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SUMMARY

All-solid-state lithiumion batteries (ASSLBs) without flammable liquid
electrolytes offer improved safety for electric vehicles and other applications. However,
current inorganic ASSLB manufacturing technology suffers from high cost and low
attainable volumetric energy density. Such a faklinoamethod involves separate
fabrications of sintered solistate electrolyte (SSE) membranes and -8&fHprising
ASSLB electrodes, which are then carefully stacked and sintered together at high
temperatures and pressures. The energy density is limitedebgxcessive membrane
thickness needed to prevent cracks, and the large fractions of SSE included in electrodes
which ensure all active material particles being surrounded by the SSE. In my lthesis
explore a novel manufacturingpproachthat offers redoed manufacturing costs and
improved energy density in ASSLB cells. This approach mimics the fabrication of
conventional Liion cells with liquid electrolytes, except that SSEs with low melting points
are infiltrate into thermally stable electrodes at rmatidy elevated temperatures (~300 €
or below) in a liquid state and then solidified during cooling. Li-petiovskites are
excellent SSE model materials for the proposed-m#ltration approactbecause of their
reported high ionic conductivities, lomelting points, and low synthesis costs. However,
the realperformance characteristicé the antiperovskiteshave been uncleatue to the
discrepancies ithe reported compositions and conductivity values. In this thesis; high
purity Li hydroxide chlorde antiperovskites were synthesized by a novel approach with a
very short reaction time. The structures and compositions of the SSEs were carefully

characterized. lonic conductivities were measured with various approaches and a
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composition of Li ®OHCly.9was found to have the highest conductivity due to the removal
of otherwise unavoidable LiCl impurity. {dOHCl.owas then melinfiltrated into densely
packed lithium nickel manganese cobalt oxide (NCM), lithium titanate oxide (LTO), and
graphite electdes with the help of a thin layer28s coated on the electrodes by atomic
layer deposition (ALD) which improved wetting of the molten SSE on the electrodes. The
meltinfiltrated electrodes had near zero porosity without additional sintering steps.
Inorganic ASSLBs with mekhinfiltrated NCM cathodes and both LTO and graphite anodes
were fabricated. The cycling data of such cells presented similar voltage evfde
capacity retentiosito the cells of the same electrodes with liquid organic electrolytes. The
promising performance characteristics of such cells will open new opportunities for the

accelerated adoption of ASSLBs for safer electric vehicles

XXIi



CHAPTER 1. INTRODUCTION

1.1 Motivation

Because of their high energy and power density, reliajalitgt cyclability, lithium
ion batteries (LIBs) have been widely used as energy storage devices in portable electronics
and electric vehiclefl) Unfortunately, the use dlammabldiquid organicelectrolytesn
commercial LIBsposes significant safety issues when batteries are exposed.{g, (®at
All-solid-state Ltion batteries (ASSLBs) have beerdely explored in hope to overcome
the disadvantages of conventional LIBs. ASSLBs use nonflammable ceramistatdid
electrolytes (SSEs) as ionic conductors and electrical insulators to replace the polymer
separators and liquid electrolytes in convemdl LIBs. In addition to intrinsic safetgSEs
are stable at high voltages, which opens the pathway to high voltage cathode materials and
improves energy densify, 5) Furthermore, Limetal anodewhich exhibits a extremely
high theoretical capacitynay potentially be utilized in ASSLBs as it has been suggested
thatsomeSSEs may prevent dendrite formation by acting as a mechanical barrier provided
that the shear moduli of the SSEs or any other pliable separator membranes are twice as

large as the shear malds of Limetalfilm. (6)

Despite the potential advantages, most ASSLBs are still at the stage of laboratory
research. The primary issue is the complexity of processing SSEs into the conventional cell
architecture. Provided, that liquid electrolyte is simipjgctedinto the cellbefore the cell
is sealed, th&ASSLBsshauld ideally relyon similarly simple methods ahanufacturing.
Unfortunately a current conventionalmethod to prepare ASSLBs involves separate

fabrications of an SSE membrane and composite electradesag¢t cahode, agnanode



may be a Limetal foil or a current collectoon which Li metal is plated during the first
chargge which are made by sintering milled mixtures of SSE, acthaderials,and
conductive carbon additive powders. The SSE membrane and tpesitarelectrodes are

then sintered together to form the cell. This method resulishigh fraction of inactive
materials (carbon additives and SSE) in the electrogbigh reduces the volumetric
capacity. The thickness of the SSE membrane must behmr{c 50 um, preferably < 10

pm) to ensure the energy density of the cell to be comparable to conventional cells with
liquid electrolyteq7) The fabrication and handling of thfiilm andrelatively brittle SSE
membranes pose significant challenges for the fabrication of ASSLBs, especially for large
scale production. Another issue is the large resistance at the interface bet#eesn8S
active materials in electrodes. The large interfacial resistance may be caused by poor
interfacial contact due to the high elastic moduli of ceramic $§Hismay also be a result

of undesired chemical and electrochemical reactions between active materials and SSEs
that form ionically insulating phases. The volume change of active materials during cycling

may lead to loss of interfacial contg8),which further increases the interfacial resistance

To overcome the limitations of current manufacturing methods for ASSLBs, a
revolutionary idea ofabricatingASSLBSs which infiltrates molten SSEs into electrodes
(hereinafter named as mulifiltration), is proposegdas shown by the schematichigure
1. The meltinfiltration methodis analogous tahe fabrication of LIBs with liquid
electrolytes, besides thahe electrolyte is infiltrated into electrodes at elevated
temperatures and then solidified during coolifigis method maymprove the energy
density of ASSLBs due to the use of densely packksttrodes like the ones in

conventional LIBs. It may also improve the interfacial contact between SSEs and



electrodes. In addition, this method nalpw the use of the same commercial equipment
for current electrode and cell manufacturing, which redadesrier for industry adoption.
In this thesisLi anti-perovskiteSSEs are chosen as titial candidates for thproof-of-

concept exploration andevelopment of melinfiltration due to their low melting points

and reported high ionic conductigsfrom literature

Figure 1. Schematic of the proposed melinfiltration method. (A) SSE powder is
placed on the top of an electrode. (B) The electrode is heated above the melting point
of the SSE and the SSE starts to infiltratento the electrode. (C)The electrode is
cooled down and the molten SSE is solidifiedDj Fabricate an ASSLB cell with SSE
melt-infiltrated into the electrodes.

1.2 Objectives

The overall goal of the thesis is t@xplore how the properties die electrode and
SSEs may impact the performance characteristics of ASSLB celisef@roposed melt
infiltration technologyand to provide experimental demonstrations of the ASSLB cells

produced by such a method

Li anti-perovskite SSE$iave been selected for the initial studiegr the synthesis

and characterization of the SSHe specific technical objectiveave been selected



1 Synthesize higkpurity Li antiperovskite SSEs. Thentativetarget SSE materials
are LeOC!| and LOHCI because chlorine is more abundant than bromine on earth.

i Carefully characterizecrystalline structuresand chemical compositionsf the
synthesized SSEs.

1 Measureionic conductivities of the SSEsSelect he one with the highest
conductivityfor meltinfiltration.

I StudytheSSEO6s compatibility with Li met al

window.

For theexploration andlevelopment of melinfiltration method, the objectives are:

1 Examine chemical and thermal stability of the S®Eh cathode and anode
materials to select the materials for electrodes.

1 Investigate properties of the electrodes, SSEganckss conditions allowing one
to infiltrate molten SSE intdensely packed electrodes.

1 Characterize meinfiltrated electrodes.

1 Make ASSLBs with melinfiltrated electrodes and evaluate their performance.

1 Investigate key failure mechanisms and propose solutions for future performance

improvements

1.3 Thesiscontent

A review of on thebackground of the thesis, includimgaterialsand component$or
conventionalLIBs, safety issues with conventional LIBagvantages of ASSLBsnd

challengesfor manufacturingASSLBS is given in Chapter 2The literature review,



synthesisand characterization of Li afperovskite SSEarepresentd in Chapter 3. The
development of meilinfiltration methodwith the Li antiperovskite SSEs describedn
Chapter 4 Finally, Chapter5 is theconclusionsand recommeretl directiongor future

work.



CHAPTER 2. BACKGROUND

2.1 Definitions and termsfor Li -ion batteries

Li-ion battey (LIB): LIBs are a type ofechargeable batteries in which-ibns shuttle

between the two electrodes during charge and discharge.

Cell: A cell is the basic electrochemical un LIB may contain one or more cells, which
are connected in series and/or in parallel to provide desired voltage and cafasity.

thesisis focusedonly onLIB cells.

Cathode:A cathode is the electrodd which a reduction reaction occuiide positive
electrode is the cathode during dischargethrdhegative electrode is the cathode during
charge. In the field of LIBthe cathodes commonly referred to as tip@sitive electrode
because the cathode atite anodeof a cell are defined based on tfeadions in the

discharge process

Anode: An anode is the electrode at which an oxidation reaction oddugsnegative
electrode is the anode during discharge and the positive electrode is the anode during

charge. In LIBs, the anode commonly the negativeectrode

Active material: Active materialsare the major components at te&ectrodes They

reversibly store Lionsby lithiationandrelease Lilons bydelithiation

Carbon additive: Conductive additives are usually catimsed materials which prowd
additional pathways for electrons to move between the current collector and active

materials.



Binder: The plymerbinderholdsthe mixture of active material and conductive additive

together onto the current collectareach electrode.

Currentcollector: Current collectors provide pathways for electrons to travel between the

external circuit and the active materials.

SeparatorSeparators are typically porous polymer membranes that alloan&ito go
through but prevent direct contact between electrodes to avoid electrical short circuits

inside the cell.

Electrolyte: In conventional LIBs, iquid electrolytes are organic solutermf Li-salts
which are electrically insulative but ionically conductive, allowingidis to move

between electrodeb1 ASSLBSs, electrolytes are solid materials that conduabhs.

Charge: Electrical energy is applied to a battery and is stored bygitieey. Charge can be

done at a constant current or a constant voltage.

Discharge: Electrical energy is delivered by a battegn external load

Voltage: The voltage of a cell is measured as the voltage difference between the two
terminals and igproportionalto the electra&hemical potential difference between the

cathode and the anode.

Capacity:The capacity of a cell is its ability to store-ibhs or cheges. The unit for
capacity is Amperéour (Ah), which is equal to the charge transferred by a current of 1 A
in 1 hour. Since most commercial LIBs are produced in the discharged state, the capacity

of a cell is commonly limited by the capacity ofthecathe . When referring



ability to store Liions, capacity is always expressed in terms of specific capacity (mAh g
1 or volumetric capacity (mAh ci). The capacity of a cell can also be quantified as the

state of charge (SOC), which is tlaio of the remaining capacity to the total capacity.

Coulombic efficiency (CE)CE of a cell is the ratio of the total discharge capacity to the
total charge capacity over a full cycle. CE is defined as the efficiency that charge is

transferred in a celand a low CE results ieducedcycle life.

Cyde life: It is the number of cycles thah LIB canbe charged and discharged before the
capacitydecreasgto acertainlimit, usually 80% of the initial capacityerms likecapacity

retentionandcapacitylosscan also be used tharacterize cycle life.

Rate performancdt describesit e cel | 6 s abi lhargeiischaogemtesy(€ | e a't
rates). C/x is the theoretical current that fully charges or discharges the cell in x hour. Large
currents are desired in practical devices as it allows faster charging and delivers larger

power.

Energy: The energy stored in a cell is proportional to the capacity (Ah) and the nominal
voltage (V), so it has a unit of Watt hour (Wh). For example, an LIB avithpacity of 10

Ah and a nominal voltage of 4V can be labeled as & YWh battery Energy density can

be normalized to either massvolume. The energy dengibf an LIB cell depenslon the
chemistry, which determines the voltagyed specific/volumetic capacityof the cell.lt is

also related to the design, which controls the area of electrodes or the mass loading of active

materials in the cell.



Power: The power (W) delivered by a cell is proportional to the voltage and the current, so
a high-ratecgpability is required for a power celThe pwer densii of a cellcanalsobe

normalized to either mass volume.

2.2 Conventional Li-ion batteries

2.2.1 Overview

The standard layout of a conventional ld&8I is shown inFigure2, which includes
two electrodes, a separator, and a liquid electrolfie activematerialson the electrodes
are chosen based on their lithiation/delithiapotentials, at which Lions can be inserted
and extracted from the materials. To create a chemical difference in a cell, the cathode
material must have highdithiation/delithiation potentials than the anode material. For
example, the average lithiatia®lithiation potentials foLithium cobalt oxide I(iCoOs,
LCO) and graphite are 3.8 and 0.2/, Li/Li *, respectively, so they can be coupled into
an LCO/graphite cellTaking LCO as the active material for the positive electrode
(cathode)and graphite fothe negative electrod@node) the reactions at the electrodes

during discharge are described in the following equations:

Positive electroded Qo6 & o Q o wuuy 0 Q0 € 1
Negative electrodd) Q@ wuut 6 o) "Q o 2
3



These reactions are reversed during charge. Dulischarge, the difference in
electrochemical potentials drives-ions from the graphite anode to the LCO cathode
through the electrolyte inside the cell and the potential difference is decreased in this
process. To balance the charge, electrons move taimealusly from the anode to the
cathode via the external circuit and deliver electrical energy to the load. In this discharge
process, chemical energy is converted into electrical energy. During thenghanaress,
Li-ions and electrons flow in the opptesdirection by the electrical energy provided in the
external circuit, and this energy is converted into chemical energy by increasing the

chemical potential difference between the electrodes.

. Load (Discharge) or
Discharge |current source (Charge) Charge

Cathode

Separator
VW L MM P S

Electrolyte

Figure 2: Schematic of a conventnal Li-ion battery cell.

A cell is typically charged and discharged within a specitpdratng voltage
range whi ch i s det er mi Ceadinglabovethdrang®verdcharge ¢ h e mi

or discharghg below the range(overdischarge)may decreas the electrochemical
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performance and causarious safety issuesuch as excessive gas generation due to
electrolyte decompositiorThe voltage range faat modernLCO/graphite cell is usually
3.0to 4.4 V. The nominal voltage of this cell isiBY because this voltage is delivered
t hrough most of Darihgechame antl disshargeipslacizatoomefieet .
increassthe charge voltage to be higher thanttte@modynamically predictedbltageand
reduces thelischargevoltageto be lower than thpredicted valug¢l) The components of
the polarization include activation polarizatiotgncentration polarization, anshmic
polarizaton:(9) activation polarization islue totheactivationenerg required tadrive the
electrochemicaleaction at the electrode surfacencentration polarizatias createdrom
the concentratiogradientsof the reactants and produditaited by mass transfelohmic
polarization is generatday the internal impedandeom the electrlyte and theelectrodes
Sincecells arecharged andlischargedwithin a specified rangdahe cutoff voltage are
reached before thelesigned capagitis utilized due to the increadepolarization.

Therefore, the polarization effect decreabesapacity of a cell.

2.2.2 Activematerials

Lots of research work in the LIB field have been focused on active materials, since
active materials with high rate capability, large capacity, and high voltage enkiaace
energy and power densities of théBs.(10) Generally, there are two typ®f active
materials: intercalatiotype and conversiotype. An intercalation active material is a host
compound in which Lions can be stored reversibly through inserting into the vacancies
(lithiation) and removing from the vacancies (delithiation) without significant chemical or
structual changes of the host compouidd) In conversion active materials, however,

chemical bonds are broken/recombinaad crystalline structures are changed during

11



lithiation/delithiation(10, 11) Most current commercial LIBs utilize intercalation active
materials, becae of their fast L-ion diffusion which facilitates high rate capability and
their small volume changes during lithiation/delithiation which enable the formation of
stable solieelectrolyteinterphase (SEI) and prevent dissolution or loss of active mlateria

into electrolyteg10, 11)

2.2.2.1Cathodamaterials

Intercalation cathode materials typically have specific capaoit 100-200 mAhg
1 and averagéthiation/delithiation voltagesf 3-4 V.(10) Transition metal oxide materials
such as LCOJithium nickel cobalt aluminium oxidécommonly LiNio.sC0o.15Al 0,050z,
NCA), andlithium nickel manganese cobalt oxifleNi xCo/Mn1.xyO2, NCM) have been
well-studied and commercialized. LCO was the first commercialized intercalation cathode
material. ltcombineshigh capacity, high voltage, low selfscharge, and good cycling
stability, but it suffers from the toxicity and high cost of €t capacity fadduring deep
cycling, and low thermal stabilityl12, 13) When the delithiation voltage is greater tidah
V during deep cycling, 50% or more-ldns in LCO are extractedcausingLCO to
experience lattice distortion thatay result in irreversible capacity loss and decreased
cycling performanceunless special protective coatings or dopants are utiliZe® may
exothermicallyrelease oxygen at elevated temperatarg$result ina thermal runaway
reactionwhich self-heats the celll3) NCA and NCM were developed based on the
structure of LCO and they adopted cheaper and more abundant Al, Ni, and Mn to reduce
the cost. NCA and NCM alsexhibit slightly higherreversiblecapacities than LC@Que to
improved structural stabilitf10) Another popular itercalation cathode materiallighium

iron phosphatelL{FePQi, LFP), which is a metal polyanion compound. LFP has been
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widely used in electric vehicles for its low cost and excellent thermal stability. However,
LFP hasa lower lithiation/delithiationvoltageand smallerelectrical/ionic conductivities
than other intercalation cathode materials such as t€XDlting insmallerenergy density
(due to lower cell voltageand poorer rate performancglue to largerinternal

resistancef10)

In recent years, the capacities of intercalation cathode materials in commercial LIBs
have approached their theoretical limis,thedemand for new cathode materials with
larger capacitiefias dramatically increase@onversion cathode materials have drawn
intensive interest due to their high theoretical capacitietal halidesan be lithiated by
forming metal nanoparticles and halides. Even though metal halides show excellent
theoretical specific and volumetric capacities, they suffer from poor electronic
conductivitieg(14) Another major issue with metal halides is the dissolution of some of
these materials and the metal nanoparticles formed during lithiation in oefgetiolytes,
which results in fast capacity fading during cycl{d$) Chalcogens can be lithiated to
form chalcogerdes through intermediate steps. S an® lhave been explorextensively
due to the high theoretical capacity and low cost of S. However, like the metal halides, the
polysulfides formed in the intermediate lithiation steps are soluble in organic
electrolyteq10) In addition, S also suffers from its low electrical conductivity, low
vaporization temperature, and large volume expansion during lith{@#phus, LS
may be more promising than S due to its high melting point and the avoidance of volume
expansior(17-20) In general, although conversion cathode materials display much higher
theoretical capacities than intercalation cathode materials, their actual performance in LIBs

are deteriorated by problems such as dissolution of active material, low alectric
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conductivity, large volume change, and lbtkiation/delithiationvoltage Some of these
problems can be solved by more advanced synthesis techniquethelilcemation of
nanoparticles and embedding the active materials in electricalhductive host
materialg(18, 20, 21) However these methods also increase the cost and are not favorable

for commercialization.

2.2.2.2Anodematerials

For anode materials, Li metal Li metal alloys (e.g., L5i or Li-Sn alloys) are
promising choices due tothe lowest potential and extremely high theoretispkcific
capacityof Li, which is about 10 times higher than that of conventional graphite (3860
mAh gt vs. 372 mAh g?). LIBs with Li metal anodes am@ftencalled Li metal batteries.
Theoretically, Li metl anode can significantly increase the energy density of LIBs.
However, Li metal batteries are not commercialized due to two major concerns. The first
is the uncontrollableplating and stripping of Li during cell operation, includitige
formation of void and 0 de a drmLi as wal asahe $ormatiort ofi ldendrites
that can penetrate through separators and short circuit the cell, causing safety(Rdrards
The second is the short cycle life due to the @aulombic efficiencyCE) caused by the
thermodynamic instability of Li with any organic electrolyséesl the large volumehanges
during Li plating/stripping that prevetiteformation of a stableolid electrolyte interphase
(SEI) layer on the Li metalrmde(22) Strategies to suppress Li dendrite growth through
mechanical barriers, includingnproved in-situ formed SEI lay€R3, 24) and exsitu
formed surface coatirigbs, 26), have leen explored. Modificatisto electrolytes such as
using functional additives have also been stu¢@&e31) However, therds no solution

that can both prevent Li dendrite formation and impr©&an Li metalcellswith organic
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electrolytes.The use of plymer electrolytes and ceramic sefithte electrolytes may be
promising due to their high mechanical strengtke pure Limetal anodes, Li alloy anode
materials are not widely commercialized despite their high theoretical capgiliesn

(Si) and Tin (Sn) have theoretical specific capacities of 35Z8d 993 mAh g,
respectively.Theyform alloys with Li during lithiation, but their volume can expand to
several times of the original volus)deadng to fracture of particles and loss of active
materials(unless Si and Sn are nanostructured) and to the poor CE duectmtimeious
damages within the SEI layer caused by tblume changes and the resultgoptinuous
electrolyte decompositiof82, 33) Approaches like embedding active materials in carbon

matrices may ameliorate this problgv)

In commercial LIBs, the most used anode material is graphitic carbon, which allows
Li-ions to intercalate between the graphene plaBesphiteis a good anode material due
to its low cost, lowlithiation/delithiation potential, high electrical conductivity, high Li
diffusivity, small volume change during lithiation/delithiation, and higher specific capacity
than most intercalation cathode mater{a®. One major drawback afraphiteis the small
volumetric capacity due to its low density, resultingitihick anode layer that decreases
energy density and rate performance. Another commercialized intercalation anode material
is lithium titanate oxidgLi4TisO12, LTO), which has the advantages of excellent thermal
stability, minimum volume change during lgtion/delithiation, high rate capabilitand
long cycle life(10) However, kesides the high cost ditanium (Ti) and the smaller
gravimetric capacityl75mAh g?), LTO also suffers from themallercell voltage because

of its high lithiation/delithiationpotential which then redussenergy density.

