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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 solid-state batteries could offer exactly this combination.
Traditional liquid electrolyte-based batteries 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. Unlike solid-state batteries, lithium-ion batteries furthermore pose greater
safety concerns due to the risk of leaking and high flammability. However, while promising,
ensuring a safe implantation of electrode|solid electrolyte interfaces is still regarded as the key
challenge to overcome. Whereas highly resistive interfaces are the major concern for the
cathode|solid electrolyte interface, morphological issues such as dendrites and contact loss limit the
anode|solid electrolyte interface.

It was shown that a slow vacancy diffusion within lithium metal inherently limits the applicable
current density for discharging a lithium metal anode. For every lithium atom stripped, an electron
and a vacancy are left behind within the lithium metal anode. If 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
challenge is 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 into the solid
electrolyte by the formation of dendritic structures or a very heterogeneous island-like growth,
drastically limiting cell cyclability.

Therefore, this dissertation focuses on understanding and mitigating the morphological issues
linked to the use of metal anodes and their impact on battery operation. First, however, the
interfacial degradation of the used model system of Li|Lis2sAlo2sLasZr.O1|Li was investigated
using X-ray photoelectron spectroscopy and impedance spectroscopy. After finding a negligibly
thin interphase, several strategies were employed and investigated regarding their success in
compensating or even suppressing pore formation during anodic lithium dissolution. This includes
altering the lithium metal grain structure, dispersing carbon nanotubes into lithium and using ionic
liquids as pore filling agents. Especially the latter two methods yield a strong improvement in
dissolution capacity to > 20 mAh cm. Moreover, the lithium morphology was investigated during
deposition on a metal current collector in dependence of the applied current density and metal
thickness by developing a novel technique. A direct operando visualization of lithium growth below
a thin metal current collector using an electron microscope allowed the observation of the lithium
nucleation density as a function of current density.

Overall this dissertation expands the knowledge on morphological challenges occurring at the
Lilsolid electrolyte interface during discharge and lithium deposition at metals during charge
without the presence of a lithium reservoir. Based on this knowledge, several mitigation strategies
were developed and investigated, paving the way for future optimization to mitigate and
compensate morphological instabilities during operation inherent for lithium metal anodes. For
example, it could be shown that it might be necessary to shift away from pure lithium metal to
anode composites, as a means to tailor both the anode’s electrochemical and mechanical properties
to the desired application.






Zusammenfassung

Um einen zugigen Wandel zu erneuerbaren Energien und eine einhergehende Elektrifizierung von
Kraftfahrzeugen zu schaffen, sind sichere Energiespeicher mit hoher Energie- und Leistungsdichte
von enormer Relevanz. Durch die Verwendung von Lithium als Metallanode kénnten Feststoff-
batterien mit einem festen Separator genau diese Bedingungen erflllen. Batterien mit fllissigem
Elektrolyten werden namlich bald ihr physikochemisches Limit erreichen, da diese aufgrund von
chemischer Degradation und Dendritenbildung auf die Verwendung von Graphit als
Anodenmaterial beschrénkt sind. Feststoffbatterien hingegen bieten bessere Sicherheit, da keine der
Komponenten entflammbar sind oder gar auslaufen konnen. Trotz vielversprechender
Eigenschaften gibt es allerdings einige Hiirden zu iberwinden, bevor eine sichere Implementierung
von Metallanoden in Feststoffbatterien moglich ist. Durch die feste Natur der Separatoren limitieren
morphologische Probleme wie Kontaktverlust und Dendriten die Stromstarke an der
Li|Festelektrolyt-Grenzflache.

So konnte gezeigt werden, dass die langsame Leerstellendiffusion in Lithium inhérent die
Entladestromdichte limitiert, da flr jedes oxidierte Lithiumatom eine Leerstelle in das Metall
induziert wird. Ist jedoch die Rate des Lithiumnachschubs zur Grenzflache geringer als die
Leerstelleninduktion, akkumulieren diese sich zu resistiven Poren an der Grenzflache. Eine andere
Hurde ist die ungleichmaRige Lithiumdeposition sowohl auf einem Stromsammler als auch auf
einem Lithiumreservoir wahrend des Ladens. Typischerweise bilden sich heterogene Morphologien
aus, welche durch Dendriten- oder Inselwachstum die Zyklisierbarkeit der Zelle limitieren.

Der Fokus dieser Doktorarbeit liegt daher darauf, den Einfluss von morphologischen Problemen
und etwaigen Vermeidungsstrategien auf die Batterieoperation zu verstehen. Zunachst wurde dafiir
ein geeignetes Modellsystem der Art Li|Lis2sAlozslasZr.O1o|Li  prapariert und mittels
Rontgenphotoelektronenspektroskopie  und  Impedanzspektroskopie  untersucht.  Nach
Sicherstellung vernachléssigbar diinner Grenzphasen wurden verschiedene Strategien zur
Unterdriickung und Kompensation der Porenformation untersucht. Dabei wurde die Mikrostruktur
des verwendeten Lithiums gezielt kontrolliert, Kohlenstoffnanordhren in Lithium dispergiert oder
ionische Flussigkeiten als Mittel zur Porenkompensation eingesetzt. Insbesondere die letzten zwei
Mdoglichkeiten fuhrten zu einer erfolgreichen Verbesserung der Entladekapazitit auf
> 20 mAh cm. Dartiber hinaus wurde auch die Lithiummorphologie bei Deposition auf einem
Metallableiter in Abhangigkeit der Stromdichte und Ableiterdicke untersucht. Eine neu entwickelte
Operando-Methode erlaubte dabei die Visualisierung der Lithiumkeimdichte als Funktion der
Stromdichte mittels eines Elektronenmikroskops.

In dieser Dissertation konnten die bestehenden morphologischen Hurden bei der Metall-
abscheidung und -auflésung in Feststoffbatterien definiert und analysiert werden. Basierend auf den
gewonnenen Erkenntnissen wurden neue Konzepte zur Unterbindung der Porenformation
untersucht, um die Realisation und Optimierung von Metallanoden voranzubringen. Beispielsweise
kénnte es notig sein, statt sich auf reines Lithium auf Anodenkomposite oder Hybridkonzepte zu
fokussieren, da es dadurch maglich ist, sowohl die elektrochemischen als auch die mechanischen
Eigenschaften der Anode gezielt auf eine mégliche Anwendung zuzuschneiden.
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1 Introduction

According to the International Panel on Climate Change (IPCC), every tenth of a degree Celsius
more of an increase in average global temperature has enormous consequences and results in a
variety of huge, progressively worse environmental catastrophes.! It is therefore worthwhile to
reduce greenhouse gas (GHG) emissions and limit climate change 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 emission is the use of rechargeable batteries for energy
storage in vehicles or small-scale 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 improved by roughly 80 %. Additionally, depending on the vehicle’s class, lifetime and
mileage a decrease from 28 — 42 % of GHG emission is predicted for electrifying vehicles, due to
the more efficient use of renewable energy sources.®

Although a wide variety of different battery types is used in technologies today, lithium-ion
batteries (LIBs) with liquid electrolytes (LEs) dominate the overall market share of high energy -
high power batteries.*® However, LIBs are expected to reach their physicochemical limit in terms
of energy density soon. Unlike LEs though, solid electrolytes (SEs) may enable the use of lithium
metal as the anode material,”® offering a higher safety by decreasing the flammability, risk for
leakages and mechanical penetration by dendrites.®® Solid-state batteries (SSBs) would therefore
not only increase the safety of the cell, but also the energy density owing to lithium’s lowest redox
potential and highest specific capacity.®'* Another benefit when using an SE is the possible
increase of the cells power density or rather rate capability. The reason is that SEs have a transfer
number of lithium ions ¢, ;+ 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 is 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 self-limiting solid electrolyte interphase (SEI) or a continuously
propagating mixed conducting interphase (MCI).121 No practically relevant SE with high ionic
conductivity is thermodynamically stable in combination with lithium metal.}* For example, the
argyrodite LisPSsCl forms an SEI with a thickness of > 100 nm.*? Other promising SEs such as
LivsAlosGe1s(PO4)s (LAGP) will even degrade completely, forming a mm-thick MCL.*2 Only
variants of cubic-LisLasZ,0:2 show a virtually stable interface towards lithium metal, as the SEI is
limited to a nm-thin layer of only a few unit cells.!?!>% Additionally, lithium will form an
inhomogeneous and uncontrollable surface passivation layer even in gloveboxes,'’*® what further
complicates the cell preparation. This motivates so-called “anode-free” cells, in which lithium is
plated during the first charging step.®

Differently spoken, in “anode-free” cells the lithium reservoir at the anode side is omitted during
cell assembly,**-2! which is why this concept is referred to as a reservoir-free cell (RFC) within this
work. This concept works, as cathode active materials (CAMS) are usually synthesized in a lithiated
(or discharged) state.?2?® Excluding lithium loss mechanisms, a lithium reservoir hence only adds
unnecessary weight to a cell. In an RFC, the lithium anode is therefore generated by depositing the
metal directly on the current collector (CC) 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 of directly after assembly. Although some groups seem to have solved this
issue,?* it is yet additionally difficult to properly control the lithium growth to a desired film in
RFCs.192

Another challenge that is present in both traditional SSBs and RFCs occurs due to the stiff and
brittle nature of inorganic SEs, since they cannot compensate volume changes of electrode materials
during cycling.8?>2¢ Contact issues 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 such as B-LisPSs or LigPSsCl cannot compensate the
contraction of nickel-manganese-cobalt-oxide (NCM) particles during discharge, which leads to
partial loss of contact within the cathode and therefore to a capacity fading.?® Secondary NCM
particles are also prone for cycling-induced cracking, which is not compensated by a non-flowing
SE.?” Several concepts to mitigate contact issues in composite cathodes exist, such as immense
stack pressures,?®3C careful structural engineering of “zero-strain” electrode materials?? or material
combinations.®

Contact issues are unfortunately not limited to the cathode side and cathode composites but also
occur at metal anodes. For example, the formation of pores during discharge (stripping) is
frequently identified as the current-limiting step, as it will ultimately lead to a contact loss between
the lithium metal anode (LMA) and SE. Krauskopf et al. identified an insufficient vacancy diffusion
within lithium metal as the reason for pore formation.”*>% For every oxidized Li-atom, a Li-ion
transfers into the SE, which forms a vacancy at the 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 micron-sized pores. The effective electrode area is subsequently decreased and
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 pores at the interface additionally acts as the main precursor for dendrite
initiation.®* After pores have formed on one electrode 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 and possibly to the growth 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 steps.** Dendrites will then
either dynamically grow and are dissolved again or directly short-circuit the cell during subsequent
cycling. This shows that the issue of short-circuiting 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 formation or possibly 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 injection into the metal. However, as the rate of replenishing is rather unaffected
by the applied current, pores will grow earlier during the stripping process for higher current
densities, which has already been experimentally confirmed.®*3” On the other hand, pressure will
introduce a third factor and influence 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 pores. However, the pressure required to suppress pore formation of practically relevant current
densities > 1 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 simultaneously increasing the discharge capacities
for LMAs is possible, e.g. by 3D-interfaces,* employing an ionic liquid (IL) as a pore filling agent®
or altering the LMA by alloying or mixing with other components,334°

In this dissertation, morphological and chemical changes at the Li|SE interface and their respective
impact on the LMA performance in SSBs are investigated. Novel concepts, such as using ILs in
otherwise all-solid batteries or carbon nanotubes (CNTs) within the LMA as means to mitigate pore
formation during discharge are investigated via operando electrochemical 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 this dissertation, titled “Kinetic versus Thermodynamic Stability of LLZO in
Contact with Lithium Metal”, the extent of degradation at the Li|Lis2sAlo2sLasZr.01, (LLZO)
interface was investigated in dependence on the energy input during lithium deposition. Therefore,
thin lithium films were deposited using (i) sputter deposition (high energy), (ii) electron-beam
physical vapor deposition (low energy) and (iii) operando electron-beam electrochemical
deposition. It was shown that a thin interphase only forms when a kinetic barrier is overcome, e.g.
by lithium sputtering with high kinetic energy (0.1 — 1.0 eV). 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 stable interfaces or design of interlayers to enable
LMAs with SEs.

In publication 2 of this dissertation, titled “Current-Dependent Lithium Metal Growth Modes in
‘Anode-Free’ Solid-State Batteries at the Cu|LLZO Interface”, the morphology of lithium
deposition at the Cu|LLZO interface in RFC designs is investigated in dependence on the applied
current density and CC thickness. To investigate the lithium growth morphology in operando during
plating, a novel technique was developed, where small and thin copper patches were contacted
inside an electron microscope and growing lithium visualized during deposition. It was shown that
the nucleation density strongly increases with higher current densities and that thick (> 5 um) CCs
are necessary to suppress a penetration thereof. 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 this dissertation investigate different methods to overcome the pore formation
during stripping at metal electrodes, which to date limits the applicable discharge current density.

In publication 3, titled “Overcoming Anode Instability in Solid-State Batteries through Control of
the Lithium Metal Microstructure”, an influence of the microstructure of lithium on the stripping
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, if it is possible to apply stack pressures
in a cell system (e.g. 2 MPa), small-grained lithium is superior in resupplying lithium to the
interface during stripping, since dislocations and grain boundaries enhance the lithium transport
through Nabarro-Herring creep and plastic deformation.

In publication 4, titled “Increasing the Pressure-Free Stripping Capacity of the Lithium Metal
Anode in Solid-State-Batteries by Carbon Nanotubes” CNTs were added to lithium to form a
composite anode. This material proved to be superior to pure lithium without the application of
stack pressure, as it increased the discharge capacity to > 20 mAh cm? through expanding the
dissolution process from only at the interface to also in the bulk of the LMA. A change of
mechanical properties of 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 boundary conditions.

In publication 5, titled “Working Principle of an lonic Liquid Interlayer During Pressureless
Lithium Stripping on Lig 2sAlo 2sLasZr,012 (LLZO) Garnet-Type Solid Electrolyte”, the concept of
using small amounts of an LE at the interface was investigated with 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
academic view of cells necessarily having to be strictly all-solid, as hybrid approaches may prove
to be superior in the end.

Overall, the presented results within this dissertation stress how ensuring good contact between the
solid electrodes and the separator is both of utmost importance to guarantee a well cycling battery
and simultaneously very difficult due to physicochemical limitations. Furthermore, the lithium
growth morphology in RFCs was investigated in dependence of CC thickness and applied current
density, for which a novel operando SEM method was developed, allowing the direct visualization
of lithium growth at the metal|SE interface. Additionally, different mitigation strategies to avoid
contact loss due to pore formation while stripping are conceived and presented, showing great
potential to increase the anode discharge capacity to over > 20 mAh cm. Fundamentally, this
dissertation shows that it may be impossible to achieve good dissolution performance
(> 5 mA cm, > 5 mAh cm?) with a simple planar Li|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 SEs. However, the main focus is put on morphological
issues arising when stripping or plating lithium at metal electrodes. Special attention is given to the
pore formation during discharge 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 General Classifications of the Interface Stability

The practical stability between lithium and an SE depends not only on their thermodynamic
compatibility but also on the kinetics of possible degradation reactions. Thermodynamically, most
promising SEs are not stable in contact with lithium.**#* However, despite nearly all SEs being
thermodynamically unstable, they differ greatly in their interface properties in combination with
lithium electrodes. Whereas thiophosphate SEs react with lithium by forming thick interphases or
even continuous bulk reactions, LLZO and its variants are virtually stable bar nanometer-thick
interphases.'>142 To answer this striking difference, the nature of the forming interphase needs to
be analyzed, which can be one of the following three cases as depicted in Figure 1.2**® These cases
are generally possible, independent of whether the driving force for the reaction is of chemical or
electrochemical nature.**

309505
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Figure 1. Three types of possibilities at the Li|SE interface: a) thermodynamically stable without
any interphase formation, b) an MCI and c) a solely ionically conductive SEI. Reproduced with
permission from reference 13. Copyright 2015 Elsevier.

If the Li|SE interface is thermodynamically stable as schematically depicted in Figure 1a, no SE
reduction occurs when in contact with lithium. As lithium has the lowest electrode potential of
-3.04 V versus the standard hydrogen electrode, Zhu et al. predict that solely some binary lithium
compounds like LiF, LiCl or LisN fulfill this condition.'* No practically relevant SE with
conductivities > 1 mS cm is thermodynamically stable in contact with lithium.

An MCI as shown in Figure 1b forms when the reduction products of the degradation are
electronically and ionically conductive. The consequence of such an interphase composition is that
it will continuously grow with time and possibly consume the whole electrolyte. If an MCI
formation between an SE and lithium is not severely kinetically hindered, the use of that SE in
combination with lithium can be ruled out completely due to the high resistance of a thick MCI.
One prominent example is the reaction of a Lii+xAlxTi2x(POs4)3 (LATP) SE in combination with
lithium, which prompts the reduction of Ti** to Ti® and therefore induces a large electronic
conductivity to the continuously forming interphase.!?4
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The third possibility is an interphase composed of solely ionically conducting products as seen in
Figure 1c. This means that an initial reaction occurs but is self-limited to a very thin layer. The
thickness of such an SEI 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 argyrodite LisPSsCl is
measured to be around 150 nm via time-of-flight secondary-ion mass spectrometry (ToF-SIMS).*?
However, many LLZO based SEs show such a thin SEI of only a few unit cells that they were long
thought to be thermodynamically stable in contact with lithium metal.>!® Note that the concept of
a fully electronically insulating interphase is usually not correct when talking about SEIs. However,
in cases where the electronic conductivity and the interphase growth is negligible for the
application, the term SEl is used.

2.1.2 Reactivity of Li|LLZO:M-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 pentanary cubic compounds such as
Lis.2sAlo2sLasZr,012 within this thesis, Chapter 2.1.2 uses the notation of LLZO:M to specifically
describe what element is substituted into quaternary LizLasZr,0:, due to its relevancy on this
specific topic.

LizLasZr,012 is expected to have a reduction potential of 50 mV versus Li*/Li with the formation
of Zr or Zr;0, La,0s and Li2O at lower potentials.’* However, practical examples show that some
pentanary materials, such as 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
interphase.”1°3246 X-ray photoelectron spectroscopy (XPS) results and impedance analysis further
indicate that the stability of LLZO is strongly dependent on the substituents used for stabilizing the
desired cubic crystal structure.*’” For example, Li|lLLZO:Nb shows an increase in interfacial
impedance with time underlined by a strong reduction of Zr** and Nb** shown by XPS. Another
work shows the continuous and pronounced reaction of LLZO:Ga with lithium metal,*® which is
therein explained by the tendency of lithium to alloy with gallium.

However, the stability of the most commonly used variant, which is LLZO:Al, with lithium is still
debated. On the one hand, several works employing electrochemical impedance spectroscopy show
that there is no time-dependent growth in impedance and consequently no indication for interfacial
degradation.®2374%50 Additionally, carefully conducted ToF-SIMS depth profiling also cannot find
evidence of the formation of any interphase between lithium and LLZO:Al.1? On the other hand,
transmission electron microscopy (TEM) and XPS investigations prove the existence of a very thin
interphase with an oxygen deficiency, which results in a tetragonal LLZO layer.>4

Closure to this discrepancy could be brought by comparing the Li|LLZO:Al interface when lithium
is deposited with different techniques. It could be shown that when the energy input during
deposition is high, for example during sputter deposition, a more pronounced interphase resulting
in Zr** reduction is observed.®® If instead a method like electron-beam vapor deposition is chosen
where the energy input is lower by more than an order of magnitude, no Zr** reduction was observed
using XPS. A question that subsequently arises is in what capacity this affects the electrochemical
performance, e.g. resistance of 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 electron-beam vapor deposition.
This means that either the resulting interphase has no effect on charge transfer or that the
overvoltage during impedance acquisition is already sufficient to form the interphase in cells
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previously clear thereof. 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 deliberate use of 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 protonation of an LLZO:Ta surface (Li*/H* exchange), which in contact with lithium
leads to the formation of the insulating LisTaO4 phase instead of conductive Ta metal as one of the
degradation products.®® Steering the degradation from electronically conducting Ta metal to
insulating LisTaOa therefore changes the interphase from a slow but continuously propagating MCI
to a self-limited 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 in contact with lithium without changing
the bulk electrolyte, especially as large-scale ion implementation techniques are already available
to control the surface concentration of dopants.52-%*
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2.2 Reservoir-Free Lithium-Metal-Batteries

Previous works were able to show, that a clean and pristine interface between lithium and an SE is
possible in model systems by carefully preparing lithium foils and attaching these to the SE at
extreme pressures of > 300 MPa.®2% While this is a suitable system for the scientific study of the
interface Kinetics, large-scale 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 a so-called “anode-free” cell configuration. 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 the CC|LLZO interface with regards to the
very first formation step in RFCs.

2.2.1  Working Principle of RFCs

Usually, SSBs are assembled using an SE separator, a cathode composite and lithium metal as the
anode material. However, as CAMs are manufactured in a lithiated (discharged) 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 metal CC on the anode side. The lithium anode is
then formed in the first charging step by delithiating the CAM as depicted in Figure 2.

Li plated
® in first charge

delithiated
CAM

Figure 2. Schematic depiction of the charging process in an SSB without lithium reservoir or RFC.
By omitting the lithium reservoir, an increase of around 15 % in energy density can be achieved.

Promising results on RFCs were published by the company QuantumScape,?* who showed the
possibility to charge 13.3 mAh cm? with 3.3 mA cm? at 25 °C and 3.4 bar at a planar Cu|SE
interface. It is, however, not clear based on their data if a thin lithium reservoir was plated under
milder conditions beforehand or if lithium was plated directly onto the CC during charging.

Another promising concept are carefully engineered silver-carbon composite CCs.%%® By
incorporating silver nanoparticles into a carbon matrix, it is possible to deposit > 20 pm of lithium
reversibly, which is close to the practical target set by Albertus et al. of 30 um.*® However, the
working principle and reason for the beneficial properties of the silver-carbon anodes has yet to be
fully understood. To elucidate the working principle of such three-dimensional concepts, first the
deposition at planar metal|SE interfaces has to be thoroughly understood on a physicochemical
level.
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2.2.2 Advantages of 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 to 15 % when considering a 30 um lithium reservoir
present otherwise.’®% It is hereby assumed that no excess lithium is needed to compensate for
lithium losses, e.g. by interphase or “dead” lithium formation.%®%°

ii. Simpler Fabrication

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 onto the SE, which can be done by a variety
of different methods, for example thermal vapor deposition, sputtering,®®-%2 high temperature
diffusion bonding®®®® or 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 O,, H,0, N and other gases,'’ forming unpredictable and resistive passivation layers.
Not only is it more practical and cost-effective to circumvent the handling of lithium foils, it is
additionally safer due to its highly reactive 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 follows is that the
requirements and precautions needed for the storage of RFCs are also easier. Besides the improved
safety when storing cells without lithium metal, practical benefits regarding the interface to the SE
arise as well.

When considering the interface between an SE and lithium metal, the thickness of possible
interphases will depend on the duration the materials are in contact, especially in the case of 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 are usually stable in contact to the metal layers used as CCs in
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 when a degradation may occur in the cell.

2.2.3 Challenges of 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 companies like 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 summarized in Figure 3 and
explained in the following.

i. Necessity for Higher CAM Loadings due to the Formation of “Dead” Lithium

Now that no lithium excess is present in RFCs, lithium loss in the cell cannot be compensated by a
lithium reservoir. Since small lithium losses to SEI formation or contact loss directly lead to a
reduction in capacity, the requirements for the RFCs Coulomb efficiency are even higher for the
desired long cycle-life of the cells. Lithium loss additionally occurs by lithium alloying with the
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CC metal, as even copper incorporates up to 14 at% (1.5 wt%) of lithium into its crystal
structure.5%" Other metals like gold or silver even form different alloy phases with lithium,
changing the electrode potential irreversibly, thereby also decreasing the Coulomb efficiency.t8%°

Alternatively, instead of increasing the Coulomb efficiency, the cathode design has to be tuned to
compensate for an initial lithium loss. This then has strong implications on the cathode loading,
microstructure, tortuosity and general electrochemical performance,’®’2 which needs to be
considered for RFCs.

ii. Challenge to Deposit Homogeneous Lithium Films

For an RFC to have a long cycle life and high Coulomb efficiency, the control of the morphology
of plated lithium is of utmost importance. The growth of a homogeneous film without dendrites and
whiskers with a thickness of around 30 — 40 um is desired for a competitive cell.**>” 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 about 1 — 5 MPa of pressure during film formation.®

A frequent issue during film formation is the growth of whiskers, which penetrate the CC layer
above the SE?! and are not to be confused for dendrites. This leads to an inhomogeneous 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 the SE, ultimately short-circuiting the cell.
Additionally, the local current density will be much higher upon stripping from this morphology,
as the electrode area is 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 the CC from the SE caused by the pressure built up from
the growing lithium underneath.%® This effectively reduces the active contact area and also leads to
whisker formation. When delamination occurs, it is impossible to nucleate new lithium particles by
reducing Li*, since the electronic connection between the surface of the SE and the CC is disrupted.
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Figure 3. Schematic depiction of suboptimal plated lithium in an RFC with a composite cathode,
solid separator and planar CC on the anode side. The top circles show different morphologies
during growth, of which the film-growth is desired (green circle). Alloying with the CC, penetration
thereof and whisker growth as well as dendritic growth are fundamentally 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 temperature, CC thickness and SE
properties, such as grain size (grey circles).

2.2.4 Influences on the Growth Modes in RFCs

In the previous chapter, the different possibilities of detrimental lithium growth in RFCs were
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 influence the 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 lithium nuclei the size of <1 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 lithium, if not explicitly 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 the area density of growing lithium particles at the CC|lithium
phosphorus oxynitride (LiPON) interface.5-5272 It is theorized that a higher overpotential, e.g. by
high plating currents, will lead to a higher density of supersaturated regions of Li* within the
amorphous SE at the interface to the metal, which then results in a higher density of nucleating
lithium particles. This is corroborated with a particle density increase from around 2 - 10° cm™
(50 pA cm?) to around 20 - 10° cm? (1000 pA cm?) at 60 °C. This suggests that a more
homogeneous or film-like growth surprisingly is easier, if higher current densities are used.
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Whether these findings can be transferred to polycrystalline SEs, such as LLZO or LisPSsCl, 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 densities also facilitate lithium growth into
the SE, as observed for plating on a lithium reservoir.2.74-78

Much like the applied current density, the temperature also affects the overpotential for plating
lithium at the CC|SE interface. In line with the above-mentioned theory, higher temperatures during
plating should lead to lower overpotentials and therefore, also to a less homogeneous lithium
growth. Observations made at the Cu|LiPON interface fit exactly this prediction, as the nucleation
density decreases from around 107 cm (60 °C) to 10° cm2 (100 °C) at 500 pA cm as observed by
operando SEM measurements.% Like the influence 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 the buried nature of the CCJSE 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 thin (< 1 um) layers, lithium can penetrate
the CC during growth, which 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
SE.?* Secondly, the loss of structural integrity means that the interface will deteriorate over time,
possibly leading to suboptimal lithium growth during subsequent cycling of the cell. Additionally,
the possible application of stack pressure is pointless in this case, because lithium will just get
deformed after penetrating the CC, which consequently does not generate a higher contact area
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 interface, one study published by Kazyak et al.
investigated the growth in operando by observing the top of the CC through a conducting but
transparent glass using confocal microscopy.® With this setup, they could observe and quantify the
influence of pressure on the coalescence of grown lithium islands through morphology changes of
the attached copper foil. It was shown that already 1 —5 MPa are sufficient to deform lithium
islands into film-like structures by plastic deformation, which decreases the average height of
islands by a factor of 2.3

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.2*™ Therefore, polycrystalline SEs will induce differences in lithium plating from
amorphous or single crystalline materials. Depending on grain size, surface preparation and exact
chemical composition, there can also be differences when using the same type of SE.

In publication 5 of this work, the influence of applied current density during plating was
investigated at the Cu|lLLZO system. It was found that for polycrystalline SEs, the nucleation
density is also increasing as a function of current density like for amorphous LiPON.®® 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 simultaneously and strongly depend on the applied current
density and thickness of the CC, which is summarized in Figure 4. For thin CCs, a penetration
thereof is frequently observed, which impedes the coalescence of isolated lithium particles to
homogeneous film.
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low current density high current density

Figure 4. Schematic showing the dependency of different growth modes occurring at the Cu|LLZO
interface for thin CC films (top) and thick CC foils (bottom) for low and high current densities. This
figure was reproduced from reference 80.

Interestingly, measurements on single-crystalline surfaces additionally highlight defects being
present as important for low overpotential nucleation, as the nucleation density is at a minimum
when no defect is present and does not show any dependency on the applied current density. This
is very interesting, because measurements on defect-free LiPON show the contrary,%”® which
indicates general differences between the SEs regarding nucleation and cannot be explained as of
now. Possibly, density fluctuations within the LiPON SE act as preferential sites for lithium
nucleation. All in all, the powerful operando techniques developed within this dissertation will 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 SE can only compensate morphological changes of the electrodes to a certain
extent.82631 Knowledge 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 at planar metal|SE interfaces and is applied
to both classical SSBs with a lithium reservoir and RFCs.

2.3.1 Vacancy Diffusion Limiting the Applicable Current Density

The oxidation of a metal species at the interface to an SE is a well-established concept in solid-state
ionics. Schmalzried and Janek proposed a mechanism for the anodic dissolution of silver in contact
with SEs which was translated to the Li|SE interface by Krauskopf et al.*8! Within this model, a
vacancy Vy; and an electron e’ (M) are left behind within the metal once an atom is oxidized and
moves into the SE as described in equation (1). This ion then occupies vacancy Vy(SE) or
interstitial Vi*(SE) sites within the SE.

[MM(SE) = VM(SE)] + ¢'(M) + V(M) s M 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 jy, . is the flux ja,p1ieq OF M* within the SE, governed by the applied current density i.
Within this simplified picture, vacancies will accumulate at the interface if

jApplied > jVLi (2)

as vacancies cannot be transported away from the interface at a sufficient rate. Thus, this will
subsequently lead to a formation of pores and a morphologically unstable cell at a macroscopic
level 32378183 |f however, the applied current density i is low, i.e.

jApplied < jVLi (3)

a stationary concentration of vacancies is induced at the interface. Hence, it is morphologically
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 operation. The critical current density icit is then defined as

lerit =2 F 'jVLi (4)

c ’D
leritr =2"F - (1 - V'l\:)[ax> ’ C\(} il (5)
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where Dy and v 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 given by cy max and the equilibrium vacancy concentration
within the parent metal by cJ. Strategies on how to overcome this fundamental limitation are
discussed in the following Chapters 2.3.4 — 2.3.6.
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2.3.2  Nucleation of a Pore and Surface Diffusion

It was already established above (Chapter 2.3.1) that pore formation will occur above a certain
current density threshold icit. However, works by Krauskopf et al. and Wang et al. also show that
the contact loss accompanied by strong voltage increase still takes up to 10 hours at moderate
current densities (or 1 mAh cm) to occur, despite i«it being exceeded.?2333" To have proper control
and knowledge over the morphology of the Li|SE interface, it is therefore crucial to know exactly
at what point pore formation is starting or rather nucleating,® instead of the time where full
contact loss occurs. Especially in an actual 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 experiments with theoretical kinetic
Monte Carlo simulations in a joint work with Prof. Albe exactly this icit was estimated. Therefore,
the stripping current density was incrementally increased in a symmetrical Li|LLZOILi cell without
changing its direction until very small changes in interface-related impedance are observed,
indicating the onset of morphological deterioration. With 30 HA cm?, ici¢ is found to be quite low,
which is expected however, since Krauskopf et al. already saw progressing pore formation at
50 WA cm2 for both lithium and Li-Mg alloys.®® This value is then verified by a statistical approach
employing kinetic Monte Carlo simulations.® Interestingly, independent calculations based on
bond counting additionally show that the rate-limiting step may not necessarily be the diffusion of
vacancies into the bulk of lithium metal. While this process is energetically favored, the detachment
from the interface itself has the highest activation barrier.8” In reality, however, both processes
determine icit, Otherwise concepts increasing the effective diffusion coefficient within the anode®?
could not lead to a beneficial stripping performance. Other calculations furthermore show via
nucleation and growth theory that the critical pore radius for nucleation is inversely proportional to
the applied current density.®

Once pores have formed at the interface, another important mechanism influences the rate of lithium
replenishment. The existence of pores also opens up the possibility of lithium diffusion along pore
surfaces with a diffusion coefficient Ds, which is expected to be faster than the complementary
process within the bulk (Dv).% Therefore, the contact loss by pore formation gets delayed by adatom
diffusion along the pore walls. The effect of this phenomenon on the available discharge capacity
was investigated in a joint work with Dr. Srinivasan.?® One main result is that the pore shape is
directly connected to the ratio Dv/Ds, where the shape of the growing pore is more spherical with
higher ratios while the overall available discharge capacity decreases. This can be explained by the
improved ability of the LMA to resupply lithium to the interface via surface diffusion.

2.3.3 Contact Loss at Li|LLZO and Arising Constriction

In Chapter 2.3.1, the vacancy accumulation and subsequent pore formation was discussed on a
physicochemical level. Within this chapter, the implications of pores at the metal|SE interface on
the cell impedance and general battery operation shall be discussed. The most prominent example
of pore formation during anodic dissolution occurs at the LMA, effectively limiting the current
density feasible during discharge and acting as a precursor for dendrite nucleation upon charging.

At first thought, it could be expected that when ici is exceeded during discharge a slow and
hyperbolic increase in cell voltage occurs due to pore formation, because the cell impedance is
inversely proportional to interface area. 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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voltage occurs instead.32333782 The reason for this behavior, as schematically depicted in Figure 5,
is a complicated convolution of different effects all influencing the total cell impedance. These
different contributions to the cell’s impedance are expanded on in the next paragraphs.
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Figure 5. Schematic voltage profile that occurs during progressing pore formation at the Li|LLZO
interface while 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 walls delays contact loss by supplying lithium to the interface.

The voltage evolution is bound to the impedance evolution via Ohm’s law. To interpret the voltage
profile, the evolution of the different impedance contributions present in a Li|LLZOILi cell needs
to be understood first. Typically, the total impedance Zi is composed of the sum of the bulk
transport impedance Zgyik, grain boundary impedance Zgg and interface-related impedances Zjn.
Several works show that Zgux and Zgg are constant during the anodic dissolution of this
system, 32333940 which actually is surprising, since a hyperbolic increase as a function of decreasing
area would be expected. To understand this, the nature and evolution of Z;x needs to be considered
in detail.

Generally, Z, consists of three different contributions, which are often incorrectly used
interchangeably in literature, being the impedance of a degradation layer Zsg, the resistance of the
physicochemical charge-transfer at the interface Zct and the geometric constriction impedance Zcy.
Both Zct and Zsei are negligible when considering Li|LLZO interfaces, meaning that solely the
constriction impedance Zcy needs to be responsible for the steep increase in cell impedance.

Constriction impedances are generally not linked to one specific transport process, as it is the case
for example with the charge transfer. Instead, they arise from a constriction within the SE that lead
to ionic current focusing through a volume much smaller than in principle available.® This can
be due to insulating passivation layers on the metal electrode,'” but most frequently occurs because
the metal|SE interface is deteriorating due to pore formation. To fully understand the constriction
effect, a differentiation between contact area and electrode area is necessary. The electrode area is
then defined as the macroscopic area of the lithium 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 the lithium is in contact with the SE and therefore decreases during stripping
and pore formation.



