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A confluence of adoption of the internet of things, mobile electronics, electric
vehicles, and shift towards adoption of intermittent green energy sources has led to a
need for rapid improvement in battery technolagynetricsranging from rate
capability and energy density to safety. While significant strides have been made
through traditional liquiebased lithiurdon batteries, these efbnflicting demands
require fundamental shifts in battery chemistry, especially enaldiegrscorporation
of lithium metal anodes. Given their high conductivity, fimmmability, wide
electrochemical stability window, and stability to lithium metal, lithistaffed
garnets of the family LLZO provide one of the most promising alternative electrolytes
to replace traditioal flammable electrolytes. Two of the largest factors holding back
these ceramic electrolytes are interfacial compatibilities and the interplay between

processing and electrolyte mass.



While drastic improvements have been made in the interface between garnet and
lithium metal to improve rate capability, similar jumps in full cells have not been
observed for ratandcapacity. Using a varied cathode loading and a combination of
EIS and DRT, we showed that garcatholyte interface was the main contributor to
resistance in quasiolid-state batteries of reasonable cathode loadings utilizing
PyrisTFSI based catholyte. Two methods were then used to improve this interface:
modification of thegarnet structure interfacing with catholyte, and modification of
catholyte composition. Through the use of these methods, rate capabilities and
capacityweredrastically improved from the baseline system, both at elevated and

room temperature.

In addition to reducing interfacial resistance, cell polarization can be reduced through
using thinner electrolytes. Given its higher mass density and lower conductivity in
comparison to liquid electrolytes, garnet has historically had to rely on itegreat
stability to higher energy density electrodes to maintain competitive energy densities
or utilize thinfilm procedures that reduce mass but result in orders of magnitude

lower conductivity than bulk produced garnets. To balance conductivity, ease of
processing, and cell mass, a new combination of-delkved processing has been
developed that allows for thiree-standingcubic garnet and thin, flexible, porous

garnet. Cells using these new thin garnets achieved high cycling rates, and significant

capacities.
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Chapter 1: |l ntroduction and Back

1.1 Motivation

Demandto reducegreenhouse gas emissions to combat climate change has
becomeanincreasingly importantopic. The largest contributor to ése emissions
the burning of fossifuel for energy needs. In the United States emissionsktoning
fossil fuels foronlyt he transportation sector exceed
emissions, with a majority of electricity generation, industrial, commercial, and
residential sectors emissions also attributable to fossil[B}el¥arious forms of
renewable energy sources have seen increasing adoption in recent years to reduce these
emissiondrom electricity generation. Ifiact, renewable energy output in the Unites
States more than doublégtween 2000 to 201ffom 356 billion kwh to 720 billion
kwh. This increase in renewable powierl7% of total power generation has been led
by the rapid adoption of solar and wind generation, with most of the other sources
remaining roughly stablg] While wind and solar energyrastically reduce the
dependance on fossil fuels, the intermittent nature of many of these sources typically
require generators to stabilize the electrical oytpapecially during hours of peak
energy demancEnergy storage facilitiebave been proposed address the issue of
intermittent power generaticemd remove the need for additional energy generators
Large battery facilities, such as the Hornsdale Power Reserve and Gateway Energy
Storage, have beaonstructed anamplemented to store energy from the grid during

off hours to be used during peak hours.



Beyond stationary facilities to redudatermittency of renewable power,
batteries are seeing increased adoption in the transportation sector. In the next ten years,
there is an expected téold increase in energy storage demand in the transportation
sector as electric vehicles replace theisagine and diesglowered counterpafty.
However modern commercial batteries remain at a significant disadvantage in both
energy density and dowime in charging in comparison to gasoliriacreased
adoption andreduced greenhouse gas emissions are in part dependent upon
improvements imate capability and energy density

Finally, the improvements in battery technology in recent years have
conjunction with improvements in the semiconductor indusityo led tofurther
electrification of devicesincreassin energy density, for instance, has helped drive
widespread adoption of portable electronics such as cell phones and wdavidsde
Similar to the automotive field, large growth in demand is expected with most estimates
of continual annual growth of over 15% for the next several jigaf6], [7].

This confluence of increasingly electrified devices, transport, and grid storage
for intermittent renewable energy sources has created rapid growth in battery demand.
This dramatic increase has created wide interest in addressing the issues holding
batteres back from higher rate capabilities, higher energy density, and increased safety.

The wide range of settings that these batteries may be deployed, from electric
cars and mobile electronics itmdustrial and electric grid deployment to potential use
in aviation, requires different thermal capabilities. Electric vehicles often operate
between2 0 a n d[8],6n0part due to thermal instabilities in lithivion batteries

discussed later. Batteries capable of higher temperature stability could reduce or



outright eliminate the need for thermal management systems used in battery packs.
Elimination of this additional mass could further enable electric vehicle adoption and

possibly make aviation applications viable.

1.2 Battery Basics
Before addressing the issues presented with modern batteries, it is necessary to

discusshow a batteryunctiors. A battery is a series of electrochemical cells composed
of cathode, anode, electrolyte, and separator, as depidteguinrel. The energy stored
in a cell is a combination of the electrochemical potential difference between the
reactions at the electrodes, known as voltage, and the amount of charge transferred,
known as capacity. During discharge in a lithiton cell, lithium ons will travel from
the anode, through the electrohgeparator system, to the cathode, while an electron
travels through an external circuit in the same direction. One of the best examples of
this is the common LC@raphite cell which can be simplifie® the following
electrochemical reactions:
LiCeY Ce+Li*+€
LiosCoO+0.5Li"+0.5éY L i Co O

During battery discharge, the graphite of the anode is delithiated at the LCO
becomes lithiated, with the cobalt charge state changing frdfht€ €0’ to accept
the electron. The voltage range of graphite de/lithiation relative to lithium metal is
approximately 0.8.05V, while the usable range of LCO de/lithiation is approximately

3-4.2V, resulting in nominal cell voltage undeP4 In secondary cells, such asth



LCO-graphite celldiscussedthe reactions are reversibl@eaning the cell can be

charged and discharged repeatedly

Figurel. Lithium flow through cell and electron through external circuit in discharge
of a cell.

While this seems relatively simple, side reactions occur during charge,
discharge, and even when the cell is not in activetheseconsume cell energy and
usablemass Two of the most notable of these reactions being those creating solid
electrolyte interfaces (SEI), which consisseme of the electrolyt@nd creates a film
of breakdown productsand dendrite formation, where an electronically conductive
bridge is formed between the electrodes that siiauitsthe cell. The nature of these
reactions isaffected by virtually every component of the cell. SEI is formed largely
through decomposition of electrolyte solvents and salts onto the surface of electrode
materials. To minimize resistance and capacity loss, a thin relatively conducive layer
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is desired which requiresbalancing organic and inorganic species formed at these
surfaces. However, upon charging or discharging a cell textsemeof a voltage the
electrolytedecomposition reactiomill compete with the desired electrode reaction and
reduce the efficiency of theell. Thislimits the range of voltages a given electrolyte
can be used ito what is called the electrochemical stability wind@we of the best
known examples of this is water splitting t@ &d Q outside of a set voltage range
called the electrochemical stability window. The exact voltage at which this occurs
however can be changed via salt and additives present in the systershifthis
breakdowrvoltagehas been related to shifts in the electronic bands around the Highest
Occupied Molecular Orkad (HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO) of the material§rom bonding energies. As this changes the stability of the

electrolyte components, there also tends to be a shift in composition of SEI formed.

@ L0
. LiF
@ Li:CO;
a» R-CO-R
a» R-CO-Li
W PF,

Figure2. Example of SEI buildup on an electrode particle.



Dendrites on the other hand usudblggin from lithium metal plating at the
anode. The separator, usually a foomductive porous polymer, iseant toseparag
the electrodes and inhibit dendrites through its tortuous porous network. However as a
dendrite grows, the distance between it and the cathode decreases resulting in easier
lithium deposition to the dendritd’he preferential plating becomadeedback loop
and eventually bridges the anode and cathode, short circuiting the cell

In addition to these reactions it is important to discuss one other major reaction
of commercial lithium ion batteries: combustion. Commercial liquid electrolytes are
largely mixtures of organic carbonates such as ethylene carbonate (EC), propylene
carbonge (PC), dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyl methyl
carbonate (EMC), vinylene carbonate (VC), and fluoroethylene carbonate (FEC) with
lithium hexafluorophosphate (LiBF- All of these components are quite flammable in
the presence ofxygen andare especially problematic at elevated temperatures. The
flammability of theorganiccarbonates is exacerbated by the presence otléREhe
anion hexafluorophosphate can react with trace watdorm hydrofluoric acid
Thermal decomposition can create phosphorous pentafluoride that catalyzevay
reactionwhich results inautaignition of the cell. These fires can be particularly
difficult for first responders to extinguish and are even capable-ignition under

certain circumstances.

1.2.1Electrodes

Two basic types of battery electrogbast intercalation and conversioRigure

3 shows an expanded view of ttveo intercalatiortype electrodefrom Figurel. In
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these electrodes tHmasic structuref the active material largely remains the same

whil e ions are hosted and Saneoftheserhatedalsi n t he
may experience smalbifficult to detect,phasetransitions butare still considered
intercalationGraphiteundergoes transitions iiatermediary species likaC 1sbetween

Cs and LiGs. Similarly, when delithiated significantly,CO suffers from irreversible

phase change to a rock salt structure. Physical effects of this exparsmontmaction

can lead to crachitiation and breakdown of active material particles which lose

contact and become electrochemically dead mass.

Figure3. Example of lithium moving within a cell using two intercalation electrodes
in a rocking chair setup.

Many of the commercially relevant cathodes, such asCdyAl,O> (NCA) or
LiNixMnyCo,02 (NMC) where x+y+z=1, build upon the saroe similar layered or
spinel structuresThese cathodes accomplisto major goalsimproved performance,
both in rate and energy densignd a reduced consumption of cobalt which has a
problematic supply chairdnfortunately, these improvements come with the tradeoffs

of inherent issues related to both capacity and voltage [@cf0], [11], [12], [13]
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One of the mechanisms for this decay, oxygen release, ties into a larger safety issue
suffered bylayered transition metal oxidgructuresOxygenrelease occuras a result

of electrochemical reactions;, upon heating of cellsThe production of oxygeduring

heating contributesignificantly to thermal runaw#§/4], [15]. LiFePQ (LFP) cells on

the other hand, have shown not only higher onset temperatures for thermal runaway,
but lower temperatures reached during runaway when compared to their layered
counterpartd 6]. This significant safety improvement along with its lower cost has led

to LFP replacing NMC and NCA in many commercial batteries despite lower energy
density.

Whereas intercalatietype cathodes may undergo small phase transitions,
conversiortype electrodes utilize phase changes to accommodate active ions, such as
Li*, resulting in significantly higher theoretical capacities than intercalation. While
graphite can only intercalate one lithium for every six carbon atoms, silicon can accept
more than four lithium ions, theoretically. However, the tradeoff for higher itgpsic
extreme volume expansion which exacerbates CAM pulverization. Some conversion
electrodegan minimizehis effectby generatingntermediary species thean dissolve
in the electrolyte used. Sulfur, for instance, can form a series of lithium polysulfides
such as LdSg or Li>Ss, as depicted ifrigure 4, which easily dissolve itommorty
etherbasedelectrolyte. Further lithiation to species such asldan precipitate back
onto the conductive backbone of the electrode. Solubility of active material however
creates its own issues such as the polysulfide shuttle, wherein the soluble species
diffuse to the opposite anode causing loss of active matedapatential parasitic

reactions



Figure4. Lithium ions reacting with elemental sulfur to form lithium polysulfides on
carbon surface.

1.2.2 Electrolytes
While most electrode materials have some degree of lithium conductivity, the
need for conductivity through the separator layer and between electrode particles in
cells with appreciable capacitgquires aithium conductive electrolyte. When the
previously mentioned LC@raphite system was being developed, organic carbonate
systems were found compatible and have largely remained the backbone of lithium
el ectrolyte systems s itrolytesare IMbiBFinagolkvdna ndar d o
system containingithercyclic EC with one of the linear carbonates DEC/EMC/DMC
or cyclic PC.
Lithium salts, LiPk in the exampleabove,are required to have sufficient

availability of lithium ions in the electrolyte to allow conduction and avoid rapid
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polarization. The anion, here £Ffplays a key role in determining several factors that
affect battery performance: from viscosignd interfacial resistances to stability
window andinterfacial layer composition&s previously discussed, Pk critical in
the hermal instabilityof commonlithium-ion batteries through itdissociaion and
decompositionnto a series of highly reactive fluorophosphates, oxyfluorophosphates,
and hydrofluoric acid Alternative lithium salts to LiPFs include lithium
bis(tifluoromethanesulfonyl)imide (LiTFSI) andithium bis(fluorosulfonyl)imide
(LiFSI). LITFSI containing electrolytes tend to be more thermally stable than LiFSI or
LiPFe, while also being more viscous and lower conductivity. While more stable than
LiPFe, LiFSI usually has somewhat lower conductivity. However, both LiTFSI and
LiFSI salts have corrosion issues when used in conjunction with traditional carbonate
solvents at elevated voltag&g], [18], [19], [20]

Cyclic carbonates EC and PC have good solubility for coniynesedlithium
salts and good thermal stability, with boiling points well above room temperatures.
Graphiteds i nst abi |negatgdtswowdr ViscoBitgthdn&GSashti st or i
led to drastic capacity ded&i], [22]. Linear carbonatdsegan to badded to EGs a
method to stabilize E®ased electrolytes as a liquid at room tempergi8te[24],

[25], [26]

1.2.3 Separator
Given the need for good electronic conductivity through electrodes in order to
perform electrochemical reactions, physical separation is a necessity to avoid shorting

so that energy may be storéd/hile electrolytes allow lithium transport between
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electrodes, the liquid electrolytes traditionally used are incapable of also providing the
required physical separation, necessitating an independent separator. To create this
separation while allowing the liquid electrolyte to transport lithium micromorou
structures of insulating materials which asorbelectrolyte are implemented. Both
material choice and exact microstructure of the separator affect both performance and
longevity for cells created. For traditional carbonate electrolyte systems paymer
blends of polypropylene and polyethylene, such as many Celgard separators, have been
used.Many other liquidelectrolytescannot sufficiently wet these polymer blends
preventingther ability to infiltrate into these separatoasd are thus incompatible
Many ionic liquids, for instance, have traditionally used glass fiber separators due to
such issues.

