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Abstract

To achieve a fast transition to renewable energies and electrification of vehicles, developing safe,
high energy and power density storage is detrimental. The use of lithium metal anodes in
combination with a solid electrolyte in solitiate batteries cadiloffer exactly this combination.
Traditional liquid electrolytebasedbatteries soon reach their physicochemical limit in terms of
energy and power density, as side reactions and dendrites limit these cells to graphite as the
anode instead of lithium. Unlileolid-state batteriedithium-ion batteries furthermore pose greater
safety concerns due to the risk of leaking and high flammability. However, while promising,
ensuring a safe implantation of electreddfl electrolyteinterfaces is still regarded as the key
challenge to overcome. Whereas highly resistive interfaces are the major concern for the
cathodejolid electrolyteinterface, morphological issues such as dendrites and contact loss limit the
anodegdolid electrolyteinterface.

It was shown that a slow vacancy diffusion within lithium metal inherently limits the applicable
current density for dischargindithium metal anodeFor every lithium atom stripped, an electron

and a vacancgreleft behind within thdithium metal anodelf the vacancy injection rate due to

the discharge current is higher than the rate of lithium replenishment by diffusion or plastic
deformation, the vacancies will accumulate at the interface and form resistive pores. Another
challengds the control of lithium morphology upon deposition, be it either on a lithium reservoir
or on a metal current collector. Frequent issues include the penetration of lithium iswidhe
electrolyteby the formation of dendritic structures or a veryehegeneous islarlike growth,
drastically limiting cell cyclability.

Therefore, thisdissertationfocuses on understanding and mitigating the morphological issues
linked to the use of metal anodes and their impact on battery operation. First, however, th
interfacial degradation of the used model system dfidi$AloodasZr.O1,|Li was investigated
using X-ray photoelectron spectroscopyd impedance spectroscopy. After finding a neghgibl
thin interphase, several strategies were employed and investigegarding their success in
compensating or even suppressing pore formation during anodic lithium dissolution. This includes
altering the lithium metal grain structure, dispersgiagoon nanotubesto lithium and using ionic
liquids as pore filling agets. Especially the latter two methods yield a strong improvement in
dissolution capacity to 20 mAh cnr?. Moreover, the lithium morphology was investigated during
deposition on a metal current collector in dependence of the applied current densitytaind me
thickness by developing a novel technique. A direct operando visualization of lithium growth below
a thin metal current collector using an electron microscope alltveedbservationf the lithium
nucleation density as a function of current density

Overall this dissertationexpandsthe knowledge on morphological challenges occurring at the
Li|solid electrolyte interface during discharge and lithium deposition at metals during charge
without the presence of a lithium reservoir. Based on this knowledgeral mitigation strategies
were developed and investigated, paving the way for future optimization to mitigate and
compensate morphological instabilities during operation inherent for lithium euedales For
example, it could be shown that it mighe hecessary to shift away from pure lithium metal to
anode composites, as a means to tailor both the é&elgetrochemical and mechanical properties

to the desired application.






Zusammenfassung

Um einen zugigen Wandeu erneuerbaren Energien und eine einhergehende Elektrifizierung von
Kraftfahrzeugen zu schaffen, sind sichere Energiespeicher mit hoher Enedylesistungsdichte

von enormer Relevanz. Durch die Verwendung von Lithium als Metallanode kdnnten Feststoff
batterien mit einem festen Separator genau diese Bedingungen erflllen. Batterien mit flissigem
Elektrolyten werdeméamlichbald ihr physikochemisches Limit erreicheia diese aufgrund von
chemischer Degradation und Dendritenbildumgif die Verwendung von Graphit als
Anodenmateriadbeschrankt sind-eststoffbatterien hingegen bieten bessere Sicherheit, dalkeine
Komponenten entflammbarsind oder gar auslaufen k&nnen. Trotz vielversprechender
Eigenschaften gibt edlerdingseinigeHilrden zu Uberwindemevar eine sichere Implementierung

von Metallanoden in Feststoffbatteriedglich ist Durch die feste Natur der Separatoren limitieren
morphologische Probleme wie Kontaktverlust und Dendriten die Stromstarke an der
Li|FestelektrolytGrenzflache.

So konntegezeigt werden, dass die langsaimeerstellendiffusionin Lithium inhérent die
Entladestromdichte limitiert, da fur jedes oxidierte Lithiumatom diperstellein das Metall
induziert wird. Ist jedoch die Rate des Lithiumnachschubs zur Grenzflache geailsgdie
Leerstelleniduktion, akkumulieren diese sich zu resistiven Poren an der Grenzflache. Eine andere
Hurde ist dieungleichméaRigd.ithiumdeposition sowohl auf einem Streammlerals auch auf
einem Lithiumreservoiwahrend des Ladensypischerweise bilden sich heterogene Morphologien
aus, welche durch Dendriteader Inselwachstum die Zyklisierbarkeit der Zelle limitieren.

Der Fokus dieser Doktorarbeit liegt daher daraah Einfluss von morphologischen Problemen
und etwaigen Vermdungsstrategien auf die Batterieoperation zu verstehen. Zunéchst wurde dafur
ein geeignetes Modellsystender Art Li|Lis2sAlo2dasZr.012lLi  prapariert und mittels
Rontgenphotoelektramspektroskopie und  Impedanzspektroskopie  untersucht.  Nach
Sicherstellug vernachlassigbar dinner Grenzphasen wurden verschiedene Strategien zur
Unterdriickung und Kompensation der Porenformation untersucht. Dabei wurde die Mikrostruktur
des verwendeten Lithiums gezielt kontrolliert, Kohlenstoffnanoréhrduithium dispergiertoder
ionische Flussigkeiten als Mittel zur Porenkompensation eingesetzt. Insbesondere die letzten zwei
Moglichkeiten fuhrten zu einer erfolgreichen Verbesserung der Entladekapazitat auf
> 20mAh cn?, Darliber hinaus wurde auch die Lithiummorphologie bepdsition auf einem
Metallableiter in Abhangigkeit der Stromdichte und Ableiterdicke untersucht. Eine neu entwickelte
OperandeMethode erlaubte dabei die Visualisierudgr Lithiumkeimdichte als Funktion der
Stromdichte mittels eines Elektronenmikroskops.

In dieser Dissertation konnten die bestehendesrphologischen Hirden bei der Metall
abscheidung unéuflésung in Feststoffbatterien definiert und analysiert werden. Basierend auf den
gewonnenen Erkenntnissen wurden neue Konzepte zur Unterbindung defoPaa&ion
untersuchtum die Realisation und Optimierung von Metallanoden voranzubringen. Beispielsweise
kdnnte es notig seirstattsich auf reines Lithium auf Anodenkomposite oder Hybridkonzepte zu
fokussieren, da es dadurch mdglich ist, sowohl dietrelelkemischen als auch die mechanischen
Eigenschaften der Anode gezielt auf eine mogliche Anwendung zuzuschneiden.
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1 Introduction 1

1 Introduction

According to the International Panel on Climate Change (IPCC), every tenth of a degree Celsius
more of an increase in average glotemperature has enormous consequences and results in a
variety of huge progressively worsenvironmental catastrophédt is therefore worthwhile to
reduce greenhouse gas (GHG) emissions and limit ®irohange as best as possible, even if
insufficient with the necessary proposals to limit global warming to 1.5 °C as decided per the Paris
Agreement

One puzzle piece in limiting the GHG emissis the use of rechargeable batteries for energy

storage in vehicles or smaltale grid systems. By switching from a vehicle with a traditional
combustion engine to a battery electric vehicle (BEV), the overall energy efficiency can be
drastically improed by roughly 8®. Addi ti onally, depending on th
mileage a decrease from &2 % of GHG emission is predicted for electrifying vehicles, due to

the more efficient use of renewable energy soutces.

Although a wide variety of different battery types used in technologies todaljthium-ion
batteries (LIBs)with liquid electrolytes (Es) dominate the overall market share of high energy

high power batterie¥® However,LIBs are expected to reach their physicochemical limit in terms

of energy dasity soon. Unlike LEs thougisplid electrolytes (SEspay enable the use of lithium

metal as the anode materidlpffering a higher safety by decreasitigg flammability, risk for
leakages and mechanical penetration by dendit€slid-state batteries (SSBs)ould therefore

not only increase the safety of the eastetok, but
potential and highst specific capacity®!! Another benefit when using an SE is the possible
increase of the cells power density or rather rate capability. The reasonS&thhave a transfer
number of lithium ion®  of virtually unity and exceed the ionic conductivity of LEs. This limits

the polarization that can occur during (dis)charging since no anions migrate as in the case of LEs.
Therefore, striving for SSBs the next logical step for battery technology in terms of safety, as
well as energy and power density.

Despite the advantages accompanied by the use of SEs, they chemically react with lithium metal.
This can either be in the form of a shihiting solid electrolyte interphase (SEI) or a continuously
propagating mixed conducting interphase (ME&ff No practically relevant SE with high ionic
conductivity is thermodynamically stable in combination with lithium met&br example the
argyrodite LiPSCI forms an SEI with a thickness of1®0nm!? Other promising SEs such as
Li1sAlosGers(PQy)s (LAGP) will even degrade completely, forming a nthick MCL.'? Only
variants of cubid_izLasZ,012 show a virtually stable intéace towards lithium metal, as the SEl is
limited to a nmthin layer of only a few unit celf&:!56 Additionally, lithium will form an
inhomogeneous and uncontrollable surface passivation layer even in glovEdéwdst further
complicates the cell preparation. This motivateg sol | e df Mee®@ deel | s, i n whi
plated during the first charging st&p.

Di fferently dpeken,ceild sidrhedd i thium reservoir
cell assembly¥2* which is why this concept is referred to as a reseifve& cell (RFC) within this

work. This concept works, as cathode active materials (§Aké usually synthesized in a lithiated

(or discharged) staté?3 Excluding lithium loss mechanisms, a lithium reservoir hence onlg add
unnecessary weight tocell. In an RFC, the lithium anodettsereforegenerated by depositing the

metal diredy on the current collectqCC) during the first charging step. With this cell design, the
challenging and expensive handling of lithium foil and its surface degradation is avoided.
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Moreover, the time for a reaction to occur between lithium and the SE is limited and begins upon
cell cycling instead oflirectly after assembly. Although songgoupsseem to have solved this
issue?* it is yet additionallydifficult to properly control the lithium growth to a desired film in
RFCs1o2

Anotherchallengethat is present in both traditional SSBs and RFCs occurs due to the stiff and
brittle nature of inorganic SESs, since they cannot compensate volume changes of electrode materials
during cycling®?52¢ Contactissues between electrode material and SE are the most important
challenge in order to realize a competitive SSB, independent from the presence of a lithium
reservoir. For example, even ductile SEs suclfi-a&PS, or LisPSCI cannot compensate the
contracton of nickekmanganeseobaltoxide (NCM) particles during discharge, which leads to
partial loss of contact within theathodeand therefore to a capacity fadiftgSecondary NCM
particles are also prone for cyclimpuced cracking, which is not compensated by aftawing

SE?’ Several concepts to mitigate contact issues in composite cathodes exist, such as immense
stack pressure€ . careful structuralengie er i ngstof aifz @ r ® e*otmateridle mat er i
combinations?

Contact issues are unfortunately not limited to the cathode side and cathode corbposites

occur at metal anodes. For example, the formation of pores during discharge (stripping) is
frequently identified as the curreliniting step, as it will ultimately lead to a contact loss between
thelithium metal anodéLMA ) and SE. Krauskopf et. identified & insufficientvacancy diffusion

within lithium metal as the reason for pore formatidf® For every oxidized l-atom, a Liion
transfers into the SE, which forms a vacaatthe interface. If the rate of replenishing lithium at

the interface is lower than the rate of vacancy injection via stripping, they will accumulate at the
interface and form micresized pores. The effective electrode area is subsequently decredsed an
the local current density is increased, which facilitates even faster growth of already existing pores
until most of the electrode has lost contact to the SE.

