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SINGLECRYSTALCATHODEMATERIALSUSINGMICROWAVEPLASMA 

PROCESSING 

INCORPORATIONBYREFERENCETOANYPRIORITYAPPLICATIONS 

[0001] Thisapplicationclaimstheprioritybenefitunder35U.SinC.§119(e)of 

U.S.ProvisionalApplicationNo.63/139,198,filedJanuary19,2021,theentiredisclosureof 

whichisincorporatedhereinbyreference.  

BACKGROUND 

Field 

[0002] Someembodimentsofthepresentdisclosurearedirectedtosystemsand 

methodsforproducingorsynthesizingsinglecrystalcathodematerialsfromfeedstockusing 

microwaveplasmaprocessing.  

Description 

[0003] Thenickelcontentofoxide-basedlithium-ioncathodeshastrended 

steadilyupwardtoenablehigherenergydensityinbothportablepowerandautomotive 

applications.HoweverstabilityandreactivityissueshaveslowedtheadoptionofNMC811 

inthemarket. NMC811isacathodecompositionwith80%nickel,10%manganeseand 

[0004] High-nickeltransition-metaloxidecathodematerialssuchaslithium 

nickelcobaltmanganeseoxides(NCMorNMC)andlithiumnickelcobaltaluminumoxides 

(NCA)sufferseveralmodesoffailurethatderivefromtheirnickelcontent.Eachmodeof 

failureisatleastpartiallyduetothecomparativelyweakeroxygenbondingintheLNO 

latticeandthegreaterstabilityofNi2+ionsinthelithiumlayer.  

[0005] Onefailuremodecomprisesbulkdestabilizationofthestructureinthe 

chargedstatewhereoxygenisoxidizedandlostleavingNi2+,whichmigratesfromthe 

transitionlayerintothelithiumlayer. Thisfailureisadirectresultoflithium-lossinthe 

electrochemicalcellwhichinturncausesthevoltagewindowtomigrateupwardandthe 

charge-voltageatthecathodetoslowlyincrease. Thisisacyclingfailurethatcauses 

increasedresistancetolithiumdiffusionandadecreaseinratecapability.  
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[0006] Anotherfailuremodeincludesalossofnickeloxidationstatewherethe 

orderedlayeredstructureatgrainboundariesgiveswaytospinelandthenNiO. Since 

lithiumdiffusionismuchpoorerinNiOratecapabilityisdirectlyimpacted. Thisfailure 

alsocausesreducedcohesionofthecrystallineagglomeratewhichpromotescrackingofthe 
S 

particlealonggrainboundanesascrystalsexpandandcontractduringcycling.Thustheloss 

ofratecapabilityisaccompaniedbyalossofcapacityasgrainsbecomeinternally 

disconnected.  

[0007] Yetanotherfailuremodecompriseselectrolyteinstabilityatthesurfaceof 

uncoatedmaterials.HereNi4+oxidesserveascatalyticsurfaceswhichcausegassingand 

otherdecompositionpathwaysfortheelectrolytesolvent.  

[0008] WhileNMC811adoptedassurfacecoatingsandelectrolyteformulations 

partiallyaddresstheissuesdescribedaboveitisexpectedthatsinglecrystalNMCS11can 

enablefurtherimprovement. Single-crystalcathodematerials(SCC)havedemonstrated 

benefitsincyclelifereactivityandsafetythroughmechanismsthataddressthefailure 

modesofhigh-nickelmaterials. Namely,5CCmaterialshavenovulnerableintraparticle 

grainboundaries.Inaddition,5CCgrainsurfaceshavelowersurfaceareaandarerelatively 

defectfreecomparedtotheirpolycrystallinecounterpartsmitigatingsomefailuremodes.  

ThussinglecrystalmaterialscanenableNMCS11andhighernickelcontentsbecauseone 

ormorefailuremodesarereducedoreliminated.  

[0009] While5CCmorphologiesaregenerallystraightforwardtoproducewith 

increasinglydifficultandcostlyasnickelcompositionisincreasedbeyond60%. Thesame 

structuralissuesthatgiverisetoelectrochemicalinstabilityalsoimpede5CCsynthesis.  

Weakerlithiumnickeldioxide(LNO)oxygenbondingprohibitsthehightemperatures 

requiredtogrowlargecrystalssuchasforLithiumCobaltOxide(LCO),becauseboth 

oxygenandlithiumarelostanddisorderedmaterialsresult. Tocircumventthisissue 

practitionershaveusedfluxestoincreasetherateoftransition-metaldiffusionatlower 

temperatures. ThesefluxescanbesaltssuchasNaClorLiCloranexcessoflithium 

hydroxideorcarbonate.Evenwithfluxesintimatecontactbetweenthemetaloxidesandthe 

fluxisrequiredtoenablelargecrystals.Fullymoltennitratesaltsyntheseswithsignificant 

excesslithiumhavedemonstratedtherapiddiffusionrequiredfor5CCsynthesisatlow 
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temperature. Moretraditionalco-precipitatedhydroxideshavealsobeendemonstratedbut 

mustbeaggressivelygroundwiththelithiumlflux.Theheightenedtransitionmetaldiffusion 
fromfluxingcomesatacostwithhardbricksforming S 

dunngcalcinationthatmustbe 

brokenupbyaggressivemilling. Inadditionresidualexcesslithiurnlfluxmustthenbe 

removedbywashingfollowedbyheattreatmenttorepairthewashingdamage. These 

methodshaveenabledsinglecrystalsofcathodematerialsuptonickelcontentof811butat 

considerableprocessingcost.  

[0010] Thus improvedsystemsandmethodsforsynthesizingsinglecrystal 

S cathodematerialsareneeded.  

SUMMARY 

[0011] Forpurposesofthissummarycertainaspectsadvantagesandnovel 

featuresoftheinventionaredescribedherein. Itistobeunderstoodthatnotallsuch 

advantagesnecessarilymaybeachievedinaccordancewithanyparticularembodimentofthe 

invention.Thusforexamplethoseskilledintheartwillrecognizethattheinventionmay 

beembodiedorcarriedoutinamannerthatachievesoneadvantageorgroupofadvantages 

astaughthereinwithoutnecessarilyachievingotheradvantagesasmaybetaughtor 

suggestedherein.  

[0012] Someaspectsincludeamethodforsynthesizingsingle-crystalcathode 

(5CC)powderthemethodcomprising:providingasolidoraqueousfeedstockcomprising 

produceasolidprecursorof5CCcomprisinglithiumnitrate~calciningthepre-SCCproduct 

forabout1hourtoabout5hoursatabout800 0 Ctoproduceanagglomerated5CCmateriaL 

anddeagglomeratingtheagglomerated5CCmaterialtoproducethe5CCpowder.  

[0013] Insomeembodimentsthe5CCpowdercomprisesalithiumnickelcobalt 

manganeseoxide(NMC)powder. InsomeembodimentstheNMCpowdercomprises 

NMC-811. Insomeembodiments theNMCpowdercomprisesatleast80%nickelby 

weight.Insomeembodimentsthe5CCpowdercompriseslithiumnickelcobaltaluminum 

oxide(NCA)powder. InsomeembodimentstheNCApowdercomprisesatleast80% 

nickelbyweight. Insomeembodimentsthefeedstockfurthercomprisesmanganese. In 

someembodimentsthefeedstockfurthercomprisesaluminum.Insomeembodimentsthe 

-3
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feedstockcompriseslithiumnickelandcobaltnitrateorlithiumnickelandcobaltacetate 

saltsdissolvedinwater. Insomeembodimentsthefeedstockcomprisesnickeloxide 

manganeseoxideandcobaltoxide.  
S 

[0014] Insomeembodimentsthemethodfurthercompnsesspraydryingthe 

feedstockpriortointroducingthefeedstockintothemicrowave-generatedplasma.Insome 

embodimentsthemethodfurthercomprisesaddinglithiumtothesolidproductpriortoor 

duringcalciningthesolidproduct.  

