepositiveplateincessantlyattainsthenegativeplate,
theelectrodecannotreacha full stateof chargeandmaybecomesulphated.
The way oxygengoesfrom the positive to the negativeplate, if throughthe separatoror acrossthe gas
space,is still underinvestigation[118].
As a last point, the reactionby which the oxygen is reducedon the negativeplate is also subjectto

discussionsaswell asthe factorsaffectingthis "recombination".
With all thesequestionsstill open,the oxygencycle in AJS cellswasinvestigated.

6.1 Observationof thegaseffectstroughmechanicalpressurerecording

6.1.1 Mechanicalpressureduring onecharge

Figure 101 displaysthe evolutionofmechanicalpressureduring chargefor an AGM cell in the beginning
of its cycling life. The original measuredcurvewas split betweenthe contributionof the activematerial

andseparator,andthe contributionof the gaseffects.
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Figure101:Evolutionof the mechanicalpressureon theAGM cell walls anddifferentcontributions
to the mechanicalpressureduringonecycle in thebeginningof cycle life

During charge, in the beginning, the pressuredecreaseis associatedwith the relaxation of the stress
causedby the lead sulphateson the structure.Justat the end of the constantCUITent chargingperiod, a
force peakcanbe observedthat is causedby the oxygenformation. In the following minutes,the oxygen



139 Chapter6. Oxygencycle

evolutiondecreases,thenthe oxygenrecombinationtakesplaceresultingin a quick pressuredecrease.In
this periodof charge,the contributionof the force decreaseby oxygenrecombinationis muchhigherthan
the shrinkageof the activemateria1.At the endof charge,gasformationtakesplaceagain,this time with
formationalsoof hydrogen.
The mechanicalpressurereachesa minimum during the constantvoltageperiod. This minimum is even
lower than the pressureat the beginning of discharge,thus showing either a delay in the spring
characteristicsof the AGM separatoror a partial crushof the separator.Onecanmakethe approximation
that at that time, no additionalhydrogenhasbeenformed in this cycleyet andthat almostaIl the oxygen
evolvedwasreduced.Then,the extrapolationof the mechanicalpressurerelaxationcurve (in blue) is not
the reflectionof the stresscurve during discharge.This is a characteristicrelatedto the AGM separator
andmuchdifferentfrom thebehaviourof anAJS cell.
The red curve is an approximationof the gas pressurecontribution to the total mechanicalpressure
recorded.The reducedoxygen generationduring the constantvoltage chargeperiod is causedby the
increasingpolarisation of the negative electrode(lower available amount of PbSO4, starting of the
hydrogengeneration).As the negativeelectrodedominatesthe single electrodepotentials,the increased
polarisationof the negativeelectrodelowers the potential of the positive, causinga reducedoxygen
productionduringconstantvoltagecharge.
At the endof charge,the oxygenflow increasesagainandhydrogenformation takesplaceas almostaIl
the lead sulphatehas beenconvertedto active material in the chargedstate (Pb and Pb02). The ceIl
observedhereis valve regulatedand oxygenreductiontakesplaceon the negativeplate. Thus hydrogen
formation is minimisedbut we showedthat evenif the oxygencycle is fully efficient, during overcharge,
the corrosion of the positive plate imposessorne hydrogen formation at the negative electrode. In
reference[119], gasflow measurementsthroughthe valve of a VRLA corroboratethe shapeof the red
gas curve and measurementsof each electrodepotential during an ru charge confirm the potential
behaviourofthepositiveandnegativeelectrodeproposedhere..
During rest,after the endof charge,the mechanicalpressuredecreasecorrespondsto the reductionof the
remainingoxygenon thenegativeplate.
For the samecycleasshownin Figure 101,Figure 102 superimposesthe mechanicalpressureevolutions
on thewalls ofAJS ceIlswith andwithoutphosphoricacid.

Ji.;.;. _,'
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Figure102:Evolutionofthemechanicalpressureduringcycle75 for AJScells

with differentelectrolytesat thesameinitial mechanicalpressures

For an AJS cel1, almostno oxygenpeakis observableat the endof the constantCUITent periodaswel1 as
only a smoothgaspeakat the endof charge.This is the resultof a slow oxygenrecombination.The gas

spaceis alreadyfilled with the gasesof the previouschargeandundera pressurenearthe valve opening
pressure.The further gasevolutiononly leadsto a smal1increaseof the mechanicalpressureuntil the vent
opens.The intensityof the initial mechanicalpressurehasno effecton the "gasbehaviour"of the cel1.
We canconcludethatAJS cel1soperatenearthe openingpressureof the valvejust from the beginningof
cycle life and the mechanicalpressurecurve over one cycle reflects quite exclusively the mechanical

behaviourof the activemateriaVseparatorsystem.

In presenceof phosphoricacid, the peaksaremore markedandthe oxygenreductionduring restalso. It

could meanthat the oxygen cycle is favoured by the presenceof phosphoricacid but to confirm this

affirmation, more investigationsare neededwith oxygensensorsregisteringthe oxygenpartial pressure
during cycling andduring overcharge.

6.1.2 Evolutionoverlife ofthegaseffects

The shapeof themechanicalpressureduring chargeover life suggestmodificationsof the cel1sbehaviour

concemingthe oxygencycle.
The first effect is the decreasewith increasingcycle life of the peak associatedwith the oxygen
productionat theendof the constantCUITentperiod.It canbebestobservedfrom Figure 103 thatconcems
the AGM cell. At the endof life, the peakis reducedto a shoulderas is the caseright frOID the beginning

in the AJS cel1s.
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Figure103:Mechanicalpressureon theAGM cell walls at differentagesof thecell

The decreasein the oxygencontributionis dueto the accumulationover life of hydrogenin the cells gas
space.Hydrogenis producedduring chargeand overchargeof the cell. And while oxygenis reducedon
the negativeplate,the producedhydrogenaccumulatesin the gasspaceso that the pressureat the endof

restafter rechargeincreasesprogressively.Thus,the pressureincreaseuntil the vent opensis limited and
the height of the peakassociatedwith the oxygenproductionat the endof the constantcurrentcharging
perioddecreaseswith increasingcyclenumber.
When the vent opens,both oxygen and hydrogenare vented.After recombinationduring the constant
voltageperiod of the oxygenpresentin the gasspace,the gaspressurecan increaseagainat the endof

chargeresultingfrom theoxygenandhydrogenevolution.
Onecansupposethatthe AGM separatordoesnot crushany moreaftersorne300or 400 cycles.But even
at cycle 809, the markedmechanicalpressuredecreaseunder the value of the dischargebegin can be
observed.It would meanthat the hypothesisof a "AGM relaxationde1ay"is the correctoneandthat the

