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Abstract

Facing demands for smaller and more powerful batteries to keep pace with technalbgacalesasthe
conventional lithiuraon battery(LIB) is reaching its inherenphysicochemical limit, new electrode
materials must be researched. One attractive anode material is lithiumuvmietalhas a specific engrg
density 11 times highdhan conentional graphite anode. However, lithium metal is incompatible with

conventional liquid electrolyte and leads to severe impact on cycle life and safety issues.

For lithium metal to be feasible as anode material in a secondary LIB, the eleategiyieed must be
thermodynamically stable against lithium metal, or can decompose and form a thielectidlyte
interface layer on the surface of the lithium to previarther parasitic reactions. The electrolyte chosen
must also be able to preventsuppress the growth of lithium dendrite to avoid penetration, leading to short

circuit and severe safety issues.

This thesis presents a composigramicpolymer electrolyt CPE) based orsolid polymer electrolyte
polyethylene (PEOgontaininglithium salt lithium bis(trifluoromethanesulfonyl)imid@iTFSI). Ceramic
electrolyteLi sAlosGe sPs012 (LAGP) is mixed anddispersednside the polymer tetudy andprovide
additional pathways for lithium ion conductiowhich raisesboth ionic conductivity aswell as LI
transference numbétii.) due to LAGP being a singien conductorLAGP to PEO ratio was studied and
optimized through the AbrickIl ayer oLAGPoataaveighfraiio i on
of 1:1 relative to PEQ1 LAGP)allows for bulk ionic conductivity at 3& to increase from 3.6410° S
cm! to 2.49%10° S cm'. To further improve lonic liquid 1-ethyl3-methylimidazolium
bis(trifluoromethanesidnyl)-imide (EMITFSI) is then added to modify the PEO further through
plasticization which decreases both glass transition temperatgran@ melting temperature . This
raises the ionic conductivity further ©20x10° S cm* at 35°C and 6.1%0* S cm' at 50°C.This also
results in i = 0.72 at 50C, which isan inprovement upon PEQITFSI solid polymer electrolyte ofit

= 0.46, making it more efficienthe final optimized composite electrolyte was ablmitially deliver 139



mAh gt in discharge capacity aridd5 mAh ¢ after 125cycles at a charging rate of GC3 with good rate
capability of 112 mAh g at 1C while under 50°C environment, which is reduced bip BI°’C compared
to similar literature, providing a pathway towards a practical polymer based solid state batteay with

scalable production method.
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Chapter 1 Introduction

1.1 Motivation

In our current information age, electronics is an integral part of our society. Despite the advances
and market demand for mobile devices and vehicles, energy storage in terms of battery has not
fundamentally improved or changed in the past decadesConventionalithium ion battery(LIB) as
shown inFigure 11 generally consists of insertion type electrodes, a porous separatoriadd lig
electrolytes. During charging, lithium ions at the cathode is reduced due to electrochemical potential
difference and detach from the cathode, imparting one electron per atom. The lithium ion then transfers
past the separator through the electrolyi @xidizes in the anode active material. The process is then
reversed upon discharginglowever, LIBwith an intercalation type cathode, liquid electrolyte, and

graphite anode is reaching its inherent physicochemical limit in terms of capacity and posigr. d

New battery systems such as lithksifur and lithiumair have shown to be able to drastically
improve battery capacity density, where lithium metal anode has up to 11 times the gravimetric density
compared to graphite. However, the conventididFs salt in ethylene carbonate (EC) and dimethyl
carbonate (DMC) liquid electrolyte proves detrimental to the lithium metal electrode as well as posing a
serious safety concern in cases of leakage and combustion of the battery. As conventional liquid
electrolyte is highly unstable under high voltage, it also limits the full use of high voltage electrodes and

impedes the improvement of battery power density.

To solve the bottleneck in battery advancement, a new electrolyte which is safe, can withstand
high voltage, and is stable against reactive electrodes such as lithium metal beetkveloped. This is
not only an advancement in terms of energy storage, but can open the gate towards new engineering
fronts such as miniaturization for medical implafiesible batteries to shatter how we think of product

design, and even enabling more efficient space exploration.
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Figure 11 Schematic of typicahtercalationtype LIB during charge

1.2 Objective

Despite research @olid polymerceramic composite electrolytespstfocused on either having
solid polymer electrolytevith low amounts of nanofiller& 20 wt%) to improve conductivity and stability,
or utilizing very highpowderceramic electrolyte content (> @8%), with the least amount of polymer to

act as a binder.