While the chemicatompositiorplays a large role in determining compatibility
between electrolyte and separas®@paratomicrostructure play a significantole in
cell performanceOne of the most studied measures of this microstructural impact is
that of pbrtuosity,or the ratio of the length of the path travelled to that of the straight
line distance between the two points. In the context of separators in a lithium battery
this is the path a lithium ion travels through the separator relative toithedhs of
the separator. The less tortuous the pathway, the quicker a lithium ion can diffuse
through the separator resulting in higher conductivity within the dellimore
straightforward path for lithiumons also makesfor more linear paths for lithium
dendrites to travel. The size of Hegpathwaysaffectsnumerous properties, such as
wettability and dendrite blocking properties of the sepdaihr[28], [29], [30], [31]

Consider the four simplified separator examplegigure 5, assuming the same
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porosity, and the ease with which a particle could travel through them from top to
bottom. Samples A and B both provide straightforward paths, assuming the particle is
sufficiently smaller than the openings, as the paths aretararous. Sample C
however provides no pathway through in this direction despite the same amount of
pore space. By effectively combining these two types of pathways, sample D introduces

some tortuosity to the particlebds path whi

~ [
" HEHEE

<)

> FARP]

Figure5. Simplified crosssectional depictions of some possible porous structures.

One standardized method used to compare many of these factors across
separators of different materials and microstructures is the MacMullen number. While
this factor can be calculated if given enough microstructural hataigh the equation
belowwhere U is effecti v ¢32)ttheeaseid expetigenti nd U i
determination enables quick comparison, as it can also be calculated as the simple ratio
of the measured conductivity of the separditquid electrolyte system to that of the
liquid electrolyte itself.

A Z
A X

12



1.3 Advanced Lithium Electrolytes

1.3.1 Additives

As with all electrochemical systems, bagtehemistrycanhighly besensitive
to even small additioar modificationsThishas ledesearcher® createseveral series
of electrolyte additivesfrom interfacial modifiers to fire retardants to viscosity
additives and more. While interfacial modifiers can be further subdivided into salts and
solvents, theitbasic purpose androad method remainthe sameThese additives
shouldbe more or at least equally likely to break down at the voltages present at one
or more electrode allowing for a shift SEI or CEl chemistifésen properly selected,
this allows for thinner, more robust, and more conductive interfayars usually
resulting from boron or fluorinech compounds or otherwise capable of crosslinking.
As most common lithium salts are already fluorine rich, additive salts are more
commonly boron related such as LiBOB or LIDFOBtefation of existing solventill
often incorporate more fluorine anprovedcrosslinkingcapability, such as EC into
FEC orVC respectively

Some of these same additives have been shown to help another key issue with
traditional liquid electrolytesiammability. Chemicalscan be added which either act
as fire retardants or themselves have low flammability. Certain additives, namely
phosphatesphosphitesand certain fluorinated organjcsan removereactive free
radicals from solution that would otherwise propagate [Bf&js [34]. These
phosphorous based solvents have further been shown to help reduce oxygen pressure
that can be released from oxide cathodes under high temperatures, further reducing cell

flammability{35].
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1.3.2 lonicLiquids

One of the most interesting topics related to liquid batteries in recent years has
been inclusion of ionic liquids (ILs), particularly room temperature ionic liquids (rtILs).
These are salts systems that remain liquid at room temperature, which provide the
ability to easily tailor properties through cation/anions choice or substitution. By
utilizing the same anions from traditiona
electrochemical stabilities have been attained. Furthermore, many of these rtiLs have
attained high electrochemical stability windows in addition to extremely low
flammability[ 7], [36] . While conductivity is typically below that of a traditional
carbonate electrolyte in part leading to lower initial capacity, the interfacial layers
formed are often highly fluorinated and compact leading to more stable cycling in with

many electrodes.

1.3.3 High Concentration Electrolytes

Mo s t l iquid electrolyte systems, such a
electrolytes, utilize salts in concentrations of roughlyMlor less as increasing
concentration above this tends to significantly increase viscosity and lower
conductivity. However, when this concentratisafficiently increasednew local
maximums in conductivity appear and disphdiered electrochemicgroperties. In
normal dilute concentrations, carbonate electrolytes with LiTFSI salt will corrode

aluminum current collectorsithin the normal operating voltages of most commercial
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cathodefl 9], [20], [37], [38] Once pushed to high concentrations -df Biolar ration

of solvent to salt, EC and DEC displayed negligible corrosion currents among the same
voltage regimg.7]. Similarly, PC with high concentration of LiTFSI was shown to no
longer exfoliate graphite anod&8]. This stabilizing effect is not limited only to
organic carbonate electrolytes but has shown promising resudisparatesolvents
ranging from nowtraditional battery solventsuch as ethyl acetate and acetonitidle
extending the usable range of wabased electrolyte well beyond the traditional\l.3
rangeto turning glymes into ionic liquid systef®], [41], [42], [43], [44]

Many of these effects are possible due to the inherent change in bonding
structures that occurs once concentration shifts significantly enough. As this bonding
amongst | ithium and solvent and the saltads
structue is altered and HOMO and LUMO of the system is shifted. In the
aforementioned LiITFSEC at aluminum current collector, the increase in LiTFSI
results in a removal of uncoordinated EC which minimizes its reaction with the current
collector and allows a farinerich passivation layer to forfrom the now more
vulnerable TFSI anidd7].

Recently, these electrolytes have been paired with fluoroether dilutants to form
Localized Hgh Concentration Electrolytes (LHCE). The fluoroethers display
negligible interaction with lithium salts, allowing for the localized bonding of salt and
solvent to remain the same while the viscosity of the system to be I¢M&d6],

[47], [48], [49], [50]
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1.3.4 Lithium Conductive Ceramics

One path suggested to address issues with lithamnibatteries is to switch to
solid-state electrolytdased systems. By replacing high volatility organics with either
solid polymer or ceramic based electrolyte systems cell flammability is drastically
reduced. Of these two options, ceramic electrolyte will be focused upon in this work
due to highethermalstability, wider electrochemical stabilityand greater resistance
to dendrite formation. Some of the early lithium ceramic electrolyte work was with th
perovskite lithium lanthanum titanate (LLTO) and lithium phosphorous oxynitride
(LIiPON). LLTO exhibited exceptional conductivity but, upon contact with lithium
metal the titanium reduces and causing electronic conductivity through the electrolyte
thus slorting the cell36], [51]. LIPON has shown good interface with lithium metal,
but much lower conductivity than other ceramics, largely limiting its application to
micro batteriefs2]. Of the other common ceramics electrolytes, including LATP; thio
LISICON, and LLZO, garnet exhibits some of the most promise with good lithium
conductivity (16°-10* S/cm), wide electrochemical stability window (>5V from CV

studies), and lowest theoretical driving forces to reaction with lithium fa2}a[53].

1.4 Lithium Garnet Electrolyte based Batteries

1.4.1 Qystal Structure andsite Dopants
As previously stated, lithiurstuffed garnet is one of the most promising
lithium electrolytes materials due stability to lithium, wide electrochemical stability

window, high conductivity, and nonflammability. One of the key issues tackled early
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with garnet was stabilizing the more conductive cubic phase over its tetragonal
polymorph unit cells of which can be seenkigure6B and A respectivelyThis was
largely addressed, along with achieving higher conductivity, through doping the crystal
structure. Aluminum doping, even from contact with alumina crucibles used in
calcination and sintering, has been one of the most widely used for this pbdpose
[55]. In the garnet structure, it occuptesrahedralithium sites which blocks some of

the lithium pathways, but by stabilizing the cubic phase produces a net conductivity
increasgb6], [57], [58] The cause of this can be observed by inspection of the lithium
sublattices in these structurdsigure 6C and D show that the lithium sublattice
becomes far more interconnected in the cubic phase than the tetragerfaknidtion

of thisinterconnected -B hexagonal networknore than compensates for the loss of
some of the tetragonal lithium sitese tharker orangéthium in Figure6D. However,
aluminum, as well as magnesium, has been shogelfteegregate to grain boundaries
creating inhomogeneity in the syst&®y], [60]. Niobium and tantalum, both of which
substitute on the zirconium sitbave beertwo of the most popular cubic phase
stabilizerdopants Recent simulationby Zhu et alhave shown that aluminum and
niobium are more likely to reduce and caube garnet toshort circuit than
tantalunj6l]. Some lanthanursite dopants of notarealkali-earth elements, such as
calcium and barium, which have been noted to improve density and ionic conductivity
[62], [63], [64] Additionally, praseodymium replacement of lanthanum has recently
been shown to enable garnet to function as a mixed ionic electronic conductor

(MIEC)[65].
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Figure6. Unit cell for A) tetragonal and B) cubic phase garnet, with lithium, oxygen,
lanthanum, and zirconium depicted using orange, red, royal blue, and light blue.
Lithium sublattice for 1/8 of a unit cell for C) tetragonal and D) cubic garnet with
different lithium sites using different shades of orange. Imagete using Vesia).

1.4.2 ReactiveSurface andMicrostructure

Many other difficulties in ceramic electrolyte systems stem from various
interfacial properties, from the rigid nature of ceramics limifimgrfacial area with
electrodes to their reactivity. While garnet is considered stable with lithium[&#3al
[66], [67] it has had other compatibility with this anode due to the lithiophobic surface

presented by garnet. Formation of surface lithium carbonate, spontaneously formed
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through interaction with moisture and g;as been shown to be the main cause of
this lithiophobicityf68], [69]. To combat the effect of this surface carbonate, three main
methods have been utilized: additional anolyte, thermal annealing, or application of
interfacial layef70], [71], [72], [73], [74], [75], [76], [77] Measured largely through

EIS and cycling of symmetric lithium cells, these approaches show reduced resistance
and allow for increased areal current through garnet. Another method used to increase
achievable areal current has been modification of gameteate increased surface
area between garnet and lithium metal, thus increasing the available sites for charge
transfer and lithium deposition. As discussed in previous work from our group, porous
garnet scaffold can be sintered with dense solid elgtértayer to provide volume for
lithium plating and stripping to minimize cd#vel expansion and contraction observed

in typical of lithium metal cellg’8], [79], [80], [81]

1.4.3 Ceramic Processing

Traditional solid-state ceramic processing requires an initial mixing and
calcination process to achieve phasee powders. These powders are then pressed
and sintered into solid pellets of the same final phase. The final sintered pellets can
then be polished down to rore reasonable thickness, however this does induce
scratches to the garnet surface from the polishing process. Thikidtascally
dominated the field given its repeatability and simplicity. Several groups have adopted
various other bullprocesses to improve energy density of cells by reducing the mass
of the electrolyte. Tape casting has been one of the main ones with variants such as

freezecasting als@mployedi79], [82], [83], [84]
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To further reduce garnetds mass contrib
thin-film garnetelectrolytes. Some methods that have successfully createtlrhin
garnets are sajel deposition, spray deposition, pulsed laser deposition (PLD),
chemical vapor deposition, sputtering, and atomic layer deposition (82]))86],

[87], [88], [89], [90] However, the lithium conductivity in all dhese structures was
closer to that of LIPON than that of bulk cubic phase garnet. Furthermore, these
methods tend to utilize even more reactive and expensive precursors than the oxides,
carbonates, and even hydroxides common to stdite bulk synthesismportantly,

these methods do not produce fstanding structures, instead being deposited onto a
substrate. Given garnet is not thermally stable to most cathode mat@i3l492],

and the general chemical instability of lithium metal, this has meant that substrate
materials have not been electrode material. Tages the usef parallel electrodes

as depicted ifFigure 1, very difficult with only a few, such aSastre et @l snicro-

batterief93], [94], achieving full cell cycling

1.4.4 AdddedElectrolyte Systems

One of the easiest ways to increase conduction between ceramic cathode
particles and ceramic electrolyte is th&roduction of a catholyte to ionically bridge
the surfaces of the two materials. This has been done by numerous groups using
traditional cathode sheets being wetted to garnet, or otherstat&lelectrolytes, using
liquid electrolytefd5], [96], [97], [98], [99] The resistance at these sdlglid

junctions have traditionally been related to the difference in energy states of the lithium
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ion in the solid and liquid and whatever intermediaries occur. Many early works on this
topic, while disagreeing on the symmetric nature, have shown the rate limiting step to
be solvation/desolvation of the lithium ion at the interfa@6], [101] Many have
linked the activation energy of this resistance to the donor number of the liquid present,
largely regardless of concentration, and its ability to solvate lithium salts je&§ent
More recently works have also been looking at the reactivity between the electrolytes
and films formed between the tjt®2], [103], [104] Similar to SEI, a solidiquid
electrolyte interface (SLEI) layer can form on the surface of solid electrolytes through
breakdown of the liquid and salt at the surface of the cef@@4j¢102], [103]

In addition to reaction, standard liquid electrolytes (i.e. carbonates for oxide
cathodes and ethers for sulfug)ntroduceflammability back into the system, though
lesseneds the anode is shielded by the ceramic. One promising method of increasing
interfacial contact while avoiding reintroduction of flammabilityig@ngionic liquids
(IL) electrolytes. While not as conductive as standard organic liquid electrolytes, ionic
liquids are still capable of good lithium conduction and wetting cathode ardl soli
electrolyte interfaces.

lonic liquid electrolytes display a similar balancing act as is required in standard
liquid electrolytes with regards to salt concentration. Low lithium salt concentrations
have desirable viscosity and total conduction while lithium transference number, th
ratio of lithium conductivity to that of total conductivity, is low. Increasing salt
concentration reverses this trend tending towards high transference number with very
high viscositiegL05], [106] To help balance these properties, many groups have used

liquid electrolytes combining ionic liquid with more traditional electrolytes, such as
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carbonates or ethers depending upon the cell chefd@#)y [108], [109] These
hybrid organieionic liquid systems even maintain nonflammability dependent upon

the ratio used.

