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Abstract 

The transition towards renewable energy sources and the electrification of transportation are 

essential drivers for the development of advanced energy storage solutions with high energy and 

power densities. Conventional lithium-ion batteries based on liquid electrolytes have become the 

dominant technology for portable electronics and electric vehicles. However, they are rapidly 

approaching their theoretical physicochemical limits in terms of energy density. Solid-state 

batteries comprising lithium metal electrodes and inorganic solid electrolytes promise substantial 

improvements over conventional lithium-ion batteries, offering the potential to overcome current 

safety concerns, mitigate flammability risks inherent to liquid electrolytes, and increase both energy 

as well as power density. 

A critical obstacle in implementing lithium metal electrodes remains the maintenance of the 

electrode|solid electrolyte interface during cell operation, which can lead to morphological 

instabilities during both charge and discharge. Furthermore, the storage of lithium metal and cell 

manufacturing must take place under inert gas atmospheres, which is costly. Otherwise, contact 

with atmospheric components such as moisture (H2O), oxygen (O2), and nitrogen (N2) leads to the 

formation of resistive passivation layers on the surface, which impede cell performance. To address 

these challenges, reservoir-free cell concepts are being intensively explored. In these 

configurations, the lithium metal electrode is electrodeposited only during the initial charging step, 

with lithium sourced from the lithiated positive electrode. This approach substantially simplifies 

cell fabrication, as no lithium metal needs to be handled during assembly. However, 

electrodeposition is likewise associated with new morphological instabilities, and fundamental 

differences in microstructure and chemistry between conventionally produced and electrodeposited 

lithium remain insufficiently understood. 

This dissertation focuses on the chemical and microstructural characterization of electrodeposited 

lithium, using reservoir-free model systems comprising steel|Li6PS5Cl interfaces. Chemical 

analysis revealed an exceptionally high purity compared to commercial lithium foils. 

Microstructural analysis on millimeter-sized cross-sections, based on electron backscatter 

diffraction, uncovered a dynamic evolution of the resulting lithium grain structure during both 

electrodeposition and subsequent electrodissolution cycles. Finally, interlayer materials were 

introduced as an effective measure to control the resulting lithium microstructure. 

Overall, the results presented in this dissertation significantly expand the understanding of 

electrodeposited lithium layers both in terms of their purity as well as their microstructure. Latter 

depends on electrodeposition parameters, cycling history, and current collector modifications. 

These insights aim to optimize the performance of reservoir-free cells and enable the development 

of advanced solid-state batteries. 
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Zusammenfassung 
Der Übergang zu erneuerbaren Energiequellen und die Elektrifizierung des Verkehrssektors sind 

wesentliche Treiber für die Entwicklung fortschrittlicher Energiespeicher mit hohen Energie- und 

Leistungsdichten. Dabei nähern sich konventionelle Lithiumionenbatterien auf Basis flüssiger 

Elektrolyte ihren physikochemischen Grenzen. Feststoffbatterien mit Lithiummetallelektroden und 

anorganischen Festelektrolyten hingegen versprechen erhebliche Verbesserungen, indem sie 

Sicherheitsbedenken adressieren, keine entflammbaren Flüssigelektrolyte verwenden, und die 

Energie- sowie Leistungsdichten gegenwärtiger Energiespeicher potenziell überschreiten können. 

Ein wesentliches Hindernis bei der Verwendung von Lithiummetallelektroden ist der Erhalt einer 

intakten Lithium|Festelektrolyt-Grenzfläche, an welcher es zu morphologischen Instabilitäten beim 

Laden und Entladen kommen kann. Zudem müssen die Lagerung von Lithiummetall und die 

Zellherstellung unter Inertgasatmosphäre erfolgen, was mit hohen Kosten verbunden ist. 

Andernfalls führt der Kontakt mit atmosphärischen Bestandteilen wie Wasser (H₂O), Sauerstoff 

(O₂) und Stickstoff (N₂) zur Bildung von resistiven Passivierungsschichten auf der Oberfläche. Um 

diese Herausforderungen zu adressieren, werden Reservoir-freie Zellkonzepte erforscht. Hierbei 

wird die Lithiummetallelektrode erst während des initialen Ladeschritts elektrochemisch 

abgeschieden, wobei das Lithium aus der positiven Elektrode stammt. Dies vereinfacht die 

Zellherstellung, da kein Lithiummetall verwendet werden muss. Allerdings ist auch die 

elektrochemische Abscheidung mit neuen morphologischen Instabilitäten verbunden, und die 

grundlegenden Unterschiede in Mikrostruktur und Chemie zwischen konventionell hergestelltem 

und elektrochemisch abgeschiedenem Lithium sind noch nicht ausreichend erforscht. 

