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Abstract

Duetotheirincreasedsafetyandenergydensity,solid-statelithium batteries(SSLBs)areexpectedtopower
upcomingelectricvehiclesandsmartgrids.However,thesebatteriesfacesignificantchallengesduetotheir
relativelylowionicconductivityatroom temperatureandhighelectrolyte-electrodeinterfacialresistance.Apractical
methodforincreasingthesolidpolymerelectrolytes'ionicconductivityatroom temperatureisthepreparationof
polymer-in-saltsolidelectrolytes(PISSEs)withlithium saltcontentsgreaterthan50%byweight.Thismethodisalso
suitableforscalableproduction.Inthispaper,abroadoverviewofsolid-statepolymerelectrolyteswaspresented,
alongwithinformationontheirhistoricaldevelopment,optimum polymerneeds,andtheirbenefits.Similarly,the
structureandionicconductivitymechanism ofpolymer-in-saltsolidelectrolyteswereexplainedbyanalyzingthe
interactionsbetweenlithium saltandthepolymermatrix.Theclassificationofsolid-statepolymerelectrolyteswas
thendiscussed,alongwiththemostrecentdevelopmentsinpolymer-in-saltsolidelectrolytes(PISSEs)madefrom
polyacrylonitrile (PAN),polycarbonate derivatives,polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP),and
polyethyleneoxide(PEO).Finally,asuggestionforpotentialimprovementstothemanufacturingofsolidpolymerLi-
ionbatteryelectrolytesthatarestableandaffordablewasmade.

Keywords:Polymer,Salts,Electrolytes,Lithium-batteries,PISSEs,Solid-state.
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1.0INTRODUCTION

Lithium (Li)-ionbatterieshavemaderapidadvancementsinrecentyearsinapplicationssuchasgridenergystorage,

portabledevices,andelectricvehicles(EVs)[1].Thisresultsfrom usinghigh-performanceelectrolytematerials,

whicharecriticalinensuringthesafetyandimprovingthelifecycleoflithium-ionbatteries.Lithium-ionbattery

developmentiscurrentlyhamperedbysafetyconcerns,includingfires,explosions,andelectrolyteleakagefrom

volatileorganicsolvents(suchascarbonatesandethers)inconventionalnon-aqueousliquidelectrolytes[2]. High

energy-densitypost-Li-ionbatteries,suchaslithium metal,lithium-sulfur(Li-S),andlithium-oxygen(Li-O2)batteries,

aremoresusceptibletotheseissues[3–4].Similarly,ionicliquids(ILs)arenotfrequentlyemployedaselectrolytes

forvariousreasons.First,mostILslacknaturalLi-ion.Hencelithium saltsmustbeadded to facilitateIts

conductivityforLIBapplications.Thismakestheelectrolytecombinationdense,whichlimitsitsconductivityand

makesitdifficulttohandle.Moreover,manyILsareexpensive,susceptibletooxygenandmoisture,andhavelimited

practicalapplications[5].Thesafetyissueswithlithium batteriescanbesolvedbyreplacingtraditionalliquid

electrolyteswithpolymerelectrolytes[4].Solvent-free(solid)polymerelectrolyte(SPE),gelpolymerelectrolyte

(GPE),andsyntheticpolymerelectrolyte(CPE)arethethreeprimarycategoriesofpolymerelectrolytesforLi-based

batteries.Nonetheless,thisstudyfocusedonlyonSPE.

1.1SolidPolymerElectrolytes(SPEs)

Saltsareincorporatedintoapolymermatrixtoenhanceionconductioninsolidpolymerelectrolytes(SPEs),which

caneasilybemadeusingsolventcasting,hotcasting,orextrusionprocesses[5-6].Importantapplicationsutilizing

thesematerialsincludedye-sensitizedsolarcells,fuelcells,andbatteries.Becauseofitsprocessability,lowcost,

adequateelectricalconductivity,aswellasthenecessarythermalandmechanicalqualitiestosustainthepressures

associatedwithbatteryoperation,SPEhasbeenwidelyexploredinbatteryapplications.Additionally,duetoits

excellentthermalstability(fireproof,burn-out,etc.),mechanicallyrobuststructure,andleakresistance,SPEismore

appealingthancurrentlyusedliquidelectrolytes.Hence,asolid-statebatterycanberealizedwiththehelpof

efficientSPEs.SPEhasundergonetestingforseveralbatterysystems(e.g.,Li+,Na+,Mg2+,andZn2+)exceptforCa2+;

veryfewstudieshavebeenreportedduetoitslowertransferencenumber[7].

1.2HistoricalDevelopmentofSolidPolymerElectrolytes(SPEs)

Afterthediscoveryofthesemi-crystallinestructureofpoly(ethyleneoxide)(PEO)andalkalisaltsin1973,research

ontheirelectricalcharacteristicswasconducted[8-9].Armandsuggestedusingthesepolymer-alkalisaltcomplexes

assolid electrolytesinhigh-energybatteriesbecauseoftheircombined solid-stateelectrochemistry,flexible

structure,and simpleprocessing [10].A new mechanism thatbetterdescribestheionicconductivityinthe

amorphousphasequicklyreplacedtheoriginalonethatinitiallyexplainedtherelationshipbetweenthemorphology

andconductivityofSPEcomplexes.Thisnewmechanism issimilartoinorganicionicconductorsandisbasedon
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ionictransportthroughpolymerhelicesincrystallinephases[11].