The first approach is limited by the low inherent ionic conductivity of solid polymer electrolytes.
Nanofillers such as Ti§ Al,O; and SiQ have shown to be able to suppress the crystallization of
polyettylene oxide (PEQAnd increase ionic conductivity. However, there is a limit at arot2@®¥b before

the nanofillers begin to congregate and raise the internal resistance of the electrolyte.

Due to the high ionic conductivity of ceramic electrolytes, #@ad approach of increasing the loading
of ceramic electrolytes to above8%® allows for the ionic conductivity to approach sintered ceramic

eledrolytes. However, even at 99%: sAlosGersP:012 (LAGP) with 1% PEO, the bulk conducity is



reported to beoughly 14lower than a sintered LAGP pell&}. This is due to the high grain boundary
resistance between ceramic particles which can not be avoided unless high temperaturg sinterin
conducted, so the return on ionic conductivity begins diminishing at extremely WGP Loading.
Furthermore, due to the high ceramic content, the electrolyte can not maintain a good contact with the

electrodes without an additional PEO coating at the electrelgt#rode surfaces.

In this thesis, an intermediate loading of LAGP in REDbe studied An intermediate loading of
LAGP can raise the ionic conductivity as well as provide mechanical strength to the composite electrolyte.
Furthermore, with an intermediate loading, there is an opportunity to improve the PEO Sinafle.
amounts of ionic liquid Zethyl3-methylimidazolium bis(trifluoromethanestdnyl)imide (EMITFSI) in
PEO (< 40 wt% relative to PEO) is known to have plasticizing effect on the polymer as well as improve

stability against lithium anode.

The cost and energgquired to synthesize LAGP is much higher than PEO with small amounts of
EMITFSI. The final goal is to creat® PEQsLiTFSI-x LAGP-y EMITFSI composite polymer electrolyte
with intermediate loading of LAGP and small amount of EMITFSI to rival et B&Owith high LAGP

loading.



Chapter 2 Background and Literature

2.1Lithium Metal Anode

Lithium metal has beestudiedas anode material energy storage cells since 195@wever, due
to low reversibility, thehigh reactivityof lithium metal and high cost of specialized electrolytiéssoon
gave way to itercalation graphite anodes discovebbgd. O. Besenhard at TU Muniamthe 1970r2][3].
However, he current intercalation type lithiuran battery (LIB) system is reaching its theoretical
physicochemical limit of volumetric and gravimetric energy densities upGaMY L' and 260 Wh kg,
respectiveljd]. To pave the path for futureattery systems such as-Air, Li-Sulfur, or high voltage

cathodesuch as NMC, lithium metal anode is predicted to be essastf@esented iRigure2.1.
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Figure 2.1 Overview of the Evolution of Battery Technologies and the Role of All Stiade Li
Intercalation Cathode Batterig



As LIB is reaching its inherent limits, more attention and work have been dedicated to revive
lithium metal amnode material in secondary batt€ieéls’][8][9][10]. This is attributed to the higlpscific
capacity of lithium metal (3860 mAhYjcompared to the conventional graphite an@¥& (mnAh g') which
can allow for a higher energy dendit\8. This is in large due to graphite anodes requiring at least 6 carbon
atoms to bind 1 lithium atofhl], where as lithium anode will deposit upon the curoatiector and only
change in size as much as the amount of lithium atom is stripped / deposited through the redox reaction of
Li*+ € € Li. Another attractive feature of lithium as anode idats electrochemial potential 0£3.04 V
vs. Standard HydrogeElectrode (SHE). Combining the two can allow for increadaoth energy and

power density.

However, lithium anodes have been shown to be highly incompatible with liquid electrolytes which
contain organic solvents such as ethylene carbonate (EC), dirathgnate (DMC) and diethyl carbonate
(DEC). The presence of such organic solveatsexacerbat@lendritic growth of lithium andlso cause
parasiticreactions with lithium metal, which consumes the electrolyte mdte2jfl3][14][15]. This
negatively inpacts battery performance, lifetime and safetyorder for lithium anode to be feasible, two

major problems have to be addressed:

1. Lithium dendrite growth must be controlled or suppressed.

2. Compatible electrolytes need to be selected in order to craatde@solidelectrolyte interphase (SEI).

In this work, solid polymer electrolyte polyethylene oxide (PEO) is investigated as the primary
electrolyte with ionieconductive fillers, including ceramic electrolyte and ionic liquid, forming a composite

polymerelectrolyte.