Diese Dissertation befasst sich daher mit der chemischen und mikrostrukturellen Charakterisierung 

von Lithium, welches elektrochemisch in Reservoir-freien Modellsystemen an Stahl|Li6PS5Cl 

Grenzflächen abgeschieden wurde. Chemische Analysen zeigten eine besonders hohe Reinheit im 

Vergleich zu kommerziellen Lithiumfolien. Mikrostrukturelle Analysen an millimetergroßen 

Querschnitten mittels Elektronenrückstreubeugung deckten eine dynamische Entwicklung der 

Kornstruktur während der elektrochemischen Abscheidung und der darauffolgenden 

elektrochemischen Auflösung auf. Des Weiteren wurden Zwischenschichten als effektive Methode 

zur Steuerung der Lithiummikrostruktur eingeführt. 

Insgesamt erweitern die in dieser Dissertation präsentierten Ergebnisse das Verständnis von 

elektrochemisch abgeschiedenen Lithiumschichten hinsichtlich ihrer Reinheit und ihrer 

Kornstruktur erheblich. Letztere wird maßgeblich durch die elektrochemische Abscheidung sowie 

Auflösung, und Modifikationen des Stromableiters beeinflusst. Diese Erkenntnisse zielen darauf 

ab, die Leistung Reservoir-freier Zellen zu optimieren und die Entwicklung fortschrittlicher 

Festkörperbatterien zu ermöglichen.  
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1 Introduction 
To minimize the impending consequences of man-made climate change, it is essential to prevent 

global warming.1,2 This goal is enshrined in the 2015 Paris Climate Agreement and the 194 

participating parties are committed to acting accordingly.3 In concrete terms, this means that 

greenhouse gas emissions must be significantly reduced, and ultimately net-zero CO2 emissions 

must be achieved globally. A key component is the transition from fossil fuels such as coal or oil 

to renewable energy sources such as solar or wind energy, both in primary energy production and 

in the transport sector.4 Due to the intermittency of these renewable energy sources, reliable energy 

storage systems are necessary at all levels: large-scale storage units to stabilize the electrical grid, 

traction batteries for electric vehicles, and compact storage devices for portable electronics such as 

smartphones and laptops.5,6 

Today, rechargeable batteries are the most widely used for mobile applications and are also gaining 

increasing interest in stationary energy storage. The battery market is dominated by lithium-ion 

batteries (LIBs), which can provide both high energy and power densities.7 However, the 

continuous optimization of this technology in recent years is bringing it ever closer to its 

physicochemical maximum. For further development of state-of-the-art LIBs, lithium metal is 

investigated as a negative electrode material. Due to its low electrode potential of −3.04 V versus 

the standard hydrogen electrode (SHE) and its high specific capacity of 3860 mAh g−1 the use of a 

lithium metal electrode (LME) could significantly increase the energy storage capabilities of next-

generation batteries.8–12 However, a combination of conventional liquid electrolytes (LEs) with 

LMEs suffers from lithium dendrite propagation and associated cell failure, including safety issues 

due to the flammability of the organic solvents of LEs.13 For this reason, solid electrolytes (SEs) 

are being investigated. Due to their solid nature, they are more stable towards dendrites, have no 

intrinsic flammability and are not affected by potential leakage.9–11,14 Another advantage of SEs is 

that they are generally single ion conductors with a transference number for lithium ions close to 

unity. This circumvents polarization effects, enabling higher charge and discharge rates. 

Furthermore, impurities are therefore not conducted through SEs.15–18 

Lithium as an electrode material presents its own challenges, particularly due to its high reactivity. 

On the one hand, this leads to the formation of parasitic passivation layers on lithium itself. These, 

in turn, increase interfacial resistances between lithium and SEs.19–21 To prevent passivation and 

keep interfacial resistances as low as possible, lithium must be stored in inert atmosphere, which is 

costly. However, since degradation layers still form even in gloveboxes with an argon atmosphere 

containing water, oxygen and nitrogen traces in ppm range21, these must be laboriously removed 

during cell preparation, complicating cell manufacturing. On the other hand, due to the high 

reduction potential of lithium, a parasitic reaction occurs in contact with almost all SEs over time.22–
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25 It is therefore important to keep the time between cell preparation and actual use of the battery 

cells as short as possible. For the reasons mentioned above, reservoir-free cells (RFCs) are being 

investigated.8,26–33 The omission of the lithium reservoir on the negative electrode is referred to in 

the literature as "anode-free". Since every electrochemical cell must have an anode, the term used 

here is reservoir-free. 

These cell concepts completely avoid the use of lithium metal during assembly.11,26,28 Instead, 

similar to LIBs used today, they rely on the lithium content within the active material (AM) in the 

positive electrode. During the first charging step of RFCs, the LME is then electrodeposited at the 

current collector (CC) interface with the SE on the negative electrode side. As most AMs are 

synthesized in a fully lithiated state and thus the total amount of lithium for cycling is present 

already even without LME, a lithium reservoir represents only excess material. Accordingly, 

removing the reservoir further increases the energy density of RFCs.8,34,35 Furthermore, the above-

mentioned handling of lithium metal, including costly storage and cell manufacturing, can be 

avoided. However, the electrodeposition of LMEs in RFCs often results in inhomogeneous and 

even dendritic lithium structures instead of a desired layer growth.27–29  

In addition, there are morphological challenges associated with the electrochemical dissolution of 

lithium even when using a homogeneous lithium layer, for example, in the form of a pre-applied 

reservoir.32,36,37 The newly acquired mechanical integrity of the SEs means that they cannot 

compensate for the volume changes that occur during stripping. If diffusion of the injected 

vacancies away from the lithium|SE interface is insufficient, i.e., if the current density exceeds the 

rate at which lithium atoms replenish the interface, an accumulation of vacancies occurs. This leads 

to pore formation and ultimately to a loss of the electrode contact and thus to cell failure.36,37 