Intheearly1980s,studiesontheconnectionbetweeniontransportandpolymersegmentdynamicsheavily

influencedthedevelopmentofSPE.Bychangingthepolymerstructurewithdiversetopologies,suchasComb-like

typewithshortPEO chainsandcrosslinkednetworkpolymers,severalmethodshavebeendevisedtoprevent

polymercrystallizationinSPE.Nevertheless,thesemethodsunderminethemechanicalqualitiesofthepolymerby

loweringitscrystallinity,whichgoesagainsttheinitialjustificationforadoptingstrongpolymermembranesfor

saferbatteryapplications.Developingpolymer-blendSPEs,block-copolymerSPEs,andceramic-enhancedSPEswas

amajoreffortinthemid-to-late1980stobalancefastiontransportandexcellentmechanicalqualities[12].

AdvancesweremadeinthestructureofSPEsbyChatanietal.in1987;theyfirstinvestigatedthecrystalstructureof

thePEO:NaI3:1crystallinecomplexusingX-raydiffraction[13].

Anothersignificantdiscoverywasmadein1988.ThePEO-LiCF3SO3 matrixwasfilledwithfastionicconductor

particlesLi3N bySkraupetal.,whichhadahighionicconductivityof10-3 S/cm atambienttemperature[14].

Compared to the emptyPEO-based polymerelectrolyte,the resulting composite polymerelectrolyte had a

significantlygreaterionicconductivity.Moreinterestingly,Wieczoreketal.discoveredthatnonionicfillerslikeAl2O3

increasedtheionicconductivityofPEO-basedpolymerelectrolytesbyatleastoneorderofmagnitude[15].The

growthoftheamorphousphasewithhighionmobilityismostlyresponsibleforthis.Polymerelectrolyteshavehad

majorbenefitssincethisgroundbreakingstudy,includingflameretardancy,easeofworkability,higherresilienceto

vibration,shock,andmechanicaldeformationthanliquidelectrolytes,andimprovedelectrode/electrolyteinterface

contact.Ithasalsobeenshowntobemorecompatiblewithsolidinorganicelectrolytes[16].

ThedevelopmentoftraditionalPEO-basedSPEscontinuedthroughoutthe1990switheffortstoboostcharge

carrierdensityanddecoupleiontransportfrom mechanicalsupport.InadditiontothetraditionalSPEmethods,

Angelletal.demonstratedthebenefitofutilizinganewpolymerinsaltelectrolytewithexceptionalperformance[17].

Last,Scrosatietal.created a class of nanocomposite SPEs with improved mechanical,thermal,and

electrochemicalstabilityandroom temperatureconductivity,whichareinterestingcandidatesforhigh-performance

lithium batteryapplications[18].Areconsiderationofthefoundationsoftheionconductionprocessinpolymer

electrolyteshasresultedfrom Bruceetal.discover'sofseveralP(EO)6LiXcrystallinecomplexeswithrapidion

carriers[19].

1.3FundamentalsofSPEs(polymer-lithium saltcomplex)

TheGibbsfreeenergy,ΔG=ΔH-TΔS,mustdecreaseafterthedissolutionofsaltinanysolvent,whetherliquidor

polymer,ataspecifictemperatureandpressure.Thelatticeenergyofthesalt,whichishighforionswithhigh

chargesandsmallradii,andtheneedtocreatecoordinationsitesinthepolymeraretheimportantfactorsthatlead

topositiveΔH,makingthedissolutionlessfavorable.Theinteractionbetweenthepolymer'scoordinatinggroupand
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thecation,andtheelectrostaticinteractionbetweenthedissolvedions,whichbothresultinexothermicprocesses

favoringthedissolution,arealsoamongthefactorsthataffectthechangeinenthalpy.Duetocompetitionbetween

twocomponents,theentropychanges.Asthesaltcrystallatticeisshatteredandionsaredissolvedinthepolymer,

theentropyrises.Asthepolymerchainsstiffenduetocoordinationwithions,theentropydrops.Thepolymer's

segmentalmotionisreducedasaresult.Thelossinentropycausedbythepinningofpolymerchainsishigherthan

theriseinentropycausedbylatticebreaking,andtheresultingchangeinentropyisoftennegative,favoringsalt

precipitation,especiallyathightemperatures[20-22].

Remarkably,the polymermoietyshould have a verylow glasstransition temperature (Tg)forhigherroom

temperatureconductivity.IfT>Tg,thenmoreamorphousregionsshouldbeavailableatroom temperaturefor

segmentalmobilityofthepolymerchain,whichmayfavorlithium cationtransport.However,whenT<Tg,then

segmentalmobilitywouldbesuppressed,andthus,noconductivitywouldoccur.Similarly,alowermeltingpoint

(Tm)mayresultinhigherionicconductivity.Moreover,thepolymerhostsshouldbecapableofdissolvinglithium

ions;Thisisevenmorenoticeableinpolymerswithahigherdielectricconstant;thosewithlongerrepeatingunits[8].

Insummary,thehostpolymersmustsatisfythefollowingvitalrequirementstoeffectivelysolvatethesaltand

createapolymer-lithium complex:(I)Highelectron-donorproperties;thebestcandidatesforcomplexformationare

polymerswithagreaterconcentrationofsequentialpolargroupsontheirbackbone,suchasether(-O-),sulfide(-S-),

amine(-N-),phosphine(-P-),carbonyl(C=O),andcyano(C=N);(II)highdielectricconstant:adielectricconstantof

thepolymerhostwillleadtoeffectivechargeseparationofthesalts,whichfurtherleadstothehighconcentration

ofchargecarriers;(iii)asuitableseparationbetweenthecoordinatingcenters,bestexemplifiedbycrownethers;(iv)

easeofsynthesisandprocessing;(v)HighmolecularweightofthepolymermoietyisalsodesirabletoachieveSPEs

withbettermechanicalstrengthandflexiblebackboneandlow sterichindranceforbondrotation;(VI)High

backboneflexibilityisneededtolowertheenergybarrierforbondrotation;(vii)Thetypeofcationsolvation:To

promotesaltdissociation,polymer-cationinteractionsmustresultinacompromisebetweensufficientstrengthto

assurethesolubilityofthesaltviacationsolvationandsufficientlabilitytopromoteionichoppingbetween

coordinatingsites[23,24].