2.2.3 Currentcollectors

15



The role of current collectors in LIB cells is to transfer electrons between the cell
terminals and the active materials. They also provide mechanical support to the active
materialsMost current collectors in commercial LIBs dlieg metallic foils, whid are thin
and light, resulting in improvegravimetric androlumetric capacities than cells with other
forms of current collectors such as mesh or f¢a&).In addition, current collectors must
have high electronic conductivity to minimize the resistance and good electrochemical
stability within the operation potential window of the electradg@revent reactions with
electrolyteq.36) Corrosion of current collectors can increase the internal resistance of a
cell and decreases the capackjuminum (Al) is the most popular material for current
collectoss at cathodesespecially with high voltage cathode materialage to its good
balane between conductivity, stabilityavailability, and cos(36) Though Al is
thermodynamically unstable at high potentig8.5 V vs. Li/Li*), Al current collectors
form a stablesuface passivation laygsuch as aluminum oxyfluoridéy reactions with
Li-salts (commonly fluorinecontaining) and impurities in electrolytd86) The
effectiveness of the passtian layer depends on the salind organic solventd-or
example, electrolytes withithium hexafluorophosphatg.iPFe) form significantly better
passivation layers than electrolytes withium perchloratel(iClO4) do(36, 37) Al current
collectorscannot be usenh graphite, Si, Sn or Li metahodedecausé\l alloys with Li,
makingcopper Cu) the primary choice of anode current collect@s Cus stablewith Li
at low potentialsCu dissolves into electrolytes without passivation at potentials higher
than 33 V vs. Li/Li*, so it is not suitable for cumé collectors at cathod€35, 36)
However, if the anode in a cell reaches a high potential by-disehargng to

approximately 1 Ydissolution of Cu may create shontcuit, raising safety issu€38)
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2.2.4 Conductiveadditives

Though conductive additives only occupy small fractions of the mass or volume
the electrodes, they affect properties such as electrical condudaivitydensity of
electrodesWithout canductive additives, active materials with low electrical conductivity
cannot transfer enougblectrons atlarge currens, generatinglarge polarization that
reduces capacityCarbon materials, such as carbon black, graphite, and carbon nanotubes,
are most frequently used as conductive additives in L¥8¥xe conductive additives do
not participate in electrochemical reactions, they are considered as inactive materials and
theamount of thenusedin electrodes should be minimizémlincrease energy and power
densitiesHowever the quatity of a conductive additive issuallydetermined by critical
volume fractionbelow which the electrical resistivity of the aalimains hity, while above
the critical point the resistivity is not further decreagx®l.40) The performance of
conductive additives is also affected Egctors like particle size, surface area, and

morphology.

2.2.5 Polymerbinders

Polymer binderdorm composite matrices withctive materials and conductive
additivesand hotl themonto current collectors. Like conductive additives, bindees
considered asactive materialso their presence in electrodes should be minimiged
good binder material should haslecentadhesio to different components electrodes
such as metallic current collectors, metal oxide active materials, and dzabed active
materials or conductive additiveBesides, it should haxaesmall swell rate in electrolytes

to maintain the mechanical shgth of the composite matrik.binder materiashould also
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have goockelectrochemical stality in the operating potential window of the LIB aad
high melting point since the temperaturelod LIB may increase during operatioBven
though the primaryale of binders is not to conduct-lans or electrons, they should not
block the transportation of ions as they may cover the surface of active materials, thus,
polymer binders with good ionic conductivities are preferredurrent conventional LIBs,
polyvinylidene fuoride (P\DF) is the most frequently used binder materialdathodes
and someanales(41) PVDF is typically used with Nmethylpyrrolidone (NMP) as the
solvent for slurry making. Howevehe toxicity of NMP maketheenvironmentafriendly
agueus processing of slurries with watsluble polymer binderseceive growing
attentionin recent yars. They are commonly used in the anodes due to their limited
oxidation stability, buaqueous cathode binders are being developed asSwel.polymer
binders include carboxymethyl cellulose (CMC)styrenebutadiene rubberSBR),

polyacrylate, watebased fluorineacrylic copolymer, polyurethane, and xanthan ¢dg).

2.2.6 Electrolytes

Electrolytes in LIBs conduct kibns between electrodes during charge and
discharge. Mostommercial LIBs uséquid organic electrolytes, which consistlaghium
salts such asiPFe dissolved iralkyl carbonatesuch agthylene carbona{&C), dimethyl
carbonate (DMQ)diethylcarbonate (DEG)and ethydimethyl carbonate (EMJ43) The
compositions oklectrolytesare chosendue to theiracceptablestability in the operatig
voltage window of LIBs and good Lion conductivity over other choicesAnodes
operating below 1.¥ vs. Li/Li", such as graphite, react wttieelectrolytes and forr8EI
on the anode@l3) EC is widely used as the solvent because it allows the formatian of

stable SEI. However, EC has a highlting point (36€C ) and high viscosity, so it must be
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combined with thinning solvents such as DMC, DEC, and EBAT The property of SEI
significantly influences the performance of a LIB céfil the industrya cell is slowly
chargedin a sacalled formation process after cell assembly to ensure the creation of a
stable and uniform SEI on the anodelditives that assist SEI formation are also used in
commercial electrolytes. For example, #uaition of vinylene carbonate (VC) in EC can
increase the reduction potential by around 0.2 V, so the solvent decorap@sésver
voltage during the formation process which allows the formation of SEI before the

intercalation of Li into graphite anods) a more stable SEI can be produ@et).

LiPFe is the most used lithium salt in liquid organic electrolytes despite its potential
to form hydrofluoric acid (HF) witlihe assist from water contaminatian electrolytes.
HF hasadeleteriousffect onthecell performanceas itdestroys SEWhich leads to further
decomposition of the electrolyte at the anode side. It also reacts with cathode materials,
causing metal ion dissolution into the electrolyte. firtetal ions are then deposited on the
anode surfagdurther inducing SEI damage and additionatiyntributing toself-discharge
of the cell. The presence ofiF in the electrolytemay causecorrcsion onthe current
collectorsand the cell casas well.Lithium bis(trifluoromethanesulfonyl)imide (LITFSI)
is considered as an alternative of LiPBut it does nopassivatél current collectos.(45)
Other lithium saltandidateare either unsafsuch asithium hexafluoroarsenateiAsFs)
andLiClO4, or unableto reach high ionic conductivifysuch adithium tetrafluoroborate

(LiBF4) and lithiumbis(oxalato)borate (LIBOB}M3, 44)

2.2.7 Separators
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Separators in LIBs arporous membranes that prevent electrical short c&rcuit
between electrodes while let-ldns transport througthe poresvia electrolytes during
charge and discharge. The properties of sepanabbosly affectthe cell performance but
also influence theeliability and safety of LIB$46) To improve cell performancehe
separator should have good wettability with organic electrolytes, small thickness, high
porosity, and good ionic conductivitiFor reliability, the separatomustresist pressure
from electrodes and prevent penetrativom active material particlesFor safety
separatorsare required telightly melt and close the pores wharocal short circuit
occurs(46) However, it should also be thermally stable when the internal temperature of a
cell increasesignificantly, otherwise theeathode and anode may directly contact if the
separator is completemelted.Most commercial separators are made frmotyethylene
(PE), polypropylene (PR)r composites of PE and PP, with a thickness of less tham25

and porosity around 40%4.7)

2.2.8 Processingf electrodes

An electrode for LIBs is gemally made by casting a slurry onto the current
collector, followed by drying and calendering. The slurry is prepared by dissolving the
polymer binder in a solvent and then dispersingsthl& mixtures ofactive material and
conductive additive in the s@nt. For example, an NCM slurry is made dry mixing
NCM particleswith carbon black particlesadding the solid mixturento the solvent of
PVDF in NMP, and thoroughly wet mixingrhe viscosity of electrode slurries is usually
from 10,000 ta20,000 cpg48) Casting is usually done with tools suakdoctor blades
and roll coating macheswhich can be adjusted to control the thickness of the electrodes.

In laboratories, slurries are cast onto one side of the current colldxtoirs the industry
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the slurries are cast onto both sides of the current colleétibes.castingand drying the
electrodesare broughtinto a roling press machine for calendering, which is aimed to

achievethedesired thickness andcrease the density of the electrodes.

2.2.9 Cell cases

Coin cells are frequently made in research laboratories due to the easerobly
Additionally, coin cellause small electrodesd small amounts of electrolyt@ghichmake
themideal forexploringnew materialsThe most popular coin cell format in the research
field is CR2032, which has a diameter of 20 mm and a thick&s&mm. Figure3 shows
the schematic of the assembly of a typical coin ddie structure of a coin cell is very
simple: two electrode discs are stacked withrgerseparator disc in the middlspacers
andaspring washefwelded tathetop cell caspareused to ensure proper contact between
the cell caseandthe electrodesThe electrolyte is added while stacking the components.
Because only one piece of cathodéd ane piece of anode are used in a coin cell, the other
side of the electrodes must be clean to ensure good electrical contact with the cell case or
the spacers. Therefore, electrosh@terialsare cast onto only one side of the current
collectors. Thecapacitieof coin cells ardimited by thesmall electrodes, so they are not
commonly produced in thelB industry As the energy source for some small devices,

coin cells are made more frequently with electrochemical systems for primary batteries.
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Figure 3. Schematic ofa coin cellassembledn a laboratory.

In the industry, LIB cells are produced in form factors suchcysdrical,
prismatic andpouch cells In these cells, electrodes are rolled or stackeaulti-layer
structurego maximizethearea of electrodes as well as thass loadingf active materials
For example, the cell core of glindrical cellis made by windindong strips of cathode,
separator, and anod®o ajelly roll, as shown irFigure4. The cell case of a cylindrical
cell is usually madef nickel-coated steel. To minimize the chanceatdak, a cylindrical
cell casas typically a can withonly one open end whiateeds to be seadwith alid. The
electrode tabs on the current collectors are welded toahand the lig sothatthe can
becomes the negative electrode andlitheéhe positive electrodeSince the cais the
negative electrodeylindrical cells are covered by shrimkap to create electrical isolation

between cellsThe electrolyte isadded into the cebeforesealing thelid. Injection of
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electrolyte isvacuum assisteto ensure the electrolyte is infiltrated into the porous
electrodes. Becausmoisture contaminatiomn a cell hasa detrimental effect on the
performance and life of the cejélly rolls must bethorowghly dried before the filling of
electrolytesDue tothe cylindrical shape and the use of stegindrical cells have good
mechanical stabilityo withstand high internal pressuamd impact from external force
Most cylindrical cells are also equipped wihfetymechanismdocated on thdids that
release pressure in case of unsafe buipd of internal pressureThe most common
cylindrical cell format is 18650, which has a diameter of 18 mm and a length of 65mm.
The structure of a prismatic or rectangular cell is similar to that of a cylindrical selElse

the shapeThe cell core of a prismatic oectangular cell can beither a compressed jelly

roll or a stacking of alternative electrodes, as showkigare5. The cass of prismatic
cellsareusually made by aluminum, makitfgemlighter than cylindrical cefiof asimilar

size. When closely packed, the empty space between prismatic cells is smaller than that of
cylindrical cells making prismatic cellsmore effcient in space managemeroth
cylindrical and prismatic cells are sealed before the formation prodesieforea certain
empty space in the call required to accommodate the pressure buiddue to gases
produced during the formation process ahd sealing mechanisms of the cell must
withstand the high internal pressukéost puch cellsdo not consisof rolled electrodes.
Instead, theyisemultiple stackedayers offlat electrodesPouch cells are light and cest
effective due to the use of poheraluminumpouch materialsHowever, unlike the hard
cases in cylindrical or prismatic cells that provide mechanical protection from external
forces,the soft pouchmaterial does not provideufficient protection to thesell cores of

pouch cells The pouch material typically aluminum foil coated with polymers on each
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side and isot electrically conductivehereforethe electrode tabs must protrude from the
pouch which increases the chanceaddak.Pouch cells are not equipped with safents,
becausehe heatsealed seamis the pouctbreak at relatively lovinternalpressuresThe
heatsealed mechanism also allows pouch cells to be opened after formation to release the

gases antb besealed again.
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Figure 4: Schematic of a cylindrical cell made in the industry.
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2.2.10 Safety issuesf conventional LIBs

When a LIB cellis subjected taabusiveconditions the increased internal or
external temperature may triggetharmal runawayprocesshatrapidlyreleases the stored
energy in the celandresult in serious safety problenSuch abusive conditions include
thermal abuse, mechanical abusmegelectricalabusg49) In a thermal abuse, a cell may
be exposed to a fire or a high temperature heat source such as an adjacent cell that
undergoes thermal runaway. In a mechanical abuse, a cell may be crushed or penetrated
that causesn internal shortcircuit and generatea large amount of heat due to joule
heating.In a case ofelectrical abuse, a cell may be ocwharged overdischarged, or
externally shortedAn overchargecauses L-plating on the anode surface which may result
in Li dendrites and internal shecircuit. It may also cause exothermic decomposition of

the cathode material and the organic electrolteoverdischarge to a cell leads tioe
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dissolution of theCu current collector into the electrolyte. Once the cell is charged, Cu is
plated onto the anodmcreasg thechance of Liplating and internal shedircuit. Foran
external shokrtircuit, joule heating is severe at spots with high resistalBesdesthe
abusive conditions, poor cell design and defects in manufacturing are possible reasons for

thermal runaway49)

The thermal runaway process includes a series of exothermic chemical reactions
that take place at elevated temperatufésr example, the SEI layer on the anode
decomposes at 920 € , and after the SEI isompletelyreacted, the intercalated Li in
the anode starts to react exothermally with the organic solvent in the ele|f56)yTde
intercalated Li may also react with the PVDF bindgrhigh temperaturesAs the
temperature increases, the polymer separator eventually melts dowesaitd inan
internal short circuit.On the cathode sidezathode materials like LCO decompose
exothermally at temperaturabove 180 and release oxygg13) The thermal stability
of the cathode material is inversely related to the amount of intercalat&dther the
oxygen or the cathode material itsedin react exothermally with the organic solvéb.

In addition, the electrolytes contain-&alts as oxidants and organic solvents as reductants,
so exothermal reactions can occur within electrolgtes/e 20@ .(43) For a fully charged

LIB cell, a thermal runaway can bring the temperature of the cell abov€ 60¢hich is
sufficient to melt the Al current collectand ignite flammable material49) A lot of gases

can be generated during a thermal runaway process from the products of the chemical
reactions and vaporization of the electrolyte, resulting in increased internal pressure and

swelling of cells. Once the pressure reachegdgsigned limit, the venting mechanism of

26



the cell can be activated to release the gases, but the vent gases may be ignited by the hot

surface of the cell if sufficient oxygen is present in the surrousdi)

Clearly, many reactionghat happened during a thermal runawae associated
with the organic electrolytdn fact, LIBs not only store electrical energy in the form of
chemical energy, but also contain substantial chemical energy in the form of flammable
electrdytes.(49) Therefore, the thermal runaway in LIBs is more energetic than that in
other chemistriesTo prevent cells and battery packs from catching fire and explosion,

safer electrolytes must be developed.

2.3  Solid-state electrolytes andall-solid-state Li-ion batteries

2.3.1 Overview

All-solid-state Liion batteries (ASSLBs) based on sedigte electrolytes (SSES)
areconsideredor the nextgeneration of LIBs since they have the potential to overcome
the disadvantages of conventional LI8&h flammable liquid organic electrolytasith
high vapor pressureSSEs can bgualitativelydivided into two groupsyhich arepolymer
electrolytes, and inorganic or ceramic SSRIthough PECGLITFSI, a polymer electrolyte,
was used irexperiments, tis thesisis focusedon ceramic SSEand the use of ceramic
SSEs to construct ASSLBEBhus, if not specifically mentioned, SSEs in this thesis refer to

ceramic SSEs.

In ASSLBs,SSEsare useds ionic conductors and electrical insulatorsefgace
both polymer separators and liquid electrolytes in conventional LIBs. In addition to

intrinsic safety, SSEs offer other advantages such as versatile geometries and wide
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operating temperature windewn fact, most SSEs have higher conductivitiesletated
temperatures. Besides, some SSEsatieved to benore electrochemically stable than
liquid electrolytes, s)AASSLBs may be made with high-voltage cathode materiat®

achieve higher energy densitiewithout decomposition of electrolyt¢3) Moreover
ASSLBsmay allow the use of binetal anodeas SSEs magct as a mechanical barrier t
prevent dendrite formatiowhenthe shear moduli of the SSEs membranes are twice as
large as the shear modulus of Li fi(@). Yet this theory did not work out completely as
gamett ype SSEs with high shear and Youngos
formation and propagation through the S$&9.Furthermore, ASSLBs maflow theuse

of conversion cathode materialgth larger theoretical capacitissich as LiS becaus¢he
dissolution of LS can be prevented by SSEmally, the use of ASSLBs in largeeale
practical applications such as electric vehicles and power grids may reduce the cost, since
ASSLBs do not require cooling or protection systems due to the ladlarofmable
componentsThe schematics of ASSLBs with either graphite anode or Li metal anode are

shown inFigure6.

However, ASSLBs based on ceramic SSEs have not bieletyveommercialized
due to some critical challenges, including low ionic conductivity at room temperature
which results in limited capacities and rate performance, small energy density due to thick
SSE membranes, growth of Li dendrite and large intetfeeséstance that reduces cycling
performance, and fabrication technologies that are not compatible with the cell formats of

conventional LIBs.
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Figure 6: Schematics of A) ASSLB with graphite anode and(B) ASSLB with Li
metal anode.

2.3.2 Challenges of SSEs and ASSLBs

lonic conductivityis one of the most important propesfor SSEsas itdominates
the performance cASSLBs.Low conductivitynot only prevents cycling at high current
densitiedut alsoresults in larg@olarizationand reduced capacitiddowever, most SSEs
exhibit lowerionic conductivities than conventional liquatganicelectrolytesat room
temperatureSince conductivity increases witemperature inraArrhenius relationship,
ASSLBs can be operated at elevated temperatures to adhgher capacity and rate
pefformance, but extra energy must be consumed to maintain the tempérharefore,
most research in the SSE fieldsheen focused on improvirtge ionic conductivities of

SSEs by discovering new materials or modifying existing materials.

Most laboratoryscale ASE&Bs are fabricated with complicated production
processes. A typical method to produceASSLB cell is to combine an SSE membrane

with a composite cathode and a composite anode or a Li metal anode. Unlike the porous
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electrodes in conventional LIBs thabnsist of active materials, carbon additives, and
bindersacomposite electrode in ARBs also contaisa high fractionof the SSE(usually
>30wt.%) to ensureadequateontact betweethe active material anthe SSE resuling

in reducel volumetricenergy densityThe powder pressing method is commonly used to
produce SSE membranes, which are thick-(0xim) as thin membranes are hard to handle
and can easily break. The composite electrodes can be prepanedhmnicamixing (i.e.
ball-milling) and then attached to the SSE membrane by means of pressing twflayera

or triple-layer pellet(52, 53) The schematic ifrigure7 shows theeonventionaprocess of
making ASSLB cells in laboratorieflternaively, the compositeelectrodes can also be
applied onto the SSE membrane by tape ca&h5) or deposition techniquéss, 57).
Sinteringat high temperature and pressisralwaysrequired to densify the SSE pellet and
promote better interfacial contact between SSEs and active matdoalsver, smtering

may lead to notstoichiometry due to the evaporation of volatile species such{%8 Lso

the parameters used for the sintering process must be carefully Timeadnethod only
makes ASSLBs in the coin cell format variances ofhe format such as Swagelok cells,
and it may be applied to make pouch cells that contain flat electrodes. However, this
method is not compatible with cylindrical or rectangular cells with wound electrodes,

which are more frequently used in the industrg ttutheir larger capacities.
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Figure 7: Schematic ofa typical method for the fabrication of an ASSLB cell with
either Li metal anode (press a cathode/SSE bilayer pellet and then attached a Li
metal foil on the SSEsurface) or graphite anode (press a cathode/SSE/anode triple
layer pellet).

Another critical challenge is the requirement of thin SSE membfanASSLBs
to achieve better energy density than conventional LIBs. Assuming a Li metal anode can
be used witbut the issue of dendrite formation, the thickness of the SSE membrane in an
ASSLB cell must be less than 10én to ensure the energy density to be comparable to
that of a conventional cell with a graphite an¢feOn the other hand, if conventional
anode materials like graphite or LTO are used, the thickness of SSE membranes should be
less than 25um, which is the thickness afommnon industrialpolymer separatorshe

fabrication and handling of thifim SSE membranes pose significant challenges for the
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fabrication of ASSLBsTo meet the requirement of small thickness,-film deposition
methods, such as sputterjti®) pulsed laser deposition (PLG0) atomic layer
deposition (ALD)(61) spin-coating(62, 63) and tape castin(4, 65) have been developed
to fabricate thiFfilm SSE membranesand ASSLBs with different SSE materials. For
example, thirfilm ASSLBs with LIPON (lithium phosphorous oxynitride) electrolyte
weredeveloped in the 1990s by sputteritechnique$t6, 67) but the cost and scalability

of suchmethod are of concern.

Althoughit has been suggested that SSEs may prevent dendrite formation by acting
as a mechanical barrjeLi dendrite may still growthrough theSSEs.Moreover, the
dendrites growh through 97% dense garn&SE is even fasterthan in liquid
electrolyteg51) One of the recent theories proposed that the electrical conduchigity
SSEs exhibit might be responsible for the Li dendrites gr¢®&hT his theory finds@agood
explanation for the cases of gartggte and LIPON SSEs, while the electtica
conductivities of which are 10S cm® and 10> S cm, respectively.Therefore, the
electrical conductivities of SSEs must be taken into consideration while designing ASSLBs
with Li-metal anode. In addition to this theory, the growth of Li dendrites may be assisted
by nonuniform Li deposition due tanhomogeneities in th&SE and at th&SELi
interface, such as variation in thickngsse-existing defectsand local nosstoichiometry
in the SSE. Hence, inhomogeneities should be avoided dhwemgocessing of SSEs and

fabrication of ASSLBs.