2.1.1 Lithium Dendrites

Dendritic penetration into the cathode leading to internal short ciranteisfthe most well known

reasosfor catastrophic failure in lithium metal batteries. Even in cases of employing solid state electrolytes



with high shear modulus to suppress dendritic penetration, dendrite growth can still occur between the bulk

lithium anode and electrolyte which decreases coulombic efficiency as well as lifetime of the battery.

A schematidn Figure 2.2 shows thatan uneven surface of lithium anode can cause the flux of
lithium ions to congregate at tipeotrusionsof the anode surface during the charging pH#3EL 7][18].
As this process continues, the distance between the cathode and the tip of the dend¥ases, thus
lithium ions travelling through the electrolyte has to overcome lesspmtential and further exacerbates
dendrite growth. This will continue until either charging is stopped or dendrites reach the cathode layer and

cause internal shicircuit.

In most cases, dendrite penetration into the cathode will not occur in one singleitlzelogétery
When discharging, lithium is strippdtbm the anode and may cause breaking of dendk¥&s$. fresh
lithium metal being exposed to the eletyte, SEI layer will form around the broken lithium. However,
the SEl layer is electrically insulating thus rendering the lithium electrochemically inactive, and the lithium
b e c 0 me s Crdsdsectiah dnages of lithium plating in shownRigure 23, where the dendrites have
gr own i Al ia& efmacskhisr effecttvariesadepending on the electrolyte composition as well as

current density applied.
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2.1.2Solid-Electrolyte Interface (SEI)

Coulombic efficiency in terms of batteries dacalculated as the percentage of capacity delivered
during dischargelivided by the charge capacity. The cause of low coulombic efficiency is largely due to
parasitic reactions occurringside the ce|lL5]. The reactiongenerallyoccurat the interface between the
electrode and electrolyte, forming a sedii@ctrolyte interface (SEILithium metal anode is knowo have
low coulombic efficiencyagainst liquid electrolytedue to the high reactivitjjlow electronegativityand
unstable SEI layer which continuously exhausts electrolyte matildst organic solvents used in liquid
electrolytes are not thermodynamically stable against lithium rmetiéact to form anorestable SHIL9].
However, as dendrite growth ocsufresh lithium metal is exposed to the electrolyte causing further
parasitic reaction to occur every charge/discharge cyblis. will cause depletion of electrolyte material
which raises internal ionicesistance and result in depreciating capadibe exact mechanism ofES
formation is not welknown. However, stability against lithium metal can be tested and a few approaches

have been proven to pacify lithium metal surface or suppress dendritic goosaime degree.



2.2 Electrolytes

Electrolyte in a battery is responsible for the shuttling of ions between the electimdeally
conductive) while resisting the passage of electrons (electrically insulativaader to develop a fedsée

electrolytefor lithium anodethe following obstackeshown inFigure 24 must be overcome.

111

Stable solid-electrolyte interface

Stability & Safety
& Dendrite suppression

High coulombic efficiency

High ionic conductivity
High Li* transference number
& Low interfacial resistance

!

Figure 24 Schematic of electrolyte design for use with lithium anode

2.2.1 Liquid Electrolyte

Liquid electrolytes consist of lithium salts suchiL#&3Fs, LiClO4, LIC2FsNOsS, (LITFSI) dissolved
in aprotic solvents used in junction with a separa#protic solvents are typically a mix of organic solvents
including ethylene carbonate (E@jmethylcarbonate[®MC), and diethyl carbonate (DEClhe organic
solvents should have high ionic conductivity, low viscosity, good wettability towards the separator and
electrodes, wide range of operable temperature and electrochemical stability window, and high

flashpoinf20]. Thus a mixture of solvents is required to meet all the requirenwhie choice of lithium



saltsand their concentrationan also have an impact on all the above, the cheapandshigh ionic

conductivityof LiPFs has allowed ito be one of thenostcommon lithium salts irhe LIB market.

The main advantage of liquid electrolytes is its high ionic conductivity 8ftd@0? S cm?, and
good contact with the electrodes, mitigating physical interfacial resistance and can accommodete vo
changs in the electrodesiowever, with new generations of batteries such as littsulfur andlithium-
air batteries, liquid electrolyte is no longer feasible as an electrolyte. Due to the high reactivity of lithium
metal, organic solvents can not form a sta®EIl layer and will continue to consumganic solvents and
promote dendritic growth of lithium mefd]. This will cause the internal resistance ¢otinually increase

and eventually lead to fully consuming the electrolyte material or dendrite penetration.