Results from the literature show that the risk of dendrite and pore formation can be mitigated by 

reducing the current densities. High external pressures are also often used to supplement lithium 

diffusion through mechanical creep, thus keeping the interface intact.36,38–40 However, both options 

are unsuitable for commercial applications. Reducing the current density would compromise the 

newly gained faster charge and discharge rates due to the lack of polarizability in SEs, while the 

necessary pressure systems would in turn reduce the newly gained energy density through LMEs. 

Consequently, increasing attention has shifted toward material-based approaches that can stabilize 

lithium plating and stripping without imposing restrictive operating conditions. In this context, 

(metallic) interlayers are widely investigated as a means to promote homogeneous lithium 

deposition during charging and to suppress pore formation during discharging.41–47 In parallel, 

growing efforts focus on tailoring the microstructure and chemistry of lithium itself, as it has been 

demonstrated that the lithium microstructure can substantially influence the discharge capacity and 

cycling behavior of LMEs.48–54 
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Conversely, knowledge about the microstructure and chemical composition of electrodeposited 

lithium layers in RFCs with and without interlayers is mostly elusive.52 In general, the 

transferability of previous results obtained with commercially available lithium samples to lithium 

layers electrodeposited in RFCs is unclear. On an industrial scale, lithium is often extracted from 

LiCl using molten-salt electrolysis processes.55 Depending on the purity and the exact process 

parameters, significant differences in the properties of the lithium samples can be expected, both 

microstructurally and chemically.55,56 Furthermore, the microstructure of commercial lithium 

samples is also influenced by the thermal and mechanical history51,57,58, both of which are generally 

unknown to the user. In contrast, knowledge about the microstructure and the purity of 

electrodeposited LMEs was scarce at the beginning of this dissertation. 

In this dissertation, lithium layers electrodeposited at CC|SE interfaces are analyzed in terms of 

their chemical composition and their microstructure, employing both chemical-analytical 

techniques and electron microscopy. The overall aim is to gain a fundamental understanding of 

microstructural processes within electrodeposited lithium layers during cell operation and how 

electrodeposited lithium layers may differ in comparison to their conventionally produced 

counterparts. Additionally, metallic interlayers are introduced to actively control the resulting 

microstructure of electrodeposited lithium in RFCs by employing them on the surface of the CC. 

In the first publication, titled “Purity of lithium metal electrode and its impact on lithium stripping 

in solid-state batteries”, the influence of impurities in LMEs during stripping in solid-state batteries 

(SSBs) is investigated.18 Using a combination of X-ray photoelectron spectroscopy (XPS), time-of-

flight secondary ion mass spectrometry (ToF-SIMS), and electrochemical measurements, it was 

demonstrated that sodium represents the predominant impurity in commercial lithium samples and 

that impurities accumulate at the interface towards the SE during stripping. This accumulation 

compromises morphological stability, reduces the accessible stripping capacity and causes earlier 

loss of contact during discharge. The SEs used, Li6PS5Cl (LPSCl) and Li6.25Al0.25La3Zr2O12 (LLZO) 

selectively conduct lithium ions while blocking other species, such as sodium, effectively 

preventing impurities from being incorporated into electrodeposited lithium. In RFCs, this selective 

transport results in the formation of a high-purity lithium electrode during plating, even when the 

lithium source contains impurities. The SE thus acts as a filter, allowing only lithium ions to reach 

the plating side. In summary, these findings demonstrate that the purity of lithium metal critically 

influences lithium stripping. In RFCs, electrodeposition forms a highly pure electrode, potentially 

providing improved morphological stability and higher stripping capacities in subsequent cycles, 

being an intrinsic benefit of such RFC configurations. 

In the second publication, titled “Microstructure of lithium metal electrodeposited at the 

steel|Li6PS5Cl interface in “anode-free” solid-state batteries”, the electrodeposition of lithium at 
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the steel|LPSCl interface was investigated to probe microstructural evolution of lithium in RFCs.53 

Steel|LPSCl|Li|steel cells were used as a model system to examine the influence of 

electrodeposition parameters on the resulting microstructure, focusing on lithium layer thickness 

and current density. By expanding a recently established workflow, analysis via scanning electron 

microscopy (SEM) and electron backscatter diffraction (EBSD) on millimeter-sized cross-sections 

revealed a dynamic microstructural evolution of the lithium grain structure during 

electrodeposition. Analysis of grain size and density demonstrated that lithium microstructure is 

governed primarily by layer thickness rather than electrodeposition current density, a phenomenon 

termed specimen thickness effect. Here, thicker layers exhibit larger grains, while thinner layers are 

composed of a higher number of smaller grains. Monte Carlo Potts simulations qualitatively 

reproduced the experimental observations, supporting the conclusion that microstructural evolution 

is driven mainly by layer thickness rather than deposition kinetics. Overall, this work provides 

insights into the relationship between electrodeposition parameters and lithium microstructure, 

deepening the understanding of microscopic processes taking place during electrodeposition in 

RFCs. 