Exceptfor Li dendrite growth,challengs at the SSEelectrode interfacelso
include poor interfacial contacind reactions between SSE and electrokidsrcalation

cathode materials like LCO and NCM experience volume change up to 4% during

32



cycling,(68, 69) while conversion materials experience much larger volume ch&tge.
solid-solid interfaces, volume expansion and contraction in electrode matedalse
interfacial delaminatioand fracture of SSE or electrode materialsich resukin loss of
contact and growth of impedanddoreover, poor interfacial contact még due to the
nature of soliesolid interfaces. In conventional LIBs, good contact caerseiredy using
electrolytes withgoodwettability on electrode materials. However, in ASSLBSs, attaching
Li metal foil onto SSE membranes or mechanical mixing d& $&rticles with electrode
particles cannot achieve the same level of contaeit Aguid-solid interfacesThough
sintering at high pressures and high temperateifestively improves the contact, voids
that hinder Lrion transferacrossthe interfacemay still exist One strategy to improve

interfacial contact is toreat artificial SEI layers at the interfacé®. 70, 71)

Chemical reactions occur when there is a mismatch betiwe@memical potentials
of the SSEand the electrode materia@xidation of SSE occurs at tieathode interface if
the highest occupied molecular orbit#!l @QMO) of SSE is above thEermi energy of the
cathode, and reduction of S®Ecurs at the anode interface when ltweest tnoccupied
molecular orbital(LUMO) of the SSE is Hew the Fermi energy of the ano(i&2)
Reactions between SSE and electrodes are not necessarily bad. In fact, like organic
electrolytes, many SSE materials are not thegmanthically stable in the potential range
of LIBs.(73-75) If they form stable passivation SBlerswith electrodes, further reactions
can besuppressedHowever, if the SEgrows continuously, or it is ionically insulating,
protective coating must be applied76) For example, LiNb® coating on LCO can

improve gcling performance in ASSLBs with sulébasedSSES53, 77)

2.3.3 SSE materials
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Key properties for SSEs are high ionic conductivity, good compatibility with
electrode materials, and wide electrochematability windows. Numerous SSEs have
been developed and exploredth oxides and sulfides being the most extensively studied
SSEs due to their high conductiviti€3xide SSEs can be divided into subgrob@sed on
the crystal structures, which includd SICON (lithium superionic conductpitype,
NASICON (sodium superionic conducietype, perovskitetype, and garnettype. Oxide
SSEs generally havgood chemical and electrochemical stabilityaking them suitable
for high voltage cathodes. They also haighimechanical strengthvhich may be ideal to
prevent Li dendrite growttMost oxide SSEs exhibit ionic conductivitieem 10° to 103
Scmt at room temperature, which doever than that of commercial organic electrolytes
(102 S cmY). The majordisadvantagdor oxide SSEs isheir mechanical rigiditythat
createshallenges fotheprocessing of materials and fabricatiolA&SLBs(78) Sintering
at high temperatusds required to make a dense SSE pelled to achievgood contact
between SSE and active materi@9) Sulfide SSEsnclude thieLISICONs, LGPStype,
andargyroditetype Some sulfide SSEs presédngh ionic conductivitiecomparable to
that of commercial organic electrolyteSulfide SSEs show good mechanical strength and
mechanical flexibility,making themmore preferablethan oxide SSEs for ASSLB cell
manufacturing(78) However, sulfide SSEs are toxic and sensitive to moisture.
Additionally, one of he biggest challengdor making ASSLBswith sulfide SSEs is the
lack of interfacial stability(79) Decomposition of SSE at the interfdoetween SSE ah
active materials may formigh resistive intdacial layers thatesult in poor cycling
performanceMost oxide and sulfide SSEs asgnthesized by solidtate reactions via

techniques suchs balimilling, followed by heatand pressure treatmerifven though
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these SSEs present good ionic conductivities, thay not be thecandidates for the
proposed melinfiltration technology because of their high melting poimitsfact, the
melting poiris of these SSEs are ntitoroughly characterizedMost of them are
synthesized by solidtate reaction methods such kall-milling, followed by high
temperature processirseps so onlythe processing temperatsrthat are lower than the
melting pointsfrom the studiesan be obtained he processing temperatures (the highest
temperature used during synthesis) and ionic conductivities of several oxide and sulfide
SSEs are presented Tble 1. Polymer binders are needed in conventional electrodes to
hold the active materials and conductive additives onto the current cad|dmiormost
thermally stablgolymers decompose at teerptures above 500 .(80) As a result, the
well-studied oxide and sulfide SSEs cannot be used foriniditation.

Table 1: Processing temperaturesand ionic conductivitiesat room temperature of

several oxide and sulfideSSEs(Room temperature is either 25C (298K) or 30€C
(303K) when data at 25C is not availablg.

Type Composition Processing | RT conductivity | Ref.
temperature (S cm?)
€)

LISICON | Li4SiOs-LisPOy 1000 N/A (81
Li4GeQr-LisVOa 1000 4x10° (82)
Liz+2ZN+GeO 1100 N/A (83
Li14Zn(GeQ)a 1150 N/A (84)
Li10.455/Gey sP1 5Clo.ogO11.92 | 1250 1.03x10°-3.7x10° | (85)

NASICON | LiTi 2(PQ)s 900 2.3x10° (86)
Li1sAl0.5Gers(PQy)s, 950 104103 (87)
Li1.4Al0.4Ti16(PQy)3
Li13Al0.3Ti1APQOy)s 1000 3x10* (88)
Y-Doped LiZe(PQs)s 1200 3.5x10° (89)
Li1sAlosGers(PQy)s 1350 5x10* (90)
Li 1AL G e x(PQ)a 1500 9.6x10% (91)

Garnet Lis.adlasZr1 4Ta0.6012 950 1.4x10° (92
Lis.20Gan.ad az esRbo 0521012 | 1100 1.62x10° (93
Li7 x LagZr2 xNbxOa12 1200 8x10* (94)
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Table 1 (continued).

Garnet Y-doped LiLasZr,012 1200 9.6x10* (95)
Lie.ssGav.19-a3Zr1.005®.10012 | 1200 1.8x10° (96)
LizLasZr2012 1230 5x10* (97)
Lis.4Al0.2xGalLasZr,012 1230 2.6x10%-1.2x103 | (98)

Perovskite | Lig.3daos51Ti02.94 1150 2x10°-7x10° (99
Lao.sai0.35T10s3, 1200 6.6x10%-1.2x103 | (100
Lao.s7io.20TIO3
Li3/8Sr716Zr1/4Nb31405 1200 2x10° (101
LisgSrrneHf14T 51403 1300 3.8x10* (102
LizeSr/16T agaZr1/403 1400 2x104 (103

Sulfide Lio.54Si1.74P1.44511.7Clo 3 475 2.5x107? (53
Li10GePS12 550 1.2x10% (77)
Li10GeRS: 2 Ox 650 8.4x10%-1.03x10° | (104
70Li2S-30P:Ss 700 3.2x107 (105
Liz.25G&.25P0.75% 700 2.2x10° (106

Other types of SSEs include hydrides, halides, nitrides, borates, and phesphat
These materials generally suffer from low conductivity, sensitivity to moisture, or limited
electrochemical stability window, making them less attractive to researchers. However,
some advantages, likbe low-melting point and facile synthesis processe important
properties required for this thesis. Among all SSEs;@arovskites are found to be good
candidats for developingthe proposed melnhfiltration technologydue to their low
melting points(~ 300 ), cheap precursor materiglsOH and LiCI/LiBr), andreported

high ionic conductivitiegup to 10° S cm' at room temperaturgl07)
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Part of this chapteiis adaptedwith permission fronsong, A.; Xiao, Y.; Turcheniuk, K.;
Upadhya, P.; Ramanujapuram, A.; Benson, J.; Magasinski, A.; Olguin, M.; Meda, L.;
Borodin, O.; Yushin, G., Protons Enhance Conductivities in Lithium Halide
Hydroxide/Lithium Oxyhalide Solidléctrolytes by Forming Rotating Hydroxy Groups.

Advanced Energy Materials 2018, 8 (8pi: 10.1002/aenm.201700971

3.1 Introduction

Recently, a novdlypeof Li anti-perovskiteSSES, having structurdike perovskites
ABOs (cubic, Pm3m), but with inverted charge 40X (X = halogen element)was
introduced Thistype of SSExombines the features ofow cost low melting point and
remarkable high ionic conductiyi{107) Unfortunately, multiple theoretical and
experimental followup studies of Liantiperovskites reported a range of determined
conductivitieg(108-112) creating a controversy surroundinthis type of SSEs.
Furthermore theoreticalcalculations indicaté that LOCI may be thermodynamically

unstabledecomposing thi>O and LiCl(110)

Interestingly,Li hydroxy halides(Li-OHX) also adopt the L4AB structure(113)
Unlike LisOCI, where six Li atoms occupy the vertices afQ.bctahedral, ihi2OHX the
vertices are occupied by foli atoms and leaving two other sites vaddi#) The
presence of two vacancies may enhane®ih diffusion and lead to higher conductivities.

On the other hand, H ibi2OHCI sits at the oxygen atom in the center of octahedral,
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may potentially block the diffusion of Li+, thus reducing ionic conducti(dty3) Because

of the presence of OHndhalogen groupd.i:OHX may beextremely reactive anchay

be uncontrollably doped duririgng timesynthesis byaking metal ionssuch as A[107)

Ni, (115 and Ag(113) from the reaction vessels in which they are synthesizéd.
conductivities of uncontrollably dopdd,OHX can be significantlyaffected since only
0.005 of at. % of dopants may be sufficient to drastically change the conductivity
values(116) Besides uncontrolled moisture remaining in the material after synthesis or
leaks in tlke electrochemical cellsmay significantly enhance the measured
conductivities(109, 115 117) Furthernore, the similarity in the lattice parameters between
Li-OHX and LsOX may easily lead ta controversyof thereal phases in the materials
Difficulties in detectinglight elements likeLi and H by most characterization techniques
such as EDSalsoadd wncertainties. In factthe anticipated.izOX in previous studies
might be mischaracterizedwhile the actual materials wereLi,OHX or deprotonated

Li2+«xOH1xX, assuggestedh some recergtudies(109)

The synthesis and characterization of Li g@rovskitesare reportedin this
chapter By examining lhe synthesis routes of Li oxyhalides andhlyidroxy halides|
discovered thatLisOCl could not be synthesized from LiOH or>Qi with LiCl,
contradicting whatvas reported by other researchers.céntaminanfree and ultrafast
synthesis methofbr Li hydroxyl chlorideqLi.OHCI and Lk+y(OH)xCly) was developed
The experimentally detected phase transformatiohs.@HCI providedinsightsinto the
influence of the structural parameters oAdtn conductivity. A deprotonation/lithiation
methodin the mild eaction conditionsvas utilizedto synthesize selected2LiOH;.xCl (0

Ox < 1) SSEs and experimentally determined that theepies of H enhancebe ionic
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conductivity of such SSEs. Bof@ppenheimer molecular dynamics (BOMD) simulations

of Li2.xOH1.«Cl (0 Ox O1) SSEs provide#ey insights into the mechanism of ltiansport

and the influence of H concentration on it, complementing previous modeling studies of
H-free antiperovskiteg110 112 118121) A LiCl free composition ofLi1.9OHClo.o was
synthesizedor attaininghigher uniformity and higher conductivitjthe condictivities

were measurelly electrochemical impedance spectroscopy (Ei8) different types of
symmetrical cells texplore the impact of electrodes (blockergdnon-blocking) andthe

effect of SSE pelkét processing methods (cgbdessing hot-pressing andmelting). The
electrochemical stability of LBOHClog with Li metal was also examineddy cyclic
voltammetry (CV) and DC cyclinglhe thermal propertyof the SSE was measured by

differential scanningalorimetry(DSC).

3.2  Literature review of Li anti-perovskites

3.2.1 Lioxyhalides (LiOX, X =halogen elemeint

The perovskite structure is named by the compound perovskite, which is a calcium
titanite mineral (CaTig). The typical formula of perovskite is?B*"X%3, where A*is a
divalent metallic cation, 8 is a transition metallic cation, and®Xs a divalent anion
(usually @). In an ideal cubic unit cell, A atoms sit at the corner positions, B atoms sit at
the bodycenter position, and X atoms sit aetfacecenter positions. Materials with the
perovskite structure were found to have-camducting properties. For example, NaMgF
conducts Fwith conductivities around 10S cm™ to 10 Scmt at 200 €.(122 NaMgFRs
exhibitsthe A'B2*X 3 formula instead of the AB**X 23 of CaTiQ, but the crystal structure

is the same.
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Conversely, in Li antperovskite SSEs, the conducting anions in perovskites (such
as Fin NaMgFs) are replaced by the 1,iand the cations (such as*N&Ig?* in NaMgFs)
are replaced by anions. Thus, the formula of Li-petiovskite SSE is B%Li*s. The
monovalent Aanion can be a halogen ion &nd the divalent B anion can be & The
resulting formula of the anperovskite SSE becomes X@Li Accor di ng- t o th
firsto rule in the nomen gisdenoiedas bOX.{107/Anor gan

schematic of LI4OX is shown inFigure8.

OH
J Vacancy
W Li
@0
Qd

Figure 8: Schematic of the antiperovskite crystal structure of LisOCI.

Li oxyhalideswerefirst reported by Zhao et al. from the University of Nevada Las
Vegas in2012(107) They name this type of materials asrich antiperovskites. The SSEs
were synthesized by mixing LiOH and LiCl or LiBr inl2molar ratios and heat to 360
for 100 hours under vacuyrfollowed by either quenching or controlled slow cooling.
They claimed that 5OCI had a conductivity of 1.5xt0S cm! at 30C , and LsOClo.sBros
even had a high conductivity of 1xf08 cm! at the same temperature, which was very

promising for a new type of SSE material. They also aedlyhe crystal structures and
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measured the lattice parameters of the materials. Bathdliand LgOBr had cubic

structures with lattice parameters of 38and 4.028, respectively.

In 2014, Schroeder et al. synthesizegdBr from LiOHH 20O and LiCl with the
method reported by Zhao et(all7) Instead of using the vacuum, they performed the
synthesis under an Ar environment. They also checked the solubilitg@BLin water
and several organic solvents which were frequently used in conventional LIBs. The SSE
dissolved quickly in water and demposed into LIOHHO and LiBrH 0. The SSE did
not dissolve in organic solvents such as DEC and DMC. However, it could take protons
from the container of the sample or from the residue water in the solvents and form Li

xHxOBT.

In the same year, Zhangadt examined a method of synthesizing@X (X = ClI,
Br) and Ca doped kikCay2OCl.(123 They mixed L#O and LiX with or without CaO in
stoichiometric ratios by high energy baiill, and let the products hydrag to form Li
hydroxy halides such as3®(OH).Cl and Ls(OH)sBr. The Li hydroxy halides were then
dehydrated at high pressures (up to 0.5 GPa) and higher temperatures (over 450 K) to form

desired Lirich antiperovskites.

Still, in 2014, Luand ceworkers fromZ h a o 6 s repprited thepfabricain of
thin-film SSEs with pulsed laser deposition (PLD). They used PLD with bRl
prepared by the method reported in the previous work as the target to rs@kx thin
film with a thickness of 2u4m on Ag or Li coated stainless steel substrgi@8) They
successfully achieved {plating with a LI/SSE/Li cell at a current of 1Q\ at room

tenperature. However, in this work, the room temperature conductivities of the thin film
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LisOCI and the target bulk ¢®Cl were only 9x1& S cm* and 6X107 S cm?, respectively,

both of which were much lower than what they reported in the previous worlk. The
explained the difference due to the long peradcheattreatment (~100 hours) in the
previous work which caused volatile elements like Li and Cl to escape and formed
vacancies to boost the conductivity. In 2016, Lu et al. improved the PLD technique by
using a mixture of IO and LiCl as the target and reported a room temperature
conductivity of 2x10* S cm?, which was close to the value they reported in 2022)

They made a thin film ASSLB with LCO as the cathode and graphite as the anode. The
cathode and anode were also deposited by the PLD technique. The cell was cycled at a
current density of 10 mAfat room temperature. It presented an initial dischargaoigp

of 120 mAh ¢, but the capacity retention was only 55% after 20 cycles.

In 2016, Lietalf r o m Z h a ex@rsnedgnewosynghesis routes by converting
LioOHX (X = ClI, Br) into LkOX with reducing agents such as LiH and(111) They
reported a room temperature conductivity of %% cm? for LisOBr, which added more
ambiguity to the real conductivity of this type 86E The lattice parameters of0CI

and LsOBr were measured to be 3.9185hnd 4.0468, respectively.

In 2019, Dondelinger et al. synthesizedQ@CI by melting a mixture of LiOH and
LiCl on a Ni foil at 350€ inside an Affilled glovebox(125 As the mixture was
completely molten, a Cu foil coated with graphite was pressed onto the molten material for
15s. After cooling down to room temperature, the Ni foil was removed from the SSE and
a Li foil was placed onto the SSE surface to make iaplgte/SSE/Li cell. Such cells were
used for both conductivity measurement and galvanostatic cycling. The conductivity at

room temperature was measured to be 1.3x80cm?, which was much less than what
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Zhaodés group reported in their papers. The

50€ and 100C , despite that only the data for the first 100 cycles were presented. Even
though the data may prove the letegm cyclability of LOCI in graphiteLi half cells, the
capacities of these cells @D mAh g') were much smaller than the theoretical capacity

of graphite (380 mAh ).

From 2014 to 2020, M. H. Bragand ceworkers published a series of papers
claiming a type of Lion or Naion glasselectrolytes base on asgerovskite L4OX or
NasOX.(116 126-130) The materials were simply made by adding water to@ertvskite
SSEs followed by hedteat in hydrothermal reactors. Braga reported an -blgh
conductivity of 5x10> S cmi! at room temperature, which was comparable to that of
conventional liquid organic electrolytes. However, these works were highly controversial
as many researchers doubted the reality of the materials and the mechanism of the
electrochemical cells. For exgie, Steingart et al. argued that the mechanism proposed by
Braga et al. in one of the woid®28 was not thermodynamically possilflE31)
Additionall vy, Hanghofer et al . repeated
LIiCixH 20, which was a good electrical conductor and might be the reason of the ultra
high conductivity reported by Braga et(&B2) In this work the authors claimed that XRD
was not reliable talentify crystal structures of Li antierovskites, and all reportecsQOCI

were not experimentally proved.

Theoretical studies were also made to explore Li oxyhalides. For example, Zhang
et al. studied LOCI/Br with first-principles density functionalheory and molecular
dynamics simulations in 2013(118 They found LiOX (X = CI, Br) were

thermodynamically unstable as they decomposed int® bind LiX, but the materials
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might be metastable at room temperature. The decompositions also happened when the
SSEwas in contact with Li metal at the anode of a cell. On the cathode side, the equilibrium
phases were LiCl with LiCl©for LizOCI, and LiBr with LpO» for LizOBr, respectively,

at voltages greater than 2.7 V vs. Li metal anode. Though the SSEs deconipgustéd a
electrodes, they found the materials comprised large band gaps which indicated a large
electrochemical stability window up to 5 V. Their work showed that ionic conductivity was
driven by the Li vacancies and anion disorders in the SSEs. The edttopatiuctivity of

LisOCI and LsOClosBros at room temperature were 1.2x¢@& cm® and 2.1x10* S cnt?,
respectively, which were lower than the experimental value reported by Zhao et al. in

2012(107)

Emly et al. conducted similar calculations in 2¢130) They discovered BOCI
could decompose into 1@, LiCl, and LidO4 above an applied voltage of 2.5 V, which
agreed with the work by Zhang et(alL8) In addition, if the decomposition into LiX and
Li>O was suppressed, Liddeficient LsOX phases might still form. For the mechanism of
Li-ion transport, they reported the high ionic conductivity wae tothe existence of
dumbbell Li interstitials, which was a pair of Li interstitials that replaced oradm, as

a result of Frenkel defects.

First-principles density functional theory and molecular dynasiicsilationsvere
also employed by Lu et al. in 20{612) They found the ionic conductivities and activation
energes of the LixOClix system were comparable to the reported experimental values,
even though they calculated the conductivities in an elevated temperature range from 500
1000 K. They proposed Li vacancy hopping originated from LiCl Schottky defects was the

main mechanism fdri-ion diffusion in the SSEs.
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Again in 2015, Deng et al. usedcombination of firsprinciples calculations and
percolation theoryo study the compositions of 40Cl.«Br«.(119 They calculated the
ionic conductivities of the LDChxBrx system to be in the range of 1x:@x10"" S cm?
at room temperature, with 40Clo.78Bro.25 having the highestanductivity. Though these
conductivities were lower than the experimental results reported by Zhao et al. in
2012(107) this work agreed with Zhao et al. that:QCli.xBrx presented higher ionic

conductivities than pure $¢®OCI or LizOBr.

In 2019, Dawson et al. performed simulations to study the defect chemistry and ion
transport mechanisms of JOCI/Br.(133) They confirmed Schottky defects were the
dominant type of defects in the materials. For the calculated ionic conductivities, they
obtained ~5x10° S cm* for both LOCI and L§OBr at 500 K, which were much lower

than he experimental values reported by Zhao €1@¥)
3.2.2 Li hydroxy halidesl(i-OHX, X = halogen elemeit

A type of similar Li antiperovskits is the Li hydroy halides with the general
formula of LioOHCI, with the crystal structurshown inFigure9. At the scale of a unit
cell, one Li atom of lFOCI can bereplaced by one Htam to form LbOHCI. H atom
replaces Li atom in the octahedral sieg(,in vertical or apical positions). Provided that
the length othe O-H bond is shorter (0.68 A) than the lengthtted O-Li bond (1.96 A),
H atom resides in the space between O aathLi vacancy but closer to the O atom. In
the crystal with n numbers of unit cells, a unit cell experiences the presence of two Li
vacancies due to the presence of an adjacent unit cell. For the two defect sites in each cell,

one is a true defect site gathe other is a quasiefect site, which is filled by hydrogen.
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Therefore, for brevity, the kOHCI unit cellshould be drawmvith two Li vacancy sites.
The creation of vacancies by the introduction of protons may allow Li ions to move more

freely insidethe material.

OH
) Vacancy
) Li
(" Xo)
Ol

Figure 9: Schematic of the antiperovskite crystal structure of Li2OHCI. (A) Cubic
phase. (C) Orthorhombic phase.

The system of LIOKLiX (X = halogen elemehivas first investigated in 1915 and
the phasaliagram of LIOHLICI was developed in 1958.34, 135 However, structural
data andonic conductivity were not obtained until 1981, when Hartwig et al. reported
Li-OHBr with an antiperovskite crystal structure and the lattice parameter was 4.056
A.(136) Li2OHCI and Lis(OH)3Cl> were synthesized by melting LiOH and LiCl in
corresponding molar ratios inside an Ar filled glovebox. The conductivity measurement
was only taken at elevated temperaturks.200 € , the conductivities of LOHB,
Li2OHCI, andLis(OH)sCl, were 5x10° S cm?, 3x10° S cm?, and 7.5x10* S cm?,

respectively(136, 137)
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Schwering et al. examinedddOH,) X (0.83 O n O 2, X =
materials were synthesized by melting LiOH and LiCl withAgncrucible at 35 for
24 hours under A{113 For LiOHCI, they reported a phase transformation from

orthorhombic to cubic at 35 for the first time. The lattice parameter was measured to be

Cl

3.9103A for the cubic phase, and the orthorhombic phase had lattices parameters of a =

3.8220A, b = 7.9968A, and ¢ = 7.7394. The conductivity right above the transition

temperature (cubic phase) was 3X18 cm', while below the temperature it was only 2

x10° S cm?. Li,OHBr did not present such phase transformation and it showed a cubic

phase with a lattice parameter of 4.046

In 2016, Hood et al. explored the LIAHCI system again and synthesized
Liz(OH)Cly, Lis(OH)Cls, Li2OHCI, Lis(OH)sClz, and Ls(OH)2Cl by heating mixtures of
LiOH and LiCl in different molar ratios to 33D for 30 minutes under Af115) They also
reported phase transitions in these materials from 30 @ 50he effect of cooling rate
was examined in the work and they discovered thatcfaged materials showed nearly 1
order of magnitude higher conductivities than sleeoled materials. For fast cooled
Li,OHCI, the conductivity was 4.5xt9S cm? at 50C , which was 1 order of magnitude
| ower than Schweringbés measur e mentOHGI n
could forma stable SEI with molten Li at 1¥5 and allowed stable tplating in Li/SSE/LI

cells at a current density of 1 mA @m

Still, in 2016, Li et al. published a paper regardinrgdped antperovskite SSE for
ASSLBs(109 In this work the authors confirmed thatQiBr could not be prepared by
directly melting LiOH and LiBr, so they decided to prepar®OHBr and Ly(OH)o.oFo.1Cl,

which were synthesized by melting mixtures of LiOH and LiX (X = Br, F) at@85h
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nickel or alumina crucibleslheir cycling voltammey (CV) data showed the SSE was
stable up to 9 V vs. Li/lli They made an ASSLB with £(OH)o.oF0.1Cl, which preserd

better ionic conductivity than bOHBr (3.5X10° S cm? vs. 1.3x10° S cm® at room
temperature). The battery used polysh&P (LFRCB-PEOLITFSI) as the cathode, Li

metal as the anode, and an SSE membrane as the separator. However, a polymeeelectrolyt
(PEGLITFSI-Al203) membrane was placed at the interface between the SSE membrane
and the Li anode, which raised the question of whether this SSE was stable against Li metal.
The cell was cycled at 85 for 40 cycles at 0.2C, with an initial dischargeaeity of 125

mAh gt and capacity retention of 84%.

