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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|Li 6.25Al 0.25La3Zr2O12|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-2. 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 

Li|solid 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 anodeôs electrochemical and mechanical properties 

to the desired application. 
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Zusammenfassung 

Um einen zügigen 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 könnten Feststoff-

batterien mit einem festen Separator genau diese Bedingungen erfüllen. Batterien mit flüssigem 

Elektrolyten werden nämlich bald ihr physikochemisches Limit erreichen, da diese aufgrund von 

chemischer Degradation und Dendritenbildung auf die Verwendung von Graphit als 

Anodenmaterial beschränkt sind. Feststoffbatterien hingegen bieten bessere Sicherheit, da keine der 

Komponenten entflammbar sind oder gar auslaufen können. Trotz vielversprechender 

Eigenschaften gibt es allerdings einige Hürden zu überwinden, bevor eine sichere Implementierung 

von Metallanoden in Feststoffbatterien möglich ist. Durch die feste Natur der Separatoren limitieren 

morphologische Probleme wie Kontaktverlust und Dendriten die Stromstärke an der 

Li|Festelektrolyt-Grenzfläche.  

So konnte gezeigt werden, dass die langsame Leerstellendiffusion in Lithium inhärent die 

Entladestromdichte limitiert, da für jedes oxidierte Lithiumatom eine Leerstelle in das Metall 

induziert wird. Ist jedoch die Rate des Lithiumnachschubs zur Grenzfläche geringer als die 

Leerstelleninduktion, akkumulieren diese sich zu resistiven Poren an der Grenzfläche. Eine andere 

Hürde ist die ungleichmäßige Lithiumdeposition sowohl auf einem Stromsammler als auch auf 

einem Lithiumreservoir während 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. Zunächst wurde dafür 

ein geeignetes Modellsystem der Art Li|Li 6.25Al 0.25La3Zr2O12|Li präpariert und mittels 

Röntgenphotoelektronenspektroskopie und Impedanzspektroskopie untersucht. Nach 

Sicherstellung vernachlässigbar dünner Grenzphasen wurden verschiedene Strategien zur 

Unterdrückung und Kompensation der Porenformation untersucht. Dabei wurde die Mikrostruktur 

des verwendeten Lithiums gezielt kontrolliert, Kohlenstoffnanoröhren in Lithium dispergiert oder 

ionische Flüssigkeiten als Mittel zur Porenkompensation eingesetzt. Insbesondere die letzten zwei 

Möglichkeiten führten zu einer erfolgreichen Verbesserung der Entladekapazität auf 

> 20 mAh cm-2. Darüber hinaus wurde auch die Lithiummorphologie bei Deposition auf einem 

Metallableiter in Abhängigkeit 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 Hürden bei der Metall-

abscheidung und -auflösung 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 

könnte es nötig sein, statt sich auf reines Lithium auf Anodenkomposite oder Hybridkonzepte zu 

fokussieren, da es dadurch möglich ist, sowohl die elektrochemischen als auch die mechanischen 

Eigenschaften der Anode gezielt auf eine mögliche 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.1 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.2 

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 vehicleôs class, lifetime and 

mileage a decrease from 28 ï 42 % of GHG emission is predicted for electrifying vehicles, due to 

the more efficient use of renewable energy sources.3 

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.4ï6 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,7,8 offering a higher safety by decreasing the flammability, risk for 

leakages and mechanical penetration by dendrites.8,9 Solid-state batteries (SSBs) would therefore 

not only increase the safety of the cell, but also the energy density owing to lithiumôs lowest redox 

potential and highest specific capacity.10,11 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 ὸ  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).12,13 No practically relevant SE with high ionic 

conductivity is thermodynamically stable in combination with lithium metal.14 For example, the 

argyrodite Li6PS5Cl forms an SEI with a thickness of > 100 nm.12 Other promising SEs such as 

Li 1.5Al 0.5Ge1.5(PO4)3 (LAGP) will even degrade completely, forming a mm-thick MCI.12 Only 

variants of cubic-Li7La3Z2O12 show a virtually stable interface towards lithium metal, as the SEI is 

limited to a nm-thin layer of only a few unit cells.12,15,16 Additionally, lithium will form an 

inhomogeneous and uncontrollable surface passivation layer even in gloveboxes,17,18 what further 

complicates the cell preparation. This motivates so-called ñanode-freeò cells, in which lithium is 

plated during the first charging step.19 

Differently spoken, in ñanode-freeò cells the lithium reservoir at the anode side is omitted during 

cell assembly,19ï21 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.22,23 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,24 it is yet additionally difficult to properly control the lithium growth to a desired film in 