AGM separatorneedssornetime beforeit fully recoversits thicknessafter is hasbeencompressed.
For an AJS cell containingno phosphoricacid, the mechanicalpressureevolutionduring onecycle is not
modified with increasingcycle life. Fromthe beginningon, the oxygengenerationpeakat the endof the
constantcurrentchargingperiod is reducedto a shoulderandthereis no observablemodificationof the

recombinationbehaviourover life.
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Figure104:Mechanicalpressureevolutionfor onecycle at differentagesoftheAJSPA 30 kPacell

In presenceof phosphoricacid, the mechanicalpressurepeaksassociatedto gasformation during charge
are much sharper.With increasingcycling life, the gas shoulderat the end of the constantcurrent
chargingperioddoesnot disappearasnotedfor the AGM cell.
In conclusion,while the gaseffectsdo almostnot contributeto the evolutionof the mechanicalpressure
during onecycle in AJS cellswithout phosphoricacid, in AGM censandAJS cellswith phosphoricacid,
at least during charge, the measuredmechanicalpressurecurves are strongly influenced and even
sometimesdominatedby the gassing/recombinationconditionsand in addition,by the flexible separator
for AGM. Both influencesare loweredwith increasednumberof cycles(gasspacefilled with hydrogen,
AGM separatorcompressed)and therefore,the mechanicalpressurecurvesget closerto the mechanical
expansionshrinkageof theactivemateria1.

6.2 Recombinationefficiency

6.2.1 Currentrepartition andrecombinationefficiencydetermination

During the chargeandthe overchargeof a lead-acidbattery,the currentat the positiveelectrodecanbe
consumedby in the following reactions:

Normal chargereaction (1)
Positiveactivematerialformation (2)
Organicmaterialsoxidation (3)
Hydrogenreduction (4)
Positivegrid corrosion (5)
Oxygenevolution (6)

For the determinationof the oxygenrecombinationrate,manytechniqueshavebeendevelopedandan of
themrely on measurementsduring overchargeor rest. The reactionof chargeof the positiveactivemass

r'·, ,". ;.
J \'.,0 • �~

h' ,;
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(1) canthenbe neglectedas weIl as the rest formation of the positive activematerial (2) providedsorne
cycleshavebeenperformedbeforethe measurement.

Symanskiet al. [120] show that the oxidation of organic materials (3) can be neglected,leading to a
maximal erroron the oxygenrecombinationrate of 0.02%in the worst case.With the increasingtrendof
the manufacturersto add organic fibres to the active material for a bettermechanicalintegrity of the
plates,this low errormayneedto bereconsideredbut it shouldnot increasetremendously.

The hydrogenreduction(4) is almostnot measurable,accordingto e.g.RuetschiandMahato.

The corrosionCUITent (5) canbe determinedon a baregrid. As showedin section4, the corrosioncurrent

is higher in absenceof active material. Anyway, it also canbe neglectedas it representsa correctionof
lessthan2% of the overchargeCUITent [121].

As a consequence,the approximationthat only oxygen evolution (6) occurson the positive electrode
during overchargeleadsto a maximalerroron therecombinationrateof about3%.

The earliesttechniqueto determinethe oxygenrecombinationraterelied on the water loss of the battery
determinedby gravimetric method.The hypothesisis that inefficiency in the recombinationleadsto a
waterloss.The maximalpossiblewaterloss for a given overchargeCUITent is ca1culatedandcomparedto
the effectivewaterlossmeasured.
But very smallwaterlossescouldnot be weightedevenif sorneventedgascouldbe observed.It became
clear that the abovemethod did not lead to reliable results in short time experimentsand the newer
techniquesfor the evaluationof recombinationrate are basedon the compositionmeasurementof the
ventilatedgasesor of thegasin the free spaceafteroverchargeor underopencircuit conditions.

Onefirst techniquefor measuringthe oxygenrecombinationefficiency (ORE) consistedin measuringthe
quantity of hydrogenreleasedby the vent and comparingthe deduced"hydrogencUITent" to the total
overchargecurrent.

[ORE] = 1 -IH *100
1

Then Symanskideterminedthe ventilatedgas compositionutilising gas chromatography.The currents

correspondingto the measuredquantity of oxygenventedfor a given overchargeCUITent and time are
ca1culatedaccordingto theFaradayslaw. It resultsin the following oxygenrecombinationefficiency :

1
[ORE] = (1- oxygenvented ) * 100

Ioverchar ge

This techniqueis quite expensiveandneedsagassamplingthat may disturb the system.In addition, the

compositionof the sampledependson thesamplingplaceifno mixing chamberis added.

In 1987,W. B. Brecht [122] proposedan easymethodto evaluatethe effect of diverseconditionson the
recombinationof oxygen.The hypothesisis the following: as long asthe oxygenreductionoccurson the
negativeelectrode,this electrodeis no polarised.The dependenceof the negativeelectrodepolarisation

on the chargingCUITent is plottedasweIl asthe batterypolarisation.The effectof different conditionsare
deducedfrom the way the polarisationcurvesareshifted.This techniquecanbe usedon a bareelectrode
but is difficult for measurementson pastedplatesin real cells.
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In 1991,Dietz andal. [123] measuredthe cell pressureduring galvanostaticoverchargingandaftercircuit
opening.The oxygenreductionrate dependson the oxygenpartial pressurewhile the oxygenformation
dependson the overchargecurrentand time. Then, for eachoverchargecUlTent, the pressureevolution in
the batteryreachesa plateauafter a while, when the oxygencycle is fully achieved.At this point, the

overchargeCUlTent andthe oxygenreductionCUlTent havethe samevalue.Theproblemis that this plateau

is neverreachedin a practicalcase.During the overcharge,the oxygenevolvedon the positive electrode
is either reducedon the negativeor remainsin the free spaceof the battery. If the circuit is then opened
and maintainedin an openstate,the total pressurein the free spacedecreasesbecauseof a reductionof

the oxygen and at the end, the only remainingpressurecorrespondsto the hydrogen.The part of the
CUlTent con"espondingto the oxygenreductionduring the overchargeis then the differencebetweenthe
overchargecUlTent andthe CUlTent deducedfrom thepressuredecreaseunderopencircuit conditions.