Il n 2017, Howar d ecto od |le@HTE basedhonnttee dnetlipd | o w
reported by Hood et al. in 201615, 138 The SSE was made by heating the mixture of
LiOH and LiCl at 350C for 24 hours, cooling to 258 at 8€ /h, holding at 25 for
24 h, and then ading to room temperature at Z5/h. At 294.25 K, the crystal structure
of the material was determined to be orthorhombic with lattice parameters: a = 8,8749

b =3.8257A, and ¢ = 7.999.

In 2018, Hanghofer et al. studied the LiQKCI system(132) They concluded that
H-free LiOCI could not be prepared assQCCl reacted with H sources easily. The
ALOClI 0 they synthesized from LuwfBHOCGnd Li (
Lia(OH)3CI, and LiCl. Besides, they also synthesizegDHCI by heating the mixture of
LiOH and LiCl to 400C . The phase transformation was observed. At 300 K, the material
presented an orthorhombic structure with lattice parameters: a = 7.44808 8.0028
A, and ¢ = 3.8252@&.. The conductivities at 38 and 45C were 8.8x10° S cm* and

4.3x10* S cmt, showing a remarkable difference due to the phase transformation.
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Dawson et al. used a combination of ab initio molecular dynamics simulations and
NMR spectroscopy to study the transport mechanisms-afriend proton in the system
of LizxOHxCl and reported their work in 201839 They found a high exothermic
hydration enthalpy for LDCI that explained the challenge of synthesizing prétea
LisOCI. Their calculationsind NMR datasshowed longrange diffusion for only Lions,
and the movement girotonswas restricted to the rotation of Ogtoups. To prepare the
NMR samples, they synthesized the SSEs by heating LIOH and LiCl t&€ 3&fr 30

minutes. For ionic conductivities, they measured 1.7%80cm? for Li.OHCI at 100C .

Li>OHCI and its variants have drawn dramatic interest in recent years, as there were
severalresearch papers published in 20X0n et al. applied the F doping strategy
developed by Li et al. in 201&09) to Li-.OHBr and made a series of materials with the
formulaLi2OHBr1xFx.(140) However, the best conductivity obtain was only X% cm
1 at room temperature. The interesting part of this work was that they made an LFP/SSE/Li
cell by presing SSE powder onto the LFP cathode and then attach a Li metal foil as the
anode. The cell exhibited an initial capacity of 99.5 mAwith a retention of 68% after
30 cycles. The Coulombic Efficiency (CE) of the cell was not stablenssdess than

90%, which might be due to the-situ formation of interphases.

In a workby Sugumar et gl141) they synthesized kOHBr by baltmilling at room
temperature for the first time. The lattice parameter was measured to bel4.They
obtained a room temperature conductivity of TX%cm?, which was consistent with the
conductivities olLi.OHBr in some of the previous workEhe same groufyamamoto et
al) alsoreported the synthesis &fi:OHCI using the batmill method(142 The as

synthesized.i,OHCI formed a cubic structure with a lattice parameter ®0317A at 30

49



€ , which was different from the orthorhombic phase reported in other works. However,
after heating to 20€ , the phase at 30 became orthorhombic with lattice parameters of

a = 3.876017, b = 3.827967, and ¢ = 7.9942%.. The conductivityat 30€C for the as
synthesized.i,OHCl was 2.6X10° S cmit, but it dropped to 1.4x10S cm! after heating,

as the phase became orthorhombic.

Koedtruad et alsynthesized.i,OHCI andLi>OHBr by heating the mixtures of
LiOH and LiCl or LiBr to 265C for 1 dayin avacuumsealed glass tukandthen quickly
cooled down to room temperatyt3d The lattice parameters faiOHBr and cubic
Li,OHCI were found to be 4.052% and 3.9142A, respectively. The lattice parameters of
the orthorhombid.iOHCI phase were a = 3.87243 b = 3.825954, and ¢ = 7.9995A.
The conductivities ofLioOHBr (30 € ), cubic Li,OHCI (60 € ), and orthorhombic
Li,OHCI (room temperature) were 1.33x16& cm?, 1.01x10° S cm?, and 6.83x1F S cm
1 respectively. For the first time, they used DC poétion to measure the electronic
conductivities of the Li anfperovskite SSEs, and the results showed the electronic
conductivities were very low compared to the total conductivities obtained from the

impedance measurements.

Wanget al.conductedadvancd X-ray and neutron geriments, in combination
with ab initio molecular dynamics simulatign® study thecrystal structure and the
mechanism of Lion conductivity in Li2OHCI.(144) In this work, Li2OHCI was
synthesizednelting the mixture oLiOH and LiCl with a molar ratio 1.05:1n alumina
cruciblesat 320C for 2 hours.The molten material was then pouretbia TeflonPTFE
die for cooling.Theyidentified the structure and the distribution of H.inOHCI. For the

low temperature orthorhombic phabkmotionis limited to a plane around O. For the high
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temperature cubic phasel remairs chemically bmded toO with a lobed spherical
distribution. The rotation of the OBinionpromotesd@ padd|l ewheel 0 -mec han

ion conductivity.

Lee et al. synthesized Li,OHCI, Li2(OH)o.dFo.1Cl, Li2(OH)o.9Bro.1Cl, and
Li>OHBIro2Clo.s with amorerefined proces§l45) For each compositionhéy ball-milled
the correspondingeagents (lOH, LiCl, LiF, and LiBr) with heptaneand then heated the
mixtureto 300 or 35(C in an alumina crucible fo80 minutes or 4 houréfter cooling,
the solidified samples were dl-milled again with hexaneThey madeLi/SSELI
symmetrical cells and perform&IlC cycling to examine thelectrochemical stability and
reactivity of the SSEs wittheLi metal The formation of SEI layer during the DC cycling
was observed and the composition of the S&s found to be primarily kO.
Li/SSE/stainless steel cells were also maastudy the electahemical stability of the
SSEsFrom the C\plots, theyobservegeaks representing tiogidation of Li and th&ElI
formation in the range 60.051.5 V. They also found a peal near 5 V whitiight be due
to theformation of LiCl. With the same asymmetrical cellbey alsoappliedthe Hebb
Wagner polarization technigues to measure the el@ctapnductivities which wereon

the order of 18 or 101°S cm.

In a theoreticgbaper Effat et al. usedensity functional theory simulatiotsstudy
thephase and electrochemical stat@ktof Li,OHCI and its fluorinated varian{d46) The
calculations showedhat Li.OHCI should be easier to synthesize thanOGl. The
predicted electrochemical stability winds¥or Li.OHCI and its variants we only 2.3 V
vs. Li/Li*, which wasmuch smaller thathe9 V vs. Li/Li* reported by Li et a{109) The

authors proposed a series of decomposition reactions between the SSEs and Li metal.

51



3.2.3 Discrepancyfromtheliterature

The conductivities ofelectedLi oxyhalides and Li hydrox halidesfrom the
literatureare presented iRigure10 andFigurell. Interestingly, the conductivitiesf the
materials withthe same chemical formulaportedin different worksare significantly
different. The discrepancyightbe explained by the existence of vacanaiesinterstitials
which were created during different synthesis methods. For example, long period heat
treament ould create depleted materials with"land Cl vacancie$108) Also, the use of
metalcruciblesduring synthesis ight introduce metal cations (e.g.3A) as dopants into
the SSE and generate vacancies according to the ecbalaece rul€107, 108
Furthermore, ionic conductivities of the Li aperovskite electrolytes otld be
dramatically increased if wateras added intentionally during or after the synth€kidl,

116) The highest conductivity might be due to unintentional exposure to motkiatre
results in the formation of Li&tH20O which has high electrical conductivig¥32 The
difference in meased ionic conductivities might also be related to the different electrodes
used in symmetrical cells and the different methods employed for the fabrication of
symmetrical cellsin addition, since the reported:0X andLi-OHX have the identical
crystal stucture and the same lattice parameters (a = 3.91 A §@QliandLi.OHCI; a =
4.056 A for LsOBr and LiOHBr),(107, 109, 113 one cannot differentiate these tiypes
materials by conventional crystallography tools such aayXdiffraction (XRD). Most
elemental characterization techniques, such as energy dispersiag spectrosqoy
(EDS), have difficulties to detect light elements like Li andSthce researchers have
claimed that Hree LOX was metastable and could not be synthesized from LiOH and

LiX, some of the reported40X might bemistakenly identified, while the actualaterials
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were Li2OHX or Lix+y(OH)xXy.(109 For example, lHOBr and LioOHBr reported in
different works showed very close conductivities and activation energies, as shown in
Figurell, they might be the same material. While@QHCI was utikely to be identified
as LBOCI, sinceLi.OHCI experienced a phase transformation that resulted in an abrupt
change in ionic conductivity, the claimedsOCl might be Lt xOHxCl in reality. The

confusion related to the real compositions andductivities of Li antperovskite SSEs

must be solved
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Figure 10: Conductivities of Li oxide chloridesand Li hydroxide chlorides materials
reported in literature .(107-109, 113 115 124, 125 132, 136, 137, 143
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Figure 11: Conductivities of Li oxide bromidesand Li hydroxide bromidesreported
materials in literature .(107, 109, 111, 113 140 141, 143

Another probém was that most of theaperson Li antiperovskite SSEs were
focused on crystal structures, ionic conductivities, antbihitransport mechanisms, but
the electrochemical properties of the SSEs were not thoroughly eval8ated.our goal
was to use Lantiperovskites to develop the proposed ndittration technology the
electrochemical properties are more important trgstal structures and 4ion transport
mechanismsEven though Li symmetrical cells were made by researchers to measure the
ionic conductivities, stable cycling of Li symmetrical cells with Li plating and stripping
were only presented in three works, in which the cells were either made by PLD (Li film

was deposited on SSE surfgd®g 124) or cycled at an elevated tesmature when Li
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metal was molte115 Therefore, the interface between Li metatld.i antiperovskite

SSEs in regular conditions was not investigated. Additionally, although theoretical works
predicted the electrochemical stability windoiizSW) and the decompositioeactionof
LisOCILi2OHCI at certain potentials, the ESW of the ESSwere not experimentally
explored, except itwo workswhere the cyclic voltammetry (CV) dad@Li/SSE/Au cells

were presente(l09, 145 Similarly, ASSLB cells with Li antperovskite SSEs were only
demonstrated in three workB09, 124, 140 The cells were only charged and dischdrge

for less than 40 cycles with mediocre performance. Therefore, more work must be done to
examine electrochemical properties aritie potential of Li antperovskite SSEdgor

ASSLBs.

3.3  Experimental methods

3.3.1 Synthesisnethods

All the procedures wereonducted inside a glovebdided with Argon (Ar). The
starting materialsncludedLiOH (anhydrous, 98%, Alfa)LiCl (anhydrous, 99%, Alfg)
andLi2O (anhydrous, 99%, AlfaAll precursors were dried a2 € for 24 hours before
each experimentb remove moitre The precursors werground andmixed ina set of

glass mortaand pestldy hand

For synthesis with a tube furna@anixture (1 g) of precursos wasloaded into a
aluminacrucible, which was then placed inside a quartz tube. The tuas sealed with
valves inside the glovebox to avoid any exposure to air. After transferring the tube outside
the glovebox, argon was connected to the tube and flowed continuously throughout the rest

of the procedure. Theamplewas heated to 350 € at 18 min™* and held at 350 € for

55



10 hours in a tube furnace. At the end of the reaction, the material was naturally cooled
inside the tube with flowing argon. After transferring the tube back into the glovebox, a
metal tool was used to scrape the produatemal from the crucible, since the material

solidified and stuck to the crucible during cooling.

For synthesis withrainduction heatera mixture (1 g) of precursors asloaded
into a homemade graphite crucible and rapidly heated to 650 € with antiodueeater
(Fluxeon Roy1500, USAnduction Innovations MEYOOMini-Ductor [). The temperature
was monitored with an optical pyrometer (Calex PyroUSB Z12¢.induction heater was
switched off once the temperature reached 650 €. The molten material was naturally
cooled inside the crucible unED0 € at which it was poured onto a graphite plate at room
temperature for fast cooling and solidification. TetainedSSEpellet was ground inta

powder with a mortar and pestle for further characterization.

For synthesis with a muffle furnace inside a glovelaorixture(1 g) of precursors
was loaded into a homemade graphite cruciblenal@amina crucible The crucible was
placed into a muffle furnaanda graphite lidvasusedto prevent contaminants frothe
furnace.The sample was heated to 350in 1 hour and then held at 38D for 1 hour.
After that, the sample was either poured cetgraphite platedir fast cooling oislowly
cooled down in the furnaceith a controlledrate 0of20 € min. For afastcooledsample,
it was ground int@ powder with a mortar and a pesti@r a slow-cooled samplea metal

tool was used to scrape the produetterial from the crucible

For the synthesis of deprotonated SSEsButyllithium (n-BuLi) was used to

remove H content fronki2OHCI. In a solution of 500 mg oLi2OHCI in 10 mL of
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tetrahydrofuran, +BuLi in hexane was added to redble desired H contertomposition.
For each reaction, the solution was stirred at room temperature for 24 hours. The precipitate
was filtered and washed by three consecutive washing centrifugation steps with hexane.

The precipitate was then dried under the vacuum.

3.3.2 Characterizaion

X-ray diffraction XRD) (Empyrean and Xpert PRO Alptia Panalytical) was
used to study the structures of the SSkside a glovebox, powder samples of SSE were
placed onto quartz slides and sealed with Kapton tape to protect from hydrolysis during
sampl e tr an s frag sourceAvas@sed vidthla viltage of 45 kV aodrrent of
40 mA. For room temperature measurements (with Alphahe diffraction spectra were
collected in a 2d r a-temgperatiire isitonmeasuementaith7 0 A. F
Empyrean), a vacuum chamber witle heating function was used. Spectra were collected

at 26, 40, 60, 80, 100, and 110 € with a heating rateof nb*and 2d 478 nge 20.

Scanning electron microscop$EM) and @ergy dispersive Xay spectrosopy
(EDS) images were captured using a Hitachi SU8230 at an accelerating beam voltage of 5
kV. Analysis was applied to a pellet of 1Li@HLICl prepared by pressing the powder with

a pressing die (13mm, International Crystal Laboratory) at teomperature

Time-of-flight secondaryon massspectrometry TOFSIMS) surface analysis was
performed using an IONTOF TGE&IMS5300 (Minster, Germany) in positive and
negative ion collection mode using a 25kV'RBir i mary i on source and

collecion area.
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X-ray photoelectron spectroscopyPS) data were collected using a Therme K
Alpha XPS spectrometer with an AF& source. The pass energy was kept at 200 eV for
survey scans and 50 eV for detailed scans. For the detailed scans, 10 scans were used

average out the data with a hold time of 100 ms atygyoint.

Nuclear magnetic resonanc®\MR) was usedto determine he chemical
composition. Saples of SSE wre dissolved inheavy water P-0) and then sealed in
NMR tubes.Upon dissolutionof Li,OHCI in DO, hydrogenatomswere replaced by

deuterium atoms

,9(#i§$/ ,9$#i%/ 4

Therefore, thdiydrogen content in the SSE could be obtained frongtizatification of
the H20O signal at 4.8 ppm itH NMR. The internalSodium 3(trimethylsilyl)propionate
(CeH13NaG:Si) was used to compare its integral with the integral oD Heleasedy

Equation5(147):

50 Doy B D g .
6G 0; OUE O

Subscripts i and r relate to water and reference compGsHENaO,Si, respectivelyAl

is the absolute integrdiiNin the corresponding number of nuclideBVis the molar mass

(g moft), andM is the weighed mass of material (mg). The mass of water derived from
Equation5 was then recalculated to the hydrogen content in the corresponding salt. Since
H>O was dso present in the standard, the corresponding subtraction of the integral intensity

should be done.
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The melting points of the SSEs were determined by differential scanning
calorimetry (DSC) with an SDT Q600 (TA Instrument§amples werdoaded into
alumina cruciblesfor each measuremeni. gas was flowed during measurements to
protect materials frorexposure to air. The samples wheatedand cooledjuickly in the
temperature rangeom room temperature to 20 (10€ min), and slovy in the range

of 200:350€C (5€C min').

3.3.3 Electrochemistryneasurement

The Li ionic conductivities of the SSEs were measured by electrochemical
impedance spectroscopy (EIS). Symmetrical cells were fabrivatie CR2032 coin cells.
Li metal foils, stainless steel (SS) spacers, and graphiseweile used ahe electrodes.
For Li symmetrical cells with colgressed pellets (LI/SSE/LIFSE pellets were pressed
with a 13 mm pressing di@nternational Crystal Laboratory, U$Avith 10 bns (~700
MPa) of pressure at room temperatwed then sandwiches with Li foils~or SS
symmetrical cells (SS/HPSSE/SS) withdpoéssed SSE pelletshaatedpresing die (13
mm DiameterAcross Internationdlwas usedo press pelletsvith conditions 0fl50 €
andl ton (~70 MPa) for30 minutesThe hotpressed pellet was then sandwiched between
2 SS spacers and hptessed again with another heated pressing die (26 mm Diameter,
Across International) at 20D and1l ton (~70 MPa) forl hout For graphite symmetrical
cells with melted SSE pellet€(MSSE/C), the induction heating device was used to melt
an SSE pellet between 2 graphite foils coated with ~20 ngD:Aby atomic layer
deposition (ALD).EIS measurements were performed with a potentidstat{ace1000B

Gamry Instrument) in the frequeynrange from 1 MHz to 1 Hz at a variety of temperatures
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(110, 100, 90, 80, 70, 60, 50, 40, 30, 25 @he cells were held at 100 @r 2 hours

before the EIS measurements to let the SEI layers form at the SSE/Li interfaces.

The electronic conductiwtwas measukby the HebbWagner method wittan
asymmetricalCR2032 coircell with SS foil(positive electrode)hotpressedSSE pellet,
and Li foil (negative electrodept 100€C , polarization voltages d3.1, 1, 2, 3,4, and 5V
were applied to thecell for 1 hour using chronoamperometry with the potentiostat
(Interface1000B Gamry Instrument and the current passing through tbell was
measuredin each experiment, the cell was held at @o¥ 1 hour before applying the
voltages The same experinéal method was also applied to symmetrical cells

(SS/HPSSE/SSyith SS foils as the electrodes.

To examine the electrochemical stability of the SSE Wwitmetal, ymmetrical
cells (LifHPSSHLI) with Li metal electrodeand hotpressed SSE pelletgere ugd for
DC cycling experiments At 100 €, constant DC currents with periodically changed
polarity were applied to the cells using an Arlbattery teshg equipment(Arbin
Instrument). The currents were 0.01,).0.05,and 0.1 mA cr, and thedirection of
current was changed every 30 minutdSor measuring theelectrochemical stability
window, CV was performed oan SS/HPSSE/Li celfrom 0.1 to 4.5 V with a scarate of
1 mV st at 100C€ with the potentiostat (Interface1000Bamry Instrument An SSE
C/HPSSE/Li cell with a composite electrodeas also made for CV. The composite
electrode contained 5 mg of Gi&id 25 mg of the SSpowder which were mixedy a
mortarand pestle for 10 minute§he composite powderasloaded into thd3 mmheated
pressing di@nd pressedith small pressuréor flattening 80 mg of the SSE powder was

thenaddedon the top of the composite layer &hd pellet was pressedI80C andl ton
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for 30 minutes. Thei foil was added to the SSE side of the pellet aftergressingThe

CV experiment was done from 1 to 4.3 V with a scan rate of 1-hat $00€C .

3.4 Results anddiscussion

3.4.1 Synthesisnethodf Li anti-perovskites

Onereason to study Li anperovskites was the high ionic conductivities and low
melting points of LiOX (X = halogerelemen} reported by Zhao et §L.07) Thereforethe
initial approach of synthesizing 40Cl was to follow the procedure described inithe
work. They mixed LiOH and LiCl at a molar ratio of 2:1 and heated the mixture to 330
360 € under vacuum for several days. In the heating process, water was removed

according tdequation6:

¢, E/(E#]E#I1(/ 6

Due to the lack of a vacuum furndoethe laba tube furnace with flowing Ar was used to

remove watefrom the reactionBesidesthe useof argon flow is more attractive thaine

use ofvacuum for largescalesynthesisLiOH and LiCl were mixedn a molar ratio of 2:1

and heatedn a tube furnace as de#med in the experimental sectioAccording to

Equation6, if water was completely removed from the reaction, a decrease in mass of
approximately 20% should be observed in the final product of the reaction. However,
significant reduction in massas observedBecause of the strong- bond in OH, the

H* ion in LIOH might not be removed in the form of2B.(109) A recentpaperby Effact

e al . calcul ated the 6teldi meyerad oew, g whgphi ef a

for the synthesis of kOHCI from LiOH and LiCl Equation9) was 4 me\peratom(146)
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The much hi gh e 6sugpesthie ohallengejtasyrithesea pureQCl. On
the other hand, DCI may react with the released®ito form Li-OHCI by the reation

described irEquation?:

CE#IS( B (212 g 7
C C
Effat et al . c al @tolbexG.08 theVpeEatom and Dd&vgon attal. 0 n

obtained-0.148meV peratom(139, 146) Despite the difference, both calations show
the reaction in Equationto be thermodynamically favorable. ThereforeQCI could not

be synthesizettom LiOH and LiCl.