RFCs.19,21  

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.8,25,26 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 ɓ-Li 3PS4 or Li6PS5Cl 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.26 Secondary NCM 

particles are also prone for cycling-induced cracking, which is not compensated by a non-flowing 

SE.27 Several concepts to mitigate contact issues in composite cathodes exist, such as immense 

stack pressures,28ï30 careful structural engineering of ñzero-strainò electrode materials22 or material 

combinations.31 

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.7,32,33 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.34 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.35,36 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.33,37 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-2 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,38 employing an ionic liquid (IL) as a pore filling agent39 

or altering the LMA by alloying or mixing with other components.33,40 

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 ñKinetic versus Thermodynamic Stability of LLZO in 

Contact with Lithium Metalò, the extent of degradation at the Li|Li 6.25Al 0.25La3Zr2O12 (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 ï 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 ñCurrent-Dependent Lithium Metal Growth Modes in 

óAnode-Freeô Solid-State Batteries at the Cu|LLZO Interfaceò, 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 µm) 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 ï 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 ñOvercoming Anode Instability in Solid-State Batteries through Control of 

the Lithium Metal Microstructureò, 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 ñIncreasing the Pressure-Free Stripping Capacity of the Lithium Metal 

Anode in Solid-State-Batteries by Carbon Nanotubesò 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-2 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 ñWorking Principle of an Ionic Liquid Interlayer During Pressureless 

Lithium Stripping on Li6.25Al 0.25La3Zr2O12 (LLZO) Garnet-Type Solid Electrolyteò, 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-2. Fundamentally, this 

dissertation shows that it may be impossible to achieve good dissolution performance  

(> 5 mA cm-2, > 5 mAh cm-2) 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.14,41 However, despite nearly all SEs being 

thermodynamically unstable, they differ greatly in their interface properties in combination with 

li thium 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.15,16,42 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 1.13,43 These cases 

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

electrochemical nature.44 

 

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 Li3N fulfill this condition.14 No practically relevant SE with 

conductivities > 1 mS cm-1 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 Li1+xAl xTi2-x(PO4)3 (LATP) SE in combination with 

lithium, which prompts the reduction of Ti4+ to Ti0 and therefore induces a large electronic 

conductivity to the continuously forming interphase.12,45 
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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 Li6PS5Cl is 

measured to be around 150 nm via time-of-flight secondary-ion mass spectrometry (ToF-SIMS).12 

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.15,16 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 SEI 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 

Li 6.25Al 0.25La3Zr2O12 within this thesis, Chapter 2.1.2 uses the notation of LLZO:M to specifically 

describe what element is substituted into quaternary Li 7La3Zr2O12 due to its relevancy on this 

specific topic.  

Li 7La3Zr2O12 is expected to have a reduction potential of 50 mV versus Li+/Li with the formation 

of Zr or Zr3O, La2O3 and Li2O at lower potentials.14 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.7,19,32,46 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.47 For example, Li|LLZO:Nb shows an increase in interfacial 

impedance with time underlined by a strong reduction of Zr4+ and Nb5+ shown by XPS. Another 

work shows the continuous and pronounced reaction of LLZO:Ga with lithium metal,48 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.32,37,49,50 Additionally, carefully conducted ToF-SIMS depth profiling also cannot find 

evidence of the formation of any interphase between lithium and LLZO:Al .12 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.15,47 

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 Zr4+ reduction is observed.16 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 Zr4+ 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 Li3TaO4 phase instead of conductive Ta metal as one of the 

degradation products.51 Steering the degradation from electronically conducting Ta metal to 

insulating Li3TaO4 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.52ï54 

  



2    Fundamentals  8 

 

 

 

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.32,55 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 ñanode-freeò 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.  