The abovementionedmethodhasthe advantageto be easyand to requirea singlepressuresensor in the

free spaceof the battery.No gascompositionanalyseis neededintroducingno problemof homogeneity.
Further techniquesrep0l1edin the literature are basedon a compositionanalysisof the gas in the free
spaceof the battery,eitherwith chromatographyor Ramanspectroscopy.Their high costand complexity
makethemdifficult to use.

6.2.2 Recombina/ionefflciencyofan AJScell

The equipmentshownon Figure 105 was usedfor measuringthe recombinationefficiency of different

cells.

Oxygensensor

Figul'e 105: Pictm'eof the recombinationefficiencymeasurementdevice.

The celis wereequippedwith compressionbarsin orderto prohibit a rapid degradationof the cells due to
a total absenceof externalmechanicalpressure.The escapinggasvolumewasmeasuredandthe pressure

andoxygenpartial pressurein the gasspacewererecorded.Themeasurementwasperformedfor different
overchargecurrentsandthecurvesobtainedarepre"sentedin Figure 106.
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Figure106: Evolutionofthepressureandoxygenpartialpressurein thegasroom

during overchargeat differentcurrentsandrestfor anAGM cell andan AJS cell

• During overcharge,the pressurein the gasroom increasesrapidly for both cells until it reachesthe
valveopeningpressure.At aboutl09 kPa,thevalveopensandthepressurestaysconstant.

• During overcharge,the oxygenpartialpressurein the gasspaceincreasesmuchslowerin the AJS cell
than in the AGM cell. This is a sign for a little oxygenrecombinationin the AJS cell. Namely,when
oxygendoesnot reachquickly the negativeelectrode,hydrogenis evolvedbecauseno depolarisation
of the negativeelectrodetakesplaceand the gas spaceis filled with stoechiometrieproportionsof

oxygenandhydrogen.It meansan oxygenpartialpressureof about35 kPa.

• A surprisingphenomenontakesplace in the AJS cell: at the momentthe CUITent is increased,the
oxygenpartial pressuredecreasesbefore it increasesagain, as is nonnally expected.And when the
CUITent is decreased,e.g. at the beginningof rest,the oxygenpartial pressureincreasesshortlybefore

it decreases.It would speakfor the AJS systemin favour of a phenomenonof oxygenadsorptionor
more probably,a certainpressureof oxygenbuilds up on the positiveelectrode.This "oxygendelay"
is specifieto AJS.

• During rest, the oxygenpartial pressuredecreasesmuch quicker in the AGM cell as a sign of the
betteroxygenrecombination.Figure 107showsthis pointmorein detail.
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Figure107:Evolutionof theoxygenpartialpressureduringrestaCterovercharge
for anAGM cell andanAJS cell

The recombinationtakesplaceis both cells until the oxygenpartial pressurereacheszerokPa. It is a sign

for the goodtightnessof our cells. But the recombinationis muchslowerin the AJS cel1 thanin the AGM
cell. If onerepresentsthe logarithmof thepressuredependingon the time, the first portionof the curveis
a straightline which slopeis over5 timeshigherfor the AGM cell that for theAJS cell. It meansthat
Ln (P)=At and as a consequencethat dP/dt=AP. The recombinationrate dependson the oxygenpartial

pressureandfor a samepressure,it is 5 timesquickerin theAGM cell.
In Figure108, the volumeof gasescapingfrom the cell during overchargeat different currentsaswell as
the theoreticalmaximumvolumeof gasthat could haveescapedarerepresentedassumingstoechiometric
proportionof 1/3 oxygenand2/3 hydrogen.
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Figure108:Volumeof gasescapedduringoverchargeandtheoreticalmaximalgasvolume.
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At lA overcharge(aboutC/50 rate), the oxygenis fully recombinedin the AGM cell from the beginning
of overchargeon while in the AJS ceIl, half of the gas that could theoreticallyescapecanbe measured.
With increasingoverchargecunent,even in the AGM cell the oxygencycle is not fully efficient. With
increasingoverchargetime, the cells recombine better and better. This can be associatedwith the

increasednumberof free channelsthat are appearingin the separators as a resultof dtying out or liquid
expelling but also to heat effects that catalysethe oxygencycle. The oxygen recombinationefficiency
(ORE) calculatedfrom this measurementis shownin Table 18

OverchargeCUITent /A AGMORE/% AJS ORE/%

1 100 62

2 91 34

3 (beginning) 49.33 25

3 (after 8h) 82 56.66

Table18: Oxygenrecombinationefficiencyduringoverchargeof an AJS ceU andan AGM ceU

In conclusion, the AGM cell has a much more efficient oxygen cycle than the AJS cell but during

overcharge,a cet1ainamountof oxygenis recombined,evenin AJS cells.

6.3 Transferof oxygenfrom the positiveelectrodeto the negativeelectrode

6.3.1 IR picturesfor thedeterminationoftherecombinationsites

The oxygen reductionreactionis highly exothermic.Therefore,it may be possibleto look at the places
wherethe oxygenreductiontakespredominantlyplacewith help of an infra red camera.Theplaceswhere
the recombinationtakesplaceare the placeswhereoxygenis predominantlyavailableand it may thus be
possibleto differentiatebetweena transferof the oxygenthat takesplacepredominantlyh'oughthe gas

spaceand a transferthat takespredominantlyplacethroughthe separator.Basingof this idea, cells with
different separationsystems were observed in different positions with the IR camera while they
undetwentovercharge.Thesecells were at the beginningof their life and thereforenot at their optimum
of recombinationefficiency. The ideaof an IR picturing of VRLA cells was alreadyusedby Giess [124]

who could investigate thermal phenomenain VRLA AGM batteries. He was able to see the
inhomogeneitiesbetweenthe different cells of one batterymonoblocduring dischargeand charge.The
electrolytedrainagein tall cells could alsobe observed.