[0015] Insomeembodimentslithiumnitrateislocatedwithinporesofthepre

sccproduct.Insomeembodimentsthefeedstockisintroducedtothemicrowave-generated 
plasmadownstreamoftheplumeofamicrowaveplasmatorchgeneratingthemicrowave

generatedplasma.  

[0016] Someaspectsincludeasingle-crystalcathode(SCC)lithiumnickelcobalt 

manganeseoxide(NMC)powderformedbyamethodcomprising:providingasolidor 

aqueousfeedstockcomprisinglithium nickelmanganese andcobalt~introducingthe 

feedstockinto amicrowave-generatedplasmatoproduce asolidpre-SCCproduct 

comprisinglithiumnitratecalciningthesolidproductforabout1hourtoabout5hoursat 

about8000 CtoproduceanagglomeratedSCCmateriaL anddeagglomeratingthe 

agglomeratedSCCmaterialtoproducetheSCCNMCpowder.  

[0017] InsomeembodimentstheNMCpowdercomprisesNMC-811. Income 
S 

embodimentstheNMCpowdercompnsesatleast80%nickelbyweight. Income 

nickelandcobaltacetatesaltsdissolvedinwater. Insomeembodimentsthefeedstock 
S 

compnsesnickeloxidemanganeseoxideandcobaltoxide.  

[0018] Someaspectsincludeamethodforsynthesizingsingle-crystalcathode 

(SCC)materialthemethodcomprising:providingasolidorliquidfeedstock;introducingthe 

feedstockintoamicrowave-generatedplasmatoproduceasolidprecursorofSCCmateriaL 

andcalciningthesolidprecursorofSCCmaterialtoproduceanSCCmaterial.  

[0019] InsomeembodimentstheSCCmaterialcomprisesalithiumnickelcobalt 

manganeseoxide(NMC)powder. InsomeembodimentstheNMCpowdercomprises 

NMC-811. Insomeembodiments theNMCpowdercomprisesatleast80%nickelby 

weight.  
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[0020] InsomeembodimentsthesolidprecursorofSCCmaterialcomprises 

NMChavingadisorderedoxidemicrostructure.Insomeembodimentsthesolidprecursor 

ofSCCmaterialcomprisesNMChavingporesfilledwithlithiumnitrate.  

[0021] InsomeembodimentstheSCCmaterialcompriseslithiumnickelcobalt 

aluminumoxide(NCA)powder.InsomeembodimentstheNCApowdercomprisesatleast 

80%nickelbyweight. InsomeembodimentstheSCCmaterialcomprisesaspinelor 

NaFeO2. In some embodiments the feedstock comprises manganese aluminum 

magnesiumtitaniumzirconiumironorsodium.  

[0022] Insomeembodimentsthefeedstockcompriseslithiumnickelandcobalt 

nitrateorlithiumnickelandcobaltacetatesaltsdissolvedinwater.Insomeembodiments 

thefeedstockcomprisesadriedfeedstockdriedusingspraydryingdrymillingorblending.  

[0023] InsomeembodimentstheSCCmaterialcomprisesanagglomeratedSCC 

materialandthemethodfurthercomprisesdeagglomeratingtheagglomerated8CCmaterial 

toproduceSCCpowder.  

[0024] Insomeembodimentsthemethodfurthercomprisesaddinglithiumor 

lithiumsalttothesolidprecursorofSCCmaterial S 

pnortoorduringcalciningthesolid 
precursorofSCCmaterial.  

[0025] Insomeembodimentslithiumnitrateislocatedwithinporesofthepre

sccproduct. InsomeembodimentsthesolidprecursorofSCCmaterialiscalcinedfor 

[0026] Someaspectsincludesingle-crystalcathode(5CC)materialformedbya 

methodcomprising:providingasolidorliquidfeedstoclcintroducingthefeedstockintoa 

microwave-generatedplasmatoproduceasolidprecursorof5CCmaterial;andcalciningthe 

solidprecursorof8CCmaterialtoproducean5CCmaterial.  

[0027] Insomeembodimentsthe5CCmaterialcomprisesNMC. Income 

embodimentstheNMCcomprisesatleast80%nickelbyweight.Insomeembodimentsthe 

SCCmaterialcomprisesaspinelorNaFeO2.  

-5
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BRIEFDESCRIPTIONOFTHEDRAWINGS 

[0028] Thedrawingsareprovidedtoillustrateexampleembodimentsandarenot 

intendedtolimitthescopeofthedisclosure. Abetterunderstandingofthesystemsand 

methodsdescribedhereinwillbeappreciateduponreferencetothefollowingdescriptionin 

conjunctionwiththeaccompanyingdrawingswhereiw 

[0029] FIG.1illustratesasystemschematicofanexamplemicrowaveplasma 

processingapparatusaccordingtosomeembodimentsherein.  

[0030] FIG.2illustratesanothersystemschematicanexemplarymicrowave 
S 

plasmaprocessingapparatusaccordingtosomeembodimentsherein.  
S 

[0031] FIG.3illustratesexamplesofchemistnesandsizeflexibilityofplasma 

processingsystemsforlithiumion/solidstatechemistriesaccordingtosomeembodiments 

S 

[0032] FIG.4illustratesamicroscopicimageofanexampleNMCpowder 

morphologysynthesizedaccordingtotheembodimentsherein.  

[0033] FIG.5illustratesanexampleflowchartofaprocessforproducinga5CC 

materialaccordingtosomeembodimentsdescribedherein.  

[0034] FIG.6illustratesamicroscopicimageofanotherexampleNMCpowder 

morphologysynthesizedaccordingtotheembodimentsherein.  

[0035] FIG.7illustratesanexampleflowchartofanotherprocessforproducinga 

[0036] FIG.8illustratesamicroscopicimageofanotherexampleNMCpowder 

morphologysynthesizedaccordingtotheembodimentsherein.  

[0037] FIG.9illustratesanexampleflowchartofanotherprocessforproducinga 

5CCmaterialaccordingtosomeembodimentsdescribed S 

[0038] FIG.10illustratesamicroscopicimageofanotherexampleNMCpowder 

morphologysynthesizedaccordingtotheembodimentsherein.  

DETAILEDDESCRIPTION 

[0039] Althoughcertainpreferredembodimentsandexamplesaredisclosed 

belowinventivesubjectmatterextendsbeyondthespecificallydisclosedembodimentsto 

otheralternativeembodimentsand/orusesandtomodificationsandequivalentsthereof.  

-6
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Thus thescopeoftheclaimsappendedheretoisnotlimitedbyanyoftheparticular 

embodimentsdescribedbelow.Forexampleinanymethodorprocessdisclosedhereinthe 

actsoroperationsofthemethodorprocessmaybeperformedinanysuitablesequenceand 

arenotnecessarilylimitedtoanyparticulardisclosedsequence.Variousoperationsmaybe 

describedasmultiplediscreteoperationsinturn inamannerthatmaybehelpfulin 

understandingcertainembodiments however theorderofdescriptionshouldnotbe 

construedtoimplythattheseoperationsareorderdependent. Additionallythestructures 

systemsand/ordevicesdescribedhereinmaybeembodiedasintegratedcomponentsoras 
S 

separatecomponents.Forpurposesofcomparingvariousembodimentscertainaspectsand 

advantagesoftheseembodimentsaredescribed. Notnecessarilyallsuchaspectsor 

advantagesareachievedbyanyparticularembodiment. Thus forexamplevarious 

embodimentsmaybe S outinamannerthatachievesoroptimizesoneadvantageor 

groupofadvantagesastaughthereinwithoutnecessarilyachievingotheraspectsor 

advantagesasmayalsobetaughtorsuggestedherein.  