1.4.5 Aging related issues in seladivance electrolytes

Cell aging, especially under enhanced conditions, is one of the biggest tests for
realworlds viability. In lithiumion cells calendar aging, where cathode active material
is slowly dissolved and deposited elsewhere, is a major issue. Sulfide electralyges
been shown to react with the cathodes over time a§ld®@]! lonic liquids, as shown
in capacitors, show loss via leakage culelt]. Despite the importance of
degradation studies of cathodes in traditional organic liquid electrolyte, most all
degradation studies involving garnet focus on hydration of garnet and formation surface
lithium carbonate prior to cycling, reaction with catbatliring sintering, and dendritic
growth. While these topics are of great import, deeper understanding -tévesl|
breakdown from all components and potential crosstalk is essential to moving garnet

based cells to realistic market adoption.
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Chapter 2: Methods

2.1 Garnet Synthesis

2.1.1 Powder Synthesis

Garnet powders of theomposition Lé 79d.asZr1.75T a0.28012 were produced via
solid state synthesis involving precursor millinghigh density polyethylene bottles
with isopropanol with YSZ milling media using LIOH%® (Alfa Aesar), LaO3(GFS
Chemicals), Zr@Inframat Advanced Materials), and ;Ca(Alfa Aesar) as precursor
powders. The slurry gfrecursopowders were then sieved into a stainigte®l pan to
dry at 105°C. This powder was then pressed and calcined at’@0@r 10 hours.
Resultant powders would then be millbgh density polyethylene bottles with
isopropanol for either one dayith mostly 5 mm YSZ mediato be used in porous
tapes, otwo days with 5 mm YSZ media affige dayswith 2 mm YSZ mediato be
used in dense tapes. Powder that would be used for reactive phase sintering underwent

only an extended precursor milling and drying prior to tapecasting.

2.1.2 Tape casting, Green Body Handling, and Sintering

Bilayer, trilayer, and laminated dense garnet structures were created via a
tapecasting, lamination, and sintering process similar to the methods described in other
workg77], [79] as detailed below. Powders slurries were made by allowing ethanol,
fish oil, andthe appropriatpowder to mill for a minimum of 12 hours. Dense tapes for
traditional garnet pellets, bilayers, and trilayers used a highly milled garnet of

approximately 30Gm diameter as measured WalvernZetasizeNano ZSdynamic
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light scattering Traditional porous tapes used the more lightly milled garnet powders
of around 500m diameter, occasionally incorporating precursor powders to modulate
the shrinkage rate of the tapes. Modified interlayer, thin flexible garnet separator, and
thin dense garnet utilized either-mouse milled precursor powder or nesiped
precursors mixg only in the dispersal phase of casting. Tapes of all types often
incorporated additional lithium carbonate to minimize lithium loss and aid sintering. A
binderplasticizer slurry of polyvinyl butyrol, benzyl butyl phthalate, and polyalkyl
glycols (tapecasting warehouse) in ethanol would then be mixed in aR3AER
Centrifugal Thinky mixer. An hour before the introduction of powder slurry to binder
plasticizer slurry, porous tapes would have PMMA spheres to the powder slurry to
function aspore former. Upon uniform mixing, the powder slurry was sieved into the
binderplasticizer slurry vessel and mixed in the same Thinky mixer. After uniform
slurry was achieed, the lid was removed from the vessel and the sample spun an
additional 30 seconds to allow final the slutoydegas The final slurry was cast at
120 ina tape caster frofro-cast sing a doctor bladat set heights, dependent upon
the desired final thickness

Lamination of tapes was performed interchangeably in a hot press ¢& &80
roll laminator. Powderbed was then applied to magnesia plates: garnet powderbed of
the same composition for traditional garnet structures and a range of powderbeds for
thin garnets from MgO/LCGOs to graphite and graphite mixed withCiOz as indicated
in the work. Thin dense garnets utilized presintering in air at 55@llowed by
designated temperatures under argon. More traditional garnets were sintered-under O

flow, except vihere indicated otherwise.
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The resultant slurry was tajpast and laminated to desired thickness, and the
final greenbodies sintered. Tapes of LCO, LT@nd LLTO, were synthesized
similarly: precursors were mixed in the dispersion millingg@o(Inframat), TiQ
(Sigma Aldrich), and the same lanthanum and lithium precursors previously
mentioned, cast, and laminated where necessary.

Sintered pressed pellets, used only in the hydrophobing section of this work,
were made using the same powder used for porous tapes described above. The powder
was placed i n 1 'tdnsfdril eninudenbefore buryisgsretite saane 2
mother powder. Pellets were then sintered for 16 hours at 105@fore using a series

of polishing pads with isopropyl alcohol to achieve uniform smooth surfaces.

2.1.3 Coatings

Lithium polyacrylate (LIPAA) was synthesized through acid neutralization of
dissolved poly(acrylic acid) as discussed by Loho et al and PieAddrka[113]
After synthesis, LIPAA wasedissolved in water and infiltrated into porous garnet
network and allowed to dry under atmospheric conditions overnight.

In preparation foALD coatings, sintered garnet structures were heated to 850

to remove lithium carbonate from the surface. The samples were then transferred to

the glovebox, which was under argon atmosphere, and then into ALD chamber.
Alumina or zinc oxide layers were then deposited on the garnet using trimethyl
aluminum or diethlyzinc and deionized water in a custom Forge Nano ALD chamber

similar work described in other woikg], [114].
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Fatty acids were added to toluene heat e
watch glass. Once thoroughly dissolved and dispegsedet powder was added into
the beaker and allowed to dry. Alternatively, pellets would be lowered into solution in

aluminum boats for specified times before

2.2 Electrode Sheet and Liquid Electrolyte Preparation

2.2.1 Drying

1-butyl 1-methyl pyrrolidinium bis(trifluoromethylsulfonyl)imide (PwTFSI)
(lolitec), lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) (Sigmaldrich), lithium
iron phosphate (LFP) (MTI), sup& carbon, polyvinylidene fluoride (PVDF) (Alfa
Aesar), glass fiber separators (Whatman), and glass slides were dried in a heated
vacuum chamber at 115°C for 20 hours. Acetonitrile (ACN) and triethyl phosphate
(TEP) used in the catholytes were dried usin§ Biolecular sieves. The fluoroether
dilutants, Bis(2,2,arifluoroethyl) ether (BTFE) (Synquest Laboratories),
1H,1H,5H,5Hoctatuoropethyl 1,1,2 2etraflyoroethyl ether (OFPTFE) (Fisher
Scientific), and 1,1,2;Zetrafluoroethyl 2,2 2rifluoroethyl ether (TTFETFE) (TCI
Chemicals), were used as received. Kaskcher titration was performed using a Hanna
instruments HI904 Karl Feher Coulometric Titrator to ensure water concentration in

the solvents used in the electrolyte remained below 20ppm.
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2.2.2 Electrode Sheet Preparation

LFP particles were mixed with PVDF and Supecarbon in a 91:4.5:4.5 ratio
in methylpyrrolidone (NMP) using first a Vortex mixer in an argon filled glovebox,
then sealed and mixed in an ARBEOQO Centrifugal Thinky Mixer. The resultant slurry
was cast viaape caster and doctor blade onto carboated aluminum foil (MTI
Coproration). Loading was controlled via solvent concentration and blade height.
Cathodes for chapter 3 had loading betwed Bg/cn? while those used for Chapter
4 were between 103 mg/an?. After drying overnight at low temperature, these
cathode tapes were cut and vacuum dried in the same manner as the powder to remove
residual NMP and any newly adsorbed water.

NMC cathodes were ordered through NEI with 11 md/attive coating.
Cathode sheets were then vacuum dried before use at 115°C for 16 hours while graphite
electrodes were provided via CAMP and the Department of Energy. All cast electrodes
were vacuum dried at 115°C for 16 hours before use in cells.

Standalone reactivesintered electrodes were adhered to current collectors
though application of dilute Super P carbon/PVDF/NMP solutions of appropriate

aluminum or copper foils followed by drying at 115°C.

2.2.3 Liquid Electrolyte preparation

Liquid electrolytes were stoichiometrically weighed and allowed to mix
overnight on stir plates. Unless otherwise stated, the amountsuflwent used was
10% by volume. The stated lithium molarity includes thesalvent volume except for

the fluoroethedilutants where molarity is considering only salt and ionic liquid.
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2.3 Cell Assembly

2.3.1 Lithium Wetting and Infiltration

Lithium metal was wetted onto stainless steel discs on a hotplate at 215°C inside
of a glovebox with argon atmosphere. Tweezers and razor blades were then used to
clean the lithium surface to a mirrbnish andwetted to nickel or titanium foils to
serve as current collectors. The lithium metal was then introduced to garnet to wet
onto/into the garnet surface/pore structure. Actual temperature was determined using a

laser thermometer and subsequent work waspedd at the same temperature setting.

2.3.2 Electrode Sheet Application and Cell Assembly for QBabd-state cells

Liguid electrolyte was applied to the cathode via micropip€atholytes were
allowed to wet the cathode sheets for 15 minutes before introduction to garnet surfaces.
For cells in chapter 3, this was at a ratio of approximately.:1 mg cathodeactive
material (AAM) in full cells, approximately 1.5L:1 mg ACM in chapter 4or LFP
full cells, 3uL:1 mg CAM for symmetric cathode celésd most other full celld.iquid
electrolyte usedvas based on 0.5 M LiTFSI RyTFSI in Chapters 3 and 4 addM
LiPFe EC/DECIn later chaptergSigma Aldrich).Full cells using thin dense LLZT
incorporated Celgard in between cathode tapes and thin ceramic to provide mechanical
supportCoin cells assembled in MTI preiss316 stainless steel coin celouch cells

assembled in MTI pouch sealer.
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2.4 Structure, Bonding, and Thermal Analysis

2.4.1 SEMand XRD

Hitachi S3400 Variable Pressure SEM and Tescan XEIA FEG SEM and
Hitachi SU70 FEG SEM useth Fablab and Aimlab facilitiedMicrostructurewas
observed via normal scanning and backscatter mode.-Gaiim boundarponding
and density/porosityvas observed iscanning mode. Backscatter and/or-tlmvn
viewing of dense layensetter enabledbsenation ofsecondary phasgsesent, with
EDS identifying the rough composition of thephases. Images often analyzed using
IMAGEJ softwar§l15].

XRD was performedusing D8 diffractometerPhases identified using EVA

software Rietveld Refinemenwvasperformed using GSA8[116].

2.42 Raman Spectroscomnd TGA/DSC

Raman spectroscopy was performed on Horiba Jobin Yatmam Aramis
confocal Raman microscopy using a 588 laser. Samples for Raman were
sandwiched between two dried glass slides using a double seal of vacuum grease and
an epoxy under argon to avoid introduction of atmospheric contaminates.

TGA/DSC was performed in a TA Instruments SDT 650 Simultaneous Thermal

Analyzer in alumina boats.
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2.5 Electrochemical Testing

2.5.1 EIS and DRT

EIS performed using Biologi¥MP-3 impedance analyzeElectrochemical
impedance spectroscopy usdternating current or potential at given frequencies and
observe the response. Distribution of relaxation Times performed using DRTtools
through MATLAB[117]. DRT shifts frequency into time domain and then uses Fourier
fast transformations to help delineate phenomena in EIS data. This by itself does not
assign physical meaning to individual peaks but through proper experimentation
meaning can be assignétincinnati SubZero and Thermal Product Solutions Tenney

environmental chambers were used for elevated temperature testing.

2.5.2 Cycling

Cells were cycled on Arbin and BiologiVP-3 systemsMost cycling profiles
were symmetric galvanostatic chargischarge profilesPorous separator and thin
dense garnet fullatls were cycled using constaatirrentconstartvoltage profiles.
For Calendar aging testlls were cycled undgalvanostaticonditions followed by
leaving the cell under open circuit for specified tirbe$ore galvanostatic discharge.
Cyclic voltammetry (CV) was performed to determine electrochemical stability of
select cathlytes using aluminum and either copper or lithium current collectors with

glass fiber separators.
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2.5.3 MacMullen Testing

Cells were constructed of specified number of separator layers infiltrated
standardiquid electrolyte (1M LiPg EC/DEC) using 316 stainless steel as electrodes.
Conductivity was determined viairtercept from EIS of the cells and plotted as a

function of total separator thickness, which was used to calculate MacMullen Number.