Another approach teynthesize [#OCI was to avoid the use of hydroxides in the
starting material as reported in works by Zhao et al. and LU®#03l108) Hypothetically,

LisOCIl can be synthesized fromi>O and LiClby the reaction describaed Equation8:

CE ,E#]E#I 8

Like the procedure described in the previous approach, dr€ddnd LiCl were mixed at

a molar ratio of 1:1and heated with a tube furnackhis time the starting material was
heated to 700 € and held at 700 € for 10 hours. The XRD pattern of the product material,
however, only showed peaks of the starting materials, as shdviguire12. The material
contaired Li2O (blue triangles), LICl (red trianglesgnd another phase (green triangles)
with very small intensity, whickvas potentially LiOCI. So, heating to and holding at 700

€ could not provide enagh energy to let LD fully react with LiCIl. High energy sources

such as lasenduced plasma in PLD could enhance the reaction betwe&h amd
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LiCl,(124) but this method was complicated and expensive, thus it could not be adopted
for largescale production. Moreover, theoretical works sédthat pure L4OCI has very

low ionic conductivity(118) Also, this materialis thermodynamically metastable and
decomposes into k® and LiCl at room temperatu(®10, 118) Even if the decomposition

is kinetically suppressed,d0Cl maystill decompose into kD», LiCl, and LiCIQ; above

2.5V relative to a Li metal anodd.10, 118 Additionally, Hanghofer et al. claimed that
H-free LOCI was never experimentallymade as LOCI readily reacted with H
sourceg132 As a result,the conclusion wasthat pure LizOCI could not beeasily

synthesized fronhiCl with LIOH or Li2O, sol decided to shift the focus toAOHCI.

v v leo

Intensity (a.u.)

.

20 ‘ 30 ‘ 40 ' 50 ‘ 60 ' 70
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Figure 12 XRD of the material synthesized by heating LJO and LiCl to 700 €.
Blue trianglesindicate peaks of LvO, while red triangles are peaks of LiCl. The
peals indicated by the green triangle may be kOCI.

Previous research onZOHCI has indicated that the materials could be synthesized
by heating the mixture of LiOH and LiCl at 350 @13 115) LiOH and LiCl have melting
temperatures of 471 € and 610 €, respectively, but their mixtures can be melted at lower

temperatures around 300 L37) The reaction to forniOHCI is shown in EquatioB:
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The cooling rate affected the ionic conductivity of the SSEs and fast cooling gave better
conductivity than slow cooling due to therease of defects created by fast coo{hip,

137)

While attemping to synthesize I5OCI from LiOH and LiCl using the tube furnace
setup,| discoveredhat water was unlikely to be generated from the precursarsangon
environment. Hence, i unnecessary to seal the precursors in a tube and bring it outside
the glovebox for synthesis, since this complicated methodslitmt amount of material
synthesizd at each time. Instead, the precursoey be directly neltedand reactechside
an Ar-filled glovebox. Becaus&ioOHCI is highly reactive, due to the presence of OH
group, it @n be unintentionally doped with metal ions from the reaction vessels during
synthesis. Even a very smaumberof dopants (0.005 atam %) might significantly
change the conductivities of the SSE$6) To avoid or minimize the undesired doping, a
new synthesis approach of using short reaction time and an inert crucible was developed.
An induction heating device, when coupled with a graphite cru@blshown irFigure
13, could provide ultrefast heating (> 400 @mint) that would minimize reaction time.
Graphite is inert, sa graphite crucible does not react with the reactive groups, like OH
and Cl, inLi2OHCI. Herce, the use of graphite cruciblangprevent uncontrolled doping
that may affect the conductivity of the SSE. Additionally, using an induction heaere
convenient than using a muffle furnace or tube furnace because the status of the sample

insidethe cruciblecanbe monitoredluring synthesis.
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Graphite crucible

Cu coil

Figure 13 The (A) schematic and (B) image of the induction heating set up.

Li>OHCI was therefore prepared by heating a mixture of LIOH and Li&€Inmolar
ratio of 1:1 with the induction heating method describetthénexperimental sectioffthe
reason tdeat the sample to 68D wasthat 1 gof the precursors could not be futhyelted
until this temperaturd.o ensure the formation of stoichiometticOHCI from LIOH:LICl
= 1.1 with the induction heating method, the mass change before and after symisesis
tracked The mass loss was lessntawt.% after one heatingpoling cycle A samplewvas
repeatedly heatetd 650 € and cooled to room temperature for 5 tir@stthe mass loss
was still negligible. Therefore, the synthedig not generate watend stoichiometric

compound could be praded using an induction heater and graphite crucible.

3.4.2 Characterizatiorof Lio-OHCI

SEM/EDS analysis was applied tgpawderpressedoellet of LioOHCI at room
temperature. Since EDS unable to detect H and Li, only the composition distribution of

O and Clin the samplevas obtained Figure 14 shows the average composition of the
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sampleto be 50.3 at.% CI and 49.7 at.% O, whick very close to the theoretical

composition of 50 at.% Cl and 50 at.% O.

i
49.7%

Figure 14: (A) SEM image of a pressed pellet dfi.OHCI. (B) EDS analysis
mapping of the image.

In addition to SEM/EDS, TolSIMS was used to reveal the latkedistribution of
four elements of interegH, O, ClI, and Li)on the surface of thiei;OHCI (Figure 15A).
The overlay ofH', 180", 3’CI', and’Li* indicates uniform lateral distribution. The negative
mode m/z spectrum contaitH', 60", OH', *°CI', and®'CI' high intensity ionsKigure
15B). The existence of high intensi@H proves the presence of hydroxyl ions in
Li,OHCI. In the positive mode m/z spectrufigure 15C), the intensity of'Li* is three
orders of magnitude higher than other positive species, indicating thastherdetectable

contamination by other metals.
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Figure 15: (A) ToF-SIMS images of the lateral distribution ofH-, *60O-, 3’Cl-, and
‘Li*ions.(B) ToF-mass spectrometry of negative ions of the scanned region. (C)
ToF-mass spectrometry of positive ions of the scanned region.

The chemical composition of the SSEs was determined by quantitative NMR. The
protons (H) of the hydroxyl groups are veryilaband can be easily exchanged with
deuterium (D). Therefore, the quantification afCHcontent liberated upon dissolution of
Li>OHCI in DO can be used to determine H content in the sampleterence compound
CsH13NaQ:Si was usedo compare its absolute integrallid NMR to the integral of kD
released. The determined composition of the lithium hydroxyl chloride synthesitieel by
induction heating methad nearlyLi>.OHCI (Table2), which shows virtually no deviation

from thestoichiometriccompaosition.

Figure 16 shows theXRD patternsof a Li2OHC| sample avarious temperatures.

At room temperatureat had an orthorhombic structunsith lattice parameters aef = 3.89
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A, b =3.99 A and c = 7.66 Awhich werecalculated by Pawley refinements. fs
temperature increadéo 40 €, a phase changecuredas the triple peaks which indicdte

the orthorhombic phassaredto disappear. It was reported that an orthorhombic to cubic
phase transitionan occur at 35 € forLi.OHCI.(113 However,the sampleexisedin a
tetragmal phase at 40 € upon heating, and the lattice parametmesa = b = 3.91 A, and

¢ = 3.92 A The difference between the tetragonal and cubic pisassly a small intensity
peak at 32.64A 2d, asFiguneltB. &t&0Ck theshmplestash e bl u
in cubic phasewith a lattice parameter of a = 3.91 A, indicating the completion of a
tetragonal to cubic transition. Upon heating to higher temperatueetattite parameter
increasd, as possibly a result of thermal expansion. The sample was cooled down at 1€
min after heating to 110 €. During cooling, the orthorhombigbic phase transitiomas
reversible since the sample baweorthorhombic again at 26 €. The tetragonal phase at
40€ during coolingwas not significant since the small side peald hary low inensity.

In the spectra, the existence of LiCl impuritias observedas indicated by the red
triangles inFigure 16B. The intensity of the LiCl peaks incredseith temperature and

this processvas irreversible as the intensitidchot decrease upon cooling. Other than LiCl
peaksno evidence of LiIOH, LiO, or HCI at room temperature or during heafingling

was observedThe presence of LiCl indicat¢hat the actuatomposition ofthe sample

prepared fromiLiOH-1LICl may be LiCltdeficient.
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Figure 16: (A) XRD patterns of Li2OHCI collected at 26, 40, 60 € (heating) and 40,
26 € (cooling). (B) XRD patterns in a narrow region. Black triangles indicate the
side peaks of (110) plane in orthorhombic phase. Blue triangles indicate the side
peaks of (110) plane in tetragonal phases. Rériangles indicate LiCl impurities.

To check if theLiCl impurity was caused by the induction heating synthesis
methodfor example, some of the LiOH might evaporate while heating td@630 >OHCI
samplesvere also synthesized withmuffle furnaceindwith alumina crucibles. The first
sample was prepared Ilneating a mixture oLiOH:LICl = 1:1 loaded intoan alumina
crucible (AC)with a muffle furnace (MF) to 350 € fofd hour, followed by slow cooling
(SC) at 20 € min?, so the sample was denoted\MiB-AC-SC. The second sample was
prepared in the same way as the first sample except that it was poured onto a graphite plate
for fast cooling (F@, and it was denoted as M&C-FC. Thethird sample was prepared in

the same way as the firsheexcept that graphite crucible (GC) was used instead of the
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alumina crucible, hence it was denoted as®IE-SC. These samples were ground into
powder for XRD characterization. The results were compared to that dfi 1#6&ICI

sample (IHGC-FC) prepared by the inductidreating (IH) methodas shown irFigure

17. XRD patterns show the presence of LiCl (red triangleg)lithe samples, even though

the intensity of LICl varies in diferent samples. Therefore, the LiCl impyrih the
Li>OHCI sample prepared by the induction heater method was not caused by the synthesis
method.The presence of LiCl was also observed by Hanghofer et al. and Wang et al. in
their synthesized kOHCI materialg(132 144) The presence of LiGlvas alsoconsistent
with Effat et al . 6 s £OHCI tobe metastabte and fiticauld pr e
decompose into LiCl and 4(OH)zCl.(146) Interestingly, all the samples prepaweth the

muffle furnace shoed a stronger orthorhombic phase at room temperature as the side
peaks at (110), (200), (211), and (220) planes have higher interiEitezsfore the phase

of LioOHCI at room temperaturis highly dependent on ttsynthesis temperature and the

cooling rate
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Figure 17: (A) XRD patterns of Li2OHCI synthesizedby different conditions. MF-
AC-SC: SSE prepared in muffle furnace (35@ for 1 hour) with an alumina

crucible followed by slow cooling (2@ min). MF-AC-FC: SSE prepared inmuffle
furnace (350€C for 1 hour) with an alumina crucible followed by fast cooling
(quenching by graphite plate). MFGC-SC: SSE prepared in muffle furnace (35@

for 1 hour) with a graphite crucible followed by slow cooling (20 min-t). IH-GC-

FC: SSE prepared by induction Feating with a graphite crucible followed by fast
cooling (quenching by graphite plate). (BXRD patterns in a narrow region. Black
triangles indicate the side peaks of (110) plane in orthorhombic phase. Red triangles
indicate LiCl impurities.

3.4.3 Removing LiClmpurity fromLi>OHCI

Besides the predicted decompositidre origin ofthe LiCl impurity in Li2OHCI
couldalsobe due to the impurities in the starting materials. For example, hi@form
LiOHH >0 during transportation and storage, and LiO#Bmaynat be easily dehydrated
by drying at 12@ inside the glovebox, which also contaktrO contaminationHowever,

the excess LiCtan be hypothetically avoidelly using less LiCl or more LIOH in the
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starting materia Therefore SSEs with LiOH to LiCl ratie of 10:9, 5:4, 3:2, and 2wlere
prepared with the induction heating method, and these materialsl@erted as 10LiIOH

9LICl, 5LIOH-4LiCl, 3LiOH-2LIiCl, and 2LiOH1LICl, respectively The XRD spectra of

these SSEd{gure18) at room temperature shows that a starting material of LIOH:LIiCl =
10:9 indeed anavoid the LIiCl impurities in 1LIOHLLICI (red triangles irFigure 18B).
Interestingly, the spectra of all the other SSEs showpamtvskite phases plus an
unrecognized new phase, as indicated by the blue triandgteguire188. When the content

of LIiCl in the starting material decreases, the SSEs contain less orthorhombic phases at
room temperature, since the intensities of the side peaks of orthorhombic phases (black
triangles inFigure 18B) decrease. The SSE of 2Li@HLICI shows anearly pure cubic

phase of artperovskite. The intensity of the unrecognized peaks slightly increases with
theincreased IOH content in the starting material compositidhe unrecognized peaks

did not match any spectra of compositions containing Li, Cl, O, and H in the existing XRD

database.
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Figure 18 (A) XRD patterns of SSEs:1LiOH -1LiCl, 10LiOH -9LiCl, 5LiOH -4LiCl,
3LiOH -2LiCl, and 2LiOH -1LiCl at room temperature. (B) XRD patterns in a
narrower region. Red triangles indicate LiCl impurities. Blue triangles indicate a
new phase which is not identified.

3.4.4 Measurement obnic conductivity

The Li ionic conductivities of the SSEs were measured by electrochemical
impedance spectroscopy (EIS). The Nyquist plots of the EIS measurements were fitted
with equivalent circuits and the resulting resistances were used to calculate camesictiv

with the following equation (Equatial0).

Q 10
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where O is t he thHewanitof 8cm distdethickness dhe pelletiinihe
unit of cm, R is the resistancetiheu ni t of ' and A is the ¢c

electrode and the pellet theunit of cn?.

The initial approach was to fabricate symmetrical cells with Li foil as electrodes
(Li/SSE/L) for EIS neasurements. Pellets of SSEs were pressed using a 13 mm pressing
die with 10 tons (=700 MPa) of pressure at room temperature-joedsing) inside an
argonfilled glovebox. The thicknesses of the pellets were controlled to be less than 1 mm.
No further teatment was applied to the pellets, so the pellets contained grain boundaries
and pores. The presence of the lattenld impede the transport of Li ions. While the
surface of the pellets might be rough, soft Li metal electrodes could deform to create good

contact with the pellets.

In previous researchf i anti-perovskite SSg, different equivalent circuitaere
usedto aralyze conductivit(108 109 111) In fact, the choice of the equivalent circuit
should depend on the configuration of the symmetrical cell. In Li symmetrical cells, the
major components ofesistance are the bulk resistance of the SSE material, the grain
boundary resistance, and the interfacial resistance between Li metal and tlas SIS#&vn
in Figure19A. The interfacial resistance, in this case, is complicated due to the SEI layer
formed by the reaction between SSE and Li metal. The equivalent ciiguité19B8) has
three components of resistors in parallel with constant phase elements (CPEs). The three
parallel components represent the kresistanckapacitance, the grain boundéBB)
resistance/capacitance, and the interfgtjaksistance/capacitancehe CPEs used in the
circuit which replace capacitors are elements representing mixed capacitance and

resistance because the bulk, grain boundaries, and interfaces do not act as perfect capacitors
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in the system. Li electrodes are considered ashbharking electrodes since tibns can
(ideally) move freely into and from the electrod&48) Therefore, Li symmetrical cells do
not have doubKayer capacitance, which is commonly observed in symmetrical cells with
blocking electrodednstead, here is a charggansfer (CT) resistance that represents the

resistance for Lion to move between the SEI layer and Li metal electrode.

AR

Li

SE|

CPE, CPEg CPE,

Figure 19: (A) Schematic of a LiSSELI cell with the componentsof resistance in
the cell (B) Equivalent circuit for Li /SSHLI cells.
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Figure 20: (A) Nyquist plot of atypical Li symmetrical cell with a cold-pressed pellet
of 1LIOH-1LiCl at 25 €. The line plot is the fitting result of the equivalent circuitin
Figure 19B. (B) Nyquist plot of thesamecell at 60 €. (C) Nyquist plot of the same
cell at 110 €. (D) Conductivity vs. temperature plot for the Li anti-perovskite SSEs
prepared with LIOH:LIiCl ratios of 1:1, 10:9, 5:4, 3:2, and 2:1. The activation
energies are calculated using linear fitting in the temperature range of 4010 €.

Ideally, the equivalent circuit should work when the Nyquist pbs three easily
distinguishable semicircles, representing the bulk, grain boundary, and interfacial
resistances. However, a typical Nyquist plot tbe Li symmetrical cells at room
temperatureKigure 20A) shows only one compressed semicircle, which is the result of
overlapped semicircles. At some intermediate temperatures, such as 60 €, the Nyquist
plot (Figure20B) shows features of separated semicircles. However, such a Nyquist plot

cannofgive an accurate estimation of the bulk resistance. Additionally, the Nyquist plot at
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110 € (Figure 20C) shows an incomplete semicircle duethe limited AC frequency
range of the Gamry potentiostat. Therefotayas hardio separate the bulk resistances
from other components of resistance. As a result, the total resistditice Li symmetrical
cellswere usedo calculate conductivitie®even though this methathderestimat the

real conductivies (bulk conductivity)of the SSEs.

Figure20D shows ionic conductivities of the SSEs measured from Li symmetrical
cells. The conductivities of all SSEs follow the Arrhenius equation (Equatiprat

temperatures above 40 C.

T 11

whereEais the activation energy itmeunitofeVancksi s t he Bol tzmannos
8.617x10° eV K. At the temperature range of-400 €, all SSEs have similar activation
energies. These activation energies are also in agreement with some of the repoited value
of LioOHCI.(115 For SSEs of 1LIOHLLICI, 10LiOH-9LICI, and 5LiOHA4LICI, the
sudden changes in activation energy at lowenptratures correspond to the phase
transition from tetragonal/cubic to orthorhombic upon cooling. 1L-KCI has the
largest change in activation energy, indicating that it experiences the most significant phase
transition. The change in activation enerigynot as significant in 3LIO#2LiCl and
2LIOH-1LICl, because their phases are rather cubic or tetragonal at room temperature. The
SSE of 10LIOHILICI has the highest conductivity, which is consistent with the structural
analysis that 10LIOFOLICI has the purest antperovskite phase, while all other

compositions have either LiCl impurities (for 1LIGH.ICl) or some other phases (for
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5LIOH-4LICI, 3LiOH-2LiCl, and 2LIOH:1LIiCl). Overall, theionic conductivities
measured from Li symmetrical cells with cgdtessed pelletare slightly lower than those

in previous research.

Because the total resistances were used to calculate conductivities, the
conductivities measured from the Li symmetrical ceitbnot reflect the real conductivity
of the SSEs. In adddn, the pellets were pressed at room temperature without any further
treatment, so the presence of pores and grain boundariesdtbiiverconductivities by
blocking the path of Lion transport. To explore the real conductivity of the SSEs, several
other nethodswere utilizedto fabricate symmetrical cell§.he approaches were only
applied to thepure Li antiperovskite {OLIOH-9LICl) because it has the highest
conductivity with coldpressed pellets in Li symmetrical cell$iis material is also denoted

asLi1.gOHClp.s.

The first approach was to use electrodes, such as Au, Ag, stainless steel (SS), and
graphite, that do not react with Li aiperovskite SSEs, to measure the conductivity of the
untreated pellets, so the interphases formed by SSEs walledtrodes auld be avoided.

Pellets of SSEs were sandwiched by Au, Ag, SS, or graphite foils and then packed in
CR2032 coin cells. However, these foils might not form stable contact with SSE pellets
due to rough surfaces of both the electrodes and pdiletsresulting Nyquist plots of EIS
measurements contathenany scattered points which prevented the use of equivalent
circuits to fit the plots. One way to solve this problem was to use deposition techniques to
deposit metal or carbon film onto the pgllenfortunately such techniquegere not

availableinside an Ar environment such aglavebox.
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The second approach was to use agnessing die to force thgelletto formgood
contact with theslectrodesAlso, a hotpressing dieoulddensifythe pelletand minimize
the presence of pores and grain bounda#fieE3 mm diametehot-pressing diavas used
to make densified SSE pelleas 150 € and1 ton (~/0 MPa) for30 minutes After hot
pressingthe pellet was sandwiched between 2 SS spacerfiotpressed agaiat 200 €
and 1 ton for 1 hour in a larger hotessing diavith adiameterof 26 mmto ensure good
contact between the pellet and the spadére SS/pellet/SS sandwich wiagnpacked in
a CR2032 coin cell and EIS measurements at variousetraopes were performed. The

Nyquist plot of a cell made in thimethod(SS/HPSSE/SS¥ shown inFigure21A.
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Figure 21: (A) Nyquist plot of a SS symmetrical cell made with hepressed SSE
pellet at 60 €. The inset is the equivalent circuit used for fitting. The line plot is the
fitting result of the equivalent circuit. (B) Schematic of a SS/HPSSE/SS calhd the
resistancecomponents.

Thethird approach was to make a Li symmetrical cell with agnessed pellet, so

the grain boundary effect could be minimizédhot-pressed pellewvith the 13 mm hot
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pressing diavas obtained firstThen Li foilswere attachetb both sides of the pellet @n
the sandwich wapacked in a CR2@3coin cell. The Nyquist plot of a cell made in this

method (LI/HPSSE/Li)s shown inFigure22A.
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Figure 22: (A) Nyquist plot of aLi symmetrical cell made with hotpressed SSE pellet
at 60 €. The inset is the equivalent circuit used for fitting. The line plot is the fitting

result of the equivalent circuit.(B) Schematic of a LI/HPSSE/Li cell and theesistance

components.

Thefourth approach was toreatea dense pellet by solidification from the molten
SSE instead of a pressed pellet. A dense pellet could be obtained by pouring the molten
material into a TeflomolytetrafluoroethylendPTFE) mold and pressing with a Teflon
PTFErod.(115 However, such & ralted pellet was too fragile to be removed from the
mold without forming cracks A methodof using the induction heatén melt a pressed
SSE pellet between two graphite feiasthendevelopedThe graphite foils were coated
with a thin layer of AlOz (~20 nm) by ALD to ensure good contact with the molten SSE

because molten Li anperovskites have bad wetting with carbon materials and good
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wetting with metal oxides. A&old-pressed pelletvas firstplaced between two graphite
foils. The graphite/pellet/graphite sandwich waenbrought onto a graphited (25.6 mm
diameter, 30 mm heighéind then heated by the induction heater. Thanks to the advantage
of the induction heating method that allowed to monitor the status of a sample, the
induction heatercould be switched ofbnce the pellet started to melt. Because of the
lightweight graphite foils, the foil on the top did not squeeze out the molten SSE nor slide
to the side of the sandwich. After the molten material was solidified, the sandwich was
packed in a CR2032 coin tébr EIS measurement8ecausea meltedsolidified pellet

did not maintain a perfect cylindrical shape as the-ocmichotpressed pellets, the ionic
conductiviies calculated based dBquation10 might contain large errorsThe Nyquist

plot of a cell made in this approa®/MSSE/C)is presented ifrigure23A.
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Figure 23 (A) Nyquist plot of a graphite symmetrical cellmade with melted SSE
pellet at 60 €. The inset is the equivalent circuit used for fitting. The line plot is the
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fitting result of the equivalent circuit. (B) Schematic of a SS/HPSSE/SS calhd the
resistancecomponents.