In the third publication, titled “Microstructure of electrodeposited lithium and its evolution during 

cycling when using metal interlayers in “anode-free” solid-state batteries”, metal interlayers were 

applied to the CC surface to control the resulting lithium microstructure in RFCs. Lithium was 

electrodeposited in an RFC on different interlayer materials such as gold, silver and bismuth, and 

the resulting microstructure was characterized using EBSD. The results demonstrate that each 

interlayer leads to a different lithium microstructure. Subsequently, the electrodeposited lithium 

layers were partially stripped, revealing that also stripping significantly affects the resulting lithium 

microstructure. Over multiple cycling steps, the microstructure continues to evolve, highlighting 

the dynamic interplay between interlayer selection, cycling history and resulting lithium 

microstructure. Overall, this work provides a detailed understanding of how interlayers govern 

lithium microstructure formation and its evolution during both plating and stripping, highlighting 

that cycling history also plays a decisive role in microstructure evolution of LMEs. 

In summary, this dissertation significantly advances the understanding of electrodeposited LMEs 

in RFCs and elucidates key differences to conventional lithium foils. Lithium electrodes generated 

in RFCs exhibit exceptionally high purity due to the selective transport of lithium ions through 

single-ion conducting SEs, which contributes to improved morphological stability and stripping. 

Furthermore, it was demonstrated that the lithium microstructure changes dynamically during both 

electrodeposition and subsequent dissolution. Finally, metallic interlayers were introduced as 

effective measure to influence the resulting lithium microstructure. Overall, this work demonstrates 

that both the lithium purity and its microstructure represent critical parameters to consider for the 

successful development of RFCs.  
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2 Fundamentals 
This chapter summarizes the current state of research on LMEs in SSBs. It provides an overview 

of the fundamental properties of lithium metal and discusses the main challenges associated with 

its use as an electrode material. Furthermore, the concept of RFCs is introduced. In this context, 

differences between electrodeposited lithium layers and conventionally produced lithium metal are 

discussed. A special focus is put on the microstructure of lithium, i.e., grain size and grain 

orientation, and on how these properties can be influenced, which also is one main component of 

this dissertation.  

2.1 Fundamental Properties of Lithium 
Lithium plays a central role in modern energy storage. Today’s commercial LIBs rely on lithium 

ions shuttling between host materials. In contrast, lithium metal was historically the first choice as 

an electrode material but was largely abandoned in LE systems due to safety issues like dendrite 

growth and associated flammability.13,59,60 However, lithium metal is still used in commercial 

primary batteries today.61 The development of SEs has renewed interest in LMEs for secondary 

batteries. LMEs offer a significantly higher specific capacity than graphite, while SEs offer reduced 

susceptibility to dendrite formation due to their mechanical rigidity.9 This makes lithium metal a 

key candidate for next-generation high-energy batteries. This chapter outlines the fundamental 

properties of lithium, including its production as well as mechanical and (electro)chemical 

characteristics that govern its behavior in SSBs. 

2.1.1 Occurrence and Production of Lithium 
Because of its high reactivity, lithium does not occur naturally in its elemental form. Instead, lithium 

was first discovered in 1817 in a mineral now known as petalite, from which its name is derived 

(Greek lithos = stone).12,19,55,62 Even today, minerals such as spodumene and petalite represent major 

natural sources of lithium compounds. In addition, lithium also occurs in significant concentrations 

in brine deposits in the form of dissolved salts.55,62 Overall, earth's crust contains about 20 ppm of 

lithium, as shown in comparison to other battery-relevant elements in Figure 1a.12,62,63 

Commercially, lithium compounds are mainly extracted from mentioned brines found in South 

America. Solar evaporation concentrates the dissolved salts, followed by chemical purification 

steps that selectively remove interfering ions and precipitate lithium carbonate (Li2CO3).55 The 

lithium carbonate is then reacted with hydrochloric acid (HCl) to produce lithium chloride (LiCl), 

which is subsequently dried to obtain the anhydrous form. To produce lithium metal, this anhydrous 

LiCl is mixed with potassium chloride (KCl) and subjected to molten salt electrolysis at 

temperatures between 450 °C and 500 °C. During electrolysis, lithium is deposited as a liquid at the 

cathode.55 High purity is essential for battery applications, as impurities such as sodium, nitrogen, 

or oxygen can significantly alter mechanical properties and reduce electrochemical performance. 
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However, despite purification steps, trace amounts of potassium and sodium often remain because 

of their chemical similarity to lithium.55,56  

 