2.2.2 Solid Polymer Electrolyte

Solid polymer electrolytes (SPE) refer to lithium salts dissolved in solid polymer materials which
have inherent abilities to conduct ions. One of the most promising material is poly(ethylene oxide) (PEO),
which was the first polymer host to be introduced aSRE with alkali metal saR1]. The ether oxygen in
the repeating ethylene oxiEO) groups has a high donor number fot Which is crucial for solvation of
lithium salt. Coupled with the mobility of polymer chains and high dielectric can®&® is one of the
most widely studied polymer host for SRE]. SPE have the advantage of not hosting any liquids therefore
mitigating the risk of electrolyte leakadeEO has a wide elecithemical stability window afoughly5V
vs Li*/Li depending on the lithium salt, which is higher thlae conventiondiquid electrolyte However,
the main drawback of SPEits low conductiity, typically from 108 to 10° S cm1 at ambient temperateir

depending on the molecular weight of PEO and lithiunjZ3jlt

There exists gump in ionic conductivityfor PEO as temperature increases past its melting point
(Twm). The traditional interpretation of this phenomenon assumes thaltngsphase of PE@ havelower
conductivitythan its amorphousounterpartiue to its rigid nature. As the crystalline phase decreases with

increasing temperaturthe improved segmental movement of the PEO chains alloto ldiffuse easier,
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resulting in a jump in conductivityHowever,Stoevaet a[24] demonstrated for PEGIXF¢s (X = P, As,
Sb) the crystalline phase shows higher cordifigtthan the amorphous phase by one order of magnitude

at low temperaturesiNevertheless, the SPE crystalline phase only exhibited 6%3S cm® at 28C.

Efforts to plasticize PEO through solid fillers still proved to improve ionic conductivity. Most
notably, inactive ceramicfillers such as AlOs, TiO, LIAIO,, and SiQ@ which do not conduct ions
independentlyhave shown capabilities to improve the ionic conductivity of PEO SPEmdtient
temperatures as well as aboVg, suggestingthe fillers play nore roles than simply suppressing the
recrystallization of PEO [25][26][27][28][29][30][31][32][33][34][35][36][37]. Research has
demonstrated the Lewis acidic groups on the surface of the ceramic fillers can promote ion pair dissociation,
weakening bondsetween Li and the salt anions, and the EO groups on the PEO backbone, further
increasing ionic conduction even above the melting point where no crystalline PEO phasd 38}i&fihs
As shown inFigure 2.5, the maximum ionic conductivity cagpically be achieved at around 10 wt% of
ceramic filler depending on the typesurface areaand particle sizeAt higher filler content, ionic
conductivty begins to dropCeramic fillers tend to agglomerate at loadings, reducing the overall surface
area of particles and thus decreasing ionic conductivity. Furthermore, as the filler content increases, the

diffusion pathway of the lithium ions can becomet@auous that it decreases the ionic conductivity as

well.
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Figure 2.5 Conductivity plot of PEO electrolyte with various filler{ a ) ( BLUCIOWP E D
PEQLICIO4+5.3 wt.% ofU-Al 203, (+) PEQLICIO4+25 wt.% ofU-Al.Os, ( 3PEQLICIO4+5.3 wt.% ofo-
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Al,O3[35],and( z )  dRIEIQ,+25 wt.% ofa-Al,0s. (b) (PEO)6LICIOA/SIO, composite electrolytes with
varying SiQ contenf28]; (c) PEOGLICIO.-TiO; electrolytes with varying Ti@content and temperat(igs].

As effects of ceramic fillers benefit from high surfaoevolume ratio, ecently 2D graphene oxide
(GO) sheetshas been studied as a new type ofidsfiller in PEO due to its excellent surface
aredd0][41][42][43][44][45]. GO filler loading optimized at 1 wt% have shown to increase ionic
conductivity of PEO by two orders of magnitude, reaching® S cm' at ambient temperatues well as

260% improvement in tesile strength compared to pure REQIO [46].