 

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,24 who showed the 

possibility to charge 13.3 mAh cm-2 with 3.3 mA cm-2 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.9,56 By 

incorporating silver nanoparticles into a carbon matrix, it is possible to deposit > 20 µm of lithium 

reversibly, which is close to the practical target set by Albertus et al. of 30 µm.10 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 µm lithium reservoir 

present otherwise.19,57 It is hereby assumed that no excess lithium is needed to compensate for 

lithium losses, e.g. by interphase or ñdeadò lithium formation.58,59 

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,21  sputtering,60ï62 high temperature 

diffusion bonding19,63 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 O2, H2O, N2 and other gases,17 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 MCIs.13 

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,9,24 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 ñDeadò 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.64ï67 Other metals like gold or silver even form different alloy phases with lithium, 

changing the electrode potential irreversibly, thereby also decreasing the Coulomb efficiency.68,69 

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,70ï72 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 ï 40 µm is desired for a competitive cell.19,57 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 ï 5 MPa of pressure during film formation.19 

A frequent issue during film formation is the growth of whiskers, which penetrate the CC layer 

above the SE21 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.63 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.60ï62,73 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 · 106 cm-2 

(50 µA cm-2) to around 20 · 106 cm-2 (1000 µA cm-2) 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 Li6PS5Cl, 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.21,74ï78 

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-2 (60 °C) to 106 cm-2 (100 °C) at 500 µA cm-2 as observed by 

operando SEM measurements.60 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 CC|SE interface, 

extended studies on the pressure influence on the growth morphology are sparse. Another challenge 

is tuning the thickness of the applied CC layer. For very thin (< 1 µm) 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.21 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 µm) 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.63 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 ï 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 2.63  

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.21,79 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|LLZO system. It was found that for polycrystalline SEs, the nucleation 

density is also increasing as a function of current density like for amorphous LiPON.60 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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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,60,73 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.8,26,31 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.32,81 Within this model, a 

vacancy 6  and an electron Å-  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 6 3% or 

interstitial 6 3% sites within the SE. 

 - 3% 6 3%  Å-   6 -  ᵵ-  (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 Ὦ  is the flux Ὦ  of M+ within the SE, governed by the applied current density i. 

Within this simplified picture, vacancies will accumulate at the interface if  

 Ὦ  Ὦ  (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.32,37,81ï83 If, however, the applied current density i is low, i.e. 

 Ὦ  Ὦ  (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 icrit is then defined as  

 Ὥ ᾀϽὊϽὮ  (4) 

 Ὥ ᾀϽὊϽ ρ  
ὧȟ

ὧ
Ͻὧ

Ὀ

†
 (5) 

where DV and ŰV 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 ὧȟ  and the equilibrium vacancy concentration 

within the parent metal by ὧ. Strategies on how to overcome this fundamental limitation are 

discussed in the following Chapters 2.3.4 ï 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 icrit. 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-2) to occur, despite icrit being exceeded.32,33,37 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,84,85 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 icrit was estimated. Therefore, 

the stripping current density was incrementally increased in a symmetrical Li|LLZO|Li cell without 

changing its direction until very small changes in interface-related impedance are observed, 

indicating the onset of morphological deterioration. With 30 µA cm-2, icrit is found to be quite low, 

which is expected however, since Krauskopf et al. already saw progressing pore formation at 

50 µA cm-2 for both lithium and Li-Mg alloys.33 This value is then verified by a statistical approach 

employing kinetic Monte Carlo simulations.86 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.87 In reality, however, both processes 

determine icrit, otherwise concepts increasing the effective diffusion coefficient within the anode33 

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.88 

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).32 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.89 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 icrit 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.32,33,37,82 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 cellôs impedance are expanded on in the next paragraphs.  

 

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 Ohmôs law. To interpret the voltage 

profile, the evolution of the different impedance contributions present in a Li|LLZO|Li cell needs 

to be understood first. Typically, the total impedance Ztotal is composed of the sum of the bulk 

transport impedance ZBulk, grain boundary impedance ZGB and interface-related impedances ZInt. 

Several works show that ZBulk and ZGB are constant during the anodic dissolution of this 

system,32,33,39,40 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 ZInt needs to be considered 

in detail.  

Generally, ZInt consists of three different contributions, which are often incorrectly used 

interchangeably in literature, being the impedance of a degradation layer ZSEI, the resistance of the 

physicochemical charge-transfer at the interface ZCT and the geometric constriction impedance ZCtr. 