Figure 1: Occurrence and properties of lithium. a) Lithium abundance in earth’s crust in 
comparison to other battery relevant elements. b) Photograph of a piece of lithium metal labelled 
with its atomic number 3 and atomic mass of 6.94 u. c) Schematic representation of the lithium 
crystal structure, which crystallizes in a body-centered cubic (BCC) structure with a lattice constant 
of 351 pm. d) Schematic representation of the end-usage for lithium, highlighting the dominance of 
the battery sector in the field of lithium use.64–69 

2.1.2 Properties of Lithium Metal 
With a density of 0.534 g cm−3, an atomic number of 3 and an atomic weight of 6.94 u, as shown in 

Figure 1b, lithium is the lightest metal in the periodic table.11,12,62,70 It crystallizes in a body-

centered cubic (BCC) structure, which is shown schematically in Figure 1c.12 The mechanical 

properties of lithium have important implications for the stable operation of SSBs, as they define 

which external stress is required to maintain a conformal contact at Li|SE interfaces. In the case of 

lithium, these properties are largely defined by its low melting point of Tm = 180.5 °C.11,12,38 At 

room temperature TRT, this corresponds to a homologous temperature of approximately 

0.66 (Tm / TRT). As a result, lithium metal is highly ductile even at room temperature, meaning that 

it can be easily deformed plastically. The measure of this is lithium's low yield strength, which is 

approximately 0.7 MPa.11,38,71,72 It should be noted, however, that the mechanical properties of 

lithium, and of metals in general, depend largely on the microstructure and the concentrations of 

impurities present.11,73 Nevertheless, it is evident that at typical pressures in SSBs, which in most 

cases are significantly above 1 MPa11,33,45,74, lithium mechanics, in particular plastic deformation, 

must be considered. Herein, creep was identified as the dominant deformation mechanism for 

battery-relevant operating conditions.71 
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In addition, lithium has promising electrochemical properties. With its low molar mass and a molar 

volume of approximately 13 cm3 mol−1, lithium has a theoretical specific capacity of 3860 mAh g−1 

and a volumetric capacity of 2061 mAh cm−3.11,12 In combination with the lowest standard reduction 

potential of all elements at –3.04 V versus the SHE, enabling high cell voltages when paired with 

high-voltage positive electrodes, lithium is considered the ultimate choice as negative electrode 

material.11,12 However, this low reduction potential also leads to intrinsic stability challenges in 

batteries. As it lies outside the thermodynamic stability window of nearly all liquid and solid 

electrolytes, spontaneous reduction reactions occur at lithium|electrolyte interfaces.75 Furthermore, 

the high reactivity with atmospheric components necessitates rigorous handling in inert 

environments.11,19–25 Lastly, repeated plating and stripping leads to continuous volume and 

associated morphology changes, potentially decreasing longevity.11,27,32,33,36,48 These challenges 

arising when implementing LMEs will be discussed in more detail in the following chapter. 
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2.2 Challenges of Lithium Metal Electrodes 
While the theoretical characteristics of lithium offer superior performance, its practical 

implementation is impeded by severe interfacial and morphological instabilities. This chapter 

examines the degradation mechanisms that currently hinder the commercial viability of reversible 

SSBs using LMEs, with a particular focus on morphological instabilities during stripping and 

interfacial reactivity. 

2.2.1 Morphological Instabilities during Lithium Stripping 
Upon complete dissolution during discharge, the LME undergoes a theoretically infinite relative 

volume change. In practice, targeted LME thicknesses of around 25 µm (corresponding to 

≈ 5 mAh cm−2) must therefore be reversibly stripped and plated with each cycle.11,26,34,76 At this 

point, first the stripping case will be examined more closely. Morphological instabilities during 

lithium deposition, such as dendrites, will be discussed in more detail later in this work, also as they 

are frequently a consequence of prior issues during stripping. 

Due to the rigid nature of SEs, they cannot compensate for the resulting volume change of the LME 

during stripping as easily as LEs. Macroscopically, this can lead to the formation of pores at the 

Li|SE interface, resulting in an increased constriction resistance and, ultimately, a loss of 

contact.32,33,36,37,44,45 Microscopically, this is because the externally applied current density leads to 

the oxidation of a lithium atom from the LME during discharge. Consequently, a vacancy is created 

in the lithium crystal lattice. If this vacancy does not leave the interface sufficiently fast, multiple 

vacancies can accumulate, resulting in macroscopic pores.11,36,77–79 This kinetic phenomenon at 

solid-solid interfaces was characterized and described by Janek and Schmalzried77 using silver 

electrodes and was further modified by Krauskopf et al.36 to describe Li|SE interfaces.  

The stripping mechanism can be described as follows: The oxidation of a lithium atom leaves a 

vacancy VLix  and an electron e′(Li) inside the metal, while the lithium ion migrates into the SE as 

described in equation (1). The ion then occupies either a vacancy VLi′ (SE) or an interstitial site 

VIx(SE) in the SE lattice. Equation (1) is formulated for occupying a vacancy in the SE lattice. 