Solid type fillers in SPE have the ability to disrupt recrystallization of PEO as well promote Li
dissociationo increase ionic conductivity and provide improvements to thermal and mechanical properties.
However, as thamprovement in ionic conductivitgepend on surface interactions between the fillers and
PEO, the benefits are limited by the maximfilter loading, after which the ionic conductivity drops due
to filler agglomeration and tortuous *Lpathway. Further modifications to nanofillers such as surface

functional groups or grafting onto PEO chains may provide satisfactory ionic conductivity.
2.2.3 Gel Polymer Electrolyte

Gel polymer electrolytes (GPE) consists of a polymer host which can absorb liquid electiplytes.
was first proposed in 1975 I6y. FeuilladeandPh. Perchgeutilizing polyacrylonitrile(PAN) as the polymer
hos{47]. The mostwidely studied gel polymer materials are PAREO and PVDFbase48]. The first
commercialized LIB was produced by Sony in 1991, wiegtployed amicroporouspolypropyleng(PP)
film as separator while flooding the electrodes with -agoneous liquid electrolytéJapan Patent
JP8454189A)Soon aftethe commercialization of the first LIBBellcore (now Telcordialiled a patent
for a new type of GPEN 1994(US Patent US529631&)onsistingof a copolymepoly(vinylidene fluoride
co-hexafluoropropylene) R(VDFHFP)) containing LiPk lithium salt dissolved in EC/DMC organic
solvent.This garnered much attention in the battery industry antbldeewide-spread of lithiurqpolymer

battery (al-Bo k aopvienmassof thielmobile devices currently depend on.
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The main advantage of GPE is the containment of liquid electrolyte, minimizing the risk of electrolyte
leakage GPE can @l maintain good physical contact against the electrodes due to the presence of liquids.
By combining the function of separator and electrolyte into one, the energy density lditteryalso
improved49]. Since then, the main focus of GPE research has been improving the ionic condugtinity, li

uptake and strength of the polymer.

However, the use of organic solvents is still incompatible with lithium anduere has recently
been increased effort into researching replacing the solvents with compatible fluids such as room
temperature ioniciduid (RTIL)[50]. RTILs are salts that exist in liquid form in near room temperature
RTILs can have very high ionic conductivities, from*16 10 S cm! at room temperatur&Vhile this is
an attractive feature in supercapacitors, the high mobility of cation§lvardrawback is the low Li
transference number) of roughly 0.4 0.51]. This implies both catimand anions contribute almost

equally towards charge transpartd can caudaigh inefficiencies.

2.2.4 Inorganic Solid Electrolyte

Inorganic solid eletrolytes often referred t @encanpassicysatiremi ¢ el
partial crystallingglassceranics), and amorphous glassehich have the ability to conduct®Linorganic
solidelectrolytes are known to hakigh thermal stability anihnic conductivity amongst solid electrolytes.
Inorganic solid electrolytes have the distinctive feature of being siogleonductors, wherghium ions
lithium transference number is near unity except hali@esipared to liquid electrolytes where dissolved
ions move in a solvent, ceramic electtely conduct ions through vacancies or interstitial sites which

involves periodic bottlenecks in energy as showRigure?2.6.

Most inorganic solid eldrolytes can generally be divided into oxideslsulfides Lessr studied
inorganic solid electrolytes such ashydrides (LiBH, LizAlHe, Li2BH4NH,, etc]52][53][54][55][56],

and Lihalides (Li.gNo.4Clos, Li2CdCl, LisYCls, LisInBrsCls, etg[57][58][59] are currently viewed as
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inferior due to disadvantages such as instabiligiresy cathode materials or low ionic conductivity as

summarized irfFigure2.7.
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A crucial property ofinorganic solid electrolyte is itselectrochemical stability Unstable
electrolytes can lead to decomposition of electrolyte, dendrite penetration, and overall lamlitgyyof
the cell. Mostinorganicsolid electrolytes despite showing wide electrochemical stability windowi of O
5V, ar not truly thermodynamically statds shown below in Figure 2 Becomposition of the electrolyte
at the electrolyteslectrode interface forms a passivating layer known as theedelitrolyteinterface (SEI)
layer which has a higher stabilithus extading the electrochemical stability window. The SEI layer is
often the cause of cell aging due to its higher ionic resistivity and uneven formation. The exact mechanisms

are widely unknown and is an intensely researched topic.