31



Chapter 3: Under st asidliind 410 ant ¢ at

| i t lgiau-meni cceélledgi dddressing resi

3.1 Effects of Cathode Loading on Full Cell Performance

Figure7, Figure8, andFigure9 display the discharge capacity and coulombic
efficiency for varied loading of LFRathode ampproximately A) 5 mg/cf B) 10

mg/cnt, and C) 15 mg/cfFigure7A shows that after 50 cycles at C/1.6 (520 uAdrm

and 90 the | ow | oadi?ncel alomausly oongrcladiiag ( 4 .

was observed by the presence of cycles with large coulombic efficiency drops without
corresponding discharge capacity 10887 cycles under these conditions the cell
retained 83% of its maximum capacity, before the voltage windasvshrunko limit

the longcharge issue. While decreasing the initial discharge capacity, limiting voltage
window to 3.753V drastically reduced the frequency of observed {omgrge, and
decreased the rate of capacity decay. Further limitimgvthdow to 3.63.2V, however,

did not result in similar improvement$hus, the voltage window was limited in
subsequent cycling along with the allowed charge time. However, this issue would still
occur in subsequent cells upon sufficiently high charge rates and used as an indicator

of cell instability.
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Figure 7. Galvanostatic cycling A) discharg@ulombic efficiency and B) voltage
profile with cathode loadings of approximately 5 mgichinless stated otherwise all
cycling is performed at 90

Figure 8A shows that the initial cycling of the medium (9.8 mgicioading
cell had similarly noisy data when cycling between 4 and 2.5V, though 150 mAh/g was
achieved. Reducing voltage window to 3325C and cycling at C/15 (108 pA/én
C/5 (324 pA/cn), C/3 (540 pA/cn), and C/2 (830 pA/cm?2) resulted in capacities of
128, 107, 91, and 64 mAh/g respectively, with the {ohgrge issue first appearing in
C/3 (540 pA/cn) cycling. While unstable due to the lonbarge issue, upon returning

to C/15 cycling 118 mAh/g discharge capacity was achieved.

Cr3o 4.0+
A) o m.ﬁd & s J" ..... c.. o 100 B)
1504 w - o ¥ s
. L . . . T »
5 g % 5 « L lso =
- =
g : "".-_C,I'E, . - ;; »
E _ R
2 100+ i3 . |‘ ¢ ‘l B0 & =
g — cii5 ¥ g 5
2 cr ' wog —TT
S " - 140 8 5 ——Cf5
g 50- . 5 i3
£ = Discharge Capacity F] (o]
2 r * Coulombic Efficiency 20 o —— Cf2-CE issue
(=1 r . ! c c
— CM5 Recover
0 T T T T FAT T 0 3.0 ' T T
0 20 40 60 80 420 440 0 50 100 150
Cycle Number (#) Specific Capacity (mAh/g)

Figure8. Galvanostatic cycling A) dischargeulombic efficiency and B) voltage
profile with cathode loadings of approximately hg/cn?. Unless stated otherwise
all cycling is performed at 90
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Cycling between 3.75 and 2.75Wigure 9A shows the cell with the highest
loading cathode (14.6 mg/éntested achieved capacities of 82 and 145 mAh/g at room
temperature and 90°C respectively at C/50 (50 pAycithe cell maintained capacity
of 133 and 119 mAh/g after increasing rate to C/20 (125 pA/emd C/10 (250
HA/cm?) when at 90°C before long charging became an issue. Upon returning to C/50,
capacity increased back to 128 mAh/g. Comparing the vettagacity behavior of
this cell in Figure 9B, the reduction of resistance is observed through the reduced
overpotenti al of 90 cycling relative to r
voltage profiles help display some of what occurs during the-dbagge issue
observed after the LFP changlateau, where the voltage profile has a sudden outward
inflection postplateau in a C/10 charge.

Despite longcharge related issues, garnet bilayer cells showed high capacities
of 157, 150, and 145 mAh/g at 90°C for the respective loadirgd6fand B mg/cnt.
However, the @ate at which useful capacity was achievable, and at which instability
was noted, varied greatly upon the loading utilized, instead showing a closer relation
to the areal capacity. This becomes especially apparent as ti® oai/cn? began
long charge issue around 0.5 mAfciine same areal current as the lower loading cell.
Interestingly, the high loading cell was not able to reach this areal current, achieving
0.25 instead of 0.5 mA/ctnTaken together, this seems indicative of a planar interface
dominating resistance, likely that of garm@tic liquid, until loadings increase enough

to sufficiently contribute.
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3.2 Calendar Aging
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To ensure normal leakage currents were not at fault for the issues described

above, calendar aging was employed. This is used for understandirtgionstability

of electrolyte systems, in which cells are charged and degradation, normally via open

circuit voltage, is observed. As LFP has highly stable flat charge and discharge

plateaus, a modified version of calendar aging is employed here where, though voltage

decay is noted, discharge capacity is the key metric after periods of open circuit at 90

\[élthis loses the situ diagnostic ability of understanding expected discharge

from voltage decay, it still provides insight into any leakage current and stability.

Figurel0di s pl ay s

90

vol tage

profil e,

di schar

voltage undergoing a series of open circuit potential times were performed ranging

from 5 minutes, to one, two, and three day holds between charge and discharge cycles

at a rate ©C/20 and one open circuit 3ty hold during C/50 cycling. Discharge
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capacity and coulombic efficiency quickly leveled off using theiBute hold, which

was the standard hold time during cell cycling in this work. Extending hold time to a
full 24 hours resulted in a small drop in capacity and coulombic efficiency whibh bot
leveled off quickly, and the 4Bour hold only further decreased the capacity and
coulombic efficiency. Consecutive -Fdur holds resulted in much faster capacity
decay per cycle than any of the previous Hottes. The large departure of-ABur

holds @n be seen especially well when normalizing discharge capacity to that of the
previous cycle under the same cycling profile.

Interestingly, the majority of this capacity loss was observed to be recoverable
upon return to 8ninute holds. The recoverability of capacity indicates that the loss
mechanism occurring during charged open current is not structural degradation of
cathodecatholyte, garnet, or lithium. In fact, after a@4y hold between C/50 cycling,
which retained an impressive 87% of its charge, the following cycle had nearly the
same capacity as the cycle before the over mlamtty hold. This charge stability at
elevaed temperature exceeds those of related systems using similar ionic liquid
systems which have shown charge losses as high as 42% in 70 hours at 30°C or even a
charge decay rate of 4.68% per hour at room tempefatiie [118]thanks to garnet

blocking much of the leakage current.
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Figure 10. A) Voltage profile for bilayer cell cycling using 0.5 M LiTFSI in
Pyri4TFSI with LFP loading in slight excess of 10 mgfintorporating calendar aging
tests, B) cycle life of said bilayer cell denoting the different holds, C) discharge
capacity normalized to the previous cycle under the same conditions compared to
Coulombic efficiency, and D) decay of open current voltager aharge. All cycling
and open current experiments were perfor me

3.31 Utilizing EIS/DRT and SEMto Understand Internal Resistane@sl Cell

Performance

Using referencefl19], [120]peaks around fa1(?, 16*-10% and 16+-10%, can
be attributedto CathodeElectrolyte Interface (CEI), Cathodduminum Interface
(CAI), and cathodelectrolyte charge transfer, though these were using liquid
electrolyte systems than reference. Furthermore, Bucshe et al identified peaks between
10%-10* Hz to be related to the charjansfer through Solidiquid Electrolyte
Interface (SLEI) while using a different lithium ceramic electro[{2] [121]. Peaks
around 0.1 Hz can be ignored in this work as Warburg tails were not removed before
DRT analysis was performed. We can thus attribute the large peak ar@ukidzito

be SLEI, while the peaks at34@®, and between #10° Hz can be attributed to CEl,
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LFP-IL chargetransfer, and CAI respectively. This corroborates the interpretation
from cycling data relating of resistance, and thus capacity anpedgtmance, being

tied with a relatively planar interface, namely that between garnet and the ioidc lig
The additional interface coming into play at higher loadings seems tied to either CEI

or cathodecatholyte chargéransfer.
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Figure11l. A) EIS and B) DRT ofan LFR0.5M LIiTFSI PyisTFSkgarnet bilayer
lithium metal infiltrated cell. Peaks identified via literature data.

A symmetric cell using 0.5 M LiTFSI in PyTFSI anolyte between lithium
metal anodes and garnet surfaces was cycled. A step pattern was utilized with either
time or voltage cutoff in place, where following the plating/stripping EIS was
performed under the same current bias as the preceding cstelmBigure12A shows
voltage response to current remains proportional through 0.5 mA/cm2 in the forward
sweep where the voltage spiked to the cutoff voltage of 1.5 V. The resultant Nyquist
plots inFigure12B show high frequency regions remained largely static through this
sweep while the middle frequency range appeared to expand and contract, with the EIS
under 0.5 mA/crhappeared to be little more than a Warburg tail. Interestingly, the
subsequent reverse cycling showed a significant drop in resistance that is most apparent

in the middle frequency range, as the data points were closer together than during the
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forward cycle. Cycling in the reverse direction had issues at the same current as the
forward, with a massive drop to near O volts indicating that lithium was no longer
transported via ionic liquid. EIS further confirmed shorting as the subsequent Nyquist
plot for 0.5 mA/cm was far smaller and of a different shape than previous plots from
the cell. The lithiurlLFP cells of approximately 5 and 10 mgfcshow similar
behavior to the lithium symmetric cell, where issues begin around 0.5 riAlother

confirming the same interface, garfienic liquid, as the main contributor to resistance.
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Figurel2. A) Cycling and B) EIS response to a set of currents in a symmetric cell

with lithium electrodes, 0.5 M LiTFSPyn4TFSI intermediary, and dense garnet

pelletS.In addition to the above impedanrderived understanding for cycling issues,
greater understanding may be achieved through microstructural obser¥agiore

13A displays the surface image of the dense layer in garnet bilayers similar to those
used in the cells above; on the left side of this image one singularly large grain can be
observed while the right side is composed of an array of grains both signifaaots

and below 10 um. This neaniformity in microstructure likely causes applied current

to be unevenly distributed through the cell causing premature cell failure.
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Furthermore, backscatter imaging of the same surface, as seguial3B,
reveals that some of these large grains are a secondary phase, discernable through the
brightness of these grains which lie on top of the darker dense layer. The EDS spectra
from this secondary phase, Figure 13C, indicates the secondary phase to be
overwhelmingly lanthanum and oxygen rich. Some carbon and a small amount of
zirconium also appear to be present in the secondary phase. Beyond further disrupting
the uniformity of current through the cell, these matsrcould prove harmful to cell
performance through additional avenues. Most studies report the band gapJer La
within a range in excess 5 eV, though Gu et al have measured values as low as 3.61 eV
[122], [123], [124], [125], [126]the latter of which is similar to the voltagekigure
9D where the polarization of the cell was interrupted. More troubling still is that certain
dopants, and explicitly zirconium, have been shown to decrease band gap as has
incorporation of carbon in the form of 1@0s [122], [124], [125] If formed into a
sufficiently continuous network through the dense garnet, and not only on top of the
cathodeside, an electronically conductive network could create significant leakage
current at the proper voltage. Furthermore,0@s has been shown to catalyze a
number of reactions and could catalyze degradation reactions of the ciil2dljjte

[127], [128], [129], [130]
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Figurel3. SEM surfacemagesof LLZT bilayer using A) scanning electron and B)
backscatter modeswith C) EDS from the brighter phase observelankscatter.

34 Interfacial Modification

3.4.1 Microstructure
Figure 14A shows common garnet bilayer structure previously used in this

work, where strong intergranular bonding is observed in the dense layer via the
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prevalence of intragranular fracture. Similafjgure14B shows that most of the dense
layer in the modified bilayer retains this strong intergranular bonding. On top of this
layer an approximately 3 um layer of grains, as measured by Irfiddd,Jis observed
where fracture occurs between grains. [25]As the surface SEM shdviguire 14C

and D, the interlayer created a more uniform interface of smaller grain size which in

turn should increase surface area.

Figurel14. Profile SEM of A) standard garnet bilayer and B) with the modified garnet
interface. Topdown SEM of dense layer surfaces for C) standard garnet bilayer and D)
modified bilayer. Scalebar for all images is for 20 um.

3.4.2 Impedancand Cell Performance

Comparing the Nyquist plots of EIS for the Amodified and surfacenodified

garnet inFigure 11A and Figure 15A respectively, a visibly clearer separation of
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impedance arcs exists in the midélequency region: a region previously correlated
with the time domain of SLEI. Initially, at room temperature, this normalized peak is
also of a similar height as the other cell. Upon heating of the cells to 60°C, izednal

cell resistance drops by a factor of three for the bilayer garnet cell, while the modified
garnet results in a 10x reduction. This is accompanied by a much more drastic reduction
in SLEI DRT peak, along with blughifting of the peak to higher frequan Further
increasing cell temperatures to 90°C, further 5x reductions in resistance are observed,
with continued blueshifting of resistance arcs.

Cycling for the modified cell displays higher specific discharge capacity than
observed in any of the previous cells with 162 and 157 mAh/g at C/50 and C/20
respectively. Interestingly, the capacity at C/50 continued to increase for several cycles,
possiby indicating a continued wetting of interfaces or slow change of interfacial
composition. At increased rates, this performance boost continues as at C/5 the
modified-bilayer cell has >15% higher capacity, increasing from 107 to 125 mAh/g,
than the unmodiéd electrolyte of similar cathode loading of approximately 10
mg/cnt. After further widening of the voltage window to 4-255 V, the cell regularly
maintains >100 mAh/g despite cycling at 0.49 mAH/¢G13). Upon returning to initial
voltage window and C/20 cycling, the cell returned to discharge capacity of 120 mAh/g
and stable coulombic efficiency of 96.7%. This stabilization of coulombic efficiency
post highrate cycling is a significant departum@in cells with unmodified interface,

which were unabléo restabilize coulombic efficiency.
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Figurel5. A) EIS, B) DRT, and C) cell cycling for an LF®5 M LIiTFSI PyisTFSF
modified garnet bilayelithium metal infiltrated cell.