 LiLix (Li)  + VLi′ (SE)  ⇌  VLix  +  e′(Li)  + LiLix (SE) (1) 

The vacancy created at the Li|SE interface diffuses into the bulk of the LME at a rate determined 

by the diffusion coefficient for vacancies DV. This results in a vacancy diffusion flux, which is 

referred to as 𝑗𝑗V in the following. The diffusion flux 𝑗𝑗V competes with the lithium-ion flux within 

the SE, which in turn is determined by the applied current density i and is therefore referred to as 

𝑗𝑗Applied.  

Now, two cases can be considered. First, if  
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 𝑗𝑗Applied < 𝑗𝑗V (2) 

the concentration of vacancies at the Li|SE interface reaches equilibrium, thus maintaining the 

morphological stability of the interface. In the second case, where 

 𝑗𝑗Applied > 𝑗𝑗V (3) 

the injected vacancies accumulate at the interface faster than they can diffuse into the bulk. This 

supersaturation leads to pore nucleation, resulting in a morphologically unstable interface and 

potential cell failure. These two limiting cases are shown schematically in Figure 2. The schematic 

highlights not only the morphological evolution but also the impact on cell resistance as well as the 

cell voltage. Due to occurring current constriction at the remaining contact spots, the cell resistance 

increases with ongoing pore formation.80,81 

 

Figure 2: Schematic of the two limiting cases for resulting morphologies of LME during stripping. 
On the left, in blue, jApplied is smaller than jV. Here, injected vacancies diffuse into the lithium bulk 
without agglomerating at the interface towards the solid electrolyte (SE). Therefore, the LME|SE 
interface remains morphologically stable and thus the cell resistance remains constant. On the 
right, in red, jApplied exceeds jV. Here, injected vacancies do not diffuse into the lithium bulk fast 
enough. Therefore, they agglomerate at the interface, leading to pore formation and resulting in an 
unstable morphology and an increasing cell resistance. 

The maximum current density at which the morphological stability of the interface can be 

maintained, often referred to in the literature as critical current density icrit, is thus obtained when 

both fluxes are equal, as expressed in equation (4). 

 𝑖𝑖crit = 𝑧𝑧 · 𝐹𝐹 · 𝑗𝑗V (4) 
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𝜏𝜏V

 (5) 

Using equation (5), the limiting flux 𝑗𝑗V,crit can now be calculated for a maximum concentration of 

vacancies 𝑐𝑐V,Max at the interface, i.e., when a certain supersaturation of vacancies compared to the 

equilibrium vacancy concentration is reached. Here, 𝑐𝑐V0 is the bulk concentration of vacancies in 

lithium at equilibrium and 𝐷𝐷V is the diffusion coefficient of these vacancies. Further, 𝜏𝜏V denotes the 

relaxation time for establishing an equilibrium concentration of vacancies inside lithium. With 

DV ≈ 10−10 cm2 s−1, 𝑐𝑐V0 ≈ 8 ∙ 10−9 mol cm−3 and 𝜏𝜏V ≈ 5 s, Krauskopf et al. were thus able to estimate 

the critical current density of lithium metal at room temperature to be in the range of 50 µA cm−2 

to 200 µA cm−2.36,82 Herein, reasonable values for the maximum vacancy supersaturation were 

assumed to be in the order of 10 times the equilibrium vacancy concentration. The results are largely 

consistent with experimental findings, although it should be noted that experimental data on the 

critical current density for LMEs vary widely.40,83,84 This is due to varying measurement conditions, 

such as different temperatures or externally applied pressures, or the choice between unidirectional 

and bidirectional test conditions.40 In general, however, this assessment shows that the practically 

achievable discharge current density is far too low for commercial applications, and that measures 

are required to significantly increase it. 

2.2.2 Reactivity of Lithium Metal Electrodes 

Beyond morphological instabilities, lithium's pronounced reactivity toward atmospheric 

components poses significant challenges for its handling and processing.19–21,24 Upon exposure to 

moisture, oxygen, or nitrogen, lithium spontaneously forms parasitic surface layers consisting of 

lithium hydroxide (LiOH), lithium oxide (Li2O) or lithium nitride (Li3N).20 Without targeted 

processing, these layers are inhomogeneous and impede a uniform lithium transport across Li|SE 

interfaces, thereby increasing interfacial impedance and deteriorating the overall electrochemical 

performance.21,85 Consequently, all processing steps involving lithium metal require strictly 

controlled inert environments, typically argon atmospheres with oxygen and water levels 

maintained below 1 ppm.11,21,27 However, even these trace amounts can induce surface 

passivation.21 Therefore, mechanical surface treatments (e.g., polishing or scraping) are often 

necessary immediately prior to cell assembly to expose a fresh metallic lithium surface. In addition, 

the preparation of Li|SE interfaces also require the application of high pressures or high 

temperatures in order to ensure an intimate and thus low-resistance interface.11,36 