Since the structures of the symmetrical cells in the new approaches were different,
the equivalent circuitkr analyang the symmetrical cells wemdsodifferent from the one
used previouslyFigure 21B, Figure 22B, and Figure 23B present the schematics of the
resistance components of the/lBBSSE/SS, LI/HPSSE/Land C/MSSE/Csymmetrical
cells, respectivelyThepores andjrain boundaries in thaellets were minimized by either
hot-pressing or meltingsothe component representing the grain boundary effect in the
equivalent circug was removedThe Nyquist plot of the Li/HPSSE/Li celF{gure22A)
shows two semicircles that are more distinct due to the removal of grain boundaries, so the
bulk resistance can be easéiytracted from the Nyquist plot. Though the two semicircles
still overlap to some extent, a meoaccurate estimation of the bulk resistance can be
obtained when compared to the initial Li symmetrical cells with-poédsed pellets. The
bulk resistance of this Li symmetrical cell was used to calculate the ionic conductivity.
Though SS and graphited not form SElayerswith the SSEs, there were still interfacial
resistances between the SSE pellets and the electtddidse the Nyquist plat of Li
symmetrical cells, the plots of both SS and graphite symmetricakbelga semicircle at
the highfrequency range and a straight line at the-fequency rangeNigure21A and
Figure23A). Theoretically. br a SS symmetrical cell, SS is a blocking electrode that forms
a doubé layer capacitance at the interface between electrode and electrolyte, which ideally
creates a 90°traight lin€148) For a graphite symmetrical cell, graphite is a real electrode
material that Li ions can diffuse into, so it has a Warklmesgistance in addition to the
doublelayer capacitance which results in a 45°straight I{hd8) Forthe SS and graphite

symmetrical cells, the straight lines in Nyquist plots are not exactly 90°and 457
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respectively. The reason could thee irregularities in the electrode/electrolyte interface
geometry(148 Therefore, CPEs were used to replace the ddalgkr capacitance artde
Warburg element in the equivalent circuit. For both the SS and graphite symmetrical cells,
the summations of bulk resistance and interfacial resistance were used to obtain
conductivities since these two types of resistances could not be separated from the Nyquist

plots.

Figure 24 shows the conductivities dfi1.9OHClo.9 measuredy usingthe new
approaches. In the temperature range e1 80 €, the conductivities measured with the
new approaches are consistent, despite that the cells have different architEona#s.
threecellsmade with the new methodbie conductivities are abdiife times higher than
thatmeasured by the Li symmetrical cells with cpletssed pellets. The activation energy
does nothange, so the conductivities measured by the new approaches are reliable. The
symmetrical cells made withew approaches have diffent conductivities at 30 €One
explanation of this result is that the rate of phase transition may be different for cells with
different pellets and architectures. For example, thi#iBSSE/SSell might containa
larger amount obrthorhombic phase thathe C/MSSE/Ccell at 30 €, but they have
similar amounts of orthorhombic phases at 25 € and 40 €. THeEIPSSE/Li cellhas a
higher conductivity at 25 €, which may be caused by the formation of SEI layers between
Li electrodes and the SSE that desemathe thickness of the bulk electrolyte. The

difference may also be attributed to errors in fittings due to the overlapped semicircles.
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Figure 24: Conductivity vs. temperature plots for the SS/HPSSE/SSLI/HPSSE/LI,
and C/MSSHEC symmetrical cells.

Overall,as shown irFigure25, the pure Li antperovskitelLi1 dOHClo.o presens a
slightly improved conductivity over kOHCI reported by Hood et @115 The
conductivity, especially at lower temperatures, is less than thag@C€Lreported by Zhao
et al.(107) but pureLizOCI could not besynthesizedby the method described in the work
Even though Li antperovskitediavelowerconductivitiegshan mosbf the oxide or sulfide

SSEsthe ease of synthesis may make them attracticertain applications
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Figure 25. Comparison of the conductivity of the 10LIOH9LICI SSE (green) with
other SSEsreported from literature .(77, 84, 90, 97, 101, 105

3.4.5 Influence of Honionic conductiviy

To reveal the influence of H on the conductivities ohidroxy chloridesSSEs
samples with lower hydrogen contevere ynthesizedy usingn-BuLi to deprotonate the
hydroxyl group ofLi-OHCI. The targetproducts wereli> sOHosCl (Equation12) and
LisOCI (Equation13). The use of fBuLi over other bases is justified because the side
product of te deprotonation reaction isbutane gas, which safely escapes the reaction

mixture. Therefore, the-BuLi deprotonation oLi>OHCI is a contaminarfree technique

to substitute protons hyi.
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1 eq.Li2OHCI + 0.5 eq. Bu-Li f Li250HosCl + 0.5 eq. lBu-HR 12

1 eq.Li;OHCI + 1eq. nBu-Li f LisOCl +1 eq. n-Bu-HR 13

Deprotonated SSE compositions were synthesized overnight at room tempagature
described in the Experimental sectiofhe content of H was determined Hy NMR
technique. While the exact intended compositmmdd not be achieve&SE samples with

variouws Li:H ratios weresynthesizeqTable?2).

Table 2: Composition of Li2OHCI and deprotonated Li hydroxy chlorides.

SSEmaterial Calculated composition*
Li>OHCI ~ Li2OHCI
LioOHCI + 0.5eqn-BulLi ~Li2.10Ho.oCl

Lio,OHCI + 1.05eqn-BuLi | ~Li2.4OHo 6Cl

LiOHCI + 5eq.n-BulLi ~Li2.70Ho.sCl

*|t is assumed that O and CI contents remain the same and only Li to Ehaatiges.

The XRD dateaof Li2.10Ho.oCl andLi2sOHo.6Cl (Figure26) show similar pattem
to that of LioOHCI (Figure 16). No possible decomposition produci®re detected,
suggestinghe success of the deprotonation procedures. Due to the use of mild reaction
conditionsthe highly undesired decomposition o¢Q(Clinto Li>O and LiCldid not occur
The small peaks at 3@nd 34.8 are likelydue tathe LiCl impurity in the startind-i ~OHCI
material.The Li210Ho.oCl andLi2.1OHy.oCl SSEs exhibit an orthorhombic phasa room

temperature and transfornmo a cubic phase atlQ €.
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Figure 26: (A) XRD patterns of Li21OHo.oCl at 26 € and 1 10 €. Black arrows
indicate the side peaks of the dominant (110) plane in the orthorhombic phaqd®)
XRD patterns of Li2.4OHo.6Cl at 26 € and 110 €.

XPS analysisvas usedo detect the impact of deprotonation on CI, @nd Li
bonding. Figure27 showsthe results obtaineétom Li>OHCI and Lb.1OHo.oCl with that
of the starting materials (LiCl and LIOH). As seenFigure 27A, the Ci2p peak shifts
towards lowebinding energyBE) for theLi>OHCI compound as comparéal plain LiCl.

A possible explanation for this occurrence could be the electron shartgDystem in
theLi>OHCI structue. This sharing would increase the electron cloud around theo@is

and thus reduce the-2p BE. On further addition of Li durg the deprotonation step, the

BE shifts to slightly lower values which should be expected considering the increased
proximity of the Liatoms to the Catoms as the Lifills up more octahedral vacancies.
This explanation is also supported by the trer®eoved in @Gls scansKigure27B). The

O-1s peak shows a lower BE for oxygen in the case@¥HCI than for LiOH, suggesting

a sharing of electrons betweenda®m and Clatoms When compang this with the
deprotonated LhOHo «Cl, the OGls peak shows an increased BE lfof1:0OHo oCl than
Li2OHCI. It can be attributetb the increased distance of theatom fromO atomin the

deprotonated structure as compared to the closer proximity of tteri toO atomin
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Li>OHCI. Finally, this hypothesis on electron sharing is also supported by the data,
where the Lils peak shifts towards lower BE ini,OHCI and the deprotonated

Li2.1OHo.oCl, as compared to LICHgure27C).
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Figure 27: XPS analysisof (A) Cl 2p spectma, (B) O 1s specta, and (C) Li 1s specta.

The ionic condutivities of the deprotonated lhydroxy chloridesvere measured
by Li symmetrical cells with colgpressed SSE pellet3he conductivities generally
increased with the increas€H contentin the SSE, as shown Figure28A. To revealthe
mechanism of Li diffusion in the.i hydroxyl chloridesfamilies and gaina better
fundamental understanding of the origin of enhanced conductivity with the presence of
protons, BorrOppenheimer molecular dynamics (BOMD) simigas of Li2OHCI,
Li250Ho.5Cl, and Li2.9020Ho.0eCl were conducted by our collaboratdrem the Army
Research Labrhelong-rangeorderingof the SSEsvas preserved for all samples at 1000
K and below. No H, Qor CI diffusion was observed on the simulation timescale. This
confirms that tle contribution of Li to the total ionic conductivity is nearly 100%. The
crystal structure of the SSEs was preserved at all the presented simulated temperatures
within the timescale of experiment§he conductivities ofLi>OHCI and LpsOHo sCl

predicted bysimulation aren excellent agreement with the extrapolated experimental data
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(Figure28B). The activation energies (slopes of the dependencies) foe@iSRsre also

similar.
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Figure 28 Impact of hydrogen on the ionic conductivity of the chlorinebasedLi
anti-perovskite SSEs from(A) conductivity measurements andB) BOMD
simulations.

A detailed investigation of the lion transporation mechanism unveiled OH
rotation and a correlated motion of'laccompanied such a rotation moveméigure
29A-B show two simulation snapshots ttzae 10 ps apart. Tracing motion of Li and H
positions during simulations clearly shows that the rotation of the OH group containing H1
atom creates a Vac a krigue29,evhichtoald beaiswedhdsa e A x O
Frenkel defect. The Li2 fills that vacancy (see blue arrokxigure29A). Because the H1
and Li2 motiors are correlated, this mechanism may be classified as the rotation of H1,
which allows for the Li interstitial formation due to the reduced strain energy at the
previously occupied position (Axo0) . Al ter
interstitial pushes OH group to rotate away from it and this rotational ability of OH allows
for the otherwise unfavorable Frenkel defect formation. As soon as Li2 is miated,

jumps to the position previously occupied by hidcreaesa vacancy, that was followed
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by arotation of the OH group with H2. Rotation of H1, in its turn, creates adngingy
state for the Li3atomthat pushest to jump to the nearestacancysite created by the

rotation of H2.
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Figure 29: The snapshots from BOMD simulations of Li.92OHo.0sCl SSE(A) before
the Li* (denoted as Lil, Li2, Li3) concerted motion andB) after the Li* jumps
occurred during 10 ps. The accompaied motion of H1 and H2 is also shown.
Oxygen (red), hydrogen (white), and chlorine (green) atoms are also shown.

The mechanismiof ion transport in Li antperovskite SSEarenot the focus of
this thesisAdditional study on theLi” andH* dynamics in LiOHCI by solidstate NMR
can be found in another publication from our gr¢i49) whichdemonstratethatonly Li*
contributes to longange ion transport, while*Hlynamics is constrained to an incomplete

isotropicrotation of the OH group.

3.4.6 Measurement oflectronic conductivity

The electronic conductivities of Li arperovskiteswere not examined ithe
literature except intwo recent workg143 145) In fact, the conductivity measured BYS

is the total conductivit from both ions and electrenbut the electronic conductivityis
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sometimesverlookedand thetotal conductivity isassumed to be the ionic conductivity.
The electronic conductivity of an SSE may promote the growth of Li dendrite during
cycling,(51) so it should not be ignored&ince theLi1dOHClho presend a pure anti
perovskite without LiCl and shawmproved total conductivity than $@HCI, | decided

to use it for theexplorationof meltinfiltration. ThereforeLi1.dOHClo.o was used in the

measurements and characterizations described in this and the following sections.

A well-known method to measurthe electronic conductivity chn SSE is the
HebbWagner techniquél50, 151) In this method, @onstant voltage is applied tccall
with a blocking electrodéinert metal)and anonblocking electrode(Li). The current
generatedhn the cell is initially due to both ions and electrons,ibtapidly decreases due
to the ionblocking condition and thesteadystatecurrentis only due toelectrong152)
Gold or platinum is oftedeposited ontan SSE pellet to senasthe blocking electrode
However,Au could not be depositezhto a pellet made ofilanti-perovskiteSSE without
exposing it to air. Thereforetainless steel (SH)ilswereusedas theblocking electrode
and cells with hotpressed SSE pelke{SS/HPSSE/Liwere madeAt 100 € , the cels
werefirst kept at 0 V for 1 hour and thevereapplied by dferent polarizationvoltages
(0.1, 1, 2, 3, 4, and 5 Vjor another hour.The electronic conductivity, and the
electrochemical stability presented in the next secti@regtudiedprimarily at 100C
becausd wanted to cycle the ASSLB made by blOHClo g at this temperature, dbe
conductivity was too low at lower temperatur@he recordedcurrents due to the
polarizationsn one experimerdre plottedersus timen Figure30. The recorded currents
contain largenoises (~20 pA) due to thequipmentr thesetup (wire anaver). At 100

mV, no noticeable change in currevaisdetecte with the voltage appliedit 1, 2, 3, and
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4V, the currens increasedvhen the voltagewereapplied, but thevalues of thesteady
state currerstcould not be determined due to the large naldeen the polarization voltage
was 5 V, a steadgtate current 020 pA was detected Using Equation10 and the
dimension of the pellet, the electronic contikity of the SSE ats about2x10’ S cm? if
the electraic current is 2QA. This valueis largeas the total conductivity measured by
EIS at 30 € is also on the order af0’ S cm'. The cyclic voltammetry dataf a
SS/HPSSE/Li celpresented in the nesection Figure40) showsoxidation peaks when
the polarization imbove 4 V. Therefore, tHarge current at 5 Vhay be due to reactions

between SSE and Li.
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Figure 30: DC polarization currents of a SS/HPSSE/Li cell alO0C with voltages of
(A) 100mV, (B) 1V, (C) 2V, (D) 3V, (E) 4Vand (F) 5V.

According to Philipp et al., the HeBlagner method cannot be used to measure
the electronic conductivity ofLizLasZr.012 (LLZO) SSE because it is not

thermodynamically stable in contact with Li mgtéh3) Instead of the HebkVvagner

92



method, they applied polarization on symmetrical cells with Au electrodes. Therefore,
symmetrical SS/HPSSE/SS cells were also made and polarization voltages from\0.1 to 5
were applied to therat 100€C . The data from oneepresentativexperiment is shown in
Figure3l. Like the data obtained from the Heldbagner method, a noise of ~p@ was
detected at all voltageshe quality of data obtained frometexperimerg might behighly
dependent on the temperatutbe oven, theGamry potentiostat, the wireand the
construction quality of the cell. Fanother experimempnductedat 60C with adifferent
Gamry and different oven, the data Figure32 was obtained. fis time, the currerstill

did not changevhen the polarization was 0.1 V, but thegse level wasmaller (30 nA).
Steadystate currentsf ~75 and ~150 nAvereobserved db.5 and 1 V, respectivelyhese
valuescorrespond tan electronic conductivity oBx10° S cmil. However, when the
temperature was raised 1®0 € , the noisesignal becamelarge, and thesteadystate

currentcould not be measured

The attempt to precisely determine the electronic conductivity:eOHClo o was
hindered by the large noise signkfom the literature, Koedtruad et al. measured the
electronic conductivity of LOHCI with symmetrical cells and obtai®! S cm.(143
Lee et al. used the HelWagner method and obtain&@® S cm for LioOHCI.(145 The
electronic conductivities of LLZO and 43-P,Ss SSEs ard 08-107 S cm! and10°-108S
cmit, respectively(51) The measuredelectronic conductivity of8x10° S cm? is
somewhere betweendbkeof thetwo SSEfamilies According to Han et al., the high ionic
conductivities of LLZO and I5-P.Ss SSEs allow kectrons to combine with Lions at Lt
plating potential, and this may be the mechanism of the fast Li dendrite growth in ASSLBs

made by these SSES])
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Figure 31: DC polarization currents of a SS/IHPSSE/SS cell at 10D with voltages of
(A) 100mV, (B) 1V, (C) 2V, (D) 3V, (E) 4Vand (F) 5V.
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Figure 32 DC polarization currents of a SS/IHPSSE/SS cell &0 € with voltages of
(A) 100mV, (B) 500nV, and (C) 1V.

347 Study of SSE6s cemmpati bility with Li m
One of themotivatiors for studying Li antiperovskiteswas to make functional
ASSLBswith this type ofSSEs Since the use of Li metal anod@it greatly increase the

energy density, ivas crucial to determinthe SSBs compat i matal. Forly wi t h

antiperovskites, the compatibility with Li daonly been demonstrated in Li symmetrical
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cells inadeposited thirfilm form(108) or with molten L{115). It was necessaryp explore
Liant-per ov s ki t ey @ith cianmatpl ant ai niorie lcanwtentional configuration.
Hence, Li symmetrical cells witliresh Li metal electrodes anlotpressed pellets
(LI/HPSSE/Li)of Li1.90OHClo.o were fabricatedAt 100€ and60 €, constantDC currents
(0.01,0.02,0.05, and 0.IA cni?) with periodically(30 minutes)changed polarity were
applied to the cedlfor 50 cyclesat each currenduring whichLi metal was stripped and
plated at each electrodelowever,stable cycling was hard to achiewv.typical cycling
data of a Li/HPSSE/Li cell at 10& areplotted inFigure33 (0.01mA cm?), Figure 34
(0.02 mA cnt?), Figure 35 (0.05 mA cn?), and Figure 36 (0.1 mA cni?). At current
dendties of 0.01, 0.02, and 0.0BA cm?, the voltages increased the cycling progressed
For example, when cycling at 0.8%A cm?, the voltage increased from 0.1 to 0.15 V. The
increase in voltagendicaed the growth of resistance across the.catl 0.1 mA cn?,
however, the voltage suddenly decreased from ~ 0.4 V to ~ 0.05 V after 8 cycles, which
wasa sign of arinternal short circuitThe growth of resistance across the vels most
likely due to theeaction between Li metal atide SSE that formed a resistive interfacial
layer. It is known thatLi>.OHCI| decomposes into $® and LiCl in contact with Li metal
and forms an SHIL15 However, in this case, the SBByer was not stable and its thickness
increased during cycling.he Nyquist plots from th&IlS measurementd the celltaken
before cycling, after cycling at 0.08A cn?, after cycling at 0.02nA cni?, after cycling

at 0.05mA cni?, and after cycling at 0.hA cni? are presenteih Figure37, which shows
the impedance of the cell increased after each cycling gteping the growth of the
resistive SEI layefThe short circuithathappened during the cycling at OriA cni? was

hypothesized to be caused by the growth of Li dendrifée schematics ikigure 38
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explain the mechanism of dendrite growthFigure38A, there is no SEI between the Li
metal electrodes and the faessed pellewvhen the cell is madéfter some cycling, the
SEI stars to grow between the Li electrodes and SSE, as showigire38B. Whenthe
SEl layers are thick and the current density is largethilok resistiveSEI layes may not
accommodate the fast-ion transport, and Li dendrites mgyow at placeswith pre
existing cracks owhere the SEI layer is thirer because the paths foribn transport are

shorter at these sites.
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Figure 33: DC cycling of a LI/HPSSE/Li symmetrical cell with a current density of
0.01 mA cm? at 100€ . The direction of currentswaschanged every 30 minutes.
(B) is the zoomed plot of (A).
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Figure 34: DC cycling of the sameLi/HPSSE/Li symmetrical cell in Figure 33with a
current density of 0.2 mA cm2 at 100€ . The direction of currents was changed
every 30 minutes. (B) is the zoomed plot of (A).
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Figure 35: DC cycling of the same Li/HPSSE/Li symmetrical cell inFigure 33 with a
current density of 0.05 mA cn¥ at 100CT . The direction of aurrents was changed
every 30 minutes. (B) is the zoomed plot of (A).
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Figure 36: DC cycling of the same Li/HPSSE/Li symmetrical cell inFigure 33with a
current density of 0.1 mA cm? at 100€ . The direction of currents was changed
every 30 minutes. (B) is the zoomed plot of (A).
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Figure 37: EIS Nyquist plots of the LI/HPSSE/Li cell in Figure 33 before and after
DC cycling at each current density. B) is the zooned plot of (A).
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Figure 38 (A) Schematic of a Li symmetrical cell with hotpressed SSE pelle{B)
Schematic of the Li symmetrical cell with SEI formed between SSE and Li

electrodesduring cycling. (C) Schematic of the Li symmetrical cell with Li dendrites
formed during cycling.

Sincea stable SEI between Li electrodes and SSE pellet was hard to Iform,
attempted to artificially create an SEI layer on the Li electrode before making symmetrical
cells.Oneapproach wat exposdreshLi electrodedo an inert environment (an Aitled
glovebox) containinga very small amount of oxygen for an extended period until the
surfaces of the electrodes were not shinny. A layer Wwas formed on the surface of a
Li electrode in this process. Symmetrical cells with such electrodes aidssd SSE

pellet were made and cycled at the same conditions as the cells in the previous section. The
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cycling data of a symmetrical cell with oxidized Li electrodes is presentEdyume 39.
The voltage across the cell did not increase during the cycl@d@®ht0.02, and).05mA
cmi?, as shown irfFigure39A-C, proving the prexistingSEI layer of LO could prevent
further growth of SEI during Li plating and stripping. Howewehenthe current density
was increased t0.1 mA cmi?, the SEI layer failed to work and it was penetrated by Li
dendrites, as shown iRigure 39B. Therefore, a prexisting SEI layer between Li
electrodes and SSEayhelp establish stable Li stpmg and plating across an SSE pellet,
but it fails when the current density is high. Qalkrthe critical current density at which Li
dendrite starts to grow is less than 0.1 mA2dor Li1.9OHClo.o. This value is smaller than

those for LLZO (0.08).9 mA cn¥) and LpS-P>Ss (0.4-1 mA cmi?) SSEY51)
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Figure 39: (A) DC cycling of a LI/HPSSE/Li symmetrical cell with a current density
of 0.01 mA cn?? at 100€C . The Li electrodes contained oxidized layer on their
surface. The direction of currents was changed every 30 minutes. (B cycling of
the cell in (A) with a current density of 0.02 mA cn?. (C) DC cycling of the cell in
(A) with a current density of 0.05 mA cn?. (D) DC cycling of the cell in (A) with a
current density of 01 mA cm.