Both ZCT and ZSEI are negligible when considering Li|LLZO interfaces, meaning that solely the 

constriction impedance ZCtr 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.90ï93 This can 

be due to insulating passivation layers on the metal electrode,17 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.  
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Why ZBulk and ZGB 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,94 these capacitors are dielectrically 

conductive.95 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 

ZCtr 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 

al.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.97 

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-2 without pore formation at 

the Li|LLZO interface at 50 °C,33 whereas pores will form after only around 1.2 mAh cm-2 at 

25 °C.32,37 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.76,98,99 

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.100 

However, elevated temperatures introduce other difficulties, such as the facilitation of side 

reactions,101 or the need for appropriate thermal cell management. 
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Therefore, it is desired to elevate the Li 0 diffusion coefficient of the anode material itself, e.g. by 

alloying with different metals. Krauskopf et al. explored the possibility of using Li0.9Mg0.1 alloys to 

enhance the effective diffusion coefficient, thereby improving the discharge capacity by nearly a 

factor of 2 compared to pure lithium.33 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 Ὦ  to 

the interface as described in 

 Ὦ  Ὦ Ὦ  (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.37 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 µA cm-2 and 2.0 MPa at 400 µA cm-2. However, due to morphological instabilities at the 

counter electrode, it was not possible to investigate practical current densities > 1 mA cm-2. 

Additionally, Wang et al. formulate a mathematical description to calculate the pressure induced 

strain rate ‐   for metal electrodes as 

 ‐  ὑ Ͻ „  ϽÅØÐ 
Ὁ

ὙὝ
 (3) 

where K denotes a material parameter, ů 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.102,103 However, this value is not constant due to frictional and adhesive forces between 

lithium and the SE,104 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.89 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 ï 60 MPa are needed for planar interfaces at 1 mA cm-2, 

which is well above what is deemed to be practically feasible.57 Another estimation from 

Kasemchainan et al. predicts that 10 MPa of pressure is required for a stable cycling at  

1 mA cm-2.36 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 Ag|AgX systems but is also 

believed to occur for the lithium electrode.83,105 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.106,107 

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-2, 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|LLZO as 

fabricated by Wachsman and co-workers are not topic of this discussion.38,108ï111 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.40 Despite the Li-CNT 

electrode being employed in a planar arrangement to the SE, very high stripping capacities 

> 20 mAh cm-2 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 c). 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-2. 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  

2.4.1 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.38,50,74,75,77,112,113 While 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.34 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|LLZO|Li cells 

measured by different groups with different protocols are compared. These values are depicted in 

Figure 7 and show a huge spread from 30 µA cm-2 to 1 mA cm-2. 

 

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.114 

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 ñdynamic short circuitingò,21 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-2) is shuttled unknowingly through a lithium filament, yielding extremely high but 

incorrect values of the CCD.115,116  

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.102,117 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.50 As the impedance ZInt 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 Li2CO3 on LLZO or just because of inappropriate lithium 

preparation.17 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 µA cm-2 was obtained with an initial ZInt of > 5000 Ý cm2.118 Despite no 

changes of the SE, this value quickly improved to 150 µA cm-2 at an ZInt of < 50 Ý cm2 in 2015,119 

followed by > 300 µA cm-2 at an ZInt of < 5 Ý cm2 in 2017.50 For optimized interfaces with 

negligible interfacial impedance, a CCD of 1000 µA cm-2 was achieved.78 However, measurements 

at single-crystalline LLZO without stack pressure imply that the CCD of Li|LLZO would only be 

around 280 µA cm-2,114 which is well below practical targets.10,120 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.96 A thin separator sheet with a thickness of only several tens of µm 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.100 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.121,122 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.123 or noise due to spallations and dendrite 

growth.121 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 cycling.21,33,39,40,124 

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.35,36 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.  

 

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 µm 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 

Li|LLZO interfaces, the amount of charge that results in pore formation is around  

1 mAh cm-2.32,46,125 To 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.32,36 
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3 Results 

3.1 Publication 1: ñKinetic versus Thermodynamic Stability of LLZO in Contact 

with Lithium Metalò 

In publication 1 of this dissertation, the reaction at the interface between lithium and 

Li 6.25Al 0.25La3Zr2O12 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 Zr4+ to Zr2+ or even Zr0. 

Interestingly, this ODI only forms, when a kinetic barrier is overcome, e.g. by lithium sputtering 

with high kinetic energy (0.1 ï 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 ï 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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