Beyond atmospheric sensitivity, the low reduction potential of lithium drives parasitic side reactions 

with most SEs.22,25,75,86–88 Ideally, the interface should be thermodynamically stable. However, in 

most practical material combinations, a reaction layer forms immediately upon contact. Based on 



Fundamentals  11 
 

 
 

the electronic conductivity of these decomposition products, the resulting interphase is generally 

classified into two categories: (i) a solid electrolyte interphase (SEI), which acts as a kinetic barrier 

by being ionically conductive but electronically insulating, thus effectively passivating the 

interface, and (ii) a mixed conductive interphase (MCI), which conducts both ions and electrons.89 

As the latter fails to block electron transport, the decomposition reaction can propagate into the bulk 

electrolyte, resulting in continuous consumption of both AM and SE.89 This reduces the storage 

capacity and ultimately causes cell failure. Both SEI and MCI formation can occur already during 

cell assembly or in the early stages of cycling, resulting in the formation of heterogeneous 

interphases.22,85,89 Furthermore, regardless of the specific mechanism, the formation of either 

interphase inevitably consumes lithium. While conventional LMEs can buffer this loss via a 

stoichiometric excess of AM, i.e. in form of the lithium reservoir, this degradation is particularly 

critical for RFCs. In these systems, the consumption of the fixed lithium inventory directly 

correlates with irreversible capacity loss, a central challenge that will be examined in Section 2.3.3. 
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2.3 Reservoir-Free Cell Concepts 

This chapter introduces RFCs as a strategy to overcome the processing challenges associated with 

the high reactivity of LMEs, as detailed in the previous section. While RFCs offer the possibility to 

omit the handling of metallic lithium during cell assembly, they introduce distinct electrochemical 

challenges. The morphological instabilities described in section 2.2.1, i.e., pore formation during 

stripping, remain relevant for RFCs. However, the absence of a pre-existing lithium reservoir shifts 

the critical challenge to the initial plating step which involves the nucleation and growth of lithium 

on a pristine substrate. This chapter thus focuses on the functionality of RFCs, their respective 

advantages and disadvantages, and strategies for overcoming the latter. 

2.3.1 Working Principle of Reservoir-Free Cells 
Scientific investigations of Li|SE interfaces typically rely on complex preparation protocols, 

involving argon atmospheres, surface polishing, and the application of high stack pressures or 

temperatures to minimize interfacial resistance.21,30,33,36 While effective for fundamental research, 

such elaborate procedures are cost-intensive and technically challenging for large-scale battery 

manufacturing. An alternative approach is offered by RFCs. Here, no metallic lithium is used during 

fabrication. Instead, the CC on the negative electrode side is in direct contact with the SE. During 

the first charge, the LME is electrodeposited at this CC|SE interface extracting the lithium ions from 

the AM in the positive electrode.11,26–30,36,90 This process results in the in situ formation of an LME. 

Consequently, a functional full cell configuration CC|Li|SE|AM|CC is established only after the 

initial charge. The working principle of RFCs is schematically depicted in Figure 3. 

 

Figure 3: Schematic illustration of the working principle of a reservoir-free cell (RFC) 
configuration. After fabrication of the RFC, the current collector (CC) of the negative electrode is 
in direct contact with the solid electrolyte (SE). Using the lithium inventory provided by the active 
material (AM) in the positive electrode (PE), the lithium metal electrode (LME) is electrodeposited 
during the first charging step. 

2.3.2 Advantages of Reservoir-Free Cells 
The transition from conventional lithium metal batteries (LMBs) to RFC architecture offers 

significant benefits ranging from increased volumetric energy density to easier manufacturing 

processes and enhanced material purity. By eliminating the lithium reservoir, the cell volume is 
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minimized without sacrificing capacity, as the entire reversible lithium inventory is stored within 

the fully lithiated AM inside the positive electrode. Any additional lithium at the negative electrode 

would essentially constitute "dead weight" and volume. While the impact on gravimetric energy 

density is moderate due to the low density of lithium (ρ = 0.534 g cm−3), the gain in volumetric 

energy density is substantial. For instance, removing a 25 µm thick lithium foil can enhance the 

volumetric energy density of the cell by roughly 15%, depending on the exact cell geometry and 

material composition.26,34 For more information about the energy density calculation, the reader is 

referred to chapter 7.1 of this dissertation. However, in order to provide this energy in the long term, 

highly reversible lithium plating and stripping with efficiencies close to 100% are required to 

prevent rapid capacity decay, a challenge discussed in section 2.3.3. 

The most significant motivation for RFC research is the possibility to completely exclude lithium 

from the cell assembly process. At first, this eliminates the need for energy-intensive production of 

battery-grade lithium foils via molten salt electrolysis and subsequent purification steps.8,11 

Furthermore, handling and storing large quantities of reactive lithium metal, which requires costly 

inert environments and strict safety measures, is effectively eliminated for cell manufacturers. 