C-rates achieved in this work are notably lower than most ghassd cells
with LFP cathodes from literature able1. However, the areal rate reached in this
work was equal or greater than most of those same cells while largely maintaining the
same capacities seen for similar areal rates. This discrepancy between areedt@nd C
largely falls in line with previously nmioned observations in this work: the strong
effect of cathode loading on cell resistances and thus rate capability. Two papers did
achieve significantly higher areal rate through the combination of differing catholytes

changing solversurface interfaceand reactions and much lower cathode loadings
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resulting in lower resistance and less time under highly polarizing environments.

Notably both of these papers featured catholytes of much higher lithium salt

concentrations.

Tablel. Garnet batteries afarious catholytes and modifications and the metrics,

such as rate, loading, and capacities, achieved for various with LFP cathodes found in

literature and this workAll values were either given in the papers referenced, their
supplemental information, or baclalculated from informaiton given.

Reference| Active Maximum | Highest Temperature | Catholyte/
loading | C-rate Capacity/ (°C) garnet
(mg/cnt) | Areal Rate| High-rate modifications
(mA/cn?) | Capacity
(mAh/g)/
High rate
total
capacity
(mAh/cn?)
[131] 335 2C1 144/110/0.3| Room 2M LiFSI in
575 Temperature | PyrnsFSI/Snk
[132] 1.17 C-0.2 150/100/0.1| 60 LITFSI-PVDF
8C-1.6 17 100 (40:15:10:35
126/78/0.09 LFP: ketjen
126 black: PVDF:
LITFSI)
[133] 2 C/2-0.17 | 161.4/153.6/ 80 PEOPVDF
0.3072 LITFSI/
Polydopamine
coating
[134] 8.8 C/10.7 158/158/1.3 | Room 1M LiPFs EC
0.14 904 Temperature| and DMC
(40uL)/Glass
fiber separato
[135] 1.2 3C-0.61 |118/47.8/0.0| 25 1M LIPRs EC
5736 and DEC
(10uL)/C04
[136] 5 C/50.17 | 150/149.5/0, Room 3uL
7475 Temperature| A Car b o
el ectr ¢
H4F
[137] 2.45 C/2-0.21 | 148/148/0.3| Room 1M LiPFs EC
626 Temperature| and DEC
(10pL)
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Mxene

reacted Li
[138] 1.17 C-0.2 147/118/0.1| 60 PVDF/PEO/L
3806 iTESI
[71] 2.5 C/1.7-0.25| 145/112/0.2| 25 0.2 LiTFSH
8 0.8Pyii4FSI
2ulL/cn?
This work | 4.9 C/1.60.52| 157/157/0.7 | 90 0.5M LIiTFSI
69 in Pyr14TFSI,
1puL:1mg
LFP/ALD
coating
This work | 9.8 C/3-0.54 | 150/91/0.89| 90 0.5M LIiTFSI
2 in Pyr14TFSI,
1puL:1mg
LFP/ALD
coating
This work | 8.6 C/3-0.49 |162/135/1.1| 90 0.5M LIiTFSI
6 in Pyr14TFSI,
1uL:1mg
LFP/Small
grain interface
and ALD
coating
This work | 14.6 Cl20- 82/50/0.73 | 22 0.5M LIiTFSI
0.125 145/119/1.7| 90 in Pyr14TFSI,
C/10-0.25 | 37 1luL:1mg
LFP/ALD
coating

3.5 Conclusions

Hybrid solid-ionic liquid lithium metalLFP cells were assembled and tested by
wetting the cathode and planar garnet with ionic liquid as a catholyte, while porous
layers in garnet bilayers were infiltrated with lithium. By varying cathode loading and
cell tempeature and crossomparing with lithium symmetric cells of similar hybrid

electrolyte, the catholytgarnet interface was determined as a main contributor to cell

resistance through EIS and DRT, especially up to 10 nfglwading above which
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cathodecatholyte interfaces also contribute significantly to cell resistance. High
utilization of LFP was achievable at elevated temperature, thougftapadility
remained constricted by the aforementioned interface. Garnet microstructure on this
interface was successfully modified to create smaller, more uniform garnet grains
resulting in improved capacity, rate performance, and coulombic efficiency. The high
room temperature resistance of these modified cells seems to indicate increased wetting
issue fetween ionic liquid and garnet due to the rougher surface, while at elevated

temperature this issue was rapidly reduced.
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4.1 Symmetric CelEIS-DRT

The ionic liquid 0.5M LIiTFSI in PyuTFSI system was used as a baseline
catholyte in a symmetric LFEBatholyteLLZTO-CatholyteLFP cell. TheEIS shows
a slow decrease in resistance over the first 90 hours which then stabilizes, ias seen
Figure16. This likely indicates a slow continued wetting process of the garnet related
to the high viscosytof ionic liquids.

-10004 = |Initial

12 hr
60h
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Figure 16. EIS taken of symmetric LFB.5M LiTFSFPyri4TFSFLLZ cell for 120
hours.

Peak frequencies from the DRn Figure 17C were assigned based on those
observed in literature in related systems: with Cathdldeninum Interface (CAl)
around 10 Hz, SolidLiquid Electrolyte Interface (SLEI) ?a10* Hz, Cathode
Electrolyte interface (CEI) #010? Hz, and cathodelectrolyte charge transfer a0t

Hz[102], [104], [119], [120]In line with ourwork from the previous chaptehe solid
48



liquid electrolyte interphase (SLEI) is the largest contributing peak observed in DRT
as the extreme low frequency peak observed is attributed to Warburg diffusion.

Addition of triethyl phosphate (TEP) significantly increased the initial
resistance of the cell compared to the baseline system, though after aging for 93 h its
resistance decreased as seeRigure 17. A slight redshift is observed in the SLEI
peak when adding TEP as asavent, however there is a bighift for the ILLFP
charge transfer peak. Cathode electrolyte interface (CEI) for TE®Bleent appears
roughly at the same frequency as observeé#igure 17C where the peak is well
resolved for the standard liquid.

The symmetric cell with acetonitrile (ACN) @wlvent initially has lower
resistance than the standard IL as sedfigare 17A. However this value more than
doubled over the course of testing when comparédgiare 17B. After aging 81 h, a
new high frequency loop is observed in the Nyquist plot, indicating a new
electrochemical process. The increase in ohmic impedance possibly indicates
instability resulting from the acetonitrile itself or its contact with garnet. IRiegpthe
peaks using DRT ifigurel7C, a redshift of all major liquidrelated interfacial peaks
is observed for the final EIS compared to the sample with no ACGdbleent.

LiTFSI concentration similarly led to large shifts observed via EIS and DRT,
with lower concentrations resulting in significantly higher resistance. Comparing the
EIS spectra for 0.5M vs 1M frorigure 17A and B, it is quickly apparent that in
addition to the reduced total impedance a significant amount ofshifteng must
occur as a result of the increased lithium concentration from the much longer Warburg

tail given its density of data points. DRT lahlg confirms this, as most peaks displayed
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significant blue shifting. The SLEI peak, while of lower magnitude, was slightty red
shifted.

To further simulate real cell interfaces, samples using 0.5 M LIiTFSI in
Pyr14TFSI with and without TEP esplvent were chosen to compare carbonate free,
ALD coated garnet due to the apparent instability ACNsalwent displayed in
symmetric testing. EIS iRigure17A and B displays for these samples far less change
than their uncoated counterparts, with resistances only slightly higher than the final
values for the uncoated samples. This likely indicates faster wetting of the garnet on
ALD coated surfaces with increed resistance from the additional region at the solid
liquid interface for the lithium ion to traverse. Slight +&dfting is observed via DRT
for both ALD coated samples in comparison with their uncoated counterparts, again

unsurprising given the addimal interlayer from ALD.
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Figurel7. Nyquist plots from symmetric celissing LFP electrodes, garnet middle
electrolyte, and catholytes specified at A) initial and B) final EIS and C) DRT of the

same.
Closer examination of the high frequency regime, such as displayegdure

18, grant insight into the liquid catholytes themselves in addition to the interfaces
previously discussed. -Mitercept from this plot was taken to be the catholyte
conductivity and complied ifable 2. The baseline catholyte displays no change in
conductivity over the test. Catholytes with added TEP, ACN, and increased lithium

concentration displayed conductivity loss during testing, as did the baseline catholyte

51



with ALD coated garnet. Interestingly, the sample with both ALD coated garnet and

TEP additive did not lose conductivity loss.

0.5M LIiTFSI Pyr14TFSI

0.5M LiTFSI Pyr14TFSI/TEP
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Figure18. Expanded view of EIS comparison for LFP symmetric cells, filled in
markers indicate initial scan while hollow markers indicate final dcaluctive data
points a high frequency removed.

Table?2. Initial and final xintercept values for catholytes tested in LFP symmetric
cells.

Baseline Catholyte Modification . X"ntem?pt X-intercept Final
initi?l ( qAm
0.5 M LITESI Pyr14TFSI 65 65
. Triethyl
0.5 M LITFSI Pyr14TFSI phosphate 10% 190 310
0.5 M LITFSI Pyr14TFSI | Acetonitrile 10% 65 185
1 M LITFSI Pyrl14TFSI 65 150
0.5 M LITFSI pyr1aTFsi| ALD coated 65 130
garnet
Triethyl
. phosphate 10%,
0.5 M LITFSIPyr14TFSI ALD coated 50 50
garnet
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Comparing NMC to LFP cathodes in symmetric cells with 0.5M LIiTFSI
Pyri4TFSI catholyte results in dramatic shifts in both shape and magnitude of the
observed impedance, with the NMC cellRigure 19 having significantly lower total
impedance than its LFP counterpart. SLEI peak position, compaFeglure19C, has
small frequency reghift when changing to NMC cathode. However, the CEI
dramatically blueshifts for the NMC sample to the point that peak overlap between
SLEI and CEI becomes very significant. A similar significant {b#t occurs for the
ionic liquid-cathode charge transfer peak. Introduction of the fhadhers BTFE and
OFPTFE, at the same Li:Ryratio as the reference catholyte system, returned the SLEI
peak position to the frequency observed for the baseli#h&R.sample irFigure19C,
indicating that the apparent rstift for NMC could have been related to its
convolution with CEL. Increasing lithium concentration for OFPTFE diluted catholyte
resulted in similar blushifting as observed previously in the LFP DRT. Changing
dilutantfrom OFPTFE to BTFE at the same concentrations resulted in even greater

CEI-SLEI peak convolution.
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Figurel9. A) initial EIS, B) final EIS, and C) DRT from symmetitMC-catholyte
garnet cells.

Focusing on saxis for fluoroether diluted catholyte with gives similarly
useful insight as the esolvents with LFP. The baseline catholyte, again 0.5 M
LiITFSI in PynsTFSI, initially hadanx nt e r ¢ e p £ whichf haddd8creasedno
3 8 dluymhe end of testing. All of the tested flueether diluted catholytes
displayed initial resistances less than this with BTFE and OFPTFE at 18 and 12
q ¢ fThe BTFE sample did not show significant change in this value while the
OFPTFE sample underwent a slightueddt i on of r e <iTéddsaemce to 10
previously in the LFP experiments, higher lithium concentration to 1 M from 0.5 M
often led to larger-ntercept values, with TTFTFE having the lowest observed
diluted catholyte conduct i v#fasyhatofadheound t he
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nontdiluted 0.5 M LITFSI sample. OFPTFEirtercept is not directly observed at this

salt concentration, though it would be less than the baseline catholyte tested as seen in

Figure20.
-50 e e°
i ‘00
'40 N <><>
<_-30 - _
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a -20 0.5M LiTFSI Pyr14TFSI/BTFE
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Figure20. Expanded view of EIS comparison of catholytes for NMC symmetric cells,
filled in markers indicate initial scan whitellow markers indicate final scan.

Table3. Initial and final xintercept for catholytes tested in NMC622 symmetric cells.

Baseline Catholyte Modification . X"ntem?pt X-intercept Final
initi?l ( qAm
0.5 MLITFSI Pyr14TFSI 48 38
0.5 M LiTFSI Pyr14TFSI BTFE 10% 18 18
0.5 M LITFSI Pyrl4TFSI| OFPTFE 10% 12 10
1 M LITFSI Pyr14TFSI BTFE 10% 37 40
1M LIiTFSI Pyr14TFESI OFPTFE 10% 25 25

4.2 Raman and CV

To better understand the physical changes occurring to catholyte with varied
salt or cesolvent addition, Raman spectroscopy was used to observe the Li

coordination stateszigure21 shows the peaks around 7405 cm! which is related
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to TFSI bonding state through a series of internal bfii®8, [140], [141], [142] As
the Li TFSI concentration “fohithowm@a®8lsan a shi f
be observed. At 0.5 M LiTFSI, the electrolyte displays a splitting of this peak, which
by 1 M becomes a nearly even split. However, introduction of TEP results in only the
A f r e e pindi¢akng & preferred coordination of ith TEP over TFSI Similarly,
increasing the salt concentration of thissodvent system to 2 M LiTFSI from 0.5 M,

a Raman spectrum nearly identical to the 1.5 M LITFSI system withestizent is
observed. Comparing this to the EIS observed, high levels'eFESI coordination
resulted in lowered resistances of cells. Thus, introducirspbents offers competing
bonding states which most often result in more difficult charge transfers within the
system. Addition of fluoreether however did not result in Raman pehifting as
expected.