Figure109: IR pictUl'esduring overchargeof an AJS cell andan AGM cell at the beginningof their
life
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It was difficult to concludeabout the recombinationbehaviourof the cells on the baseof theseonly

pictures.The different effects of the electrolyterepartition, of the voltage drop on the CUITent collector

and of the oxygenrecombinationitself were not possibleto dissociate.The only conclusionthat canbe
madeis that evenin the AJS cell, where there is free room at the sidesas well as at the top, it was not

possibleto seea localisationof theheatgenerationat the peripheryof thenegativeplate.This observation
speaksa lot in favour of a transferway thatgoesthroughthe separator.

The cells were tilted and left in this position for 2 weeks. The overchargemeasurementswere then

repeatedand it could be observedthat once again, the warm placewas the highestpoint of the cell. It

meansthateithera drainagelook placethat liberatedgaschannelsin the separatorsin thehighest third of

the cell or that the oxygenis going up by convection.The secondexplanationis the mostprobablesince
for cells tilted to 90° andimmediatelyovercharged,thehot spotmovesalsoto thehighestplaceof the cell

evenif therewasnotenoughtime for a newrepartitionof the electrolyte.

6.3.2 Oxygentransfer trough the AJSseparator

In order to quantify the amount of oxygen that is able to go through the separatordependingon its
saturation in e1ectrolyte, measurementswere undertakenin agascell which principle is shown in

Figure110.

Oxygensensor

Figure 110: Schematicrepresentationofthe oxygentransfer measurementdevice

A piece of separatoris first fully saturatedin water and insertedbetweentwo platesof Plexiglas.Both

half cells are initially purgedwith nitrogen.The first half cell is then floodedwith oxygen.In the second

half cell, nitrogenis sentwith a regulatedflow rate so that the pressuredifferencebetweenthe two half
cells is controlled. On the "nitrogen side" of the equipment,an oxygensensoris fixed that measuresthe

partial pressureof oxygenin the nitrogenflow. Oncethe oxygenflow is tumedon, the sensorrecordsthe

oxygenpartialpressureevolutionin the nitrogenflow.

After a while, the oxygenflow throughthe separatorhaspartially dried it out. For different valuesof the

cOITespondingoxygen partial pressurein the nitrogen flow, all flows are interrupted,the separatoris

promptly removedandthe pieceof it that allowedthe oxygentransferis cut andweighed.The separator

pieceis thendried andthe dry weight is recorded.Thevolumeof the separatorpieceis determinedandits
saturationat the endof themeasurementis calculated.

The oxygen diffusion coefficient in calculatedon the baseof the Ficks law as shown in the following
equations.

:)4600 �\�l�i�I�.�U�:�T�1�S�L�E�~�>�N�A�N�C�Y
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C*F
cI> = C*(F + cI> ) = --

02 02 l-C

F*E*C
D=----

A *(1- Cr

cI> O
2

=oxygen flow through the separator 1m31s

D =oxygen diffusion coejjicien t 1m21s

C = fraction of oxygen in the nitrogen flow

E = separator thickness1m = 1.45 *10-3

F = nitrogen flow Im 3 1s = 8.33 *10-7

-4A =diffusion surface1m2 =0.7854 *10

With thesedata,the dependenceof the oxygentransfercoefficienton the saturationof the separatorcan
be drawn.The dataconcemingtheAGM separatorin Figure 111 is takenfrom reference[23] andwasnot
measuredin our laboratory.

In this measurement,the differenceof pressurebetweenthe two half cells wassetbetween20 and40 mm
water (0.2 to 0.4 kPa) and the result provednot to be modified by the variation of the pressurein this
range.
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Figure111:Diffusion coefficientof oxygentrougha separatorversusseparatorsaturation.

For a samesaturationof the separator,the oxygendiffusion coefficientis about10 to 100timessmallerin
AJS than in AGM. It would meanthat for a saturationof the AJS separationhigherthan70%, practically
no oxygentransferwould takeplacetroughthe separator.For example,the diffusioncoefficientat about
75% saturation(D=2*lO'4 cm2/s ) would correspondsto an oxygenrecombinationcurrentof 242 mA (for

a cell with 6 negativeplatesand a diffusion surfaceof 182 cm2 if the oxygen diffusion is the limiting
factor for the reduction).
But we measuredoxygenrecombinationcurrentsof over 0.5 A during overchargeat a saturationof over
95%of the AJS cell. Therefore,the transfermusttakeplacevia anotherway.
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The oxygentransferwasprovednot to takeplacepreferentiallyvia the gasspaceby IR picturingbut the
transfercoefficientof oxygentroughthe AJS separatormeasuredat low pressuredifferencesbetweenthe
two sidesof the separatoraretoo low to explainthehigh oxygenrecombinationcurrentsobserved.Basing
on the shapeof the oxygenpartial pressurecurvesobtainedduring overchargemeasurements,the ideaof

the formationof an oxygenpressureon the positiveelectrodeappearedto be coherent.This theorywould
alsoexplainthe shapeof the activematerialin theAJS cell cydedundermechanicalpressure.Namely,as
shownagainin Figure 112, the corraloid structureof the active material looks like a network of caves
producedby a fluid underpressure.

Figure112: Intermediarylayerof the positiveelectrodeof anAJScell aCtercycling

The AJS separatorhasan averageporesizeof 0.19 /l1l1 but the total porosityconsistsin volume of 10%

poresof 1.59 /l1l1 diameterand90% poresof 0.012 /l1l1 diameter.The pore size distribution of an AJS

sampleis shownin Figure 113.
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A gaspressurehigherthanthe capillary pressurein the pore is neededto expel liquid from a pore. Thus
the requiredgaspressureis inverselyproportionalto thepore size. It meansthat largeporescanbe easily
freedof their electrolytewhile smallporesstayfilled.
The Laplacepressurewas given in section 3.4.2.2as PL=2y/rp for a round poresof radius !p. With the

estimation that the surface tension of the AJS separatoris in the range of the surface tension of
unmodifiedpolyethylene[125], i.e. y '" 34 mJ/m2

, the Laplacepressurein the pores is representedin

Table 19.