2 Fundamentals 17

Why Zguk and Zgg are constant during the pore formation can then be explained when considering
the characteristic frequencies of the transport processes. The evolving pores at the interface can be
interpreted as the introduction of several capacitors at the interface. At very high frequencies, where
typically the bulk (~3 MHz) and GB (~50 kHz) transport occur, these capacitors 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 measuring the impedance at low
frequencies, the pores (capacitors) become insulating and a current constriction occurs within the
SE volume in the vicinity of remaining contact spots to the LMA. This signal is then interpreted as
Zcy at low frequencies of ~ 1 kHz and strongly depends on contact area instead of electrode area.
Quantitative calculations estimating the magnitude and frequency dependency of the constriction

signal in relation to interface morphology were carried out in another joint work with Eckhardt et
a|.95,96

Additionally, lowering the contact area 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
self-accelerating and even faster pore formation at the contact points, but also higher constriction
impedances. With progressing pore formation, the aforementioned effect of surface diffusion along
pore surfaces is amplified, resupplying lithium to the SE at a higher rate as possible by bulk
diffusion, which is why the final steep increase in cell impedance and voltage is delayed. This leads
to a long plateau during stripping, despite exceeding the critical current density for pore formation.

It can therefore be concluded that the voltage profile during stripping of metal electrodes at
chemically stable interfaces arises from a complex interplay of different morphological and
geometric effects. This 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 transfer between SE and
anode as well as the transport through a resistive SEI could further complicate the impedance
measured of the metal|SE interface. Therefore, a recipe was developed in a joint work with
Eckhardt et al. which allows the unequivocal determination of contributions to the interface
impedance present in a given cell system.%’

2.3.4 Solution 1: Facilitating the Diffusion of Vacancies Inside the LMA

It was described above (Chapter 2.3.1) how 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 diffusion coefficient would allow
higher stripping rates before reaching the tipping point where pores nucleate.

A simple, yet effective way of improving the effective diffusion coefficient is by raising the
temperature. For example, it is possible to easily strip over 2.5 mAh cm without pore formation at
the LilLLZO interface at 50 °C,** whereas pores will form after only around 1.2 mAh cm? at
25 °C.32%7 It was also shown in several works employing cycling tests, that symmetrical cells are
able to withstand much higher current densities at higher temperatures, likely because pore
formation is avoided due to increased diffusivities and also decreased interface impedances.”®-%8%°
Increasing the temperature even above the melting point of lithium to 195 °C further corroborates
this, as no pore formation can be observed when stripping from a liquid lithium reservoir.'®
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, it is desired to elevate the Li° diffusion coefficient of the anode material itself, e.g. by
alloying with different metals. Krauskopf et al. explored the possibility of using LiosMgo.1 alloys to
enhance the effective diffusion coefficient, thereby improving the discharge capacity by nearly a
factor of 2 compared to pure lithium.®®* A schematic of the pore formation in lithium as well as the
case of elevated diffusion coefficients by alloying is depicted in Figure 6a and Figure 6b.

However, using alloys as anode materials introduces new challenges. Not only is the specific energy
density of the material reduced by decreasing its lithium content, the anode potential is also
increased and can even change during cycling. Furthermore, the mechanical properties, such as
yield strength or elastic modulus, will change. Overall, the changing lithium concentration in the
alloy during cell operation will induce complex dynamics of electro-chemo-mechanical effects,
which are difficult to predict and impossible to properly account for. Another solution is desired to
enable the use of pure lithium metal as the LMA, which could be the application of stack pressure.

2.3.5 Solution 2: Pressure-Induced Creep Transport

In Chapter 2.3.1 the balance between the current induced strain-rate of the LMA and the vacancy
diffusion-based resupply of lithium to the interface is discussed if no external pressure is applied.
However, if the Li|SE system is subject to externally applied stack pressure as depicted in Figure 6c,
this balance needs to be completed with a lithium flux governed by the creep of lithium jceep t0

the interface as described in
jApplied < jVLi +ereep (6)

It is reasonable to assume that above a certain threshold, the current induced stripping rate will
always be larger than the rate of resupply by vacancy diffusion. In this case, there must exist a
critical stack pressure as a function of the applied current density, which is just sufficient to balance
the mass flux of lithium at the interface during stripping and suppress the pore formation by creep
and plastic deformation. This current dependent critical stack pressure was recently quantified by
Wang et al. by decreasing the applied stack pressure during unidirectional stripping in a stepwise
manner until the voltage increases.®” This then indicates pore formation and being below the critical
pressure needed. Using this method, it was possible to determine a critical pressure of 0.4 MPa at
100 pA cm? and 2.0 MPa at 400 pA cm. However, due to morphological instabilities at the
counter electrode, it was not possible to investigate practical current densities > 1 mA cm2.

Additionally, Wang et al. formulate a mathematical description to calculate the pressure induced
strain rate £creep for metal electrodes as

E
éCreep =K-o" *exp (_ _A) (3)

where K denotes a material parameter, o the applied stress with power-law creep exponent m, Ea
an activation energy and R and T the universal gas constant and temperature, respectively. For
lithium, the power-law creep is reported to be dominated by dislocation climb with m = 6.6 at room
temperature.1%1% However, this value is not constant due to frictional and adhesive forces between
lithium and the SE,** further complicating the matter.

Another method to assess the critical pressure for higher current densities is a theoretical model
developed in a joint work together with Dr. Srinivasan from Argonne National Laboratory.® Within
this model, the Li* flux does not only compete with the effective vacancy diffusion within bulk
lithium metal, but also with faster surface diffusion along the pore walls. Based on this model,
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critical stack pressures in the range of 50 — 60 MPa are needed for planar interfaces at 1 mA cm?,
which is well above what is deemed to be practically feasible.>” Another estimation from
Kasemchainan et al. predicts that 10 MPa of pressure is required for a stable cycling at
1 mA cm2.3¢ This large spread suggests that further investigation is needed on this matter.

An explanation for the large spread of required pressures is that when pore formation occurs, the
mechanical constraints at the Li|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 pores have not yet formed but high enough to deform the metal at the interface once
pores of certain size are present. These pores then get annihilated by creep and the initial
morphological state of the interface is regained. This phenomenon of an oscillating interface
morphology was studied in depth by Majoni and Janek et al. for AgJAgX systems but is also
believed to occur for the lithium electrode.®*1% Additionally, the mechanical properties of lithium
are highly dependent on the concentration of other non-equilibrium defects, like grain boundaries
and dislocations, which heavily depends on the thermomechanical history of the used lithium,206.107

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, with several tens of MPa, the
pressures required to suppress the contact loss are unfeasibly high to compensate high stripping
rates of > 1 mA cm?, which is even more difficult for large, stacked cell systems. Therefore,
alternative anode concepts may need to be considered to circumvent the issue of pore formation
altogether.

2.3.6  Solution 3: Alternative Systems with IL or CNTs

Instead of altering the properties of the materials itself, it is also possible to employ macroscopic
solutions to compensate or mitigate the formation of pores. Note that 3D-interfaces of Li|lLLZO as
fabricated by Wachsman and co-workers are not topic of this discussion.3®1%111 While they are
very promising and also challenging regarding the preparation thereof, they do not fundamentally
change the physicochemical properties at the Li|SE interface but rather reduce the local current
density by having an increased contact area.

Different concepts to suppress and mitigate pore formation are schematically depicted in Figure 6d.
Publication 4 within this dissertation showed that CNTs dispersed in lithium metal change both
electrochemical and chemo-mechanical properties of the anode material.*® Despite the Li-CNT
electrode being employed in a planar arrangement to the SE, very high stripping capacities
> 20 mAh cm2 showed that the stripping has fundamentally changed. Cryogenic focused-ion-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 by pore formation. Interestingly, bulk mechanical investigation 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-
sensitive stripping performance of the Li-CNT 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 compared to Li-CNT.
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Figure 6. The issue of pore formation explained at the atomistic scale in a). An increase in effective
vacancy diffusion by alloying is shown in b) at hand of Li-Mg alloys. Utilizing pressure to supply
lithium by creep and plastic deformation is visible in ¢). Macroscopic concepts to avoid or mitigate
pore formation are shown in d) at hand of CNTs incorporated into lithium and an IL electrolyte
present at the interface between LMA and SE.

Another concept is using LES in an otherwise solid-state cell to have a free-flowing agent at the
interface capable of compensating growing pores during stripping. In publication 3 within this
dissertation, it was proven that even viscous LES, such as ILs, are capable of increasing the stripping
capacity by a factor of ten to > 15 mAh cm™. Cryogenic FIB-SEM revealed that the IL will keep
the ionic contact between the LMA and solid separator by flowing into the pores until its volume is
not sufficient anymore to compensate the pore volume. This working mechanism 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
delayed contact loss.
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2.4 Metal|SE Interfaces during Cycling

24.1 The Concept of CCD Tests and Influential Parameters

To determine the resilience of (a)symmetrical cells to short-circuiting by the formation of dendrites,
testing of the critical current density (CCD) is a standard tool frequently used in
literature,38:°0.747577.112.113 \Whijle CCD tests are easy to interpret superficially, their result heavily
depends on the testing protocol and conditions used. Additionally, the CCD basically can be
induced by either a failure of the Li|SE interface or due to failure of the SE itself, e.g. by lithium
penetration and cracking. In the first case, pores form during anodic dissolution and then facilitate
the growth of dendrites due to current focusing at the remaining contact spots.®* This is not an
inherent limitation imposed by the SE but rather the Li|SE interface. In the second case, the Li|SE
interface is still in a low-impedance, conformal state but dendrites still penetrate the SE, which
rather is a limitation imposed by the SE and not the interface. Therefore, it needs to be decided prior
to investigation if the Li|SE interface or rather the SE itself is of interest and suitable test parameters
need to be chosen, before CCD measurements are conducted.

Since not the whole community is aware of the delicate dependency of the CCD and connected
failure mechanisms on the testing parameters, a reasonable testing protocol is 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 variables. This is evident when the CCD values obtained for Li|LLZOILi cells
measured by different groups with different protocols are compared. These values are depicted in
Figure 7 and show a huge spread from 30 pA cm2to 1 mA cm™.
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Figure 7. CCD results obtained from different studies on Li|LLZO|Li symmetrical cells. Note that
while different substitutions were used for stabilizing cubic-LLZO, the CCD results vary over a
huge range of values. This plot is based on a summary published by Flatscher et al. and excludes
microelectrode measurements.*'4

To give guidelines on how to properly determine the CCD on a given system, first, however, the
relevant variables are discussed in the following paragraphs.

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 charge being shuttled. If extremely low charges per step are considered, a very
high CCD is expected, simply because the charge plated per step is insufficient to grow a lithium
filament from one electrode to another in thick laboratory samples. This phenomenon is sometimes
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referred to as “dynamic short circuiting”,?! implying that a CCD threshold is exceeded without the
typical hard drop to zero in cell voltage. Shuttling a large amount of charge therefore results in a
more reliable CCD value. In extreme cases it is also possible that a very high current
(> 10 mA cm?) is shuttled unknowingly through a lithium filament, yielding extremely high but
incorrect values of the CCD.5116

On the other hand, if large charges are shuttled during every step, pore formation may occur at the
anode 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 actual CCD will therefore
be underestimated. The current density increase per step itself is also of relevance. Large
incremental steps in applied current density will lead to an overestimation of the CCD, because the
true value may have been surpassed within the steps.

ii. Applied Pressure and Waiting 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
unintentionally by 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 interface morphology due to creep or plastic
deformation within the LMA. 92117 For example, if pores have formed during the prior step and
would facilitate the growth of dendrites, they could get closed and the interface morphology would
return to its pristine state. If probing the SE is of interest, this can be desired. However, if the Li|SE
interface is probed with the addition of long waiting times, the CCD is severely overestimated,
especially if considerable stack pressures are applied.

iii. Interface Conditions

The initial morphology and interfacial impedances are of utmost importance and will influence the
CCD test drastically.>® As the impedance Z,r of pristine Li|LLZO interfaces is mainly governed by
constriction, high initial interfacial impedances result from a bad contact area. This can either be
the case with passivation layers like Li,COz; on LLZO or just because of inappropriate lithium
preparation.l” An optimization of the interface is also the reason why the measured CCD in LLZO
progressively improved over the years, not because of inherent changes of the SE. For example, in
2011 a CCD of < 25 pA cm? was obtained with an initial Zx of > 5000 Q cm?.1*8 Despite no
changes of the SE, this value quickly improved to 150 pA cm™ at an Z,: of <50 Q cm? in 2015,°
followed by > 300 pAcm? at an Zixof <5Qcm? in 2017.5° For optimized interfaces with
negligible interfacial impedance, a CCD of 1000 pA cm was achieved.” However, measurements
at single-crystalline LLZO without stack pressure imply that the CCD of Li|LLZO would only be
around 280 pA cm2,'* which is well below practical targets.’%!?° Nevertheless, the discussed
measurements undeniably show that the CCD is not an inherent material property and thus is
strongly influenced by testing conditions and interface engineering.

iv. Electrode and Pellet Geometry

Another underreported variable is the cell geometry used for testing the CCD. Because if different
geometries are used, tests cannot be reasonably compared. For example, the thicker a pellet or SE
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 fact that a dendrite has a further distance to grow. Furthermore, in mm-thick pellet type SEs the
electric field across the cell can be homogenized, if constriction occurs at one of the respective
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electrodes.®® A thin separator sheet with a thickness of only several tens of pm might 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 influence on the CCD outcome, also the absolute
electrode area and shape will influence the result. For example, the chance for an electrode to
contact macroscopic pits and damaged spots on an SE pellet is higher for larger electrodes. Since
such defects also facilitate the growth of dendrites, using larger electrodes may lead to short
circuiting at lower current densities despite no fundamental change in the systems properties.

v. Influence of Temperature

The temperature will naturally influence the CCD by enhancing both 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 stack pressure 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 the vacancy
diffusion coefficient in liquid lithium is orders of magnitude higher than in the solid state.'® For
CCD values to be comparable, it is crucial for tests to be carried out at the same temperature. A
general trend for higher CCD values is expected with increasing temperature.

2.4.2 Guideline on How to Test Either 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 parameters, however, it needs to be decided if the SE itself shall be tested
or rather the interface to the LMA. For example, if parameters only concerning the SE are changed
within a study, such as grain size or chemical composition, it is reasonable to design a test to probe
for SE failure. However, if the interface conditions are varied instead, as in the case of surface
treatments or interlayers, the Li|SE interface should rather be probed with a CCD test that will not
induce a direct SE failure. While designing a test that completely differentiates between the two
different extremes is difficult, it still is useful to rationally design the test to probe the desired
property of the cell. The different failure cases are schematically depicted in Figure 8.

For probing the SE, it is suggested to impede the formation of pores as a precursor for dendrite
formation. Avoiding the pore formation is possible by applying stack pressures of a few MPa during
the test and by introducing a waiting period between the steps. In general, the pressure helps to
supply lithium via plastic deformation to the interface to avoid pore formation during stripping and
additionally closes any pores that formed nonetheless during the waiting period.*?*122 Similarly, 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 can also lead to a fracturing of the SE and facilitate dendrite growth.

On the other hand, probing the Li|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
current density, which then act as a precursor for dendrite growth because of current focusing at the
remaining contact spots.
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Figure 8. Idealized schematic current (top) and voltage (bottom) profile to probe either the dendrite
susceptibility of the SE itself (blue) or rather the Li|SE interface (orange) at the example of a
symmetrical Li|SE]|Li cell.

Figure 8 shows two current profiles that could be used for testing the SE (blue) or rather the Li|SE
interface (orange) with corresponding voltage profiles. Additionally, the interface morphology
evolution is schematically depicted at the sides of the figure for each test protocol used. It can be
observed that the CCD for the blue test protocol is higher as pressure is applied, which avoids pore
formation. Moreover, a sudden short-circuit is observed for the testing of the SE, as the impedance
remains constant until a filament is rapidly growing and shorting the cell. On the other hand, the
orange protocol testing the LMA has a larger charge per step and no pressure applied. Here, an
onset of issues occurring even before the short circuiting is visible, such as increased voltages due
to pore formation as also observed by Zhao et al.'® or noise due to spallations and dendrite
growth.*?! Subsequently, the CCD obtained with the orange test is substantially lower as a different
failure mechanism occurs.

2.4.3  Unidirectional Tests as a Means to Counter the Sensitive Nature of Cycling

Unfortunately, the differentiation made in Chapter 2.4.2 between probing the SE or the LMA is not
as clear-cut 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 of steps will amplify small interfacial issues that may arise during preparation. For
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 morphological instabilities, be it either
pores or dendrites, and get amplified and influence 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 a statistical analysis of CCD results, which is
immensely time-consuming and not very feasible in everyday laboratory conditions. The second
strategy is the execution of unidirectional tests, which offers a variety of benefits when compared
to CyCIing.21'33'39'4°'124

In unidirectional tests, the current direction is not alternating between the steps as shown in
Figure 9. This limits the overlap of different phenomena occurring at a single electrode, since
lithium is consistently deposited at one electrode and stripped at the other electrode, drastically
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limiting the interdependency of these different microscopic effects. Hence, contact loss or dendrite
formation as indicated by voltage features within the test can be unequivocally linked to one of the
respective electrodes.

Therefore, it is reasonable to define two different critical current densities based on the respective
failure mechanism.®*3¢ If the LMA fails during stripping because of pore formation and contact
loss, the critical current density for stripping (CCS) is exceeded. If, however, a short-circuit occurs
at the plating electrode, the critical current density for plating (CCP) is exceeded. While both effects
overlap in cycling tests, unidirectional tests allow a differentiation.

Obviously, impedances arising from plating and stripping cannot be completely decoupled in a
symmetrical cell without a reference electrode. Consequently, testing parameters need to be chosen
with care to either induce a failure of the electrode of interest with the other electrode practically
being unchanged. Several parameters can be adjusted to account for this. Like for classical CCD
tests discussed in Chapter 2.4.2, applied pressure, temperature, step size and height as well as
waiting time between steps will influence unidirectional tests in a similar way.
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Figure 9: Idealized schematic showing a proposal for unidirectional testing of the CCP (blue) or
CCS (orange). The bottom part shows expected voltage responses to the current densities applied
as seen in the top part. Furthermore, the graphics on the sides show the respective failure
mechanisms for the CCP (dendrites) and CCS (pore formation) and parameters on how to influence
what mechanisms likely occurs.

To influence the test to rather probe the CCP, it is of utmost importance to suppress pore formation
at the stripping 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 will also shift 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 enough lithium. Depending on the test parameters, thick foils
> 100 pm may need to be employed as the counter electrode.

Choosing the right capacity per 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 onset may already occur in one step but is progressing to noticeable cell failure
only in the subsequent step. For example, the CCS may be exceeded during a stripping step but not
enough charge is passed for pore formation to be observed. The pore formation would then only be
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noticed in the subsequent step, leading to an overestimation of the CCS. For ideally reversible
LilLLZO interfaces, the amount of charge that results in pore formation is around
1 mAh cm2.3246125 Tg avoid such an underestimation, it is possible to test multiple cells. Each cell
is then stripped with a higher current density until failure. While time-consuming, this procedure
prevents erroneous interpretation of CCS or CCP results, especially as the CCS seems to be
substantially lower than the CCP.%23¢
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3 Results

3.1 Publication 1: “Kinetic versus Thermodynamic Stability of LLZO in Contact
with Lithium Metal”

In publication 1 of this dissertation, the reaction at the interface between lithium and
Lis.2sAlo2slasZr,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 materials, lithium and LLZO.

To assess the influence of the energy input during the deposition of lithium onto the SE on the
reactivity, three different ultra-high vacuum (UHV) techniques were used. Thin films were
deposited using (i) sputter deposition, (ii) electron-beam physical vapor deposition and (iii)
operando electron-beam electrochemical deposition. It could be shown in line with previous works,
that a very thin oxygen deficient interlayer (ODI) forms by the reduction of Zr** to Zr?* or even Zr°.
Interestingly, this ODI only 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 electron-beam deposition
though does not show any reaction at all as observed by XPS due to the lower energy input
(0.01 - 0.1 eV). However, no implication of this difference was observed for the electrochemical
performance and interfacial impedance for the different samples, which may have two different
reasons. Either, the ODI forms anyway upon measuring the impedance due to the applied
overvoltage or the thin ODI does not influence the interfacial impedance.

Either way, publication 1 brings closure to a much-discussed question in literature if the Li|LLZO
interface is stable or not. The generated knowledge that the energy input during deposition of
lithium or even of possible interlayers also helps to optimize the future fabrication of stable
interfaces or interlayers to enable LMAS with SEs.

The experiments for this work were designed and planned in collaboration with the groups of
Dr. S. Tepavcevic (Argonne National Laboratory) and Prof. J. Sakamoto (University of Michigan)
which resulted in a shared first authorship between Dr. J. Connell and T. Fuchs. XPS experiments
conducted in Giessen were performed by Dr. T. 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-
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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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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

a) Sputter Deposition

b) E-beam Vapor Deposition c) E-beam Electrochemical
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
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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
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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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Figure 6. (a) Operando XPS measurements of individual core-level spectra during electrochemical deposition of Li showing their evolution with
increasing Li deposition time. All core-level spectra are plotted on the same absolute scale in counts per second except Li 1s spectra, which are
magnified by 10X for clarity. (b) Zr 3d core-level spectra comparing the extent of Zr** reduction as a function of the deposition technique.

melting point,'® Therefore, it can be concluded that the

formation of an ODI is dependent on the lithium energy
during the deposition process and that under further
electrochemical cycling conditions, ODI formation is expected
to occur.

B CONCLUSIONS

Through the use of both in situ and operando XPS
methodologies, we demonstrate the presence of a kinetic
barrier to the reduction of LLZO by Li metal. The extent of
ODI formation is found to depend sensitively on the energetics
of Li metal as it arrives at the LLZO surface, with
electrochemical and sputter deposition intrinsically leading to
the reduction of Zr'* and resulting in ODI layer formation.
Lower energy e-beam evaporation does not result in any
reduction of Zr*', even when Li is deposited at elevated
temperatures; however, subsequent irradiation of e-beam-
deposited Li by energetic Ar* species is able to reproduce the
extent of ODI formation observed from electrochemical and
sputter deposition. Despite the presence of a kinetic barrier to
reduction, EIS measurements of LilLLZOILi coin cells reveal
an identical response whether or not the ODI is present,
indicating that interphase formation does not impede the
charge transfer kinetics of Li ions across the LiILLZO interface
and likely explaining the favorable electrochemical perform-
ance of LLZO-based ASSBs. However, a possible link between
the formation of the ODI layer in LLZO and dendrite
nucleation should be considered in future work. Overall, these
results highlight the additional complexities governing the
reactivity of solid-state interfaces in ASSBs and underscore 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 EXPERIMENTAL SECTION

Preparation of an LLZO Solid Electrolyte Pellet. Two
different approaches for the processing of LigysAly55La372r,0,, were
employed to exclude a dependence of the reactivity toward lithium as
a function of the synthesis route. A high-temperature (1230 °C)
sintering route under dry oxygen was used as reported in previous
work.”> Synthesis by rapid induction hot-press (RHIP) was
performed as follows: Lig,5Al555La;Zr,0,, solid electrolyte was
synthesized from starting powders of Li,CO; Al,O; La,O; and
ZrO, by a solid-state reaction method and calcined at 1000 °C for 4 h
in dry air. Densification of AI-LLZO was achieved by RIHP of green
bodies of calcined Al-LLZO at 1225 °C and 47 MPa for 40 min in an
argon atmosphere. The slight change in densification temperature is
expected to affect the resulting grain size of the samples, having larger
grains by the former route. However, the interpretation of the results
in this work would not be affected by the grain size of the samples.
Most importantly, both sample preparation methods yielded pellets
with identical densities (95 + 3%), ionic conductivity values (0.1 mS-
cm™" at 25 °C), and surface chemistry. E-beam deposition of Li metal
onto both types of samples also resulted in a similar lack of reactivity
(Figure S2). Additionally, a low concentration of impurities was
obtained via both processing routes (< 2 wt %, Figure §7).

The hot-pressed pellets were cut into 1.5 mm nominal thicknesses
using a diamond saw with mineral oil as the cutting fluid. The LLZO
hot-pressed disks were sanded with a lapping fixture and 400 grit SiC
sandpaper onto a glass plate to achieve parallel faces. Further grinding
was conducted with 600 and 1200 grit SiC sandpaper followed by
polishing steps using diamond pastes of nominal abrasive size of 15, 6,
1, 0.5, and 0.1 ym and a glycol-based diamond paste extender as the
polishing fluid. Samples were cleaned off with ethanol and acetone
between polishing steps. A Au layer was sputtered onto the electrolyte
surface for ionic conductivity measurements.

Surface Preparation and Vacuum Deposition of Li. LLZO
pellets were first sanded using 400 and 600 grit paper and were then
immediately transferred into the UHV system to prevent any further
oxidation. Sanded LLZO samples were then heated in the XPS
analysis chamber up to 500 °C with a heating rate ~100 °C h™" to
remove residual hydroxides and carbonates that remained on the
LLZO surface.

https://dx.doi.org/10.1021/acs.chemmater.0c03869
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Vacuum deposition of Li was performed in a separate chamber
(base pressure 5 X 107" mbar) connected to the XPS analysis system
by a UHV transfer line (base pressure 1 x 107" mbar).** DC
magnetron sputter deposition was performed for 30 min using an Ar
background pressure of 1 X 107 mbar, target power of 40 W, and a
target-to-substrate distance of 17 cm, yielding a nominal Li film
thickness of 10 nm. E-beam evaporation was performed in the same
system using a 5 kV accelerating voltage and 3 mA emission current at
a source-to-substrate distance of ca. 50 cm. Deposition times were
varied to yield Li films of varying thicknesses, as discussed above. The
background pressure was < 5 X 1077 mbar throughout e-beam
deposition. RF Ar' bombardment was performed in the deposition
chamber immediately after e-beam Li deposition using 25 W plasma
power applied directly to the sample holder for 90 s (2.5 x 10~ mbar
Ar pressure). DC Ar* bombardment was performed after UHV
transfer of the Li-deposited sample to the in situ XPS chamber using a
5 kV ion beam at 10 mA emission current for 30 s (2.7 X 10”7 mbar
chamber pressure).

In Situ and Operando X-ray Photoelectron Spectroscopy. In
situ XPS measurements were performed using a Specs PHOIBOS 150
hemispherical energy analyzer with a monochromated Al Ke X-ray
source. Charge neutralization was carried out for insulating LLZO
samples using a low-energy flood gun (5 eV electron energy), with the
neutralization conditions optimized on the basis of the degree of
charging present for a given sample. Survey spectra were measured
using a pass energy of 40 eV at a resolution of 0.2 eV/step and a total
integration time of 0.1 s/point. Core-level spectra were measured
using a pass energy of 20 eV at a resolution of 0.05 eV/step and a
total integration time of 0.5 s/point. Deconvolution was performed
using CasaXPS$ software with a Shirley-type background and 70—-30
Gaussian—Lorentzian peak shapes. Spectra were charge referenced to
the position of Zr 3dy/, peak for Zr** at 1824 eV, as discussed
previously.*”

The electrochemical deposition of Li via the electron beam
electrode method and the operando XPS measurements were
performed using an XPS PHI 5000 VersaProbe II (Physical
Electronics, Inc.). The plating current density was measured to be
10—12 pA cm™ and 6 min deposition time corresponded to ~6 nm
Li deposition. The pressure inside the vacuum chamber was between
10™* mbar and 107" mbar. The deposition process resulted from
electron bombardment via neutralization settings with a grounded
sample holder. For neutralization, an electron gun with an emission
current of 20 pA and a beam diameter of about § mm was employed.
A monochromated Al Ka X-ray source with a beam diameter of 200
pm at 50 W was used. The analyzer pass energy was set to 23.5 eV for
obtaining detailed spectra. Charge referencing and spectral fitting
were performed as described above.

Symmetric Cell Assembly and Electrochemical Impedance
Spectroscopy. Thicker lithium films were deposited on both sides of
UHV-annealed LLZO pellets for EIS measurements (200—300 nm
total Li thickness). After sputtering Li onto one side of the pellet, the
sample was removed from UHV, and a clean Li foil was placed onto
the Li film to prevent direct contact between the Li film and the
stainless steel sample holder after flipping over to coat the other side.
After depositing Li on the backside, samples were transferred back
into a glovebox and another clean Li foil was placed on the freshly
deposited Li film. The LIILLZOILi symmetric cell was then assembled
into a coin cell inside the same glovebox. Impedance measurements of
assembled symmetric coin cells were performed using a potentiostat
with a frequency response analyzer (FRA) module (Metrohm
Autolab, Herisau, Switzerland) capable of monitoring frequencies 1
MHz to 10 mHz (sputtered Li) and 10 MHz to 10 mHz (e-beam Li).
All measurements were taken at room temperature outside of the
glovebox, and no preconditioning was performed prior to measure-
ments of EIS spectra. Fitting of impedance data was carried out using
rhd instruments RelaxIS 3 software. Bulk, grain boundary, and
interfacial contributions were modeled via a parallel circuit of
resistance and constant phase element (RP-circuit). Each capacitance
was calculated with the semicircle resistance, a-, and capacity values.
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3.2 Publication 2: “Current-Dependent Lithium Metal Growth Modes in ‘Anode-
Free’ Solid-State Batteries at the Cu|LLZO Interface”

In publication 2 of this dissertation, the morphology and nucleation density of lithium being plated
in RFCs is investigated in dependence on the applied current density and CC thickness. Powerful
operando techniques were therefore developed, where small and thin electrode patches were
structured via an FIB and contacted within an SEM to directly visualize lithium growth beneath the
thin film. As a model system to study the general physicochemical dependency of the metal
deposition, the interface between thin copper films (100 nm) and LLZO was investigated with this
technique.

By using microelectrode patches with 15 um in diameter and 100 nm in thickness, it is possible to
avoid the influence of large, three-dimensional surface defects, such as holes and dust, on lithium
deposition. By using such a thin CC, the deposition between copper and LLZO is visible with top-
view imaging. This allowed to show that the nucleation density is strongly dependent on the applied
current density. Whereas around 107 particles cm are plated with 50 pA cm?, this increases to
6 - 107 particles cm? at a current density of 1000 uA cm™. Since the charge deposited was kept
constant, higher particle densities are accompanied by a smaller particle size. It is therefore
reasonable to assume that a higher density of smaller particles will rather coalesce into a
homogeneous film, when thicker CCs or stack pressure is used, which is desirable to achieve in
RFCs.

Furthermore, the influence of CC thickness on deposition was investigated. Cu|LLZO interfaces
with a thick (10 um) foil were prepared by Prof. J. Sakamoto’s working group (University of
Michigan) by diffusion bonding the foil onto the ceramic using a hot-press. Cross-sections were
then prepared with an FIB allowing the operando observation of lithium deposition at this otherwise
buried interface. This direct observation revealed that the higher thickness of the CC offers an
improved mechanical integrity, which suppresses the formation of whiskers and guides the
deposition of more homogeneous morphology. Still, due to inhomogeneities at the interface, it is
yet difficult to obtain thick homogeneous lithium films, if no pressure is applied during the
deposition.

T. Fuchs and J. Becker contributed equally to this work by designing and conducting all of the
experiments from JLU presented, which were additionally supported by C. Lerch. C. Haslam
supported the work by preparing samples in Prof. J. Sakamoto’s group. The original draft was
written by T. Fuchs and then edited and supervised by Prof. J. Sakamoto, Dr. F. H. Richter and
Prof. J. Janek.



3 Results 38
PUiEE
RESEARCH ARTICLE MATERIALS

www.advenergymat.de

Current-Dependent Lithium Metal Growth Modes in
“Anode-Free” Solid-State Batteries at the Cu|LLZO Interface

Till Fuchs, Juri Becker, Catherine G. Haslam, Christian Lerch, Jeff Sakamoto,

Felix H. Richter,* and Jiirgen Janek*

Controlling the lithium growth morphology in lithium reservoir-free cells
(RFCs), so-called “anode-free” solid-state batteries, is of key interest to ensure
stable battery operation. Despite several benefits of RFCs like improved
energy density and easier fabrication, issues during the charging of the cell
hinder the transition from lithium metal batteries with a lithium reservoir
layer to RFCs. In RFCs, the lithium metal anode is plated during the first
charging step at the interface between a metal current collector and the

solid electrolyte, which is prone to highly heterogeneous growth instead of
the desired homogeneous film-like growth. Herein, the lithium morphology
during the first charging step in RFCs is explored as a function of current
density and current collector thickness. Using operando scanning electron
microscopy, an increase in the lithium particle density is observed with
increasing current density at the CulLig 55Alg 25La3Zr;,0;; interface. This
observation is then applied to improve the area coverage of lithium by pulsed
plating. It is also shown that thin current collectors (d = 100 nm) are unsuited
for RFCs, as lithium whiskers penetrate them, resulting in highly heteroge-
neous interfaces. This suggests the use of thicker metal layers (several pm) to
mitigate whisker penetration and facilitate homogeneous lithium plating.

1. Introduction

Lately, solid-state batteries (SSBs) gener-
ated increasing attention as they hold the
potential to outperform lithium-ion bat-
teries (LIBs) as energy storage devices.[?]
Although they are expected to fulfill
higher safety standards,l their main ben-
efit is the use of lithium metal as the
anode material, which could be enabled
by the use of solid electrolytes (SE).*
The lithium metal anode is an appealing
target for next-generation lithium batteries
due to its low redox potential of —3.04 V
and high theoretical specific capacity of
3861 mAh g 1.[67)

The high reactivity of lithium metal,
however, poses a number of challenges
during the handling of lithium foils and
fabricating low-resistance interfaces to
SEs.* 1 Lithium usually has a thin sur-
face passivation layer consisting of mainly
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Li,CO;, LiOH, and Li,0O even when stored
under an argon atmosphere with a low
amount of H,0 and O,.® This passiva-
tion layer depends strongly on the exact storage conditions and
is difficult to analyze and predict in detail. Therefore, tedious
preparation steps are needed to fabricate low-resistance inter-
faces to SEs, which include mechanical processing of lithium,
polishing of SEs, high pressures (3-300 MPa), and heat treat-
ments.*1%124 While these methods work well on the labora-
tory scale, they are not suitable for large-scale fabrication of
cells.

Lithium-reservoir-free cells (RFCs) provide an elegant way
to circumvent the aforementioned challenges.>>16 After
assembly, the simplest RFC consists of a separator with a
cathode on one side and a current collector (CC) attached to the
other side. As cathode materials like LiNi,Mn,Co, are typically
fabricated in the discharged (lithiated) state,"*! it is possible to
extract lithium from the cathode and deposit it as lithium metal
onto the current collector in the first charging step.>19-%1
During subsequent cycling, the lithium metal can either be
formed anew in every charging step or a small reservoir of
lithium may be left during discharge. The superior method
depends on the employed cell design and formation step of the
lithium metal.

Several advantages are gained by eliminating the need of han-
dling lithium metal during cell fabrication. First, by avoiding
the excess lithium present in an SSB the cell energy density

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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increases significantly?®! as all lithium needed for cycling is
introduced with the lithiated CAM during cell assembly.’’]
Additionally, lithium metal may be the battery component
most sensitive to trace amounts of water, oxygen, and nitrogen
in the atmosphere it is processed in. Therefore, the fabrica-
tion of RFCs may open a variety of processing techniques, like
solvent or heat treatments, previously rendered impossible by
lithium metal. Also, the handling and storage of RFCs prior to
the formation step of lithium metal is safer as an RFC prior to
charging cannot short circuit.