1.4AdvantagesandDisadvantagesSPEs

SPEshaveseveraladvantagesoverothersolidelectrolytesthatmakethem superiorinvariousapplications.SPEs

areeasilyprocessibleastheycanbesolutioncast[25]orfabricatedusingasolvent-freehotpressingapproach[26-

28].Suchasystem canbeadaptableandcompliantdependingonthetypeofSPE,whichgivesrisetocertain

unusualdeviceapplicationslikewearablepower.Thenon-flammabilityandlackofvaporpressureofSPEsmake

them excellentcandidatesforbatteryapplicationswheresafetyiscrucial,suchasinelectricvehiclesorimplantable

medicaldevices.ThemajorissuesfacingtheSPEsareconductivityandinterfacialresistance,whichcanbe

remediedbyaddingplasticizerandelectrodesupportintegratedmembrane,respectively.
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1.5RequirementsofPolymerElectrolytesforSolid-StateLithium-basedBatteries

ThemajorrequirementsofpolymerelectrolytesforSolid-StateLithium-basedBatteriesarebrieflydiscussedas

follows[29]:

(1)Theionicconductivityisthemajorparameterforpolymerelectrolyte,whichshouldbeuptothelevelof10-4-10-3

S/cm atroom temperature,andarecrucialforthefastionstransportandcanenablethestableoperationofhigh-

performanceSSLMBswithreasonableratecapacities.

(2)Theelectrochemicalstabilitywindow shouldbewideenough(4.5-5.0V vs.Li+/Li),bywhichthepolymer

electrolyteswithstronganti-oxidationpowerscanbeusedforthehigh-voltageandhigh-capacitycathodematerials

tocontributethehigherenergydensityforSSLMBs,especiallytheNi-richandLi-richtransitionmetaloxides.

(3)Theionstransferencenumberofpolymerelectrolyteshouldtendtobe~1,thentheconcentrationofmobile

anionscanbelessenedlargely,whichisadvantageousforfastcationstransportandsuppressionofconcentration

polarization ofpolymerelectrolyte,and reduction ofpotentialpolarization as wellas side reactions atthe

electrolyte/electrodeinterfacesinthesolid-statebatteries.

(4)AsreportedbyMonroeandNewman,thelithium dendritegenerationandgrowthcanbeinhibitedwhenthehigh

shearmodulusofthepolymerelectrolyteis1.8timeshigherthanthatoftheLi(~6GPa)[30].Themechanical

strengthofpolymerelectrolytesshouldbereasonable;then,theelectrolytemembraneissuitableforthefacile

assemblingofbatteriesandfavorableforsuppressinglithium dendritegrowthinSSLMBs.

(5)The thermalstabilityofpolymerelectrolytesissignificantforthe stable operation ofSSLMBsatwide

temperatures,especiallyforthebatteriesthatneedtobeplacedathightemperatureswhentheionicconductivityis

lowatroom temperature.

(6)ThechemicalstabilityofpolymerelectrolytealsoneedstobeconsideredforSSLMBs,whichinvolvesthe

chemicalreactionbetweenpolymerelectrolyteandelectrode,likethereductionbyLimetalanodeattheinterface.

Besides,theelectrode/electrolyteinterface,primarilythecloseinterfacecontactwithcompatibilityandstability

duringthelongcyclingofSSLMBs,isalsovitalforimprovingthebatteryperformance.

2.0ClassificationSolidPolymerElectrolytesBasedonLithium SaltContent

Sincetheirdiscovery,solid polymerelectrolyteshavegarnered muchresearchinterest.Theyexhibitagood

combinationofflexibility,Li-ionconductivity,andcompatibilitywiththecathodeandthelithium metalanode[31,32].

Atanygiventemperature,theconductivityofapolymerelectrolyteisoftenlowerthanthatofacorrespondingliquid

electrolyte.Toincreaseconductivity,avarietyofnovelpolymerelectrolytetypeshavebeendevelopedwithdesired

functionalities,and therefore diverse classificationsare proposed.The polymerelectrolytesare divided into
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differenttypesbasedonthevariousfunctionalgroupsofthepolymermatrix,andthepropertiescanbeimprovedby

changingthefunctionalunit[29].Thenovelclassofsolidpolymerelectrolytesisdividedintotwocategoriesbased

ontheamountoflithium saltinthepolymermatrices:salt-in-polymerelectrolytesandpolymer-in-saltelectrolytes.

Themaindistinctionbetweenthetwoisthelithium saltcontent,whichislessthan50%intheformerandgreater

than50%inthelatter,respectively[32].

2.1Salt-in-polymer’’Electrolytes

Salt-in-polymerelectrolytesaretheearlierinvestigatedclassofpolymerelectrolytesinwhichthelithium saltcontent

isalwayslessthan50%byweight,andthepolymermatrixisthemajorcomponent.Theionstransportedinthese

polymerelectrolytesareconnectedwithpolymerchainsegmentswithcertainfunctionalgroups[29,31].