Porediameterlm Laplacepressure/kPa

1.59*10-6 85.5

0.19*10-6 715.8

0.012*10-6 11333.3

Table 19: Laplace pressurein the pore dependingon the pore diameter

basingon a surface tensionof AJS of 34 mJ/m2

It meansthat the oxygenpartial pressurethat canbuild up on the positiveelectrodeis possiblysufficient
to free the largest poresof the AJS separatorof their electrolyte.The transferof oxygenis thenpossible

via the gas channelswith a diffusion coefficient correspondingto the diffusion of oxygen in the gas
phase.The measurementof this "pneumaticeffect" in the oxygentransferwasnot undertakenin the set
up for transfer coefficient deterrninationbut it can explain the fact that the oxygen recombination
efficiency is betterin practicethanthe onethat canbe deducedfrom thediffusion coefficient.

The lastmechanismby which oxygentransfercantakeplacefrom thepositiveto thenegativeelectrodeis
"a preferentialadsorptionandexchangemechanismon the surfaceof amorphoussilica chains"described
by Brecht[126]. In this mechanism,"a flip-flopping of bondedspecies"takesplaceat the surfaceof the
silica "whereinoxygenandhydroxyl groupsexchangeplaceswith respectto surfacesilicon atoms".
Since the AJS separatoralso consistsfor the biggestpart of silicon dioxide, this mechanismis also

susceptibleto takeplacein VRLA AJS cells. A real quantificationof the oxygentransferrate associated
with this "silica effect" wasneverundertakenandwe couldfind no precisedescriptionofthis mechanism.
Brechtonly observedthat in all the VRLA batterieswith separation/immobilisationsystemsconsistingof
silica, the oxygentransferrateswerehigher thanthosecorrespondingto the only transfertroughthe gas

channels.Whenseparatorscontainingno silicaweretested,muchlower transferratescouldbeobserved.

6.4 Conclusionabout the oxygencycle

The oxygenrecombinationwas shownto take placemuch slower in AJS cells than in AGM cells as a
resultof thehigherelectrolytesaturationandof the smallersizeof theporesin the AJS separator.
Evenif slowerin the AJS cells, the oxygencycleproceedsat a measurablerateduring overchargein AJS
lead-acidcells. There are three ways how the transfer of oxygen can take place from the positive

electrodeto the negativeelectrode.They arerecapitulatedin the following schema.
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1 1: acrossthe gasspace

2: diffusion throughtheseparatorin the poresfilled with electrolyte

3: diffusion throughtheseparatorin the biggestporesfree of electrolyte

Way 1. The transferof oxygenfrom the positive to the negativeplatewas shownby IR picturesnot to
takeplacepreferentiallyvia the gasspacesurroundingthe electrodes.
Way 2. A measurementof the oxygen diffusion coefficient through the separatordependingon the
separatorsaturationwas undertakenthat also provedthat the oxygentransferhappensvia anotherway
thanthroughsimplediffusion throughthesaturatedseparator.

Way 3. It is well probablethat a diffusion via gas channelstakesplacewhen an oxygenoverpressure
buildsup on thepositiveplatethatexpelsthe electrolytefrom the largestporesof the separator.
Way 4. The last transfermechanismthat is susceptibleto take place in an AJS cell is a mechanism
associatedwith the presenceof silica. This mechanismwasnot provedyet but canwell alsotakeplacein
AJS cellswheretheAJS separatorconsistsprincipally of silica.

But theoxygencycle is not a targetby nature.It is only an expedientto avoida limitation of the lead-acid
cellibattery life by drying out in maintenancefree designs.The electrical tests showedthat the AJS

cellslbatterieshave a longer cycle life than cellslbatterieswith anotherseparationsystemand a better
recombinationefficiency. It meansthat the quantity of electrolyte presentin the AJS cell from the
beginningis sufficient to allow the cell to performover 1000full cyclesandthe point of the slow oxygen
recombinationis thereforenot critical for theAJS cells.
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Résuméet conclusion du chapitre concernant l'effet du nouveau séparateur
AJS sur le cyclede l'oxygènedans lesbatteries au plomb fermées.

• L'observationde l'évolution de la pressionmécaniquesur les parois de cellules au plomb fermées
ainsi quela mesurelors d'expériencesde surchargedespressiontotaleet pressionpartielled'oxygène
ont permisde démontrerquele phénomènede recombinaisonde l'oxygèneseproduit beaucoupplus
lentementdansles cellulescontenantle nouveauséparateurAJS. Cet effet est lié à la porositéplus
faible du séparateurAJS et aux plus petites dimensionsde ses pores ainsi qu'à la saturationen
électrolyteplus importantedescellulesavecAJS.

• Mais si le cycle de l'oxygèneestmoinsperformantdansles cellulesavecAJS que dansdescellules
avecun séparateuren fibre de verre, il a tout de mêmelieu. Desmesurespar camérainfrarougesont
prouvéquele transfertde l'oxygènede l'électrodepositiveà l'électrodenégativene seproduitpasde
façon prédominantepar l'espacegazeux qui entoure le bloc d'électrodes.La déterminationdu
coefficientde diffusion de l'oxygèneà traversle séparateuren fonction de la saturationen eaude ce
dernier a en outre délivré des valeurs très bassesdu coefficient de diffusion pour les saturations
rencontréesdansles batteriesquandla différencede pressionentreles deux côtésdu séparateurest
faible. Ces faibles valeursne suffisentpas à expliquer les courantsde recombinaisonde l'oxygène
mesuréslors d'expériencesde surcharge.Par conséquent,les transfert de l'oxygène se produit
probablementen phasegazeusepar le biais de canaux qui sont libérés de leur électrolyte par
l'accumulationd'oxygènesur l'électrodepositive. Un calcul de la pressionnécessaireà libérer les
plus gros pores du séparateurconfirme la plausibilité de cette hypothèseau même titre que
l'observationde la variation de la pressionpartielle d'oxygènedansl'espacegazeuxde la batterie
lorsquele régimedesurchargeestmodifié.

• En dernierlieu, il est importantde remarquerque le cycle de l'oxygènen'estpasunefin en soi mais
un moyenpour éviter la limitation de la duréede vie d'unebatterieferméepar son dessèchement.
Nous avonsprouvéque les celluleset batteriescontenantle nouveauséparateurpeuventdélivrer de
l'ordrede 1000cyclesprofondssanssouffrir depénuried'électrolyte.