The formation of poreat the interface additionally acts as the main precursor for dendrite
initiation.3* After pores have formed on onkeerode and the current direction is switched during
cycling, lithium deposition needs to take place at the already porous interface. This leads to a strong
increase in local current density apassibly to thegrowth of lithium filaments into the SE. As
shown for both sodium and lithium metal electrodes, pores are only refilled to a low extent by
deposited lithium and will continue to grow upon further stripping stefiendrites will then

either dynamically grow and are dissohaaghinor directly shorcircuit the cell during subsequent
cycling. This showshtat the issue of shecircuiting due to the formation of dendrites is only of
secondary nature, since it is heavily facilitated by the prior growth of pores at the interface. It
therefore needs to be investigated how to influence the pore formatosibly even avoid it.

Key parameters influencing the pore formation are the applied current density during stripping and
stack pressure. The former is pretty simple, the higher the applied current density, the higher is also
the rate of vacancy injectiontmthe metal. However, as the rate of replenishing is rather unaffected
by the applied current, pores will grow earlier durithg stripping processfor higher current
densities, which has already been experimentally confifd&®n the other handressureawill
introduce a third factor and iokence the balance between vacancy injection and lithium
replenishment. When stack pressure is applied, creep within the metal is enhanced. And, if the
pressure exceeds the LMAs yield strength, lithium can plastically deform to suppress the formation
of pares. However, the pressure required to suppress pore formation of practically relevant current
densities =L mA cm? is with several MPa too large to apply in practical cells, requiring more
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suitable solutions. Lowering the pressure while simultaneousigasing the discharge capacities
for LMAs is possible, e.g. by 3ihterfaces’ employinganionic liquid (IL) as a pore filling agef
or altering the LMA by alloying or mixing with other componefit&’

In thisdissertationmorphological and chemical changes at the Li|SE interface and their respective
impact on the LMA performance in SSBre investigated. Novel concepts, such as ukiagn
otherwise alsolid batteries ocarbon nanotubes (CNTa&jthin the LMA as means to mitigate pore
formation during discharge are investigated via operando etéetnical measurements and
electron microscopy. Paired with a detailed analysis of lithium growth morphology, this work
presents an important part in guiding future anode development for SSBs.

In publication 1 of thiglissertation t iKinéti@vérsuBlhermodynamic Stability of LLZO in
Contact wit h, theiextehtiofudegrabéotatathe d.ilie 25Alo.29-a3Zr,012 (LLZO)
interface was investigated in dependence on the energy input ditiningn deposition. Therefore,

thin lithium films were depsited using (i) sputter deposition (high energy), (ii) electveam
physical vapor deposition (low energy) and (idperando electrorbeam electrochemical
deposition. It was shown thathin interphase only forms when a kinetic barrier is overcome, e.g.
by lithium sputtering with high kinetic energy (0.1L..0eV). This work therefore gives closure to

the reoccurring question, whether lithium and LLZO are stable when in contact or not. Gained
insights help to optimize the future fabrication of stablerfaces or design of interlayers to enable
LMAs with SEs.

In publication 2 of thidissertation t iCuriemt@epefident Lithium Metal Growth Modes in

0 An &d e e 6 -StaedBhtiertes at the Cu|LLZOnterface® , the morphol ogy ¢
deposition attlte Cu|LLZO interface ifRFC designs is investigated in dependence on the applied

current density an@Cthickness. To investigate the lithium growth morphology in operando during

plating, a novel technique was developed, where small and:dipiperpatcheswere contacted

inside an electron microscope and growing lithium visualized during deposition. It was shown that

the nucleation densitstrongly increasewith higher current densities and that thick (> 5 | ©Qs

are necessary to suppress a penetratiereti. Ultimately, this work paves the way for future
optimization of the CC|LLZO interface and deposition parameters to successfully enable the growth

of homogeneous lithium films within RFCs.

Publication 3 5 of thisdissertatiorinvestigate different ethods to overcome the pore formation
during stripping at metal electrodeghich to date limitshe applicabledischarge current dengit

I n publ i ¢ a@vereoming3Anodet Instadility ith SdfiState Batteries through Control of

the Lithium MetalMicrostructuré@ , an i nfl uence of the microstru
properties was observed. It was shown that lithium with large grains is beneficial for the stripping
properties when no pressure is applied to the cell. However, ffassible to apply stack pressures

in a cell system (e.g. 2 MRagmallgrained lithium is superior in resupplying lithium to the

interface during stripping, since dislocations and grain boundaries enhance the lithium transport
throughNabarreHerring creemand plastic deformation.

I n publ i c aincreasing the Prassufede Staippiriy Capacity of the Lithium Metal
Anode in SolidStateBat t eri es by Carbon Nanotubesd CNTs
compositeanode This material proved to be [gerior to pure lithium without the application of

stack pressure, as it increased the discharge capacit0mAh cnt? through expanding the
dissolution process from onlgt the interface to alsan the bulk of the LMA. A change of
mechanical propertiesf the anode material was also investigated in detail and correlated with its
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electrochemical performance when stack pressure is applied, paving future optimization of anode
materials to perfectly fit the respective battery systems and mechanical bocmgitions.

I n publ i c a tWorking Pringiple tofi an lloria Liqdid Interlayer During Pressureless

Lithium Stripping on Lé 2sAlp2dl@3Zr,012 (LLZO) GarnetTy pe Sol i d El ectrol yteo,
using small amounts ohd E at the interface waswestigatedvith regard to its ability of mitigating

pore formation during discharge. It could be shown that pores at the interface can be compensated
reliably by a flowing liquid to enhance the discharge capacity. This fundamentally challenges the
academiosiew of cells necessarily having to be strictlysilid, as hybrid approaches may prove

to be superior in the end.

Overall, the presented results within tHissertatiorstress how ensuring good contact between the
solid electrodes anithe separator i9oth of utmost importance to guarantee a well cycling battery
and simultaneouslyvery difficult due to physicochemical limitations. Furthermore, the lithium
growth morphology in RFCs was investigated in dependen€€ahickness and applied current
densty, for which a novel operando SEM method was developed, allowing the direct visualization
of lithium growth at themetal|SEinterface. Additionally, different mitigation strategies to avoid
contact loss due to pore formation while stripping are conceameldpresented, showing great
potential to increase the anode discharge capacity to o28mtAh cn?. Fundamentally, this
dissertation shows that it may be impossible to achieve good dissolution performance
(> 5mA cm?, >5 mAh cn) with a simple planaLi|SE interface and no applied pressure, which
warrants an extensive assessment of mitigation strategies.
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2 Fundamentals

This chapter serves as a brief summary of the scientific knowledge already present in literature
regarding the reactivity between lithium and Sswever, hemainfocus isputon morphological

issues arising when stripping or plating lithium at metaitedeles. Special attention is given to the
pore formationduring discharg of a cell which is identified as the key bottleneck for the
implementation of practical SSBs with LMAs.

2.1 Reactivity of Li|Solid Electrolyte Interfaces

2.1.1 GeneralClassifications of th Interface Stability

The practical stability between lithium arath SEdepends not only on their thermodynamic
compatibility but also on the kinetics of possible degradation reactions. Thermodynamically, most
promisingSEsare not stable in contact withHium.*44! However, despite nearly all SEs being
thermodynamically unstable, they differ greatly in their interface propérntiesmbinationwith

lithium electrodesWhereas thiophosphate SEs react with lithium by forming thick interphases or
even continuous bulk reactions, LLZO and its variants are virtually skaleanometethick
interphases$>1%42To answer this striking difference, the nature of the forming interphase needs to
be analyzed, which can be one of the following three cases as depiEtgdrail.'***These cases

are generally possible, independent of whether the driving force for the reaction is of chemical or
electrochemical naturg.

e eX Je)

S ALALALALL NEMNEERE A &
v v v v v * Li'
[ Y A T I *‘

Solid electrolyte X+ o=

Me“"—me™ M|

Figure 1. Three types of possibilities at the Li|SE interface: a) thermodynamically stable without
any interphasdormation b) an MCI and c) a solely ionically conductiveEl. Reproduced with
permission fronmeferencel3. Copyright 2015 Elsevier.

If the Li|SE interface ishermodynamically stablas schematically depicted in Figure ha SE
reductionoccuss when in contact with lithiumAs lithium has the lowest electrode potential of
-3.04V versus the standard hydrogen electratteu et al.predict thatsolely some binary lithium
compounds like LiF, LiCl or LN fulfill this condition'* No practically relevant SBwith
conductivities >1 mScnt! is thermodynamically stable in contact with lithium.

An MCI as shown in Figure 1orms when the reduction productdé the degradatiorare
electronically and ionically conductive. The consequence of such an interphase composition is that
it will continuously grow with time and possibly consume the whole electrolytan IMCI
formation betweenraSE and lithium is not severely kineticatindered, the use dhat SE in
combination with lithium can be ruled out completely du¢hhigh resistance o thick MCI.

One prominent example is the reaction of ail«Ti2x(PQi)s (LATP) SE in combination with
lithium, which prompts the reduon of Ti** to Ti° and thereforeinducesa large electronic
conductivity to thecontinuously formingnterphasé?4°
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The third possibility is an interphase composed of solely ionically conducting preguséen in
Figure 1c This means that an initial reteon occurs but is selimited to a very thin layer. The
thickness of such an SEl is still topic of recent investigations, but can vary by a large margin in
dependence of the material system. For example, the SEI between the argysRH€l Lis
measued to be around 150 nm uime-of-flight secondanjon mass spectrometrf §FSIMS).12
However, many LLZO based SEs show sathin SEI of only a few unit cells that they were long
thought to be thermodynamically stable in contact with lithium nét&Note that the concept of

a fully electronically insulating interphase is usually not correct when talking about SEls. However,
in cases where the electronic conductivity ahe interphase growtlis negligible for the
application, the term SEl is used.

2.1.2 Reactivity of Li|LLZOM-Interfaces

This chapter focuses on the much discussed and analyzed stability of lithium versus LLZO and its
variants. Note that while LLZO generally refers to pentanarycubic compound such as
Lis.25Al 0.29-a3Zr,012 Within this thesis, Chapter 2.1.2 uses the notation of LLZO:M to specifically
describe what element is substituted into quaterhauyasZr.012 due to its relevancy on this
specific topic

Li7LasZr.O12 is expected to have a reduction potential of 50 mV versukilwith the formation

of Zr or Zr;0, LaOs and LpO at lower potentials' However, practical examples show that some
pentanary materials, sues LLZO:Al and LLZO:Ta are virtually stable in contact with lithium
metal and do not exhibit any interfacial impedance associated with charge transfer or an
interphasé:193246X -ray photoelectron spectroscopyRS) results and impedance analykigther
indicate that the stability of LLZO is strongly dependent orstiestituents used for stabilizing the
desiredcubic crystal structur¥. For example,Li|LLZO:Nb shows an increase in interfacial
impedancewith time underlined by a strong reduction of*Zand NIB5* shown by XPS. Another

work shows the continuowmndpronouncedeaction ofLLZO:Ga with lithium metal*® which is
thereinexplained bythe tendency of lithium to alloy with gallium

However the stability ofthe most commdy usedvariant, which id. LZO:Al, with lithium is still
debatedOn the one hand, several works employing electrocheimpaldance spectroscopy show
that there is no timdependent growth in impedance and consequantindication foiinterfacial
degradatiori?3"4%50Additionally, carefully conducted TeBIMS cepth profiling also cannot find
evidence of the formation of any interphase betwikium andLLZO:Al .*> On the other hand,
transmission electron microscophdE§M) and XPS investigatiorgrove the existenasf a very thin
interphase with an oxygen deficienevhichresulsin atetragonal LLZOayer.*>4’

Closure to this discrepancy could be brought by comparing the Li|LLZO:Al interface when lithium
is deposited wit different techniques. It could be shown that when the energy input during
deposition is high, for exampbiuring sputterdeposition a more pronounced interphase resulting

in Zr** reduction is observel.If instead a method like electrdseamvapordeposition is chosen
where the energy input is lower by more than an order of magnitude!'medirction was observed

using XPS. A question that sulgseently arises ig what capacityhis affects the electrochemical
performancee.g resistancef the interface. Impedance spectroscopy carried out on Li|LLZO:Al
interfaces could show that there is no difference between cells in which the electrode was
electrochemically plated beforehand, sputtered or deposited by ekbetaom vapor deposition.