2.2‘‘Polymer-in-Salt’’Electrolytes(PISSEs)

Forthe‘‘salt-in-polymer’’electrolytes,thecontentoflithium saltinthepolymermatrixisrelativelylow,whichinduces

lowionicconductivity[33].Comparatively,byraisingthelithium saltcontentover50%wt.,alsoknownasapolymer-

in-saltelectrolyte,theiontransportofpolymerelectrolytescanbeimproved[34].Thehighconcentrationoflithium

saltmayalsoimprovethetransferencenumberofLi-ion.Thebattery'spotentialforpolarizationcanthenbereduced,

andthesidereactionbetweentheelectrolyteandelectrodecanbeeliminatedduetothepolymerelectrolyte'slow

concentration ofmobile anions.Interestingly,the ion transportin the polymer-in-saltelectrolyte can be

accomplishedviadecouplingwithpolymersegmentalrelaxationacrossthechannelstructure[35].Thepercolation

pathofthemoltensaltregionexistsinthehighsaltcontentasopposedto isolatedclustersinthelower

concentrationzone.Whenthedesiredconcentrationofclustersisreached,allindividualclustersinteracttoform an

infinitecluster,whichspeedsupthecationiccarrierprocessthroughouttheelectrolyte[36].

Thepolymeragaininducesmechanicalstabilityoftheconductingcompositeandsuppressesthesaltcrystallization

duetotheinteractionwiththelithium cations.Thus,PISSEispromisingasitcombinesthemeritsofpolymer

electrolytes(elasticproperties)andsuperionicglasses(highlithium transportnumber).Suchanelectrolytemight

haveconductivitiesthataresignificantlyhigherthanthoseofconventionalpolymerelectrolytes[37].Theenergy

densityofabatterybasedonapolymer-in-saltelectrolytemaynotbenoticeablylowerthanthatofasalt-in-polymer

electrolyte,eventhoughlithium salthasahigherdensitythanpolymer.Also,thethicknessofthepolymer-in-salt

electrolytesheetcanbedrasticallylowered,resultinginanextremelylightweightandhighenergydensityforthe

battery.Forinstance,Angelletal.describedapolymer-in-saltelectrolytewithahighcontentoflithium saltsthan

50%wt.inasmallamountofpolymermatrix,whichsufficientlyreducedtheTgandretainedtherubberstateat25

°Candthenofferedthehighionicconductivityandwideelectrochemicalstabilitywindow.Withasaltlevelof70%

wt.,thehighestionicconductivitycanbeachieved[17].

Polymer-in-saltelectrolytes can produce high ionic conductivity,butas saltconcentration increased,poor
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mechanicalstrengthwasunavoidable.Toimprovethemechanicalpropertiesofpolymerelectrolytes,rigidsupport

mustbeadded.Thefactthatthecation-coordinatingmacromoleculeisthemainconstituentintypicalsalt-in-

polymerelectrolytesisoneofthekeydistinctionsbetweenthetwoelectrolyticsystems.Asaresult,mobileion

migrationoccursinamorphousareasandisassistedbythemovementsofthemacromoleculehost[38].Onlyat

temperatureshigherthantheglasstransitiontemperatureofsuchelectrolytescanhighionicconductivitiesbe

attained[39].Therelatedsystem ofpolymer-in-saltelectrolytewithlithium saltasthemajorcomponentexhibits

muchhigherionicconductivitiesthanthesalt-in-polymerschemebycreatingarubberyversionofaglass-like

polymerelectrolyte[28].Therefore,provideastandardplatform tocombinethedesirablemechanicalpropertiesof

rubberypolymerswiththefast-ionicconductionofglassyelectrolytes.Thepolymer-in-saltelectrolytes'veryhigh

saltcontentencouragestheformationofanionicconductingnetworkofaggregatedcation/anionclusterslinkedto

createpercolationpathwaysforfastionmigrationasapromisingstrategytoIncreasetheionicconductivityofthe

[40].

FIGURE1:Theschematicdiagramswithionmigrationmechanismsinvariouspolymerelectrolytes:

(bluish-Anions;brownish-Lithium-ion;andGrey-polymerchains)(a)“Salt-in-polymer,”and(b)“Polymer-in-

Salt."(adaptedfrom [29])
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3.0RecentAdvancesonPolymer-in-SaltElectrolytes(PISSEs)

To form high-concentration saltPISSEs,the dissociation energyofthe lithium saltmustbe low.Lithium

bis(trifluoromethanesulfone)imide(LiTFSI)andLithium bis(fluorosulfonyl)imide(LiFSI)areusuallyusedaslithium

saltsforPISSEssystem becausetheyreadilydissolveinthepolymerowingtohighdelocalizationofchargeinthe

anions.Asanotherimportantcomponent,thepolymermatrixnotonlyenablesthedissolutionofaconsiderable

amountoflithium saltbutalsoworksastheframeworkoftheelectrolytemembrane.Thus,thepolymerbackbone

shouldhaveahighdielectricconstantandmechanicalstrength.Accordingtothepolymerhost,currentPISSEscan

bedividedintopolyacrylonitrile(PAN)-basedandpolycarbonatederivative-based[35].

3.1Polyacrylonitrile(PAN)-basedPISSEs

AmongPAN-basedPISSEssystems,thePAN-LiTFSIPISSEisthemostprominent[41].Nevertheless,thesystem

exhibitsweakelectrochemicalstabilityandlimitedionicconductivity,though.ThisisduetothePAN'sstrongCN

groups,whichgivethechainsahighthermodynamicbutlow kineticflexibility.Itisadvantageoustoincorporate

inorganicfunctionalelementsintoPISSEstoincreaseionicconductivityfurtherandenhanceelectrochemical

stability.ToachievemoreflexiblechainsandimprovetheinteractionbetweenthepolymerandLi-ion,some

inorganicelementswithinherentstabilitycanpreventpolymercrystallization[42].Moreover,theycanimprovethe

mechanicalstrength,stability,andotherpropertiesofPISSEs.