The key challenge that currently hinders the development
of RFCs is the non-uniform morphology of plated lithium
after the formation step. Ideally, a lithium film is uniformly
deposited in a layer-by-layer manner. The formation of isolated
islands, dendrites, or whiskers must be avoided as they lead
to a high interface resistance due to low contact area, current
focusing, and nucleation sites for dendrites. It is still elusive,
how external parameters like applied stack pressure, current
density, and temperature influence the lithium metal mor-
phology at the CC|SE interface.

A clear influence of temperature and current density on the
plating morphology of lithium at Cu|LIPON and Culliquid elec-
trolyte (LE) interfaces have already been observed.'?2223] Com-
paring the Cu|LIPON and Pt|LIPON interfaces, it seems that
a high overvoltage during nucleation leads to more, but also
smaller, particulates of lithium at the copper CC.*** Wang
et al. additionally propose that a higher overvoltage results in
smaller critical radii of forming lithium nucleates.”” A high
overvoltage can thereby be achieved either by applying a high
current density or by decreasing the temperature. Vice versa,
applying low current densities at high temperatures (100 °C)
leads to only a few but larger particulates of lithium > which
means that the interface is more heterogeneous.

It is, however, not clear how well these results on lithium
nucleation translate to cells using the Cul|Lig;5Al);5La32r,0;,
(LLZO) interface. While LIPON is an amorphous and defect-
free SE, LLZO is polycrystalline and has a variety of surfaces
defects, like grain boundaries, pinholes, dislocations, and dif-
ferent crystallographic facets, which can act as preferential
nucleation sites.'® Kazyak et al. already observed the positive
effect of pressure on controlling the growth of lithium after
nucleation using operando optical microscopy.”’! We believe
that our work employing operande SEM can further elucidate
the factors that affect homogeneous anode formation, espe-
cially during the nucleation and the very beginning of the depo-
sition of lithium particles. Therefore, this paper focuses on the
lithium plating as a function of the current density and cur-
rent collector thickness at the Cu|LLZO interface and shows a
strong dependence of the obtained lithium microstructure on
the applied current density.

2. Results and Discussion

2.1. Using Operando SEM Plating to Study the Growth at Thin
Cu-CC Films

To investigate the lithium deposition at metal CCs as a function
of the applied current density, galvanostatic experiments were

Adv. Energy Mater. 2022, 2203174 2203174 (2 of 1)

carried out on Li4|LLZO|Cugy,, cells while under observation
with an SEM. This cell configuration was deliberately chosen as
the employed Li;y counter electrode does not show any imped-
ance contribution during the experiment,®2¢?l which means
that changes in resistance can solely be attributed to current
constriction at the Cug,|LLZO interface.?®*% LLZO was chosen
because of its practical stability to lithium metal, which makes
it well suited for this model system.>3**! The metal current col-
lector was a 100 nm thin copper film, which was deposited via
thermal vapor deposition on the LLZO pellet. This allows the
observation of lithium nucleation from above through the cur-
rent collector as deposited lithium deforms this film. Copper
was chosen as the current collector material as it is known
to have a low lithium solubility at room temperature to pre-
vent the possibility of alloy formation that could influence the
deposition.?

The working principle of the herein-used setup is sche-
matically depicted in Figure la. A Lijy|LLZO|Cug,, cell was
prepared as described above. Subsequently, a microscopic
electrode pattern was cut into the 100 nm thin copper cur-
rent collector film with a FIB. This enables the measurement
of several different spots with very similar interface proper-
ties. Additionally, a measurement with an electrode covering
the size of the whole pellet would lead to large defects, such
as holes or polishing lines being contacted, which would dis-
tort the results. Also, the patterned electrode with a size of
around 15 pm in diameter still includes several grains with
different orientations and grain boundaries as the mean grain
size for this material is around 4 um. Such a pattern is visible
in the low magnification image in Figure 1b, where one cur-
rent collector spot is electrically contacted with the tungsten
microelectrode.

The voltage profile shown in Figure 1c is obtained when
plating lithium with a current density of 100 pA cm™ at a
single copper current collector patch. It can be seen that Eyg
decreases until around —100 mV, at which point lithium nucle-
ation sets in with an ochmic overvoltage 7 of around —100 mV.
Usually, a nucleation overpotential 1, is expected, which
manifests itself in a minimum in the potential profile,5%3
but is not present herein. Possibly 1, is overshadowed by the
oscillation of Fywg induced by the scanning procedure. How-
ever, this limits the maximum value of 7, to around 50 mV
in this case.

As depicted in the split image in Figure 1d, the plated lithium
morphology can then be monitored in situ and directly corre-
lated with electrochemical findings. The lithium breaks through
the copper CC, which allows an assessment of nucleation den-
sity at a certain current density. At 100 pA cm™2, small and sepa-
rate lithium columns grow and do not form a conformal film.
The necessity to grow a conformal film is clear when the plated
electrode is subject to discharge/stripping. Figure S1, Sup-
porting Information shows an in situ plated lithium electrode
before and after stripping was performed. Due to the low areal
coverage, high local current densities are present at the lithium
particles, which lead to a fast progression of pore formation and
therefore, low Coulomb efficiency. After a successful proof of
principle, this setup is therefore used to investigate the relation-
ship between deposition morphology and current density, as
described in the next chapter.

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. a) Schematic of the operando SEM setup used to characterize lithium plating in a Li;4|LLZO|Cug, cell stack. b) SEM overview of the investi-
gated microscopic current collector patches as prepared via FIB patterning. c) Voltage profile when plating lithium with this setup. Note that the strong
oscillations in this profile occur because of the SEM electron beam scanning, thus interfering with the measurement at very low currents. d) Magnified
image of the same contacted copper current collector patch before and after lithium plating. Note that the frayed edge is an effect induced by the FIB
cutting. Additionally, the material on the needle sides is thought to be dust particulates that do not influence the measurement.

2.2. Influence of Current Density on Lithium Growth investigated herein.?’l Figure 2a-d, therefore, shows SEM

Morphology images of 16 uAh cm™ lithium plated with 50, 100, 500, and
1000 HA cm™2,

The in situ SEM plating technique described above is now used The micrographs in Figure 2a-d show a clear change in

to characterize lithium plating with different current densities.  size, shape, and density of the lithium particles plated at the
While higher current densities lead to more lithium particles ~ Cu|LLZO interface. With increasing current density, the shape
per area for Cu|LIPON and Cu|LE,/?>?%l it was hitherto unknown  of the lithium nucleation spots is increasingly heterogeneous.
what happens at the interface to a polycrystalline ceramic SE.  For example, lithium plated with 50-100 A cm™ is nearly
To be able to compare our findings with the literature, the  spherical in shape but for higher current densities, elongated
same current densities as in the work of Motoyama et al. were  lithium nucleates are plated. Moreover, the overall lithium
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Figure 2. SEM micrographs of lithium plated at the Cu|LLZO interface with a) 50, b) 100, c) 500, and d) 1000 LA cm™2. In each case, the amount
of lithium or charge plated was 16 pAh cm™2, corresponding to a thickness of 77 nm, if plated homogeneously. The projected size A paqice of €ach
lithium particle and the particle density n;.paqice are depicted in (e). The distribution of lithium particle sizes is presented as a box plot, comprising
11 (50 pA cm™2), 32 (100 pA cm™2), 79 (500 uA cm~2), and 92 (1000 pHA cm™) particles, respectively. The average A\ pnicle is Shown as a square inside
each box plot. n; panicle is represented as the orange data points.
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particle density #y;p.ice sSeems to be a lot higher for 500 and
1000 pA cm2 Unlike observed by Wang et al,®l no coales-
cence of lithium nuclei/particles to form a continuous film was
observed herein, which most likely would require applied stack
pressure or thicker CCs or both.[>*]

To quantitatively compare the nucleation for CulLLZO and
Cu|LIPON interfaces, image analysis was carried out of the size
and morphology of lithium particles in Figure 2a-d. The pro-
jected size of each lithium particle A paice and 1y paide are
depicted in Figure 2e. As the plated charge is the same for all
herein depicted experiments, lower Aj; p..iq. values are expected
for higher current densities with larger #;;p, .. This is con-
firmed by digital image analysis, which shows that Aj;parice
decreases from around 4 um? at 50 HA cm™? to only 0.5 um?
at 1000 pA cm 2 Interestingly, the spread of A pge also
decreases for higher current densities according to the box plots
in Figure 2e. A six-fold increase of the lithium particle number
is obtained from 11 per current collector area at 50 pA cm™
to around 92 per current collector area at 1000 A cm™, As
the current collector area is approximately 150 um?, n pagicle
is between 10 x 10° cm™ at 50 pA cm™2 and 60 x 10° cm™ at
1000 puA cm™?, confirming the observation previously made
directly from the images. Note that the particle area is only a
projection of its shape onto the copper current collector as the
topology could not be quantified with SEM.

The nucleation densities observed for Cu|LLZO are quite
similar to what Motoyama et al. observed for CulLIPON.1?* This
is interesting, as, unlike LIPON, LLZO shows various surface
defects, for example, grain boundaries and dislocations, within
the current collector area. These defects may facilitate the
nucleation of lithium as observed before.'®3% To better under-
stand the influence of surface defects on the large-scale nuclea-
tion at interfaces, similar plating experiments were carried out
on single-crystalline Cu|LLZO,, interfaces.

Using an LLZO pellet with a grain size larger than the 15 pm
wide copper current collector spot generates a Cu|LLZOg
interface mostly free of surface defects, that mimics a single
crystal experiment. For this experiment, 100 nm of copper were
deposited on a freshly broken cross-section of large-grained
LLZO, which was thereafter patterned via FIB for micro-
electrode preparation. The micrographs in Figure S2a—d, Sup-
porting Information show the lithium grown after plating at
these Cu|LLZO,, interfaces with 50 to 1000 pA cm™. A clear
difference is observed compared to the polycrystalline material
regarding ny; paide- For the defect-free LLZO, lithium plating
is solely observed at one spot in the vicinity of the microelec-
trode contact, independent of the applied current density. Fur-
thermore, 1, is larger than at polycrystalline surfaces, for
example, 200 mV (Cu|LLZO,) versus < 50 mV (Cu[LLZO). This
highlights the necessity for surface defects to facilitate homo-
geneous and planar lithium growth at the Cu|LLZO interface.
However, the grain orientation was not determined, which
may have a strong impact on the nucleation of lithium at the
interface.

Generally, the herein obtained results for polycrystalline
LLZO in contact with copper current collector films confirm
the current density-dependent nucleation observed at the
Cu|LIPON interface. This is remarkable as LLZO is a polycrys-
talline material, which exhibits surface defects. While LIPON
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is an amorphous and basically defect-free material,*! LLZO
shows grain boundaries, grain orientations, pores, disloca-
tions, and other defects such as scratches induced by polishing.
Possibly, local variations in density act as nucleation sites in
LIPON, which is why it performs similarly to polycrystalline
LLZO instead of LLZO,..

2.3. Advanced Charging Protocol to Obtain a Favorable Lithium
Morphology

While high current densities lead to a beneficial higher den-
sity of lithium particles, continuous charging with high cur-
rent densities is detrimental to the overall cell properties. Not
only do high charge currents lead to (chemo)-mechanical issues
like contact loss at the cathode interface,”*3¢ dendrite and
filament growth are facilitated as well.'*] However, a combi-
nation of high and low current densities could be an optimal
charging protocol for the plating of a homogeneous lithium
film. To test this hypothesis, continued plating with low current
densities (100 LA cm™?) was interrupted repeatedly by high cur-
rent pulses (1000 pA cm™?). A control experiment was carried
out in which the same amount of charge was plated with a con-
tinuous and uninterrupted current of 100 uA cm™. The respec-
tive voltage profiles and morphology evolutions are depicted in
Figure 3.

SEM micrographs were acquired during the plating with
100 HA cm™? and are depicted in Figure 3a—c. They respectively
show the beginning, middle, and end of the lithium growth
process. The images are linked to the respective voltage profile
depicted in Figure 3d. Similarly, Figure 3e,f show the lithium
morphology during growth after the first pulse and after the
end of the process.

After the same amount of charge was plated in both experi-
ments, clear differences in lithium morphology and particle
density are observed. Figure 3c shows that a rather defined
space between different lithium particles is present, with
lithium growing similar in size up to around 0.5-1.0 um, not
covering the whole Cu|LLZO interface. However, as depicted in
Figure 3g, more and smaller lithium particles nucleate when
short pulsing steps are incorporated into the growth process.
Additionally, the spacings between the particles appear shorter
with less Cu|LLZO interface uncovered.

A different lithium coverage of the Cu|LLZO interface also
manifests itself in the lower 77, seen while plating. While a
constant 1 of around —65 mV is observed after nucleation
occurred for the control experiment, 7 decreases from around
—65 mV (before the 1% pulse) to —42 mV (after ¥ pulse) and
finally to around —-35 mV (after 2" pulse) for the advanced
plating process. This means that more lithium is in contact with
the SE after the pulsing steps. This also explains the voltage
profile during the pulses, which are depicted in Figure S3, Sup-
porting Information. Here, a 1, of =30 mV is observed, which
means that particles nucleate additionally during the pulse
besides lithium already being present.

Figure 4 displays the particle density and size thereof during
the pulse experiment and the constant current control experi-
ment. In the control experiment with continuous plating, a
continuous but slow increase in fy; payce up to 60 x 10¢ cm™
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Figure 3. a—c) SEM micrographs at different stages during lithium plating with 100 pA cm™. The corresponding voltage and current profiles are
depicted in the top part of (d). The bottom part of (d) shows the voltage and current profiles during plating with 100 pA cm™2 and interrupting cur-
rent pulses of 2000 LA cm™. Note that the oscillations of the voltage profiles are induced by the scanning of the electron beam. The respective SEM
micrographs during different stages of the plating are visible in (e-g). Videos of both experiments can be found in Video S1, Supporting Information.

is observed. When pulses are utilized within the plating,
sharp jumps in ny;pice are observed during the pulses, cor-
responding well to the observation of a nucleation overvoltage
present during the pulse and the nucleation of additional parti-
cles. After the same charge of 60 pAh cm™2 is plated, ny;.paricle 1S
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Figure 4. Evolution of lithium particle density and projected area as a
function of the plating time for the pulsed measurement and the control
experiment with a constant current density as depicted in Figure 3.

Adv. Energy Mater. 2022, 2203174 2203174 (5 of 11)

around 170 x 10° cm™, which is nearly three times higher than
in the continuous plating experiment.

Furthermore, the average projected area of the nuclei is
analyzed and depicted in Figure 4. For the control experiment
without current pulses, a steady and mostly linear increase in
particle area up to 0.15 um? is observed in the first 10 minutes,
followed by stagnation of average particle area, explained by the
simultaneous growth of few but very small lithium particles.
The pulsed plating shows a more tentative growth at the begin-
ning, followed by a step increase during the first pulse up to
around 0.06 um?. Afterward, the projected area slowly increases
up to 0.10 um?. Interestingly, no step change is observed for the
second pulse, which may be explained by the high number of
particles already present.

The size distribution of particles at different points during
plating is additionally shown in Figure S4, which confirms a
sharper size distribution of grown lithium particles for the
pulsed plating. For better visualization of the process, the
reader is referred to Video S1, Supporting Information of the
plating process.
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Interestingly, during all plating experiments, a change of
image contrast happens prior to and during the nucleation of
lithium particles. This darkening may be caused by lithium being
reduced at the Cu|LLZO interface and diffusion at the surface of
the Cu current collector. This lowers the average electron den-
sity of the material, thus appearing darker when observed with
an SEM. Copper supposedly is able to alloy with up to 14 at.% of
lithium,®#3% as measured by reacting fine copper powder with
lithium.?? This and time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) analyses suggest very strong lithium diffu-
sion along copper grain boundaries when present.**# However,
even if the maximum amount of 14 at% of lithium is alloying
with the CC, this still only amounts to 1.5 wt%. Consequently,
no amount of lithium significant enough to change our mor-
phological analysis is lost within the copper CC, but still enough
to change the contrast as observed via SEM.

All of the above experiments were conducted using thin
copper electrodes with a thickness of around 100 nm. Clear
trends are observed, showing that the plating morphology can
be controlled by current density. However, lithium breaking
through the current collector layer is not beneficial for prac-
tical application, as it inhibits the growth of a lithium film
and renders the application of stack pressure useless. There-
fore, thicker metal layers of several micrometers are needed to
assess the nucleation and growth of lithium in practically rel-
evant systems. In this case, our top-view in situ method cannot
be applied and it is yet unclear, how the morphology and inter-
face between LLZO and thick copper foils evolve during lithium
growth.[]

2.4. Operando Study of Lithium Growth at Thick Cu-CC Foils

In the following, lithium nucleation and growth were investi-
gated at Cugg|LLZO interfaces. As it is not possible to see any
deformation at this buried interface during plating, operando
experiments were carried out at cross-sections, which were
prepared prior to the experiment by a focused ion beam. It is
expected that lithium is not able to penetrate through a thick
copper foil in the same way it does when using thin copper films.
When using thick (=10 um) metal foils, three different modes of
growth at the CCr,|LLZO interface have been proposed. These
are 1) CC|LLZO separation and gap formation by vertical whisker
growth of lithium; 2) horizontal growth or creep induced by
stack pressure opening the CC|LLZO interface without gap
formation, and 3) plating at the nucleate edges into the solid
electrolyte, forming dendrites. The second growth mode is the
preferred option to obtain large-area lithium electrodes without
severe mechanical degradation or dendrite formation. However,
it is still unknown how these processes depend on current den-
sity, current collector thickness, and applied pressure.

Therefore, operando experiments at Cugy|LLZO interfaces
were carried out by looking at the cross-section during lithium
plating with different current densities. Figure 5a depicts a
schematic of the herein-used operando setup for cross-sectional
analysis. A low-magnification image of the whole prepared
crater and micromanipulator used as the working electrode is
visible in Figure 5b with the analyzed area marked with a blue
dashed line.
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Interestingly, when plating with 100 pA e¢m™ the voltage
profile shown in Figure 5c shows two minima, which may
arise from a convolution of two separate contributions. One
minimum is caused by 7, typically observed for Cu|SE
interfaces,>1%23 the other one could be caused by the subse-
quent opening of the interface by lithium growth, temporarily
reducing the effective electrode area. Afterward, the plating is
quite stable and only shows a small decrease in 7, caused by
the increasing electrode area by lateral lithium growth.

The evolution of the interface during plating is shown
in Figure 5d-g and Video S2, Supporting Information. The
pristine interface shows a heterogeneous distribution of con-
tact spots, with some areas showing direct contact and others
showing that thin gaps (< 1 im) are still present. At the begin-
ning, where the potential is still falling and nucleation has not
occurred yet (Figure 5e), a darkening of the copper current col-
lector is observed like in previous experiments. As a full lithi-
ation of the copper CC (14 at% or 1.5 wt% of Li) would take
around 5 h with 100 uA cm™2, this can be ruled out. The color
change, therefore, is most likely explained by the fast surface
diffusion of lithium along the copper CC, changing the elec-
tronic properties enough to result in a slightly different SEM
image contrast.

After nucleation, lithium growth is observed at a previous
contact spot between copper and LLZO. These small islands
then get thicker and also slowly grow laterally while simulta-
neously opening the gap between copper and LLZO to around
2 um at the end of the experiment. What follows is that at
100 uA cm™ and no applied pressure, a combination of growth
mechanisms 1) and 2) occurs. The lateral growth of lithium and
closing of pores is especially interesting, as previously this was
only expected when stack pressure is applied. A reason could
be that the force induced only by the deformation of the copper
foil is enough for the deformation of small lithium pillars.*’!
A similar experiment was carried out with 50 uA cm2, which
is shown in Figure S5, Supporting Information and shows the
same trends as plating with 100 LA cm ™. Interestingly, contrary
to what was stated by Kazyak et al., lithium does not start to
nucleate at the pore walls in the free space at the interface, but
rather at the direct contact spots between Cu and LLZO - high-
lighting that a pore-free CC|LLZO interface is favorable for Li
plating.

Similarly, plating with 500 HA cm™? was carried out at a
Cuy,y|[LLZO cross-section with the respective voltage profile
displayed in Figure 6a. Several SEM images linked to different
stages in the plating progress are depicted in Figure Gb—e.
While the pristine interface of the image area seems to be in
better contact than in the previous measurement, the overall
contact area seems to be quite similar for all investigated
cross-sections as depicted in low-magnification SEM images in
Figure S6, Supporting Information.

Due to a large overvoltage induced by the higher cur-
rent density, the minima in the voltage profile are not as
pronounced as they are in the previous measurement with
100 uA cm™2 After a stable initiation of the plating process,
large voltage fluctuations occur, which correspond well to
the growth of lithium within the solid electrolyte away from
the interface as seen in Figure 6¢.*) This is direct evidence
of lithium penetration into the solid electrolyte and dendrite
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Figure 5. a) Schematic setup used to observe lithium plating with 100 tA cm™ at the interface at Cug,|LLZO. Due to the high electronic conductivity
of both tungsten and copper, the point contact between the micromanipulator and copper foil is not relevant to the experiment. A low-magnification
SEM image of the setup is shown in (b). The voltage profile during plating is depicted in (c). Several screenshots of the video during plating were
taken at different stages, which are shown in (d-g). Note that some of the remaining lines and pillars are due to “curtaining” and “rippling”, which

frequently occurs during the FIB-cutting process.[#2-#5]

growth. Still, upon further plating, a homogenous film grows
at the Cug,|LLZO interface. At a later stage, also large pro-
trusions of lithium are visible at the interface. These, how-
ever, may not be representative of the growth occurring at
the buried interface due to more space being available where
some of the material was removed to be able to observe the
process in cross-section.

The growth occurring with 500 pA cm™ can overall be clas-
sified to growth mode 3), showing that even though a very thin
layer of metal is plated at the interface, the majority of plated
lithium is deposited as filaments and dendrites in the bulk of
the solid electrolyte.

A similar cross-sectional experiment was carried out with
thin Cugyonm current collectors and a current density of
20 uA cm™. The breakthrough process of a lithium whisker
through the copper can easily be observed therein as depicted
in Figure S7, Supporting Information. This furthermore high-
lights the necessity of a thick CC as a means to suppress
lithium breaking through the metal layer. The exact thickness
needed to suppress whisker penetration depends on various
factors, like current density used for plating, if a foil or depos-

Adv. Energy Mater. 2022, 2203174 2203174 (7 of 11)

ited film is used, conformity of the CC|SE interface and applied
pressure. In the case of vapor-deposited films onto LLZO, we
found that 5 um of copper is sufficiently mechanically stable
to suppress whisker penetration through itself as depicted in
Figure S8, Supporting Information.

2.5. Summarizing the Different Growth Modes of Lithium at
CulLLZO Interfaces

The different lithium growth modes discussed by Wang et al.
are also observed within this work and were investigated
regarding their occurrence under different interface condi-
tions and current densities as summarized in Figure 7. As
we observed the simultaneous occurrence of different growth
modes, this chapter aims to give guidelines on how to control
the lithium growth morphology within RFCs.

By investigating thin copper films (d = 100 nm), it was pos-
sible to quantify the lithium particle density as a function of
the applied current density. A strong increase in particle den-
sity and area coverage of lithium is observed for higher current
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Figure 6. a) Voltage profile during plating with 500 HA cm™. Screenshots of a video recorded during the plating and lithium growth process are depicted
in (b—e) with their respective time indicated by a marking in the voltage profile.

densities as shown in Figure 7. However, as high current den-
sities facilitate the growth of dendrites in RFCs, as seen in
Figure 6, we propose using only a very short initial pulse of
high current density to spawn a large number of lithium par-
ticles. This could be expanded to using current pulses as an
interruption to low current plating as depicted in Figure 5.
Despite a conformal initial contact of thin vapor deposited
metal films (d = 0.1-1 um) on the SE, which is evident from

low current density high current density
o

S

Figure 7. Schematic explaining the occurrence of different lithium growth
modes when using thin current collector films (top) or thick current col-
lector foils (bottom) when different current densities are applied. Note
that in the herein analyzed experiments, usually a combination of growth
modes was observed.
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the impedance shown for Cug,|LLZO|Li in Figure S9a, Sup-
porting Information, thin current collector films are not suit-
able for long-term plating of pm-thick lithium films as they
offer no mechanical stability. During the initial plating, lithium
penetrates such thin current collector films, which facilitates
the vertical growth of whiskers instead of films. Even if pres-
sure is applied in our particular case, lithium is just flattened
above the current collector films after whisker penetration,
which offers no beneficial increase in the contact area between
lithium and the SE. This evolution is evident from the resist-
ance evolution shown in Figure S9b, Supporting Information
and proven by the SEM images shown in Figure S8c,d, Sup-
porting Information. As no new contact area between lithium
and the SE is formed, R;, is converging to a certain value of
several 100 Q cm? despite a continuous growth of lithium.

Therefore, we propose the use of thicker metal CCs, such as
Cugy (d =10 um) or Cugyy, (d =5 um) to suppress the penetra-
tion of the metal. In this case, three different growth modes can
be identified, namely, i) the vertical growth of whiskers where
the current collector was in contact with the SE, ii) a desired
film-like growth, and iii) the growth of lithium into the SE as
dendrites. As summarized in Figure 7, we could observe the
simultaneous occurrence of different growth modes, however,
their contributions can be tuned by plating with different cur-
rent densities.

At low current densities (< 100 HA cm™), a mixture between
whisker growth and film growth could be observed, depending
on the local microstructure and interface properties of the ana-
lyzed system. A more conformal contact and stiffer current col-
lector would therefore rather shift the balance to the desired
film growth, whereas a current collector foil without conformal
contact facilitates the growth of whiskers. At high current
densities (> 500 uA cm™?), an overlap between film and den-
drite growth was observed. This balance is expected to depend
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strongly on the SE microstructure, with denser SEs being able
to suppress dendrites better than porous variants.

The influence of pressure on the lithium growth morphology
is also very important and was recently investigated by Kazyak
et al. using operando video microscopy.?’! Based on their results
of lithium blisters getting flattened by pressure in the range of
1-5 MPa, it is expected that the balance of growth modes is
shifted to the desired film growth already at moderate pressures
and that dendritic growth is favored at very high pressures.

3. Conclusion

In this study, we investigated the current density-dependent
lithium growth morphology and particle density at Cu|LLZO
interfaces by contacting small current collector patches or inter-
face cross-sections (prepared by FIB patterning) in an SEM.
With this novel technique, a strong increase in lithium par-
ticle density and current collector coverage was observed with
increasing current density. Our experiments show that — while
thin metal films as CCs are good model systems to observe
lithium growth underneath — a thicker and more mechanically
stable current collector foil is needed to suppress the detri-
mental penetration of lithium whiskers through the CC. Three
different lithium growth modes were observed without the
application of stack pressure in Cug,|LLZO systems: i) vertical
whisker growth, ii) film growth, and iii) dendritic growth. Usu-
ally, a combination of these growth modes is observed with a
strong dependence on local microstructure and conformity of
the Cuy,y|LLZO interface. A general shift from whisker growth
to film or dendritic growth occurs with increasing current den-
sities when plating. Therefore, we suggest not only using thick
CCs (several um) to suppress its penetration by whiskers, but
also carefully choosing the current density and plating protocol
to optimize the electrode system for growing homogeneous
lithium films with respect to the presented findings.

4. Experimental Section

Preparation of Solid Electrolytes: The formal composition of the
LLZO:Al prepared within this work was LigasAlyzslasZrOqp. At first,
Li;CO; (> 99.0%, Sigma-Aldrich), ZrO, (99.9%, Sigma-Aldrich), La(OH);
(99.9%, Sigma-Aldrich), and Al,O; (99.8%, abcr) were homogenized
using a planetary ball-mill two times (10 min with 20 min pause
at 350 rpm for 24 cycles). Thereafter, calcination (4 h at 1000 °C)
of 25 mm diameter pellets was carried out in MgO-crucibles under
150 scem O, flow. The samples were subsequently handled exclusively
under an argon environment (MBraun, p(H;0)/p < 1.0 ppm, p(O,)/p <
0.1 ppm).

To obtain LLZO powder with a smaller particle size, the above
mixture was ball-milled with the same parameters for 40 cycles. Sintering
was then carried out with pellets isostatically pressed beforehand at
380 MPa under O, flow in MgO crucibles with mother powder (calcined
LLZO powder). The heating procedure was as follows. Samples were
first heated for 9 h to 900 °C, which was held for 5 h. Afterward, the
temperature was increased for 2 h to 1100 °C and again held for 5 h. The
temperature was then increased again to 1230 °C in 1 h and held for 4 h,
followed by natural cooling.

For cells utilizing a thick (10 um) copper foil laminated on the
electrolyte surface, LLZO:Ta with a composition of Lig sTagsLasZr, 50,
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was synthesized through a solid-state method. The powders were
densified into billets (diameter 12.7 mm) using rapid-induction hot-
pressing.’l The dense pellets (>96% relative density) were ground with
sandpaper up to 1200 grit, followed by polishing using diamond paste
up to a final step of 0.1 um.

Cell Assembly and Electrochemical Characterization: Cells were
assembled by polishing the garnet pellets with grit P1000 SiC-paper and
subsequent electrode attachment. As a counter electrode, a resistance-
free ideal electrode Li,y was prepared according to previous publications
utilizing high isostatic pressure (380 MPa for 30 min).*? The foil used
for Li,y electrodes was prepared by removing surface degradation layers
from a lithium chunk with a ceramic knife and subsequently pressing it
into a thin foil directly before attaching it to the pellet.

Thin copper electrodes of approximately 100 nm thickness were
deposited onto LLZO under vacuum using a homemade thermal
evaporation system attached to a glovebox with a rate of 0.2 nm s7,
which was controlled by an oscillating quartz sensor. The patterning
of small Cu patches (A = 150 pm?) was achieved by cutting with a
plasma-FIB. Thick (10 um) copper foils were laminated onto LLZO:Ta
by hot-pressing as described in the works of Wang et al. and Kazyak
et al., 25 which resulted in good conformal contact between the foil
and pellet.

Electrochemical characterization was carried out using a VMP300
potentiostat (BioLogic) in combination with the software EC-Lab
(ver. 11). Temperature-dependent measurements were carried out in a
climate chamber WKL 64 (Weiss Technik GmbH). For electrochemical
measurements, cells were contacted with nickel current collector tabs
and sealed in pouch cells. The current collector tabs are fixed using tape.

If not stated otherwise, potentiostatic electrochemical impedance
spectroscopy (PEIS) measurements were carried out in a frequency range
between 7 MHz and 100 mHz. Galvanostatic EIS (GEIS) measurements
were carried out in a different frequency range, 7 MHz to 1 Hz, as the
acquisition of one spectrum needs to be faster in this measuring mode
to not disturb the DC current. Usually, 10% of the DC current is used as
amplitude to measure the impedance response of the cell. Impedance
data interpretation as well as fitting thereof was carried out by RelaxIS 3
(RhD Instruments).

FIB-SEM Measurements: Focused-ion-beam (FIB)-cutting imaging
was carried out using a XEIA3 GMU SEM/Plasma-FIB (Tescan) in
combination with a Leica VCT500 transfer module at room temperature.
SEM imaging was carried out using a Zeiss Merlin HRSEM.

Operando Scanning Electron Microscopy (SEM): For the microelectrode
measurements (prober module, Kammrath & Weiss GmbH) with
tungsten micromanipulators (Simac Masic & TSS bv) were attached
to the sample stage of the Zeiss Merlin HRSEM. The microelectrodes
then acted as a working electrode, whereas the counter electrode was
contacted via the sample stage itself. When measuring cross-sections,
the sample was tilted by 45° to obtain a view into the crater, which was
previously prepared under a 90° angle with a FIB.

Digital Image Analyses: The acquired SEM images were graphically
analyzed using the open-source software Fiji and a trainable Weka
segmentation. The area of analysis was determined with Fiji and the first
criteria to distinguish between lithium particles and the current collector
surface were manually specified to train the Weka segmentation. Using
a machine learning approach, Weka generates selection criteria, such
as contrast or shape. Based on the selection criteria learned, Weka can
segment further images and differentiate between lithium particles and
the surrounding environment. Particle size and particle count were
then obtained by processing the segmented image with Fiji. In order
to avoid too large errors, the smallest analyzed particle size was set to
Apiparticle.min = 0.02 um? This lower limit was chosen because particles
with a size > 0.02 um? were still easily visible in the micrographs. Thus,
it is possible to control the analyzed images and doublecheck the
selection of the Weka segmentation. Due to the variety of shapes of the
particles, the circularity was set to be between zero and one. Therefore,
all particles in between a perfect circle (circularity = 1) and largely
elongated particles (circularity = 0) were considered.
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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3.3 Publication 3: “Overcoming Anode Instability in Solid-State Batteries through
Control of the Lithium Metal Microstructure”

In publication 3 of this dissertation, the influence of lithium metal microstructure, e.g. grain size
and grain boundaries, on the pore formation during stripping was investigated. Therefore, two
different lithium metal foils were prepared by utilizing extremely different thermal processing
parameters and investigated in combination with LLZO as the SE while different stack pressures
are applied.

Therefore, lithium metal was heated to be in a liquid state inside the glovebox at 350 °C. To obtain
large grains (~150 pm), this liquid was then slowly cooled to room temperature on the hotplate. On
the other hand, small grained foil (~ 20 um) was fabricated by quenching the liquid lithium with
liquid nitrogen within the glovebox, thereby rapidly cooling down the mixture. The grain sizes were
obtained by SEM imaging.

Utilizing a combination of galvanostatic electrochemical impedance spectroscopy (GEIS) and post-
mortem SEM analysis offers the possibility to investigate the influence of the lithium microstructure
on pore formation during stripping. It could be shown that when a pressure of 0.2 MPa is applied,
which is below the yield strength for typical lithium, large-grained lithium performs better and
offers a higher stripping capacity than small-grained lithium. However, if pressures of 2.0 MPa are
applied during dissolution, the small-grained lithium offers a wvery high capacity
of > 10 mAh cm2. The small grain size will lead to higher strain-rate (or lithium replenishing rate)
due to dislocation pipe diffusion assisting Nabarro-Herring creep, which generally improves for
small grains within a metal.

Differences are not only present when comparing the amount of stripped lithium, but also the
morphology of growing pores. Top-view SEM imaging shows that the pores forming when large-
grained lithium is employed are larger and less homogeneously distributed than when small-grained
lithium is used. In the latter case, pores are smaller and more evenly distributed. This shows that
the pore formation can in principle be controlled by adjusting the grain size of employed lithium
foil, which is a novel concept not investigated in literature beforehand.

This work offers fundamental insights into how the metal microstructure may influence the
electrode performance. However, employing engineered lithium foils is probably not useful, as
subsequent cycling will realistically lead to the deposition of fresh lithium with changed
microstructure. However, the gathered knowledge could prove to be especially useful to assess the
lithium quality grown in RFCs, since different deposition parameters most likely lead to different
lithium microstructures. However, it is not clear to date what grain size of deposited lithium would
prove to be beneficial for future cell cycling. This work lays the foundation to investigate this
guestion.