En conclusion,un cycle de l'oxygènese produit dans les cellules/batteriesavec AJS et mêmes'il est
moins efficace que pour d'autressystèmesde séparation,il ne représentepas une limitation pour le
systèmeAJS. La quantitéinitiale d'électrolyteprésentedansles cellulesest suffisantepour assurerune
duréede vie trèssatisfaisante.
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Achievementsof this Ph.D. work
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The suitability for VRLA applicationof a new separationsystemcalledAJS andits ability to improvethe
cycle life of lead-acidbatteriesvia durablemechanicalpressureapplicationwasdemonstrated.
The applicationof mechanicalpressureis not able to fully hinderthe expansionof the positiveplatebut

leadsto a morehomogeneouspositiveactivematerialutilisationprovidedonly very few ftee room is left
for the active material expansion.Additionally to the betterutilisation of the positive active mass,the
applicationof mechanicalpressureis alsoresponsiblefor a lower corrosionrateof pureleadgrids andthe
associationof the new separationsystem with a tight electrode packing provides a mechanical

stabilisationof the plate stack,thus hinderingthe positive grid growth processandthe diseasesthat are
associatedwith it. The applicationof mechanicalpressurehasthe drawbackto causea compactionof the
negativeactive material if the negativegrids are overpasted.The use of a non-compressibleseparator
allows the developmentin the lead-acidbatteryof a self compressioneffect that promisesa technically
easymanufactureof "pressurebatteries"providedthe batterycaseis hard,the platesurfaceis regularand
thenegativeplatesarenot overpasted.
Phosphoricacidwasaddedin AJS cellsandprovedto decreasethe corrosionof thepositivegrid, possibly
increasethe negativetop lead corrosionin VRLA batteriesand improve the oxygenrecombination.The

positiveeffect of the phosphoricacid on the dischargecapacityat high dischargeratescouldbe observed
in the beginningof life providedsufficienthighpositiveplatevoltagesareachievedduring chargebut this
effectprovedto progressivelydisappearwith increasingcyclenumber.
The utilisation of the new separationsystemleadsto a lower recombinationof the oxygen in the cells
whereit is used.But the AJS cells arenot sensitiveto the initial saturationin electrolytein the beginning

of life and our measurementsshowedthat the cells and batteriescan last for 1000 full cyclesat a C/2
dischargerate. Therefore,the level of recombinationof the AJS cells can be consideredas sufficient
becauserecombinationis only an expedientnot to havethe life limited by drying out.

Perspectives

While this work gave answersto open questionsconcemingthe lead-acidbattery, each answerwas
associatedwith two new questionsa is usualin research.

In first line, it wasnot possibleto find a satisfyingglobal explanationfor the differenteffectsthe addition
of phosphoricacid has on the lead-acidaccumulatorand for the disappearanceof its influence with
increasing cycle number. For this reason it would be interesting to further investigate the effect
phosphoricacid can have on the oxygen cycle in lead-acidbatteriesas well as on the positive and

negativegrid corrosionandto measurethe dependencebetweenphosphoricacid adsorptionandpositive
platepotential.
Secondly,the effectof mechanicalpressureon the corrosionof positivegrids shouldbe observedaswell
asthe influenceof the activematerialon it in terrnsof thicknessanddensity.

Thirdly, this Ph.D. work proposesa "recipe" for the elaborationof an improved battery. It would be
interestingto producesucha batteryandverify the resultsfound in this work.
As a last point, many different ways exist for improving the lead-acidbattery for cyc1ing applications.
One particularly interestingway that was not followed here could be the improvementof the specific

energyby varyingthe characteristicsof the activematerialsandadoptinga thin platedesign.
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It is possibleto develop a lead-acidbattery that has sufficient performanceto be suitable for electric

vehicle application. But even if such a battery is produced, the user will have to adapt its driving

behaviourbecauseit will takea long time beforea zeroemissionvehicle is built thathasthe samedriving

characteristicsas a car with a combustionenginein term of driving rangeand of power. Therefore,the

short term future of the hybrid vehicle is more promising than for the zero emissionvehicle for what

concemsthe private car becausethe hybrid vehicle is characterisedby a small diminution of the

emissionswithout affecting the qualities of power and driving range.ZEV have a chanceto get some
partsof the marketonly in the caseof fleets in which the driving rangeis not primordial andwherethe

fast chargingis possible.

Additionally, it is heartbreakingto admit that on a global point of view, a ZEV vehicle is just as much

polluting as a car with combustionenginethat consumes3 litres of oil for 100 km. This is due to the

global energymix that is usedfor electricalenergyproduction(seeFigure 1 in the introduction). In fact,

theproductionof electricity for loadingthe batteriesgeneratesasmuchgreenhousegasesasa combustion

engineof low consummation.Of course,this is only true as long aselectricity is not producedon the base

ofrenewableenergy(Le. PV, bio-mass,water,wind...) or nuclearenergy.Therefore,while developingan

accumulatorsuitable for the ZEV, the problem of the energy mix and of the minimal part of the

renewableenergiesin it hasalsoto be solved.

Naturally, on a local level, the limitation of the emissionby usingZEV is very important. In mostof the

cases,pollution is only a questionof concentrationand the nature is able to absorblarge quantitiesof

polluting agentswhen they are diluted. By usingZEV, the diseaseassociatedwith high concentrationof

greenhousegasescanbereducedin the cities andthe quality of life canbe dramaticallyimproved.

Nearthe greenhousegases,a car is alsoa sourceof "noisepollution" andin this field, the electricvehicle

is unbeatable.