Wuetal.reportedaPAN-LiTFSISPE(84wt.% LiTFSIin16wt.% PAN)integratedwithgrapheneoxide(GO)

nanosheets,whichimprovedtheionicconductivity,electrochemicalstability,thermalstability,andchemicalstability

oftheSPE—theSPEwith0.9wt.%GOnanosheetsdemonstratetheionicconductivityof1.1×10-4 S/cm at30ºC,

whichisalmostoneorderofmagnitudegreaterthanthefiller-freeone[43].Thisisbecausetheseoxygen-

containinggroups(e.g.,COOH,-CO,-OH,and-COC-)inlaminatedGOnanosheetsinteractwithLi-ion,leadingtothe

decouplingoftheionictransportfrom segmentalmotionintheelectrolyteandbuildingupaconductiveframework

onthesurfaceofGOnanosheets.Furthermore,theelectrochemicalwindowisextendedby0.5Vtoapproximately5

V(vs.Li+/Li);andthethermalstabilityisalsobetterthanpristineSPEattributedtoanisolatingeffectbetweenPAN

andGOnanosheets.Wuetal.againdiscoveredthatbypreventingthemetaphasethatmayhaveresultedfrom high-

concentrationLiTFSIcrystallizationandprecipitationfrom PAN,GOnanosheetscouldmaintainthebulkconductivity

ofthePAN-LiTFSISPE[43].

Hongcaietal.preparedamembranewithasolution-castingmethodwhichdramaticallyshowedthatapolymer-in-

saltelectrolyte based on polyacrylonitrile with a lithium saltas the majorcomponentexhibits a wide

electrochemicallystablewindow,ahighionicconductivity,andanincreasedlithium-iontransferencenumber[44].

Thegrowthofdendritesfrom thelithium-metalanodewassuppressedeffectivelybythepolymer-in-saltelectrolyte
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toincreasethesafetyfeaturesofthebatteries;itwasfoundthatstableinterphasewasformedbetweenthelithium-

metalanodeandthepolymer-in-saltelectrolytetorestrainthewildparasiticreactions,andthusdemonstratedanall

-solid-statebatteryconfiguration with a LiFePO4 cathodeand thepolymer-in-saltelectrolyte,which exhibited

superiorcyclingstabilityandratecapability.

Wang's group researched a polymerelectrolyte composed ofPAN,propylene carbonate (PC),and lithium

bis(trifluoromethanesulfonyl)imide (LiTFSI)byRaman and AC impedance spectroscopy[45].In the polymer

electrolytewitharelativelylowsaltproportion,thecationsofthedissolvedsaltwereassociatedwiththepolymer

andtransportedbythesegmentalmotionofthepolymer,correspondingtothesplittingofthe2270cm-1component

from the2245cm-1bandofthenitrilestretching.Asmoresaltwasadded,ionicassociatessuchas[Lim+TFSIn-]

(m>n)wereformed.IntheRamanspectrum,anew peakat2280cm-1depictingtheinteractionbetweenthe

polymerandioniccluster[Lim+TFSIn-](m>n),aswellasthe2270cm-1peakrelatedtothenitrile-Li+interactionwas

observed.Whenthesaltcontentwasextremelyhigh,efficientpercolationpathswereformedandcontributedthe

mosttotheionicconductivityoftheelectrolyte.Atransitionfrom ‘‘salt-in-polymer’’to‘‘polymer-in-salt’’electrolyte

wasobservedatthismoment,andconductivitiesof10-3 ~10-4 S/cm wereacquiredatroom temperature,which

agreedwithBushkova’sresultsthataconductivityof2.1x10-3 S/cm couldbeobtainedat[CN]/[Li]=2forPAN

copolymer/LiClO4 electrolyte.Nonetheless,both polymers were scarcelysoluble in organic solvents,making

preparingasolvent-freethinelectrolytefilm difficult[46].

Toovercomethisproblem,Florjanczykandhiscoworkerspreparedrandom acrylonitrilecopolymerswithbutyl

acrylate[poly(AN-r-BuA)][36].DuetothepresenceoftheBuAmonomericunits,thesecopolymersreadilydissolved

inacetonitrile,whichenabledthepreparationofelectrolytesbythestandardsolventcastingtechnique.Theyfound

thatasthecontentoflithium bis(trifluoromethanesulfone)imideincreased,thepolymer/lithium saltcomplexes

becamebyfarmoreflexible.Ontheotherhand,whenthesaltcontentincreased,thePEOsystemsbecameless

adaptable.Thisappearedtobecausedbytheethergroups'significantlysuperiordonorcharacteristicstothenitrile

groups.Theconductivities,however(10-5S/cm atRT),werelowerthanthoseofpurePANionicrubbers.Itwasclear

from thetemperaturedependenceofconductivityinthesesystemsthationmobilityandthesegmentalpolymer

matrixobeyedtheVTFequation.

3.2PolycarbonateDerivative-basedPISSEs

Recently,polycarbonateshavebeenfoundtohavehighsolubilityandgooddissociationforlithium saltsandare

reasonableasthepolymermatrixforsolid-stateLi-ionbatteries,unusuallyasthepolymerhostofPISSEs[47].

Nonetheless,polycarbonate-basedPISSEsaresubjectedtoaprofounddeteriorationofmechanicalproperties,

whichprobablycausesfailuretoform aself-standingfilm.Toincreasemechanicalproperties,addingmaterialswith

excellentstrengthisasimpleandefficientmethod.Tominaga’sgroupfirstsynthesizedpoly(ethylenecarbonate)

(PEC)-basedPISSEwith80wt.%LiFSIusinga3D-orderedmacroporouspolyimidematrixtoimproveitsmechanical
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properties[48].Nevertheless,thehybridmembranesacrificespartsoftheionicconductivityofPEC.Whereafter,

Zhao,etal.putpoly(vinylidenefluoride-co-hexafluoropropylene)(PVDF-HFP)intoPECLi80electrolyte(80wt.%

LiTFSIin20wt.% PEC)withthepolymer-in-saltstructuretomaintaintheconductivityofPECandenhancethe

mechanicalperformanceofthepolymerelectrolyteusingthebettermechanicalstrengthofPVDF-HFP[33].The

uniquehybrid polymerelectrolyteFPEC80/50 (50 wt.% PEC80 in 50 wt.% PVDF-HFP)showsahigh ionic

conductivityof1.08×10-4S/cm at30ºCbutalsoastableelectrochemicalwindowaround4.5V(vs.Li+/Li)duetothe

combinedeffectbetweenPECandPVDF-HFP.Asaresult,TheLi/FPEC80/50/LiFePO4 cellexhibitsexcellentrate

capacityandcyclingstability.