A trend can be observed between the interfacial resistances of IL systems with
the solvation within these catholytes. With increasirfigcbincentration, the peak shifts
from the lower wavenumber peak to high the one at higher wavenumber, indicating
that TFS1is bound more strongly to Lthan Pyis". The introduction of TEP and ACN
offered competing solvation states fof that shift the TFSlbonding away from L
indicating that the csolvent bonds offer lower energy state fof tobordination.
Similarly, these additions caused the sdiglid electrolyte interface to shift
significantly to lower frequencies. It would thus seem that these solvents, more strongly
bonded to the lithium ion, were thus inhibiting transfer at the iglidd electrolyte

interface.
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Figure21l. Raman spectroscopy for the peaks around768&m1 related to TFSI
bonding for select electrolytes, with LLZ denoting presence of garnet for A) changing
salt concentration with no solvent additives and B) with solvent additives.

Cyclic voltammetry (CV) of these electrolytes produced particularly interesting
results during the anodic portion of the voltage sweep. The standavtil0T5-SI in
PyrnsTFSI displayed an elevated current response above *J&fore the more
obvious breakdown voltage between-8.¥. Introduction of TEP delayed the initial
current increase to ~3V, though its breakdown voltage response occurs slightly
before that of the standard ionic liquid. BTFE, the most commonly used fluoroether for
localized high cocentration electrolytes, displayed similar voltage response to the
standard ionic liquid while OFPTFE actually appears to have suppressed the initial
voltage increase. Similarly, increased LiTFSI concentration suppressed the lower
voltage response withGM not displaying any increased response untiM.At 1 M
LiTFSI the lower voltage response in suppressed completely with TTFE, while a small
remnant of this response remains with TEP at 1M. Similar results can be observed for
the cathodic sweep of theV; higher LiTFSI concentration decreases the voltage at

which breakdown is observed with minimal change from fluoroether addition.

Cathodic sweeps for TEP -@olvents did display additional peakwlicating less
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stability to lithium metalThis should have minimal impact in the full cells to be tested

as garnet should largely shield electrolyte from much of the lower voltages.
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Figure22. Cyclic voltametric for variouslectrolytes using glass fiber separator,
aluminum current collector and A) lithium or B) copper counter electrode.

Introduction of LITFSI into PyiyTFSI results in significant increase in
viscosity: from 94 cP, as reported by the manufacturer, talI9CP at 0.5 M
LiTFSI, and 199196 cP at 1 MFigure23). Addition of 10 volume percent TEP
significantly reduced the viscosity to88 cP at 0.5 M LiTFSI. Addition of
fluoroethers resulted in similar viscosities at the same concentration, with BTFE and
OFPTFE at 115 cP and 113 cP, respectively, at 3 RPMedairrg lithium
concentration to 1 M with TTFTFE raised viscosity to 1182 cP, well above the 0.5
M samples with cesolvent or dilutant but significantly less than the undiluted

electrolyte of the same concentration.
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Figure23. Viscosity of ioniiquid based catholytes tested (0.5 M Pyr14TFSI, 1 M Pyr14TFSI, 0.5 M PyrE8TFSI
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4.3 Full Cells

Full cells with LFP cathodes and Li metal anodes were made usingcAaied
trilayer garnet and 0.5 M LiTFSI electrolyte with TERsm@vent. These cells benefited
from the fast electrolyte wetting observed from ALD coated garnet and lower viscosity
of TEP cosolvent catholyterigure24A andB shows the high capacity, 158 and 160
mAh/g at 60°C and 90°C respectively, and higte capability irFigure24E, tested to
1 C or 2.26 mA/crh Even at a high rate of C/2 (1.13 mARA)rthe cell maintained >100
mAh/g. Interestingly, while displaying slightly higher initial capacity at 90°C than
60°C the performance became slightly less stable over the tested range. While resulting

in temporary large loss of capacity, the cell was cyeléthe way to 2.26 mA/ch
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corresponding to 1 C. Even after pushing to this extremely high areal rate for a garnet
based cell, capacity was able to recover immediately to 140 mAh/g at C/20 cycling,
and again to 130 mAh/g even after cycling again at room temperature and 60°C. In the
voltage profiles fronFigure24D the effect of polarization, especially on the discharge,

can be seen as the plateau becomes more curved until the plateau virtually disappears
around C/1.5 (1.5 mA/cfh The difference in cycles with low coulombic efficiencies

can also be observed through the charge profile. The initial C/3 (0.75 fAdgate

looks similar to previous cycles with a clear plateau before the cell polarizes, but the
final C/3 cycle shows this knee with a second inflection point causing the voltage to
level back out.

Comparing the voltage profiles and EIS fréfigure 24A and C at the three
temperatures tested can help explain cycling behavior. The combination of increased
surface area with lower viscosity and easier wetting is immediately apparent from the
cells much lower room temperature resistance. However, room tempergatling
displayed much higher overpotential than the elevated temperature cycling, as it had
3x and 6x the resistance observed at 60°C and 90°C. This higher resistance in
combination with the catholyte viscosity and added diffusive length through the
gamng 6 s porous | ayer contribute to the cell¢
For the elevated temperature disparity of higher capacity decay at lower resistance, a
possible answer can be found in comparing the charge cycles. While overpotential is
slightly lower at 90°C than 60°C, the polarization dominated portion of cycling appears

to be the domain where the extra capacity is derived. Thus the cells spend longer times
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at more extreme voltages, where the cyclic voltammetry previously displayed a slight

current response.
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at varied cycling r acowombicaefficieAcyd cyclingdontde E) di
same cel l at 90

The shape of the Nyquist plots, aside from the total resistance, from trilayer garnet with
0.5 M LiTFSFPyr1l4TFSIOFPTFE catholyte and NMC catholyte remained largely
similar throughout a temperature sweep from room temperatfgyume 25A. One

exception occurs at the higher frequencies tested, where before cycling and again upon

reaching 40 and above, the beginnings of
post room temperature cycling armpaatient 30
of data points in this regime indicate tha

by garnetcatholyte interface, but those around cathebgthode interaction. As shown

in Figure 25B, DRT confirms this interpretation of EIS showing major peaks in the

frequency ranges previously attributed to CEIl and cathalgtieode charge transfer.
Room temperature cycling of this cell displayed respectable capaé&itgure

25C&D, nearly 120 mAh/g on discharge for the first cycle, for gaNMiC cells with

a relatively high loading of 11 mg/émUnfortunately, both the coulombic efficiency

and capacity at room temperature were unst

lowering the discharge window to 2.7 V from 3 V resulted in the cell displaying highly

stable coulombic efficiency and achiegin t he cat hode manufactur

capacity of 170 mAh/g. Increasing rate to C/20 (~0.1 mAYaecreased capacity to
~160 mAh/g butremained fairly stable. Further pushing to rates to C/10 and C/5
(approximately 0.2 and 0.4 mA/&nresulted in more significant capacity losses,
though initial capacities of 138 and 87 mAh/g were still achieved on respective initial

cycles. During the C/5 cycling an instability in coulombic efficiency was observed,
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though this instability was largely removed when slowing rate back to C/20 despite a

more significant capacity decay than previously seen at this rate.
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Figure25. A) EIS temperature sweep, BRT temperature sweep, C) voltage profile,
and D)cycle life of lithium-NMC cell using trilayer garnet and 0.5 M LiTFSI
PyrnsTFSFOFPTFE catholyte

In addition to improving with temperature, widening voltage range t@ 4.4/
from 4.33 V was also shown to improve both capacity and previously noted coulombic
efficiency issue at room temperature. Low rate cycling using OFPTFE diluted catholyte
at C/50using the voltage range of 4.3 to 3 V, as recommended by the cathode sheet
manufacturer, achieved only a little over 100 mAh/g discharge capadtigune 26.
Widening cycling window to 4.4 to 2.7 V resulted in a slow but consistent capacity

increase to 157 mAh/g where the voltage began to plateau. Moreover, in comparing

cycles 4 and 12 iRigure26 the overpotential required for cycling appears to increase
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as initial cycling had nearly no discharge capacity above 3.75 V while cycle 12 had

around 60 mAh/g by the same voltage. Increasing rate to C/20 (~0.1m)Aésulted

not only in an initial drop to 120 mAh/g discharge capacity but also rapid capacity loss.
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Figure26. Room Temperature A) voltage profile and B) cycle life of OFPTFE diluted

Cycle Number (#)

catholyte cell for lithium metadarnet trilayefNMC622 cell.

Table4. Information on fluoreetherdilutants used in this study.

Name Abreviation Boiling Poi
Bis(2,2,2trifluoroethyl) BTFE 62-63

ether

1,1,2,2Tetrafluoroethyl TTFTFE 56

2,2, 2trifluoroethyl ether

1H,1H,5Hoctafluoropetyl | OFPTFE 133
1,1,2,2tetrafluoroethyl

ether

Initial cycling for trilayer garnet using 1.5 M LITFHyr14TFSI with TTFTFE
dilutant displayed low discharge capacity of only 30 mAh/g with high overpotential, as
seen inFigure27A and B. Lowering rate to C/50 improved capacity, but only to 85
mAh/g while the overpotential remained significant. Widening the cycling window did
not result in the same large capacity increase seen for OFPTFE cell, resulting in a small,

temporary increse instead of a significant and prolonged capacity increase. From EIS

64



and DRT performed before cycling and between rate chandégure27C and D, we

can see massive resistance growth in the mid to high frequency range. Initial resistance

shows high resistances related to interfacing cathode with catholyte along with a not
insignificant contribution f rHowevet,the <cat hol
cathodecatholyte interfacial resistances grow much more significantly, as its post

room temperature cycling DRT shows.
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Figure27. A) voltage profile, B) cycle life, C) EI®&mperature sweep, and D) DRT
temperature sweep for trilayer garnet, lithiNWIC622 cell with TTFTFE diluted
catholyte.

Room temperature cycling of lithium mefdMC cells using garnet andM

LITFSI PyrisTESI with TTFTFE displayed initially high capacity (170 mAh/g) at C/50
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(37 pA/cn?) in Figure 28. After a slight initial drop cycling under these conditions

leveled off around 160 mAh/g. Upon increased rate, a rapid decay in capacity was
observed, dropping from an initial capacity greater than 130 mAh/g to just over 60
mANh/g after six cycles. Retug the discharge rate to C/50 while continuing a charge

rate of C/20 resulted in a brief return to discharge capacity ~140 mAh/g but decayed
nearly identically to what was observed with symmetric C/20 cycling. Increased
cycling temperature to 45°C similarreturned capacity at C/50 to ~130 mAh/g, but

this proved too close to the flueot her 6s boi ling point of 56
decayed quickly. The lack of capacity recoverability along with the continued increase

in potential drop between chargad discharge observed kiigure 28 indicate a lack

of growing interfacial resistances possibly from TTFTFE breakdown.
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Figure28. A) Voltage profile B) dischargecoulombic efficiency for the cycle lifeC)
EIS, and DDRT of lithium-NMC cell with bilayer garnet using LiTFSI
PyrsTFESI with TTFTFE dilutant catholyte

4 .4 Conclusions

A series of cesolvents and additives were added toily¥S| based catholyte
with garnet solid electrolyte to study effects on the resultant interface. Increases in
LiTFSI concentration in both the base ionic liquid and solvent mixtures led to decreases
in the interfacial resistance while bighifting the fregency observed via DRT for
most interfaces. Crogsgferencing this with Raman data, the decreased impedance was
correlated with reduction in the signal of free TR8lions. Introduction of TEP and

ACN resulted in increased interfacial resistance betwaemeg and ionic liquid based
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catholyte, as determined by EIS and DRT. An LFP cell (13 nigéctive loading)
utilizing TEP cesolvent was achieved 158 and 160 mAh/g at 60°C and 90°C, while
retaining over 100 mAh/g at 1.13 mA/énAfter cycling up to 2.26 mAh/cfand
thermal cycling at room temperature through 90°C again, cell capacity was still
recoverable over 120 mAh/g. Flueethers were then tested to decrease viscosity while
minimizing impact on binding structures. TTFTFE and OFPTFE diluted catholytes
allowed for high capacity, 1J and 157 mAh/g respectively, at room temperature but
only around 37 pA/crhand with expanded cycling voltage window. OFPTFE diluted
cel | all owed for good capacity and increas
capacity around 160 mAh/g at 0.1 mAfand not displaying shorting behavior even

at 0.4 mA/cm. While the TTFTFEdiluted cellinitially reached good capacity at this
temperature it had a significant capacity loss per cycle. Further optimization of salt to
ionic liquid to fluoroether ratiosawell as testing catholyte viscosity and alternative

ionic liquid chemistry should further improve cell performance.
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Chapter 5 Porous Garnet Separ a

5.1 PhaseMicrostructuralEvolution

5.1.1Phase Evolution an8iintering Environment

Upon indexing and Rietveld refinement of the XRD spectra, display€dume
29A and expounded upon numerically in

Table5, display no garnet character at 650°C in eithgrofair. Increasing
sintering temperature to 750°C, a mixture of cubic and tetragonal garnet was observed
as the only readily identifiable phases not attributable to the affixing putty under both
environments. The sample sintered under atmospheric airneittorced gas flow
achieved higher cubic character than its oxygen flow sintered counterpart. Further
increasing sintering to 850°C resulted in pure cubic garnet under in oxygen with the air
sintered sample containing some lanthanum rich phases, likdibaiimg a loss of

lithium from the structure as no additional lithium containing phases were observed.
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Figure29XRD A) displaying evolution for reactive phase sintering of tepst
garnet, and that observing effect of lithium excess at B) 900, C) 1000, and D) 1100
degrees Celsius without powderbed.