As a lastpoint, onehasto takethe problemsoneafter the other.The extendeduseof electricvehicleswill

presentmanyadvantagesfrom an environmentalpoint of view andthe questionof the energymix for the

productionof electricalenergyis alreadythe subjectof a lot of research.Thework presentedin this Ph.D.

thesisis a contributiontowardsa betterunderstandingof the lead-acidbatteryandan improvementof this

battery systemfor "environmentfriendly" applications.It inserts itself in the global researchwork that

putsscienceon serviceof sustainabledevelopment.
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L'utilisation d'un nouveauséparateura pennisd'améliorerles perfonnancesmais surtoutla duréede vie
de batteries au plomb fennées. Cette amélioration est liée aux bonnes propriétés mécaniquesdu
séparateurqui estcapablede transféreraubloc d'électrodesunepressionmécaniqueet de la soutenirtout

au long de la vie de la batterie.
L'application d'une pressionmécaniquesur les parois d'une cellule au plomb pennetde restreindre
l'espacevide que la matièreactivepositivepeutoccuperlorsquesastructuredevientplus poreuseau fur
et à mesuredescycles.Lorsquel'espaced'expansionest limité, d'unepart un squelettede particulesde
dioxyde de plomb densémentaggloméréesse fonne qui rend la matièreactivepositiveplus robusteà la
décharge.D'autrepart, à forts taux de décharge,une utilisation plus homogènede la matièreactive sur
toute l'épaisseurde l'électrodeestautorisée.Ainsi, la restrictionde l'espaced'expansionestun élément
primordial du design d'une batterie qui peut être contrôlé par l'intensité de la pressionmécanique

extérieure exercée.
L'utilisation du séparateurAJS penneten outrede diminuerla corrosiondesgrilles positiveset les effets
qui lui sont associés.Tout d'abord, la pressionmécaniquetransféréeaux grilles positives diminue la
vitesse à laquelle elles se corrodent. Ensuite, le séparateurAJS stabilise le bloc d'électrodesen lui

donnantune grandecompacité.La croissancede la grille positive liée à la corrosionest ainsi limitée et
ainsi les risquesde fonnationde courtcircuit par le dessusdubloc d'électrodes.
L'addition d'acidephosphoriquedansune cellule auplomb fennéecontenantle nouveauséparateurpeut
améliorerencoresesperfonnancesà fort courantde déchargeen début de vie dans la mesureoù un
régimede chargeappropriépennettantune forte polarisationdesélectrodespositivesestappliqué.Dans

un tel cas,l'adsorptionde l'acidephosphoriquesur les électrodespositivespennetune fine cristallisation
du dioxyde de plomb liée unehautesolubilité des espècesplomb IV qui ont tendanceà précipiterlà où
l'acide phosphoriquen'estpasadsorbéet à augmenterla compacitédes agrégatsde dioxyde de plomb
dans l'électrodepositive. L'influence de l'acide phosphoriqueperd toutefois en intensité au fur et à

mesurequele nombredecyclessubispar la batterieaugmente.
Enfin, une cellule au plomb/AJS fennée se caractérisepar un cycle de l'oxygènemoins efficace. Ce
cycle a tout de mêmelieu dansune certainemesuregrâceau transferten voie gazeusede l'oxygènede
l'électrode positive vers l'électrode négative par le biais des plus gros pores du séparateur.

L'accumulationd'oxygènesur l'électrodepositivequi conduità unedifférencedepressionentreles deux
côtésdu séparateurpennetde libérercesporesde leur électrolyte.Ainsi, unerecombinaisonde l'oxygène
a lieu qui, mêmesi elle estplus lente que dansdescellulesavecd'autressystèmesde séparation,suffit à
nepaslimiter la duréede vie de l'accumulateurau plomb/AJSfennépar le dessèchement.

Ainsi la production d'une batterie à perfonnancesamélioréesen cyclage peut être réalisée sans
applicationde pressionmécaniqueextérieurepar l'utilisation du phénomèned'expansionde la matière
activepositive.Les« ingrédients»optimauxpourcettebatterieseraient:

• Un matériaurigide pour lesbacs

• Un séparateurprésentantdebonnespropriétésmécaniquestel AJS

• Desplaquesnégativesempâtéessur la seuleépaisseurde la grille

• Desplaquespositiveavecunepâtede densitéassezélevée

• Desconstituantsde granderégularitéafin d'avoirun espacevide minimal danschaquecellule

• Un électrolytecontenant30 g/l d'acidephosphorique
• Une saturationinitiale enélectrolytede 100%ou légèrementsupérieure
Un régimedechargeadéquatestaussinécessairepourassurersespleinesperfonnancesà cettebatterie.
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Ce travail a apporté un nouvel éclairagesur certaineszones d'ombre de l'accumulateurau plomb.

Cependant,chaquenouvelleréponseposaitelle mêmede nouvellesquestionset de trèsnombreusespistes

de recherchesrestentouvertesà l'issuede cettethèse.

En premier lieu, un mécanismequi explique les divers effets de l'aide phosphoriqueainsi que sa perte
d'activitéau coursde la vie de la batteriede façon satisfaisantedoit êtretrouvé. Ainsi, desinvestigations

plus poussésseraientnécessairesdanscettedirection avecune déterminationprécisede l'effet de l'acide

phosphoriquesur le cycle de l'oxygènede mêmequ'uneobservationde l'effet du potentielde l'électrode

positivesur l'adsorptionde l'acidephosphoriqueet enfin, unequantificationpluspousséede l'effet de cet

additif sur la corrosiondesélectrodespositiveet négative.

En second lieu, la corrosion des grilles positives d'une batterie au plomb soumise à une pression

mécaniquedevraitêtremesuréeprécisémentet le rôle de la matièreactiveévalué(épaisseur,densité...).

En troisièmelieu, ce travail proposeuneméthodepour l'élaborationd'unebatterieamélioréequi pourrait

êtretestéedansun processusindustriel.

Enfin, il existede nombreusesautrespossibilitéspour améliorerla batterie auplomb pour les utilisations

en cyclage. En particulier, le problèmede la densité d'énergiepourrait être abordé en modifiant les

caractéristiquesde la matièreactive.

Vers un développementdurable

Il est donc possiblede développerune batterieplomb/acidemieux adaptéepour l'utilisation dans un

véhicule électrique.Mais mêmedanscettehypothèse,l'utilisateur seracontraintd'adapterson style de

conduite. En effet, de nombreusesannéess'écoulerontencore avant qu'un véhicule non polluant

apparaissesur le marchéqui ait les mêmescaractéristiquesenmatièrede puissanceet d'autonomiequ'un

véhiculeavecmoteurà combustion.C'estpourquoil'avenirprochedu véhiculehybride,qui présentedes

caractéristiquesde conduitesemblablesau véhiculetraditionnelavecune petite réductiondesémissions,

est plus radieux que celui du véhicule totalementélectriquesi ce n'est dans le cadrede flottes où une

autonomieréduiteestacceptableet où deséquipementsde chargerapidepeuventêtreinstallésaisément.