Another method that is commonly used to examine the electrochgropairtyof
an SSE is to useyclic voltammetry CV) with a cell of irert metal blocking
electrode/SSE/Lio determine the electrochemical stability winddmvprevious workLi
et al.did CV onLi2(OH)ogFo.1Cl and LeOHBr from -1 to 9 V and found therno be stable
up to 9 V(109 Lee et al. alsased CVto determine the electrochemical stability window
of LioOHCI.(145 An SS/HPSSE/Li cellvas madeo study the electrochemical stability of

the SSEandperformed CVirom -0.5 to 4.5 Vwith a scan rate of 1 m¥? on the cell at
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100€ . The upper limitwas seto be 4.5 Vbecause most high voltage cathode materials
only work at voltages below 4.5 V Msi/Li *. The cyclicvoltammograms shown inFigure
40. A pair ofreduction and oxidation peaksar 0 V vs. Li/Li is presentn all cycles. Such
peaksarealso found inthe cyclic voltammogramfor other types of SSEand they are
corresponding to Li depositigineductior) and dissolutiorfoxidation)(77, 94) According
to the calculation done by Effat et é146) areaction between kOHCI and Lioccurs at O
V and forms LiO, LiCl, and LiH Therefore, an SEI consestof these compoundsould
be fornedat the SSE/Li interfacehenthe SS/HPSSE/Li cell was cycled betwe@rb to
0.5 V. Anotheoxidationpeakat ~0.8Vis shown fotthe first 2 cyclegFigure40A-B) with
decreased intensity in cyclgRigure40B), and it is disappeareaince gcle 3 Figure40C
and D) Effat et al6 proposeda reaction occurring at 0.82 t#at formedLi4(OH)sCl and
LiCl,(146) which might be the reason for this diminishing pelkcycles 3 and 4, th8El
layer became thick enough to suppress this readfionthe F' cycle, ro otheroxidation
peaksare found unti¥ V, andthe peaks above M are alsaseen in the following cycles.
Lee et alfound a peak near\d and claimed ito bethedecompositiomeaction that formed
LiCl.(145 A magnified plot of the % cycle ispresented ifFigure41A. It shows a small

peak at 4 V and large increase in current at 4.4 V.
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Figure 40: Cyclic voltammetry curves for (A) 15tcycle, (B) 29 cycle, (C) 39 cycle,
(D) 4" cycleof an SSHPSSHLI cell at 100 €. The cell was cycledrom -0.5t0 4.5V
at 1mv st

To study the decomposition tife SSE near 4 V, an SSESSE/Li cellwas made
for CV. The positive electrode of this telas a compsite of carbon black and tI&SE
powder. According to Han et al., tleéectrochemical stability window tested byyaical
inertmetal blocking electrode/SSE/Li callay overestimate theiindow, becaus¢éhesmall
contact area between SSE and the blocking electimdiés the kinetics of the
decomposition reactior{&854 The compositeelectrode can significantly increase the

contact area and thascelerate thdecomposition reactions. The SEESSE/Li cell was
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cycled from 1to 4.3 Vat 100C with a scan rate of 1 m¥?. The cyclicvoltammogram
is shown inFigure41B. Thecurrentstarted to increasa 3.4 Vfor the F'cycle, whilethe
onset of the oxidation peak decreased 10\8for the 29 cycle. According toEffat et al.,
Li>OHCI can beoxidized above 3.15V andecomposednto severalproductsincluding
LiCl, LiH2CIOs, CIOz, H/ClOs, H3CIlO, andCl>0.(146) The low ionic conductivities of

these products mayorsen theperformance of ASSLBs
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Figure 41: (A) Zoomed plot of Figure 40(A). (B) Cyclic voltammetry curves for the
1stand 2 cycles of an SSEC/SSE/Li cellat 100 €. The cell was cycled froml to 3
VatilmV st

In conclusion, LiOHClg is not fully compatible with the Li metal anode.
Unstable and growing SEI layers were observed during DC cycling with Li symmetrical
cells. The critical current density was found to be smaller than those of other types of SSEs.
CV cycling also showed thdecomposition reactionabove 3 V, which narrowed the
electrochemical stability windowl herefore, to make an ASSLB cell with1lgOHClo.9
SSEandali metal anode, a protective layer at the SSkftarface must be used to prevent

dendrite growth and undeed reactions.
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3.4.8 Melting point measurement

One of the biggest advantages of Li grgrovskites is their low melting points
which potentially allowtheir use in thegproposed melinfiltration technology The melting
points of thematerials can bdetermined by differential scanning calorimetry (DSC). As
shown inFigure42, the melting point oki1 dOHClo.9is ~300 €. This temperature is much
lower than the processing/sintering temperatures of most artlsulfideSSEs $00-1400
€) aspresented imablel. The small peakhatappeared during heating around X75
might representthe melting of hydrolysis products whictvas created during sample
loading as #l the samplegor DSC were exposed to air for-1% seconds whethey were
loadedinto the crucibleright before each measurement. Additional experiments were

conducted to prove this hypothesis.

Cooling at 5°C min!

Heating at 5°C min‘!
=

Normalized Heat Flow

200 250 300 350

Temperature (°C)

Figure 42 DSC ofLi1.90HClog in the temperature range of 206850 €. Both
heating and cooling rates are 5 € min?.

In the first experimentlii1OHCl.o was synthesizeéh-situ from a mixture of

LiOH and LiCl in the molar ratio of 10:9 during the DSC measurement to prevent any

10¢



hydrolyss of the SSE. The mixture was first heated to 120 € for 2 hours in the DSC
equipment for removing the moistures or dehydrating the hydrolyzed starting materials
formed during the sample loading, and it was then heated up to 650 € to resemble the
synthegs with the induction heating method. The SSE was then cooled down to room
temperature inside the DSC equipment. After that, it was heated up to 350 € as the usual
DSC measurement. The DSC dd&tay(re43B) showed only one melting peak around 300

€. In the second experiment,i1 sOHCl.o SSE was intentionally exposed to air for 2
minutes before loading them into the DSC equipment. The DSCFlgta€43C) of this
material showed a stronger peak around 275 €. Combining the result of these two
experiments, the peak at 275 € could be recognized as the melting of hydrolysis products.
The peak at 275 € might belong to 4(DH)3Cl2, which was synthesized from a mixture

of LiIOH and LiCl in 3:2 molar ratio. This material exhibited a melting pofraround 275

€ according to the DSC measuremefiqure43D).
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Figure 43: DSC heating curves ofA) Li1.9OHClo.o exposed to air during sample
loading, (B) Li1.900HClo.9formed in-situ during DSC measurement(C) Li1.90HClo.o
intentionally exposed to air for 2 min before DSC measurement, an@D)
Lis(OH)3Cl2 (exposed to air during sample loading).

35 Conclusion

By exploring various synthesis methobdiscoveredhat Li oxy chloride (L1OCI)
could not be synthesized from Li@ith LiOH or Li>O. To studyLi hydroxyl chlorides, a
contaminanfree, ultrafast, wellcontolled synthesismethod using induction heating
devices and graphite crucibleas developedrhecomposition oti>OHCI was confirmed
by EDS Tof-SIMS, and NMR The crystal structure was studied by XRD and the phase
transformation from orthorhombic to cubic reportedhe literature was observedhe
presence of LiCl impurity waalsoobserved in LIOHCI, so a pure Li anperovskite
composition of Li OHClo.9 wassynthesizegwhichpresented improved conductivity over

Li>OHCI. By characterizing thegprotonate@omposition ot.i»+xOH1xCl, | identified that



the presence of H enhancesitun conductivity of Li2+xOHixCl significantly. More
specifically, the BOMD simulations revealed an unexpected mechanism of thenLi
transport that involves the OFroup rotation, creating Frenkel defect near the @blup

that is filled with the nearby Li Rotating doors in buildirg may serve as simple
mechanical analogies for 4i@n motion in Li hydroxyl chlorides The measurement of
conductivity by EIS was systematically studied with different types of symmetrical cells.
It was discoveredthat the presence of voids and grain baumes in the SSE, and the
interfacial resistance between the SSE and the electrsdgsficantly affected the
measured conductivitfthe attempt to measure the electronic conductivity fosg@HClo.o

was hindered by the large background noises@HClo.o wasfound to be not stable with

Li metal due to the growth of SEI and Li dendrites. Decomposition of the SSE above 3 V
may also be a concern for ASSLBs. The melting point of 300 € madeQtHCly9a good
choice for theproofof-concept demonstratioand explorationof the proposed melt

infiltration method
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CHAPTER 4. MELT -INFILTRATION OF LI ANTI -
PEROVSKITE SOLID ELECTROLYTE AND FABRICATION OF

ALL -SOLID-STATE LI -ION BATTER Y

Part of this chapteiris adaptel with permission from Xiao, Y.; Turcheniuk, Karla, A.;
Song, A.; Ren, X.; Magasinski, Aain, A.; Huang, S.; Lee, HYushin, G., Electrolyte
Melt-Infiltration for Scalable Manufacturing of Inorganic ABolidState Lithiuralon

Batteries. Nature Materials 2021, https://doi.org/10.1038/s41GEB009432.

4.1 Introduction

Currently explored ASSLB manufacturing technologies fail to match the
volumetricenergy densitypf commerciaLIBs and are fundamentally more expeng8e.
155 156 This is due to the traditionahethod offabrication, which involves separate
fabrications of sintered SSE membranes and sintered ASSLB electrodes, wehibbrar
sandwiched between current collectors, stacked carefully sintered together to avoid
fractures(157, 158) In ASSLB electrodes, large volume fractions of the SSE are typically
required to ensure all active particles are uniformly surded by the electrolyte, due to
the high hardness tieceramicSSE Because ceramic is brittle and comprises defects that
may induce cracking under stresses during cell assen(ib®)y,SSE membranes are
typically made relatively thick (> 70 pym, aorder of magnitude thicker than porous
polymer membranes used in commercialdn cells), which takes extra space and mass
and results in decreased energy der(3ity.60) Additionally, the hgh melting poirg of

the majority ceramic SSEs in combination with their poor contact on the surface of active



materials often require high pressure and temperature (> 600 €) processing of the ASSLB

cathodes to avoid the presence of the pores aradite interfacial resistan€es, 161)

To overcome the limitations of conventional ASSLB manufacturingyel
approachesvere proposed. For exampl€im et al. developed a methaaf solution
infiltrate of sulfide SSE into regularslurry-castelectrodeg162) They dissolvedsulfide
SSEs in ethanoland methanolnd infiltrated the solutiainto regula electrodesThe
solvent was removed imglovebox,andthe electrodes wettgeattreated at 180 € under
vacuumto ensure high densityrheinfiltration procedure was repeated multiple times to
introduceenoughSSE into the electrode porasthe solubility of the SSE in ethanol is
very modest and so the process has to be repeated many times. Finally -th&lt&8&d
electrodes were densfl by coldpressing under 770 MPa in a glovebox (porosities of
61 8% r emai nmeabded undehdéMPh at L50C also in a glovebox to further
reduced porosity. Thigfiltrated electrodes wergtacled withan SSE membrarend hot
presgdto fabricaé an ASSLB cellFor the SSE membrane layer, either thick (~+0r6)
or thin (~70 pm) SSEnanowire composites were usddisadvantages of this method
include the use dilammable ethanolvhich raiss safety concerns if used largescale
production Furthemore,thedrying of individual electrodes must bene slowlyat room
temperature in a dry environment to previrgformation of a crust that would prohibit
further filling. Many infiltrationdrying cycles must be repeataladd enough SSE into

theelectrodesmaking this methodot economical and not scalable.

Another interesting approach was made by reseadhmn the University of
Maryland(163 164) They fabricated bilayer or pie-layer SSE membranes withne or

two porous layes for infiltration of low melting point active materials (such as sudfnd
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lithium) andadensedyer forseparation of electrodeBhe SSE membranes were made by
tape casting of slurriesontaining garnet SSE, solvenésd polymer bindersnto mylar
sheetsTo form the poroutayer, polymer balls were added into the slurry as they could be
burned out to create por@hemultilayer structures were fabricated fimgssing laminated
SSE tapesogether at 680 C. Finally, the samples wereut from themultilayer sheets
and weresintered at elevated temperatufe4000 €) to remove the organicomponents
The biggest advantage of this method is thatttiekness of the dense layer could be
controlled to 14um, which significantly decreased theillk resistance and increased the
energy densityHowever this methodequiredacomplicatedabricationprocess and high
temperaturesintering, both of whiclincreasedhe cost of manufacturing. Additionally, it

wasnot compatible with most active materidige to their high melting points.

In this chaptela proofof-c o n c e p-t n fime t t acdhmnologyfor scalgble t e
manufacturing ASSLBs that overcomes the current limitaimgroduced The approach
mimics the lowcost fabrication of commercial dion cells with liquid electrolytes where
dense calendered electrodes could be produced and woamdambient environment
before drying and electrolyte filling, except that SSEs with low inglpoints are
infiltrated into electrodes at moderately elevated temperatures (~300 € or below) in a
liquid state and then solidify during coolinfhis method may allowhe use of thesame
commercial equipment focurrentelectrode and cell manufactuginwhich reduces a
barrier for industry adoptioror the demonstrationthe antiperovskite SSE LisfOHClo.o
was usedlt exhibits a low melting point of ~300 €, and can be rapidly and cheaply

produced from lowcost ingredientsyhich is essential for Itery pack cost reductiof3,
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165 While its conductivity is too moderate for most commercial applicatidngs

sufficient for fundamental and preof-concept studies.

4.2  Experimental methods

4.2.1 Synthesis ofolid-state electrolyte

All the procedures were conducted inside Amfilled glovebox. The starting
materials were LiOH (anhydrous, 98%, Alfa Aesar) and LiCl (anhydrous, 99%, Alfa
Aesar). Both precursors were dried 380 £ for 24 hours before each experiment. LiOH
and LiClprecursors in a molar ratio of 10are groundgnd mixedn aset ofglassmortar
and pestleThemixturewasthen heated to 650 € at a heating rate of 400 € rhinside
a graphite crucible with an induction heafieduction Innovations MEY0O Mini-Ductor
II). The temperature was monitored with @ptical pyrometer (Calex PyroUSB 2.2he
molten sample inside the crucible was naturally cooled vd@iltS and then poured onto
a graphite plate for fast cooling. The obtain8&E was ground into powder for

characterizations and the madfiltration process.

4.2.2 Melting solid-state electrolytewith electrodematerials

Inside an argofiilled glovebox, powder oli19OHCl.o SSE was mixed with
powders of cathode materials @\, NCA, LCO, LFP) and anode materials (LTO,
graphite) with aset of glassnortar and pestle. The molar ratios of cathode materials to the
SSE were 1:4. For anode materials, the molar ratios were 1:32 due to their small densities.
The mixtures were placed inside graphite crucibles and heatedheitiduction heater

until the SE&sin the crucibles were fully molten at a temperature of around 400 €. The
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molten samples of SSE withWM, NCA, LCO, LFP, and LTO were poured onto a graphite
plate to solidify.For each sample, half ofwtasground into powder for XRD analysiasnd

theother half wagprepared for SEM/EDS analysis.

For the melting of SSE witthe binder material, powder of 1dOHClp.9 SSEwas
mixed withpolyvinylidenefluoride (PVDF)andpolyamideimide (PAI)n a mass ratio of
8:1:1 The mixture vas placed insidea graphte crucible and heated wittme induction
heaterto 300 € . The temperature was monitored with an optical pyrom@&2mMAX+,
Fluke). The induction heater waseriodicallyturned off and onto keep the temperature
below310 € until the SSE was fully meltedhe mixture was then cooled down to room

temperatur@and ground into powder for XRD analysis.

4.2.3 Processingf electrodes

NCM111 (MSE Supplies), LTO (Inframat Advanced Materials), graphite
(1520MPC, Superior Graphite), carbbltack (CB) (GNERGY Super C45, TIMCAL),
polyvinylidene fluoride (PYOF) (Alfa Aesar), polyamideimide (PAI) (Torlon 4000TF,
Solvay), and dmethyt2-pyrrolidone (NMP) (anhydrous, 99.5%, Sigrkdrich) were
used. Slurries were prepared by mixing the activeerras withCB, PVDF, and PAI in
NMP with a plaretary centrifugal mixerThinky, USA). Slurries werethen cast onto
current collectors with a Dr. Blade to fabricate the elecsdéier NCM cathodes, the wt.%
ratio wasNCM: CB: PVDF: PAI = 95:1:2:2 and theurrent collectors were graphite foils.
For LTO anodes, the wt.% ratioawLTO: CB: PVDF: PAI = 91:1:4:4 and the current
collectors were graphite foils. For graphite anodes, the wt.% rasgnaphite:.CB: PVDF:

PAI =91:1:4:4 and the current collectors were Cu foils. All electrodes were dried at 80 €
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for 12 hours after castinglhey were then calendered by a manual rolling mill for
densification aluminum oxide Al.Oz) coatings were deposited onto the electrooles
atomic layer deposition (Fiji F202, Cambridge NanoTech) at 200 CL&¥400 cycles.
The electrodes were punched into discs wiliameteiof 12.8 mnfor the meltinfiltration
processTo study the effect of binder anelt-infiltration, some NCM elettodeswith only
PVDF binderwere carbonizeth at 400 € for 3 hours in a muffle furnace inside an-

filled glovebox. The carbonization procesaildturnmost of thd?VDF binderinto carbon

4.2.4 Fabrication of conventiondllBs with the prepareélectrodes

To make sure the slurry cast electrodesld work in conventional LIB4,i-metal
coin cells with organic electrolyte (1M LiRfn EC/DEG SigmaAldrich) and polymer
separator 2400, Celgard) were also made for the NCM, LTO, and graphite ebiztro

without ALD coatings.

4.2.5 Melt-infiltration process

An induction heating device (M{200 Mini-Ductor II, Induction Innovations) was
used for the melinfiltration technique due to its ultfast heating rate (>400 € mif
that minimized the processing &nA graphite rod (diameter 25.6 mm; height 30 mm) was
used as the heating element. Prior to the-méltration process, an electrode disc was
placed on the top of the heating elemeri. 1Bg of SSE powder was uniformly dispersed
onto the top surface dfie electrode by dry casting. The electrode was then heated until the
SSE powder was fully molteithe temperature was monitored with an optical pyrometer

(62 MAX+, Fluke. By the capillary effect, the molten SSE was infiltrated into the
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electrodes andlfed the pores in the electrodes. After migfiltration, the electrode was

naturally cooled down to room temperature.

4.2.6 Fabrication of PEGLITFSI polymer electrolyte membrane

The polyethylene oxidgPEQ M=6x10° g mol!, SigmaAldrich) and lithium
bis(trifluoromethanesulfor)imide (LiTFSI, SigmaAldrich) were dried under vacuum for
24 hoursbeforeuse. The molar ratibetween ethylene oxide and Li was fixed4atl.
Inside an Affilled glove box, he polymer electrolytsolution was prepared by adding
LITFSI and PEO into 10 mlacetonitrile(99.8%, SigmaAldrich) and the solution was
stirred at room temperaturéor 12 hoursto completely dissolve PEO and LiTFSI
Subsequently, the solutiorescast on a custom TefldiTFEplate and then vacuum dried
to obtaina sheet othe polymer electrolytanembraneThe sheet was punched into discs

with adiameter ofL9 mm.

4.2.7 Fabrication ofASSLB cells withi-metalanodes

Inside a CR2032 coin cell, REOQLITFSI polymer electrolyte membramiscwas
placed between a maéitfiltrated electrodéNCM, LTO, graphiteand a Limetal anode to

attain good contact with a Li metal anode.

4.2.8 Fabrication ofASSLB cells with LTO or graphite anodes

A meltinfiltrated cathode (NCM) and a maitfiltrated anode (LTO, graphite)
were separately prepared by melfiltration. A 13 mm diameter heated die (Across
International) was used. The maifiltrated cathode and the meitfiltrated anode were

loaded into the dieSSspaces wereplaced between thelectrodes and the die to prevent
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damageso the graphite current collectors as they might stick to the die aftgréssing.
A PTFE ring witha thickness of 10@m, inner diameted2.8 mm, and outer diameter
15.5mmwas dso placed between the spaceralign the two electrodes and prevashort
circuit between the spaceiihe electrodew/ere hotpressed together at 200 € for 1 hour
at a pressure of 80 MPAfter cooling down, the full cell pellet was sealed in a CBR20

coin cell.

4.2.9 Characterizations

SEM (SU8230, Hitachi) was used to examine the esestions of thenixtures of
SSEwith active materialsandthe electrodes after meinfiltration. The crosssection
samplaswere cut byarazor blade inside afwr-filled glovebox.An N-filled glove bag was
used for transferring samples into the StMninimize the hydrolysis of the samplése
elemental distribution was obtained by EDS mapping. Transmission electrode microscopy
(TEM) (Tecnai G2 F30FEI) was uged to examine the interface between NCM and SSE
after meltinfiltration and EDS was detected under STEM mode. XRD (Alpha
PANalytical) was used to characterize phases in the SSE, as well as the mixtures of SSE
and active materials. All théRD powder sarples were sealed by Kapton tape to prevent
hydrolysis during XRD measurement. DSC (Q600 SDT, TA Instrument) was performed to
detect the melting point of the SSE, as well as the thermal stability of the electrodes. The
temperature range was 2860 € with a ramp rate of 5 €min. For in-situ melt
infiltration of the SSE into the electrodes, electrodes were cut into small pieces that could
be placed into the DSC crucible and SSE powder was added on the top of the electrodes.

The ramp rate was also 5 ®in™.
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4.2.10 Electrochemicameasurements

EIS (Interface1000BGamry Instrumentsyas used to measure tingpedancesf
the ASSLB cells before and after cyclingChargedischarge tests of th&SSLBswere
conducted on a multichann&rbin battery testing equipmerbin Instruments) at 100
or 60 € with various currents. The currents were calculated by the capacity loading on the
cathode of the cells. The cycling voltage ranges for the KNESHPE/Li cells,
LTO/SSHPEI/LI cells, and graphit8 SEPE/Li cells were 2.8.2 V, 2.5V, and 2.0V,
respectively. The voltage ranges for the NISRIE.TO cells were 1.2.7 V at 100 € and
1.52.8 V at 60 €. The voltage ranges for NGBISEfgraphite cells were 2-0.0 V at
100€ and 2.54.0V at 60 €. All ASSLB cellswere held athe cycling temperature for 1
hour before cycling to allow the temperatures of the agéching equilibrium.The
conventional cellswere cycled at room temperatur@he voltage ranges fothe
conventional cells with NCM electrode, LTO electrode, and graphite electrode were 2.5
4.2V, 125V, and 2.0V, respectivelyThese cells were held at room temperature for
12 hours to ensuréhe appropriate wetting of the liquid organic electrelydn the

electrodes.

4.3 Results anddiscussion

4.3.1 Selection ohctivematerials

To developthe meltinfiltration technology the first experiment was ttheck the
thermal and chemical stabilities aftive materials in contact witthe molten SSE. Ifan
activematerial decomposat a temperature above the melting point of the SSHescs

severely with the molten SStge technology will not workTherefore, a set of experiments
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of mixing and melting SSE with some of the conventignased commerciafjrade
materials, such as @M, NCA, LCO, LFP, LTO, and graphitavere conductedThe
method oimelting of the SSE witthese materials describedn the experimentadection.

Upon melting, SSEormed slurries with NCMNCA, LCO, and L. However, iseemed

to react with LFRas bubbles were formeBor graphitethewettingof the molten SSE was
badonthe graphite particlegasthe materiahgglomerated upon melting and formed drops
that were separated from the graphitderefore, onlythe samples oESE with NCM,

NCA, LCO, LFP, and LTOwere prepared forfurther characterizatin. Though the
chemical stability of graphite particles with the molten SSE could not be tested by this
approach, itvas reasonale to assume the stability of graphite as the SSE was synthesized

in graphite crucibles.