This means that either the resulting interphase has no effect on charge transfer or that the
overvoltage during impedance acquisition is alreadificient to form the interphase in cells
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previously cleathereof. This therefore presents a confirmation that the Li|LLZO:Al interface is
virtually stable and well suited for practical applications and model studies alike.

Another interesting concept is the deliberase wf miniscule changes of the LLZO surface
chemistry For example, it could be possible to introduce dopants at the interface to control which
degradation products form and which properties the SEI will have. One recent work explores this
concept by a ptonation ofan LLZO:Ta surfacéLi*/H* exchange), whicin contact with lithium

leads to the formation of the insulatingTaQs phase instead @onductiveTa metal as one of the
degradation productd. Steering the degradation from electronically conducting Ta metal to
insulating LkTaQy therefore changes the interphase frastosv butcontinuously propagating MCI

to a selflimited SEI. Unfortunately, the influence on the electrochemical properties is difficult to
assess, since the LLZO surface morphology is changed by protonation as well. However, this
concept is still promising to tune the degradation of SEs imacomtith lithium without changing

the bulkelectrolyte especially as largscale ion implementation techniques are already available
to control the surface concentration of dopafé.
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2.2 Reservoir-Free Lithium -Metal-Batteries

Previousworkswere able to show, that a clean and pristine interfsetween lithium anan SEs
possible in model systems by carefully preparing lithium foils and attaching these to the SE at
extreme pressures of300MPa32*>While this is a suitable system for the scientific study of the
interface kindts, largescale systems with regards to a possible application require a scalable
solution. A possible way to circumvent the need for handling lithium metal and simultaneously
limiting the reaction with the SE is the use of acsa | | e d-f M & & rdigueatioh. Therein,

the lithium reservoir is not present during fabrication but rather deposited in the first charging step
of the cell. The following chapter therefore deals with@@_LZO interface with regards tthe

very first formation step iRFCs.

2.2.1 Working Principleof RFCs

Usually, SSBs are assembled usingSEkseparator, a cathode composite and lithium metal as the
anode material. However, as CAMs are manufactured in a lithjdischarged) state, the lithium

foil on the anode adds unnecessary weight and volume since the cell cannot be further discharged.
Therefore, RFCs are simply assembled with a m@gabn the anode side. The lithium anode is

then formed in the first chargirstep by delithiating the CAM as depictedrigure?2.

Li plated
in first charge

delithiated
CAM

Figure 2. Schematidepiction of the charging process in &SB witbut lithium reservoior RFC
By omitting the lithium reservoir, an increase of aroundd % energy density can be achieved.

Promisingresults on RFCsvere published by the company QuantumS&apeho showed the
possibility to charge 13.8Ah cm? with 3.3mA cm? at 25°C and 3.dar at a planaCu|SE
interface. Itis, however, not clear based on their data if a thin lithium reservoir was plated under
milder conditions beforehand or if lithium was plated directly ontaQ@ealuring charging.

Another promising conceptire carefully engineered silvararbon compositeCCs®% By
incorporating silver nanoparticles into a carlmagitrix, it is possible to deposit20 pm of lithium
reversibly, which is close to the practical target set by Albertus et al. of 38 However, the
working principle and reason for the benefigiroperties of the silverarbon anodes has yet to be
fully understood. To elucidate the working principle of such tdiesensional concepts, first the
deposition at planametal|SE interfaces has to be thoroughly understood on a physicochemical
level.
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2.2.2 Advantage®f RFCs
i. Higher Energy Density

By removing the unnecessary weight of the lithium reservoir upon cell assembly, the volumetric
energy density of the cell can be increased up & ihen considering a 30 um lithium reservoir
present otherwes!®®" It is hereby assumed that no excedsilin is needed to compensate for

' ithium |l osses, e.g. by i%terphase or fAdead?od

ii. SimplerFabrication

The biggest motivation to consider the use of RFCs are practical advantages. The anode in RFCs
can be assembled by depositing a suitable metal layer onBi&théhich can be done by a variety

of different methods, for example thermal vapor deposffiosputtering® %2 high temperature
diffusion bonding®®3or just simple mechanical lamination.

Thereby, the need to handle lithium metal is omitted, which introduces a lot of practical benefits.
As previously discussed, lithium will always react with the surrounding atmosphere due to trace
amounts of @ H,O, N2 and other gasésforming unpredictable and resistive passivation layers.
Not only is it more practical and cestfectiveto circumvent the handling of lithium foils, it is
additionally safer due to its highteactive nature.

iii. Predictable Storage and Interface Degradation

Benefits of RFCs additionally arise when considering the timeline from fabrication until use of the
battery cell. After assembly, no lithium metal is present yet in RFCs. What follothatishe
requirements and precautions needed for the storage of RFCs are als®esisies. the improved
safety wherstoling cells without lithium metal, practical benefits regarding the interface to the SE
arise as well.

When considering the interfadeetween a SE and lithium metal, the thickness of possible
interphases will depend on the duration the materials are in contact, especially in the casébf MCls.
This means that cells being assembled will then form different interphases in dependence on their
storage duration before use, which requires a logistically sophisticated system of cell distribution
and storage time. In contrast, SEs arealigistable in contact to the metal layers use@@sin

RFCs, which means that no interphase is formed and the cells remain unchanged during storage. If
lithium metal is then deposited at the anode during the first charging step of an RFC, a definitive
time can be calculated since whedegradatiormay occuiin the cell.

2.2.3 Challenge®f RFCs

Besides a plethora of advantages, different challenges need to be overcome before a practical
realization of RFCs. However, due to promising first results from corapditie Samsung and
QuantumScape?* RFCs seem to be viable even in larger cell systems and not only at laboratory
scale. Both the influential parameters and challenges of RFCs are summarkigdrés and
explained in the following.

i. Necessity foHigher CAMLoadings due totheo r ma t iDe a dithium

Now that no lithium excess is present in RFCs, lithium ilm$ke cellcannot be compensated &y
lithium reservoir Since small lithium losses to SEI formation or contact loss directly lead to a
reduction in capacity, the requirements for the REGglomb efficiency are even higher for the
desired long cycHife of the cells. Lithium loss additi@ily occurs by lithium alloying with the
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CC metal, as even copper incorporates up to 14 @t%wt%) of lithium into its crystal
structure®®®” Other metals like gold or silver even fordifferent alloy phaseswith lithium,
changing the electrode potential irreversibhgreby alsalecreasing th€oulomb efficiency??¢°

Alternatively, instead of increasing ti@®ulomb efficiency, the cathode design has to be tuned to
compensate for an initial lithium loss. This then has strong implitatm the cathode loading,
microstructure, tortuosity and general electrochemical perfornidri€eyhich needs to be
consideed for RFCs.

ii. Challenge tdepositHomogeneougithium Films

For an RFC to have a long cycle life and higbulomb efficiency, the control of the morphology

of plated lithium is of utmost importance. The growth of a homogeneous film without denddtes a
whiskers with a thickness of around 3@0um is desired for a competitive céll®” Currently,
however, it proves to be very challenging to grow thick, homogeneous films with the best success
only coming close to the target when applying abdubMPa of pressure during film formatidh.

A frequent issue during film formation is the growth of whiskers, which penetrat€GHayer

above the SE and are not to be confused for dendrites. This leads to amagemeous contact

area between lithium and the SE and ultimately to current focusing at these whiskers. Said current
focusing can facilitate the formation of dendrites into i ultimately shorcircuiting the cell.
Additionally, the local current dergiwill be much higher upon stripping from thisorphology

asthe electrode areia overestimated under the assumption of a homogenous film. This then can
lead to contact loss of the whole electrode.

Another difficulty is the delamination of tH@C from the SE caused by the pressure built up from
the growing lithium underneaf This effectively reduces the active contact area and also leads to
whisker formation. When delamination occurs, it is impossiblaicleate new lithium particles by
reducing Lt, since the electronic connection between the surface of the SE @dithdisrupted.
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challenges

-

Figure 3. Schematic depiction of suboptimal plated lithiunairRFC with a composite cathode
solid separator and plana€C on the anode sideThe top circles show different morphologies
during growth, of which the filrgrowth is desired (green circledlloying with theCC, penetration
thereof and whisker growth as well as dendritic growth arelamentally damaging to the cell
properties (red circles). Influential parameters are depicted in the bottom half of the figure, mainly
being the applied stack pressure, current density, ambient tempera@@eahickness and SE
properties, such as grairize (grey circles).

2.2.4 Influenceson theGrowth Modes in RFCs

In the previous chapter, the differgmbssibilitiesof detrimental lithiumgrowth in RFCswere
discussed. What remains subject of current research is how to control the nucleation and growth of
lithium to be a homogeneous film and suppress the formation of whiskers and dendrites. Therefore,
this chapter defines several key parameters to imfei¢he lithium growth morphology. However,

while frequently used interchangeably in literature, the nucleation and growth of lithium needs to
be distinguished. Common experimental methods, such as SEM, are not able to resolve the
formation of actual lithim nuclei the size of £ nm and rather investigate the growth occurring
after nucleation. Therefore, knowledge of the nucleation itself and its influences is very sparse,
which is why the next paragraphs focus on the subsequent growth of lithiumexpiioitly stated
otherwise.

A key variable to control the morphology of growing lithium is the applied current density and
connected nucleation overpotential. Several works of Motoyama et al. show a proportionality
between the current density and #readensity of growing lithium particles at the djum
phosphorus oxynitrideL{PON) interfacet® %273t is theorized that a highn overpotential, e.g. by

high plating currents, will lead to a higher density of supersaturated region$ within the
amorphous SE at the interface to the metal, which then results in a higher density of nucleating
lithium particles. This is corroboted with a particle density increase from aroundl@ cnr?

(50pA cnm®) to around 20 10° cn? (1000pA cnt?®) at 60 °C. This suggests that a more
homogeneous or fildike growth surprisingly is easier, if higher current densities are used.
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Whether thes findings can be transferred to polycrystalline SEs, such as LLZO:R&CI, is

unclear as no work has yet been published investigating the current dependent deposition of lithium
at these interfaces. A valid concern is that higher current densiteaeilgate lithium growth into

the SE, as observed for plating on a lithium reserébif.”8

Much like the applied current density, the temperature also affects the overpotential for plating
lithium at the CG3E interface. In line with the aboweentioned theory, higher temperatures during
plating should lead to lower overpotentials and therefore, also to a less homogeneous lithium
growth. Observations made at the GBON interface fit exactly thigrediction as the nucleation
density decreases from arout@® cnr? (60 °C) to 1¢ cm? (100°C) at 500uA cnmi? as observed by
operando SEM measuremefftkike the influerce of current density, this has yet to be investigated

for common polycrystalline SEs.

The application of stack pressure is expected to play a crucial role in the coalescence of separated
lithium particles grown into lithium films. However, due to theibdmature of the CC|SE interface,
extended studies on the pressure influence on the growth morphology are sparse. Another challenge
is tuning the thickness of the applied CC layer. For very thihi(g) layers, lithium can penetrate

the CC during growthyhich has a variety of negative consequences. For one, a penetration of the
CC layer can lead to the growth of whiskers and overall low contact area between lithium and the
SE2! Secondly, the loss of structural integrity means that the interface will deteriorate over time,
possibly leading to suboptial lithium growth during subsequent cycling of the cell. Additionally,

the possible application of stack pressur@admtlessin this case, because lithium will just get
deformed after penetrating the CC, which consequently does not generate a hitferacea
between lithium and the SE. Therefore, thick (>5 um) CC layers are needed to properly suppress
the formation of lithium whiskers.