Zhaoetal.developedahigh-concentrationlithium-saltpolymerelectrolyteconsistingofpoly(ethylenecarbonate)

(PEC),poly(vinylidenefluoride-co-hexafluoropropylene)(PVDF-HFP),andlithium bis(trifluoromethanesulfonimide)

(LiTFSI)[33].Thispolymerelectrolytehastwotransportpathwaysforlithium ions.Oneemanatedfrom thePECLi

phase,inwhichlithium saltcanbedissolvedanddissociatedinPEC,forminga‘‘polymerinsalt’’inaPVDF-HFP

substrate.TheotheristhatPVDF-HFPandPECsynergisticallypromotetheLi-ionmovement.Asaresult,thehigh-

concentration lithium-saltpolymerelectrolyte illustrates a high ionic conductivity (1.08 × 10−4 S/cm).It

demonstratesawideandstableelectrochemicalwindowataround4.5V(vs.Li+/Li).Itisalsocapableofquelling

thegrowth oflithium dendrite.Afterthat,Heetal.fabricated apolymerelectrolyteconsisting of80 wt%

bis(trifluoromethanesulfonyl)imide (LiTFSI),20% polyethylene carbonate (PEC),and polyamide (PA)fiber

membraneskeleton[49].Thepolymerelectrolyteshowsgoodmechanicalstrengthandhighionicconductivityas

wellasgoodwettabilitytoporouselectrodes.

Fanetal.haveintroducedthepolyamide(PA)fibermembranetostrengthenthemechanicalstrengthofPEC-LiTFSI-

based‘‘polymer-in-salt’’electrolyte[50].TheionicconductivityofPEC-LiTFSI(80wt.%)/PAcanreach4.05×10-4

S/cm at55°C.Afterthat,thePVDF-HFPwasaddedtoenhancethemechanicalstrengthfurtherandmaintainhigh

ionicconductivity.Again,thebiphasicpolymerelectrolytewithhighcontentoflithium saltcandelivergood

mechanicalstrengthbyadjustingtheratioofPECandPVDF-HFP.Similarly,thedualpathofiontransportexistin

polymerelectrolyte:oneisofferedbythecoordinationanddissociationoflithium saltinaPEC-LiTFSI‘‘polymer-in-

salt’’electrolytethatissurroundedbyPVDF-HFPporousmatrix;theotherisinducedbyasynergisticeffectofPVDF-

HFPandPECthatcanspeedupthemovementoftheions.Theas-preparedpolymerelectrolyteexhibitedhighionic

conductivityof1.08×10-4 S/cm at30°C,wideelectrochemicalstabilitywindow above4.5V(vs.Li+/Li),and

suppressionoflithium dendritegrowth.Thus,amongthemanypolymerelectrolytes,thepolymer-in-saltelectrolyte

with good ionic conductivityappears promising.Yet,issues,including the stability,expense,and interfacial

resistancebetweenthepolymerelectrolyteandelectrode,aswellasothers,shouldbefixedforlarge-scale

applications.

Chenetal.proposedapolymer-in-saltbi-graftedpolysiloxane(BPSO)copolymerelectrolyte(themassratioof
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LiTFSItoBPSOis150%)withsuperhighionicconductivityatroom temperatureandfurthersetthecomposite

polymerelectrolytemembranewithhigh-ionic-candidateacetate(CA)membranesasthebackboneandpolymer-in-

saltbi-graftedpolysiloxanecopolymersastheion-conductingmaterials[51].AfterintroducingCA,althoughthe

ionicconductivityofBPSOcopolymerelectrolyteissacrificed,itsmechanicalstrengthisextremelyimproved;thus,

thelithium dendritesgrowthisobstructed.Aviablemethodtoimprovethemechanicalandionicconductivityof

polycarbonatederivative-basedPISSEsistoaddactiveceramicfillers.Activeceramicfillerswithinherenthardness

cantransmitLi-ionandpreventcrystallization.

Lietal.fabricated a ceramic/polymercomposite electrolyte by dissolving Li1.5Al0.5Ge1.5(PO4)3 (LAGP)into

poly(propylenecarbonate)(PPC)-LiFSI80wt.%PISSEsolution[52].ThisPPC-basedelectrolytewasconsideredan

adequatealternativetoPEO-basedcomposedpolymerelectrolyte.ComparedwithLAGP/PEO-SPE-80/20electrolyte,

LAGP/LiFSI80-80/20concerts1-2ordersofmagnitudehigherionicconductivitybeneficialfrom thesynergistic

effectbetweenLAGPandPPC-LiFSI80wt.%PISSE.Consequently,theLi/LAGP/LiFSI80-80/20/LiFePO4celldisplays

bettercycling properties than the Li/LAGP/PEO-SPE-80/20/LiFePO4 cell,which is also due to the improved

interfacialbehaviorduringcyclingbetweentheelectrodeandcompositeelectrolyte.