Il estun point supplémentairequemêmele plus fervent défenseurdu véhiculeélectriquedoit concéder,

c'estque globalement,les émissionsproduitespour parcourir 100 km avec un véhicule électriquesont

équivalentesà cellesproduitesparun véhiculeà combustionqui consommerait3 litres de carburantpour

100 km. Ce bilan s'appuiesur le fait quel'électricitéproduitepour chargerles accumulateursdu véhicule

électriqueestpourla plus grandepart issuede la combustiondematièrespremièresfossiles(voir Figure 1
dans l'introduction). Ainsi, pour réduire à l'échelle globale les émissionsde gaz à effet de serre, le

développementdes énergies renouvelablesou nucléaire doit être poursuivi conjointement avec le

développementd'un accumulateurpour le véhicule électrique.Toutefois, d'un point de vue local, le
bénéficeassociéà l'utilisation du véhiculeélectriqueesténorme.La forte concentrationde gazà effet de

serre dans les villes est responsablede nombreux problèmesde santé et la pollution sonore nuit

grandementà la qualité de vie. Au regard de ces deux points, l'utilisation du véhicule électrique

représenteun progrèsindiscutable.

Finalement, chaque problème doit être résolu en son temps. L'utilisation du véhicule électrique

représenteraitdéjà un grand bénéfice du point de vue de l'environnementet la question de la part

d'énergierenouvelabledansla productiond'électricitéest un domainesur lequel les progrèsvont aussi

bon train. Le travail présentédans cette thèse contribue à une meilleure compréhensiondu système

plomb/acideet à une améliorationde celui-ci pour des utilisations «écologiques». Il s'inscrit dansle

processusgénéralqui tendà mettrela rechercheau servicedu développementdurable.
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161 Glossary

AGM: Adsorptiveglassmat. Separatorconsistingof glassfibres that retain the electrolyteby capillary
forces.

AJS: Acid jellying separator.New separationsystemconsistingof silicon dioxide of very high surface
areacontainedin a polyethylenematrix.

AMU: Active material utilisation. Percentageof the active material that did take part to a discharge
process.

BTS: Batterytestingsystem,softwareeditedby Digatronfor theDigatrontestingequipment.

C/X: Rateatwhich a celllbatteryis discharged.DischargeCUITent= Nominal capacity/X

CSIRO: Commonwealth Scientific and Industrial Research Organisation, Division of MineraIs,
Melbourne,Australia

DOD: Depthof discharge.

ECE15: Electricaltestsimulatingthe powerrequirementthebatteryhasto fulfil during the driving of an
electricvehicle.

EV: Electricvehicle

H&V: HollingsworthandVose,companyproducingseparators,in particularAGM.

IR-OCV-P: Electrical test allowing the determinationat different depth of dischargeof the high
dischargeCUITent internaIresistance,the opencircuit voltageandthepeakpower.

NAM: Negativeactivemateria1.Spongeousleadin the chargedstate.

PA: Phosphoricacid= H3P04

PAM: Positiveactivemateria1.Leaddioxide of high porosityin the chargedstate.

PV: Photovoltaic.

SEM: Scanningelectronmicroscopy.

SHE: StandardHydrogenElectrode.Electrodeagainstwhich the potentialof the electrochemicalpairs is

measured.

VRLA: Valve RegulatedLead-AcidBattery

ZEV: Zero emissionvehicle.

ZSW: Centerfor Solar EnergyandHydrogenResearchin Ulm (Germany).
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Abstract
The perfonnancesand life of the VRLA battery for cycling applicationwere improved
by applying a mechanical�p�r�e�~�s�u�r�e on the e1ectrodestacl<: with help of a new separator
(AJS).
The mechanicalpropertiesof AJS allow the transferof a mechanicalpressureto the
electrodesthroughoutthe cell life that limits the free space.Thus, while the negative
active material is compacted,the positive active material developsa structurewith a
skeletonrobustagainstdischargeand large voids allowing a betterutilisation over the
whole plate thickness.The positive grid corrosiondecreasesand the mechanicalstack
stabilisationallowed by AJS reducesdramaticallythe effects associatedwith positive
grid growth.
The associationof phosphoricacid with AJS improves the cell perfonnanceat high
dischargecurrentsfor a while providedthe cells are adequatelycharged.With cyding,
the effectofphosphoricacid disappears.
The oxygenrecombinationin AJS cells is slow but sufficient for cycling life over 1000
cycles.The oxygentransfertakesplaceacrossthe gasspaceandthroughgaschannelsin
the separatorthat are freedof their electrolyteby an oxygenoverpressure.

R ' , d ',esumecon ense
La duréede vie et les performancesde batteriesferméesau plomb pour l'applicationau
véhicule électriqueont été amélioréesgrâce à l'applicationpar le biais d'un nouveau
séparateur(AJS) d'unepressionmécaniquesur lesblocsd'électrodes.
AJS peut soutenirune pre;ssionélevét;;pendanttoute la vie de la cellule. Ainsi, l'espace
libre pour l'expansiondes matériauxactifs est limité. La matière active négative est
alors compactéemais l'électrodepositive développeune structuré avec un squelette
robusteface à la déchargeet de largesporesqui pennettentuneutilisationhomogènede
la matière active sur toute son épaisseur.Sur la grille positive, la corrosion diminue
ainsi que les effets associésà sa croissancecar AJS stabilisemécaniquementle bloc
d'électrodes.
L'utilisation d'acidephosphoriqueaugmenteles perfonnancesdescellulesà fort courant
de décharges'i ellessontchargéesavecle régimeadéquat.Ceteffet �d�i�~�p�a�r�a�î�t au coursdu
cyclage.
La recombinaisonde l'oxygèneest lente dansles cellulesavecAJS mais suffit pour une
vie supérieureà 1000 cycles profonds. L'oxygène passede l'électrodepositive à la
négativepar l'espacelibre autour des électrodeset par des canauxdans le séparateur
libérésde leur électrolyteparunesuÏ-pressiond'oxygène.
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