Despite the poor accessibility of the CC|SE interfamge study published by Kazyak et al.
investigated the growtn operando by observing the top of t8€ through a conducting but
transparent glass using confocal microscBiWith this setup, they could observe and quantify the
influence of pressure on the coalescewfcgrown lithium islands through morphology changes of
the attachedtopperfoil. It was shown that alreadyi15 MPa aresufficient to deform lithium
islands into filmlike structures by plastic deformatiowhich decreases the average height of
islands ly a factor of 23

The SE properties will naturally also influence the plating morphology. For example, surface
defects like grain boundaries, holes or scratches from polishing can induce preferential sites for
lithium plating?*"® Therefore, polycrystalline SEs will induce differences in lithium plating from
amorphous or single crystalline materials. Depending on grain size, surface preparhBgacin
chemical composition, there can also be differences when using the sameSigpe of

In publication 5 of this work, the influence of applied current density during plating was
investigated at the Cu|LLZ®ystem. It was found that for polycrystalline SSEhe nucleation
density is also increasing as a function of current density like for amorphB@NE® Three
different growth modes could be identified, which are (i) the isolated growth of small particles, (ii)
a desired coalescence into a lithium film and (iii) a penetration of lithium into the SE by growing
dendrites. The growth modes can occur simultaneouslhysaongly depend on the applied current
density and thickness of the CC, which is summarizeigare 4. For thinCCs a penetration
thereof is frequently observeavhich impedes the coalescence of isolated lithium particles to
homogeneous film.
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low current density high current density

Figure 4. Schematic showing tlilependencyf different growth modes occurring at the Cu|LLZO
interface for thin CGilms (top) and thick CC foilshjottom) for low and high current densitidis
figure was reproduced fromeferencesO.

Interestingly, measurements on singtgstalline surfaces additionally highlight defects being
present as important for low overpotential nucleation, as the nucleation density is at a minimum
when nodefect is present and does not show any depepdenthe applied current density. This

is very interesting, because measurements on efeéectliPON show the contrar$f "3 which
indicates general differences between$iigsregarding nucleation and cannot be explained as of
now. Possibly, density fluctuations within thdRON SE act as preferential sites for lithium
nucleationAll in all, the powerful ogerando techniques developed within thissertatiorwill be

used in future studies to investigate metal deposition at SE|CC interfaces.
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2.3 Metal|SE Interface under Anodic Load

Unlike LEs, an SEcanonly compensate morphological changes of the elecrma certain
extent®2531Knowledge of the interface properties to an electrode is therefore of utmost importance
to ensure a stable and predictable cell operation. While this statement is true for every electrode in
SSBs, this chapter will focus mostly on the implications atgrlanetal|SE interfaces and is applied

to both classical SSBs with a lithium reservoir and RFCs.

2.3.1 VacancyDiffusion Limiting the ApplicableCurrentDensity

The oxidation of a metal species at the interface to an SE is-astalilished concept in solatae
ionics. Schmalzried and Janek proposed a mechanism for the anodic dissolsitia@r iof contact
with SEs which was translated to the Li|SE interface by Krauskopf&t'alithin this model, a
vacancy6 and an electrod - areleft behind within the metal once an atom is oxidized and
moves into the SEs described in equation (Iyhis ion then occupiegacancy6 3 %or
interstitialé 3 %sites within the SE.

- 3% 6 3% A- 6 - & - (1)

After the vacancy is injected into the parent metal, it can diffuse into the bulk of the material with
a certain diffusion flux governed by the vacancy diffusion coefficient. Competing with this vacancy
diffusion flux’Q is the fluxQ of M* within the SE, governed by the applied current density
Within this simplified picture, vacancies will accumulate at the interface if

'F'Q 'F'Q (2)
as vacancies cannot be transported away framrtterfaceat a sufficient rateThus, ths will

subsequently lead to a formation of pores and a morphologically unstable cell at a macroscopic
level 32378183 |f ‘however, the applied current densifg low, i.e.

TQ TQ (3)
a stationary concentration of vacancies is induced at the interface., ifesceorphologically
stable over the duration of the applied current density. Therefore, the case where the vacancy

concentration reaches a maximum but is still stable can be considered as the critical case which
should not be exceeded during cell ogeratThe critical current density is then defined as

0 ao0dQ (4)
b . O

N 400 p —m— T — (5)
W T

where Dy and (J denote the diffusion coefficient of vacancies inside the parent metal and the
relaxation time until an equilibrium concentration of vacancies is established. The maximum
vacancy concentration at the interface is givetolgyy and the equilibrium vacey concentration
within the parent metal by . Strategies on how to overcome this fundamental limitation are
discussed in the followinGhapters 2.3.4 2.3.6.
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2.3.2 Nucleationof aPore andSurfaceDiffusion

It was already establishedbove (Chapter 2.3.1hat pore formation will occur above a certain
current density threshold:. However, works by Krauskopf et al. and Wang et al. also show that
the contact losaccompaniedy strong voltage increase still takes up to 10 hetirmalerate
current densitiefor 1 mAh cn1?) to occur, despiti:i: being exceedett:*33"To have proper control

and knowledge @t the morphology of thei|SE interfaceit is therefore crucial to know exactly

at what point pore formation is starting or rather nucledfifiginstead of the time where full
contact loss occurs. Especially in atuat cell undergoing cycling, small morphological changes

at the interface can get amplified and eventually lead to cell failure by contact loss coupled with the
propagation of dendrites.

In an approach combining both carefully designed stripping expetinvgdth theoretical kinetic
Monte Carlo smulationsin a joint workwith Prof. Albe exactly this wasestimatedTherefore,

the stripping current density was incrementadlyreasedn a symmetrical Li|LLZO|Li cell without
changing its direction urtivery small changes in interfacelated impedance are observed,
indicating the onset of morphologiadgterioration With 30uA cm?, i is found to bequite low,
which is expected however, since Krauskepfal. already saw progressing pore formation at
50 pA cn? for bothlithium and LiMg alloys2 This value is then verified by a statistical approach
employing kineticMonte Carlo simulations®® Interestingly, independent calculations based on
bond countingadditionallyshow that the ratémiting step may not necessarily be the diffusadn
vacancies intthe bulk of lithium metal. While this process is energetically favored, the detachment
from the interface itself has the highest activation baffiér.reality, however, both processes
determineic, otherwise concepts increasing the effective diffusion coefficient within the ®node
could not lead to a beneficial stripping performan@ther calculations furthermore show via
nucleation and growth theory that the critical pore radius for nucleation is inversely propactiona
the applied current densits.

Once pores have formed at the interface, another important mechanism influences the rate of lithium
replenishment. The existence of pores also opens um#sibity oflithium diffusion along pore
surfaces witha diffusion coefficient Ds which is expected to be faster than the complementary
process within the bulfDv).*? Therefore, theontact loss bpore formation getdelayedoy adatom
diffusion along the pore walls. The effect of this phenomemoihe availablelischargecapacity

was investigated in a joint work with Dr. Srinivasdi©ne mainresult is that the pore shape is
directly connected to the ratDy/Ds, where the shape of the growing p&enore sphericalvith

higher ratiosvhile the overall available discharge capacity decredses can be explained by the
improved ability of the LMA to resupply lithium to the interface via surface diffusion.

2.3.3 ContactlLossat Li|LLZO andArising Constriction

In Chapter 2.3.1the vacancy accumulation and subsequent pore formation was discussed on a
physicochemical level. Within thishapter, the implications of pores at thetal|SE interface on

the cellimpedanceand general battery operation shall be discussed. The most prominent example
of pore formation during anodic dissolution occurs at the LMA, effectively limiting the current
densityfeasibleduring discharge and acting as a precursor for demritieation upon charging.

At first thought, it could be expected that whign is exceeded during discharge a slow and
hyperbolic increase in cell voltagecursdue to pore formation, because the amibedances
inversely proportionato interface ara. However, unidirectional experiments show that during
stripping a long and stable voltage plateau followed by a very steep and sharp increase in cell
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voltageoccurs insteaéf**3":82The reason for this behavior, as schematically depictEayime5,
is a complicated convolution of different effects all inflaag the total cell impedance. These
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Figure 5. Schematic voltage profile that occurs during progressing pore formation at the Li|LLZO
interfacewhile stripping Instead of having a hyperbolic profile because of the shrinking electrode
area, this interface shows a long plateau with a very fast subsequent increase, as surface diffusion
along emerging pore walldelays contact loss supplying lithium to the interface.

The voltage evolution is bound to the impedance evolution via@®law. Tointerpretthe voltage
profile, the evolution of the different impedance contributions present in a Li|LLZO|Lheed

to be understoodirst. Typically, the totalimpedanceZioa is composed of the sum of the bulk
transportimpedanceZguk, grainboundaryimpedanceZesg and interfaceelatedimpedancen.
Several works show thaZsux and Zgg are constant during the anodic dissolution of th
systent?323%44yhich actually is surprising, since a hyperbolic increase as a function of decreasing
area would be expected. To undanst this, the nature and evolutionZaf needs to be considered

in detail.

Generally, Z consists of three different contributions, which as#en incorrectly used
interchangeably in literature, being tingpedancef a degradation layedsg, theresistanceof the
physicochemical chargeansfer at the interfac&r and the geometric constrictiompedance&cy.

Both Zcr and Zsgs are negligible when considering Li|LLZO interfaces, meaning that solely the
constrictionimpedance&cy heeds to be responsible for the steep increase inmpeddance

Constrictionimpedanceare generally not linked to one specific transport process, ahdé tase

for example with the charge transferstead they arise from a constriction withind SEthat lead

to ionic current focusing through a volume much smaller than in principle avaff&blEhis can

be due to insulating passivation layers on theahedéctrodé, but most frequently occurs because

the meta|SE interface is deteriorating due to pore formation. To fully understand the constriction
effect, a differentiation between contact area and electmedésanecessaryT he electrode area is

then defined as the macroscopic area oflitheim sheet that is applied to the SE and therefore
constant throughout a stripping experiment. The contact area, however, is defined as the actual
physical area where éHithium is in contact with the SE and therefdeereaseduring stripping

and pore formation.
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Why Zguk andZgg are constant during the pore formation can then be explained when considering
the characteristic frequencies of the transport processegvbheng pores at the interface can be
interpreted as the introduction of several capacitors at the interface. At very high frequéraries
typically thebulk (~3 MHz) andGB (~50kHz) transporioccur?* these capacits are dielectrically
conductive® Therefore, the impedance data acquisition at very high frequencies is blind to-micron
sized pores, which means that the bulk and GB transport contributions solely depend on the constant
electrode area, therefore also being constant. However, when meaberiimgpedance at low
frequencies, the pores (capacitors) become insulating and a current constriction occurs within the
SEvolume in the vicinity of remaining contact spots to the LMAis signal is then interpreted as

Zcy at low frequencies of 2 kHz and strongly depesan contact area instead of electrode area.
Quantitative calculations estimating the magnitaddfrequency dependency of the constriction

signal inrelationto interface morphology were carried out imgherjoint work with Eckhardt et
a|.95,96

Additionally, lowering the contactrea between the LMA and SE by stripping will lead to an
increase in the local current density at the remaining contact spots. This not only is followed by a
selfaccelerating and even fasfmre formatiorat the contact points, but ale@mherconstriction
impedancesWith progressing pore formation, the aforementioned effect of surface diffusion along
pore surfaces iamplified resupplying lithium to theSE at a higher rate as possible by bulk
diffusion, which is why the final steep increase in tefpedanceand voltage is delayed@hisleads

to a long plateau during stripping, despite exceeding the critical current dengityddormation

It can therefore be concluded that the voltage profile during stripping of metal elecatodes
chemically statld interfacesarises from a complex interplay of different morphological and
geometric effectsThis discussion is independent from the type of SE used in combination with
lithium metal. However, if a material other than LLZO is used, the charge transfexeneSE and

anode as well as the transport through a resistive SEI could further complicate the impedance
measured of theneta|SE interfaceTherefore, a recipe was developed in a joint waith
Eckhardtetal. which allows the unequivocal determinatioh contributions to the interface
impedancepresent in a given cell systeth.