T. Fuchs and Dr. D. K. Singh share the first authorship as they designed and conducted all of the
experiments equally supervised by Dr. F. H. Richter and Prof. J. Janek. C. Krempaszky,
Dr. B. Mogwitz and Dr. S. Burkhardt assisted with important scientific discussions. The original
draft was written by T. Fuchs and Dr. D. K. Singh and edited by all co-authors.
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Overcoming Anode Instability in Solid-State Batteries
through Control of the Lithium Metal Microstructure

Dheeraj Kumar Singh,* Till Fuchs, Christian Krempaszky, Boris Mogwitz,

Simon Burkhardt, Felix H. Richter,* and Jiirgen Janek*

Enabling the lithium metal anode (LMA) in solid-state batteries (SSBs) is the
key to developing high energy density battery technologies. However, main-
taining a stable electrode—electrolyte interface presents a critical challenge

to high cycling rate and prolonged cycle life. One such issue is the interfacial
pore formation in LMA during stripping. To overcome this, either higher
stack pressure or binary lithium alloy anodes are used. Herein, it is shown
that fine-grained (d = 20 pm) polycrystalline LMA can avoid pore formation
by exploiting the microstructural dependence of the creep rates. In a sym-
metric cell set-up, i.e., LilLig55Aly 55La3Zr,0q;(LLZO)ILI, fine-grained LMA
achieves > 11.0 mAh cm™ compared to = 3.6 mAh cm™ for coarse-grained
LMA (d =295 pm) at 0.1 mA cm™2 and at moderate stress of 2.0 MPa. Smaller
diffusion lengths (= 20 pm) and higher diffusivity pathway along disloca-
tions (Dgq = 10”7 cm? s7), generated during cell fabrication, result in enhanced
viscoplastic deformation in fine-grained polycrystalline LMA. The electro-
chemical performances corroborate well with estimated creep rates. Thus,
microstructural control of LMA can significantly reduce the required stack
pressure during stripping. These results are particularly relevant for “anode-
free” SSBs wherein both the microstructure and the mechanical state of the

1. Introduction

The drive for the improvement of electric
energy storage systems causes long-term
interest in lithium metal (3860 mAh g,
and —3.04 V vs SHE) based solid-state bat-
teries (SSBs) with high energy density.!?)
The replacement of conventional flam-
mable organic liquid electrolytes with
non-flammable inorganic solid-electrolytes
(ISEs, 6,y > 1 mS cm™) in SSBs addition-
ally promises enhanced safety and longer
cycle life.’~] However, maintaining a
stable electrode—electrolyte interface is
one of the key challenges that currently
impedes the development of SSBs.!®7 At
the anode, apart from the solid-electro-
Iyte interface (SEI), and mixed conducting
interface (MCI) formation at the LilISE
interface;®¥ the interfacial pore forma-
tion/accumulation!® in the lithium elec-
trode severely contributes to increasing

lithium are critical parameters.
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impedance and decreasing power density
of the cell.
Therefore, overcoming pore forma-
tion during stripping is one of the funda-
mental issues that needs to be addressed in the development of
fast-(dis)charging SSBs. The so-called critical current for strip-
ping (CCS) in SSBs is still lower than the critical current for
plating (CCP).""l The presence of non-equilibrium defects, i.e.,
grain boundaries, and dislocations in lithium anode results in
inhomogeneous LilISE interfacial kinetics resulting in spatially
varying interfacial contacts.'!

Generally, high stack pressures are applied to avoid pore
formation during stripping in research. This results in plastic
deformation of lithium in contact with the ISEs, thereby main-
taining a good interfacial contact.’>l The magnitude of the
required stress is governed by interfacial roughness, fracture
toughness of ISEs, thermomechanical processing history of
metal et In practice, the applied stack pressure should be
as low as possible for the following reasons. First, engineering
and cost constraints in the fabrication of practical battery
packs argue against the use of high stack pressures. Second,
sulfur-based superionic conductors,® 21 which are industrially
relevant candidates, possess a low fracture toughness
(Kic < 0.23 MPa m"/?).[2l High pressures would lead to exten-
sive interfacial fracture within these ISEs, and the resulting
cracks would serve as favorable pathways for dendrite growth

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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through the bulk microstructure.*2% In effect, this lowers
the critical current density (CCD), i.e., the maximum current
density before shorting.””) Since ceramics in general do not
exhibit fatigue,?® these interfacial fractured zones are expected
to significantly affect the long-term cyclability. Additionally, the
application of high pressure enhances the propensity for den-
drite propagation.*?)

In another approach, binary lithium alloys (with Si, Sn,
Al, Mg, As, Bi, Zn, In, etc.) are used.’®3! Herein, enhanced
lithium chemical diffusivity (D, = 107 cm? s7') compared to the
much lower self-diffusivity (Dy; = 107" cm? s7) in pure lithium
is utilized to mitigate pore formation issue by facilitating faster
interfacial Li flux.l®*¥ However, alloy anodes are constrained
by both electrochemical as well as mechanical issues that tend
to be system specific, and are governed by the width of the
homogeneous composition range, mechanical properties of
the alloys, density of the secondary component, inter-diffusion
kinetics, volume change during alloying—dealloying, etc.’*313
One issue specific to alloys is the drift of redox-potential with
composition. For example, the In-Li anode has a potential of
0.62 V versus Li*/Li when > 50 at.% In is present, ie., in the
In-InLi two-phase field.** This limits both the theoretical and
the practical specific capacity of alloys. Furthermore, alloying
would lead to mechanical strengthening (usually of several
orders)®! of the anode material in general. Also, economic
aspects pertaining to the cost of the alloying element need to
be considered.

Chemo-mechanical degradation of alloy anodes at higher
current rates or repeated alloying-dealloying may become
another critical issue,’l e.g., a charge extraction of 1.5 mAh
causes the § — @ phase transition in the Mg-70 wt.% Li system,
thereby simultaneously compromising mechanical integrity,
and kinetics (D, < Dp).*®! Also, alloys are prone to weakening
of the redox plateau upon repeated cycling.*

Lastly, the alloyed element must itself be stable to oxidation,
e.g., the potential window of Mg in Li-Mg alloy is limited as it
is oxidized at 1.35 V versus Li*/Li.l*’!

Hence, in view of these arguments, the use of (pure) lithium
metal is desirable, ideally at very low stack pressure. Herein,
we show that creep of polycrystalline lithium can be effectively
utilized to overcome the pore formation associated interfacial
instability observed during anodic stripping. Creep is a dif-
fusion controlled, and hence, time-dependent plastic (visco-
plastic) deformation of materials occurring below yield stresses,
and/or at elevated temperature, i.e., high homologous tempera-
tures, Ty = T/ Ty > 0.3-0.4 (T and Ty, are the temperature of
operation and the melting temperature respectively).*®! Creep
is a complex process depending particularly on microstructural
properties, such as grain size, grain shape, dislocation density,
etc., which we aim to control.

In the present work, by implementing fine-grained
polycrystalline lithium (d = 20 um), we harness the shorter
diffusion lengths (=20 pm) via high diffusivity pathways
(dislocation pipe diffusion, Dy = 107 cm? s7') to effect higher
creep deformation or creep rates. The results are compared
to data obtained with coarse-grained polycrystalline lithium
(295 um) anodes. In symmetric transference cells, we perform
galvanostatic electrochemical impedance spectroscopy (GEIS)
measurements and correlate the overpotential evolution

Adv. Funct. Mater. 2022, 2211067 2211067 (2 of 10)
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(indicating the contact area) with the creep rates. Lastly, the
contributions of different mechanisms viz. diffusional creep
(Nabarro—-Herring creep and Coble creep) and dislocation
creep are discussed, and we assign the predominant operating
mechanism under the present experimental conditions. Based
on the observed anode performance, we propose microstruc-
ture-dependent deformation mechanism map for lithium. We
show that an optimized microstructure of lithium metal can
significantly reduce the required stack pressure in solid-state
batteries.

Here, we chose LigsAly,5La3Zr,0q; (LLZO) SE to study
the creep behavior of the synthesized polycrystalline lithium
metal for the following reasons. First, the LIILLZO interface
forms a microscopically smooth interface, thereby eliminating
the effect of interfacial load inhomogeneity.®*! Second,
LLZO is practically stable against lithium,P*# and third,
LLZO exhibits a higher fracture toughness (among studied
ISEs, = 1.25 MPa m"/?)*l that ensures that the applied pressure
will primarily lead to lithium creep without compromising its
mechanical stability.

2. Results

In order to depict the advantage of the microstructure assisted
enhanced creep behavior of polycrystalline samples,?8+
symmetric cells, ie., LiylLLZOlc/h-Li, implementing strained
fine-grained lithium or ¢-Li (d = 20 um), and strained coarse-
grained lithium or h-Li (d = 295 um) as working electrode were
prepared as depicted schematically in Figure 1 (see Supporting
Information for details). Phase purity of the synthesized
LLZO samples was demonstrated via powder X-ray diffraction
(PXRD) measurements (Figure Sla, Supporting Information).
The obtained diffraction pattern is indexed to the calculated
Bragg reflections for the cubic garnet structure with the Ia3d
space group. Cross-sectional scanning electron microscopy
(SEM) images of a fractured LLZO pellet indicate that the
grains are predominantly in the range of =10 um. Further-
more, Figure S1b (Supporting Information) shows that the
microstructure predominantly contains intergranular porosity
with small contribution of closed porosity in the grain inte-
riors. This is in accordance with the calculated density (=93%)
of the synthesized pellets as higher density pellets (=97%) pre-
dominantly contain closed porosity. The conductivity of the
LLZO pellet under ion-blocking conditions was found to be
0.53 mS ¢m™ using potentiostatic electrochemical impedance
spectroscopy (PEIS) (Figure Slc, Supporting Information),
which is virtually equal with the ionic conductivity due to the
very high transference number of lithium ions in LLZO.* A
representative Nyquist plot at 298 K is shown in Figure Slc
(Supporting Information) and is fitted with an equivalent cir-
cuit as shown in the inset of the corresponding figure. The
equivalent circuit consists of a series connection of two parallel
R-Q (resistor—constant phase element) elements in series with
a Q element. The high frequency (4 MHz) and the middle fre-
quency (50 kHz) semi-circles are assigned to the bulk and grain
boundary transport based on their capacitance values,*! while
the low frequency component is attributed to the double-layer
at the AulLLZO interface. Arrhenius plots yield the activation

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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(a) Lithium preparation

Li chunk from rod

Coarse Li Coarse Li foil

(d =295 uym)

(b) Cell assembly

Uniaxial stress

(0.2 MPal2 MPa)

1 Follow E vs. t
1n (interfacial contact loss)

Li, RE/CE

Isostatic compression at 362 MPa LiglLLZOlc/h-Li
Fine-grained Li foil-- ~---cc--ccoooccoaoo ooy ool
~16% plastic strain
Coarse-grained Li foik--=====zz=ncnmen- --> h-Li

Figure 1. a) Preparation of fine-grained and coarse-grained polycrystalline lithium metal samples. Fine-/coarse-grained lithium foils of thickness
=115-120 pum were obtained via mechanical processing of the respective lithium chunks. b) Fabrication of lithium symmetric cells for studying the creep
deformation behavior of the anodes. During fabrication, the foils were strained to =16%, indicating significant strain hardening. Post-strained state of
fine- and coarse-grained working electrodes are referred to as c-Li and h-Li, respectively.

energies, E(bulk) = 0.32 eV and Ex(GB) = 0.42 eV, for the bulk  intercept method reveals that the in-planel®¥! grain size of

and the grain-boundary transport, respectively, fitting well to
reported values. 046471

Figure 2a,b shows scanning electron microscopy (SEM)
images of fine-and coarse-grained polycrystalline lithium foils
(Please refer to Figure 1). The grain boundaries and the triple
junctions are clearly visible in Figure 2a,b. The mean linear

fine-grained foil is =20 um (Figure 2a) whereas for the coarse-
grained sample it is =295 pm (Figure 2b). Similarly, the grain
size of the reference lithium foil was determined to be =160 um
(Figure S2, Supporting Information). No differences in the
XRD patterns were found for fine-and coarse-grained lithium
foils (see Figure S3, Supporting Information). For grain size

Figure 2. Scanning electron micrographs of a) fine-grained and b) coarse grained lithium foils. Grain boundaries and triple junctions are prominent

in the above images.
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broadening of reflections to occur, the average grain size must
be below 200 nm, which is not the case for the lithium samples
used in the present investigation.!*’]

In order to investigate the creep deformation behavior of the
lithium anodes, continuous temporal evolution of galvanostatic
electrochemical impedance spectra (GEIS) under unidirectional
stripping conditions of the symmetric cells (Liy[LLZOlc/h-Li)
was recorded at 0.1 mA cm™? with a cut-off voltage of 1.0 V.
The advantage of GEIS measurements lies in the fact that
they allow to follow and to deconvolute the relative contribu-
tion of an electrode process to the overall cell impedance under
operating conditions. As lithium and LLZO form a chemically
stable interface, following the temporal evolution of potential
gives information about the interfacial contact loss or equiva-
lently the strain/deformation rate of the lithium metal anode
(Figure 1). The measurements were performed at two different
stresses, i.e., 0.2 and 2.0 MPa, as creep is an activated process
that is facilitated below yield stresses, as discussed later in
detail.

The initial Nyquist plot of LijlLLZOlc/h-Li symmetric cells,
as shown in Figure 3, reflects the bulk and the grain boundary

B‘ Ik B
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t
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Figure 3. Selected Nyquist plots at different times of the temporally
evolving continuous galvanostatic electrochemical impedance spectros-
copy (GEIS) measurements of LiglLLZOlc-Li and LifLLZOlh-Li cells at
0.1 mA cm™2. GEIS data for each of the cells were separately acquired
at two different vertically applied stack pressures of 0.2 and 2.0 MPa,
Note: the current is normalized with respect to the initial contact area of
lithium electrode.
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(GB) contribution to the total impedance. The absence of any
interfacial contribution is in accordance with the previously
reported data for LIILLZO, indicating combined effects of chem-
ical stability of lithium against LLZO, and the applied pressure
during cell fabrication on interfacial contacts. The obtained
initial impedance is fitted with a series connection of two par-
allel R—Q elements for bulk and GB contribution, respectively,
as shown in the inset of the Figure 3a. The assignment is based
on the magnitude of the calculated values for bulk and GB
capacitances, i.e., Cg = 10 F and Cgp = 107 F.¥

Selected Nyquist plots at different times for c/h-Li at
0.2 and 2.0 MPa resulting from continuous GEIS measure-
ments are shown in Figure 3. Clearly, an additional contribu-
tion manifests and grows progressively with time for both
types of anodes, i.e., c-Li and h-Li. The rates strongly differ and
depend on the sample and applied stress. This component is
attributed to a constriction resistance as the interfacial contact
gradually diminishes. An additional parallel R-Q combination
is added to the above circuit to account for this contribution
(inset of Figure 3).

The corresponding temporal potential profiles for the
continuous GEIS measurements are shown in Figure 4a. At a
stack pressure of 0.2 MPa, the c-Li anode exhibits a faster contact
loss (after = 10.0 h) compared to the h-Li anode (after = 34.5 h).
This indicates that the deformation rates at 0.2 MPa are different
for c-Li and h-Li. The time until contact loss in the potential pro-
file is an indicator of the differences in the mechanical strengths
of ¢-Li and h-Li since stress is constant (0.2 MPa) in both cases
(as discussed later in detail). Therefore, h-Li is deformed more
(lower strength) compared to c-Li and exhibits a higher strain
rate. At 2.0 MPa, both anode materials show longer discharge
until the cut-off potential (depletion) is reached. In this case,
however, c-Li exhibits a longer stripping time (=114 h) compared
to h-Li (=37 h). Note that the trend in interfacial resistance (R.,,)
is similar to that of the voltage profile indicating the exclusive
contribution of interfacial contact-loss to the observed overpo-
tential. This is discussed below in detail.

The temporal evolution of the interfacial contact-loss
imposed impedance (Ry,) obtained by fitting GEIS spectra
is shown in Figure 4b. The trend in R, is analogous to
the voltage profile, indicating the exclusive contribution of
interfacial contact-loss to the observed overpotential. The
relationship is not one-to-one as the overpotential also
includes the resistance contribution from bulk transport in
the ISE (Ryymic = 1/Gion - L/A), and across the interface (R,) as
analyzed in Figure 3. The origin of Ry, is attributed to the pro-
gressively depleting interfacial contacts upon continuous unidi-
rectional stripping, resulting in an ensemble of constrictions or
point contacts.’>>!l The impedance of such ensembles can be
approximated as Ry, = 1/(2Nd0,,,) (O is the ionic conductivity
of the ISE, N is the number of non-interfering point contacts,
and d is the diameter of each contact).*?l Clearly, upon progres-
sive cycling, N decreases as does d, resulting in the increase of
Rine. The extracted temporal interfacial capacitances (Cy,,) are
shown in Figure 4c. The capacitance is the result of progres-
sively depleting contacts and concurrently evolving gaps.>>*
Clearly, the c-Li sample exhibits faster decrease in capacitance
at 0.2 MPa due to greater degree of pore accumulation (as gaps
have lower permittivity) that complements the trend of R;,,.
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Figure 4. a) Potential versus time profiles during GEIS measurements for c-Li and h-Li at 0.2 and 2.0 MPa. b) Corresponding temporal evolution of the
interfacial contact-loss imposed impedance (R;,) and c) the corresponding extracted interfacial capacitances (C;,) obtained by fitting of GEIS spectra
shown in Figure 3. The right side of the graphs depicts magnified data of the first 40 h during stripping.

To correlate the electrochemical measurements with the
morphology of the stripped electrodes, SEM images of the
stripped working c/h-Li electrodes were acquired. After the
cut-off potential of 1.0 V is reached, electrodes stripped at a stack
pressure of 0.2 MPa were detached without damage. On the con-
trary, if 2.0 MPa was applied, it was not possible to peel of the
electrodes, even after 1V is reached. Comparison of SEM images
of the stripped anodes at low magnification indicates that the c-Li
exhibits relatively uniform stripping (Figure 5a) whereas h-Li has
higher roughness with pores in the dimensions of tens of microns
(Figure 5c). This fits well with the electrochemical data as a higher
amount of charge (=3.41 mAh cm™?) was extracted from the sur-
face of h-Li at 0.2 MPa (Figure 4) compared to =1.00 mAh cm™
for c-Li. High magnification images (Figure 5b,d) reveal the
presence of diminished contact points for both c¢/h-Li anodes as
expected for constrictions (Figures 3 and 4a).

3. Discussion

The interfacial contact is governed by either time-independent
plastic flow via glide and/or time-dependent plastic flow (climb
creep and diffusional creep) depending on the magnitude
of the applied stress relative to yield strength, and the micro-
structure (grain size, grain shape, dislocation density, etc.). The
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microstructure evolution is influenced by the thermomechan-
ical processing history of the metal. Since the yield strength of
the material depends on the microstructure and is significantly
affected by the applied stress during cell fabrication, we first
discuss the influence of above factors on the yield strengths of
c/h-Li prior to electrochemical measurements. Thereafter, we
correlate the effects of the above factors on the deformation
rates with the observed electrochemical data using relevant con-
stitutive equations for the creep.

3.1. Effect of the Grain Size on the Yield Strengths of c/h-Li

Strengthening of metals involves impeding/reducing disloca-
tion mobility. Plastic flow is mediated by the dislocation glide
whereas grain boundaries act as barriers to the dislocation
motion.* The stochastically oriented neighboring grains with
their randomly oriented slip systems require higher stresses
for the dislocations to cross the grain boundaries. As a result,
dislocations tend to pile up at the grain boundaries. There-
fore, the higher the number density of the grain boundaries,
the greater is the impediment, resulting in enhanced strength.
This type of strengthening is referred to as grain boundary
strengthening, and it is described empirically by the Hall-Petch
relationship, 5l
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Figure 5. a) Low and b) high magnification SEM images of the stripped c-Li working electrode, acquired after the GEIS measurements at 0.2 MPa. (c)
and (d) are the corresponding low and high magnification SEM micrographs for the stripped h-Li electrode.

o,=0+kd™? 1
where o; is the yield strength of the metal with the mean grain
size d, o; is the inherent lattice friction or Peierls—Nabarro
stress, and k, is the strengthening coefficient. Therefore,
according to Equation (1), c-Li is expected to have higher yield
strength compared to h-Li on account of its smaller grain size.

3.2. Effect of the Applied Stress during Cell Fabrication
on the Yield Strengths of c/h-Li

An applied stress of 362 MPa during cell fabrication exceeds the
yield strength of bulk lithium (o, = 0.8 MPa). Therefore, during
isostatic compression (Figure 1), significant plastic deformation
occurs (=16% plastic strain), and the dislocation density increases
in lithium metal via dislocation generation either at the grain
boundaries or predominantly via the Frank-Read mechanism
(a dislocation multiplication process involving shearing of the
pinned dislocation and subsequent rearrangement).>*> 8 This
further impedes dislocation motion and additional stress is
required to cause plastic flow. This results in strengthening of
the metal, and is referred to as work hardening or strain hard-
ening.?® A dislocation density on the order of around 10'® m~
can be expected during this step. The increase in required shear
stress (A7) to overcome the dislocation barrier is proportional to
dislocation density, p and is given by:1*")

AT < Gbfp

where o is a constant, G is the shear modulus, b is the length
of the Burgers vector, and p is the dislocation density. The influ-
ence of the increased dislocation density on creep deformation
is discussed later in detail.

)

Adv. Funct. Mater. 2022, 2211067 2211067 (6 of 10)

3.3. Effect of Grain Size on Dislocation Density

Investigations by Conrad et al. on the body centered cubic
structure of niobium, a structure-analog of lithium showed
that for a given strain, fine-grained polycrystalline samples
have higher dislocation densities compared to coarse-grained
specimen (as p varies as 1/d) on account of a smaller free slip
length %061 Therefore, by analogy, it is expected that c-Li shows
an increased strain hardening rate compared to h-Li.

Therefore, the overall strengthening can be summarized by
as:
o, =0+k,d " +aGb\[p 3)
where ¢ is a constant, o; is the inherent lattice friction,”® the
second and third terms on the right hand side of the above
equation are the contributions from grain boundary strength-
ening, and strain hardening, respectively.

From the above considerations, it is clear that c-Li has
a much higher strength compared to large bulk lithium
and h-Lj, i.e., o, (c-Li) > o, (h-Li) > oy (bulk). In fact, recent
work indicates that the effective yield strength of similarly
processed coarse-grained lithium foil is (16 + 2) MPa.l"?]
Therefore, applied stresses of 0.2 and 2.0 MPa are below the
yield strengths of both c¢-Li and h-Li. Hence, the strengths
of the lithium implemented in the electrochemical setup
are different from those obtained from bulk mechanical
measurements.

4. Creep Deformation Mechanism

Various deformation mechanisms operate simultaneously
during the creep of a polycrystalline sample and contribute to

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



3 Results

56

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

its plastic deformation. The set of parameters viz. temperature,
applied stress, microstructure, i.e., grain size and grain shape,
dislocation density, etc., determines that creep mechanism is
predominant or rate-controlling./*?!

At low stresses and low temperatures, the net flux of
atoms predominantly takes place along the grain boundaries
(on account of its lower activation energy for migration),
resulting in the change in the grain shape. Under this condi-
tion, the diffusion along the grain boundaries contributes
toward predominant deformation and is referred to as Coble
creep. The constitutive equation for the steady-state, grain
boundary assisted diffusional creep is given by as:[®%

k(%))

At higher temperatures, it represents the net transport of
atoms through the lattice that contributes predominantly to
creep and is known as the Nabarro-Herring creep. The consti-
tutive equation for the steady-state lattice diffusional creep or
Nabarro—-Herring creep is given by:(®3

évn =k (%)(%)(%]

At higher stresses, the non-conservative motion of edge
dislocations, either via absorption or emission of vacancies
(referred to as climb), results in the macroscopic plastic
deformation of the material. If vacancy diffusion is assisted
via low activation dislocation regions, then it is referred to
as pipe diffusion-controlled dislocation climb creep (DCC)

or power law creep. The constitutive relationship is given
by:163]

. Do)
£pcc =ky (b_;](g)

where €y, &, and g are the strain rates for Nabarro-Her-
ring, Coble and dislocation climb creep respectively, k; is a
material constant, D; and D¢y are the lattice diffusivity and
grain boundary diffusivity, respectively, d is the grain size,
E is Young's modulus, b is the length of the Burgers vector,
k is the Boltzmann constant, T is the absolute temperature,
n is the stress exponent for the power-law creep, and o is
the applied stress (see Table §1, Supporting Information, for
details).

Both Coble creep and Nabarro-Herring creep exhibit a
strong dependence on the microstructure, i.e., grain size, and
depend linearly on the stress (Equations 4,5) whereas disloca-
tion climb creep exhibits a powerlaw dependence on stress
(Equation 6).

When all the creep mechanisms operate simultaneously at a
given T, 6, and d, then the total strain rate is determined by the
sum of the individual strain rates:[¢4

€ peral =z & (7)

From Equation (7), it is clear that the fastest deformation
process governs the overall creep rate.

)

©)

(6)

Adv. Funct. Mater 2022, 2211067 2211067 (7 of 10)

www.afm-journal.de

4.1. Creep Mechanism at 2.0 MPa

To determine the predominant deformation mechanism under
the given conditions, we calculated the strain rates for each
of the above processes using constitutive Equations (4-6) (see
Supporting Information for details). We substituted Dy for Dy
in Equation (5) to account for strain hardening (= 16% strain)
as discussed above. This leads to an upper bound estimation of
Nabarro-Herring creep rate. For c-Li (d = 20 pm) at 2.0 MPa,
we calculate &y (42 X 1072 s71) > g0 (0.9 x 1072 s7) > &
(2.3 x 10 s7) whereas we obtain &pcc (0.9 x 1072 571 > &y,
(1.9 x 107* s7) > gc (71 x 107° s7Y) for h-Li (d = 295 pm), see
the Supporting Information for details. We like to note that the
strain rate for DCC calculated from Equation (4) is expected to
be higher compared to the actual operating rate as it does not
consider the effect of dislocation density.

The strain rate calculations at 2.0 MPa reveal the following:
i) the strain rates are higher in c-Li compared to h-Li, ii)
dislocation pipe diffusion assisted Nabarro-Herring creep is
the predominant deformation mechanism in c-Li along with
the dislocation pipe diffusion assisted DCC, whereas the latter
is the primary deformation mechanism in the h-Li, and iii)
Coble creep accounts for much smaller strain rates in either
microstructure compared to the other two mechanisms and is
around four orders smaller in h-Li compared to c-Li.

The calculated higher strain rate in c-Li at 2.0 MPa corrobo-
rates well with the electrochemical data (Figure 4a). The com-
bined higher strain rates via Nabarro-Herring creep and DCC
(=5.7 times higher compared to h-Li) ensures a stable inter-
face for =110 h, via faster deformation in the bulk of c-Li as
opposed to =35 h for h-Li. The smaller diffusion lengths (equal
to the grain size d = 20 pm) in c-Li along fast diffusion path-
ways (dislocation pipe diffusion, Dy = 8.8 x 107 cm? s7, see
the Supporting Information for detailed calculations) lead to an
increased transport of atoms from one grain boundary to the
other under a local stress gradient (Figure 6a—c). Therefore,
Nabarro-Herring creep causes a higher strain rate in ¢-Li com-
pared to h-Li wherein the diffusion length is = 15 times longer.
Also, the contribution of Coble creep to the overall deformation
is small on account of much smaller cross-sectional area over
which they operate. Although it affects a three order higher
strain rate in the c-Li microstructure on account of the much
higher density of grain boundaries (Figure 6b,c). The above
observation is summarized in the form of the proposed defor-
mation mechanism map that allows to visualize the predomi-
nant microscopic deformation mechanism effecting creep in
the stress-temperature space, indicating the effect of micro-
structure on the deformation pathway (Figure 6d).

4.2. Creep Mechanism at 0.2 MPa

As above, to determine the predominant deformation mecha-
nism, the strain rates for different processes were calculated and
compared using Equations (4-6). Therefore, at 0.2 MPa and for
c-Li (d =20 um), we obtain the following £y, (2 x 1072 s71) > &,
(23 x 107 571 > éyc (2.3 x 107 57) whereas we obtain
i (19X 1075 871 > fpee (23 % 1079 571 > g (71 % 1071 57) for
h-Li (d = 295 um).
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Figure 6. a) Anodic side of the symmetric cell, i.e., Li4LLZOlc/h-Li. The interfacial region indicated by the dotted black circle is expanded in (b) and
(c). Schematic indicating creep deformation in the bulk of the lithium microstructure, in the vicinity of the interface for (b) c-Li and (c) h-Li. b) At
2.0 MPa, Nabarro—Herring creep via dislocation pipe diffusion (D, indicated by the curved solid orange line) being the predominant deformation
mechanism. Higher flux of atoms (indicated by the dotted orange circles) is realized on account of shorter diffusion length (d = 20 um) from one grain
boundary to the other in the direction of the stress gradient. Dislocation pipe diffusion assisted dislocation climb creep also shown in (b). Coble creep
mechanism via grain boundary predominated microstructure of ¢-Li results in significantly higher atomic transport along the grain boundaries (Dgg,
indicated by the solid orange lines in (b)) resulting in higher strain rate in (b) c-Li compared to (c) h-Li. ¢ Dislocation pipe diffusion assisted disloca-
tion climb creep is the predominant deformation mechanism in h-Li followed by Nabarro-Herring creep via dislocation pipe diffusion (shown by the
curved solid orange line). The effect of higher strain rate in c-Li compared to h-Li is shown by the dotted orange lines indicating the shape change of
a representative grain during creep in either microstructure viz. b) c-Li and c) h-Li. d) Schematic of the proposed deformation mechanism map for

lithium indicating the effect of the grain size.

The strain rate evaluation reveals the following: i) the order
of the strain rates in either microstructure at 0.2 MPa is smaller
compared to 2.0 MPa, ii) dislocation pipe diffusion assisted
Nabarro—Herring creep is the major deformation mechanism
in either microstructure, iii) Coble creep, although much
smaller, causes greater deformation in c-Li, and iv) the defor-
mation rate in c-Li is two orders of magnitude higher compared
to h-Li.

The effect of comparatively lower strain rates at 0.2 MPa can
be seen from Figure 4a, wherein both ¢-Li and h-Li at 2.0 MPa
maintain a stable interface over longer times. As expected, at
lower stresses, diffusional creep via Nabarro-Herring domi-
nates in both microstructures (Equation (5)). The higher grain
boundary density leads to comparably higher strain rate in
c-Li via Coble creep compared to h-Li (Equation (4)). However,
contrary to the calculated strain rates (€yy for c-Li > &, for h-Li),
h-Li is observed to deform faster compared to c-Li (Figure 4a).
The apparent discrepancy between the calculated strain rates
and the observed electrochemical behavior can be understood
by considering the different deformation rates in the bulk and
at the interface at 0.2 MPa as shown in Figure S4 (Supporting
Information).

We divide the deformation in the LMA into two regimes
viz.: i) deformation at the interface and ii) deformation in
the vicinity of the interface or in the bulk. The logic of this
subdivision stems from the fact that the inhomogeneous
stripping (Figure 5; Figure S4, Supporting Information) cou-
pled with much smaller creep rates in the bulk leads to progres-
sively decreasing interfacial contact area at 0.2 MPa (Figure 4).
Depleting contacts result in progressively increasing contact
stresses, i.e., stress amplification on account of low load bearing

Adv. Funct. Mater. 2022, 2211067 2211067 (8 of 10)

area whereas comparably lower and uniform stress exist in the
bulk (Figure S4, Supporting Information). Therefore, the defor-
mation at the interface progressively switches from elastic and
mixed elastic-plastic to plastic flow via glide with time.

Therefore, at the interface, the contact is mediated by
the competition between progressively decreasing contact
(in response to the applied current) and continuously
increasing contact stresses resulting in overpotential fluctua-
tions as evident from Figure S5 (Supporting Information,
magnified view of Figure 4a at 0.2 MPa). The amplitude of the
overpotential fluctuations increases with time and its magnitude
is an indicator of the progressively increasing contact stresses
(far exceeding the strengths of Li). It is to be noted that the
amplitude of the fluctuations also depends on the contact
geometry and the strength of Li. Figure S5 (Supporting Infor-
mation) shows that at higher overpotentials, the amplitude of
fluctuations is larger in h-Li. This can be reasoned from the
SEM images (Figure 5) of the stripped lithium, wherein c-Li
shows higher fraction of nominally flat contact regions (and
hence higher load bearing area) compared to h-Li, which shows
low density of isolated point contacts. This, when combined
with low strength of h-Li, results in higher plastic deformation
compared to c-Li.

The combined strain rates for the plastic deformation at the
interface and viscoplastic deformation (creep) in the bulk of
the lithium metal anode is unable to cope up with the imposed
current at 0.2 MPa as the overpotential builds up progressively
right from the beginning of the electrochemical measurements
(Figure 4a).

The deformation at 0.2 MPa in ¢/h-Li can further be divided
into two parts viz.: regime I) The low overpotential regime
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(E<0.1V) wherein the approximation of contact stress (Gonue) =
applied stress (0, pjicq) holds true, and regime I1) the high over-
potential regime (E > 0.4 V) wherein contact stress (a function
of time, i.e., Geonuer (£) >> Gyppiiea 2pPplies. In this regime, local
pressure exceeds the strength of the lithium, i.e., Guopgact (1) > G,
resulting in the voltage fluctuations as discussed above whereas
in regime I, we have Ouniact < Oy

Since the overpotential is directly related to the interfacial
contact area, comparing the initial E versus t slopes gives an
idea about the strengths of the material. Figure 4a shows that
the overpotential for c-Li at any given time ¢ in regime [ is
higher compared to h-Li and, also the initial slope (E vs t) for
c-Li is larger indicating relatively faster contact loss (or slower
deformation) on account of its enhanced strength via grain
boundary strengthening and strain hardening, as discussed
in Section 3.1 and 3.2. The higher strain rates in the bulk at
2.0 MPa do not allow for the development of stress amplifica-
tion, resulting in the absence of voltage fluctuations as observed
at 0.2 MPa (Figure 4a).