ey Anode / § olid reduction potential (V)  phase equilibria at the reduction potential  oxidation potential (V)  phase equilibria at the oxidation potential
g, % Reductant | £ olyte Li)S - Li,$ (stable at 0 V) 201 s
= E; LGPS 171 P, Li,GeS,, Li,S 214 LisPS,, GeS,, §
. = Liz25Geg 1sPo 754 1.71 P, Li;GeS,, Liy$ 214 LiyPS,, GeSy, §
————— - - Li;PS, 171 P, LiyS 231 S, P.S;
Li,GeS, 1.62 Li,S, Ge 214 GeSy, §
/ Li-P;S;, 2.28 LisPS,, P,S, 231 S, P3S;
,l LigP$Cl 171 P, LiS, LiCl 201 Li;P$,, LiCl, §
~ 7 Li;P,S,l 171 P, Li;$, Lil 231 Lil, S, ;8
- _u‘_ - Reduction potentia LiPON 0.68 Li,P, LiPN,, Li,O 263 P3Ny, Li,P,0;, N,
LLZO 0.05 71,0, La,0y, Li,O 2.91 Li;0;, La,05, LigZr,0,
LLTO 175 Li,TisOy, Lis (i, 60y, La,Ti,O- 371 0y, TiO,, La,Ti,0,
3 Hii M Feductio LATP 217 P, LITiPQ, AIPO,, Li,PO, 421 0,, LiTi,(PO,)y, Li,P,0., AIPO,
%’, LAGP 2.70 Ge, GeO,, Li,P,0-, AIPO, 4.27 0,, Ge:O(PO,),, Li,P,0-, AIPO,
T LISICON 144 Zn, 1i,GeO, 339 Li;ZnGeOy LiyGeOy,0;

Figure 2.8. (a) Schematic diagram about the change of Li chemical potertiafblack line), the
electrochemical potentialiH(blue dashed line), aradiHred dashed line) across the interface between the
anode and the solid electrolyte. (b) Electramical window and phase equilibria at the reduction and
oxidation potentials of the sol@lectrolyte materialf62]

2.2.4.10xide Solid Electrolyte

The most welrounded type of inorganic solid electrolyte may be the oxide solid electrdivitds.
its higher stability against ambient air and high temperature, manufacturinghatetial is viewed to be
most realistic in scaling up for industrial applications. Oxide solid electrolytesegaaibly separated into
perovskite, NASICOMNype, LISICONtype, garnet and LiPON groups with corresponding structure as

listed inTable 21 showingtheir respective total ionic conductivity and activation energy.

Table 21. Selected oxide solid electrolytgsouped by electrolyte type. *RT (Room temperature).

Electrolyte Svnthesis Total Activation
Electrolyte Compounds Structure y! . Conductivity . Energy  Ref
Type Method (S cm?) (°C) V)
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Lio.3d-8051TiO2.94 Perovskite  Crystalline  Solid-State 7.00x10° RT 0.40 [63]

Thin film Atomic-Layer

Lio.7d a0.5TiO3 Perovskite .
glass Deposition

9.40x10'  RT / [64]

Citrate solgel

(Lio.3adan.se)1.005Ti0.99Al0.010s  Perovskite  Crystalline 3.17x106 RT 0.36 [65]

synthesis
Liz3Alo.3TieAPQy)3 NASICON  Crystalline  Solid-State 7.00x106* 25 / [66]
LivsAlosTinAPQy)s NASICON  Crystalline  Citrate soigel 7.80x10° RT 0.40 [67]
Solid-State,
Li1sAl0.5Gers(PQu)s NASICON  Crystalline  Thermal 4.22x16° 27 0.61 [68]
guenching
Li7LasZr2012 Garnet Crystalline Solid-State 4.16x10 RT 0.54 [69]
(tetragonal)
. Ili .
LiLasZr:012 Garnet (Ccrj’;t; "¢ Solic-State 2.44x10° 25 034  [70]
Lis.ss.asZr2Ge.4s012 Garnet E;E/;t;llme Citrate solgel 1.30x10° 24 0.30 [71]
Li3.25Si0.29P0.7504 LISICON Crystalline  Solid-State 1.00x1¢° 30 0.44 [72]
Liz.sZno.sGeQy LISICON Crystalline  Solid-State 1.00x10* 50 / [73]
Solid-State,
Lis.6Ge.850.204 LISICON Crystalline  Spark Plasma ~ 2.00x10° RT / [74]
Sintering
Liz.6Gen.850.204 LISICON Crystalline  Solid-State 1.00x10° 27 0.5 [75]
. . - Thin fil RF
Liz 9P Qs aNo.46 (LIPON) Oxynitride n Hm MAgnelion 3 30x10¢ 25 054  [76]
glass sputtering
LiPON Oxynitride ;:i'gsf"m MOCVD 5.90x1F  RT / [77]

2.2.4.1.1 Perovskite
One of the most wellesearched perovskite tyf&BOs3) solid electrolyte is théisdaz ; 3 TiOsx
(LLTO). This is largely due to its high room temperathugk ionic conductivity of 1x 103 S cm® with x