[0040] Certainexemplaryembodimentswillnowbedescribedtoprovidean 

overallunderstandingoftheprinciplesofthestructurefunctionmanufactureanduseofthe 

devicesandmethodsdisclosedherein. Oneormoreexamplesoftheseembodimentsare 

illustratedintheaccompanyingdrawings. Thoseskilledintheartwillunderstandthatthe 

devicesandmethodsspecificallydescribedhereinandillustratedintheaccompanying 

drawingsarenon-limitingexemplaryembodimentsandthatthescopeofthepresent 

withoneexemplaryembodimentmaybecombinedwiththefeaturesofotherembodiments.  

Suchmodificationsandvariationsareintendedtobeincludedwithinthescopeofthepresent 

technology.  

[0041] Disclosedhereinaresystemsandmethodsforsynthesisofnanoscaleand 

microscale5CCmaterialsuchasNMCusingmicrowaveplasmaprocessing.Singlecrystal 

materialsdescribedhereinmayincludelithiatedtransitionmetaloxidesgenerallyincluding 

spinelslayeredNaFeO2structureslithiumnickeloxide(layered),andsubstitutedlithium 

nickeloxides(NCNANCMNCA),withorwithoutdopantssuchasMgMn, Ti, Zr, Fe 

NbCaKandNa. Singlecrystalsareconventionallysynthesizedbyacombinationofco

precipitationlongcalcinationandpost-processingonasmallscale.Co-precipitationbased 

-7
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methodsrequiremultiplelengthystepsconsumealargeamountofwatertowashthe 

precipitateandgeneratealargeamountofwaste.Thewashingisperformedmultipletimes 

toremoveunwantedmaterialssuchassodiumandsulfurthatarepresentintheco

precipitationliquidprecursorchemistry.Inadditionco-precipitationproducesmaterialsthat 

donotcontainlithiumwhichisaddedinanadditionalstepaftertheco-precipitateproductis 

washedanddried.Inadditionitmaybedifficulttoaddparticulardopantstothematerial.  

Thismethodreliesonlithiumdiffusingintotheco-precipitateproductduringacalcination 

stepandrequiresrelativelyhightemperaturesandlongcalcinationtimetoallowdiffusionof 

lithiumintothebulk. Furthertheprocessingcantakemultipledaysfromstarttofinal 

productthesolidprecipitate. Alsothesolidprecursorproducedthroughco-precipitation 

methoddoesnotcontainlithiumandnecessitatesanadditionallithiationstepbyaddinga 

lithiumcompoundtotheprecursorandfurthercalciningthemixtureattherighttemperature.  

Theprocessofincorporatinglithiumintotheprecursormaterialhappensthroughdiffusionof 

lithiumintothebulkoftheprecursorparticles.Thisnecessitateshightemperatures(700 0 C 

10000 C)andalongcalciningtimeofabout10hoursormore.  

[0042] AccordingtotheembodimentshereinSCCmaterialsmaybesynthesized 

withoutco-precipitationwithalowercalcinationtime andonalargescale. Some 

embodimentshereinincludemethodsofpreparing5CCpowdersforuseinacathodeofa 

S cellthemethodcomprisingprovidingrawmaterialsofmetallicsaltscomprising 

lithiumdissolvedinasolventmixingtherawmaterialstoformafeedstockmaterialand 

SCCpowder. TheproducedsolidpowdermayhaveallorpartofNMCconstituent 

materials. Insomeembodimentsnothermalpost-processingisperformedafterthe 

microwaveplasmaprocessing. Insomeembodiments the5CCcanhavereduced 

contaminantsorbecontamination-free.Furthermorethe5CCcanbesignificantlycheaper 

andfastertoproducethanthatproducedbystandardco-precipitationreducingcostsof 

productionandmicrowaveplasmaprocessingcaneliminatetheneedfortheutilizationof 

largeamountsofwater.Insomeembodimentsanyofthemethodsdisclosedhereindonot 

requireoneormoreofco-precipitation filteringorwashing/drying. Furtherinsome 

embodimentsthemethodsdonotrequirelithiumtobeaddedtoanypowderasaseparate 

-8

microwaveplasmaprocessingthefeedstockmaterialtoproduceamicroscaleorsmallersized



WO2022/159401 PCT/IiS2022/O12821 

steprequiringsubsequentthermalprocessing. Insomeembodiments calcinationisnot 

requiredthoughotherembodimentsmayusecalcination.  

[0043] Themethodsdisclosedhereincanproducenanoormicronsized8CC 

powder(suchassingle-crystalNMCpowder)whichcanbecompletedonatimescaleof 

hoursratherthandays. Specificallytheprocessmaybeusedtosynthesizesingle-crystal 

lithiumcontainingtransitionmetaloxidestobemadeinminimizedprocessingstepsby 

introducingliquidorsolidprecursorintoamicrowaveplasmaprocesswhereinamicrowave

generatedplasmatransformstheprecursorintoacrystallizedmaterialwiththeappropriate 

single-crystalstructureasdefinedbythechemistryandx-raydiffractionanalysiswithor 

withouttheneedforthermalpostprocessingaftermicrowaveplasmaprocessingsuchas 

calcining. Furthermoresignificantdifferencesexistbetweenthemicrowaveplasma 

apparatusesdescribedhereinandotherplasmagenerationtorchessuchasinductionplasma.  

Forexamplemicrowaveplasmaishotterontheinterioroftheplasmaplumewhile 

inductionishotterontheoutsideoftheplumes.Inparticulartheouterregionofaninduction 

plasmacanreachabout10,000Kwhiletheinsideprocessingregionmayonlyreachabout 

1,OOOK.Thislargetemperaturedifferenceleadstoprocessingandfeedingproblems 

[0044] Someembodimentshereinaredirectedtosystemsandmethodsforusing 

microwaveplasmaprocessingtosynthesizeadvancedultra-highNisinglecrystalcathode 

(5CC)production overcoming the existing issues with processing such materials.  

Microwaveplasmaprocessingofthese5CCmaterialsprovidesalowcostscalableapproach.  

plasmaprocessingoffeedstockmaterialswhereinthe5CCmaterialsmaycompriseatleast 

80%nickel.Insomeembodimentsthemicrowaveplasmaprocessingmayenablesynthesis 

of5CCmaterialswithveryshortcalcinations.  

[0045] Insomeembodimentsthemicrowaveplasmaprocessingmaybeprovided 

bymicrowaveplasmaprocessingapparatuscomprisingamicrowavegeneratorwaveguide 

materialfeedsystemcapableoffeedingbothliquidandsolidfeedstocksareactorcontaining 

aplasmagenerationzoneareactionzone, apostreactionthermalprofilezonemultiplegas 

feedstocontrolplasmareactionzoneparametersandthermalprofiles andamaterial 

collectionsystem. Asystemschematicofanexamplemicrowaveplasmaprocessing 

apparatus isillustratedinFIG. 1. As illustrated theapparatus maycomprisea 

-9
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precursor/feedstockfeedintheformofahopperornebulizertoreceiveinputofsolidor 

liquidfeedstockintotheplasmaprocessingapparatus.Insomeembodimentsthefeedstock 

maybeinputtedwithoneormorecarrierliquids. Feedstockcomprisingallnecessary 

elementsforthedesiredproductmaybefedintotheplasma.Forexamplethefeedstockmay 
S 

compnseallorpartoftheNMCconstituentmaterials.  