5. Relevance in “Anode-free” Lithium Metal Batteries

Although it appears as if the present investigation highlights
the critical role of lithium microstructure only during the first
stripping cycle; however, we believe that the present results also
provide fundamental insight into the role of the microstruc-
ture of cathodically deposited (plated) lithium in “anode-free”
SSBs.[%) The large volume expansion during plating exerts high
stress on the deposited lithium and thus to the interface.[¢-%%l
This can lead to a microstructural state (i.e., dislocation density,
grain size, etc.) either similar or different to the present study,
thus dictating the diffusion and deformation behavior in a com-
plex way. The study of the lithium microstructure in enabling
“anode-free” cell configurations becomes highly important, and
we assume that it is strongly influenced by the microstructure
of the current collector (on account of different lithium surface

diffusion barriers and adsorption energies) and on the plating
rate 16769

6. Conclusions

The influence of the lithium metal microstructure on the
anodic pore formation during stripping (discharge) has been
studied experimentally. Fine-grained (c-Li, d = 20 pm) and
coarse-grained polycrystalline lithium (h-Li, d = 295 pm)
anodes were prepared and stripped in a symmetric cell set-up
at two different pressures viz., 0.2 and 2.0 MPa at 0.1 mA cm™.
The pressure-dependent electrochemical performance was then
corroborated with creep rates calculated via established con-
stitutive equations from creep mechanics. The deformation
mechanism in the lithium anode has significantly influenced
its thermo-mechanical processing history, i.e., grain boundary
strengthening and strain hardening (increase in dislocation
density). Our investigations indicate that the mechanical prop-
erties of lithium anodes in SSBs are different from that of
bulk (single crystalline) lithium. We show that dislocation pipe
diffusion assisted Nabarro-Herring creep followed by dislo-
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cation climb creep effects a higher strain rate in fine-grained
polycrystalline lithium (c-Li) at 2.0 MPa resulting in a stable
interface for =110 h compared to = 5 h for coarse-grained poly-
crystalline lithium (h-Li). Dislocation pipe diffusion assisted
climb creep is the predominant deformation pathway in h-Li,
and the observed electrochemical behavior is supported by the
strain rate calculations that are =5.7 times smaller compared
to strain rates in ¢-Li. The relative strengths of ¢/h-Li and the
overpotential govern the deformation behavior at 0.2 MPa.
In the low overpotential regime (<0.1 V), the interfacial con-
tact is governed by the strength of the material whereas at the
higher potential (>0.4 V), the slow creep deformation in the
bulk leads to stress inhomogeneity at the interface resulting
predominantly in the plastic deformation via glide. Based on
the observed electrochemical performance, we propose a micro-
structure-dependent deformation mechanism map for lithium.
We thus show that microstructural control of plated lithium
metal may help to significantly reduce the stack pressure in
solid-state batteries.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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3.4 Publication 4: “Increasing the Pressure-Free Stripping Capacity of the
Lithium Metal Anode in Solid-State-Batteries by Carbon Nanotubes”

In publication 4 of this dissertation, composite anodes consisting of 10 — 40 wt% of CNTs dispersed
in lithium were investigated regarding the ability to either suppress or compensate pore formation
during anodic dissolution, which still imposes severe limitations during cell operation.

The combination of cryogenic FIB-SEM imaging with operando GEIS allowed to follow and
interpret the morphological evolution of the Li-CNT|LLZO system during stripping. It could be
shown that by incorporating the CNTSs into the lithium matrix, a greatly increased stripping capacity
of above > 20 mAh cm is achieved, which presents a 10 — 15-fold increase when compared to pure
lithium. Additionally, impedance spectroscopy showed changes in the contributions from the
interface due to constriction, which suggests changes in the morphology of formed pores. Cryogenic
FIB-SEM revealed that the pore formation is not only restricted to the interface to the SE, but also
occurs in the bulk of the composite anode. This is explained by the CNT functioning as “diffusion-
highways” to facilitate the dissolution from within the bulk electrode and therefore increasing the
stripping capacity. Since the pore geometry is fundamentally different than for pure lithium metal,
the impedance of the cell is also changing, which offers unique fundamental insights into the nature
of constriction at metal anodes.

In combination with the working group of Prof. J. Sakamoto, the mechanical properties of the
composite were explored further and correlated with changes of the electrochemical properties. A
clear increase in yield strength, Young’s modulus and Vickers hardness was observed with
increasing CNT content as investigated by stress-strain measurements, acoustic analysis and micro-
indentation. Due to the increased strength of the material, it only shows superior stripping capacity
to lithium when no pressure is applied to a cell. However, if stack pressure is applied, lithium is
proven to be superior due to its better deformability to counteract pore formation when stripping.

Overall, this work shows the valuable possibility to tune the electrode material both in its
electrochemical and mechanical properties by dispersing CNTs into lithium metal. Using this
method or possible variations thereof, the anode material can be specifically tailored to fit the
requirements of certain applications, e.g. when high discharge capacities or a low sensitivity to
external pressure is desired.

T. Fuchs designed and conducted all of the experiments with laboratory support from C. G. Haslam,
A.C. Moy and C. Lerch under the supervision of Prof. J. Sakamoto, Dr. F. H. Richter and Prof. J.
Janek. All authors contributed to the scientific discussion. The original draft was written by T.
Fuchs and edited by five co-authors.
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Increasing the Pressure-Free Stripping Capacity of the Lithium
Metal Anode in Solid-State-Batteries by Carbon Nanotubes

Till Fuchs, Catherine G. Haslam, Alexandra C. Moy, Christian Lerch, Thorben Krauskopf,

Jeff Sakamoto,* Felix H. Richter,* and Jiirgen Janek*

Lithium metal is the key anode material for solid-state-batteries as its suc-
cessful implementation will drastically increase their energy and power densi-
ties. However, anode contact loss during stripping leads to dendrites upon
plating and subsequent cell failure. Design strategies to mitigate these issues
are crucial to enable the use of lithium metal anodes. This paper reports the
dissolution kinetics of composite anodes made of lithium metal and carbon
nanotubes (CNTs) with a garnet-type solid electrolyte (SE). In addition to an
enhancement of the effective diffusion within the anode, its dissolution is
fundamentally changed from being 2D to 3D. By maintaining contact with the
SE, the CNTs facilitate lithium transport to the interface, which yields more
than 20 mAh em™2 discharge capacity at 100 pA cm™2 without the application of
external stack pressure (>1 MPa). Conclusions drawn from electrochemical data
on the anode microstructure are validated using cryo-focused-ion-beam scan-
ning electron microscopy and correlated with the mechanical properties. Micro-
indentation, acoustic analysis, and stress—strain testing show that mechanical

properties of the anode, like yield strength and hardness, are adjustable. Overall,

it is shown that the mechanical and electrochemical properties of LECNT com-
posite electrodes can be tailored to suit the requirements of a practical cell.

1. Introduction

Recently, all-solid-state batteries gained
increasing attention as candidates to
supersede lithium-ion-batteries as energy
storage devices, for example, in the power
train of electric vehicles."?l While they are
deemed to be safer and less flammable
than lithium-ion batteries,’ their main
promise is that solid electrolytes (SEs)
may enable the use of lithium metal as
the anode material.l**! With 3861 mAh g,
lithium shows the highest theoretical
capacity’® as well as the lowest redox
potential with —3.04 V versus the standard
hydrogen electrode potential,”l which
makes it an attractive goal for the next
generation of lithium batteries.

However, pore formation during
lithium  dissolution  (stripping) and
later dendrite growth triggered by the
resulting heterogeneous interface hin-
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ders their application at high current

densities so far* ™ For every lithium
ion stripped from the electrode, a vacancy is “injected” in the
metal. If the rate of vacancy injection, governed by the applied
current density, is higher than the rate of vacancy annihila-
tion by diffusion into the anode bulk,®" " vacancies accu-
mulate at the interface — as originally shown by Janek and
Majoni for the stripping of silver metal.™ An accumulation of
vacancies results in pore formation and contact loss, as well
as facilitating dendrite formation upon current reversal.[*1
To circumvent these issues, either the annihilation of vacan-
cies from the interface needs to be accelerated or the local
current density needs to be lowered. While the first mitiga-
tion strategy succeeds by applying stack pressures in the MPa
range,®131 it is preferred to increase the vacancy annihila-
tion rate by enhanced diffusion in the metal.

Increasing the lithium diffusion inside the electrode mate-
rial to avoid pore formation is possible by alloying with other
metals.[*¥] For example, 10 wt% of magnesium enhances
the effective diffusion coefficient by a factor of three up to
2.3 x 107" cm? s7l. However, due to different mechanical
properties, pure lithium is superior to Li-Mg when external
pressure in the MPa range is applied. As pressure most
likely needs to be applied in large cell stacks, knowledge of
the mechanical properties of the anode material is highly
important. Careful modification of the lithium metal anode’s
elastic and plastic properties changes the sensitivity of cells

© 2022 The Authors. Advanced Energy Materials published by Wiley-vCH GmbH
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to applied stack pressures, opening up a variety of different
applications with specific pressure requirements.

Instead of increasing the vacancy diffusion rate inside
the anode or relying on the plastic flow or creep, it is also
possible to lower the local current density by creating a
3D-architecture of the Li|SE-interface,™® of which several
approaches have been reported.'?2l One example is the
inner coating of a porous SE with carbon nanotubes (CNTs),
which then act as a current collector for lithium nucleation.!"”
Continuous plating and stripping of 5.0 mAh cm~ with cur-
rent densities up to 2.5 mA cm™ based on the geometrical
area was reported,™® which is around five times that of
planar interfaces.*?’l However, the preparation of porous
electrode configurations is challenging. Therefore, a planar
electrode|SE interface is preferred, especially when consid-
ering stacked cell systems.

Additionally, CNTs can enhance the effective diffusion inside
the metal electrode. Not only are lithium ions conducted within
the walls of CNTs, but also lithium atomn diffusion inside CNTs
has been demonstrated.® When lithiated, CNTs are mixed ionic-
electronic conductors (MIECs) and form a stable interface with
lithium.** However, while well-engineered carbonaceous felts,
membranes, or meshes wetted by lithium show a great improve-
ment in anode performance,”?1 the lithium transport mecha-
nism and transport properties in these composites remain elusive.

In this work, we investigate the anodic dissolution and pore
formation of composite anodes consisting of lithium metal and
CNTs. It was possible to combine two approaches by 1) gener-
ating a CNT scaffold to obtain a MIEC 3D interface without
the need for specially structured garnet SE and 2) accelerating
lithium atom diffusion by mixing lithium metal with CNTs.
With this heterogeneous solid-state composite, it was possible
to strip more than 20 mAh cm™ of lithium without the need
for high applied external pressure and also tune the mechanical
properties of the material, paving the way for the optimization
of lithium electrodes.

www.advenergymat.de

2. Results and Discussion
2.1. Composite Characterization

The herein investigated composites were prepared by dispersing
1040 wt% of multiwalled CNTs in liquid lithium metal at
350 °C and cooling of the resulting mixture to ambient temper-
ature. During the mixing process, a distinct transition between
nonwetting and wetting of the tubes in liquid lithium occurs.
After the transition, the mixture appeared homogeneous and
shiny to the naked eye (see Figure S1, Supporting Information).
The measurement of the geometric density of the solidified
mixtures shows a slight increase from around 0.54 g cm™ for
pure lithium to around 0.58 g cm™ for Li-CNT30 (Figure 1a).
During handling of the solidified composite, a decrease of duc-
tility and increase in hardness compared with pure lithium
metal was evident.

X-ray diffraction (XRD) measurements prove that both the
CNTs and lithium metal keep their respective crystal structures,
which indicates the chemical stability of the mixture. Both
lithium and CNTs show specific and pronounced reflections
which match with literature (Figure 1b)."7-**/ From the reflec-
tions at 36.1°, 52.0°, and 64.9°, marked in grey, it is evident that
the lithium crystal structure is still intact after preparing the
composite electrode material and the lattice parameters have
not changed either. This is reasonable, as no alloy is formed
between the materials, which would most likely alter the
lattice."

The pure CNT powder shows broad reflections around
25.6°% 43.4°, and 53.4°, which correspond to the (002), (100),
and (004) planes. As the indexing is based on the hexagonal
graphite structure, (002) and (004) reflections correspond to an
interplane and (100) to an intraplane distance.?**% Addition-
ally, a slight asymmetry of the reflections to higher 26 angles
is observed for pure CNTs, which usually indicates nonideal
stacking in turbostratic graphite layers.[2%3!

0.7
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Figure 1. a) Density of the composite in dependence of the CNT content. The dashed line acts as a guide to the eye. b) The XRD pattern of the
composite electrode Li—-CNT30 is compared to that of pure CNTs and the reflection card of bec lithium metal. The background increasing with
small 26 angles originates from the use of Kapton foil for air-tight sample preparation and is not indicative of the sample structure. A nonidenti-
fied impurity phase (presumably from reaction with atmosphere) also shows a reflection at 30°, marked with a diamond. The indexing of the CNT
reflections is explained in Figure Slc,d, Supporting Information, regarding the (00l) and (d00) planes with an example CNT with three layers and

a chirality of 20.
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The reflection pattern of the composite shows that the CNT
reflections both decrease in intensity and shift to higher 26angles.
This indicates changes of the CNT structure. When calculating
the CNT wall distance via the (002) reflection using the Bragg for-
mula, an increase from 3.57 A for the pristine state to 3.73 A in the
composite is observed. The increased distance corresponds well
to the layer distance in lithiated graphite. We therefore assume
that the CNTs are lithiated during the mixing process, and thus,
also widened.®>¥ Likewise, lithiation of graphite coatings on
SEs via liquid lithium was previously shown by Shao et al*¥ and
is expected to occur at defects, holes, or at the end of the CNTs,
which was shown for other graphitic structures.3’)

Additionally, the (002) reflection observed for the pristine
CNT powder is broader than in the composite, as a shoulder
at lower 26 angles originates from the distance between dif-
ferent, separated CNTs.® When CNTs are incorporated into
the lithium matrix this effect diminishes. In general, the XRD
results show that the CN'Ts are lithiated in the composite and
that the lithium matrix retains its crystal structure. To assess
the electrochemical properties of the composites, impedance
tests were carried out and shown in the next section.

2.2. Electrochemical Analysis of Impedance and Lithium Stripping

To analyze the dissolution and impedance of Li-CNT com-
posite electrodes, Li|LLZO|Li-CNT cells were prepared, where
the ideally reversible electrode (Liy) shows negligible interfacial
impedance, and thus, acts as a combined reference and counter
electrode.®¥ Therefore, any observed interfacial impedance and
changes thereof solely originate from the Li-CNT|LLZO-interface.
Using this method, the maximum current density is limited
to around 200 pA cm™?, as the Liy anode is not resistant to
dendrites at higher current densities. Foils of lithium for the
preparation of the Liy electrode and the Li-CNT composite
were both prepared by mechanically flattening a chunk of each
material, which was freed before from any passivation layer
with a ceramic knife. In contrast to the high pressure utilized
for Liy (400 MPa) the herein prepared composite anode was
initially pressed onto the pellet using a small hand pressing tool
(=30 MPa).

The impedance data of LijgLLZO|Li-CNT40 at 25 °C are
shown in Figure 2a in the Nyquist representation alongside

www.advenergymat.de

an equivalent circuit used for fitting. Lithium lanthanum
zirconium oxide (LLZO) bulk and grain boundary (GB) contribu-
tions are identified at high (4 MHz) and middle (50 kHz)
frequencies, respectively.®*”] At low frequencies (1 kHz), a small
interfacial contribution is observed. Hence, our equivalent
circuit consists of a series combination of three parallel R-Q
elements, where R and Q represent a resistor and nonideal
capacity (constant-phase element). All obtained fit parameters
are displayed in Table S1, Supporting Information. The apex
frequencies and capacitances of the processes match well to
data in the literature.’ With only 27 € cm?, the impedance for
the Li-CNT40|LLZO interface is relatively low. This is remark-
able as neither elevated temperature nor large pressures were
utilized for the attachment of the Li-CNT40 electrode. Further-
more, the active contact area between lithium in the composite
and LLZO might even be lower than geometrically estimated
due to the lower area fraction of lithium at the interface.

Figure 2b shows an Arrhenius-plot of the three fitted imped-
ance components. Note that the GB and interface processes are
difficult to deconvolute as the interfacial resistance is small and
the frequency ranges overlap. The linear fits of the graphs show
that these are all temperature activated processes. The activa-
tion energies for bulk (Ej g, = 0.32 eV), GB (Esgp = 0.41 €V)
and interfacial transport (Ea 1, = 0.37 eV) fit well to previously
reported results.®¥3% It is reasonable that the Li-CNT|LLZO
interface has a similar activation barrier as the Li|LLZO inter-
face, as charge transfer occurs at the direct contact areas
between lithium and LLZO.

The assessment of lithium dissolution is possible by
long-term stripping experiments, which are performed on
Li;y|LLZO|Li—-CNT cells as a function of CNT weight frac-
tion and current density. Electrodes were stripped until con-
tact loss to the SE was observed, which is indicated by a steep
increase in voltage and interfacial resistance (i.e., lithium deple-
tion).[%737] Figure 3a shows the voltage profiles when stripping
with 100 A cm™? for Li and Li-CNT-composites. The displayed
interfacial resistances are extracted via galvanostatic electro-
chemical impedance spectroscopy (GEIS) according to the fit
procedure exemplified in Figure 2. The underlying evolution
of the corresponding Nyquist and Bode plots is exemplarily
shown for Liy|LLZO|Li-CNT40 in Figures S2 and S3, Sup-
porting Information. As seen therein, bulk and GB resistance
contributions remain constant throughout the experiments,

) sec R
Bulk GB  INT iy Bulk E, g, = 0.32eV 14
o 210} a1 . all” e, ~
5 e [Be e, 2 §
4 MHz S 1o °..
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Figure 2. a) Nyquist plot of a Li|LLZO|Li~CNT40 cell together with the equivalent circuit for fitting. b) Arrhenius plot of impedance data for the bulk,
grain boundary (GB), and interface (Int) processes as function of temperature.
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Figure 3. a) Voltage profiles during stripping of lithium, Li~CNT10,
Li—~CNT20, Li-CNT30, and Li-CNT40 at a current density of 100 uA cm™2
(top). The corresponding evolution of the interfacial resistance is shown
underneath. b) Impedance spectra at 0.75 V (marked with stars in [a]) for
lithium and Li—-CNT30. Fitting was carried out similar to the impedance
data shown in Figure 2.

which confirms that the Lijy counter electrode is stable and no
dendrites are growing through the ceramic. Thus, for the fit-
ting process, both bulk and GB resistance contributions were
fixed to a constant value (determined from impedance meas-
urements at the beginning).

While the lithium electrode reaches the 2 V cutoff (i.e.,
depletion) condition after only 1.2 mAh cm™ (12 h of strip-
ping), the composites delay the depletion by a factor of 20 to
around 25 mAh cm™ for Li-CNT30. This is the highest
reported stripping capacity to date for an all-solid-state system.
Albeit the current density is still quite low, the estimated
target of 5 mAh cm™2 by Albertus et al. and Randau et al. is
hereby exceeded.l>*] Moreover, most of the stripping capacity
in this experiment is available only after severe polariza-
tion and interfacial degradation already took place, which is
not easily reversible. For pure lithium, the ratio of available
capacity prior to degradation compared to the overall capacity
is higher. Interestingly, the available capacity increases up
to 30 wt% of CNTs being dispersed in lithium but decreases
for Li—-CNT40. Above a certain threshold, CNTs dispersed in
lithium may not homogeneously be distributed anymore.
Also, less lithium is present in the sample with higher CNT
content.

Not only is a severe increase in stripping capacity observed
for the Li-CNT composites, the overall voltage profile changes
as well. While pure lithium shows a flat and stable plateau
followed by a steep increase in voltage when contact is lost,
changes of the electrode potential Eyy for the composites are
more gradual. For the composites, there is an inflection point
at around 1 mAh cm™? where the slope changes. Interest-
ingly, this corresponds well to the point where pure lithium
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loses the contact to the SE. Thereafter, the voltage and inter-
face resistance gradually increase until the cutoff voltage is
reached.

Both the time, tg;., of the inflection point and the time,
ter, when full contact loss is reached can in principle be used
to calculate the effective diffusion coefficient via Sand’s
equation.”#243] Therefore, Figure S4, Supporting Informa-
tion, shows the stripping profiles of a Li-CNT30 electrode
with 50-200 pA cm™ The characteristic inflection point
occurs earlier during stripping with higher current density.
Calculating the effective diffusion coefficient with #y;.; then
yields Deg gin = (1.3 £ 0.3) x 107" em? s7%. This value can be
understood as the effective Li diffusion coefficient of the com-
posite electrode, which is nearly double that of pure lithium
with Doy 15 = (0.8 £ 0.1) x 10" cm? s7'. Therefore, the pres-
ence of the CNTs clearly improves Li diffusion in the anode.
However, as the stripping mode changes at the inflection
point, from direct stripping at the LLZO surface to stripping
in the 3D Li-CNT network, the conditions are no longer ful-
filled to properly interpret the time until full contact is lost in
the manner of the Sands equation.

Changes in stripping are also visible in the impedance
spectra acquired at 0.75 V during testing, depicted in Figure 3b.
The impedance deviates from a semicircle below 30 Hz for
Li~CNT30. This indicates changes of the constriction effect at
the interface and therefore a difference in pore morphology.
Further conclusions can be drawn from the Bode plot depicted
in Figure S2, Supporting Information. After an initial emer-
gence of the interface (constriction) resistance during stripping,
its apex frequency remains roughly constant at around 2-3 kHz
for Li-CNT40. In the case of pure lithium electrodes, this fre-
quency shifts to higher frequencies at the end of the stripping
process.®) However, Li-CNT and Li-Mg both do not show the
aforementioned frequency shift,” which is still elusive. The
shift to higher frequencies observed for pure lithium electrodes
may be explained by Joule heating of the few contact spots left,
due to current focusing through these.***| However, the con-
tact spots after stripping Li-Mg alloys are more homogeneously
distributed,”l which should reduce the effect of Joule heating.
Following this explanation, the contact spots after stripping
Li—CNT electrodes should also be distributed more homogene-
ously as for Li-Mg when compared to lithium.

To evaluate the CNT influence on dendrite resilience, experi-
ments on stripping and plating were carried out. Therefore,
0.2mAh cm™ were cycled in a Li—-CNT30|LLZO:Ta|Li-CNT30 cell
with increasing current densities (starting at 100 pA cm™ and
increasing by 100 uA ¢cm™ each step). As seen in Figure S5,
Supporting Information, the cell experiences a short-circuit
at around 600 pA cm™?, which is in line with previous results
on similar cell designs employing pure lithium as the anode
material '**! Thus, no clear effect on the dendrite resilience is
observed using this test protocol.

Overall, the kink in the overpotential-capacity curve during
stripping Li-CNT electrodes and their different low-frequency
impedance are still elusive based on the electrochemical experi-
ments alone. To analyze the stripping and resulting pore forma-
tion in more detail, top-view and cross-sectional images of the
electrodes obtained by scanning electron microscopy (SEM) are
discussed in the next section.
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2.3. Differences of Pore Formation in Lithium and
Lithium—CNT Composites

To understand the kink during stripping and resulting pore
formation when using composite electrodes, their morphology
was imaged using electron microscopy. Figure 4 shows a sche-
matic voltage profile for the stripping process with lithium
and a composite. Shown alongside are top and cross-sectional
focused-ion-beam SEM (FIB-SEM) images taken before and
after depletion occurred during stripping. After depletion
(contact loss, CL), the electrodes easily detach from the SE,
which is not the case in the pristine state. Therefore, the sur-
face visible in the top-view images is the face of the electrode,
which previously was in contact with the LLZO.

The appearance of the as-prepared lithium and composite
foils in the SEM images shown in Figure 4a,b is very similar.
Both foils show a smooth surface with some bright lines, which
most likely originate from the mechanical preparation. The
cross-sectional images in Figure 4e,f show that both types of
electrodes are free of pores. However, magnified images shown
in Figure S6a,b, Supporting Information, display slight differ-
ences. It seems like curtaining and rippling, which occur during
FIB-preparation,“~¥l lead to a more severe stair formation for
the composite electrode. Rippling is frequently observed for
carbon materials.l*->! Furthermore, the top of the stairs shows
a brighter contrast for the composite electrode, which hints at
an accumulation of CNTs due to rippling and FIB-preparation.

After stripping had been performed until depletion, the sur-
face morphologies of both electrodes deviate from each other. For
pure lithium, large pores in the range of 5-15 um are visible in

(a) Li

20 pm
(b) Li-CNT40

the top-view image in Figure 4c, which correspond well to the typ-
ical morphology resulting in contact loss as observed in previous
experiments.®) On the contrary, the morphology of the stripped
composite electrode displayed in Figure 4d rather shows smaller,
deeper valleys in the material instead of pores at the surface. This
larger pore volume is expected as around 20 mAh cm™ or 0.8 mm?
more lithium was stripped with this electrode. Figure S6d, Sup-
porting Information, displays a higher magnification image of
a similar Li-CNT30 electrode after stripping, showing that large
parts of the surface only consist of a porous, fiber-like network.
This is the residual CNT framework exposed after lithium was
nearly completely stripped from the composite.

Cross-sectional images were additionally taken for lithium
and Li-CNT40, respectively, as depicted in Figure 4gh. No
change in bulk morphology was observed for pure lithium when
compared to the pristine sample in Figure 4e and Figure S6a,
Supporting Information. This indicates that the stripping
process for pure lithium only takes place at the direct inter-
face to LLZO. However, cross-sectional images of the stripped
Li—-CNT40 depict a large gap and smaller closed pores in the
100-500 nm range fitting to the top-view micrographs. Another
micrograph shows these pores at higher magnifications in
Figure S6c, Supporting Information. Pores in this range were
neither present in stripped lithium electrodes nor in pris-
tine composites as displayed in Figure 4f. This confirms that
closed porosity is generated only during the stripping process
of Li-CNT electrodes. Overall, the depicted (FIB)-SEM images
show clear differences in dissolution, as was indicated by elec-
trochemical analysis. In the following, we propose a stripping
mechanism for these composites based on the obtained results.

(9) Lﬁer CL

i

2 um

(f) Li-CNT40

2 ym

“

Figure 4. Top-view SEM images of the pristine state of a) lithium and b) Li~-CNT40. Top-view SEM images of c) lithium and d) Li-CNT40 after strip-
ping, as indicated in the scheme of the voltage profiles in the middle of the figure. Cross-sectional images obtained via cryo-FIB-SEM are depicted for
lithium and Li~-CNT40 in ef) pristine state as well as g,h) after stripping, respectively.
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It was shown in Figure 3 that stripping is quite similar for
lithium and Li-CNT up to the point, where pure lithium shows
severe polarization due to formed pores at the interface, that is,
due to current constriction at the remaining contact spots. The
kink in the voltage profile for Li-CNT electrodes, which indicates
that the stripping mechanism changes, occurs at quite the same
time. This suggests that lithium from the composite is at first
dissolved during stripping at the direct interface to the SE. At
the time where the kink appears, this direct interface is depleted.
From that point on, the CNTs act as a contact mediator, main-
taining contact to the SE and acting as a 3D distributed anode
scaffold. Another effect at play could be the increased ionic con-
ductivity of contact spots due to Joule heating,*l which may be
one explanation for the improved stripping after the kink.

The difference in pore geometry also influences the low-
frequency impedance shown in Figure 2b. As the pore geometry
is different, the contribution of surface diffusion of lithium
atoms, which typically occurs in that frequency range, is dif-
ferent for lithium and the composites. This results in the more
flattened semicircle for Li-CNT30. Note that stripping experi-
ments were additionally carried out with Li-vapor grown carbon
fibers (VGCF) composite electrodes. With VGCF, Figure S7,
Supporting Information, shows no improvement compared to
lithium. We believe that this highlights the favorable role of
transport along the graphitic walls of the CNTs.

Due to the continued stripping both through and at the
walls of the CNTs, lithium is dissolved also inside the bulk of
the electrode and not only at the interface, leading to closed
porosity as seen in Figure 4. The proposed stripping mecha-
nism is schematically depicted in Figure 5.

While the observed change to 3D stripping for the composite
electrodes leads to a higher anode utilization, mixing lithium
with additives inevitably leads to a decrease in the anode’s theo-
retical specific capacity. As these effects counteract each other,
there exists an optimum in the composition of the composite
electrode, which is around 30 wt% of CNTs according to the
stripping profiles provided in Figure 3a. The theoretical specific
capacity of Li-CNT30 then amounts to around 2819 mAh g ! of
which 60% could be stripped with 100 pA cm™. This value well
surpasses alternative electrode concepts, such as porous garnet
SE infiltrated with lithium metal.l?%]

2.4, Mechanics of Composite Anodes and Influence
on Electrode Kinetics

Incorporating fibers into a ductile matrix can lead to very
strong changes in the mechanical properties.’>** For example,
Fu et al. specify that for fibers to have an impact on the strength
when randomly distributed in a matrix, a critical fiber length

lo==C &)

must be exceeded.’>>! Herein, oy and d denote the fiber ten-
sile strength and diameter, respectively, whereas 7,, denotes the
shear yield strength of the matrix, if lower than the bonding
strength between the phases. With around 5 pm, the herein
used CNTs in lithium exceed the calculated I of 128 nm by a
factor of 40. This suggests that CNTs have a large impact on
the composite anode elastic and plastic properties, as already
assumed from the changes in ductility noticed during sample
preparation.

In another example, the elastic modulus of matrices is
strongly increased by the reinforcing integration of constituents
with relatively high elastic modulus, for example, by adding
carbon fibers to an epoxy matrix to form carbon-reinforced
composites.’*l The orientation and volume fraction of the rein-
forcing (higher elastic modulus) constituent is important in
determining whether or not a composite has isotropic or ani-
sotropic mechanical properties. The goal of the present study
was to homogeneously disperse CNT, thus effectively resulting
in isotropic properties. However, it is possible that the homo-
geneity of CNT distribution decreases above a certain volume
fraction of CNTs as was suggested by the unexpected devia-
tion in electrochemical performance when increasing from
3040 wt% CNT.

To investigate the plastic and elastic properties of the compos-
ites, compressive and tensile stress—strain testing was carried out
on prepared pellets and foils, respectively. These measurements
were conducted with a strain rate of 107 mm s in accordance
with Masias et al.***] Results are depicted in Figure 6a,b.

The stress—strain curves obtained during compression show
a decrease in yield strength of flow stress with increasing

Figure 5. Schematic depiction of the lithium stripping process of composite anodes consisting of lithium and CNTs. During stripping, the direct
interface between lithium and LLZO is first depleted as in the case of pure lithium electrodes (middle). However, instead of fully losing the contact like
pure lithium, the composites allow also stripping along the remaining CNTs, which act as a contact mediator (right). Note that the pores and CNTs
are not scaled 1:1 with respect to their true size.
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Figure 6. a) Compressive stress—strain results for composite pellets. b) Tensile stress—strain tests for composite foils (150 tm) with the orange inset

enlarged in (c). Results are also shown for d) the yield strength o, e) the Vi
an example of the mechanical tensile tests and the inset in (e) shows an ind
presented as orange data points.

CNT content. In general, the stress required to increase strain
increases with increasing strain. However, the data in Figure 6a
are engineering strain and do not consider the increase in
sample area. It appears that the characteristic yield inflec-
tion point in Figure 6a is found at higher stresses for higher
amounts of CNTs. However, the initial shift in strain of the
measurement for Li-CNT30, compared to the Li-CNT10 and
Li-CNT20, seems to be out of the expected trend. This likely
is the result of inhomogeneity within the composites at higher
CNT fractions. In addition, after the initial shift in strain, the
Li—-CNT30 composite has approximately the same stress—strain
slope as the Li-CNT20, thus indicating that point of dimin-
ishing return for the stiffness is achieved between 20 wt% and
30 wt% CNT. We refrain from including mechanical testing
data on Li—~CNTA40, as large specimens of Li-CNT40 needed for
stress-strain measurements, are too heterogeneous to afford
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ckers hardness Hy, and f) the elastic modulus E. The inset in (d) shows
entation mark typically observed after testing of Hy,. Literature values are

conclusive results for mechanical testing, even though it was
possible to obtain reproducible electrochemical performance
with such a large fraction of CNTs.

During tensile testing, a trend is observed with increasing
CNT content that is similar to that of compression testing.
The most obvious differences between the composites and
pure lithium are strength maxima, which get increasingly
more pronounced with higher CNT contents (up to 5 MPa
for Li—-CNT30). Likely, these are caused by an effect similar to
molecular chain alignment in polymers during tensile testing
or fiber alignment in carbon-fiber reinforced composites, >8]
which arises due to originally randomly oriented CNTs in the
metal matrix lining up with deformation. Such an alignment
usually strengthens fiber-in-matrix composites.’>*°1 How-
ever, according to Masias et al., elastic properties cannot be
extracted from stress—strain measurements of lithium metal,
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as plastic deformation overlaps with the elastic regime, which
results in a large underestimation of the elastic modulus.’*
Creep likely affects the results as well, which is indicated by
the high homologous temperature of 0.66 of lithium at room
temperature.

Additionally, Figure 6¢ depicts the low strain-regime during
tensile testing, which shows that the first inflection point in
these graphs occurs at a later stage for higher CNT contents.
These inflection points are interpreted as the yield strength or
flow stress.®% The estimated yield strength o, is summarized
in Figure 6d and increases with higher CNT content. Note that
the yield strength for pure lithium fits to literature values,
which are included as orange data points. Also shown are
the Vickers hardness, Hy, in Figure 6e and estimated elastic
moduli, E, in Figure 6f. The latter was obtained from acoustic
measurements; please see Figure S8, Supporting Information,
for more information.

Like the general stiffness of the material, both the yield
strength o, and Vickers hardness Hy increase with CNT
content. Note that the Vickers hardness measurement error
obtained from the standard deviation is significantly higher for
Li-CNT20 and Li-CNT30. This signals inhomogeneity within
the samples with higher CNT content as already assumed
above. In samples with 30 wt% CNT, o, and Hy increased to
2.61 and 56.8 MPa, respectively, which fits to the previously
made observation that the material is mechanically strength-
ened by the incorporation of CNTs.

The elastic modulus E displayed in Figure 6f obtained
from acoustic measurements shows a similar trend to Hy and
o,. Interestingly, E does not follow the values that would be
obtained from a simple rule of mixture. This underlines the
assumption that the CNTs are not perfectly and homogeneously
dispersed within the lithium matrix and accumulate locally, as
already seen in the hardness tests. The increase in E deviates
from linearity for the step between 20 and 30 wt%, yielding a
lower value than expected, which strengthens this assumption.
Still, an increase of F up to 11.2 GPa is observed for Li-CNT30.
Note that usually single-phase or homogeneous materials
are characterized using indentation and acoustic analysis of
the elastic properties. However, the large area of the indent
(200 pm x 200 um) and the acoustic wavelength of around 6 m
in lithium at 1 kHz averages the observed properties, as the
tubes are only 5 pm in length.

Our results show that the mechanical properties of lithium
metal can be well tailored by the addition of small quantities
of CNTs. In this way, anodes can be engineered to be less sen-
sitive to external stack pressures. To showcase this concept, a
lithium and a Li-CNT30 anode were stripped for 4 h without
any applied pressure. Afterward, a stack pressure of 3.0 MPa
was applied and then gradually decreased until 0.5 MPa as
depicted in Figure 7a. This method yields the critical stack pres-
sure needed for an electrode material to counteract the strain
induced by stripping with a certain current density.!

At the end of the pressure-free stripping step after 4 h, the
lithium electrode shows a higher polarization. When 3.0 MPa
are applied thereafter, a large decrease in polarization occurs
for lithium while polarization of Li-CNT30 remains nearly con-
stant. This is explained by the pressure-induced closing of the
pores at the Li|LLZO interface, which have not yet formed at the
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Figure 7. a) Voltage profiles of a lithium and a Li-CNT30 electrode during
stripping with 100 pA cm2 in combination with a gradual decrease in
applied stack pressure. b) Impedance spectra of both Li|LLZO|Li and
Li|LLZO|Li-CNT30 directly after pressure-free stripping to 0.6 V and
applying 3.4 MPa.

Li-CNT30|LLZO interface. This highlights Li—-CNT30 being less
dependent on and sensitive to applied stack pressures.

However, while 0.5 MPa pressure applied in the last stage
during stripping seems to be enough to counteract strain-
induced at 100 pA cm™ for pure lithium, an increase in voltage
for the composite begins. This means that pores form, which
are not annihilated by creep due to the higher resistance to
plastic deformation of the composite.