2.3.4 Solution 1: Facilitating the Diffusion of Vacancikside the LMA

It was describedbove (Chapter 2.3.hpow the current induced injection of vacancies into lithium

is competing with the diffusion thereof inside the anode to replenish the depleted interface.
Therefore, one possibility to mitigate the pore formation is by an increase of the effective diffusion
coefficient of the vacancies inside the lithium. A higher vacancy diffusefficientwould allow

higher stripping rates before reaching the tipping point where pores nucleate.

A simple, yet effective way of improving the effective diffusion coefficienby raising the
temperature. For example, it is possible to easily strip oven&ibcnt? without pore formation at

the Li|LLZO interface at 50C,*® whereas pores will form after only around m&hcnr? at
25°C.32371t was also shown in several works employing cycling tests smametricalcells are

able to withstand much higher current densitieshigher temperatuee likely because pore
formation is avoided due to increased diffusivities and also decreased intenpackances? %8
Increasing the temperature even above the melting point of lithium t&Cl&ther corroborates

this, as no pore foration can be observed when stripping from a liquid lithium reseRfir.
However, elevated temperatures introduce other difficulties, such as the facilitation of side
reactions'® or the need for appropriate thermal cell management.
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Therefore, itis desired to elevate tH&° diffusion coefficient of the anode material itself, e.g. by
alloying with different metals. Krauskopf et akploredthe possibility of using LidMgo.1 alloys to
enhance the effective diffusion coefficietttereby improvinghe discharge capacity by nearly a
factor of 2 compared to pure lithiuthA schematic of the pore formatidam lithium as well as the
caseof elevated diffusiorcoefficientsby alloying is depicted in Figure 6a and Figure 6b.

However, ing alloys as anode materials introdusewchallenges. Not only is éhspecific energy
density of the material reduced by decreasisdithium content, theanodepotential isalso
increased andan everchange during cycling. Furthermore, the mechanical properties, such as
yield strengthor elastic moduluswill change. @erall, the changing lithium concentration in the
alloy during cell operation will induce complex dynamaf electrechemoemechanical effects,
which are difficult to predict and impossible to properly account for. Another solution is desired to
enable thaise of pure lithium metal as the LMA, which could be the application of stack pressure.

2.3.5 Solution 2:PressurdnducedCreep Transport

In Chapter2.3.1the balance between the current induced st of the LMA and the vacancy
diffusion-based resupplyfdithium to theinterface is discussdtino external pressure is applied
However, if theLi|SE system is subject to externally applied stack pressure as depicted if6Ejgure
this balance needs to be completed witithium flux governed by the creeyf lithiumQ  to

the interface as described in

ko] KO R©) (6)
It is reasonable to assume that above a certain threshold, the current isidipgaag ratewill
always be larger thathe rate of resupply by vacancy diffusidn this case, there must exist a
critical stack pressure as a function of the applied current density, whichssffigentto balance
the mass flux of lithium at the interface dwgistripping and suppress the pore formation by creep
and plastic deformation. This curretgpendent critical stack pressure wasentlyquantified by
Wang et al. by decreasing the applied stack pressure during unidirectional stripping in a stepwise
manrer until the voltage increasé&sThis then indicates pore formation and being below the critical
pressure needed. Using this method, it was possible to determine a critical pressubdRa at4
100pA cn? and 2.0MPa at 40QuA cnt2. However, due to morphological instabilities at the
counter electrodét wasnot possible to investigate practical current densiti@sHA cnr?,

Additionally, Wang et al. fonulate amathematicatlescription tocalculatethe pressure induced
strain rate for metal electrodeas
O
- 0O, AGD - 3
20 7, 3)

whereK denotesa material parameter] the applied stress with powkaw creep exponemh, Ea
an activation energy an® and T the universal gas constant and temperature, respectiatly.
lithium, the poweilaw creep is reported to be dominated by dislocation climbmwith6.6 at room
temperaturé®°®However, this value is not constant duérictional and adhesive forces between
lithium and theSE*further complicating the matter.

Another methodd assess the critical pressure for higher current densiteesheoretical model
developed in a joint work together with Dr. Srinivasamf Argonne National LaboratofyWithin

this model, the Liflux does not only compete with the effective vacancy diffusion wiktuitk
lithium metal, but also wh faster surface diffusion along the pore walls. Based on this model,



2 Fundamentals 19

critical stack pressures in the range ofi 3D MPa are needed for planar interfaces atA cn?,
which is well abovewhat is deemed to bepractically feasiblé’ Another estimabn from
Kasemchainan et al. predicts that MPa of pressure is required for a stable cycling at
1 mA cmr236 This large spread suggests that further investigation is needed on this matter

An explanation for the large spread of requipeessures is thathen pore formation occurs, the
mechanical constraints at the|SE interface change, which results in a very dynamic and
interdependent system. For example, the applied stack pressure may not be above the critical
pressure when poresveanotyetformed but high enough to deform the metal at the interface once
pores of certain sizere presentThese pores then get annihilated by creep and the initial
morphological state of the interface is regained. This phenomeham oscillating irgrface
morphologywas studied in depth by Majoni and Janek et al. for Ag|AgX systems but is also
believed to occur for the lithium electro#fe Additionally, the mechanical properties of lithium
arehighly dependent on the concentratmfrother norequilibrium defects, like grain boundaries

and dislocations, which heavily dependstosthermomechanical history of the used lithit§fi®’

To summarize this chapter, applying stack pressure is an excellent tool to stabilize the LMA during
anodic dissolution and prevent the formation of pores. However, eitbral tens of MPa, the
pressuresequiredto suppress the contact loss are unfeasibly high to compensate high stripping
rates of > ImA cn1?, which is even more difficult for large, stacked cell systems. Therefore,
alternative anode concephay need to be considered to circumvent the issue of pore formation
altogether.

2.3.6 Solution 3:AlternativeSystens with IL or CNTs

Instead of altering the properties of the materials itself, it is also possible to employ macroscopic
solutions to compensate mitigate the formation of pores. Note that-Biferfaces of Li|LLZO as
fabricated by Wachsmaand ceworkersare not topic of this discussiéh'®®1! While they are

very promising and also challenging regarding the preparation thereof, they do not fundamentally
change the physicochemical properties at the Li|SE ictetbat rather reduce the local current
density by having an increased contact area.

Different concepts to suppress and mitigate pore formation are schematically defogenafd.
Publication 4 within thislissertationrshowed that CNTs dispersed in lithium metal change both
electrochemical and chermechanical properties of the anode matéfi@espite the LICNT
electrode being employed in a planar arrangement toStevery high stripping capacities

> 20 mAh cm? showed that the stripping has fundamentally changed. Cryoigenisedion-beam
(FIB)-SEM revealed that the lithium was also stripped from the bulk of the electrode and most
likely transported to the interface through the present CNTs, which suppressed and delayed the
contact loss bypore formation. Interestingly, bulk mechanical invedtma also showed a
significant increase in yield strength, Vickers hardness and elastic modulus of the anode material.
Subsequent electrochemical investigations under pressure were able to correlate a less pressure
sensitivestripping performancef the LFCNT anode on its ability to resist deformation. However,

this also means that if pressure can be applied during discharge of this cell, pure lithium metal and
its ability to creep and deform at lower pressures is advantageous when compa@To Li
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Figure6. The issue of pore formation explained at the atomistic scale in a). An increase in effective
vacancy diffusiory alloying isshownin b) at hand of L-iMg alloys. Utilizing pressure to supply
lithium by creep and plastic defoation is visible in ¢). Macroscopic concepts to avoid or mitigate
pore formation are shown in d) at hand of CNTSs incorporated into lithium and ateditrolyte
present at the interface between LMA and SE.

Anotherconcept is using LEs in an otherwiseidedtate cell to have a frélowing agent at the
interface capable of compensatiggowing poresduring stripping. In publication 3 within this
dissertationit was proven that even viscous LEs, suclh.asare capablef increaing the stripping
capaciy by a factor of terto > 15 mAh cm?. CryogenicFIB-SEM revealedthat the IL will keep
theionic contact betweethe LMA and solid separator by flowing into the pores uitgivolume is

not sufficientanymoreto compensate the pore volume. This workirechanism is underlined by

the viscosity of the employed LE having a pronounced impact on the available stripping capacity.
As less viscous LEs flow more easily into tight pores, they result in higher capacity values and a
delayedcontact loss.
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2.4 Metal|SE Interfaces during Cycling

2.4.1 TheConceptof CCD Tests andnfluential Parameters

To determine the resilience of (a)symmetrical cells to stiostiting by the formation of dendrites,
testing of the critical current density (CCD) is a standard tool frelyuemsed in
literature38:50.7475.77.112.11§\/hjle CCD tests are easy to interpret superficially, theiultdreavily
depends on the testing protocol and conditions used. Additionally, the CCD basically can be
induced by either a failure of thé|SE interface or due to failure of the SE itself, e.g. by lithium
penetration and cracking. In the first casegpdorm during anodic dissolution and then facilitate
the growth of dendrites due to current focusing at the remaining contacf‘spbis is notan
inherentlimitation imposed by th&E but rather thé.i|SE interface. In the second case,tHSE
interface is still in a loaampedance conformal stte but dendrites still penetrate the SE, which
rather is a limitation imposed by the SE and not the interTdereforejt needs to be decidgutior

to investigationf the Li|SE interfaceor rather the SE itself f interestand suitable test parameters
need to be chosehefore CCD measurements are conducted

Since not the whole community is aware of the delicate depepd#rtbe CCD and connected
failure mechanismion the testing parametersiemsonableéesting protocols needed to be able to
compare results from different laboratories or even different researches within the same group. Due
to the amplification of small defects or issues during testing, the CCD is immensely sensitive to
external factors and variabléghisis evidentwhenthe CCD values obtained for Li|LLZO|tells
measured by different groups with different protocols compared. These values depicted in
Figure7 andshow a huge spread from B8 cn?to 1 mA cm2.

1500

Li|LLZO|Li
1250}
" 1000
5 O ¢
<
ERE
Q <
© 500
250+ ]
<
o) <
0 g.o..o..$.?
0 1 2 3 4 5 6 7 8 9 10 11 12

# Study

Figure 7. CCD resultsobtained from different studiem Li|LLZO|Li symmetrical cells. Note that
while differentsubstitutionswere used for stabilizing cubld_ZO, the CCD rsults vary over a

huge range of values. This plot is based on a summary published by Flatschanetetcludes

microelectrode measurements.