= 0.1[78]. The conduction mechanism depends on tk&té vacancy and thus the value of x plays a large
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role in ionic conductivit}79]. However, the high grain boundary resistamtéch can up be to two orders

of magnitude higher than bulk resistancemains a mjor bottleneck for achieving high total ionic
conductivity Studies on sintering conditions and elemental doping has yielded some favourable results,
increasing the total ionic conductivity up to 3x10* S cm! at 25C[65]. Furthermore due to LLTO
instability againstithium metal or intercalated electrodes with cathodic potential above 2.8V, *theai

be reduced to T which grants the electrolyte electronic conductivity, leading to decompositithve

electrolyteand shorcircuiting of the ce[iBO].

2.2.4.1.2 NASICON-type

NASICON was originally named as sodium super iordaductor with the general structure of
AM »(BO.)s first coined by Goodenougind Honget. al. fortheir work onNay+ZrPsxSixO12in 197681].
Lithium-containing NASICOMype electrolytegan be obtained by substituting Neith Li* in the Asite
and utilized as high ion conducting lithium solid electrolyt8sich electrolyte gain traction when
Li1xMxTizx(PQu)s system was discovered tohghit high ionic conductivity, with At* substitutionfor M
at x = 0.3 (LATP), yielding totalinic conductivity of ¥10* S cm! at 25C[66]. However, LATP suffers
from the same T reduction issue as LLTO and requires a lithium protective layer to be utilized practically
as an electrolyteA more recent NASICOMype electrolytevas found to exhibit room temperature ionic
conductivitiesbetweer?.5x10° and5x10* S cm? [82][83][84]. Though reduction of Géto Ge* can still
occur against lithium metal, LAGP exhibits a more stable interface than LATP with electrochemical

stability up to 6 V versus LifL[82][85].

2.2.4.1.3 LISICON -type

LISICON (Lithium super ionic conductottype structurenclude LisSiOs a n dLizRO; with XOs-
based (X Al, S, Si, Ge Ti, or P) tetrahedral unitg, n d  Ipdlyhe@ras. The first LISICONtype
electrolyte was discovered by Hong et. al. with the gesématture of Lis2xDx(TOs)s, where D = Mg*
or Zr?*, and T = Si" or G€". lonic conductivity of1.3x10* S cm! was achieved at 360G with the

Li1aZn(GeQ), composition86]. LISICON-type electrolytes generally exhibit ionic conductivity of
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roughly 10° S cm! at room temperature which is amongst the lower range of oxide solid electrolytes.
LISICON-type electrolyteshow high stabilityevenin moist air,allowing for ease of manufacturing and

handling.However, stability against lithium metal is relatively poor.

2.2.4.1.4 Garnet

IdealGarnes have a general fotula of AsB,(COs)s with cubic phaselgod space group whereA
=Ca, LaMg, Y, or rare earth elemenB =Al, Fe, Ga, Ge, Mn, Ni, or MC = Al, As, Fe, Ge, or §7][88].
The first discovenpf garnettype lithiumelectrolyteis LisLasM201> (M=Nb, T@ by Thangaduraiwhere
LisLasTa012 achieved total ionic conductivity of 3%40® S cm' at 25C [89]. Garnettype solid
electrolytes show exceptional stability against lithium metal anedéseledrochemicalstability O6 V
vs Li*/Li at room temperatuf@0]. Notably, LirLasZr,O1, (LLZO) have been shown to stable against molten
lithium metaland exhibits ionic conductivity &x10* S cm?® at 25C [70]. Due to thehigh stabilityand
promising ionic conductivityof LizLasZr,O12, much work has been done in elemental doping to further
improve the performance of LLZO in terms of improving ionic conductivity, and lowering sintering

temperaturand activation energy.

22415 LiPON

Lithium phosphorous oxide nitride (LIPON§ an amorphous phase solid electrolyfighe first
LiPON electrolyte was fabricated through d.c. magnetron sputtering witP@iltarget in N gas, which
yielded Li.oPOs 3No.ssWith 3.3x10° S cmit at 25'C. Due to its high stability against lithium metal up to 5.5
V, it has been a popular solid electro[@tH[92][93]. However, limited by its low conductivityt has often
been utilized as a lithium protective layer due to sputtering techniques being abirdb tbe thickness

to under Jum[94].