3.3Polyvinylidenefluoride-hexafluoropropylene(PVDF-HFP)basedPISSEs

Liuetal.usedpolyvinylidenefluoride-hexafluoropropylene(PVDF-HFP)andexcessiveLiTFSItoformulatepolymers-

in-saltelectrolytes(PVHLi-1.1)[53].Thiselectrolyteenhancesthestabilityoftheelectrode/electrolyteinterfaceand

deliversmorechannelsandsitesforlithium-ionstransportation,andthesideeffectofthe3Dstructurecaninhibit

theirregulargrowthoflithium dendrites.TheSEM imageofPVHLi-1.1film revealsthatPVHLi-1.1fullyinfiltratedthe

3DporousTiO2/Li,exhibitinghighionicconductivity(1.24×10−4 S/cm)andahighLi-iontransferencenumber.

Ultimately,thecapacityretentionrateofpolymers-in-saltelectrolyteswasashighas86.8%after800cycles.

Furthermore,apoly(vinylidenefluoride-co-hexafluoropropylene)(PVDF-HFP)-basedpolymer-in-saltsolidelectrolyte

(PISSE)withhighroom-temperatureionicconductivity(1.24×10-4 S/cm)wasdesignedandconstructedamodel

integratedTiO2/LiSSLBwith3Dfullinfiltrationofthesolidelectrolyte.Byformingaggregatedionclusters,unique

ionicchannelsaregeneratedinthePISSE,deliveringmuchfasterLi-iontransportthancommonpolymerelectrolytes.

Moreover,theintegrateddevicesimultaneouslyachievesmaximizedinterfacialcontactandelectrochemicaland

mechanicalstability,presentingahighperformancenearthatofliquidelectrolytes.Apouchcellmadeof2SSLB

units in series exhibits a high voltage plateau (3.7 V)and volumetric energydensitycomparable to many

commercialthin-film batteries(microbatteries),whichalsoexhibitstrongflexibilityandbrilliantsafetyunderabuse

tests[53].

Chen etal.prepared a saltpolymercomposed oflithium bis (trifluoromethane sulfone-imide)(LiTFSI),

polyvinylidenefluoride(PVDF),anddouble-graftedpolysiloxanecopolymerbythesolution-castingmethod,andthen
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compoundeditwithcelluloseacetatetopreparepolymerelectrolyte[54].Thesolidelectrolyteexhibitsinteresting

mechanicalpropertiesdeliveredbycelluloseacetate.Polysiloxane,LiTFSI,andthePVDF-preparedpolymersaltsolid

-phaseextractsofferhighionicconductivity.Hence,lithium-sulfurbatteriesassembledwiththispolymerelectrolyte

presentgoodcyclingperformanceat1C.

Haoetal.developedanovelpolymer-in-saltsolidelectrolyteviaasupramolecularstrategybasedonpoly(methyl

vinyl ether-alt-maleic anhydride) (PME) and novel single-ion lithiated polyvinyl formal (LiPVFM)/lithium

bis(trifluoromethylsulfonyl)imide(LiTFSI)compositesalts(Dual-Li)[55].HydroxylofLiPVFM inDual-Liformsa

stronghydrogenbondwiththecarboxylicacidgroupinducedbythepartialring-openingreactionofmaleic

anhydride in PME.Meanwhile,PME with abundantcarbonylenables enhanced LiTFSIcoordination in the

polymer/saltcomposites.Asaresult,thegreatlyenhancedmutualsolubilityofPMEandDual-Liisofimportanceto

builda‘‘polymer-in-salt’’solidelectrolyte(PISE),whichexhibitshighionicconductivityof3.57×10–4 S/cm,wide

electrochemicalwindow beyond5V,andsuperiorlithium-iontransferencenumberof0.62at25°Caswellas

excellentinterfacialcompatibilitywithelectrodes—assembledLiCoO2||Lisolidbatteriespresentprominenthigh-

voltagecyclabilitywith89.2% capacityretentionin225cycles.Similarly,LiNi0.7Mn0.2Co0.1O2||Lipouchcellsexhibit

excellentsafetyevenunderharshconditions.Thestudyoffersapromisingmethodtohandlethehighvoltage

compatibilityandinterfacialissuesusingPISEinsolid-statebatteries[55].

3.4Polyethyleneoxide(PEO)-basedPISSEs

OneexampleistheionicrubberbasedontheternaryLiClO4-LiNO3-LiOAcandhighmolecularweightPEO (MW

~8x106)reportedbyAngel’sgroup[17].Theyfoundthatanambientconductivityashighas10-3 S/cm couldbe

obtainedfrom thisionicrubber,withalargerubberytemperaturerange(~20℃ to~130℃).Thecurrentchallengeis

tofindsaltorsaltmixtureswithwiderelectrochemicalwindows(>4.5V)whicharecompatiblewithPEOpolymeror

newhighmolecularweightpolymerswhicharestableinmoreaggressivemelts.Oncethisproblem issolved,the

practicalapplicationofthisnewionicrubberinlithium batteriesisveryfavorable.Basedonthisassumption,they

formulatedaseriesoflithium sulfonates,whichareknowntoexhibitelectrochemicalstability.Onespecialmaterial

was formed bycomplexing the anion oflithium chlorosulfonic,ClSO3
-,with aluminum chloride to give the

chloroaluminate-chlorosulfonicanion,[AlCl3-SO3Cl]-.Combiningthehighdecouplingindex(6x107)andalow Tg(-

30.4℃)gaveanionicconductivityof1.6x10-3S/cm atroom temperature,witha4.0Velectrochemicalwindow.

Wuetal.preparedapolymer-in-saltelectrolytewithenhancedoxidativestabilitybycombiningpolyethyleneoxide

(PEO)andlithium bis(fluorosulfonyl)imide(LiFSI)withadryballmilling[56].Thehighvoltagestabilityandionic

conductivityofPEO-basedpolymerelectrolytesystemschangewiththecontentofLiFSI.Thepolymerelectrolyte

withEO/Li=1hashighionicconductivityandoxidativestability.Thefirstprinciplesexhibitthatthecoordinationof

EO withLi-ionintheelectrolytewithEO/Li=1reducestheHOMO energylevel,therebyboostingtheoxidation

voltage.Consequently,thelithium metalbatterieswiththepolymer-in-saltelectrolyteproducedahighcapacity
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retentionof74.4%over186cyclesatahighvoltageof4.3V.