To give guidelines on how to properly determine the CCD on a given system, first, however, the
relevant variables amiscussed in the followingaragraphs

i. Applied Current Profile

Usually during CCD tests, current steps are applied and incrementally increased while the cell
voltage is recorded. One very important factor that influences the outcome of the test is the duration
of one step, i.e. the chargeitg shuttled. If extremely low charges per séep considereda very

high CCDis expectedsimply because the charge plated per step is insufficient to grow a lithium
filament from oneelectrodeo another in thick laboratory samples. This phenomensonetimes
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referred to as fdayinmplyimgithat aGCH thresholddsiexceedeld withoutghe
typical hard drogo zeroin cell voltage.Shuttling a large amount of charge therefore results in a
more reliable CCD valueln extreme case#t is also possible that a verlgigh current

(> 10mA cn?) is shuttled unknowingly through a lithium filament, yielding extremely high but
incorrect values of the CCH>11¢

On the other hand, iarge chargeare shittled during every step, pore formation may occur at the
anoce of the cell which would lead to quick short circuiting upon current reversal. However, if
only the dendrite susceptibility of the SE is the property of interest, the actuaiiiCtberefore

be underestimated. Theurrent density increase per stefiself is also of relevance. Large
incrementaktersin applied currendensitywill lead to an overestimation of the CCD, because the
true value may have been surpassed withérstep.

ii. AppliedPressureandWaiting Time

One very underestimated and also underreported factor influencing the CCD is a pause before
current reversal. This pause can be introduced either deliberately as a waiting step, but also
unintentionallyby acquiring an impedance spectrum over several minutes. If no pressure is applied
during the measurement, this waiting step is expected to be less influential. However, if pressure is
applied during the test, this waiting step will change the interfacphology due to creep or plastic
deformation within the LMA21Y" For example, if pores have formed during the mpsiep and
wouldfacilitate the growtlof dendritestheycould get closed and the interface morpholagyld

return toits pristine state. If probing the SE is of interest, this can be desired. Howevel,iifSke
interface is probed with the additiori long waiting times, the CCD is severely overestimated,
especially if considerable stack pressures are applied.

iii. InterfaceConditions

The initial morphology and interfaci@hpedancesare of utmost importance and will influence the
CCD test drastically’ As theimpedanceZ; of pristine Li|LLZO interfaces is mainly gerned by
constriction, high initial interfacial impedances result from a bad contact area. This can either be
the casewith passivation layers like ECO; on LLZO or just because dhappropriateithium
preparatiort! An optimization of the interface is also the reason why the measured CCD in LLZO
progressively improvedver the years, not because of inherent changes 8&BHeor example, in
2011 a CCD of 5uA cm? was obtained with an initiaki of >5000Y cr?.''® Despite no
changes of th8E, this value quickly improved to 150\ cm? at anZi of <50Y cn?in 201511
followed by >300pA cm? at an Zof <5Y cn? in 2017%° For optimized interfaces with
negligible interfacl impedancea CCD of 1000 pA criwas achieve® However, measurements

at singlecrystalline LLZOwithout stack pressure imply that the CCD of Li|LLZO would only be
around 28QUA cn1?* which is well below practical target$!?° Neverthelessthe discussed
measurements undeniabdpow that the CCD is not an inherent material propertythnd is
strongly influenced by testing conditions and interface engineering.

iv. Electrode andPellet Geometry

Another underreported variable is the cell geometry used for testing the CCD. Because if different
geometries are used, tests cannot be reasonably minpar example, the thicker a pelletSi

sheet is for testing the CCD, the higher is its resistance to filament penetration. In the case of
dynamic short circuiting, a thicker pellet is able to withstand higher current densities simply due to

the factthat a dendrite has a further distance to grow. Furtherimomen-thick pellet type SEthe

electric field across the cathn be homogenized constriction occurs at one of the respective
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electrode$® A thin separator sheet with a thickness of only several tens ofight not be able to
prevent current constriction occurring at a porous interface to also influence the plating performance
at the opposite electrode, even if this one still shows conformal contact.

But not only the SE thickness has a profound influencéherCCD outcome, also trabsolute
electrode area and shape will influence the result. For example, the chance for an electrode to
contact macroscopic pits and damaged spotsn@Eapellet is higher for larger electrodes. Since
such defects also facilimtthe growth of dendes using larger electrodes may lead to short
circuiting at lower current densities despite no fundamental change in the systems properties.

v. Influence ofTemperature

The temperature will naturally influence the CCD by enhancotp the SE ionic conductivity as

well as the vacancy diffusion within the lithium metal, which will induce very complex changes to
the outcome of the CCD test. However, most importantly, lithium metal is even more ductile at
higher temperatures. When staaessure is applied, this will enable the healing of pores induced

by stripping and therefore increase the obtained CCD. Furthermore, temperatures above the melting
point of lithium can help to negate the issue of pore formation completely, since thewaca
diffusion coefficient in liquid lithium is orders of magnitude higher than in the solid ‘$t=fer

CCD values to be comparable, it is crucial for tests to be carried out at the same temgerature.
general trend for higher CCD values is expected witteaging temperature.

2.4.2 GuidelineonHow to TestEither the LMA or the SE

Within this chapter, guidelines will be given on how to test symmetrical cells regarding their CCD.
Before choosing the test parametéiwever, it needs to be decided if the SE itself shall be tested
or rather the interface to the LM&or example, if parameters only concerning the SE are changed
within astudy, such as grain size or chemical composition, it is reasonable to desgogpmbe

for SE failure. However, if the interface conditions as@ried insteadas in the case of surface
treatments or interlayers, the|SE interface should rather be probed with a CCD test that will not
induce adirect SE failure. While designinga test that completely differentiatbstween thdéwo
different extremesis difficult, it still is useful to rationally design the test to probe the desired
property of the cellThe different failure cases are schematically depicted in Figure 8.

For probing the SE, it is suggested to impede the formatiopores as a precursor for dendrite
formation. Avoiding the pore formation is possible by applying stack pressures of a few MPa during
the test andy introdudng a waiting period between the steps.general, he pressure helps to
supply lithium via plastic deformation to the interface to avoid pore formation during strgoping
additionallycloses any pores that formadnethelesduring the waiting perio&tt*22Similarly, it

is useful to increase the temperature as a tool to facilitate lithium deformation and vacancy
diffusion. However, depending on the material system and geometry of the investigated cell, very
high pressures caalsolead to afacturing of the SE and facilitate dendrite growth.

On the other hand, probing the/SE interface is possible when no stack pressure is applied and
larger amounts of lithium are shuttled per cycling step. In this case, pores form above a certain
currentdensity, which then act as a precursordendritegrowthbecause of current focusing at the
remaining contact spots.
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Figure8. Idealized shematic current (top) and voltage (bottom) profile to probe either the dendrite
susceptibilityof the SE itself (blue) or rather tHg|SE interface (orange) at the example of a
symmetrical Li|SE]|Li cell.

Figure8 shows two current profiles thabuld be used for testing the SE (blue) or rathet tleE
interface (orange) with corresponding voltage profiles. Additionally, the interface morphology
evolution is schematically depicted at the sides of the figure for each test protocol usedelt can b
observed that the CCD for the blue test protocol is higher as pressure is applied, which avoids pore
formation. Moreover, a sudden shoitcuit is observed for the testing the SE, as thienpedance
remains constant until a filament is rapidly growanrgd shorting the cell. On the other hand, the
orange protocol testing the LMA has a larger charge per step and no pressure applieah Here
onset of issues occurring even before the short circugimigible such as increased voltages due

to pore form#on as also observed by Zhao etZlor noise due to spallations and dendrite
growth!?! Subsequentlyhie CCD obtained witthe orangéest issubstantiallyjower as a different
failure mechanism ocgs.

2.4.3 UnidirectionalTests as #Means taCounter theSensitiveNature ofCycling

Unfortunately, the differentiation made@apter2.4.2between probing the SE or the LMA is not

as clearcut as it seems. Especially at higher current densities, it will be difficult to suppress the
pore formation even when stack pressure is applied. Furthermore, cycling symmetrical cells over a
high number dsteps will amplify small interfacial issuéisat may arise during preparatidror
example, small pores upon cell assembly or surface defects within the SE are quite negligible at the
beginning. However, they will act as nucleation points for morphabdgistabilities, be it either

pores or dendrites, and get amplifesadinfluence the CCD at later steps.

Two strategies exist to circumvent the very sensitive nature of classical CCD tests. The first is to
conduct a high number of tests and perform dissizal analysis of CCD results, which is
immensely timeconsuming and not very feasible in everyday laboratory conditions. The second
strategyis the execution afinidirectional testsyhich offers a variety of benefits when compared

to Cycling?1,33,39,40,124

In unidirectinal tests, the current direction is raternatingbetweenthe stepsas shown in
Figure9. This limits the overlap of differeghenomenabccurringat a single electrodesince
lithium is consistently deposited at one electrode and stripped at the leitteode, drastically
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limiting theinterdependencof these different microscopic effects. Hence, contact loss or dendrite
formation as indicated by voltage features within the test caméguivocallylinked to one of the
respective electrodes.

Therefoe, it is reasonable to define two different critical curdsnsities based on the respective
failure mechanisn®% If the LMA fails during stripping because of pore formation and contact
loss, the critical current density for stripping (CCS) is exceeded. If, however, aisboittoccurs

at the plating eleatde, the critical current density for plating (CCP) is exceeded. While both effects
overlap in cycling tests, unidirectional tests alladifferentation.

Obviously,impedances arising fromlating and stripping cannot be completely decoupled in a
symmetical cellwithout a reference electrodéonsequently, testing parameters need to be chosen
with care to either induce a failure of the electrode of interest with the other eleutantieally

being unchanged. Several parameters can be adjusted totafoeahis. Like for classical CCD
tests discussed in Chapter 2,4applied pressure, temperature, step size and height as well as
waiting time between steps will influence unidirectional tests in a similar way.

Probing the CCP Probing the CCS
Rl : =
RN l |
S | |
U =1 I
high pressure ) no pressure
waiting steps 1S no waiting
contact loss onset dendrite induced short long steps
defines CCS \ «~ defines CCP
) I | - 4
S I
= ?_
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Figure 9: Idealized shematic showing a proposal for unidirectional testing of the CCP (blue) or
CCS (orange). The bottom part shosygpectedioltageresponses to theurrent densitiespplied

as seen in the top parFurthermore the graphics on the sides show tespective failure
mechanisms for the CCP (dendrites) and CCS (pore formation) and parameters on how to influence
whatmechanisméikely occurs.

To influence the test to rather probe the CCP, it is of utmost importance to suppress pore formation
at the stipping electrode. Like in CCD tests, this can be done by resupplying lithium to the interface
via plastic deformation and creep, both being enhanced by increasing the temperature and applied
stack pressure. Waiting steps while holding the pressure willshift the test to rather probe the

SE in unidirectional tests. However, the stripped electrode, which is not of interest in a CCP test,
still needs to be able to provide enodghium. Depending on the test parameters, thick foils
>100pum mayneed to b employed as the counter electrode.

Choosing the rightapacityper step is even more detrimental than in CCD tests when testing
unidirectionally. Choosing a capacity that is too low results in an overestimation of the CCS/CCP,
because the failure onsetynalready occur in one step but is progressingtizeablecell failure

only in the subsequent stdfor examplethe CCSnay beexceeded duringstrippingstepbut not
enoughcharge is passed for pore formatiom#&observedrhe pore formation woulthen only be
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noticed in the subsequent step, leading to an overestimation of theFGCi8eally reversible
LilLLZO interfaces, the amount of charge that results jore formation is around

1 mAh cnm2.3246.125T g avoid such arunderestimationit is possibleto testmultiple cells Each cell

is then strippedvith a higher current density untdilure. While timeconsuming, this procedure
prevents erroneouimiterpretation of CCS or CCP resulisspecially as the CCS seems to be
substantially lower than the CCF2®
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3 Results

3.1 Publication1 : AKinetic versus Ther modynamic
with  Li thium Metal o

In publicationl of this dissertation the reaction at the interface betweéthium and

Lis.2sAl 0.2d-a3Zr,012 Was investigated using XPS and electrochemical impedance spectroscopy in
dependence on the lithium deposition method. This work serves as an important puzzle piece in
understanding the reaction of two of the most promising battery matétialsm and LLZO.