[0046] Insomeembodimentsthefeedstockmaycompriseaqueoussolutionsof 

saltsprovidingtremendousflexibilityinfoanulationchemistryanddopants. Income 

embodimentsthesaltsmaycomprisemetallicsaltscomprisinglithiumnickelmanganese 

cobaltorcombinationsthereofMetallicsaltscanincludebutarenotlimitedtoacetates 

bromidescarbonateschlorateschloridesfluoridesformateshydroxidesiodidesnitrates 

nitrites oxalates oxidesperchlorates sulfates carboxylatesphosphates nitrates and 

oxynitrates.Themetallicsaltscanbedissolvedandmixed/stirredinanappropriatesolvent 

suchaswater(forexampledeionizedwater),variousalcoholsethanolmethanolxylene 

organicsolvents orblendsofsolventsoralternativelydispersinginsolubleorpartially 

solublepowdersinanappropriatemediumtoformaliquidprecursor.Insomeembodiments 

apHoftheliquidprecursorcanbecontrolledwithinarangeof1- 14withmetal-freestrong 

acidsandbasessuchasnitricacidorammoniumhydroxide. Solidpowderfeedstock 

composedofasolidsolutionormixturewithaparticularoverallcompositioncanalsobe 

preparedseparatelyandusedasasolidfeedstock.ThetemperaturepHandcompositionof 

thereforethethroughputoftheprocess.  

[0047] Thequantityofeachsalt/solidtobedissolved/dispersedcanbecalculated 

togiveadesiredfinalstoichiometryofthe5CC(e.g.,NMC)materialtobemade. Asan 

exampleifmakingNMC622,theamountoflithiumsaltwouldbecalculatedtoyieldone 

moleoflithiumtheamountofnickelsaltwouldbecalculatedtoyield0.6moleofnickelthe 

amountofmanganesesaltwouldbecalculatedtoyield0.2moleofmanganeseandthe 

amountofcobaltsaltwouldbecalculatedtoyield0.2moleofcobaltinthefinalNMC622 

product. However insomeinstancestheamountofanyofthesalts/solidstobe 

dissolved/dispersedcanbeincreasedbeyondthetheoreticalamountcalculated. Income 

instanceslithiummanganeseorothertransitionmetalsorconstituentelementsmaybe 

vaporizedduringmicrowaveplasmaprocessingandyieldlessofthemetalinthefinal 
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productthantheoreticallycalculated.Increasingtheamountofthesalt/solidintheprecursor 

solution/dispersionmaycompensateforthevaporizedmetaltoreachthefinaldesired 

stoichiometry. Thesaltsolutions/soliddispersionscanbewellstirredandfilteredif 

necessarytoproduceacleansolutionfreeofanysediments. Additivechemicalssuchas 

ethanolcitricacidaceticacidformicacidandothersmaybeaddedtocontrolmorphology, 

andchemicalreactions.  

[0048] Insomeembodimentstheapparatusmaycompriseamicrowaveplasma 

formationorgenerationzonewhereinagasisexposedtomicrowavesgeneratedbya 

microwavegeneratorsuchthatthegasisionizedandformsamicrowaveplasma.Astable 

anduniformmicrowaveplasmaisformedusingagasappropriatetotheproductchemistry 

(e.g.,oxygennitrogenargonetc.). Insomeembodimentswithinordownstreamofthe 

microwaveplasmagenerationzonethefeedstockandtheoptionalcarrierliquidmaybe 

exposedtotheplasmawhereinthecarrierliquidmaybeevaporatedandthefeedstockmay 

undergophysicaland/orchemicalreactionswhenexposedtotheplasma.Anycarrierliquids 

maybequicklyevaporatedandtheintimatelymixedprecursormayreacttoformthedesired 

compoundaidedbythetemperatureandreactivityoftheplasma.Asmaterialpassesfarther 

downtheplasmaprocessingapparatusthemicrostructureisdevelopedcontrolledbythe 

lengthandtemperatureprofileofthisregion. Parameterswithintheplasmaprocessing 

apparatussuchasthetemperaturepressureandfeedstockresidencetimeamongothers 

maybealteredtoachieveadesiredmaterialuponexposuretotheplasma. Forexample, 

times andprecursorchemistry enablecontroloverparticle size morphology, and 

microstructureofthedesiredproduct.Insomeembodimentsafterexposuretotheplasma 

theproductiscollectedeitherincyclonesorabaghousedependingonthedesiredproduct 

particlesize. Insomeembodimentstheprocesstakeslessthan2secondshasasmall 

apparatusfootprintandresultsinverylowconversioncosts. Insomeembodimentsthe 

collectedproductmaybecalcinedatapredeterminedtemperatureforapredeterminedtime 

periodtoformSCCelectroactivematerialwithallthedesiredelementalconstituentsandthe 

desiredcrystallographicstructure.Insomeembodimentscalciningisnotneededtoformthe 

electroactivematerials.Theflexibilityoftheplasmaprocessingtechnologyisdemonstrated 
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inFIG.3,whichcontainsasamplingofthebatterymaterialsandparticlesizesthatmaybe 

produced.  

[0049] Specificallydisclosedhereinaremethodssystemsandapparatusesfor 

producinglithium-containingparticlesandLi-ionbatterymaterials. Cathodematerialsfor 

S S batteriescanincludeforexamplelithium-containingtransitionmetaloxidessuchas 

forexampleLiNi~Mn~Co~Oz(NMC),whereinx+y+zequals1(orabout1).  

[0050] Variouscharacteristicsofthefinal5CCpowderparticlessuchasporosity, 

particlesizeparticlesizedistributionphasecompositionandpuritymicrostructureetc.can 

betailoredandcontrolledbyfinetuningvariousprocessparametersandinputmaterials.In 

someembodimentsthesecanincludeprecursorsolutionchemistrydropletsizeplasmagas 

flowratesplasmaprocessgaschoiceresidencetimeofthedropletswithintheplasma 

quenchingratepowerdensityoftheplasmaetc.Theseprocessparameterscanbetailored 

insomeembodimentstoproducemicronand/orsub-micronscaleparticleswithtailored 

surfaceareaaspecificporositylevellow-resistance S diffusionpathwayanarrowsize 

distributionofabout+2%andcontainingamicro-ornano-grainmicrostructure.  

[0051] Thefeedstockmaterialeitherliquidorsolidcanbeintroducedintoa 

plasmaforprocessing.U.S.Pat.Pub.No.2018/0297122,USPat.No.8,748,785B2,andUS 

Pat.No.9,932,673B2disclosecertainprocessingtechniquesthatcanbeusedinthe 

disclosedprocess specificallyformicrowaveplasmaprocessing. AccordinglyU.S. Pat.  

Pub.No.2018/0297122,USPat.No.8,748,785B2,andUSPat.No.9,932,673B2are 

tobeapplicabletothefeedstockdescribedherein.Theplasmacanincludeforexamplea 

microwavegeneratedplasmawithasubstantiallyuniformtemperatureprofile.  

[0052] FIG.2illustratesanotherexemplarymicrowaveplasmatorchapparatus 

100thatcanbeusedintheproductionof5CCmaterialsaccordingtosomeembodiments 
S Asdiscussedaboveinsomeembodimentsafeedstockcanbeintroducedviaoneor 

morefeedstockinlets102intoamicrowavegeneratedplasma104.Insomeembodiments 

anentrainmentgasflowand/orasheathflowmaybeinjectedintothemicrowaveplasma 

torch100tocreateflowconditionswithintheplasmatorchpriortoignitionoftheplasma 

104viamicrowaveradiationsource106.Insomeembodimentsamicrowaveplasmatorch 

mayincludeaside-feedinghopperornebulizerratherthanthetopfeedinghopperor 
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nebulizershownintheembodimentofFIG.1,thusallowingfordownstreamfeeding.Thus 

inaside-feedingimplementationthefeedstockmaybeinjectedafterthemicrowaveplasma 

torchapplicatorforprocessinginthe"plume,, or exhaust"ofthemicrowaveplasmatorch.  