The higher pressure-sensitivity of pure lithium can also
be seen in the Nyquist plots depicted in Figure 7b. Here, the
impedance spectra of both lithium and Li—-CNT directly after
stripping until 0.6 V and after applying 3.4 MPa are plotted.
The decrease in Ryyr is far larger for lithium (91%) than for
Li—~CNT?30 (58 %). The reason is that pure lithium is more easily
deformed, allowing it to regain good contact to the SE. How-
ever, the pore geometry is different when considering Li-CNT
composites as shown via cross-sectional imaging above. This
may require higher pressures to collapse pores independent of
the ductility of the material.

3. Conclusions

We showcase the tunability of electrochemical and mechan-
ical properties of the lithium metal anode by manufacturing
a composite material with CNTs. It is found that the areal
discharge (stripping) capacity can be enhanced by a factor
of >20 to around 25 mAh cm™ at 100 pA cm™ and low pres-
sures (<1 MPa) by extending the lithium dissolution from the
direct electrode|LLZO (2D) interface to the 3D Li-CNT net-
work, albeit at higher electrode potentials Eyy > 0.5 V. This
amounts to about 60% of the theoretical specific capacity
of 2819 mAh g calculated for Li-CNT30. Cross-sectional
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Figure 8. Scheme of a) the preparation route to obtain Li-CNT composites and b) electrode preparation and attachment to a polished LLZO pellet

for electrochemical analysis.

micrographs obtained with cryo-FIB-SEM prove stripping
within the bulk of the anode, guided by CNTs in the composite.
The CNT framework clearly helps to maintain electrical contact
with LLZO during stripping. Additionally, a twofold increase
of the effective diffusion coeflicient in the anode material to
around Dg = (1.3 £ 0.3) x 10" cm? 57! for Li-CNT30 was esti-
mated from stripping and depletion experiments. Stress—strain
measurements show a decrease in the ductility of the com-
posite based on its CNT content, which is confirmed by micro-
indentation and acoustic analysis. For example, the Vickers
hardness and the elastic modulus increase to nearly 60 MPa
and 12 GPa, which represents an eightfold and 60% increase
relative to pure lithium, respectively.

This tunability of the electrochemo-mechanical properties
of the LMA presents an attractive route of tailoring the anode
material to suit the requirements of practical applications. For
example, Li-CNT electrodes would be suitable for high-energy
applications without the possibility of applying stack pressures.
As a large fraction of the available discharge capacity is only
available with an overvoltage >0.5 V, pure lithium is more suit-
able for high-power applications, especially when stack pres-
sure can be applied due to its more ductile nature.

4. Experimental Section

Preparation of Solid Electrolytes and Composite Electrodes: The nominal
composition of the herein prepared LLZO:Al, based on the used
precursors, was Lig Al 25La3Zr,0y; (LLZO). First, Li,CO; (>99.0 %,
Sigma-Aldrich), ZrO, (99.9%, Sigma-Aldrich), La(OH); (99.9 %,
Sigma-Aldrich), and Al,O; (99.8 %, abcr) were homogenized with two
ball-milling steps (10 min with 20 min pause at 350 rpm, 24 cycles).
Subsequent calcination of 25 mm diameter pellets was carried out in
MgO-crucibles under oxygen flow (150 sccm) by heating the material up
to 1000 °C, which was held for 4 h. The following steps were exclusively
performed under an argon environment (MBraun, <0.1 ppm H,0,
<0.1 ppm O,). First, to obtain small particles for sintering, the material
was ball-milled with the same parameters as above for 40 cycles. Pellets
were then sintered (isostatically pressed beforehand, 380 MPa) under
oxygen flow in MgO-crucibles with mother powder (calcined LLZO
powder). For this, samples were first heated in 9 h to 900 °C, which was
held for 5 h. Thereafter, the temperature was increased in 2 h to 1100 °C
and again held for 5 h. Last, in 1 h, the temperature was increased again
to 1230 °C and held for 4 h, followed by a natural cooling. For CCD
tests, LLZO:Ta (LigslasTagsZr, sO;) was used, which was prepared as
previously reported by Taylor et al.®!]

Composite electrodes were prepared by homogeneously dispersing
CNTs (Sigma Aldrich, >95%, 6-9 nm x 5 um) into liquid lithium at
350 °C on a hotplate inside a glovebox. After solidification of the
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mixture, small chunks of the material were cut off with a ceramic knife
and pressed into disc electrodes with 6 mm in diameter and around
120 um thickness. Prepared electrodes were described, for example, with
“Li-CNT30,” meaning that 30 wt% of CNTs was nominally mixed into
liquid lithium. This procedure is schematically depicted in Figure 8.

Material Characterization: Structural characterization of LLZO was
performed using a PANalytical Empyrean powder diffractometer in
Bragg-Brentano 6-0 geometry with Cu K, radiation (4, = 1.5405980 A;
Ay = 1.5444260 A; 1(4,)/1(4) = 0.5). Measurements were carried out in
the 260 range between 20° and 80° with a step size of 0.026°. Air-sensitive
samples were protected with thin Kapton foil during the measurement.

Cell Assembly and Electrochemical Characterization: Cells were
assembled by polishing the garnet pellets with grit P1000 SiC-paper and
subsequent electrode attachment. Both pure lithium and composite
electrodes were freshly pressed into thin foils. As a counter electrode,
a resistance-free, ideally reversible electrode Liy was prepared following
previous reports utilizing high isostatic pressure (380 MPa for
30 min).®¥) Composite electrodes were attached to the SE by a small
hand-pressing tool under an applied torque of 10 N m. Cells used for
testing the CCD were prepared by polishing the Ta:LLZO following the
procedures of Sharafi et al,l®®l and then heat treating and applying
lithium electrodes following the procedures of Wang et al.l"’]

Electrochemical characterization was carried out using a
VMP300 potentiostat by BiolLogic in combination with the software
EC-Lab (V. 11). Temperature dependent measurements were carried
out in a climate chamber WKL 64 by WEISS. For electrochemical
measurements, cells were contacted with nickel current collector tabs
and sealed in pouch cells. The current collector tabs were fixed using
small clamps to secure contact to the electrodes. Please note, however,
that by the use of this setup, the clamps exerted a small pressure
(<1 MPa) to maintain the current collectors in place, which was much
lower than reported before and was therefore addressed here as
pressure-free.

If not stated otherwise, potentiostatic electrochemical impedance
spectroscopy (PEIS) measurements were carried out in the frequency
range between 7 MHz and 100 mHz, GEIS measurements were carried
out in a different frequency range, 7 MHz-1 Hz, as acquisition of
one spectrum needed to be faster in this measurement mode to not
disturb the DC current. Usually, 10% of the DC current was used as
amplitude to measure the impedance response of the cell. Impedance
data interpretation as well as fitting thereof was carried out with
RelaxIS 3 software by RhD Instruments.

FIB-SEM Measurements: FIB-SEM imaging was carried out using a
XEIA3 GMU SEM/Plasma-FIB (Tescan) in combination with a Leica
VCT500 transfer module and liquid nitrogen cooling stage. SEM imaging
was also carried out using a Zeiss Merlin HRSEM.

Mechanical Property Characterization: Mechanical property testing was
carried out in an argon-filled glovebox using an Instron 5944 Universal
Testing System. The compression tests were carried out according to
Masias et al. with a strain rate of 107 57! To mitigate friction between
the sample and the testing device, mineral oil was used as coupling
agent. Tensile tests were also carried out using the strain rate of 1073 57,

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Samples were fixed onto the testing device using acrylate-based
adhesive. Note that for all graphs the engineering strain was used, which
was calculated based on the initial cross-sectional area of the sample.

Both testing of the Vickers hardness and acoustic measurements were
performed in a dry room on lithium foil (T4 <—50 °C). The micro-indentation
tests were carried out with a Vickers hardness tester (HM122V/K Series
810 Micro, Mitutoyo Corporation) using 0.01-0.05 kgf to indent 200 um
thick anode foils, which were previously rolled using a calendaring machine
(Creative and Innovative System Corporation). Pulse echo acoustic
measurements were carried out using Olympus 5073R Pulser/Receiver
(P/R) paired with a Picoscope 2207A PC-based oscilloscope. Longitudinal
wave speeds were measured using an Olympus M110-RM contact
transducer with mineral oil as a coupling agent to the sample.
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Supporting Information is available from the Wiley Online Library or
from the author.
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3.5 Publication 5: “Working Principle of an lonic Liquid Interlayer During
Pressureless Lithium Stripping on Lis2sAlo.2sLasZr2012 (LLZO) Garnet-Type
Solid Electrolyte”

In publication 5 of this dissertation, an IL interlayer between the LMA and SE was investigated
regarding its ability to either suppress or compensate the pore formation during anodic dissolution,
which imposes severe limitations during cell operation.

Therefore, a very small amount of 5 — 10 uL of IL was distributed on the SE surface. Subsequently,
lithium was attached without the use of an additional separator material. In combination with an
ideal reference and counter electrode,® the stripping performance and impedance of Li|IL|SE
working electrodes was analyzed.

The combination of cryogenic FIB-SEM imaging with operando GEIS then allows to follow and
interpret the morphological evolution of the Li|IL|SE system during stripping. It could be shown
that only a few pL of IL are sufficient to increase the anodic stripping capacity from only 1.2 mAh
cm2 for lithium to > 15 mAh cm2 without severe overpotentials. Morphological investigations
reveal that the pore formation within the lithium metal is not mitigated by the IL but rather
compensated due to its ability to freely flow. This mechanism also explains the observation that
less viscous ILs are better at filling pores and acting as a contact mediator at the interface to the
LMA.

While it is academically valid to strictly limit oneself to all-solid-state batteries, this work discusses
an interesting opportunity to utilize small additions of liquids as a facile fix for issues solely
originating from the solid nature of the electrolyte. Additionally, as only microliters of low-vapor
pressure IL are used, the initial advantages of SSBs over LIBs are not diminished in any way. ILs
are not flammable and using only pLs still prevents leakages or outgassing.

T. Fuchs designed and conducted all of the experiments supervised by Dr. F. H. Richter and Prof.
J. Janek. Prof. S. Passerini initiated this work by introducing this system in a previous work of his
group.'?® Measurements performed at the XPS and FIB-SEM and related scientific discussions were
supported by Dr. B. Mogwitz and Dr. S.-K. Otto. All authors contributed to the scientific discussion.
The original draft was written by T. Fuchs and edited by all co-authors.
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Working Principle of an lonic Liquid Interlayer During
Pressureless Lithium Stripping on Lig,;Al,,sLa;Zr,0,, (LLZO)

Garnet-Type Solid Electrolyte

Till Fuchs,”*” Boris Mogwitz,* " Svenja-Katharina Otto,” Stefano Passerini,

Felix H. Richter,*™" and Jiirgen Janek** "

Solid-state-batteries employing lithium metal anodes promise
high theoretical energy and power densities. However, morpho-
logical instability occurring at the lithium/solid-electrolyte
interface when stripping and plating lithium during cell cycling
needs to be mitigated. Vacancy diffusion in lithium metal is not
sufficiently fast to prevent pore formation at the interface
above a certain current density during stripping. Applied
pressure of several MPa can prevent pore formation, but this is
not conducive to practical application. This work investigates
the concept of ionic liquids as “self-adjusting” interlayers to
compensate morphological changes of the lithium anode while
avoiding the use of external pressure. A clear improvement of

1. Introduction

Using lithium metal as anode material may significantly
increase the gravimetric and volumetric energy densities of
battery cells due to its high specific capacity (3861 mAhg™',
2062 mAhcm™) as well as low redox potential (—3.04V vs.
SHE)." However, chemical degradation as well as morpholog-
ical issues such as dendrite and pore formation are hindering
the application of lithium metal anodes (LMAs) in conventional
systems.”” Hybrid battery systems (HBSs) may enable the use
of LMAs by attenuating the mentioned issues.*'" While liquid
electrolytes (LEs) can compensate chemo-mechanical problems

[a] T. Fuchs, Dr. B. Mogwitz, S.-K. Otto, Dr. F. H. Richter, Prof. J. Janek

Institute of Physical Chemistry

Justus-Liebig-University Giessen

Heinrich-Buff-Ring 17, 35392 Giessen, Germany

E-mail: felix.h.richter@phys.chemie.uni-giessen.de

juergen.janek@phys.chemie.uni-giessen.de

[b] T. Fuchs, Dr. B. Mogwitz, Dr. F. H. Richter, Prof. J. Janek

Center for Materials Research (ZfM)

Justus-Liebig-University Giessen

Heinrich-Buff-Ring 16, 35392 Giessen, Germany
[c] Prof. 5. Passerini

Helmholtz Institute Ulm

HelmholtzstralSe 11, 89081 Ulm, Germany
[d] Prof. S. Passerini
Karlsruhe Institute of Technology (KIT)
P.O. Box 3640, 76021 Karlsruhe, Germany
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/batt.202100015
© 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution Non-Commercial NoDerivs License, which permits use and dis-
tribution in any medium, provided the original work is properly cited, the
use is non-commercial and no modifications or adaptations are made.

5 [0

Batteries & Supercaps 2021, 4, 1145-1155 Wiley Online Library

1145

[c,d]

the lithium dissolution process is observed as it is possible to
continuously strip more than 70 um lithium (i.e,, 15 mAhcm 2
charge) without the need for external pressure during assembly
and electrochemical testing of the system. The impedance of
the investigated electrodes is analyzed in detail, and contribu-
tions of the different interfaces are evaluated. The conclusions
are corroborated with morphology studies using cryo-FIB-SEM
and chemical analysis using XPS. This improves the under-
standing of the impedance response and lithium stripping in
electrodes employing liquid interlayers, acting as a stepping-
stone for future optimization.

of electrode materials common when using inorganic solid
electrolytes (ISEs) without the application of pressure,”'"'¥ ISEs
promise better chemical stability, safety and the capability of
suppressing dendrite formation."*"® While HBSs are promising,
there is an additional interface present in the battery when
combining different electrolytes, which may lead to the
formation of highly resistive interphases.®"”

Both Randau et al. and Albertus et al. conclude that a high
areal capacity of >5mAhcm ? is necessary for a cell to be
viable for future applications."®'® Currently, this goal is not met
by ISEs. Only about 1.2 mAhcm™ were achieved when using a
LMA in combination with an ISE for the electro-dissolution
(stripping) process at room temperature when using planar
oxide ISEs.”” Employing 3D-anodes in combination with oxide
ISEs enables cycling with 3.26 mAhcm 2"" Polymer-based SEs
enable the reversible stripping and plating of more than
2 mAhcm 2 with PEO-based cells at 70°C-80°C.*? Note that all
cited examples rely on high pressures in the MPa range either
when preparing the anode or during cycling of the cell. Hence,
no lithium metal anode based on ISEs as yet fulfils the
requirements for competitive cell setups.

One limiting factor in most systems is a high internal cell
resistance, which ideally should be as low as possible to enable
practical power densities. Krauskopf et al. were already able to
show via microelectrode studies that the charge transfer
between a garnet ISE (LLZO) and the LMA is inherently fast and
not rate-limiting.”” Interfacial resistances measured in macro-
scopic cells can rather be interpreted as constriction resistan-
ces, as full contact between the LMA and ISE is prevented by
pores and surface contaminations.”®***¥ |t was furthermore
observed that insufficient vacancy diffusion in lithium itself

@ 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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limits its performance under anodic currents. Pore formation at
the Li|ISE interface leads to increasing resistance due to a loss
of contact, thus limiting the available areal capacity.”” While
high stack pressures (35MPa and above) suppress pore
formation by plastic deformation of the LMA, future work
should investigate concepts of mitigating this issue without the
necessity of high external pressure, as this is deemed unviable
for large-scale applications.

Essentially, two mechanisms increase the internal cell
resistance: detrimental side reactions between lithium and
most common solid as well as liquid electrolytes,”™ " and
current constriction by pore formation when stripping at the
LMAP*® While lithium deposition®>" and in parts also
dissolution“? are well investigated in classic liquid electrolytes,
it is not clear if established concepts can be transferred to HBS.
One way to prevent loss of contact during pressureless
stripping may be by employing a thin layer of LE between the
solid components of a cell as a “self-adjusting” contact
mediator, kept at the interface by cohesive and adhesive forces.
Not only the morphological instability of the LMA, but also
state-of-charge dependent volume changes of electrode mate-
rials in general, could be attenuated or compensated without
pressure application.

In recent studies by Pervez et al. an ionic liquid electrolyte
(ILE, Py,,FSI with LiTFSI) was already employed alongside garnet
electrolytes in symmetric and full cells.**** It was shown that
the interfacial resistance between the separator and both
electrodes could be reduced by a factor of 10. The reduced
interfacial resistance enabled stable cycling with 0.3 mAcm~ in
symmetrical Li|ILE|ISE|ILE|Li cells. In a similar study, cycling of
a cell combining an ISE (LLZO-based) and a soft gel electrolyte
(GE, PYDF—HFP membrane in combination with LiPF4 dissolved
in a 1:1 mixture of ethylene carbonate and diethyl carbonate)
was performed by Liu et al.”** The GE was used as a means to
increase wetting between the solid materials, which reduced
the interfacial resistance to 214 Qcm? (Li|GE) and to 248 Qcm?
(GE | cathode) by orders of magnitude. Employing soft/liquid
interlayers between garnet SE and LMAs, the authors explain
their success by an improved ionic contact between separator
and anode, filling gaps with soft material. However, only short
plating and stripping cycles were utilized, and neither was the
stripping behavior investigated in detail during cycling nor was
the morphology of the LMA observed over an extended period
of time. Short stripping and plating experiments are essential
to get a quick overview of the viability and longevity of cell
setups, but understanding possible failure mechanisms requires
long-term experiments.

Naturally, the electrolytes, solid as well as liquid, used in a
hybrid battery setup must be chosen with care. Chemical
compatibility, sufficient Li*-conductivity (>0.5mScm ') and
good wetting are of utmost importance for cell performance.
For our study, we chose the ionic liquid electrolyte Py, TFSI,
because the extremely low vapor pressure of ILEs®®” enables
post-mortem cell-analysis by UHV-methods. The viscosity of
these ILEs can also be tuned by changing the conducting salt
concentration.®*® As a model ISE, LigsAly5La:21,0,; (LLZO)
was used as it is chemically compatible with LMAs and can be

Batteries & Supercaps 2021, 4, 1145-1155 www.batteries-supercaps.org
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prepared with very low porosities. Therefore, detrimental side
reactions can be excluded when ISE comes in contact with
lithium, which would not be possible with other common ISE,
such as thiophosphates or polymers.***"

This work investigated a hybrid cell concept employing
ionic liquid electrolyte Py, TFSI with LiTFSI as an interlayer
between inorganic solid electrolyte LLZO and a lithium metal
anode. Use of the ionic liquid interlayer enables a pressureless
and self-adjusting compensation of pore formation when
stripping lithium as shown by electrochemical impedance
spectroscopy, cell cycling and morphological studies via
electron microscopy of cross-sections prepared by focused ion
beam sputtering. Pore formation is compensated to a limited
extent, which enables a pressureless and large continuous
stripping capacity.

Experimental Section

Preparation of Used Electrolytes

The exact composition of the herein prepared LLZO, based on the
used precursors, was Lig,sAlg,sLa;Zr,0,. A solid-state synthesis
utilizing high temperature sintering in oxygen atmosphere was
used.” Therefore, the precursors were homogenized first with two
ball-milling steps (10 min with 20 min pause at 350 rpm, 24 cycles).
Subsequent calcination was carried out in MgO-crucibles under dry
oxygen atmosphere. The material was pressed beforehand to
secure good contact. The pellets were then heated up in 10 hours
to 1000°C, which was held for 4 hours under an oxygen flow of
150 sccm. Every following step was exclusively performed under an
argon environment (MBraun glovebox, <0.1 ppm H,0, <1 ppm
O,). First, the material was ball-milled again with the same
parameters as above for 40 cycles to obtain small particles for
sintering. The sintering was carried out with pellets (isostatically
pressed beforehand, 380 MPa) under dry oxygen in MgO-crucibles
with mother powder (calcined LLZO powder). Pellets were first
heated in 9 hours to 900 °C, which was held for 5 hours. Afterward,
the temperature was raised in 2 hours to 1100°C and again held
for 5 hours. Lastly, in 1 hour, the temperature was increased again
to 1230°C and held for 4 hours, followed by a slow cooling. The
pellets were then freed of the mother powder in the glovebox,
measuring a thickness of around 2 mm and a diameter of 8.2 mm.

lonic liquid electrolytes (ILE) were prepared by adding 0.25, 0.75,
1.25 or 1.75molL™" LiTFSI (Lithium bis(trifluoromethanesulfonyl)
imide, lolitec, 99%) conducting salt under constant stirring with a
magnetic stir bar to Py, ,TFSI (1-Butyl-1-methylpyrrolidinium bis
(trifluoromethanesulfonyl)-imide, lolitec, 99%, < 150 ppm H,0).
LiTFSI was dried beforehand under vacuum at 120°C for 12 hours.
All procedures were carried out in an argon environment (MBraun
glovebox, < 0.1 ppm H,0, < 0.1 ppm O,).

Materials Characterization

X-ray diffraction of the herein prepared LLZO was performed using
a PANalytical Empyrean powder diffractometer in Bragg-Brentano
0-0 geometry with copper K, radiation (i,=1.5405980 A; A,=
15444260 A; 1(A,)/(1,)=0.5). To exclude reactions with ambient
atmosphere, samples were sealed air-tight with capton foil.
Measurements were carried out in the 26 range between 20° and
100° with a step size of 0.026°. Used Py,,TFSI was characterized
regarding its water content using the Karl-Fischer-titration method

© 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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v

Polished LLZO (Grit P1000) .~

ILE

Lild

Figure 1. Schematic of the cell assembly process. Starting point is a garnet pellet with one ideally reversible lithium electrode at the bottom and a polished
surface at the other side. Ideally reversible lithium electrodes (Li,) were prepared with 380 MPa isostatic pressure.””

in a glovebox. Their viscosity was obtained by utilizing the
Rheometer R/S plus by Brookfield. The distance between sample
holder and cone was set to 0.0497 mm, as a C-50 cone was used.
Furthermore, confocal microscopy was carried out on LMAs by
preparing them airtight inside a glovebox in a home-made setup.
Imaging was carried out by a PLu neox 3D optical profiler
(Sensofar).

Cell Assembly and Electrochemical Characterization

First, lithium foil was prepared freshly by flattening a small chunk
of lithium which was freed of surface layers in a press to obtain a
thickness of approximately 100 um. Symmetric cells with two
(ideally) reversible lithium electrodes (Liy) were prepared by
isostatically pressing lithium foil on LLZO with 380 MPa, as reported
by Krauskopf et al..*” After confirming negligible interfacial resist-
ance between lithium and LLZO, one lithium electrode was scraped
off to be replaced by the Li|ILE system. Therefore, the garnet pellet
was polished with SiC sanding paper (P500 followed by P1000).
Afterward, one droplet of ionic liquid was placed into the middle
of the prepared pellet. The droplet was generated by submerging
a small tip into the ILE and pulling it out, creating the droplet by its
surface tension. Less than 1pL of ILE were used per 0.3 cm’
interface area, which is estimated by evaluating FIB-SEM images
(see Results and Discussion). Subsequently, a freshly prepared
lithium foil (d=6 mm) was placed on top of the ILE and covered
with a sheet of copper (d=8 mm) as the current collector (CC). The
described cell building procedure is schematically depicted in
Figure 1.

Electrochemical characterization was carried out using either a
VMP300 or SP300 potentiostat by BioLogic in combination with the
software EC-Lab (version 11). Temperature dependent measure-
ments were carried out in a climate chamber WKL 64 by WEISS. For
electrochemical measurements, pellets were contacted with nickel
current collectors and sealed in pouch cells or alternatively
measured directly in the glovebox using a home-made setup, as
described in a previous publication.”® As both used setups do not
apply pressure, their respective influence should be negligible.

Potentiostatic electrochemical impedance spectroscopy (PEIS)
measurements were carried out in the frequency range between
7 MHz and 100 mHz, if not stated differently. Galvanostatic EIS
(GEIS) measurements were carried out in a different frequency
range, 7 MHz to 1 Hz, as spectra acquisition needs to be faster in
this measurement mode to not disturb the DC experiment.
Typically, the current amplitude for measuring the impedance was
set to 10% of the DC current applied to the cell. This yields a
sufficient quality in impedance data while also not disturbing the
DC experiment too much. Impedance data interpretation as well as
fitting thereof was carried out by RelaxIS 3 by RhD Instruments. As
the resistances of the different processes fitted herein differ
substantially, a proportional weighing method was used to fit the
spectra.
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FIB-SEM and EDX Measurements

FIB-SEM imaging was carried out using a XEIA3 GMU SEM/Plasma-
FIB (Tescan) in combination with a Leica VCT500 transfer module
and liquid nitrogen cooling stage. Corresponding EDX measure-
ments were carried out by an EDAX Octane Elite Super SDD
Detector. Samples for FIB-SEM were prepared with a slightly
thinner lithium electrode to enable cutting through the whole cell
setup into the LLZO. This is necessary to not distort the interfacial
arrangement between ILE, lithium and LLZO, as disassembling the
cell would destroy morphological properties. Figure 2 displays the
described procedure.

Surface Analytics Using X-Ray Photoelectron Spectroscopy
(XPS)

As the ILE does not evaporate, any visible ILE residue on the pellet
surface was gently wiped off using dust-free paper. Washing with a
solvent was avoided as to not influence the interphase composi-
tion. XPS measurements were carried out using a PHI5000 Versa
Probe Il instrument (Physical Electronics GmbH, Germany)
equipped with a Specs PHOIBOS 150 hemispherical energy
analyzer and a monochromated Al K, X-ray source. Charge
neutralization was carried out for electronically insulating LLZO
samples using a low-energy flood gun. The power of the X-ray
source was 100 W and the analysis area was 1 mm?’. Survey spectra
were measured using a pass energy of 93.9 eV at a resolution of
0.5 eV/step and a total integration time of 50 ms/point. Core-level
spectra were measured using a pass energy of 29.35eV at a
resolution of 0.2 eV/step and a total integration time of 50 ms/
point. Spectra were calibrated in relation to the signal of
adventitious carbon at 284.8 eV. Depth profiling was carried out
using Ar” ions with energies of 0.5 kV or 1 kV. Data evaluation was

&

SS‘ ’

L. LE

LLZO

Figure 2. Schematic of the geometry how cryo-FIB-SEM measurements were
carried out. The thicknesses of the layers were approximately 20 um, 80 um,
and 20 um for the copper current collector, LMA and ILE interlayer,
respectively. The FIB-crater is not drawn to scale, as it only has a lateral
dimension of around 200 pm x 150 pm.
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done using the software Casa XPS (version 2-3-22PR1.0, Casa
Software Ltd).

2. Results and Discussion
2.1. Materials Characterization

The phase purity of the used ISE is especially important in this
study, as detrimental side reactions have to be excluded.
Therefore, the used LLZO was investigated regarding its crystal
structure, density as well as electrical properties and morphol-
ogy before being employed in this work. From XRD (Fig-
ure S1a), it is clear that the prepared LLZO crystallized in the
well-conducting cubic polymorph without significant presence
of the tetragonal side phase. The cross-section of the prepared
pellets is shown in Figure S1b by SEM. The pellet density is
geometrically estimated to be 95+1%, which characterizes a
well consolidated phase, as also visible in the cross-section SEM
image. A high pellet density is necessary to prevent ILE
penetration into the LLZO pellet.

Additionally, Figure S2 displays a Nyquist plot of a sym-
metrical cell employing two ideal lithium electrodes (Liy) on
LLZO and an obtained Arrhenius plot. The Nyquist plot displays
two processes, corresponding to bulk and grain boundary
transport in the material. The absence of a third process
confirms that our preparation yields a negligible interface
resistance for Liy|LLZO. As seen in Figure S2b, both bulk and
grain boundary processes follow an Arrhenius-type temper-
ature dependence. The herein prepared LLZO shows an ionic
conductivity of 0.56 mScm™' at 25°C as well as an activation
energy E,,.=0.34eV, which is in accordance with previous
published data for aluminum doped garnet ISE*****/ Likewise,

the obtained activation energy E,q;=0.40 eV for grain boun-
dary transport also fits reasonably to literature data.

2.2. Impedance Analysis of the System and its Time
Dependency

To investigate the effect of ILE on interfacial properties, three
different types of cells were built and investigated. All cells
employ ideal lithium electrodes (Ligy, prepared with 380 MPa
pressure) as counter-electrode, as its contribution to the overall
impedance is negligible.”” Therefore, changes in resistance can
fully be attributed to changes of the working electrode.

First, a cell with a non-ideal lithium working-electrode (Li,)
was prepared by attaching lithium with a small uniaxial
pressure forming a non-ideal Li,4|LLZO interface. The corre-
sponding fit of the Nyquist plot is displayed as a dashed line in
Figure 3 as reference. A full spectrum of that cell is shown in
Figure S3. Additionally, the Nyquist-plot of a symmetrical cell
with two ideal lithium electrodes prepared under high
pressures, Liy| LLZO | Liy, and that of a cell employing the ILE as
an interlayer between LLZO and Li are shown for means of a
direct comparison. For the preparation of such a Li|ILE|LLZO
electrode configuration, no external pressure (beyond atmos-
pheric pressure) is applied (see Figure 1). Used equivalent
circuits are depicted in the respective figures. Generally, semi-
circles were fit using an equivalent circuit composed of a series
of parallel circuits of a resistance (R) and non-ideal capacitance
(P).

As the herein built cells all include LLZO as separator, both
high frequency processes (HF, 7 MHz-50 kHz) are identical in
each case. In accordance with previous publications, these
processes represent bulk and grain boundary transport within
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Figure 3. a) Comparison of Nyquist plots of impedances of Li | LLZO | Liy (dashed), Lijs| LLZO | Li, (grey) and Li|ILE|LLZO|Liy (green) cells with their respective
fits and characteristic peak frequencies. Two additional semicircles appear when the ILE interlayer is added to the cell, which probably represent the
interphases between the ILE and the two solids as well as an electrochemical reaction (ECR) at the lithium electrode. Furthermore, b) shows a schematic of the
herein investigated Li| ILE | LLZO | Li, cell alongside the used equivalent circuit used for fitting and the corresponding origins in the cell.
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LLZO.*#4) Ysually, one would expect to see an additional
ohmic drop across the ILE at high frequencies, but its
contribution is negligible when the ILE is only present as a very
thin interlayer, as in the Li|ILE|LLZO|Liy cells. All impedance
contributions for the analyzed setups are listed with their
characteristic frequencies and capacitances in Table S1.

In contrast to the HF processes, the mid frequency
processes (MF, 400 Hz) differ significantly between the cell
setups. For the Li,y | LLZO electrode, a large semicircle is visible,
which can be linked to the high interfacial resistance R,,
between LLZO and lithium. Said R, becomes negligibly small
for ideal lithium electrodes prepared under high pressures (Liy|
LLZO) as seen in dark grey. When employing a Li|ILE electrode
pressureless, another process is observed. The additional semi-
circle in the MF range is severely depressed, which indicates
that two transport processes overlap in this frequency range:
the transport through interphases with the ILE (ILE|LLZO and
Li| ILE).***"! As their interphase compositions and with that, the
time constants, are suspected to be similar, they cannot be
resolved separately. Hence, only the sum of both is considered
in the following as Ry,

A further semicircle, located in the low frequency range (LF,
1 Hz), is observed for the Li|ILE electrode. We interpret this
process as electrochemical reaction (ECR) at the LMA, as lithium
is plated and stripped at frequencies around 1 Hz.*** Even
though the diffusion in the ILE may also explain a contribution
in this frequency range,” we rule this out by investigating Li|
ILE| Li cells with thicker ILE layers (Figure S4).

To further resolve the contributions in the MF range and
aging of the Li|ILE electrode, Table 1 summarizes the MF
resistance contributions of the prepared cells. For one, the
table compares the MF response of Liy|LLZO|Liy, Li,q|LLZO|
Liy and Li|ILE|LLZO|Liy cells as built. For another, the
resistance values of the MF semicircle of a Li|ILE |LLZO | Liy cell
are compared as built and after aging for 100 hours. Finally,
after aging, parts of the cell were gradually replaced with fresh
components, followed by an EIS analysis at each step. First,
aged lithium was replaced by a freshly prepared foil. Then, the
LLZO surface was polished and both ILE and lithium were
renewed, again followed by impedance measurements. All
corresponding Nyquist plots are appended in Figure S5.

It is important to note that the interfacial resistance of Li|
LLZO electrodes is highly dependent on the applied pressure
while attaching lithium during preparation.”®* When attaching
lithium to a polished interface by hand, an interfacial resistance
of >1kQcm’ is obtained. It was shown that this high value is
in fact not intrinsic to the material combination, but can rather

be explained by current constriction, which originates from
surface inhomogeneities.?*! These can either be impurity
phases, like Li,CO;, or morphological roughness due to polish-
ing with SiC-paper. By pressing freshly prepared lithium
isostatically with 380 MPa onto polished LLZO, the interfacial
resistance in Liy | LLZO becomes negligibly small (< 1 Qcm?) by
obtaining optimal contact due to the ductility of lithium metal.
However, utilizing high pressures is not optimal for cell
preparation, especially when considering the scaling of produc-
tion. Therefore, if the ILE is employed to enable better contact
between LLZO and lithium, an interfacial resistance of only
232 Qcm? yields without pressure application,

Aging of the Li|ILE|LLZO|Liy cell for 100 hours led to a
five-fold increase in the MF resistance contribution, which can
be linked to a growing ILE|LLZO or Li|ILE interphase, or
actually both. In order to evaluate the individual contributions,
we first replaced the aged LMA with a freshly prepared one.
This increases the MF resistance marginally, possibly as the ILE
has not fully wet the new lithium surface yet, and shows that
the Li|ILE interphase is not the major contributor to MF
resistance. Subsequently polishing the LLZO surface and
employing fresh ILE and lithium again yields a low resistance
comparable to that of the as-built cell. Hence, it can be
concluded that the Li|ILE interphase is fairly stable and
passivating if no current is applied, whereas the ILE|LLZO
interphase grows with time and is the major contributor to the
MF resistance.

Therefore, we analyzed the composition of the ILE|LLZO
interphase by XPS depth profiling on fresh LLZO and on pellets
which were used in cells in combination with the ILE. Our
results (Figure S6) confirm the analysis reported in a previous
study by Pervez et al.®® and highlight the formation of LiF at
the interface between LLZO and ILE.

The impedance of Li|ILE|LLZO|Liy shows quite similar
features to that of cells employing GE by Liu etal.” The
overall impedance of the interphases between ILE/GE with Li
and LLZO is in the same range (200 Qcm?-300 Qcm?). Like
found here for the LLZO|ILE|Li electrode, the Li|GE|LLZO
electrode shows overlapping contributions from the Li|GE
interphase as well as the GE|LLZO interphases in a similar
frequency range. However, in this case the process at around
1 Hz represents a diffusion resistance of the GE, which is found
in a much lower frequency range in our case (1 mHz). In our
study, we attribute this LF frequency process therefore to an
ECR resistance at the LMA. The difference may be explained by
different diffusion properties of ILE and GE and cell geometry,
specifically the thickness of the soft interlayer.