To assess the influence of the energy input during the deposition of lithium or& thre the
reactivity, three differenultra-high vacuum (HV) techniques were used. Thin films were
deposited using (i) sputter deposition, (ii) electbmam physial vapor deposition and (jii)
operandcelectronbeam electrochemical deposition. It could be shown in line with previous works,
that a very thin oxygen deficient interlayer (ODI) forms by the reduction*dt@Zr** or even Z%.
Interestingly, this ODI nly forms, when a kinetic barrier is overcome, e.g. by lithium sputtering
with high kinetic energy (0.1 1.0 eV). Lithium that was deposited via electtmam deposition
though does not show any reaction at all as observed by XPS due to the lower epetgy i
(0.017 0.1eV). However, no implication of this difference was observed for the electrochemical
performance and interfaciahpedancedor the different samples, whiaimay have two different
reasons Either, the ODI formsanyway upon measuring the inspdance due to the applied
overvoltage or the thin ODI does not influence the interfagcipedance

Either way, publication 1 brings closure to a muiscussed question in literature if the Li|LLZO
interface is stable or not. The generated knowledgettigaenergy input during deposition of
lithium or even of possible interlayeedso helps to optimize the future fabrication of stable
interfaces or interlayers to enable LMAs w8Es

The experiments for this work were designed and planned in collaiyonraiih the groupof

Dr. S. Tepavcevic (Argonne National Laboratory) dPiabf. J. Sakamoto (University of Michigan)

which resulted in a shared first authorshgiweerDr. J. Connelland T. FuchsXPS experiments
conducted in Giessen were performedyyT. Krauskopf and H. Hartmann and were supervised

by Dr. J. Sann and Prof. J. Janek. The manuscript was written by the first authors and edited by all
co-authors.
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ABSTRACT: Li;La;Zr,0), (LLZO) garnet-based oxides are a promising class of solid LL
electrolytes used as the separator in all-solid-state batteries (ASSBs). While LLZO is considered |
to have a wide electrochemical stability window, its intrinsic stability in contact with lithium metal
is not sufficiently well understood, and there is still a debate on the key question of whether LLZO
does or does not form passivation layers before and during cycling. Utilizing both in situ and
operando X-ray photoelectron spectroscopy techniques, we reveal the presence of a kinetic barrier
to the reduction of LLZO by Li metal, with the extent of oxygen-deficient interphase (ODI)
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formation depending sensitively on the energetics of Li metal arriving at the LilLLZO interface. Despite the clear presence of a
kinetic barrier to reduction, the electrochemical response of the LilLLZO interface is unchanged by the presence of the ODI,
indicating that ODI formation during electrochemical cycling does not hinder charge transfer across the LiIILLZO interface. Overall,
these results reveal that the reactivity of LLZO with Li metal depends not only on the material properties of the adjoining phases
(i.e., surface purity and active contact) and their resulting thermodynamic stability but also on the energy input at the interface and
the resulting reaction kinetics. Furthermore, the presence of a kinetic barrier to reduction highlights the additional complexities
governing the reactivity of solid-state interfaces in ASSBs and underscores the importance of operando characterization of interfacial
stability to design more robust, high-performance protection strategies for solid electrolytes in contact with reactive electrodes.

H INTRODUCTION

The successful implementation of the reversible lithium metal
anode (LMA) is one of the most promising strategies in the
quest for future battery technologies with significantly
increased energy density.' ~* In principle, LMAs are conceiv-
able for batteries with liquid, polymer, or inorganic solid
electrolytes. However, the LMA in batteries with liquid or
polymer electrolytes is afflicted with notorious problems like
low Coulombic efficiency (liquids), poor rate capability
(polymers), and significant dendrite growth (liquids and
polymers).”™ In contrast, all-solid-state batteries (ASSBs)
based on inorganic solid electrolytes (ISEs) have been shown
to be able to mitigate or eliminate many of these issues” ' and
are therefore promising for a wide range of applications such as
transportation, which require both high power and energy
density to compete with existing Li-ion technologies.

Among the many types of ISEs that have been discovered,
the garnet-type superionic conductor Li;La,Zr,0,, (LLZO)
has attracted significant interest in the last decade due to its
high ionic conductivity at room temperature (~1 m$
em')'™" and because it is one of the few candidate materials
with apparent stability in contact with lithium metal.'"?
However, despite intensive research, the intrinsic stability of
LLZO in contact with lithium is still not sufficiently well
understood, and there is still a debate on the central question
of whether LLZO does or does not form a passivation layer in
contact with lithium metal.'® Experimental techniques like X-

©® 2020 American Chemical Society
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10207

ray diffraction (XRD) can resolve the presence or absence of
progressive interphase formation that continues into the
bulk,'"*™"? but are insensitive to the formation of a very thin,
self-limited interphase. Transmission electron microscopy
(TEM)-based investigations have enabled direct imaging of
the LILLZO interface; however, in situ measurements indicate
the formation of a lithium-rich tetragonal interla.)re:r,20 while ex
situ studies indicate no significant structural changes.”' Studies
utilizing X-ray photoelectron spectroscopy (XPS) have
similarly found different results, with some studies showing
no evidence for reduction, while recent work by some of the
authors has shown the reduction of Zr* at the interface of
doped LLZO with lithium metal.>> Theoretical investigations
of the stability of LLZO to Li metal have focused primarily on
undoped LLZO," which is tetragonal at room temperature
with a low ionic conductivity of ~10™ mS ecm™. Even for the
undoped material, different theoretical prediction methods also
yield different results, with the “band gap” approach (also
referred to as the “electrochemical stability” approach)
predicting sufficient stability in contact with lithium metal®
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and the chemical stability ap}i)roach predicting a decomposition
reaction at 0.05 V vs Li*/Li.** "> However, it should be noted
that kinetic considerations are not included in either approach.

Indeed, the question of reaction kinetics remains largely
unaddressed, as many measurements and theoretical insights
rely on analysis of the thermodynamic ground state of the
system to determine stability. As our previous work indicates,
some of the discrepancies that exist in the literature likely
derive from differences in surface cleanliness (i.e., the presence
or absence of surface Li,CO; and LiOH layers), with even
relatively thin reaction layers modifying the interfacial
reactivity of LLZO with Li metal.’>*"** Furthermore, the
specific dopant used to stabilize the cubic phase clearly impacts
the nature and extent of reactivity between LLZO and Li, with
Ta-doped LLZO exhibiting very little reactivity as compared to
Nb-doped LLZO, whose reactivity with Li propagates into the
bulk via the likely formation of a mixed conducting interphase
(MCI).***” However, these results still do not directly address
the kinetics of the reactivity of Li metal with LLZO, as no
time-dependent evolution of the oxygen-deficient interphase
(ODI) layer discovered in this work was resolved for either Ta-
or Al-doped LLZO. In this context, it has to be noted that even
a thin, nanometer-sized MCI layer can have a strong impact on
the rate performance of the LillSE interface, as they have been
shown to cause diffusion-related transport limitations in other
systems.”™"" Characteristic low-frequency contributions hint-
ing toward transport limitations have also been reported for
the LIILLZO interface.”>** Furthermore, the formation of an
ODI layer with higher electronic conductivity compared to the
pristine LLZO layer induces a transfer number gradient in the
solid electrolyte across the interface region and could facilitate
internal lithium nucleation inside the LLZO ceramic.*** This
indicates that more precise knowledge of interfacial stability is
needed to advance the understanding of lithium metal
electrode kinetics and dendrite growth in LLZO-based solid-
state batteries. Indeed, determining the critical link between
chemical reactivity and electrochemical performance is
essential to enable ISEs for next-generation ASSBs.

To develop such insights, we have utilized a variety of
different in situ and operando XPS techniques, coupled with
electrochemical measurements, to investigate in detail the
factors impacting the interfacial stability of Al-doped LLZO in
contact with lithium metal. It is shown that Li metal deposited
onto the LLZO surface via different techniques (ie.,
magnetron sputtering, electron beam evaporation, and electro-
chemical deposition) results in different reactivities that
depend sensitively on the energetics of arriving Li species.
The results demonstrate that the reactivity of LLZO with Li
metal does not only depend on the material properties of the
adjoining phases (i.e., their surface purity and active contact)
and their resulting thermodynamic stability but also on the
energy present at the interface and the resulting reaction
kinetics. Despite the clear presence of a kinetic barrier to
chemical reactivity during formation of the interface, the
resulting electrochemical response of the LIILLZO interface is
unchanged by the presence or absence of the ODI layer.
Overall, the presence of a kinetic barrier to reduction highlights
the additional complexities governing the reactivity of solid-
state interfaces in ASSBs and underscores the importance of
operando characterization of interfacial stability to design more
robust, high-performance protection strategies for solid
electrolytes in contact with reactive electrodes.
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B RESULTS

Vacuum deposition of Li provides an alternative to the
use of bulk Li foils and serves as a critical component of
interface design, as it avoids the introduction of extrinsic
reaction products at the LILLZO interface (eg, LiOH,
Li,CO,). For all experiments, we selected Al-doped LLZO
with the composition Lig,sAly,sLa;Zr, 045, as this material was
shown previously to exhibit significant, measurable reduction
in contact with Li metal while still forming a self-limiting ODI
layer.”” Two different vacuum deposition techniques were
employed—specifically, magnetron sputtering (Figure la) and

1,9,16,17

b) E-beam Vapor Deposition c) E-beam Electrochemical

a) Sputter Deposition
Deposition

oary Qu;? ﬂ:o .
: s 00
w Tu
LLzo LLZO LtLzo

Figure 1. Schematics of the different lithium deposition processes that
were utilized in this work. (a) Sputter deposition of lithium and
transfer under UHV conditions for XPS measurements, (b) e-beam
vapor deposition with UHV transfer for the XPS measurements, and
(c) operando electrochemical deposition inside the XPS chamber via
the electron beam electrode method.

electron beam (e-beam) evaporation (Figure 1b)—to compare
the impact of vacuum deposition techniques with differing Li
deposition energetics on the observed ODI layer formation.
These results were compared to operando electrochemical
deposition of Li via the electron beam electrode method****
(Figure 1c) to interrogate the reactivity of the LilLLZO
interface under operating conditions.

Impact of Vacuum Deposition Technique on LilLLZO
Reactivity. Prior to vacuum deposition of Li metal, AI-LLZO
surfaces were vacuum annealed to remove any residual
carbonate and hydroxide layers (Figure 2ab). The Li metal
was deposited by both magnetron sputtering and e-beam
evaporation, after which samples were transferred under
ultrahigh vacuum (UHV) conditions to analyze their reactivity
by XPS (see the Experimental Section for details). In both
cases, Li was found to readily coat the LLZO surface, resulting
in a decrease in the overall XPS signal (Figures 2b and S1).
Importantly, the majority of the Li deposits as Li metal, even in
relatively thin films (~10 nm), as demonstrated by the sharp
peak in the Li Is core-level spectrum at 54.2 eV (Figure 2b,
inset). Our previous work demonstrated that Li metal reacts
with the top atomic layers of LLZO to form oxidized Li (Li—
O) and reduced Zr species, resulting in the creation of the ODI
layer between LLZO and Li.'"® The Li—O content at 55.2 eV
(Figure 2b, inset) is related to the intrinsic Li—O content in
LLZO itself, as well to the changed local atomic and electronic
structure of oxygen in the ODI. However, parts of Li—O
species may also form by the reaction of Li with residual
oxygen still present in the UHV atmosphere.

To better understand the morphology of Li thin films,
atomic force microscopy (AFM) measurements were per-
formed on Li films deposited on atomically smooth, single-
crystal SrTiO;(STO) (001) substrates. These substrates were
chosen specifically to remove the contribution of extrinsic
roughness introduced by topographic nonuniformities on

https://dx.doi.org/10.1021/acs.chemmater.0c03869
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Figure 2. (a) Representative O 1s core-level XPS spectra from
unpolished (left) and polished, UHV-annealed (right) LLZO pellets.
(b) Survey spectra of Al-doped LLZO surfaces before and after Li
sputter deposition. The inset shows the Li 1s core level before and
after Li deposition. (c—e) Atomic force microscopy (AFM) images of
the Li film morphology on STO(001) after (c) 8 min sputter
deposition, (d) 30 min sputter deposition, and (e) 10 s e-beam
evaporation. Color scales represent height in nanometers.

polished, polycrystalline LLZO. Furthermore, films deposited
on STO substrates exhibit a similar degree of XPS signal
attenuation (as well as a similar color) to the films deposited
on LLZO pellets, indicating a similar degree of coverage for a
given deposition time.*® AFM images of a series of thin Li films
deposited by sputter (Figure 2c,d) and e-beam (Figure 2e)
deposition reveal that deposition takes place by three-
dimensional (3D) island growth and that the islands coalesce
with increasing deposition time. In addition, the overall
morphology of the films is very similar regardless of the
deposition technique, with e-beam evaporation yielding slightly
smaller islands at similar nominal coverage (i, similar
attenuation of the XPS signal, Figure S1). In all cases, the
surfaces are relatively smooth (rms roughness ~ 8 nm),
suggesting continuous coverage that yields a highly conformal
LILLZO interface.