Thustheplasmaofthemicrowaveplasmatorchmaybeengagedattheexitendofthe 

plasmatorchtoallowdownstreamfeedingofthefeedstockasopposedtothetop-feeding(or 

upstreamfeeding)configuration. Otherfeedingconfigurationsmayincludeoneorseveral 

individualfeedingnozzlessurroundingtheplasmaplume. Thefeedstockpowderorspray 

canentertheplasmafromanydirectionandcanbefedin3600aroundtheplasma. The 

feedstockpowdercanentertheplasmaataspecificpositionalongthelengthoftheplasma 

plumesuchashotzonewhereaspecifictemperaturehasbeenmeasuredandaresidence 

timeestimatedforsufficientreactionoftheparticles.Thereactedparticlesexittheplasma 

intoasealedchamberwheretheyarequenchedthencollected. Insomeembodimentsthe 

plasmaofthemicrowaveplasmatorchisengagedattheexitendoftheplasmatorchcore 

tube108,orfurtherdownstream. Insomeembodimentsadjustabledownstreamfeeding 

allowsengagingthefeedstockwiththeplasmaplumedownstreamatatemperaturesuitable 

foroptimalmeltingoffeedstockthroughprecisetargetingoftemperaturelevelandresidence 

time. Adjustingtheinletlocationandplasmacharacteristicsmayallowforfurther 

customizationofmaterialcharacteristics.Furthermoreinsomeembodimentsbyadjusting 

powergasflowratespressureandequipmentconfiguration(e.g.,introducinganextension 

tube),thelengthoftheplasmaplumemaybeadjusted.Furthermorethefeedstockmayenter 

theinlets102,whereaspecifictemperaturehasbeenmeasuredandaresidencetime 

estimatedforprovidingthedesirablecharacteristicsoftheresultingmaterial.  

[0053] Insomeembodiments anentrainmentgasflow andasheathflow 

(downwardarrows)maybeinjectedthroughinletstocreateflowconditionswithinthe 
S 

plasmatorchpnortoignitionoftheplasmaviamicrowaveradiationsource106. Income 
S 

embodimentstheentrainmentflowandsheathflowarebothaxis-symmetricandlaminar 

whileinotherembodimentsthegasflowsareswirling.Insomeembodimentsthefeedstock 

maybeintroducedintothemicrowaveplasmatorch100,wherethefeedstockmaybe 

entrainedbyagasflowthatdirectsthematerialstowardtheplasma104.  
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[0054] Althoughthegasesdescribedabovemaybeuseditistobeunderstood 

thatavarietyofgasescanbeuseddependingonthedesiredmaterialandprocessing 

conditions. Insomeembodimentswithinthemicrowaveplasma104,thefeedstockmay 

undergoaphysicaland/orchemicaltransformation. Inlets102canbeusedtointroduce 

processgasestoentrainandacceleratethefeedstocktowardsplasma104. Income 

embodimentsasecondgasflowcanbecreatedtoprovidesheathingfortheinsidewallofa 

coregastube108andareactionchamber110toprotectthosestructuresfrommeltingdueto 

heatradiationfromplasma104.  

[0055] Thefeedmaterialsmaybeintroducedaxiallyorotherwiseintothe 

microwaveplasmatorchwheretheyareentrainedbyagasflowthatdirectsthematerials 

towardtheplasma.Withinthemicrowave-generatedplasmathefeedmaterialsarereacted 

inordertosynthesizetheproductandchemicalreactionsbetweenthefeedstockandreactive 

plasmagasesmayoccur. Inletscanbeusedtointroduceprocessgasestoentrainand 

accelerateparticlesaxistowardsplasma104.  

[0056] Feedstockmaterialparticlesmaybeacceleratedbyentrainmentusinga 

corelaminargasflowcreatedthroughanannulargapwithintheplasmatorch. Second 

laminarflowcanbecreatedthroughasecondannulargaptoprovidelaminarsheathingfor 

theinsidewalloftheplasmatorchtoprotectitfrommeltingduetoheatradiationfrom 

plasma104.Insomeembodimentsthelaminarflowsdirectparticlestowardtheplasma104 

alongapathascloseaspossibletothecentralaxisofthetorch, exposingthemtoaunifomi 

keeptheparticlesfromreachingtheinnerwalloftheplasmatorchwhereplasmaattachment 

couldtakeplace.Insomeembodimentstheparticlesareguidedbythegasflowstowards 

microwaveplasma104wereeachundergoeshomogeneousthermaltreatment.  

[0057] Insomeembodiments implementationofthedownstreaminjection 

methodmayuseadownstreamswirlorquenching. Adownstreamswirlreferstoan 

additionalswirlcomponentthatcanbeintroduceddownstreamfromtheplasmatorchtokeep 

thepowderfromthewallsofthecoretube108,thereactorchamber110,and/oranextension 

tube114.  

[0058] Variousparametersofthemicrowaveplasma104maybeadjusted 

manuallyorautomaticallyinordertoachieveadesiredmaterial.Theseparametersmay 
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includeforexamplepowerplasmagasflowratestypeofplasmagaspresenceofan 

extensiontubeextensiontubemateriallevelofinsulationofthereactorchamberorthe 

extensiontubelevelofcoatingoftheextensiontubegeometryoftheextensiontube(e.g.  

tapered/stepped),feedmaterialsizefeedmaterialinsertionratefeedmaterialinletlocation 

feedmaterialinletorientationnumberoffeedmaterialinletsplasmatemperatureresidence 

timeandcoolingrates.Theresultingmaterialmayexittheplasmaintoasealedchamber112 

wherethematerialisquenchedthencollected.  
S 

[0059] FIG.3illustratesexamplesofchemistnesandsizeflexibilityofplasma 
S 

processingsystemsforlithium-ionIsolidstatechemistriesaccordingtosomeembodiments 

S ForthesynthesisofNMCcathodematerialsmicrowaveplasmaprocessingmay 

enableasignificantconversion-costreductionrelativetothestandardco-precipitationand 

calcinationapproachtypicallyused.Theefficiencyincreaseofplasmaprocessingmaybea 

resultofreducedprocess stepsreducedenergyconsumptionthroughforexample, 

eliminatingthe10+hourcalcinationstep(requiredbecauselithiumcannotbeincludedinthe 

co-precipitationprecursor),andeliminatingwastegeneration.Insomeembodimentsashort 

heattreatmentstepmaybeusedforSCCmaterialwhichmaybebetweenabout1hourand 

aboutShours.Howeverthisheattreatmentstepissignificantlyshorterthantheadditional 

stepsrequiredforproducingSCCNMCusingstandardmethods.  

[0060] Insomeembodiments aSCCsynthesismaycompriseatomizingan 
S 

aqueoussaltsolutioncontainingNiMnCoandLianddelivenngtheatomizedsaltsolution 

solutionmayfomidropletspriortooruponexposuretothemicrowaveplasma. Initially 

dropletsmaybeformedpriortointroductiontotheplasmathroughanatomizingtechnology 

(gasnebulizationultrasonicatomizationpiezodropletmechanismsetc.). Dropletsmay 

alsobegeneratedviasecondaryatomization(explosiveorturbulenceinduced)priortoor 

withintheplasmasplittingindividualfeddropletsand/orliquidstreams. Withoutbeing 

boundbytheoryinsomeembodimentsthedropletsrapidlyformamixtureofdisordered 

butuniformlithiumtransitionmetaloxideswiththelithiumsalt.  