XRD patterns Figure44A, Figure45A) show the SSE is mostly stable wNICM
and LCO, as the eltedsolidified samples of SSE with these materials show only the
phases in the initial materials. For the SSE mixtures with NCA and IEigure 458,
Figure46B), the SSE phase in the mekealidified samples become more orthorhombic
as the intensities of the side peaks increase. However, no new phases are present in the
XRD data The SSE may have some reactions with NCA and LTO, but they are not
significant. But for LFP, apart from the reaction observed in the experiment, the XRD
spectrum of the SSE:LFP = 16:1 samptegg(re46A) shows a strong signal of LiGted
triangles) which means the molten SSE decomposes in contact with LFP particles. In
addition, no LFP peaks can be observed in the sample. Therefore, LFP is not chemically
stable with thenolten SSEIn conclusionjn terms of chemical stabilithh\CM, LCO, and

NCA can be used asmthode materials for maltfiltration, while LTO and graphite can be
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used as anode materiakince NCM, LCO, and NCA haw&milar crystal structureand

compositios, NCM was chosems therepresentativeathode materiab be explored

As shownin the figure of crossectional SEM/EDS of a meltesblidified sample
of SSE withNCM (Figure44B), the wetting of molten SSE &NCM patrticles is very good.
Good wettingmeanssufficient interfacial contact between the SSE and the electrode
materia] which may effectively reduce the interfacial resistance sngrove the
performance of the cell made by the mglfiltration technology. However, as the molten
SSE habad wetting on graphite particlesyrface treatment on graphiteust be done to

improve the wetting.



10 uym

- NCM111

g

a4y

v
JL SSE
> v v
= M 1 Rt Y \ Y v
c
2 v T T v
= v NCM111
9 v
ﬁ v v v M
% bttt e ) S0 1ra i st o eraspseni i e tprsci bt W'WWWJ\%M&ILVWJMWMW
£ M '
2 SSE+NCM111
v v
Y Wl Iy Y . ww Y
10 20 30 40 60 70 80

Figure 44: (A) XRD of Li1.9OHClo.9 SSE, XRD ofNCM cathode material, and XRD
of the meltedsolidified sample of SSE andNCM mixture. (B) Cross-sectional
SEM/EDS of the meltedsolidified sample of SSE andNCM mixture.
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Figure 45: (A) XRD of Li1.9OHClo.9 SSE, XRD of LCO cathode material, and XRD
of the meltedsolidified sample of SSE and LCO mixture. (B) XRD otf.i1.90HClo.9
SSE, XRD of NCA cathode material, and XRD of the meltegolidified sample of
SSE and NCA mixture.
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Figure 46: (A) XRD of Li1.9OHClo.9 SSE, XRD of LFP cathode material, and XRD of
the melted-solidified sample of SSE and LFP mixture. (B) XRD of i1.00HClo.9 SSE,
XRD of LTO anode material, and XRD of the meltedsolidified sample of SSE and
anode mixture.
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4.3.2 Design of electrodes faneltinfiltration

The electrodes fothe meltinfiltration technology should banalogous to those
used in conventional LIBswhich are fabricated by casting slurriesntainingactive
materials, conductive additg, and polymer binders onto current collector§hougha
good wettingof the molten SSEould be achievedn the surface chn NCM particle
(Figure44B), the presence afonductive additive and polymer binderuse badwetting
of the molten SSn the electrodesas shown irFigure 47A. Upon melting, the SSE
formed a dropthatcould be moved around on the electradeen tilting the electrodd he
SEMimage Figure47B) of the electrode aftehe unsuccessfahelt-infiltration shows the
presence of SSE on the surface of NCM particlesnbtibn the carbon additive/binder
matrix. In another experiment, a PE plungerwas usedo force the spreading of the
molten SSHFigure48A), but there was no infiltration into tleectrode, as shown in the

crosssectional SEM imagé-igure48B).
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Figure 47: (A) Image of the molten SSEwith bad wetting on a commercial NG/
electrode. (B) SEM ofthe electrode afterthe unsuccessful melinfiltration.

Figure 48: (A) Image of an electrode disc after themolten SSE was pressed onto the
electrode by a PTFE plunger. (B)Cross-sectional SEM image of theelectrode.

To promotewetting, the strategy was to coat a thin layer of matehatallowed
good wetting of the molten SSBuring the synthesis of the SSEwas found that the
molten SSEshowed good wetting on the surfaces of metal or metal oxidés. initial
approach wa toapply Fe coating by a homemade C\4ystemwith iron pentacarbonyl

Fe(CO} as the precursaand Ar as the carrier ga¥arious deposition conditionsvith
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different amouns of precursor(2-10 mL) and different temperatures80-150 C) were
attemptedon NCM electrodesind improvement inwetting was observedas shown in
Figure49. However, this systeroould only coatwo pieces of electrode discs2.8 mmin
diamete) in one processvhich took a few hours including purging, heating, depositing,
and cooling processeresulting in avery small yield that did not satisfy the need fag th
researchConsequentlythe electrodes were coated watlaminum oxide (AIOz) by means

of commercialALD equipmentwhichwas able taoatelectrodes with much larger sizes
ALD is anontline-of-sight techniqu¢hatallows homogenous caat) onall surfaceof an
electrodeThelayerby-layer deposition procesgth preset recipes for different deposition
temperaturesalso allovs more precise control on the thickness of coating than the
homemade CVD.The equipment usetrimethylaluminum (TMA) and HO as the
precursors for AlO3 coating.The reason to choogé.03 over other metal oxides available
on the equipment was theesearchers ldausedALD coated AbOz on LCO surface to
improve thecycling performance of ASSLB cells witlulfide SSH166) To test the effect

of coating thickness on wetting, 800 cycles of AIOz coating were applied on different
electrodes.The wettingof the molten SSE was found to beghly dependenbn the
composition of the electrodAn electrode with mor&action ofpolymer bindehas worse
wetting thara similarelectrode with less binderhen thg have thesame number oALD
cycles For example, an NCM electrodbat was carbonized at 400 € under Ar to
minimize the content of polymer binder in the electrode required only 150 cycles of ALD
coating to achieve good wetting, as showrkrigure50. However, theravas not enough
binder to hold the active materials during the Adittration processpatrticles of active

materials delaminatd from the current collectorcausing very pooelectrochemical
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performancean a cell made by sucan electrodeFor an electrode with5% of polymer
binder, a minimum of 250 cycles of AL&erequired to achieve good wetting, while 400
cyclesof ALD arerequired for an electrode withL0% polymer binder. An additional 100
cycles of ALDareneeded for gaphite electrodes over NCM or LTO electrodes due to the
bad wetting of the molten SSE on graphite surfaces. Ov#raliyettingis bettewhena

thicker layer ofAl 2Oz is coated but the interfacial resistanoeay alsoincrease.

Figure 49: Images ofFe-coatedNCM electrodes with (A) no wetting (B) bad
wetting, and (C) good wettingof SSE
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Figure 50: (A) SEM image of aa NCM electrode with carbonized polymer binder.
(B) EDS image of the area marked by the red rectangle in (Ayvhere pink color
represents Ni/Co/Mncombined (NCM) and green color represents Cl (SSE).

Conventional LIBs typically use Al as the cathode current collector and Cu as the
anode current collectorl.o prevent undesired side reactions between the molten SSE and
the metal current collectors that might form insulative layers during theimfigitation
process, graphite faivas chosems the substitute for Adr Cucurrent collectors due to its
chemical stability with the molten SSE. One problem with the graphite foil is the
nonhomogeneous distribution of mass throughout a large piece of foih puinehing an
electrode disc for cell making, the mass loading of the active material on the disc is
calculated from the mass difference between the total mass and the mass of the current
collector. However, the real mass of the current collector on #isggectrode disc cannot
be measured without damaging the electrode. Therefore, the conventional method is to use
the average mass of current collector discs. In the case of using graphite foil as the current
collector, the large error in the average snasults in a large error in the calculated mass
of the active material, especially when the mass of active material on the electrode is small.
For example, a sample of 32 graphite foil discs (7/16 inch or 11.11 mm in diameter) showed

an average mass oft B mg with a large standard deviation of 0.567 mg. Therefore, the
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error can be more than 50% if the measured mass of the active material is 1 mg. On the
contrary, a sample of 32 Cu foil discs with the same size had an average mass of 15.2 mg
and the starmrd deviation was only 0.0608 m@/hen examining the electrochemical
performance of cells made with graphite electrode cast on graphite current colkectors,
large irreversible lithiation capacity from the graphite current collestas discovered

Therebre, Cu foil was used as the current collector for graphite electrodes.

The third issuevas the choice diinder.As discussed beforejhenthe binder fas
to hold the patrticles of the active materials, SSghtrraise the particles during the melt
infiltration processand result in loss oélectrical contactThe PVDF binder used in
conventional LIBshas a melting point aroudd5 €, so itis not thermally stable up the
300 € temperature required for maitfiltration. To promote thermal stabilitpf the
binder,a mixture of PVDF with a thermally stabt®lyamideimide PAI) was useds a
blended binderPAl is thermally stable up to 400 £167) In addition,it has been used as
the binder materialor both NCM cathode and Si anode in literaturg(168 169 so it
should be electrochemically stabtethe operationpotentialwindows of the LIBs with
NCM, LTO, and graphite electrodeBheblendedbinderenables the necessary toughness,
high thermaland chemical resistance and dimensional stability, which is achievable due
to the intermolecular hydrogen bonding between highly polarizegdg@élips of PVDF
and the C=0 groups of PAL70) To prove thechemicalstability of the blended binder, it
was mixedwith the SSE powder and heated by tiduiction heating devide 310 € until
the SSE wasully melted. The mixturewas groundor powder XRD after cooling down.
The XRD data(Figure51) showsthe sample (SE and binderfontaired no additional

phaseother than the SSE.
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Figure 51: XRD of Li1.900HClo.9 SSEand XRD of the meltedsolidified sample of SSE
and polymer binder mixture.

Figure52 shows the DSC data of the electrodes andrttsgu meltinfiltration of
the SSE on the electrodes performed by the DSC equipment. No peaks other than the
melting and solidification of the $Swas observed, indicating tHew-temperature
conditiors for meltinfiltration did not affect chemical properties of the electrode
components andidinot induce undesirable side reactions between the SSE and electrode

materials.
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Figure 52 DSC data of(A) SSE powder (B) NCM electrode (C) in-situ melt-
infiltration of the SSE into the NCM electrode (D) LTO electrode, (E) in-situ melt-
infiltration of the SSE into the LTO electrode, (F) graphite electrode (G) in-situ
melt-infiltration of the SSE into the graphite electrode.

4.3.3 Melt-infiltrati ng SSE into electrodes

The initial attempt of melinfiltration wasdoneon a hot plate which waseated
above the melting point of the SSEs shown inFigure47A, an electrode disc inside a
coin cell bottom case was placed onto a hot platdrop of the molten SSE was then

poured onto the electrode for maeidfiltration to mimic the processfaadding liquid



electrolyte for conventional LIBs. The amount of the molten SSE was hard to control with
this method. Thereforethe same induction heating setup that synthesized Lt anti
perovskites was used for mdtfiltration. For the mekHinfiltrated electrodes presented in
later sections of this chapter53mg of the SSE powder was first uniformly spread onto
the top of an electrode, as shownFigure 53A. Then the electrode was heatedthg
induction heating device with a graphite rod as the heating elefentemperature of the
electrode was measured by an optical thermometer and the heat vealottimhen the
temperaturegeached 290 €. Because tlie ultrafast heating rate of the induction heater,
the temperature could increase up to 310 € in a few seconds, which provided enough
energy to fully melt all the SSE on the electrode, as showiyire53B. The molten SSE
infiltrated into the pores of the electrode (voids between active material particles) by the
capillary effectThoughthe heat was turned offie SSE stayed in its molten state for about
20 second due to the heat from the graphite rod. After solidification of the SSE, the

electrode was naturally cooled down to room tempegafis shown ifrigure53C.
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Figure 53: Steps of the mekHinfiltration technology. (A) Dry -cast SSE powder onto a
regular slurry -cast electrode. (B) Heat the electrode to 300 € to let the molten SSE
infiltrate into the pores of the electrode. (C) Cool the electrodealvn to let the SSE
solidify.

4.3.4 Characterization ofmelt-infiltrated electrodes

SEM andEDS wereused tocharacterize the meifiltrated electrodesEDSline
scan and mapping of the cressctions of the NCMHigure54), graphite Figure55), and
LTO (Figure56) electrodeshowedcomplete infiltration of the SSE (green line) within the
porous structure of the electrodes down to the current collector, prindeffectiveness
of the meltinfiltration technology.The amount of the SSE doast on the surface of the
electrodewascontrolled so that the thickness of the SSE remaining on the top surface of

the electrode after meifiltration couldbe tailored to a small {85 pm) thicknessSEM
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imagesand EDS maping imagegFigure57A andFigure58) alsodemonstradd a perfect
wetting with a sharp interface between active materialsten8$E. Such a perfect wetting
might enableninimal interfacial impedansat the interface between active materials and
the SSEFigure57B presents thhigh-resolution EDS of the NCMSSE interface taken by

STEM and the AlOs coatingwith a thickness of ~50 nat the interfaceauld be observed.

Figure 54: (A) SEM crosssection of an NCM electrode after the melinfiltration;
vertical EDS line scans show Ni (NCM, pink) and Cl (SSE, green). (B) EDS mapping
of the meltinfiltrated NCM electrode, where pink color represents Ni/Co/Mn
combined (NCM) and green cadr represents Cl (SSE).

Graphite &

Figure 55: (A) SEM crosssection of graphite electrode after the melinfiltration;
vertical EDS line scans show C (light gray) and CI (green). (B) EDS mapping of the
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melt-infiltrated graphite electrode, where black color represents C (graphite) and
green color represents CI (SSE).

Figure 56: (A) SEM of LTO electrode after the meltinfiltration; vertical EDS line
scans show Ti (red) and Cl (green). (B) EDS mapping of the maitfi ltrated LTO
electrode, where red color represents Ti/@ombined (LTO) and green color
represents Cl (SSE).

Figure 57: (A) SEM/EDS of the NCM-SSEinterface after melt-infiltration. (B)
High-resolution EDS mapping (by STEM) of theNCM -SSE after the melt
infiltration.
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Figure 58 (A) SEM/EDS of the LTO-SSE interface. (B) SEM/EDS of the graphite
SSE interface.

4.3.5 Fabrication ofASSLEcells with Li metal anodes

Due to the high specific capacity of Li metasingLi metalas theanodematerial
may significantly increase the energy density of an ASSU8king cells withLi metal
anods is alsoan easyway to characterize the electrochemical performance of the melt
infiltrated electrodesTo make a cell witta Li metal anode and a meifiltrated cathode,
the easiest approach is to directly attach a Li metal foil onto thamfighated cathodeas
shown inFigure59A. However, cells made by this methiaded to chargeThe problem
was initially attributed to the short circaiteated duringell assembly, as the soft Li metal
might deform during cell pressing and then crea&eks in the thin layer of the SSE above
the cathodeTo prevent this, an SSE pellet500 pum thickness) was first hegiressed
together with a melinfiltrated cathodeand a Li metal anode was then attached to the other
side of the SSE pelléFigure59B). The condition for hepressing wad50 € for 1 hour
at a pressure of 80 MP@nfortunately, most cells made by this method still failed to work.
Forexample, an NCM/SSE/LI cell started showing stointuit as the voltage approached

3.75V (Figure 60A). Similarly, an NCM/SSE/Cu cell in which the Li metal anode was
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repdaced by a Cu foifailed to charge above 3.75%s shown ifrigure60B. In such a cell

Li shouldideally be plated onto the Cu foil during chargitagcreate a pristalayer of Li

metal as the anodinterestinglyacomplete shortircuit was not observed in this cell, as

the opencircuit voltage did not drop to zeroThe only successful cycling of an
NCM/SSE/Li was aD.045mA cm? (C/10) Figure61A) for 5 cycles(Figure 61A), but

the cell failed once the current was increased.ttb mA cm? (C/3) (Figure 61B).
LTO/SSE/Li and graphite/SSE/Li cellgere also mde by this method. The cells were
discharged first since thereeve no Li-ions in the cathode(LTO or graphite) initially.

Both cells were able to complete the initial discharge, but they failed to charge, even though

they were charged at much lowmatentials Figure62).
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Figure 59: Schematics of fabricating ASSLBcellswith Li metal anodes and melt-
infiltrated cathodes. (A) Directly attach a Li metal foil onto a meltinfiltrated
cathode. (B) Hotpress an SSE pellet with a melinfiltrated cathode and then attach
a Li metal foil onto the SSE pellet. (C) Place a polymer electrolyte (PE) membrane
between a Li metal anode and a melnfiltr ated cathode.
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Figure 60: (A) Charge-discharge plot of an NCM/SSE/Li cellcycled at 100 € which
failed during the first charge. (B) Charge-discharge plot of an NCM/SSE/Cu cell
cycled at 100 € which failed during the first charge.
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Figure 61: (A) Charge-discharge plot of an NCM/SSE/Li cell at a current 00.045
mA cm or 28 mAg? (C/10) and at 100 €. (B) Charge-discharge plot of the cell in
(A) at a current of 0.15 mA cm? or 93 mAg? (C/3). The cell failed to charge when
the current was increased.
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Figure 62 (A) Charge-discharge plot of an LTO/SSE/Li cellcycled at 100 € which
failed during the first charge. (B) Charge-discharge plot of a graphite/SSE/Li cell
cycled at 100 € which failed during the first charge.

Consequently, whethe Li metal anode was in direcontact with the SSE, cells
might discharge but could not charge. In other words, some undesired reactions occurred
when Lions were moved from the cathode to the anode. The reaction could be the
decomposition of the SSE in contact with Li metal anttiergrowth of Li dendrited=or
the NCM/SSE/Li and NCM/SSE/Cu cellskigure60, the failure to charge above 3.75 V
might be related to the decomposition of SSE in contact with Li as shaive @V plots
in Figure41. As discussed in thareviouschapter, the criticaturrent limit for the SSE was
found to be less than 0.1 mA @&im Li symmetrical cells, so the failure of the NCM/SSE/Li
cell in Figure61 was likely due to the growth dfi dendrites. For the LTO and graphite
cells inFigure62, even though the crents were less than the critical limit, Li dendrites

might still grow

To avoid the undesired react®yra PEGLITFSI polymer electrolyte (PE) was
introduced since PE®ased PE was known to be stable against Li nG&fd). The

fabrication process of the PE membrane was developed by other members in the group and



PE membranes have been successfully used in other pidjéztd73 One disadvantage

of the PE was that it was thermally stable upity 60 €, but at this tamperature, the
conductivity of the SSE was lovinother potential problem was the interaction between
the PE and the SSE which might affect the electrochemical performance. To make a cell
with a PE membrane, it was simply placed between theinfditated cathode and the Li
metal anode, as shown ifigure 59C. NCM/SSE/PE/Li, LTO/SSE/PE/Li, and
graphite/SSE/PE/Li cells were made by this method and all the cells wertoaiiiarge

and discharge.

4.3.6 Fabrication ofASSLBcells with LTOor graphiteanodes

Since the PE membrane worked for the cells with Li metal anodes, the initial
approach for making a full cell with an NCM cathode and an LTO or graphite anode was
to place a PE membrane between two frdlitrated electrodesas shown ifrigure63A.
However cells made by this method presented very small capacities. This reslikelas
due to the insufficient contact between the miefiltrated electrodes and the PE
membrane. In the case of the Li metal cells, Li metal anodessgéiteand they could
deform to accommodate the uneven surfaces of theinfiitated electrodes ahthe PE

membrane.
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Figure 63: Schematics of fabricating ASSLBcellswith melt-infiltrated cathodes and
anodes. (A)Place a polymer electrolyte (PE) membrane between a maftfiltrated
cathode and a melinfiltrated anode. (B) Hot-press a stack of a melinfiltrated
cathode, an SSE pellet, and a meinfiltrated anode. (C) Hot-press a meltinfiltrated
cathode and a melinfiltrated anode, with a PTFE ring which assists the alignment
of the electrodes and prevents short circuit.

The second approach was to4poéss a sandwich of a mdltfiltrated cathode, an
SSE pellet, and a mdlfiltrated anode.Kigure63B) The condition for hepressing was
200 € for 1 hour at a pressure of 80 MPEhe hotpressing temperature, in this case, was
higher than that used in hptessing a standalone SSE pelleanrSSE pellet with one
melt-infiltrated electrode because the SSE pellet was not in direct contact with the pressing
die. If the same condition was used to-pmss standalone SSE pellets or SSE pellets with
one electrode, the pellet might stick to the ASSLB cells made by this method worked,
but the biggest problem was the large thickness of the cells due to the thick SSE pellet. As
shown inFigure 64, the distane between the NCM cathode and the LTO anode was

approximately 20@m, which resulted in large bulk resistance and low energy density.



Figure 64: SEM of the crosssection of an ASSLB cell with NCM cathode and LTO
anode prepared byhot-pressing a sandwich of a melinfiltrated NCM cathode, an
SSE pellet, and a melinfiltrated LTO anode.

To decrease the thickness of the cells, the third method was to directly press a melt
infiltrated cathode and a maitfiltrated anode together viitthe assist of a Teflon PTFE
ring, as shown ifrigure63C. The role of the ring was to help align the two electrodes and
preventa short circuit by separating the tvepacersThe condition for hepressing was
still 200 € for 1 hour at a pressure of 80 MPRigure65 shows the thickness between the
two electrodes could be controlled to a minimum oft§ which was even thinner than
most commercial polymer separatorsThe full cells (NCM/SSE/LTO and

NCM/SSE/graphite) were made by this method.
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Figure 65: (A) SEM of the crosssection ofan ASSLB cell with NCM cathode and
LTO anode prepared byhot-pressing a meltinfiltrated NCM cathode and a melt-
infiltrated anode; vertical EDS line scans show Ni (NCM, pink), CI (SSE, green) and
Ti (LTO, red). (B) EDS mapping of the crosssection of the ASSLB cell, where pink
color represents Ni/Co/Mncombined (NCM), red color represents Ti/Gcombined
(LTO), and green color represents Cl (SSE).

Anotherapproach was to directly melt an SSE pellet between twtretkesvhich
was similar to the fabrication of C/MSSE/C cells with graphite foil electrodes and melted
SSE pellets irthe previous chapteHowever this method did not work well for the real
porous electrodes.n@majorproblem waghatwe did not have auitable vacuum system
andthe gas trapped in the porous electradd between the SSE pellet and the electrodes
could not becompletelyremoved during the meikfiltration process, leaving cavities in
the SSE layer after solidificatipms shown irfFigure 66. The cavities not only blocked

transportation of L-ions but alsoncreased the chance of forming cracks in the cells.
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