It was assumed in our prior work that the reactivity observed
was “intrinsic” to the LilLLZO interface and, therefore, another
Li vacuum deposition technique applied after the same LLZO
cleaning procedure would result in the same ODI formation.
Surprisingly, no ODI layer formation is observed when Li
deposition is performed via e-beam evaporation despite similar
coverage by the deposited Li layer. Specifically, the partial
reduction of Zr** to Zr** and Zi’ is observed after sputter

deposition of Li metal (Figure 3a), whereas there is no
indication of any species other than Zr*" after Li deposition
onto LLZO by e-beam evaporation (Figure 3b). The extent of
reactivity is not impacted by the thickness of the Li layer
(Figure S2), suggesting that increased deposition time and Li
layer thickness cannot drive additional reactivity, nor is it
affected by the specific LLZO processing method. As the
morphology of the deposited lithium was not found to differ
significantly between both techniques, it is also unlikely that
the morphology of the deposited lithium metal or the size of
the Li crystallites can account for differences in apparent
reactivity. The observed differences also cannot be explained
by external parameters of the deposition techniques (ie.,
presence of residual O, in the UHV chamber). While sputter
deposition of the film roughly takes 30 min instead of seconds
for e-beam deposition, the absolute time is not sufficient to
account for the observed reactions under UHV conditions.
Furthermore, more O, is intrinsically present during sputter
deposition due to the orders of magnitude higher background
pressure relative to e-beam deposition (1 X 107 vs ~1 X 1077
mbar, respectively), confirming that the oxidation of Li by
residual O, cannot drive the lower reactivity of Li observed on
e-beam-deposited samples.

Despite the observed differences in chemical reactivity,
electrochemical impedance spectroscopy (EIS) measurements
of LilISEILi symmetric cells made from sputter- and e-beam
deposited Li yield similar interfacial resistances (Figure 4).
Slight variations originate from the use of different cell setups
and potentiostats for measuring the spectra. For comparison,
the EIS spectrum of a symmetrical AulLLZOIAu blocking cell
is shown and demonstrates the bulk and grain boundary
contributions in the high-frequency range (4 MHz and 500
kHz, respectively). As expected, bulk and grain boundary
contributions are similar for the LIILLZOILi symmetric cells,
and although these contributions were not resolved for the
sputtered Li electrodes due to a lower frequency range,
calculated bulk plus grain boundary resistances for cells with e-
beam-deposited Li match well with those resolved directly in
blocking electrode measurements (181 and 197 Q cm?,
respectively). Distinct from the blocking electrode measure-
ments, symmetric Li—Li cells possess additional contributions
in the low-frequency range that are attributable to the LiILLZO
interface. Deviation from R—C behavior was observed at low
frequencies (<10 Hz). Such counterintuitive deviation from
R—C behavior when using a nonionically blocking electrode is
rationalized by the presence of pits on the surface of the solid
electrolytes that were sanded with SiC sandpaper of 400 and
600 grit (22 and 16 pm abrasive particle size, respectively).
The increase in roughness of the solid electrolyte surface likely
arises from pull out of crystallites modifying the capacitive
component of the low frequency impedance behavior as
reported previously in sintered 8" alumina by Armstrong and
Burnham.”” Note that all bulk, grain boundary, and interface
contributions were fit with parallel R—P elements, with P being
a nonideal capacity. Full equivalent circuits used to fit are
displayed in Figure S3. Table I displays the obtained values for
the resistances and capacitances of each element, if it was
possible to resolve them separately. We estimated the error on
the obtained resistance values to be around 15% based on
experimental uncertainties, like different cell geometries,
electrode areas, and used potentiostats. As bulk and grain
boundary contributions overlap in the frequency range for the
Au and e-beam Li electrodes, the obtained individual

https://dx.doi.org/10.1021/acs.chemmater.0c03869
Chem. Mater. 2020, 32, 10207-10215



3 Results

31

Chemistry of Materials

pubs.acs.org/cm

As Prepared zr Zr 3d
3
©
<
Z . N
2
o
=
zr
A

b

As Prepared Zr 3d
f\
\
l'f\\ / |
[
[
E-beam Li /\
‘w
.
N i
r \ \I
|
[ \
) '\
%NMI R S e e

190 188 186 184 182 180 178

190 188 186 184 182 180 178

Binding Energy / eV
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Figure 4. Impedance spectra obtained for blocking electrodes (Au) as
well as nonblocking electrodes (e-beam Li and sputtered Li). The
corresponding fit to the data (open symbols) is displayed in solid gray
lines.

resistances may be flawed to some extent. However, peak
frequencies and calculated capacitances are in agreement with
literature data and support our interpretation of the different
processes.”® Furthermore, cycling of these cells at a current
density of 10 uA cm™ (Figure S4) reveals almost identical
polarization behavior, consistent with the similar interfacial
resistances calculated by fitting of the impedance spectra.

The similarity in impedance behavior of the LILLZOILi cells
suggests one of two possibilities—either the ODI layer
formation does not measurably alter the charge transfer
resistance from that of unreacted LLZO or that the ODI layer
formation is somehow induced during the EIS measurement.
Induced reactivity may be caused by small currents at the
interface during data collection at the low-frequency limit of
the EIS spectra (0.01 Hz), which is close to actual DC
measurements; however, these conditions are not accessed
until after the high-frequency response corresponding to
charge transfer resistance has already been measured, making
it unlikely that ODI formation is somehow induced by the
electrochemical measurement. Therefore, it seems that the
formation of the ODI in LLZO does not affect the interfacial
kinetics significantly. Differences between sputter and e-beam
deposition will be more thoroughly explored below to better
understand the underlying driving forces for Li reactivity with
LLZO and its impact on electrochemical performance.

Influence of Deposition Energetics on the Chemical
Reactivity. Having eliminated extrinsic differences between
samples as possible explanations for the observed differences in
chemical reactivity and resulting ODI layer formation, we
hypothesize that the LiILLZO reactivity must stem from some
intrinsic differences between the sputter and e-beam
deposition techniques. While both deposition techniques rely
on relatively low energy input, magnetron sputtering does
result in the generation of more energetic species than those
produced by e-beam evaporation. Typical energies of species
deposited via e-beam and sputter deposition are 0.01-0.1 and

Table 1. Summary of Obtained Resistances and Capacitances for the Different Contributions Obtained from Fitting the

Impedance Spectra in Figure 4

electrodes R/ Q em? Caun/F Rgp/€2 cm* Cop/F Ry /€2 cm?® Ci/F
Au 118 + 18 1.35 x 107" 79 + 12 1.13 % 107°
e-beam Li 114 + 17 9.12 x 107" 67 + 10 1.95 x 1077 176 + 26 1.15 x 107°
sputtered Li 137 + 20 136 x 1077
10210 httpsy//dx.doi.org/10.1021/acs.chemmater.0c03869
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0.1-1.0 eV, respectively.”” In addition to differences in energy,
sputter deposition also results in the formation of ions within
the plasma present at the sputter target surface (ie., Li" and
Ar"), whereas the only species present during e-beam
evaporation are lithium atoms (ie, Li"). It is therefore
possible that differences in Li chemistry and/or energetics
drive the observed differences in reactivity. Although some
fraction of Li* species are certainly formed during sputtering
and deposit onto the LLZO surface, it is highly unlikely that
Li* species can drive ODI layer formation on LLZO as they
have no 2s electrons with which to reduce Zr**. As a result, the
majority of Li species deposited via sputter deposition must be
neutral Li’, indicating that the chemical composition of Li
species deposited by both e-beam and sputter deposition are
likely the same.

This strongly suggests that differences in the energetics of
the two processes instead drive the apparent differences in
reactivity. Heating to 150 °C during or after Li deposition via
e-beam evaporation also yields no reduction of Zr species
(Figure Sa), suggesting that thermal energies below the Li
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Figure 5. Zr 3d core-level XPS spectra demonstrating the effect of Ar*
ion bombardment on Zr*" reduction by e-beam-deposited Li metal on
LLZO.

melting point (~0.04 eV at 150 °C) are insufficient to bridge
the difference in energetics between the sputtering and e-beam
processes. As there is certainly a high density of Ar* species
present during sputter deposition that are not present during e-
beam evaporation, it is likely that the flux of these ions to the
substrate provides the necessary additional energy and
facilitates the observed reactivity. Indeed, brief irradiation of
e-beam-deposited Li films with Ar® ions, either via direct
current ion bombardment or radio-frequency plasma, is able to
directly reproduce the observed Zr*' reduction and ODI layer
formation that takes place intrinsically during sputter
deposition (Figure Sb). Similar reduction of Zr*" is not
observed after Ar” irradiation when Li metal is not present on
the LLZO surface (Figure S5), confirming that reduction is not
caused by Ar® ion bombardment alone, but rather by the
additional energy provided to Li". Given the overall low
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energies involved in either vacuum deposition process, this
difference strongly suggests the presence of a kinetic barrier to
LLZO reduction, as the thermodynamic reduction potential of
LLZO is predicted to be ~50 mV above that of Li metal,”*
implying that LLZO should reduce in contact with Li
regardless of the deposition technique used. The fact that
reduction is not observed for the e-beam samples but is
observed for sputter deposition indicates that there must be a
kinetic barrier to reduction. The presence of more energetic
ionic species during the sputter deposition process likely
provides enough energy to overcome this kinetic barrier,
driving Zr*' reduction and ODI formation.

Electrochemical Reactivity of Li Metal with LLZO and
Kinetic Considerations. To determine whether such a
kinetic barrier does, in fact, exist, it is necessary to observe
the reactivity of the LILLZO interface during electrochemical
deposition of Li metal. To simulate electrochemically formed
LilLLZO interfaces in a clean UHV environment, we
performed electrochemical deposition of Li via the electron
beam electrode technique™ (Figure lc), which utilizes an
incident, low-energy electron beam current to drive the
deposition of Li metal at the LLZO surface while
simultaneously measuring XPS. This method enables visual-
ization of the LilLLZO interface under operando conditions
that closely mimic the deposition of lithium metal without the
presence of a lithium metal reservoir, which are currently being
discussed for the concept of “anode-free” lithium metal
batteries.' "+~

Operando XPS measurements of electrochemical Li deposi-
tion also reveal the reduction of Zr** to Zr** and Zr® (Figure
6a), with the extent of reduction almost identical to that
observed in annealed LLZO samples with sputter-deposited Li
(Figure 6b). Consistent with previous time-dependent EIS
measurements,” operando XPS measurements reveal that ODI
formation is self-limiting, with very little change in the extent
of Zr** reduction with increased Li deposition time after ~1.5
min. The fact that reduction is observed after electrochemical
Li deposition onto these samples is even more significant
considering that, due to slightly poorer vacuum quality in the
electron beam electrode XPS system, the starting LLZO
surfaces contained some residual Li,CO,/LiOH species
(Figure S6). As the presence of such species has been shown
to impede Li reactivity with LLZO, it is possible that even
more reactivity would be observed after electrochemical Li
deposition onto Li;CO;/LiOH-free surfaces. Nevertheless,
realistic cell assembly conditions will inevitably introduce some
of these species to the interface, and therefore, the surface
cleanliness of these samples more closely mirrors those present
in an actual coin cell.

As a result, these measurements provide clear evidence that
the electrochemical deposition of Li metal does indeed result
in the reduction of the LLZO surface, resulting in ODI
formation that is consistent with previous results by sputter
deposition. Furthermore, these results support the hypothesis
that there is a kinetic barrier to LLZO reduction by Li, as the
application of sufficient overpotential to electrochemically
nucleate and grow Li metal provides sufficient energy to drive
Zr* reduction at the LilLLZO interface. Indeed, the only case
in which no reduction is observed is in the case of very low
incident Li deposition energies during e-beam evaporation.
The presence of a kinetic barrier further explains the similar
lack of reduction observed after simple physical contact of Li
metal with LLZO surfaces, even at temperatures above the

https://dx.doi.org/10.1021/acs.chemmater.0c03869
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