Table5. Final phase composition of thin porous LLZT sintered at various
temperatures.

Phase Fraction
Cubic | Tetragonal .
Garnet | Garnet La:0s | LaxZr07 | Li2COs
650°C Air 0 0 0.415257| 0.02037 | 0.563563
o)) 0 0 0.395546| 0.009274| 0.59518
250°C Air 0.737411| 0.262589 0 0 0
) 0.485151| 0.514849 0 0 0
850°C Air 0.47964 0 0.491038| 0.029323 0
o)) 1 0 0 0 0
1150°C| Argon 1 0 0 0 0
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Above these temperatures, effect of excess lithium content in tapes was tested,
from 5 to 55% in air from 900°C to 1100°C as displayeéigure29B-D. At these
long sintering times, some lanthanum oxide remained constantly present, shown in the
Rietveld Refinement summarized Tiable 6, though greatly varied with temperature
and lithium excess. A few of these samples, namely thos2@®pBrcent lithium excess
at 900 and 1000 , di splaying only around
Increased lithium excess displayed an initial upiicgarnet character at 900°C from
91 to 97 weight percent at 5 and 25 percent excess lithium, followed by a massive drop
at 35 percent excess to 75 weight percent ¢
point. 1000°C sintering displayed similar erge vshaped behavior in garnet character
relative to excess lithium, though consistently lower garnet content than 900°C. This
downtrend in garnet character was further continued into 1100°C sintering as no garnet
content was observed regardless of Uithicontent. In place of high content garnet
lanthanum zirconate became the dominant phase observed, with some additional
lanthanum oxide. Similarly to lanthanum oxide, lanthanum zirconate was observed in
most samples tested, though content was low to adne 9 0 O

Table6. Final weight fraction for phases found in porous LLZN separatoraried
lithium excess at different temperatures.

Weight Fraction
LEITéE?S Cubic | Tetragon La,0 LaoZroO | Li2ZrO | LiNb3O
Garnet | al Garnet 3 7 3 8
(%)
5 | 0469(8)| 0.446(9) | 0.068(3)| o |9018G
900°C 0.0499(3 :
15 | 05088) 0.44(1) | ) 0 0 0
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25 | 0.484(9)| 0.48(2) 0'03)13(4 0 0 0
35 | 0.358(7)| 0.393(9) | 0.133(4)| 0.076(4) 0'0;‘0(7 0
45 | 0.427(8)| 0.438(9) | 0.103(4)| 0.009(2) 0'0)23(6 0
55 | 0.407(7)| 0.396(9) | 0.121(4)| 0.050(3) 0'0)27(7 0
5 | 0.552(7)| 0.325(9) | 0.049(3)| 0.047(3) 0'0)27(6 0'1)95(5
15 | 0.501(7)| 0.370(8) | 0.048(3)| 0.056(3) 0'0)25(6 0'2)03(5
lo0p:| 25 | 0:443(8)| 0.324(8) | 0.051(3)[ 0.181(4) 0'0)01(4 0'1)87(4
c 35 |0.3948)| 0 |0.149(4)| 0.450(6) 0'05’8(6 0'1)7 8(5
45 | 0.268(7)| 0.449(9) | 0.090(3)| 0.163(3) O'Of’l(G 0'1;31(5
55 | 0.524(9)| 0.34(1) | 0.079(4)| 0.027(3) 0'05’5(6 0'1;37(5
5 0 0 | 0.085@3)| 0.720(6)] 0 0
15 0 0 | 0.075(3)] 0.722(6)] 0 0
1100° | 25 0 0 |0077(3)[0.736(7)) 0 0
C 35 0 0 | 0.098(3)] 0.724(7)] 0 0
45 0 0 | 0.088(4)] 0.730(6)] 0 0
55 0 0 |0092(3)]0.721(6) o0 0
5.1.2 TGADSC

Organics observed to burnout with its major peak around 300FRyure 30
for the premilled powder, while using sourced napowders led to two distinct peaks
around 325 and 400°C, likely related to various lanthanum phases on theaneater
as discussed bgther groupfl43]. Initial weight loss observed from organics and
lanthanum impurities levels out by 500°C for both sets of samples. While less obvious
in the TGA curve, DSC displays disconnected carbonate decomposition/melting peaks

at 725°C and 775°C ifrigure 30 for all samples. These are attributed to lithium
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carbonate as the lower temperature peak and lanthanum carbonate at thbdighgr

to explain its larger peak in samples usingexgived nano lanthanum. In conjunction
with the observed XRD under oxygen flow these carbonate melts/decompositions also
appear to highly correlate with formation of tetragonal and cubic garnets. The
continued observed mild linear endothermic response above these peaks is likely

related to evaporation of lithium species and possible reaction with alumina TGA boats.
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Figure30. A) DSC and B) TGA of garnet tapes made usiageceived nano powders

and inhouse milled garnet precursors with and without extra lithium carbonate in the
TGA boat.

5.1.2 Microstructure
Analyzing Figure 31 using ImageJ, convent to binary andusingwatershed

to segment large particles, showed that despite particle growth fronui®’2é 2.7
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un?, porosity remained in the 60% range. Comparing theesived nangrecursors

to milled naneprecursor inFigure 31, far larger grains, and subsequently larger
interconnections were observed in thereseived nan@owder. Analyzing these
particles, as previously discussed, indicated double the particle size for the nano
powder relative to the milled particles. Thisdis to a less flexible sample given the

inverse relationship between thickness and flexibility though somewhat increased

strength for the same reason.

Figure31. Sintered microstructure from tapes using Ayexeived precursor powders
and B) naneprecursors.

5.2 Liquid Cell Testing

5.2.1 Determination of MacMullen Number
Cell resistance was obtained by subtracting contact resistance from the
observed xntercept from EIS of the flooded cells. After removal of a few outlier data,

MacMullen number was calculated individually for each cell and averaged for
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separator type. The increase in areal resistance used for this is shbigora32.
Porous LLZO separator displays far lower resistance and much slower resistance
increase with thickness than the Celgard 2325, translating into MacMullin numbers of
1.52 and 10.6 respectively. The obtained 10.6 MacMullin value for Celgard falls well
within observed literature data, while a value of 1.52 places porous LLZO separator
very near the ideal value of of@2], [144], [145], [146], [147] This nearly order of
magnitude lower MacMullin number, accounting for a combination of surface effects,
higher porosity, and lower tortuosity, is made evident by the porous LLZO separator
of 75 um contributing only around half of the resistance obsde@elgard a third

of the same thickness.
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Figure32 Comparison of areal resistance increase with additional layers of either
Celgard2325 or porous LLZO separator.

5.2.2 GraphiteNMC Cell Testing
Figure33A shows the voltage profile for the NMC622 graphite cell tested with
uncoated porous LLZO separator. Formation cycling cycles at C/20 display low

overpotential, with voltage not significantly changing between cycling, with gradual
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increase in this resulting in minimal charge/discharge plateaus for 3C and 4C cycling.
This is reflected ifFigure33B where capacity is gradually lost through C, peaking at
99 mAh/g and dropping to 69 mAh/g at C. Further pushing to rate to 4C, only around
20 mAh/g discharge capacity was retained. Returning cell rate to C/20, capacity
returned to 80 mAh/g on cycle 30.

Similar to the formation cycles with the uncoated sample, the LiEdated
porous garnet separator Figure 33C and D displayed an early cycle with lesser
capacity before increasing and stabilizing at 140 mAh/g. Initial rate testing similarly
pushed to 4C, maintaining discharge capacities of 115 and 65 at rates of C and 4C
respectively. After relaxing rate to C/2@d reincreasing to 1 C, capacity returned to
125 and 85 mAh/g. Over the 200 cycles the cell maintaineateCof 1 C, minimal
capacity decay was observed with the cell maintaining nearly 90% of its capacity. Final
rate testing from here increased to @iSplaying no shorting behavior, though capacity

was greatly reduced. Relaxing cycbte C/20, capacity returned to 90 mAh/g.
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Figure33. Voltage profiles and discharggcle life for uncoated A) and B) and
LiPAA coated C) and D) porous LLZO separator vgthphite and NMC622
electrodes using 1M LIREEC/DEC standard electrolyte.

5.2.3 PosMortem

Postmortem SEM irFigure34 of the coated separator shows the porous garnet
structure distinctly with what appears to be largely a single organic phase throughout,
indicating good stability of the LiPAA inside of the region. Surface of the graphite
anode similarly displays minimalsges, with a few grains of garnet removed from the
separator remaining behind and a small amount of organic buildup. The surface of the
NMC cathode however appears to display a higher buildup of organics as typical
meatball structure cannot be observeds Tuildup of organic on the cathode surface

appears to be the culprit for the observed capacity decay.
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Figure34. PostMortem SEM of A) graphite anode, B) LiPAA coated porous LLZO
separator, and C) NMC cathode.

5.3 Extending Methods t&lectrode Materials

Sintered LTO, utilizing a small excess of lithium carbonate, was shown to form
pure phase LTO indicating a slight excess of lithium relative to the baseQi.
shown from the indexed XRD iRigure 35A. The sintered structures could easily be
wetted with lithium as demonstratedkigure35B and Cdisplaying LTO before and
after meltinfiltration of lithium metal.These structures were shown to be capable of
directly plating lithium in electrochemical cells without previous infiltration against
lithium metal inFigure 35D. Post mortem confirms that lithium was plating directly
into the pores in the asymmetric lithidithium host liquid cell as the darker phase is

seen preferentially in the host towards the separator instead of the current collector
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belowin Figure35E. This plating nature also confirms good electronic conductivity

through the host can be observed to be over 100um in thenoottm SEM.
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Figure35. A) XRD spectra of sintered LTGEM of B) assinteredand C) lithium
infiltrated LTO, D) Cycling of uninfiltrated host against Li metal, dBdpostmortem
SEM showing lithium electrochemically plated into the top of LTO host.

Figure36shows that in cgintering the LCO structure with the garnet separator

shows that some impurities exist. Indexing of the impurity peaks reveal the presence of

lanthanum oxide, zirconium oxide,

and lanthanum zirconate in addition to the desired

LCO and gamet phases. Importantly the only observed bulk impurities indicate a loss
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of lithium in the garnet phase as the LCO remain pure. SEM and backscatter analysis
further display the lack of interdiffusion of ndithium species between layers. Cycling

of this material further show the purity of cathode material given the highadgeech
capacity despite the sample thickness. Interestingly, the capacity observed in this
sample was largely obtained in a fairly narrow voltage window. Thus the rapid decay
in capacity is likely related to the large amount of interfacial layer developsii®u

of this window where most LCQ@raphite cells achieve a significant amount of

capacity.
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Figure36. A) XRD, B) backscatter SEM, and C) cycling of LCQorous LLZO
separator caintered structure against graphite with standard electrolyte.
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Figure37.Post sintered separator structure displajiegbility.

5.5 Conclusions

Porous garnet structures were synthesized, along with cathode and anode host
structures, directly from loweactivity precursors. Phase evolution were examined
through XRD and TGA/DSC. Thinner structures and smaller particles resulted in more
flexible strictures which were balanced with the added mechanical robustness of large
grainto-grain connections provided for cell fabrication. High rates were observed in
full NMC-Li cells using the porous structure without shorting, with improved capacity
achieved usg a polymeric coating. Coated and uncoated samples were pushed to C
rates or 4C (8 mA/cA) and 6C (12 mA/cr), respectively, with no indications of
shorting behavior observed. Cathode and lithium host anode structures were both

successfully synthesized and tested using similar methods.
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Chaptlermrsé andi-TgiFiNéar Gar net EIl ect

6.1 Sintering EnvironmenPhase Evolutionand Microstructure

6.1.1DSCTGA

Using 550°C presintered sampleso isolate ceramics behaviors from the
organics used in tape castifggher temperature sintering behavior was further tested
in Figure 38 using a series of carbon based powderbeds under argon to minimize
reaction of samples with alumina TGA boats. DSC curveBigure 38A all three
samples display a single carbonate melt 1
being the sharpest and at the lowest temperature, activated carbon the broadest and
highest temperature, and graphite with added lithium carbonate in betweerthifte
an extended shoulder is apparent whose end shifts from around 835°C for activated
carbon to 850°C and all the way to 885°C for graphite/lithium carbonate: increasing
from activated carbon, graphite, to graphite with lithium carbonate in an inverse
relationship with how reductive the environment is. A final highly endothermic
reaction beyond this shoulder is observed for all three samples, with the activated
carbon sample resulting peaking around 105
ofitscabonate peak. Bot h gr a-fghumcaebpnate,atbdhl 30 , a
1070 and 1130 , samples had similar I nt e

difficult to detect in graphite containing samples due to an additional, high intensity

peak around 120 which was significantly more i
additional lithium carbonate. Peaks around @50 3 O are | i kely sinte
whil e the peak nearer 1200 that was suppr ¢
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be hightemperature sidesaction between garnet and graphite delithiating the garnet,

not experience by the activated carbon due to its lack of crystallization.
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Figure38. A) DSC and B) TGAof garnet tapes preintered at 550°C with varied
carbon sources gowderbed to isolate from the TGA boat.