2.2.4.2Sulfide Solid Electrolyte
Sulfide solid electrolytegienerallyshow highefonic conductivityas presented iRigure2.8, where

Li10GeRS:; is able tocompete with liquid electrolyte with above A® cm® conductivity at room
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temperatureThe improvementover oxide electrolytaés attributed tothe lower electroggativity of S

compared to O. LCiless strongly bonded to S reisil higher ionic conductivity for sulfide electrolytes.
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Figure2.8 Reported total ionic conductivity of solgtate lithiumion corductors at room temperatU@o]

The flexible nature of glassy type sulfide electrolytes allows for better conformant to the volume
change of the electrode materials. However, the conforming effect is still shown to be limited as studied
with NCM-811 cathode material arfilLisPS, electrolytein Figure2.9, wherevisible gaps form between
the solid electrolyte and active materigurthermore, the formation of a resistive layer formed by oxidation
of thesulfide electrolyte in the cathode alonih gap formation resuih the common irreversible capacity
loss after the first cycléue to the narrow electrochemical stabilitindow of most sulfide electrolytes as
shown inFigure2.9, and. Themain drawback of sulfide electrolytes is its sensitivity towards moisture and

oxygen, limiting production and handling of sulfide electredyto inert gas environments.

Due to the complications and prodioa limitation of sulfide based solid electrolytes, tlésearch

will focus on oxide based solid electrolytes.
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Voltage

Capacity

Figure2.9 Schematic of capacity loss and SEM imagé-bfsPS; solid electrolyte and NCAM811 cathode
material after cycling95]

2.2.5 CompositePolymer Electrolyte

Given te distinct advantages and disadvantageke various types of solielectrolytedisted in
Table2.2, oneapproach to combine the electrolyte in different configurations to achieve a balanced and

high performing compositelectrolyte.

Table2.2 Advantage and disadvantage comparison of electrolyte type

Electrolyte Type Advantages Disadvantage
Solid Polymer 1 Flexible and low interfacial 1 Low ionic conductivity
resistance 1 Low lithium transference
1 Cheap number

1 Wide electrochemical stability

window
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1 Canincorporate various fillers

to tailor specific properties

Ceramic 9 High ionic conductivity 1 High interfacial resistance
M Ideal lithium transference

number (t= 1)

2.2.5.1Polymer-Ceramic-Polymer Layered Structure

One of theearliest methods of utilizing composite electrolyiges layered structure, where solid
polymer electrolyte is sandwiched on both sides of a dense ceramic electslyteramic electrolytes
garnered heavy interest due to their exiog@l ionic conductivity amongst solid electrolytes such as the
perovskite LLTO, two major bottlenecks were quickly discovered. The first is the nature of contact between
two rigid solid phases between the electrode and the cerarcimgtte causing vais to form which was
not impacting a liquid electrolyte system. The second is the electrochemical instability of most ceramic
electrolytes against lithium metal. By introducing a solid polymer electrolyte interphad®stadvantage
of the malleabilityof solid polymer electrolyte to decrease the high interfacial resistance of ceramic
electrolytes and prevent reactions based on incompatibility betweemeééscand ceramic electrolytes

represented ifrigure2.10.

However, this approach poses limitations on the thickness of the composite electrolytgilayer.
that solid electrolytes generally have sub par ionic conductivity compared to its coattiguid counter
part, the target thickness of solid electrolytegdaerally< 100um in order to have commercial success.
The thickness is important due to internal resistance of the electrolyte scaling linearly with thickness. For
a ceramic pellet to be formed at less than ®0including the polymer layer, manufacturing cost as well
as fragility of the electrolyte are major concerns at this point in timé much improvement is made in

terms of solid electrolyte conductivity
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Figure2.10 Schematics illustrating the impact of solid polymer electrahtierface layer and Li anode for
solid-state Li metal batteries

2.2.5.2Powder Ceramic in Polymer

One of thesimplestmethodsof fabricating polymeiceramic composite electrolyte is by dispersing
low weight loading offine active ceramic powdénto a polymematrix. By simply dispersing ceramic
electrolyte in a polymer host, a synergistic effect can be achi@¥edceramic electrolyte can provide
lithium ion transport pathways with high conductivity as well as plasticizing the polymer host by disrupting
the nucleation process and lowering the crystallinity of the polymer electrolyte to further improve ionic

condtctivity.

However, his method hagertain limitations. As the ionic conductivity of such composite
electrolyte does not form a linear relationship with the weight loading of the ceramic electrayige,

studies have been performed to unravel the iominsfort mechanism in such composite electrolyte.
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