Table 1. Summary of mid-frequency resistances (Ry, 400 Hz) and their different origins for herein prepared cell setups.
Cell setup Ry [Qcm?] Contribution MF
Liyg | LLZO| Liy as built 1201 Li,g | LLZO interface
Ly | LLZO | Liyy as built <1 Li,y| LLZO interface
Li|ILE | LLZO | Liy as built 232 Interphases, process (3) and (4)
Li[ILE |LLZO | Liy aged 100 hours 1112 Interphases, process (3) and (4)
Li| ILE | LLZO | Liy fresh lithium on aged cell 1469 Interphases, process (3) and (4)
Li|ILE |LLZO |Liy polished LLZO and 222 Interphases, process (3) and (4)
fresh ILE and lithium
Batteries & Supercaps 2021, 4, 1145-1155 www.batteries-supercaps.org 1149 @ 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 4. Nyquist plots of impedances measured approximately every 12 hours when stripping with 100 pAcm ? (the equivalent circuit used for fitting is
shown above the data). Note that the SEI at the Lithium electrode and the SLEI between ILE and LLZO cannot be separately resolved due to similar

characteristic frequencies.

2.3. Influence on Lithium Stripping

In the following, we investigate the Li|ILE|LLZO electrode
during current load. At the solid|solid interface, an anodic
current leads to severe morphological issues at the LMA in
combination with an ISE®* Due to a rather slow vacancy
diffusion in lithium metal, vacancies accumulate at the interface
above a certain current threshold, leading to pore formation
and subsequent contact loss. Stripping and plating experiments
at the LMA can be analyzed well by galvanostatic EIS (GEIS),
where a DC current is superimposed to ongoing EIS measure-
ments,

In order to investigate the influence of the employed ILE on
the pore formation during prolonged stripping at the LMA,
GEIS measurements were carried out at 100 pAcm™ until a
severe change in the potential was registered for the Li working
electrode in the Li|ILE|LLZO|Liy. Exemplarily, Figure 4 shows
the evolution of the obtained Nyquist plot over time. For
clarity, only a few representative spectra were selected and
shown in this figure. It is evident that - while the bulk and
grain boundary contributions stay constant - major changes
can be observed in the mid and low frequency region, linked
above to the SEls and ECR.

To better assess the observed resistance evolution, Figure 5
displays the voltage profile as well as the resistance contribu-
tions over time, which were obtained by fitting the spectra in
Figure 4. The general behavior of Liy|LLZO|Liy (grey)?® and
the herein built Li|ILE|LLZO|Liy (green) is quite similar. For a
major part of the stripping processes, the voltage is quite stable
and only increases slightly for both setups. The overall higher
cell resistance when employing the hybrid electrode setup also
leads to a higher voltage plateau. Subsequently, a sudden
steep voltage increase causes cell failure. However, this is
delayed by a factor of 10-15 when employing ILE as an
interlayer, leading to an areal capacity of around 16 mAhcm ™2,
which is about 3 times higher than the required goal
5 mAhcm 21" Ag no pressure was applied to the cell during
stripping, this is a significant result. An equally large stripping
capacity can otherwise only be achieved by applying high
pressures during the stripping process.””
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Figure 5. The top part of the figure displays the voltage profiles of two
different cells over time during pressureless stripping at a current density of
100 pAcm . While having a lower voltage plateau, the Liy |LLZO | Li,y
(grey)™ cell setup experiences earlier voltage increase, which is delayed by
approximately 15 mAhcm™? when using an ILE interlayer (green). The
bottom part of the Figure displays the corresponding resistance evolution
obtained by fitting the GEIS data, indicating that the ECR as well as the SEI
resistances are responsible for the voltage increase.

The steep voltage increase for Liy|LLZO|Liy cells is
explained by a rising interfacial resistance due to contact loss
at the working electrode.”” While bulk and grain boundary
processes are constant over the whole stripping process, the
observed SEI and ECR resistance contributions also increase at
the end and are responsible for the voltage increase.
Consequently, it can be concluded that interfacial issues are
still responsible for cell failure, even when employing ILE as an
interlayer. While significantly delaying contact loss by employ-
ing an ILE interlayer, it will still occur after a large amount of
lithium has been stripped. This indicates that contact loss still
occurs at the already discussed SLEI between LLZO and ILE or
even between ILE and Li when more lithium is stripped than
can be compensated by excess ILE present at the interface.

To further investigate the influence of ILE properties on
stripping, different cells employing more viscous ILEs were
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Figure 6. a) Voltage profiles of cells employing 1.75 M, 1.25 M, 0.75 M and 0.25 M LiTFSI. b) Calculated areal capacity Q, and measured viscosity of the ILEs
versus their LITFSI concentration. Error bars are estimated according to reproduced experiments and experimental uncertainties. ¢) Comparison of areal
capacities between different cell setups. Measurements were conducted with 100 pAcm unless stated otherwise.

prepared and characterized. As the viscosity can be fine-tuned
via the salt concentration ¢;,"" cells with 0.25-1.75 (A=
0.5) molL™" of LiTFSI in Py, TFSI were subjected to long-term
stripping within this work. Nyquist plots of as-built cells are
shown in Figure S7. No clear differences can be observed in the
cell impedance before stripping.

Figure 6a shows the voltage profiles when stripping lithium
in the abovementioned cells. Cell failure occurs earlier when
more LiTFSI is dissolved in the ILE. Moreover, Figure 6b shows
the calculated available areal charge capacity Q, as well as the
viscosity 77 as function of the salt concentration ¢jrs. A linear
decrease in Q, is observed with increasing ¢ ;. As 1 increases
with ¢, this indicates that a lower viscosity improves the
stripping performance - almost linearly (Figure 58). The
obtained viscosity for the 0.25 M ILE is in good agreement with
literature data on similar systems, being around 90 mPa s.,1***°!

An overview over the prepared cells employing ILE and
bare Li|LLZO electrodes is displayed in Figure 6¢, showcasing
the improved stripping behavior for all ILEs, even under higher
current density. Note that by increasing ¢,z not only the
viscosity is increased, but also the ionic conductivity o is
decreased, see Table 52. As the ILE only contributes only to a
minor extent to the overall cell resistance, we assume that the
differences in stripping behavior are due to changes in »
instead of o. Clearly, the ILEs with lower viscosity and therefore
also lower surface tension”'*? can follow morphology changes
of the interface easier, and therefore, act more efficiently as
“contact buffer”.

2.4, Reversibility of Li|ILE-Electrode Configurations

As already shown above, the employed ILE interlayer greatly
improves the available areal specific capacity under anodic
operating conditions, compensating pore formation at the
interface without the application of pressure. Naturally, also the
behavior under cathodic conditions was investigated here.

Batteries & Supercaps 2021, 4, 1145-1155 www.batteries-supercaps.org

1151

Figure 7 shows a voltage profile and resistance evolution for
stripping and plating with 100 pAcm ™ in an asymmetrical Li|
ILE|LLZO | Li,4 setup. Within the herein cycled areal capacity of
lithium (approximately 25 uAhcm™ or 125nm per step, if
stripped homogeneously), the Li, counter electrode is morpho-
logically stable and does not contribute to the observed
changes in resistance.”” We deliberately chose not to employ
two Li|ILE electrodes, as changes while stripping on one side
may overlap with changes while plating on the other,

As the cell setup is not strictly symmetrical, the observed
voltage profile is also not completely symmetrical despite using
two lithium electrodes, which originates from the fact that Li,
was prepared under high pressures and unlike the other
electrode does not employ ILE between the ISE and lithium,
However, it is striking that the first stripping step has a stable,
rather unchanged voltage compared to subsequent stripping
steps, showing a step-like voltage profile. We believe that
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Figure 7. The top of the graph shows the voltage profile during pressureless
stripping (green) and plating (blue) at the ILE side of the prepared
Li|ILE | LLZO | Liy cell setup. The bottom part of the graph shows the
evolution of the different resistance contributions present in the impedance
spectrum obtained via GEIS measurements.
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lithium stripping is quite homogenous in the beginning, as
morphological inhomogeneities have not formed yet. After
reversing the current, plating occurs at the Li|ILE electrode,
which  probably leads to inhomogeneous lithium
deposition >

Understanding this observation is possible by analyzing
changes in the different resistance contributions. As expected,
bulk and grain boundary resistances are constant during the
measurements, as the separator does not change. However, the
voltage profile is closely mirrored by the changes in Ry, and
Recp. At first, both contributions are constant during homoge-
neous stripping. Subsequent morphological changes during
plating lead to an increasing surface area of the LMA and
therefore to an apparent decrease of the ECR resistance
contribution. This is similar to what was observed for Li,| LLZO
regarding the interfacial resistance at around 1 kHz."" Addition-
ally, similar but attenuated effects are visible for the sum of the
interphase resistances in the middle frequency range. Again, by
increasing the actual surface area of the LMA during plating,
the apparent SEl resistance between ILE and lithium decreases.
This also confirms that the SLEI resistance between ILE and
LLZO does not depend on changes in the LMA morphology.
Despite the SEI resistance only having a small contribution to
the sum of both SEI and SLEI, it still impacts the observed total
value.

Previous studies employing ILE or GE as interlayers showed
a stable cycling performance in symmetrical cells up to around
0.3 mAcm 2% |n these examples, small amounts of lithium
were transferred in many cycles, which is especially important
to assess long-term stability and potential for possible
applications of a cell setup. However, the experiments shown
here rather focus on the microscopic evolution and changes in
cell resistance contributions to better understand the physico-
chemical behavior of the setup. Still, in the cited studies, a
more symmetric voltage profile was obtained for cells with two
hybrid electrode configurations when compared to the herein
prepared Li|ILE|LLZO|Liy cell with only one Li|ILE electrode.
This is surprising, but may be explained by different morphol-
ogy and surface composition of used LMAs as well as the
difference in the counter electrode.

2.5. Evaluation of Morphological Changes During Stripping

As the ILE's viscosity is suspected to play a crucial role in the
origin of the voltage increase and speculated contact loss, cryo-
FIB-SEM imaging was performed to analyze changes in lithium
and ILE morphology. Therefore, the cells to be investigated
with FIB-SEM, were frozen with liquid N, before imaging, to fix
the otherwise liquid ILE in place. Then, FIB-cutting was
performed through the Cu CC, LMA and ILE into the LLZO (see
Figure 2). Subsequently, SEM images of the cross-section were
recorded.

Figure 8b-d displays SEM images of the cross section for a
cell which was characterized as-built. Similar images for Li|ILE
electrodes, which experienced an anodic current of
100 uAcm ? without failure, are displayed in Figure 8e-f. Addi-
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tionally, an electrode which passed the steep voltage increase
was characterized and the cross section is displayed in
Figure 8g-h. To unequivocally link the imaged layers to the
materials used herein, Figure 8i also depicts the results of an
EDX-line-scan that was performed on the cross section of the
as-built cell, indicated by the dotted line in Figure 8b. Note that
due to the inherent morphological changes during the experi-
ments, different cells had to be used to assess the different
stages in the stripping process. Hence, layer thicknesses of
lithium and ILE are not necessarily identical in the different cells
and FIB cuts. However, we assume that the general morphol-
ogy evolution is comparable nonetheless, Additional images
are presented in Figure 59.

First, the as-built cell has a relatively smooth layered
structure of Li, ILE and LLZO. From top to bottom, the layers
get progressively brighter as visible in the BSE image in
Figure 8b, which is plausible as the involved average atomic
mass of elements increases in the order of Li<ILE <LLZO. The
very dark appearance of the top layer identifies it as lithium
metal. The next layer corresponds to frozen ILE, followed by
LLZO ISE. This is confirmed by measuring an EDX line-scan, as
depicted in Figure 8i. For the sake of simplicity, only O, F and C
K-line signals are selected. Three separate regions are visible in
the element distribution. In the first layer, oxygen levels are
clearly elevated which fits to the LLZO layer. The next layer has
an enrichment of C and F, which are both present in the ILE.
The third layer only gives a low O signal, which probably
originates from a passivation on the lithium surface. The lithium
itself is not visible with the herein used EDX detector.

Another interesting observation for the first cell is that the
contact between the different layers is quite good, indicating
satisfactory wetting of the ILE on LLZO and lithium. Only
between LLZO and ILE there is a very thin gap (~200 nm),
which is probably simply caused by different thermal expansion
factors and the large temperature change when cooling with
liquid N,. Otherwise, some vertical lines are visible. This
“curtaining” is known in literature and frequently happens
when performing FIB cuts and is therefore not to be attributed
to the samples morphology.**

Moving to the second cell, which experienced anodic
current without severe voltage change, a clear change in
morphology is visible. The Li|ILE interface now shows rough-
ness in the pm scale, which fits well to the amount of lithium
that was stripped until this point. This observation also
indicates that pore formation due to uneven lithium dissolution
is not attenuated by the ILE interlayer, but rather compensated.
This compensation is very well displayed in Figure 8e, as the ILE
is not a homogeneous layer anymore, but fills pores in the
lithium metal. A partial contact loss is already visible in
Figure 8f, as the available ILE cannot fill the whole pore volume.
However, we note that lithium metal is closer to the separator
than it was before. This is probably the case due to the mobility
of the ILE and the used cell setup, somewhat shifting the
lithium. Interestingly, another cut in this sample was prepared
and analyzed, which did not show severe morphology changes
but a rather thick lithium layer, see Figure 59. This hints at large
inhomogeneities in the stripping process.

@ 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 8. a) Schematic of a typical voltage profile during stripping of lithium in a Li|ILE | LLZO | Liy cell. Cross-sectional images were obtained via cryo-FIB-SEM
to assess the morphology of the interfaces at different stages while stripping. In b-d), SEM images of the ILE|LLZO and Li|ILE interfaces in an as-built
Li|ILE|LLZO| Li,; cell are displayed. The SEM images in e) and f) show the morphology of the ILE | LLZO and Li | ILE interfaces after stripping was performed and
before cell failure has set in. Finally, g) and h) display cross-sectional images of a cell after the steep increase in voltage. To unequivocally link the different
layers in the SEM images with the cell components, an EDX-line scan was carried out on the as-built cell and is displayed in i). Note that all FIB and SEM
measurements were carried out at around 140 K-150 K, cooled with liquid nitrogen, so the ILE is solid and lithium metal does not melt when cut with the FIB.

The third column displays the full contact loss after the
distinct voltage increase under anodic current. Only some ILE
residue (res.) is left bound to the lithium metal, but LLZO is not
visible anymore, as the FIB-crater unfortunately was not deep
enough to also display the separator. Note that these SEM
images were selected to showcase the morphology evolution
under anodic current although measurements at different spots
partially show other morphologies, see Figure S9. This leads to
the conclusion, that pore formation/lithium dissolution is quite
uneven and has even macroscopic differences under prolonged
stripping as already indicated by the previous sample. Macro-
scopic pores were also visible to the naked eye when Figure 9. Comparison of confocal microscopy (top view) images of a) freshly
disassembling the cells after measurement. This conclusion is prepared lithium foil and b) lithium foil which was stripped until the voltage
further strengthened by the fact that approximately Spike.occurred:

16 mAhcm™ could be stripped, which corresponds to about
75 um of lithium if it were stripped homogeneously. The
resulting strong spatial inhomogeneity is also seen in images Pores spanning several micrometers as well as holes down to
obtained via confocal microscopy, as displayed in Figure 9. the copper current collector are found for the treated LMA. The
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freshly prepared foil only shows long marks, probably because
of pressing the foil in preparation, but no large pores as visible
for the treated LMA.

To summarize the morphology evolution during stripping,
Figure 10 displays the suggested mechanism and subsequent
contact loss when using ILE as an interlayer. Besides that the
ILE partially compensates pore formation, the general mecha-
nism of contact loss is surprisingly similar to that already
reported for the solid|solid Li|LLZO interface™ This is
supported by the decrease in interfacial capacity of the RQ-
elements in the MF and LF range while stripping as seen in
Figure 510, which is quite similar to the bare Liy|LLZO inter-
face.

It is an interesting question why the voltage profile shows
such a long and stable plateau before increasing steeply
instead of a continuous voltage increase. The reason is yet not
completely clear but involves effects on both the nm and um
scale. The effect on the nm-scale is the surface diffusion of
lithium, which is constantly supplying new lithium to be
stripped at the interface as already discussed in the work of
Krauskopf etal.?” On the pm scale, the ILE is compensating
freshly forming inhomogeneities first, which then fails when
the excess ILE reservoir has been used up to compensate the
continuously growing inhomogeneity. Our findings are sup-
ported by experiments where a new cell was assembled in
combination with an already stripped lithium anode as in
Figure 5. In this case, large stripping capacities are observed
again, as new ILE is compensating the pores upon building the
cell. From this experiment, it can also be concluded, that
lithium does not need to be perfectly flat when preparing cells
with liquid interlayers to work.

An additional reason for the sudden and drastic increase in
cell resistance may be the change of wetting of the ILE on an
increasingly rough lithium surface. With increasing viscosity,
the surface tension also increases,”"*? which facilitates the
transition from the Wenzel state (wetting on rough surfaces) to
the Cassie-Baxter state (dewetting on rough surfaces) at a lower
stripping capacity.”” This sudden dewetting may also be
responsible for the observed contact loss.

3. Conclusions

We analyze a hybrid electrode employing lithium metal as the
anode, ionic liquid electrolyte (Py,,TFSI with LiTFSI) as an
interlayer as well as LLZO as a solid electrolyte separator. This
electrode configuration is characterized in a Li|ILE|LLZO|Liyq
cell setup mainly with (galvanostatic) electrochemical impe-
dance spectroscopy, FIB-SEM and XPS, regarding the stripping
and plating behavior, morphology of the layers and their
reactivity, respectively. Generally, the cell resistance is lowered
by employing the ILE respective to the conventional (non-ideal
solid | solid) LMA preparation. It was additionally found that this
cell setup enhances the areal charge capacity for lithium
stripping (> 15 mAhcm™) by a factor of 10 to 15 in comparison
to an ideal Liy|LLZO interface (1.2 mAhcm %) without the need
of external pressure while preparing or cycling the cell. Cryo-
FIB-SEM imaging reveals that pore formation while stripping at
the lithium electrode is not entirely prevented with the herein
used setup, but contact loss is rather delayed as the mobile ILE
fills growing pores to some extent. Furthermore, this work
analyzes the concept of self-adjusting liquid interlayers and
possible failure mechanisms, which could be prevented in
future studies by employing optimized materials, e.g., ILEs with
lower viscosities or cell setups with excess ILE.
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4 Conclusions

Despite lots of progress and research performed on the Li|SE interface, several challenges remain
to be overcome before commercialization of SSBs with an LMA. This work presents novel insights
regarding both the chemical compatibility of oxide SEs with lithium metal as well as morphological
issues when lithium is electrochemically dissolved or deposited at interfaces. Lastly, different
methods on compensating morphological challenges, like employing liquid wetting agents or using
composites, are conceptually presented and investigated regarding their viability to match specific
requirements. Additionally, pitfalls in current research on metal electrodes are analyzed within this
dissertation, which currently are ignored by many researchers. Based on these findings, guidelines
on how to properly test the limits of Li|SE interfaces are given to streamline future research and
gain comparable data.

As literature results still are conflicting on whether and to what extent an SEI forms between lithium
and LLZO:Al, said interface was investigated in dependence on the lithium deposition method. One
key finding previously overlooked in literature is that the energy input during lithium deposition
influences the outcome and extent of interphase formation. While high-energy input methods such
as sputter deposition result in a partial reduction of Zr** within LLZO:Al, low-energy input methods
such as electron-beam vapor deposition do not induce a reaction between lithium and LLZO:Al.

Since most SEs react with lithium metal, which additionally forms a resistive passivation layer, so-
called RFCs gain importance in battery research. If the lithium reservoir is omitted upon assembly
but rather deposited within a first formation step, the handling of reactive lithium foils can be
circumvented. Furthermore, the time where lithium is in contact with the SE is minimized as well.
Therefore, a novel operando method was introduced within this dissertation that allows the
characterization of the plating morphology within RFCs as a function of different external
parameters, such as applied current density or CC thickness. The gathered knowledge will help to
overcome the major challenge that still hinder the feasibility of RFCs, being very heterogeneous
and difficult to control deposition morphologies.

Rather, heterogeneous morphologies including whiskers, dendrites and islands seem to occur
simultaneously. To elucidate different influential parameters, our novel SEM operando technique
allowed the cross-sectional and top-view observation of lithium growth at Cu|SE interfaces. A
strong dependency of the morphology on the applied current density, CC thickness and SE density
could be found. In our case, thicker CCs and denser electrolytes in combination with high current
densities lead to a high areal coverage of lithium, paving the way for future optimization and
analysis of RFCs.

However, the biggest hurdles yet to be overcome before successful LMA implementation are
contact-related issues, i.e. pore formation during stripping. Independent of whether classical SSBs
or RFCs are used, the insufficient vacancy diffusion and low vacancy detachment rate from the
interface are physically limiting the applicable discharge current. While this cannot be
fundamentally changed for the Li|SE interface, several mitigation strategies were conceived and
analyzed within this dissertation, including tailoring of lithium grain size, liquid interlayers and
blending lithium with CNTs.

The grain size of lithium foil was tailored using different thermal processing histories for the first
time. Thereby, a pronounced influence of the grain size on anodic dissolution of lithium could be
shown, with small grains leading to a higher capacity at moderate pressures (2 MPa) as grain
boundaries and dislocations facilitate the replenishment of lithium vacancies at the interface via
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dislocation pipe diffusion and Nabarro-Herring creep. Yet, linking the lithium microstructure to
dissolution performance is only directly relevant within the first discharge of an LMA. In the case
of full cells and RFCs, however, lithium is first deposited onto either a lithium reservoir or a metal
CC yielding an unknown grain size and dislocation density. Linking the LMA microstructure to the
discharge performance therefore serves as data to be able to assess the microstructure of deposited
lithium in RFCs and full cells.

Another strategy to overcome morphological changes during lithium dissolution is the use of
composite electrodes. Within this dissertation, composites consisting of lithium and CNTs were
investigated regarding their electro- and chemo-mechanical properties. It could be shown that
dispersed CNTSs act as lithium pathways, which lead to lithium dissolution from the bulk of the
anode material instead of only from the interface. This is then confirmed by visualizing pores within
the bulk with cryogenic FIB-SEM. Hence, very high capacities > 20 mAh cm? without the
application of external stack pressures can be achieved, albeit not at high current densities.

Additionally, dispersing fibers in lithium also offers the possibility of tuning the mechanical
properties to the desired requirements. For example, 30 wt% of CNTs dispersed in lithium increases
its yield strength and Vickers Hardness to 2.7 GPa and 60 MPa, respectively. If no pressure is
applied during stripping, Li-CNT composites offer higher stripping capacities compared to pure
lithium. However, if a moderate pressure of around 1 MPa is applied, pure lithium metal will
deform and creep, effectively suppressing pore formation. As the composites have a higher yield
strength, they are not as sensitive to external pressure with regards to the available stripping
capacity.

Furthermore, employing an IL as a wetting agent at the Li|lLLZO interface was analyzed to be a
valuable improvement to the electrode’s stripping capacity. It could be shown that the pore
formation within the metal is not suppressed, but rather compensated. Despite only around
510 pL of IL present at the interface, growing pores are filled to a large extend by IL flowing
into the voids. This results in stripping capacities of > 15 mAh cm?, exceeding targets set in
literature.*5” However, while this concept is a viable improvement of the discharge capacity, it still
lacks proof that it leads to improved cycling overall. It still is academically important, as it shows
exemplarily that sacrificing the concept of an all-ceramic SSB for a hybrid approach can lead to
drastic improvements in certain properties while simultaneously not undermining the benefits of
SSBs. After all, a few microliters of a non-flammable, low vapor pressure IL do not diminish the
safety gained by employing a solid, ceramic separator.

Overall, this dissertation offers novel techniques to both investigate and overcome morphological
issues present during dissolution of LMAs and deposition of lithium in RFCs. Addressing these
challenges is of utmost importance to realize a stable and reliable operation of SSBs employing a
lithium electrode.
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5 Outlook

As one part of this dissertation, it could be shown that RFCs present an elegant way to avoid the
handling of pure lithium metal during SSB fabrication. A powerful tool was introduced to study the
optimal interface conditions, CC properties and lithium deposition parameters, which will be used
in the future to guide the search for suitable conditions allowing the homogeneous deposition of
lithium films at a CC|SE interface. As of now, there seems to be no physicochemical reason why a
proper realization of an RFC could not work, which is very promising regarding future cell
optimization.

However, despite significant insights gained regarding microstructural and morphological effects
and strategies to overcome them at the Li|SE interface, one key question remains with regards to
large-scale realization of LMASs.

Can the Pore Formation during Stripping of Metal Electrodes be Overcome while Keeping their
Expected Advantages?

Both for RFCs and traditional SSBs, lithium stripping during cell discharge presents an enormous
challenge to realize cycling of significant charges (>5 mAh cm?) at a realistic current density
(>5mA cm?) due to pore formation.”® The two promising concepts presented within this
dissertation, being liquid pore filling agents in the case of hybrid electrodes® or composite
electrodes employing carbon scaffolds*® show great improvements, thereby lowering the necessary
pressure and increasing the available discharge capacity to >20 mAhcm? However, high
discharge rates still remain a challenge on a physicochemical level due to the insufficient vacancy
diffusion within lithium metal resupplying lithium to the interface.

Furthermore, investigation is needed on how the presented results on pore formation and mitigation
transfer to promising sodium metal electrodes.*?” Sodium-based SSBs could potentially offer nearly
the same energy and power density as traditional lithium-based systems without the need for critical
elements such as lithium itself or cobalt.!?® Early works on the interface kinetics indicate that a
knowledge transfer between lithium and sodium metal electrodes is indeed possible, as the charge
transfer between sodium and NassZr:Si24PosO12 Seems to also be negligible when very clean
interfaces are prepared, as in the case for Li|LLZO.? Interestingly, pore formation during stripping
seems to be equally challenging for Na|SE interfaces.

High stack pressures in the range of several tens of MPa can mitigate pore formation by resupplying
alkali metal atoms to the interface via creep and plastic deformation.®” However, the use of pressure
frames able to apply high pressures on a system level leads to an overall system energy density that
is lower or at best on par with traditional LIBs. While some companies claim to be able to discharge
SSBs with an LMA at low pressures and high rates,? it is not yet commonly understood how this
should be achieved. The role of pressure and especially its magnitude therefore still remains elusive
in enabling the use of alkali metal electrodes within SSBs and will be of great interest in future
studies.

Another solution to pore formation is the utilization of three-dimensional, porous SE bi- or trilayers,
as the local current density is very low despite areal current densities in the range of 10 mA cm™.
Within these structures, porous SE layers are filled with electrode material and are separated by a
dense SE layer in the middle, not thicker than 20 — 30 um. This concept is promising, especially as
pressure requirements and volume changes are mitigated. However, this method also lowers the
specific capacity and thus the biggest benefit alkali metals provide as anode materials. It may still
be worth the effort though, as it is an elegant way to enable practical current densities in the range
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of several mA ¢cm2.1% Calculations additionally reveal that an LLZO bilayer with a planar LMA
attached to the dense side and NCM811 infiltrated into the porous layer (75 vol. %) could lead to
500 Wh kg being feasible.®*® However, it is questionable if this can actually be realized, as high
interfacial resistances between NCM811 and garnet SEs as well as the low conductivity of the SE
would severely limit the available cathode capacity when current densities of several mA cm™ are
applied. ™%

As of now, it can be concluded that the slow vacancy diffusion and detachment at planar metal|SE
interfaces during stripping poses a fundamental physicochemical challenge for the realization of
practical current densities of several mA cm? when metal anodes are used. Mitigation strategies,
such as applying high stack pressures, using liquid pore filling agents or three-dimensional
interfaces exist and work to a certain extent. However, these concepts so far diminish the initially
promised advantages of realizing an alkali metal as the anode material.

Future research is needed to understand if hybrid concepts are able to mitigate or avoid pore
formation during cell discharge while keeping the advantages associated with using alkali metal
electrodes. This fundamentally challenges the academic view of next-generation batteries having
to be all-solid. If hybrid concepts show the best cell performance, they should be considered for use
despite still employing liquid parts.
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Figure S1. Comparison of XPS signal attenuation by Li deposition via sputtering and e-beam evaporation.
Spectra for the electrochemically-deposited samples are scaled by a factor of 0.006 for comparison due to the

different pass energies used to collect these spectra.
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Figure S2. Comparison of the Zr 3d XPS signal depending on the thickness of Li deposited via e-beam. The 10
nm deposition was performed on hot-pressed LLZO and the 16 nm deposition was performed on sintered
pellets. Both samples exhibited identical surface chemistry prior to Li deposition.
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Figure S3. Equivalent circuits used for the different cell setups and EIS measurements including alpha-values
for each R-P element.
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Figure S4. Cycling of symmetric Li|LLZO|Li cells with Li deposited via sputtering or e-beam deposition.
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Figure S5. Zr 3d core-level XPS spectrum showing no reduction of Zr takes place after 5 kV Ar* bombardment

in the absence of Li metal.
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Figure S6. O 1s and Zr 3d core-level XPS spectra after thermal annealing (left) and sputter cleaning (right).
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Figure S7. a) X-Ray diffraction pattern of an Al-LLZO sample densified via Rapid Induction Hot-Pressing
(RIHP) at 1225 °C. Rietveld refinement showed presence of pyrochlore (1.9 wt. %), marked on the pattern. b)

A Liy ,Zr0, = 1.9wt %

RIHP Lis,25A|0'25Laazr2012
1225 °C

PDF 04-18-3158

15 20 25 30 35 40 45 50 55 60 65

20/°

LN B B B e L e e e e e e e e s e e
T T T T T T T T T

—— Lis2sAlo2sLazZr012
1230 °C
|  cubic-phase

20/°

X-Ray diffraction pattern of Al-LLZO sintered at 1230 °C.

15 20 25 30 35 40 45 50 55 60 65



7 Appendix 106

7.1.2 Publication 2: “Current-Dependent Lithium Metal Growth Modes in ‘Anode-
Free’ Solid-State-Batteries at the Cu|LLZO Interface”
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Figure S1. The lithium morphology after plating with 50 uA em™ is shown on the left in a). During
stripping, a fast contact loss and increase in overvoltage is reached due to the low areal coverage
of lithium. This is visible in the particles collapsing upon stripping, herein marked with orange
circles. This resulted in a low coulombic efficiency of 13%.
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Figure S2. a) SEM micrographs depicting the lithium morphology after plating with 50 uA em” at
Cu|LLZOy. interfaces. The single-crystalline LLZO surface was achieved by controlling the LLZO
grain size to be larger than the copper current collector patch. Morphologies after plating with
100 uA em”, 500 HA em™ and 1000 HA em” are depicted in b), c) and d), respectively.
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Figure S3. Magnified plot of the current pulses during the plating experiment. The overvoltage
shows that lithium nucleates at new spots despite growth happening already at other areas within
the sample.
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Figure S4. Histogram of the particle size distribution after plating continuously with 100 uA cm’?

(left) and after using a pulsed “advanced charging” (right). A clear increase in the number of
smaller particles is evident.
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Figure S5. a) Voltage profile of lithium deposition observed at a Cupy|LLZO cross-section with
50 uA em” applied. Respective SEM images during the process are depicted in b) — e). Note that e)
shows a different image area than the other SEM images. Grain boundaries are visible after
prolonged observation times due to electron beam induced lithium plating. Similar to the growth
process with 100 uA em?, a mix between whisker (mode (1)) and layer growth (mode (2)) is
observed without any indication of lithium filament/dendrite growth. Additionally, the thickness of
grown lithium is not perfectly homogeneous over the whole cross-section.
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Figure S6. Low-magnification images of the cross-sections used for plating with 50 uA em? (a),
100 uA em™ (b) and 500 HA em’ (c). Note that due to the tilted sample geometry, the error bar is
not scaled perfectly.

penetration through

Figure S7. a) Cross-sectional overview over the herein investigated LLZO|Cugim00mm electrode
system. A film thickness of 400 nm was chosen to obtain a better cross-sectional visibility for the
SEM experiment. We believe that the gained qualitative insight can be transferred to thinner films.
At the beginning of the plating, sub-surface growth is visible in b), which then breaks through the
copper layer as magnified at different stages in c), d) and e).
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Figure S8: SEM micrograph of lithium being plated at thick Cus,, films deposited on LLZO. Only
at the edges of the prepared Cu patch, lithium is visibly growing, which only occurs due to the
small size of the electrode. While this setup is unsuitable for characterizing the lithium growth as a
Junction of the current density, it shows that the thicker Cu film is mechanically more stable and
suppresses the penetration of growing lithium whiskers and particles through the current collector

when compared to thin films used as shown in Figure 2.

600

Y
N

500 F

-Im(2) / Qcm?
- N w H
o o o o
o o o o

o

2 kHz

non-blocking i

100 200 300 400
Re(Z) / Qcm?

500

600 0

20

Figure S9. a) Impedance evolution when plating lithium at a Cugy| LLZO interface with 100 uA cm
? and 2 MPa of pressure applied. A clear transition between blocking and non-blocking impedance
is observed once lithium has been deposited. Also, the good resolution and well separated
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contributions of bulk and GB transport even before lithium plating indicate a conformal contact
between Cupyy, and LLZO. The extracted values of the three impedance contributions from a fit with
the equivalent circuit in a) are depicted as a function of time in b) together with the voltage profile.
SEM micrographs after plating are additionally shown in low (c) and high (d) magnification. Two
different morphologies of grown lithium are visible. Below the thin Cu film, there is a large number
of lithium particles in the size of around 1 pm present. The second observed lithium growth mode is
that of a deformed whisker, which is in the size range of several tens of pm. Due to the small copper
patch on top of the whisker, we conclude that once lithium penetrated the current collector film, it
was plastically deformed and deposited above the rest of the CC. This is detrimental to the cell’s
performance, as no new contact area between lithium and LLZO is generated thereby.
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7.1.3 Publication 3: “Overcoming Anode Instability in Solid-State Batteries through
Control of the Lithium Metal Microstructure”

Supporting Information

for Adv. Funct. Mater., DOI: 10.1002/adfm.202211067

Overcoming Anode Instability in Solid-State Batteries
through Control of the Lithium Metal Microstructure

Dheeraj Kumar Singh,* Till Fuchs, Christian
Krempaszky, Boris Mogwitz, Simon Burkhardt, Felix H.
Richter,* and Jirgen Janek*
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Preparation of solid electrolyte. The inorganic solid electrolyte (ISE) Lis2sAlozslasZr2012 (LLZO)
was prepared using a high-temperature solid-state synthesis. Briefly, stoichiometric amounts of
La(OH)s (99.9 %, Sigma-Aldrich), Li2COs (>99.0 %, chemPur, with an excess of 3wt.%), ZrO2 (99.9
%. Sigma-Aldrich) and Al>Os (99.8 %, abcr) were homogenized via ball-milling (Fritsch Pulverisette 7
premium line). The milling was performed at 350 rpm for 24 cycles with each cycle consisting a cooling
step of 20 min for every 10 min milling. The resulting mixture was then transferred to the glovebox,
maintained under argon environment (MBraun, p(O:)/p < 0.1 ppm, and p(H.O0)/p < 0.1 ppm). and was
grounded again using agate pestle and mortar. Thereafter, the ball-milling step was repeated once again
with the same set of parameters. Then, in 6.0 g batches, the obtained mixture was pressed into pellets
with a diameter of 25 mm. The resulting pellets were then calcined in an open MgO-crucibles in a tube
furnace (Nabertherm R40/500/13-P320) under 150 scem dry oxygen flow at 1000 °C (ramped at 100
OC per hour) for 4 h. The calcined pellets were then transferred to the glovebox and were grounded
again to the LLZO powder. The obtained material was ball-milled again for 40 cycles with the same set
of parameters as above. Around 600 mg of the resulting powder was then uniaxially compressed into
10 mm pellets in a stainless-steel die, and was then subjected to isostatic compression at 380 MPa for
1 h. The isostatically pressed pellets were then sintered at 900 °C for 5 h under 150 sccm Os flow in an
MgO-crucible with LLZO mother powder on the top to avoid unwanted lithium loss. Thereafter, the
temperature of the furnace was raised to 1100 °C and was held constant for 5 h followed by further
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ramping to 1230 °C in an hour of the preceding step, and was maintained at this temperature for 4 h.
The samples were then subjected to natural cooling. All heating steps were roughly carried out with 100
°C per hour. The density of the obtained pellets was determined to be ~93%.