6.1.2 Microstructure

Greenbodies sintered with external lithium carbonate on magnesium oxide

showed significant densification as well intragranular fracture surface. Samples

sintered around 1050°C still retained too high porosity for use as-askamel dense

layer as displaye by Figure 39. However once taken above the peak observed from

DSC, retained only minimal porosity that is likely related to the other issue observed

in this environment: neaniform sintering, samples sintering onto MgO powderbed,

and tearing of samples during sinbgyi Though MgO plates are often used in sintering
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garnet when avoiding alumirgoping of the structure, MgO itself can begin sintering

in atmospheres similar to those used here for g&9ietBy switching to argon
atmosphere with graphdéhium carbonate powderbeds, highly thin staone dense
structures were achieved. Under this environment at 1125°C 10 and 6 um thick dense
garnets were produced, as seerfrigure 39C and D. The thicker of these samples
retained high intergranular bonding seen through the intragranular fracture pattern
observed in crossectional SEM. The thinner of these samples however had mixed

inter- and intra granular fracture. Surface SEM ofigtsample displayed consistent

high density, without large pinholes.

Figure39. Sintered crossectional microstructure for tapssitered in air at
A) 1050 and B)1100 and Argon at 1125 C)
E) topdown imagsof thin tape.

Using slightly thicker sample and increasing sintering temperature allowed for
the 20um stan@lone dense layer, of a more intragranular fracture nature. Shortening

the sintering time, as iRigure40, by a full hour still resulted in a fully dense structure.
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Observing through backscatter mode of the same structbiguire40 shows scattered
darker grains within the structure, which EDS indicated as containing high tantalum
content. Raman spectroscopy of the garnet similarly displayed a high tantalum
character, seen through the peak around 73Qcm certain scans. Taken together, this

indicates that, while well densified, additional time is required to allow for diffusion to

make uniform dense garnet.

C) Eg — 2 hour 1125*C
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e L4 A e ——— 3 hour 1125*C excess Lithium
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Figure40. A) SEM and B) backscatter for thin LLZT sintered 2 hours and C) Raman
Spectroscopy comparing sintering conditions.

6.1.3 Phase

I ndexing of LLZT sintered at 1115 und

carbonate powderbed indicated nearly pure cubic phase garnet, with a small amount of
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' ithium carbonate remaining. MhddaG® i ndexi n
from the clay affixing the sample to the sample holder and graphite remaining on the
surface from the powderbed were observed in addition to cubic phase garnet. Intensity
forgarnetr el at ed peaks in the 1150 samgel e wer e

observed for 1115

= 16y — 1115°C Observed —— 1150°C Observed

2 ——1115°C Refinement —— 1150°C Refinement
[ ——LLZT-CIF

== 08 T

g < Fl e
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Figure4l XRD spectra for thin LLZT sintered 1115 under ar gon f | ow.

6.2 Conductivity

DC polarization displayed an increase in electrical conductivity with
temperature i ncr eas e dFjgureMPAt After hohneliziogudr | i er of
sample thickness and electrode area, this was determined to correspond to an electrical
conductivity of 2*101°S/ ¢cm at 25 ¥Sdmdn 2at5%BH0, placing i
previously observed values for bulk garnet, but around those for single crystal and
above the theoreticfl48], [149], [150], [151], [152], [153]Noise in the measurement
was noted to occur when either the environmental chamber blower began turned on or

other channels performed EIS and are thus not attributed to issues with the samples.
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EIS, performed on the cooling cycle after heating for polarization, displayed an
apparentincreasedixnt er cept value, here taken as
an increasing presence of electradgnet interfacial component complicates the
impedamce. At -ilBt en hep tkcooesportdd tocPti®/cm, a little
below the 1¢ S/cm common to most LLZT samples.iJlan be attributed to the low
tantalum dopant concentration, and argon sintering environment. Taking these factors
into account the observed lithium conductivity is within the range observed in
literaturg154], [155] Future dopant optimization and possibledaping should be

able to push this conductivity high#s6], [157], [158], [159]
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Figure42. A) DC-Polarization, B) EIS with part of the Warburg tail removed, and C)
Arrhenius plot of the calculated ionic and electronic conductivities from 8 um LLZT
using gold electrodes over a range of temperatures.

6.3 Cell Testing

6.3.1 Lithium Symmetric

Cycling lithium symmetric cells with dense garnet electrolytes similar to those

shown inFigure39D is displayed irfFigure43, with initial capacity scaling with current
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until reaching 10 mAh/cf Currentvoltage response remained proportional through
the first current ramghrough 20 mA/crfy as seen ifrigure43, with no indication of
shorting. The cell was then allowed to plate and strip lithium for another 1900 hours at
8 mA/cnt and 8 mAh/crifor another 1900 hours, in which time an external electrical
event caused a sudden spike around hour 1400. During this time there was fluctuation
in the voltage tentatively attributed to active area lost and regained, as will be addressed
in discussion okIS. After 2300 total hours of cycling a second rate test was performed,
shown in the second inset &igure 43, which would continue until failure. The
resulting voltage response to current continued proportionally through 60 mA/cm
Increasing to 75 mA/cfrsome noise becomes apparent in the voltage response, along
with a slight increase in apparent resistance relative to previous rates. While initial
voltage response to 100 mA/€rappeared proportional to 75 mA/gnthe voltage
dropped significantly shortly into the cycle, below what would have been proportional

to previous cycling, indicating probable short of the cell.
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Figure43. A) Lithium symmetric cycling for thin, 6 um, dense LLZT, with two insets
for the two rateests performed. Insets are from around the end of their respective
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ratetesting. B) Arial specific resistance (ASR) is calculated directly from cycling
data. C) ASRdense layer thickness comparison adapted from Hitz2&t] alvith

individual references given in Hitz et al. This work is the green point, with blue
points from Hitz et al, black points referenced by Hitz et al, and red dashed line
calculated as ASR of commercial 18650 cell in supplementary information by Hitz et
al.

During the constant 8 mAh/é8 mA/cn? cycling, EIS was incorporated into
the cycling parameters every 100 hours. Nyquist plots from this EIS displayed
inductive behavior followed by antirtercept with a single arc as observedrigure
44. Inductive tail observed is attributed to a combination of the wires, current
collectors, and lithium electrodes, especially given the diffusion lengths in these metal
components relative that of the garnetinkercept was taken as conductivity of garnet
grains, with grain boundary resistance taken asaoorributing given the largely
single grain thickness microstructure such as was shoWwigure39D. Conductivity
from these assumptions were consistent with literature values for Tardajued
garnet conductivitji51], [153], [160] at 10* S/cm. Thus, the remaining arc is taken
as the interfacial transfer of lithium between garnet and metal. This is further confirmed
by the apparent peak frequency of the arc around 40 kHz, which closely mirrors
previously published data on ALD alumina cahgmrnet pellets of 10 kHZ7]. The
frequency shift observed could be attributable to improved interface from shorter air
exposure time, increasing the surface area without carbonate in the final structure, or
from change in composition of the garnet itself.

As the shape of EIS responseHigure 44 remained consistent, only shifting
with proportionally increasing or decreasing arcs, the previous attribution of observed

resistance change during cycling to loss and rewetting of active area within the cell at
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high rates is further supported. EIS performed after the secontksateowever, did

not retain this same shape. This Nyquist plots, the left indeéigure 44, maintained
some of the inductive behavior andmntercept with possible garnet conductivity, but
continued trending largely up into negative imaginary impedance and towards the y
axis instead of retaining the characteristic interfacial arc. In conjunactiih

previously mentioned voltage drop and shaky voltage, this change in EIS was taken as

confirmation of shorting of the cell.
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Figure44. Nyquist plots for EIS of lithium symmetric cell using thin LLZT
performedduring 8 mA/cm-8mAnh/cnt cycling and after the second rate test.

6.3.2 Lithium-NMC Cycling
Symmetric charge/discharge current density cyclingrobim metatthin dense

garnetCelgardNMC using LiPFs EC/DEC displayed high capacity, reaching 215

mAh/g at 67 pA/cm2 after initial formation cycleSelgard was incorporated in these
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cells to provide mechanical support for the thin cera@apacity remained high, once
again 215 mAh/g, and consistent through cycling at 0.14 m#A/evith capacity
retention dropping significantly when pushed to 0.244 mA/&ushing current further
to 0.49 mA/cm and 0.81 mA/craresults in similar capacity decay, along with less
stable coulombic efficiency. Returning current back down to 0.14n?damot abate
this capacity decay rate nor loss.

Utiliziha CGCV cycling profile based wupon
profile, the lithiumthin dense garnéeiMC cell with Celgard and LiRFEC/DEC
increased charge and discharge current similarly until 0.55 ntAfpeting, where the
constantcurrent step for discharge would continue to remain at 0.39 nfAkdigh
capacity of 220 mAh/g was achieved at 0.1mAfcwhich dropped to 205 mAh/g at
0.2 mA/cnt though this remained highly stable. Increased current beyond this resulted
in continued capacity losshdaugh at a mucheduced rate when compared to the
previous cell. Chargdischarge voltage profiles for this cell retain similar shape, except
for shifts caused by increased resistance at higher rateigune 45C until current
exceeded 1 mA/cfn where the constant voltage step of the charge cycle took
increasingly prominent role. Upon increasing charge current to 2 niAVataally the
entire charge cycle was constant voltage, with the set current becoming the starting
point from which it would decay. Even under this extreme charge profile, the cell
retained discharge capacity of 175 mAh/g, and only dropped to 160 mAilgg w
putting this starting current as 4 mA/&nReturning the charge current back to 0.4

mA/cn? to make the profile symmetritche lost capacity did not return, but the
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discharge capacity lost between cycles became much less than under high charge

currents.
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Figure45. Cell voltage profiles and cycle dischargmulombic efficiency for
lithium metatthin dense garnetelgard1M LiPF6 EC/DEGNMC622under
symmetric cycling A) and B), with the current reported relating to charge and
discharge, and asymetric current C) and D), with reported discharge current capped at
0.39 mA/cnt once reached.

Initial EIS of the lithium metathin dense LLZFCelgard/LiPls EC/DEGNMC
622 displayed a | ow i mpZ%(@guredteAftersyclingght | y u
the total i mpedance was observed t?% have
The majority of this growth was observed to have occurred in the middle to high
frequency regieme shown as 100 Hz has shifted from near the Warburgttel to
middle point of the impedance arcs. Discussion of EIS and DRT of-gobdistate

garnet batteries in previous sections indicates this growth in impedance to be largely
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related to cathodeatholyte interfaces, with some of the growth in impedance at

slightly higher frequency to be solid electrolyte to liquid electrolyte interface.
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Figure 46. EIS pre and post cycling of lithium metathin densd.LZT-
Celgard/LiPFs EC DEGNMC 622using CCGCYV cycling

6.5 Conclusions

Thin dense garnet electrolyte was successfully synthesized directly from low
reactivity precursors, pushing bulk synthesis methods towards the limit fethimon
film methods. Phase purity, microstructure, and effect of sintering environment was
studied via X®, SEM, and TGA/DSC. Extremely areal high rate of 75 mA/oras
achieved in lithium symmetric cycling before failure. Lithium medC cells

achieved 220 mAh/g at 0.1 mA/énand 160 mAh/g at 4 mA/chwhen using
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asymmetric current cycling. Development of such thin garnet from simple precursors
and bulk, scalable methods provide a single pathway to both lower materials cost while

improving energy density and rate capability.
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Chap/terAddi ti onal Wor ks

7.1 Garnet Composition, its Effect on Sel&bermal Properties and Secondary

Phases, and the Minimization or Removal Thereof

7.1.1 Effect of Composition of Secondary Phases Present

When making ceramic structures one of the key metrics of is phase purity.
Understanding phases presemstoften this comes through methods such as Rietveld
refinement of XRD spectra after peak identificati®aman spectroscopgnd Xray
photoelectron spectroscopfowever all of these methods have crucial drawbacks.
XRD typically requires the phases to be crystalline and a certain volume fraction of the
material for the method to detect impurities. Thus-arystalline, small crystals, or
small volume ffaction impurities are not well detected. Raman spectroscopy, while
more fundamentally observing bonds through their excitatiather than diffraction
requires that the impurity is either easily enough visibly distinguishable via optical
microscopy or prevalent enough that they are likely to be observed in random spot
scans without causing fluorescence. SEM, especially with additionairuiéthods
such as backscatter mode and EDS, can be a powerful tool in discovering whether
secondary phases are geat and what element are present.

To illustrate thisFigure47 shows a toglown view was taken of an LLCZT
bilayer, on which several discolorations can be observed. These can be split into two
different discolorations: wide, light gray diike phases and black fraciéfe phases.

EDS determined the first to be hien calcium relative to the pure garnet grains, while

the fractals only displayed carbon and oxygen in EDS indicating lithium carbonate

given the detectords inability to detect
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Figure47. Surface SEM images of LLCZT bilayer A) and zoomed in image to display
secondary phases present.

7.1.2 Effectivity of removal methods

In literature acid etching and thermal annealing processlled carbonate
removal are used to aid lithium wetting via removal of surface carbonate gF@gijes
[74], [75]. Figure48 compares effects afarbonate removaind acid etching. After
carbonate removabne secondary phase remained readibyservableon the garnet
surface EDS determined that despite the microstructymeearingsimilar to lithium
carbonate, tis phase was calcium rich. Cresectional SEM of the same sample
displayed a new Zrich phase between grains. Taken together it would seem that
calcium was likely leached from the sample resulting in some local breakdown of the
garnetstructurelnitial 90 second etching using diluted HCI, secondary phase was not
readily observed. However, the gals had oveetched resulting in significant void

formation in dense layeendering the bilayer not usable.
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