[0061] InsomeembodimentsafeedstockforuseinaSCCsynthesismethodas 

describedhereinmaycompriseLiNiMnandcobaltsaltssuchasnitratesaltsdissolvedin 

S Mnand 

asolventsuchaswater.InotherembodimentsafeedstockmaycompriseLiNi, 

-15

tothemicrowaveplasmaprocessingapparatus. Insomeembodimentstheatomizedsalt



WO2022/159401 PCT/IiS2022/O12821 

cobaltnitrateoracetatesaltsdissolvedinasolventsuchaswater.Inotherembodimentsa 

feedstockmaycompriseaLisourcenickeloxidemanganeseoxideandcobaltoxide. In 

someembodimentsthefeedstockmaybespraydriedtosolidifythefeedstockpriorto 

providing thefeedstocktothemicrowaveplasmaprocessing apparatus. In some 
S 

embodimentsthefeedstockmaybeoptionallydriedorsolidifiedpriortomicrowaveplasma 

processing.Insomeembodimentstheliquidorsolidfeedstockisprovidedtothemicrowave 

plasmaprocessingapparatusthroughforexampleatop-feedingorside-feedinghopperor 

nebulizer.Insomeembodimentscatersolventsand/orhydratesareremovedtoleavethe 

reactants(ifnecessary)followedbypyrolysis.Insomeembodimentsthefeedstockmaynot 

completely vaponzedandinsteadmaybedried/consolidatedpossiblydehydratedand 

thenreacteddirectlyand/orreactedtoformthefinishedparticles.Insomeembodimentsan 

additionalstepofspraydryingshowncanbeperformedpriortoincorporatingthefeedstock 

materialintothemicrowaveplasma. Thusasolidfeedstockcanbeintroducedintothe 

microwaveplasmaratherthanaliquid.Asaltsolutionordispersioncanbespraydriedto 

produceasolidfeedstockwithparticlesinthecorrectsizerangeforthetargetfinished 

powder.Insomeembodimentsthesolidfeedstockpowderiscrystallizedduringmicrowave 

plasmaprocessing.  

[0062] Insomeembodimentsthecollectedproductofplasmaprocessingmay 
S 

compnsesolidprecursorsofSCCmaterial. Thesesolidprecursorsmayhaveanidentical 

compositionastheSCCpowdermaterial. HoweverthesolidprecursorsofSCCmaterial 

embodimentstheprecursorsofSCCmaterialmaycompriseinhomogeneousmaterialwith 

lithiatedmetaloxidesandunreactedlithiumnitrateintimatewithoneanotherinverysmall 

clumps.Onceplasmaprocessedthepowdermaterialcanbenanoparticlesormicronsized 

particles. Insomeembodimentsthenanoparticlescanhaveadiameteroflessthanabout 

900nmabout800nmabout700nmabout600nmabout500nmabout400nmabout300 

nmabout200nmorabout100nm. Insomeembodimentsthenanoparticlescanhavea 

diameterofgreaterthanabout100nmabout200nmabout300nmorabout400nm. In 

someembodimentsthemicron-sizedparticlescanbebetweenabout 0 .5 kmandabout 5 0 km.  

Insomeembodimentsthe S particlescanbebetweenabout 0 .5 kmandabout 
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3Qim.InsomeembodimentswhentheprecursorsofSCCmaterialareheatedorcalcined 

thematerialcrystallizesquickly 

[0063] Insomeembodimentstheresultingmaterial(e.g.,NMCs)fromthe 

plasmaprocessingofthesolutionprecursorcanbeasinglecrystalmaterialorasolid 

precursorof8CCmaterialdependingontheprocessconditions.Insomeembodimentsthe 

resultingsolidprecursorofSCCmaterialhasadisorderedbutlayeredNMCstructure.In 

someembodimentstheresultingsolidprecursorofSCCmaterialhasadisorderedbutnon

layeredstructure.Furthermore, engineeredinterconnectedinternalporositycanbecreatedin 

thesolidprecursorofSCCmaterialwiththeproperselectionofstartingmaterialsand 

processconditions.Generallyengineeredinterconnectedinternalporositycanbedefinedas 

emptyspacewithinthematerialexhibitinganopenpaththroughtheparticlesurface. In 

someembodimentsatleastaportionofthelithiumofthefeedstockmayhavenotreacted 

andremainsinthesolidprecursorofSCCmaterialaslithiumnitratewhichmayfillthe 

poresofthesolidprecursorofSCC.Forexampleinsomeembodimentsabout50%ofthe 

lithiuminthefeedstockmaynotreacttoleavelithiumnitrateinthesolidprecursorofSCC.  

[0064] Ifgivenenoughtimeinthehotzone theplasma-processedparticles 

producedmaybeasingle-crystalmaterial.Howeverifquenchedearlythematerialcanbe 

amorphousandfurtherpostprocessingmayberequiredtoproducethedesiredsinglecrystal 

phase. Specificallywhentheplasmalengthandtemperaturearesufficienttoprovide 

particleswiththetimeandtemperaturenecessaryforatomssufficienttimetomigratetotheir 

theplasmacanbetunedwithparameterssuchaspowertorchdiameterreactorlengthgas 

flowratesgasflowcharacteristicsandtorchtype.  

[0065] Insomeembodimentsthesolidprecursorof8CCmayundergoapost

plasmaprocessing.Insomeembodimentsmaterialsmayundergoacalcinationprocessata 

particulartemperatureandtimetoproduceanSCCmaterial.Thecalcinationprocessmaybe 

undergoneforabout0.25hourstoabout10hoursatatemperaturebetweenabout650 0Cand 

10000 Cinanatmosphereofabout1%toabout100%oxygeninnitrogengas. Income 

embodimentsthepost-calcinationprocessmaycrystalizethesolidprecursorof5CCtoform 

scc.Insomeembodimentsadeagglomerationstepmaybeperformedaftercalcinationin 
ordertodeagglomeratetheSCCparticlestoformasinglecrystalpowder. Sizingand 
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classificationmaybedonewithforexampleairmillclassificationballmillingvibratory 

sievingorjetmillclassification.Insomeembodiments, ifprocessconditionsareoptimala 

deagglomeratedSCCmaterialmaybeformedfromthecalcinationprocesswithout 

agglomeration.  

[0066] Insomeembodimentstheprocessinvolvesintroducingfeedstocktoa 

plasmaatanappropnatefeedrateandplasmapowerandgastypetoinitiatecrystallizationin 

thefeedstockandsubsequentcompleteevaporationofanysolvent.Insomeembodiments 

theSCCmaterialmaycompriseNMC811. InsomeembodimentsthefinalSCCmaterial 

productcomprisesagranularpowder asopposedtoafusedbrickandastandard 

deagglomerationstepissufficienttoproducethefreesinglecrystals.Withoutbeinglimited 

toanyspecifictheoryitisbelievedthatthenatureoftheintimatelymixedprecursorusedin 

theplasmaprocessingenablesbothashortcalcinationandthelowdegreeoffusionwithin 

theproductpowderbed. Insomeembodimentsthesesameprocesspropertiesfacilitate 

synthesisofhighandultra-highnickelformulationsofbothNCAandNMCwith 

significantlyreducedcobaltandincorporationofdopantssuchasMgandAlwithout 

formationofseparatephases.  

[0067] Insomeembodiments theplasmaprocessingdescribedabovemay 

synthesizehighorultra-highnickelSCCmaterialsofferingstepimprovementsinboth 

energyviacapacityimprovementsandcyclelifeandsafetyviathesinglecrystalmorphology 

NMCpowdermorphologysynthesizedaccordingtotheembodimentsherein.  