Preparation of different grain sized polycrystalline lithium. Lithium metal samples with two
different grain sizes were prepared by varying the thermal treatment process of a molten lithium rod
(Rockwood lithium GmbH). Briefly, identical quantities of lithium rod were heated in two separate but
identical closed steel crucibles at 653 K over a hot plate in an argon environment (MBraun, p(O2)/p <
0.1 ppm, and p(H,O0)/p < 0.1 ppm). On melting, one of the crucibles was quickly quenched in a liquid
nitrogen bath (73 K) whereas the other crucible was cooled slowly to room temperature (298 K) by just
turning off the hot plate. This resulted in two quite different mean grain sizes of lithium viz., fine- and
coarse-grained lithium. When the lithium had solidified in both crucibles, the samples were scooped
out using steel spatula. Any surface passivation layer was removed using a ceramic knife. Lithium foil
electrodes with a thickness of ~115 to 120 pm were then prepared by mechanical processing of the
chunks of respective lithium samples using a hand pressing stainless-steel tool. Thereafter, lithium
symmetric cells implementing fine-/coarse-grained polycrystalline lithium as working electrode, were
fabricated. Mechanically processed and thermally untreated lithium foil (Rockwood lithium GmbH)

was used as quasi-reversible counter and reference electrode, see following section for details.

Fabrication of lithium symmetric cell (Lijsl LLZOl¢/h-Li). The reference/counter electrode (Lig) was
made from the mechanically processed chunks from the lithium rod (Rockwood Lithium GmbH).
Briefly, small pieces of the rod were cut and any surface passivation layers were removed with the help
of a ceramic knife. The Li was then mechanically pressed using a homemade, hand pressing stainless-
steel tool. This step resulted in a thickness of ~115-120 pm of the obtained lithium foils. Similarly,
either fine- and coarse-grained lithium electrode foils were processed in an analogous manner and were
used as working electrodes. The respective lithium foils with a diameter of 6 mm were then appended
on either side of the LLZO pellet using finger applied stress with additional layers of thin Cu foils (8
mm diameter) on its top. Thereafter, the assembled cells were then vacuum sealed under argon
atmosphere (MBraun, p(O:)/p < 0.1 ppm, and p(H.0)/p < 0.1 ppm) using three protective layers of
rubber reinforcements of Sonodomen (CPR GmbH). The sealed assembly was then isostatically
compressed at 362 MPa for 30 min to obtain symmetric cells. During this step, the working electrodes
undergoes straining to about 15-18 %, indicating significant strain hardening. We refer to this post-
strained state of fine-and coarse-grained polycrystalline lithium electrode to as c-Li and h-Li
respectively. In the resulting symmetric cell, i.e., CulLiyLLZOIlc/h-LilCu, Liia has negligible interfacial
resistance and is morphologically stable during the experimental conditions (see below for details) and

hence does not contribute towards observed cell impedance.

Electrochemical measurements. The ionic conductivity of LLZO pellets were determined under ion-

blocking conditions by using an Au symmetric cell of the type AulLLZOIAu. Around 200 nm thick
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electrodes of gold with a diameter of 6 mm were vapour-deposited on both sides of a LLZO pellet under
vacuum using a homemade setup. Thereafter pouch cells were fabricated using Ni current collectors by
sealing under the above conditions. Potentiostatic electrochemical impedance spectroscopy (PEIS) data
were then acquired with an amplitude of 10 mV with a frequency range of 7 MHz-100 mHz using
VMP300 (Bio-Logic). The activation energies for the bulk and grain boundary transport processes were
determined using temperature-dependent measurements between 233 K to 333 K with an equilibration

time of 1 h (Weiss Klimatechnik climate chamber).

Continuous galvanostatic electrochemical impedance spectroscopy (GEIS) measurements were
performed at 0.1 mA cm with an amplitude of 0.01 mA ¢cm™ on VMP300 in the frequency range of 7
MHz to 1 Hz with a cut-off potential of 1.0 V. The lower frequency limit was set to 1 Hz in order to
avoid strong distortion of the data due to higher time-period of the acquisition at frequencies < 1 Hz,
causing substantial interfacial changes thus leading to the violation of the steady state condition. The
pressure-dependent measurements were performed using a homemade setup equipped with a force
sensor (KMT55-20kN, Inelta Sensorsysteme GmbH & Co. KG). Additionally, the setup was equipped
with a spring to compensate for any pressure relaxation during the measurements. All the measurements
were performed in the climate chamber at 298 K in order to avoid any influence of thermal fluctuations

on the measurements.

Instrumentation and material characterization. X-ray diffraction (XRD) patterns of the samples
were acquired using PANalytical Empyrean powder diffractometer in Bragg-Brentano 0-0 geometry
with Cu K, radiation to ascertain the phase purity of the samples. The measurement range and the
corresponding step-size were varied depending on the nature of the samples viz. ¢/h-Li or LLZO. LLZO
powder and as well as mechanically processed thin foils of ¢/h-Li of thickness ~100 um were loaded
onto (911) oriented silicon zero background holder equipped with Kapton® protective film for the XRD
measurements. Supra 55 VP-4132 Carl Zeiss scanning electron microscopy (SEM) Merlin was used to
obtain electron micrographs of the samples. An acceleration voltage of 3.00 kV and a current of 100
pA was used to acquire the images. The SEM chamber pressure was ~7 - 10° mbar. A Leica transfer
module system (EM VCT 500) was used to transfer samples from the glovebox to the SEM chamber

under air-tight conditions.
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Figure S1. (a) Depicts a diffractogram of the herein used cubic LLZO together with the respective
reference data. A cross-sectional SEM imagine of the LLZO is shown in (b). The impedance and utilized

fit model of a AulLLZO\Au cell are shown in (c).

Figure S2. SEM image of reference lithium foil.
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Figure 83. (a) Diffraction pattern of fine-grained Li and coarse-grained Li foils. An inset of the brightest
reflection is shown in (b).

Constitutive equations

The constitutive equation for the steady-state lattice diffusional creep or the Nabarro-Herring creep is

given by:!
v = (3) (5) () s

And, the corresponding relationship for the grain boundary assisted diffusional flow or Coble creep is

given by:!
fe=ke (%) (55 () &

For the pipe diffusion controlled, dislocation climb creep (DCC) or the power law creep, the constitutive

relationship is expressed as:'
€pcc = k3 (bz z (83)
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Where, gy, £c. and &pgc are the strain rates for Nabarro-Herring, Coble and dislocation climb creep
respectively, k; are material constants and its values are determined from the theoretical models (k, =
14, k2 = 50, and ks = 5 - 10'%),! D; and Dgg are the lattice diffusivity and grain boundary diffusivity
respectively, d is the grain size, E is Young’s modulus, b is the length of the Burgers vector, k is the
Boltzmann constant, T is the absolute temperature, n is the stress exponent for the power-law creep.
and o is the applied stress.

Table S1. Data for lithium metal'?

b is the length of the Burgers vector, Diy and Dggq are the pre-exponential factors for the lattice
diffusivity and grain boundary diffusivity respectively. @, and Qg are the activation energies for lattice
diffusivity and grain boundary diffusivity respectively, ¢ is the grain boundary thickness and is
approximated to be 2b, E is Young’s elastic modulus, and Tf,g
is the melting temperature.

b (m) 3.04- 1010

Calculations for self-diffusivity at 298 D, (m*s™) 39-10° K

The self-diffusivity is given by:? ;
Q,, (kI mol™) 56.1
(%)
D = Doe &t (S4) 8D o (MPs’) | 43- 107
Substituting values for the appropriate constants from Table S1

in Eq. $4 gives the following: Qp (kI mol™) 33.7

Dy =57-10" em? s’ E (GPa) 7.82
DGB = Dd =88- ]O-T sz 5-1 n 6.6
Clearly, the self-diffusivity along the Trys (K) 452 grain boundary (Dgg) or

dislocation pipe diffusion (Dy) is ~4 orders higher compared to

bulk or lattice diffusivity (Dy).
Calculations of the strain rates for o = 2.0 MPa, and T = 298 K:
For d =20 pm,

Eng=42-107%5s"

§c=23-10°5"
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€pcc = 0.9 107!
Similarly. for d =295 um, we have:
g = 1.9 105
gc=T.1-10"5"
£pcc =09 107 g
Calculations of the strain rates for ¢ = 0.2 MPa, and T = 298 K:
Ford =20 pm,
Eyg=4.2-107 5!
£=23-1075¢"
€pcc =23 107¢!
Similarly, for d =295 um, we have:
Eng=19-10%g"
Ec=7.1-10"5¢"

pcc = 2.3 107 5!

Note: In calculating steady-state strain rate for Nabarro-Herring creep, Dq was substituted for Dy in Eq.
S1 to account for strain hardening.

When all the creep mechanisms operate simultaneously at a given 7, ¢, and d, then the total strain rate
is determined by the sum of the individual strain rates:

Eoverall = 2&; (S5)
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From Eq. S2 it is clear that the fastest deformation process governs the overall creep rate.

(a) (b)
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Figure S4. (a) Schematic of a symmetric LiyLLZOlc/h-Li cell subjected to continuous unidirectional
GEIS stripping at 0.1 mA cm™. The stripped and the plated interface, indicated by the dotted black
circles in (a) are magnified in (b). A uniform stress exists across the thickness of the lithium at the
plated side whereas the stress distribution in the lithium anode can be divided into two parts (as
indicated by the discontinuous red line). At the stripped interface, depleting contact would result in
higher contact stresses (stress amplification on account low load bearing area). As a consequence, the
deformation will be according to power-law breakdown® initially with progressive shift towards plastic
[flow via glide with depleting contact. In the bulk (the region above the dotted line) uniform stress would

result in time-dependent plastic flow (viscoplasticity).
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Figure 85. Overpotential evolution for (a) c-Li, and (b) h-Li during continuous unidirectional GEIS
measurements performed at 0.1 mA cm™ and 0.2 MPa. At the interface, the contact is dictated by the
competition between progressively decreasing contact area and the continuously increasing contact
stress resulting in the overpotential fluctuations. The amplitude of the overpotential fluctuations
increases with time and its magnitude is an indicator of the contact area. It can be seen that combined
strain rates for the plastic deformation at the interface and viscoplastic deformation (creep) in the bulk
of the lithium metal anode are unable to cope up with the imposed current at 0.2 MPa. The amplitude

of the fluctuations depends on the contact geometry and the strength of the lithium metal anode.
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7.1.4 Publication 4: “Increasing the Pressure-Free Stripping Capacity of the Lithium
Metal Anode in Solid-State-Batteries by Carbon Nanotubes”
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After wetting

(002) reflection

~

Figure S1. a) Digital photograph of the mixture during dispersing the CNT within liquid lithium at

350 °C. At a certain point during preparation, the CNTs are wetted by liquid lithium, which is

shown in b). Differences in wetting are to be expected when other kinds of CNTs are used in

dependence of their structure and geometric parameters. c) and d) Schematic explanation of the

(002) and (100) reflections of CNT visible in the XRD in Figure 1.
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Table S1. Overview of impedance fitting parameters of LiyLLZO|Li-CNT40. The (fitted
experimental spectrum is shown in Figure 2. The constant phase element Q exhibits the impedance
Zp = (iwC)" with o, C and o being the excitation frequency, capacitance and ideality factor

thereof, respectively.

Parameter Value Error/ + Typical“ Al
Rpui/ Q cm” 280.0 0.6 -
Opui / F cm® 1.65 - 1071 0.01 - 10" 10 - 10"
OBulk 0.97 0.00 0.9-1.0
Rea/ Qcm’ 36.4 4.3 -

Qcg / F cm® 3.7- 107 13107 107- 10"
aGe 0.98 0.03 0.8-1.0
Rt/ Q cm’ 26.9 42 -
O/ F cm’ 3.9-10°® 8107 10%-10°
Ot 0.82 0.04 0.7-1.0
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Figure S2. Evolution of the impedance during stripping of Liyy|LLZO|Li-CNT40 with 100 uA em’*
displayed in selected Nyquist-Plots. Bulk and grain boundary resistance remain constant,

indicating that no dendrite growth is taking place.
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Figure S3. The top figure depicts the phase angle and the bottom one the value of the impedance |Z|
versus frequency in a Bode plot. While the time constant of the constriction resistance shifts to
higher frequencies for pure lithium electrodes, it remains roughly constant for composite
electrodes."*! This is explained by a more homogenous contact spot distribution for Li-CNT, as
also seen with Li-Mg alloys, too. In these cases, the current is more homogeneously distributed,
leading to less Joule heating at the contact spots. The bottom graph shows that the overall
resistance increase mainly occurs in the low frequency regions below 10° — 10" Hz, consistent with

the evolution of the Nyquist plots shown in Figure S2.
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Figure S4. a) Voltage profiles during stripping of Li-CNT30 at different magnifications. The
stripping current densities i were chosen as 50 uA em™, 100 uA em™ and 200 uA cm™. Dashed lines
indicate the times until a distinct change of slope occurs (tging, ) and until full contact loss is
observed (tcy, ;). To obtain the respective diffusion coefficients via the Sand equation, b) displays a
plot of t;q,-,,k'm and ICL"'/Z versus the applied current density. Note that the little discontinuity in a) at

200 h for 50 uA em’” originates from a short pause in data acquisition.
Via the Sand equation

12, m
\/t_i CoF /T * Deg

it is possible to calculate an effective diffusion coefficient D.s by plotting 172 versus the applied

current density i B4 Herein, ¢y and #; denote the initial concentration of lithium inside the material
and the time until contact loss occurs during dissolution. However, the values obtained for the
contact loss of the composite electrode are flawed, as the electrode thickness d is only slightly

larger than the hypothetical thickness of stripped lithium, which leads to the requirement

2
d > [ij-Deﬂﬁl @

not being fulfilled. This leads to an underestimation of 7y 5o for low current densities, as seen in the
orange data point in Figure S4b. Additionally, it is shown that — while the Sand equation describes
I-dimensional diffusion — competing 3D diffusion processes like surface adatom diffusion or
diffusion through and along CNTs in this case, play an important role as well. Nevertheless, general

and qualitative conclusions about D can still be drawn from the time until the kink occurs.

Figure S4a displays the voltage profile during stripping of Li-CNT30 with varying applied current
densities. It is reasonable, that with higher current densities, the electrode is depleted faster and a

lower capacity is obtained, as also reported for Li-Mg alloys.”! However, the inflection point within
6
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the profile (“kink™) also occurs earlier with higher applied current densities. Interestingly, the kink
occurs roughly at the same time, when non-composite Li;¢|LLZO interfaces show full contact loss.”!
Using fxi.x to calculate an effective diffusion coefficient via Sand’s equation, Deg= (1.3 £0.3) - 10
" em? 7! results. The estimated value for Doy should not be mistaken as self-diffusion coefficient of
lithium, which does not include the diffusion and creep along defects, such as dislocations, grain
boundaries and surfaces. For a detailed overview of diffusion coefficients for lithium obtained by

different methods, the reader is referred to a work by Krauskopf et al.””

The effective diffusion coefficient calculated from the time until contact is lost cannot be calculated
in the manner of the Sand’s equation, as the interface is no longer planar beyond the inflection
point. Additionally, the condition given in Eq. (2) for Sand’s equation to be valid is not fulfilled

anymore due to the high amount of lithium being stripped from the electrode.
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Figure S5. A voltage profile of Li-CNT30|LLZO|Li-CNT30 with increasing current density to obtain

a critical current density of about 600 uA cm™ when (dis)charging 0.2 mAh em™ is shown.
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Figure S6. SEM images of a) pristine lithium and b) pristine Li-CNT40 in cross-sectional view.
Cross-sectional and top-view SEM images of Li-CNT40 in higher magnifications after stripping are

shown in c) and d).
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Figure S7. Voltage profile when stripping a Li-VCGF30 composite electrode. The performance is
unchanged when compared to pure lithium. This may either be explained by the poor wetting of
lithium on VCGF and thus, inhomogeneous distribution thereof, or rather that the VCGF is not
capable in the same way of increasing the effective diffusion coefficient and guiding contact like

CNTs.

10
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Table S2. Summary of shear (vy) and longitudinal (v;) soundwave velocity in the analyzed
specimens. Note that due to increasing inhomogeneity of Li-CNT30, shear wave velocity vy was not
assessable from acoustic measurements and was thus estimated to be 2.6 km s”'. Wave speeds were

averaged from several measurements on different parts of the analyzed specimens.

Material plg em” v/ kms' vi/kms" E /GPa
Li (Ref ) 0.533 2.30+0.02 528 +0.26 7.82
Li-CNT10 0.540 24+0.1 57+04 8.97
Li-CNT20 0.581 2.6+0.1 5.7+0.1 10.89
Li-CNT30 0.588 2.6 6.7+0.1 11.23
Shear 1 1, § 'ne3
Li-CNT20, 1.192 mmi = — :
j B 3.d *
(ﬁ- : Vs = ts
~ — } —— + } + }
y— : n=1 Longidutinal
C : ¢ : .
— : | : Li-CNT20, 3.996 mm
_1-d ) V23V -4V, 2)
: . 1 LE \ 1 . 1 ,
0 1 2 3 4 5
time / ps

Figure §8. Example of the data acquisition for speed of sound measurements conducted within this

work in the case of Li-CNT20 for shear wave speeds (top) and longitudinal wave speeds (bottom).
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7.1.5 Publication 5: “Working Principle of an Ionic Liquid Interlayer During
Pressureless Lithium Stripping on Lis.2sAlo.2sLasZr2012 (LLZO) Garnet-Type
Solid Electrolyte”
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Figure S1. a) Powder diffraction pattern of the as-prepared LLZO alongside the phase ticks for the
cubic polymorph. The impurity fractions are negligible. b) displays a typical cross section SEM image
of a freshly broken LLZO pellet to access its microstructure without any polishing. It can be seen that
the herein prepared pellets are fairly dense (95 = 1 % as obtained geometrically). The inset shows a

digital photograph of a polished, homogeneous pellet.
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Figure S2. a) Nyquist-plot of Liid LLZO|Liia. Contributions from bulk and grain boundary transport
are well separated. The absence of a third contribution confirms negligible interfacial resistance
between lithium and LLZO as already reported for this preparation route by Krauskopf et al." b)

Arrhenius plot and calculated activation energies for bulk and grain boundary contributions in
LLZO.
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Figure S3. Impedance spectrum of a Lind LLZO|Liia cell displayed alongside the used equivalent
circuit for fitting. Three different contributions are visible. In the high-frequency region, the bulk Li*-
transport in the material is contributing, followed by the grain boundary contribution. For mid to low

frequencies the non-ideal Linig LLZO interface is located at around 1500 Hz.
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Figure S4. Impedance spectrum of a symmetric Li|ILE|Li cell displayed alongside the equivalent

0

circuit used for fitting. Four different contributions are visible., The bulk resistance of the ionic liquid
is located at very high frequencies, followed by the first semicircle, linked to the transport through
the SEI. At low frequencies the semicircle corresponding to the electrochemical reactions (ECR) at
the lithium electrode. At very low frequencies (1 mHz), a new process is indicated, herein linked to
Li* diffusion in the ILE, thus confirming that the previous semicircle can be unequivocally linked to

the ECR.

To unequivocally rule out ILE diffusion in the observed LF impedance, symmetrical Li|ILE|Li cells
without garnet separator were built and analyzed. Figure S4 displays the impedance response in the
frequency range of 7 MHz to 1 mHz from a Li|ILE[Li cell with a corresponding equivalent circuit.
An ohmic resistance followed by two semicircles is observed. Moreover, at very low frequencies

2
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(1 mHz) another additional emerging process is indicated. We interpret the ohmic resistance at high
frequencies to be caused by the bulk resistance of the used ILE (which yields an ionic conductivity
of 9.9 mS cm™). As the ILE thickness is approximately 1.5 mm in the Li|[ILE|Li cell, the ohmic drop

is not negligible as it is when only present as a thin interlayer in the above Li[ILE|[LLZO|Liiq cells.

Table S1. Summary of visible impedance contributions for as-built cell setups.

Cell setup fpeak / Hz Ri/ Q cm? Crp/F Contribution
. . ~TM 298 oM bulk
Lii|LLZOLiia ~50k 62 10°% grain boundary
~TM 285 107! bulk
~50 k 59 108 grain boundary
. . SLEI
LIILE[LLZOL a0, 232 107 ILE|LLZO
SEI Li|[ILE
~1 179 10 ECR
~TM 308 10" bulk
Linia|LLZO|Liiq ~50k 70 10 grain boundary
~2000 1201 10°® Linig| LLZO
>7TM 18 not resolved bulk ILE
. . ~200 226 107-10° SEI Li|ILE
LilILE|Li -1 165 10+ ECR |
~I'm not resolved >10 diffusion ILE
o~ O Aged100h © FreshLi © Polished LLZO, Fresh Li © Fresh ILE, Aged Li
. i . : .
g
-500 -
G
—
—~—— -
N
-
£ - - :
0 1000 2000

Re(Z) / Q) cm?

Figure 85. Nyquists plots of an aged LI|ILE|LLZO|Li cell, showing the effect of successively

exchanging cell components to gain information about the aging of specific interphases.

Figure S5 not only shows the corresponding Nyquist plots to the cells analyzed in Table 1, but also
one additional cell, where only the ILE was exchanged after aging. A reduction in Rwmr is observed
despite nothing else being was changed. Two different effects may account for this decrease. One
being that the ILE may degrade during electrode aging and change the interphase chemistry. Another

being that, by exchanging the ILE, existing interphases are partially teared off or punctured, also
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decreasing the resistance. It is, however, not possible to quantitatively determine these effects without

detailed 4-electrode measurements, which were not performed in this work.

Table S2. Overview of the ionic conductivity ¢ of prepared ILEs.

critrst/ mol ! o/ mS cm’!

0.25 9.3

0.75 5.5

1.25 1.9

1.75 1.7
Formation of LiF on LLZO

As electrochemical data suggest formation of a resistive SLEI between LLZO and ILE, this interphase
was further analyzed with XPS. Note that since ILE residues on top of the SE pellet do not evaporate
and can also not be washed away without potentially altering the SLEI, reliable depth profiling is not
possible for these samples. However, a qualitative comparison between garnet from disassembled
cells and fresh material can be made. Figure S5 displays the C 1s, F 1s and Zr 3d detail spectra for a
pellet which was freshly polished compared to a cycled one after different sputter steps. For the
cleaned LLZO pellet experimentally unavoidable surface impurities of aliphatic carbon (C-C) as well
as residual -O-C=0, -C-O-C and -COs species were observed. All corresponding signal intensities
decrease with sputtering into the sample. For a pellet which was in contact with the ILE and
electrochemically characterized, -CF5 species, which are part of the used ILE, are additionally
observed. Also, a higher intensity of -O-C=0 and -C-O-C species was detected, which are probably
decomposition products, as already seen by Pervez et al.! When sputtering deeper into the cycled
sample, all carbon signals decrease in intensity, what indicates an interphase and/or ILE residue on

the surface.

Looking at the F 1s region in Figure S5b, only weak signals are present for the polished pellet. They
are most likely originated from surface contamination. However, when the pellet was in contact with
ILE, two intense signals are observed, corresponding to —CFz and metal fluorides (LiF)." As the -CF3
is most intense on the surface and the LiF signal is getting more intense with sputtering, LiF was
probably formed at the interphase between LLZO and ILE. The increase of the Zr 3d signal in
Figure S5c¢ during sputtering indicates the uncover of the LLZO. The signal is less intense and also
appears after longer sputtering times for the cycled cell than for the polished one, which may also

indicate the formation of an additional interphase.



141

7 Appendix
Polished Cycled Polished Cycled Polished Cycled
—C 1s —C 1s —F 1s F 1s —Zr 3d —Zr 3d
— VoY Se— el 2 - A — ey ——
0-C=0 >0=0 T&: 'l
-Co,i-Cc-C i | ME
10 i 1.0 kV |
420 s ! : !
z | €Oy | 420's |
S RN il | = zet
z y ;
@ /! : 1.0 kV
= : ¥ 0.5 kV A\ 3 420's
- ' 120 s ‘
0.5 kV J\_
W\—/’\\“
120 s
surf surf.
L L1t dn P T e PP TP © I PR I PP PP |

295 290 285 295 290 285 700 695 690 685 700 695 690 685 90 185 180 190 185 180
EyleV EyleV Ey/eV E,leV Ey/eV Eg/eV

Figure S6. a) C 1s b) F Is and c) Zr 3d XP detail spectra without sputtering and after sputtering for
2 minutes with 0.5 kV and for 6 - 7 minutes with 1 kV Ar*. The position of the different species is

indicated according to Pervez et al.'

™ CLitrsI
& 200} 1.75 M -
@
N
£ o 0.25 M
% 200 400 600 800

Re(Z) / Q cm?

Figure S7. Nyquist plots of cells before stripping which employ ILEs with different salt concentrations
and thus, viscosities. No obvious difference is observed; only slight variations occur which are

explained by small variations in the electrode area and different LLZO pellets used.
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Figure S8. Plot showing the almost linear decrease in areal charge capacity Qa with the ILE

interlayer viscosity .

Figure S9. Additional FIB-SEM images to support statements in the main text. a) Crater in a cell,
which experienced anodic current without contact loss. Despite deep cutting, only lithium is visible
in the cross-section (100 um), which hints at large inhomogeneities in the lithium thickness. b) Cut
through a cell, which experienced anodic current until contact was completely lost. As only the LMA
was visible in the image displayed in Figure 8, this image displays a cell, which was disassembled
before FIB-SEM measurements. A small gap can still be observed between redeposition from FIB-
cutting and the ILE residue to the LLZO ISE. c) Full image of a cut through the LMA where contact

was completely lost to the LLZO electrolyte.



7 Appendix 143

0.6
£ 0.4
*-:_0.3-
0.2t
O 0.1}

0 20 40 60 80 100 120 140
Time t/h

Figure §10. Evolution of obtained capacities when fitting the semicircles in mid-frequency (MF)

range and low-frequency (LF) range. Mid-frequency corresponds to the interphases between ILE and
Li and ILE and LLZO. The low-frequency process is attributed to ECR at the LMA.

Literature

[1]  T. Krauskopf, H. Hartmann, W. G. Zeier, J. Janek, ACS Appl. Mater. Interfaces 2019, 11,
14463-14477.

[2]  S. A.Pervez, B. P. Vinayan, M. A. Cambaz, G. Melinte, T. Diemant, T. Braun, G. Karkera,
R. J. Behm, M. Fichtner, J. Mater. Chem. A 2020, 16451-16462.



7 Appendix

144

7.2 Scientific Contributions

7.2.1  List of publications published online as checked on the 19" of December 2022

2022

2021

2020

AlIndicates shared first authorship

Ren, Y.; Danner, T.; Moy, A.; Finsterbusch, M.; Hamann, T.; Dippell, J.;
Fuchs, T.; Maller, M.; Hoft, R.; Weber, A.; Curtiss, L. A.; Zapol, P.; Klenk, M.;
Ngo, A. T.; Barai, P.; Wood, B. C.; Shi, R.; Wan, L. F.; Heo, T. W.; Engels, M.;
Nanda, J.; Richter, F. H.; Latz, A.; Srinivasan, V.; Janek, J.; Sakamoto, J.;
Wachsman, E. D.; Fattakhova-Rohlfing, D. Oxide-Based Solid-State Batteries: A
Perspective on Composite Cathode Architecture. Adv. Energy Mater. 2022.

Fuchs, T.4; Becker, J.4; Haslam, C. G.; Lerch, C.; Sakamoto, J.; Richter, F. H,;
Janek, J. Current-Dependent Lithium Metal Growth Modes in “Anode-Free”
Solid-State Batteries at the Cu|LLZO Interface. Adv. Energy Mater. 2022.

Eckhardt, J. K.; Fuchs, T.; Burkhardt, S.; Klar, P. J.; Janek, J.; Heiliger, C. 3D
Impedance Modeling of Metal Anodes in Solid-State Batteries — Incompatibility
of Pore Formation and Constriction Effect in Physical-Based 1D Circuit Models.
ACS Appl. Mater. Interfaces 2022.

Singh, D. K.4; Fuchs, T.%; Krempaszky, C.; Mogwitz, B.; Burkhardt, S.; Richter,
F. H.; Janek, J. Overcoming Anode Instability in Solid-State Batteries through
Control of the Lithium Metal Microstructure. Adv. Funct. Mater. 2022.

Fuchs, T.; Haslam, C. G.; Moy, A. C.; Lerch, C.; Krauskopf, T.; Sakamoto, J.;
Richter, F. H.; Janek, J. Increasing the Pressure-Free Stripping Capacity of the
Lithium Metal Anode in Solid-State-Batteries by Carbon Nanotubes. Adv. Energy
Mater. 2022.

Otto, S.; Riegger, L. M.; Fuchs, T.; Kayser, S.; Schweitzer, P.; Burkhardt, S.;
Henss, A.; Janek, J. In Situ Investigation of Lithium Metal — Solid Electrolyte
Anode Interfaces with ToF-SIMS. Adv. Mater. Interfaces 2022.

Otto, S. K.; Fuchs, T.; Moryson, Y.; Lerch, C.; Mogwitz, B.; Sann, J.; Janek, J.;
Henss, A. Storage of Lithium Metal: The Role of the Native Passivation Layer
for the Anode Interface Resistance in Solid State Batteries. ACS Appl. Energy
Mater. 2021.

Fuchs, T.; Mogwitz, B.; Otto, S.; Passerini, S.; Richter, F. H.; Janek, J. Working
Principle of an lonic Liquid Interlayer During Garnet-Type Solid Electrolyte.
Batter. Supercaps 2021.

Connell, J. G.; Fuchs, T.#; Hartmann, H.; Krauskopf, T.; Zhu, Y.; Sann, J.;
Garcia-mendez, R.; Sakamoto, J.; Tepavcevic, S.; Janek, J. Kinetic versus
Thermodynamic Stability of LLZO in Contact with Lithium Metal. Chem. Mater.
2020.



7 Appendix

145

2019

2018

Fuchs, T.; Culver, S. P.; Till, P.; Zeier, W. G. Defect-Mediated Conductivity
Enhancements in NasPn, WS4 (Pn = P, Sb) Using Aliovalent Substitutions.
2020.

Walther, F.; Koerver, R.; Fuchs, T.; Ohno, S.; Sann, J.; Rohnke, M.; Zeier, W.
G.; Janek, J. Visualization of the Interfacial Decomposition of Composite
Cathodes in Argyrodite-Based All-Solid-State Batteries Using Time-of-Flight
Secondary-lon Mass Spectrometry. Chem. Mater. 2019.

Ohno, S.; Helm, B.; Fuchs, T.; Dewald, G.; Kraft, M.; Culver, S.; Senyshyn, A;
Zeier, W. Further Evidence for Energy Landscape Flattening in the Superionic
Argyrodites Lig+P1-xM,Ssl (M = Si, Ge, Sn). Chem. Mater. 2019.

Kraft, M. A.; Ohno, S.; Zinkevich, T.; Koerver, R.; Culver, S. P.; Fuchs, T.;
Senyshyn, A.; Indris, S.; Morgan, B. J.; Zeier, W. G. Inducing High lonic
Conductivity in the Lithium Superionic Argyrodites LisxP1-xGexSsl for All-
Solid-State Batteries. J. Am. Chem. Soc. 2018.



7 Appendix

146

7.2.2  List of Conference Contributions

2022

2020

Poster Presentation: Bunsen Meeting on Solid-State Batteries V, Frankfurt,
Deutschland (11/2022): Current-Dependent Lithium Metal Growth Modes in
‘Anode-Free’ Solid-State Batteriesat the Cu|LLZO-Interface

Oral Presentation: MRS Spring 2022, Honolulu, HI, USA. Session “Solid-
State Batteries—From Electro-Chemo Mechanics to Devices” (05/2022):
Carbon Nanotubes as Li0-Highways in Lithium Metal Anodes

Online Oral Presentation: Online Symposium “Lithium Metal Anodes and
their Application in Batteries” (02/2022): Carbon Nanotubes as Li0O-Highways
in Lithium Metal Anodes

Online Oral Presentation: Online ECS PRIiME 2020, Session “Advances,
Challenges, anwd Development of Solid State Battery Electrochemistry and
Materials” (10/2020): Lithium Dissolution Using Garnet-Type Solid Electrolyte
with a Thin lonic Liquid Interlayer



8 Acknowledgements 147

8 Acknowledgements

At first, | want to express my gratitude to Prof. Jirgen Janek, who as my supervisor gave me the
opportunity to work, learn and grow in his working group. Additionally, I would like to thank him
for his constant support and curiosity regarding my research and numerous discussions and
opportunities which helped me to develop myself professionally and personally.

I especially thank Dr. Felix H. Richter for further supervising and supporting me. | enjoyed our
discussions and his persistent improvements to my writing, even when | continued to repeat the
same errors again and again.

Furthermore, | would like to thank Prof. Bernd Smarsly for being the 2™ reviewer of this
dissertation and Prof. Peter Klar for being part of the examination committee of my doctoral
defense.

Special thanks also go to Prof. Jeff Sakamoto, who supported my stay at the University of Michigan
and supervised my research in his group and kindly also is part of the examination committee.
Thanks to his students and my friends Alex Moy, Catherine Haslam and Max Palmer for making
my stay in Ann Arbor so very memorable.

I would like to thank my cooperation partners both at JLU and within the US-Germany project |
had the pleasure to work with for countless fruitful discussions and joint research. Special thanks
also go to Dr. Bjoern Luerf3en, Dr. Marcus Rohnke, Dr. Klaus Peppler, Dr. Anja HenB and Dr. Boris
Mogwitz within the working group for always being helpful and supportive when | had questions.

| further thank all of my colleagues and friends in the Janek group for generating such a fun and
enjoyable working atmosphere and for countless discussions — sometimes on research and
sometimes not so much — in the kitchen, during lunch or elsewhere. Also, without the help and
support of many former colleagues, much of the work would not have been possible. Therefore, |
want to thank Dr. Thorben Krauskopf and Dr. Svenja-Katharina Otto for their continuous help and
always being open to so many of my questions. Special thanks also go to my colleagues and friends
Simon Kunz, Till Ortmann and Juri Becker. On the one hand | am grateful for their support, but
even more | thank them for always being up for talking nonsense and enduring me in our Zentrale.

Additionally, | want to thank my friends | made from studying materials science (our little
mawi-gang) for always looking out for each other and pulling through both our Bachelor and Master
program and creating a lot of fun memories.

Last but not least, | want to express my gratitude to my family and especially to my fiancée Kathi,
who continuously supported me during my time at the university. | am grateful for having such an
open-minded and unconditionally loving family and partner. Ich liebe euch, danke!