4.0Perspective

Tomanufacturehigherenergydensitybatteries,solid-statelithium metalbatterieslikeLi-S[57]andLi-O2[58]cells

mustcomplementthosemadefrom SPEs.Thisisduetothelithium metalbond,whichhasthegreatestnegative

electrochemicalpotentialandanextremelylargespecificcapacity(3860mAh/g)(-3.04Vvs.standardhydrogen

electrode).Whilecycling,particularlyathighcurrentdensities,thedevelopmentoflithium dendriteswillpiercethe

electrolytemembraneandresultinashortcircuit.Topreventlithium dendritesinsuchsituations,thePISSErequires

relativelyhighmechanicalstiffness.Asaresultofthis,Imadethefollowingrecommendations:

4.1DevelopmentofNovelLithium SaltswithDesiredFunctionalities

Thecostoflithium saltmustbeconsideredduetoitsmassiveuseinPISSEs.Lithium saltsusedforPISSEs

systemsareeitherLiFSIorLiTFSI,whichareexpensive.Likewise,thehighlithium saltconcentrationisunstableand

leadstoeasycrystallization.Therefore,itisvitaltodevelopnewlithium saltswithlowcostandhighstability.

4.2SynthesizenewPolymerMatricesviaFunctionalUnitsAdjustments

TofurtherdecreasethecostofPISSEs,itiscriticaltofindsomenewpolymermatrix.Inadditiontobeingcheap,the

polymerhostshouldalsohavethefollowingaspects:(1)highdielectricconstanttoboostthedissolutionoflithium

salts;(2)superiormechanicalstrength;(3)excellentstability,includingthermalstability,chemicalstability,and

electrochemicalstability;(4)abilitytoimmobilizetheanionofthelithium salttoform single-ionconductivity,as

Rollandetal.reported[59].Thesepropertiescanbeenhancedbythestrategyoffunctionalunitadjustment,

includingcopolymerizing,cross-linking,andgraftingfrom monomerfunctionalunitsarethemostcommonmethods.

Consideringthecheapabundanceandthematureindustries,naturalpolymersandmodifiednaturalpolymersare

possiblecandidates.

4.3UseElectrode-SupportedPISSEIntegratedMembrane

AlthoughthepropertiesofPISSEscanbeenhancedbyaddingfunctionalinorganicororganicmaterials,the

performancesofPISSE-basedLIBsstillhavetobeimproved.Thisisbecauseoftheinferiorinterfacialcontact

betweenthepolymerelectrolyteandtheelectrode,whichleadstohugeinterfacialresistance[60,61].Itishardfor

therigidsolidelectrolytemembranetoeffectivelywetinterfacelikeliquidelectrolytes.Thisproblem canbe

addressed bycasting thepolymerelectrolytesolutionontheelectrodeto situform thepolymerelectrolyte

membraneandconstructinganelectrode-supportedPISSEintegratedmembrane[62-64].Byreducingthethickness

ofthe polymerelectrolyte,this integrated structuraldesign can increase the battery's energydensitywhile

simultaneouslyimprovingtheperformanceoftheelectrodebyexpandingthecontactareabetweentheelectrode

andthesolidelectrolyte.Thefactthatsuchasolid-statebatterydoesnotincreasetheinterfacialimpendence
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betweentheelectrodeandthepolymerelectrolyteevenbeforedeformingmeansthatitcanpowerflexibledevices.

The3Delectrodestructure,particularlythe3Dnanoarraystructuregrowndirectlyonacurrentcollector,willbe

suitablyadvantageoustofurtherenhancetheperformancesoftheflexiblebatterywiththeelectrode-supported

PISSEintegratedmembrane[65,66].Becauseofsufficientinterspacingbetweenthevariousnanostructures,the

electrodewitha3Dnanoarraystructuremayachievenotonlythequickpassageofelectronsbutalsocomplete

contactbetweentheactivematerialsandPISSEs.

Conclusion

SolidpolymerLi-ionbatterieswithreassuringsafety,highenergydensity,andarbitrarystructureshow great

potentialforfutureenergystorage.SPEswithoutstandingcapabilities,suchasstrongionicconductivityatroom

temperature,large electrochemicalwindows,and good mechanicalqualities,are essentialto developing

commerciallyviablesolidpolymerlithium-ionbatteries.AmongvariousSPEs,PISSEsarepromisingduetosuperior

ionicconductivityatroom temperature.Inthisreview,thehistoricaldevelopment,requirementsforidealSPEs,the

challengesofconventionalsalt-in-polymerelectrolytes,theion-conduction mechanism ofPISSEs,and recent

advancesinimprovingPISSEswerediscussed.Somechallenges,includingstability,cost,andinterfacialresistance

betweenPISSEsandelectrodes,havealsobeenputforward.Infuturestudies,searchingforoptimalPISSEsand

optimizingtheinterfacewithelectrodesareindispensableforadvancingtheperformanceofrelatedsolid-stateLi-

ion batteries.In addition to paving the wayforthe widespread use ofsolid-state lithium-ion batteries,the

developmentofPISSEsoffersnewinsightintohowtoaddresssolidelectrolytedesignandinterfacialproblemsin

highvoltageSLMBs,advancingthecreationofpolymerelectrolyte-basedsolidbatterieswithhighenergydensity,

performance,andsafety.Itisforeseenthatsignificantprogresswillbemadesoon.
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