[0068] FIG.5illustratesanexampleflowchartofaprocessforproducingaSCC 
S 

materialaccordingtosomeembodimentsdescribedherein.insomeem~oaiments, at502,a 
LiNiMnandcobaltnitratesalts 

feedstockmaybeprovidedthefeedstockcomprisinga S 

dissolvedinasolventsuchaswater.Insomeembodimentsat504,theliquidfeedstockmay 

beprovidedtoaplasmaprocessingapparatusforexposingthefeedstocktoamicrowave 

plasma.Uponexposingthefeedstocktoplasmathefeedstockmayformasolidprecursorof 

scc.Insomeembodimentsat506,thesolidprecursorofSCCmaybecalcinedtoforman 
agglomeratedSCCmaterial.Insomeembodimentsat508,theagglomerated8CCmaterial 

mayundergoadeagglomerationprocesstoproduceanSCCpowder. FIG.6illustratesa 

-18

relativetopolycrystallinematerials. FIG.4illustratesamicroscopicimageofanexample



WO2022/159401 PCT/IiS2022/O12821 

microscopicimageofanotherexampleNMCpowdermorphologysynthesizedaccordingto 

theprocessofFIG.5.  

[0069] FIG.7illustratesanexampleflowchartofanotherprocessforproducinga 

sccmaterialaccordingtosomeembodimentsdescribedherein. Insomeembodimentsat 

702,afeedstockmaybeprovidedthefeedstockcomprisingaLi, S Mnandcobaltacetate 

saltsdissolvedinasolventsuchaswater.Insomeembodimentsat704,theliquidfeedstock 

maybespraydriedtosolidifythefeedstock. Insomeembodiments at706,thesolid 

feedstockmaybeprovidedtoaplasmaprocessingapparatusforexposingthefeedstocktoa 

microwaveplasma.Uponexposingthefeedstocktoplasmathefeedstockmayformasolid 

precursorofSCC.Insomeembodimentsat708,thesolidprecursorofSCCmaybecalcined 

toformanagglomeratedSCCmaterial. Insomeembodimentsat710,theagglomerated 

sccmaterialmayundergoadeagglomerationprocesstoproduceanSCCpowder.FIG.S 
illustratesamicroscopicimageofanotherexampleNMCpowdermorphologysynthesized 

accordingtotheembodimentofFIG.7.  

[0070] FIG.9illustratesanexampleflowchartofanotherprocessforproducinga 

sccmaterialaccordingtosomeembodimentsdescribedherein. Insomeembodimentsat 

902,afeedstockmaybeprovidedthefeedstockcomprisingaLisourceNioxideMnoxide 

andcobaltoxide.Insomeembodimentsat904,theliquidfeedstockmaybespraydriedto 

solidifythefeedstock.Insomeembodimentsat906,thesolidfeedstockmaybeprovidedto 

aplasmaprocessingapparatusforexposingthefeedstocktoamicrowaveplasma. Upon 

embodimentsat908,thesolidprecursorofSCCmaybecalcinedtoformanagglomerated 

sccmaterial. Optionallylithiummaybeaddedbeforeorduringcalcination. Income 

embodimentsat910,theagglomeratedSCCmaterialmayundergoadeagglomeration 

processtoproduceanSCCpowder. FIG.10illustratesamicroscopicimageofanother 

exampleNMCpowdermorphologysynthesizedaccordingtotheembodimentofFIG.9.  

Additional Embodiments 

[0071] Intheforegoingspecification theinventionhasbeendescribedwith 

referencetospecificembodimentsthereof Itwillhowever beevidentthatvarious 

modificationsandchangesmaybemadetheretowithoutdepartingfromthebroaderspirit 
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andscopeoftheinvention.Thespecificationanddrawingsareaccordinglytoberegarded 

inanillustrativeratherthanrestrictivesense.  

[0072] Indeedalthoughthisinventionhasbeendisclosedinthecontextofcertain 

embodimentsandexamplesitwillbeunderstoodbythoseskilledintheartthattheinvention 

extendsbeyondthespecificallydisclosedembodimentstootheralternativeembodiments 

and/orusesoftheinventionandobviousmodificationsandequivalentsthereofInaddition 

whileseveralvariationsoftheembodimentsoftheinventionhavebeenshownanddescribed 

indetailothermodificationswhicharewithinthescopeofthisinventionwillbereadily 

apparenttothoseofskillintheartbaseduponthisdisclosure.Itisalsocontemplatedthat 

vanouscombinationsorsub-combinationsofthespecificfeaturesandaspectsofthe 

embodimentsmaybemadeandstillfallwithinthescopeoftheinvention. Itshouldbe 

understoodthatvariousfeaturesandaspectsofthedisclosedembodimentscanbecombined 

withorsubstitutedforoneanotherinordertoformvaryingmodesoftheembodimentsof 

thedisclosedinvention.Anymethodsdisclosedhereinneednotbeperformedintheorder 

recited. Thusitisintendedthatthescopeoftheinventionhereindisclosedshouldnotbe 

limitedbytheparticularembodimentsdescribedabove.  

[0073] Itwillbeappreciatedthatthesystemsandmethodsofthedisclosureeach 

haveseveralinnovativeaspectsnosingleoneofwhichissolelyresponsibleorrequiredfor 

thedesirableattributesdisclosed S Thevariousfeaturesandprocessesdescribedabove 

maybeusedindependentlyofoneanotherormaybecombinedinvariousways.Allpossible 

[0074] Certainfeaturesthataredescribedinthisspecificationinthecontextof 

separateembodimentsalsomaybeimplementedincombinationinasingleembodiment.  

Converselyvariousfeaturesthataredescribedinthecontextofasingleembodimentalso 

maybeimplementedinmultipleembodimentsseparatelyorinanysuitablesubcombination.  

Moreoveralthoughfeaturesmaybedescribedaboveasactingincertaincombinationsand 

eveninitiallyclaimedassuchoneormorefeaturesfromaclaimedcombinationmayinsome 

casesbeexcisedfromthecombinationandtheclaimedcombinationmaybedirectedtoa 

subcombinationorvariationofasubcombination.Nosinglefeatureorgroupoffeaturesis 

necessaryorindispensabletoeachandeveryembodiment.  
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[0075] Itwillalsobeappreciatedthatconditionallanguageusedhereinsuchas 

amongothers, can could" "might,,~"may,,~"e.g., andthelikeunlessspecificallystated 

otherwiseorotherwiseunderstoodwithinthecontextasusedisgenerallyintendedto 

conveythatcertainembodimentsincludewhileotherembodimentsdonotincludecertain 

featureselementsand/orsteps.Thussuchconditionallanguageisnotgenerallyintendedto 

implythatfeatures elementsand/orstepsareinanywayrequiredforoneormore 

embodimentsorthatoneormoreembodimentsnecessarilyincludelogicfordecidingwith 

orwithoutauthorinputorpromptingwhetherthesefeatures elementsand/orstepsare 

includedoraretobeperformedinanyparticularembodiment. Theterms comprising, 
''S including, ''having, andthelikearesynonymousandareusedinclusivelyinanopen

endedfashionanddonotexcludeadditionalelementsfeatures actsoperationsandso 

forth.Inadditiontheterm"or1,~ isusedinitsinclusivesense(andnotinitsexclusivesense) 

sothatwhenusedforexampletoconnectalistofelementstheterm"or,, meansonesome, 

oralloftheelementsinthelist.Inadditionthearticles"a," "an, and"the"asusedinthis 
I,, 

applicationandtheappendedclaimsaretobeconstruedtomean oneormore or'atleast 
oneunlessspecifiedotherwise.Similarlywhileoperationsmaybedepictedinthedrawings 

inaparticularorderitistoberecognizedthatsuchoperationsneednotbeperformedinthe 

particularordershownorinsequentialorderorthatallillustratedoperationsbeperformed 

toachievedesirableresults. Furtherthedrawingsmayschematicallydepictonemore 

exampleprocessesintheformofaflowchart. Howeverotheroperationsthatarenot 

illustrated.Forexampleoneormoreadditionaloperationsmaybeperformedbefore, after 

simultaneouslyorbetweenanyoftheillustratedoperations. Additionallytheoperations 

mayberearrangedorreorderedinotherembodiments. Incertaincircumstances 

multitaskingandparallelprocessingmaybeadvantageous. Moreovertheseparationof 

varioussystemcomponentsintheembodimentsdescribedaboveshouldnotbeunderstoodas 

requiringsuchseparationinallembodimentsanditshouldbeunderstoodthatthedescribed 

programcomponentsandsystemsmaygenerallybeintegratedtogetherinasinglesoftware 

productorpackagedintomultiplesoftwareproducts.Additionallyotherembodimentsare 

withinthescopeofthefollowingclaims. Insomecasestheactionsrecitedintheclaims 

maybeperformedinadifferentorderandstillachievedesirableresults.  
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[0076] Further, whilethemethods anddevices describedhereinmaybe 

susceptibletovariousmodificationsandalternativeformsspecificexamplesthereofhave 

beenshowninthedrawingsandarehereindescribedindetail. Itshouldbeunderstood 

howeverthattheinventionisnottobelimitedtotheparticularformsormethodsdisclosed 

buttothecontrarytheinventionistocoverallmodificationsequivalentsandalternatives 

fallingwithinthespiritandscopeofthevariousimplementationsdescribedandtheappended 

claims. Furtherthedisclosurehereinofanyparticularfeatureaspectmethodproperty, 

characteristicqualityattributeelementorthelikeinconnectionwithanimplementationor 

embodimentcanbeusedinallotherimplementationsorembodimentssetforthherein.Any 

methodsdisclosedhereinneednotbeperformedintheorderrecited.Themethodsdisclosed 

hereinmayincludecertainactionstakenbyapractitionerhoweverthemethodscanalso 

includeanythird-partyinstructionofthoseactionseitherexpresslyorbyimplication.The 

rangesdisclosedhereinalsoencompassanyandalloverlapsub-rangesandcombinations 

thereof.Languagesuchas"upto" "atleast,""greaterthan" "lessthan" "between~~~andthe 

likeincludesthenumberrecited. Numbersprecededbyatermsuchas"about"or 

approximately"includetherecitednumbersandshouldbeinterpretedbasedonthe 

circumstances(e.g.,asaccurateasreasonablypossibleunderthecircumstancesforexample 

-±59~C, ±10%, 15%,etc.). Forexample,"about3.5mm includes"3.5mm. Phrases 

precededbyatermsuchas substantially"includetherecitedphraseandshouldbe 

interpretedbasedonthecircumstances(e.g.,asmuchasreasonablypossibleunderthe 

otherwiseallmeasurementsareatstandardconditionsincludingtemperatureandpressure.  

[0077] Asusedhereinaphrasereferringto'atleastoneof'alistofitemsrefers 

toanycombinationofthoseitemsincludingsinglemembers.Asanexample, atleastone 

ofABorC''isintendedtocover:ABCAandBAandCBandCandABandC.  

Conjunctivelanguagesuchasthephrase atleastoneofXYandZ" unlessspecifically 

statedotherwiseisotherwiseunderstoodwiththecontextasusedingeneraltoconveythat 

anitem, termetc.maybeatleastoneofXYorZ.Thussuchconjunctivelanguageisnot 

generallyintendedtoimplythatcertainembodimentsrequireatleastoneofXatleastoneof 

YandatleastoneofZtoeachbepresent. Theheadingsprovidedhereinifanyarefor 
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circumstances). Forexample"substantiallyconstant"includes constant." Unlessstated
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convenienceonlyanddonotnecessarilyaffectthescopeormeaningofthedevicesand 

methodsdisclosed S 

[0078] Accordinglytheclaimsarenotintendedtobelimitedtotheembodiments 

shownhereinbutaretobeaccordedthewidestscopeconsistentwiththisdisclosurethe 
S 
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principlesandthenovelfeaturesdisclosedherein.
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WHAT'S CLAIMEDIS: 

1. Amethodforsynthesizingsingle-crystalcathode(5CC)materialthemethod 

comprising: 

providingasolidorliquidfeedstock; 

introducingthefeedstockintoamicrowave-generatedplasmatoproducea 

solidprecursorofSCCmaterial~and 

calciningthesolidprecursorofSCCmaterialtoproduceanSCCmaterial.  

2. ThemethodofClaim1,whereintheSCCmaterialcomprisesalithiumnickel 

cobaltmanganeseoxide(NMC)powder.  

33 ThemethodofClaim2,whereintheNMCpowdercomprisesNMC-811.  

4. ThemethodofClaim2,whereintheNMCpowdercomprisesatleast80% 

nickelbyweight.  

53 ThemethodofClaim1, whereinthesolidprecursorofSCCmaterial 
e 

comprisesNMChavingadisorderedoxidemicrostructure.  

6. ThemethodofClaim1,whereinthesolidprecursorofSCCmaterial 
S 

comprisesNMChavingporesfilledwithlithiumnitrate.  

73 ThemethodofClaim1, whereinthe5CCmaterialcompriseslithiumnickel 

cobaltaluminumoxide(NCA)powder.  
8. ThemethodofClaim5,whereintheNCApowder S 

compnsesatleast80% 

nickelbyweight.  

NaFeO2.  

10. ThemethodofClaim1,whereinthefeedstockcomprisesmanganese 

aluminummagnesiumtitaniumzirconium, ironorsodium.  

11. ThemethodofClaim1, whereinthefeedstockcompriseslithiumnickeland 

cobaltnitrateorlithiumnickelandcobaltacetatesaltsdissolvedinwater.  

12. ThemethodofClaim1,whereinthe8CCmaterialcomprisesanagglomerated 

SCCmaterialandthemethodfurther comprisesdeagglomeratingtheagglomeratedSCC 

materialtoproduceSCCpowder.  

13. ThemethodofClaim1, whereinthefeedstockcomprisesadriedfeedstock 

driedusingspraydryingdrymillingorblending.  
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9. ThemethodofClaim1, whereinthe8CCmaterialcomprisesaspinelor
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14. ThemethodofClaim1,furthercomprisingaddinglithiumorlithiumsaltto 

thesolidprecursorofSCCmaterialpriortoorduringcalciningthesolidprecursorofSCC 

material.  

15. ThemethodofClaim1, whereinlithiumnitrateislocatedwithinporesofthe 

pre-SCCproduct.  

16. ThemethodofClaim1, whereinthesolidprecursorofSCCmaterialis 

calcinedforabout.25hourstoabout10hoursatatemperaturebetweenabout650 0 Cand 

10000 C.  

17. Asingle-crystalcathode(SCC)materialformedbyamethodcomprising: 

providingasolidorliquidfeedstock~ 

introducingthefeedstockintoamicrowave-generatedplasmatoproducea 

solidprecursorofSCCmaterial;and 

calciningthesolidprecursorof8CCmaterialtoproduceanSCCmaterial.  

18. Thesingle-crystalcathode(SCC)materialofClaim17,whereintheSCC 

materialcomprisesNMC.  

19. Thesingle-crystalcathode(SCC)materialofClaim17,whereintheNMC 
S 

compnsesatleast80%nickelbyweight.  

20. Thesingle-crystalcathode(SCC)materialofClaim17,whereintheSCC 
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materialcomprisesaspinelorNaFeO2.
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