Instead, RFC production only involves the application of a CC to the SE, utilizing scalable 

techniques such as sputtering, thermal evaporation, or lamination.91 In addition, pre-assembled 

RFCs can be stored with fewer precautions, as there is no lithium metal present until the initial 

charging step. In addition, this allows RFCs to decouple cell production from the onset of aging. 

Since the contact between lithium and most SEs leads to the growth of resistive interphases (SEI or 

MCI), conventional SSBs employing lithium metal would degrade during storage. The thickness of 

these degradation layers increases with storage time.22,23,25,87 However, in the case of RFCs, these 

can be manufactured with the first charging step only being carried out immediately before use. 

This allows for precise determination of the start of operation and minimizes performance losses 

due to storage. 

In addition to production and storage advantages, RFCs offer an additional intrinsic purification 

effect, when using single-ion conducting SEs for electrodepositing the LME in the first charging 

step.92 It has been hypothesized that impurities cannot migrate through the SE.11,32,92 As a result, 

electrodeposited LMEs should exhibit exceptionally high purity, even when the lithium source 

contains impurities. This hypothesis formed the basis of the first publication of this dissertation. 

Using LPSCL and LLZO as SEs, it was proven that high-purity lithium layers are electrodeposited 

in RFCs. Impurities contained in the lithium counter electrode, which was used as a model lithium 

source, accumulate at the interface with the SE. These impurities negatively influence the accessible 

lithium inventory, resulting in lower stripping capacities for less pure lithium foils and 

correspondingly higher stripping capacities for lithium foils with higher purity. This intrinsic 
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purification mechanism provides RFCs with a distinct electrochemical advantage over cells 

assembled with conventional lithium foils, as schematically summarized in Figure 4.  

 

Figure 4: Schematic summary of the purity aspect in RFCs. As shown on the left, lithium 
electrodeposited using the positive electrode (PE) as a lithium source and a single ion conducting 
solid electrolyte (SE) has an exceptionally high purity, offering the maximum amount of accessible 
lithium. In contrast, as shown on the right, the accessible lithium inventory of conventionally 
manufactured foils is reduced by impurities. In addition, the figure schematically illustrates that 
eliminating the lithium reservoir in an RFC configuration can increase the volumetric energy 
density by approximately 15%. 

2.3.3 Challenges of Reservoir-Free Cells 
Besides the distinct advantages of RFCs, significant hurdles remain that hinder the widespread 

commercialization of these concepts. These challenges primarily stem from the unique architecture 

of RFCs, where lithium metal is initially absent and must be electrodeposited at the CC|SE interface 

during the first charge, or formation. 

The central difficulty lies in controlling the morphology of this electrodeposited lithium. To achieve 

competitive cell performance, a dense and uniform lithium layer approximately 25 µm thick 

(corresponding to ≈ 5 mAh cm−2) must be reversibly electrodeposited and stripped.8,34,76 In practice, 

however, lithium rarely forms a dense film. Instead, it tends to form undesirable morphologies such 

as islands, whiskers, or dendrites.11,26–29,93 Isolated, island-like structures cover the CC only 

partially, which significantly reduces the effective contact area with the SE compared to a uniform 

film. In addition, inhomogeneous electrodeposition morphologies can lead to different forms of 

protrusive growth: whiskers that extend into or along the CC, and dendrites that grow into the SE. 

Both phenomena can lead to mechanical damage of the electrode stack, including cracking or 

fracture of the SE and, ultimately, short-circuiting between the electrodes, thereby compromising 

the structural integrity and safety of the cell.27,94,95 The different failure growth modes are shown 

schematically in Figure 5. 
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Figure 5: Schematic illustration of different failure growth modes in RFCs. a) Island growth mode: 
lithium is electrodeposited only locally along the CC|SE interface, resulting in a reduced coverage 
of the CC. b) Whisker growth mode: lithium grows locally in needle-like morphologies, which 
likewise keep the coverage low and can lead to penetration of the CC. c) Dendrite growth mode: 
filament-like structures grow into the interior of SE, damaging it and ultimately causing a short 
circuit between the two electrodes. 

During the subsequent discharge step, the limited contact area becomes particularly critical. As 

lithium is stripped from the electrode, the current is focused at the remaining contact points, 

resulting in a local current density that is much higher than the current density calculated based on 

the total CC area.96,97 As extensively discussed in chapter 2.2.1, this locally increased current, jlocal, 

can exceed the vacancy diffusion current, jV, triggering morphological instabilities such as pore 

formation and contact losses. Therefore, ensuring uniform deposition during charging is essential 

not only to prevent mechanical damage during charging but also to maintain sufficient contact area 

for the subsequent discharge step. This continues for all subsequent charge and discharge cycles. If 

lithium is not stripped homogeneously and completely during the first discharge, there is an 

increased risk of dendrite growth in the second charging step due to preferential lithium 

electrodeposition at the remaining contact points.84 This shows how immensely important it is to 

ensure homogeneous and reproducible lithium plating and stripping throughout all cycles. 

In addition to morphological lithium losses, parasitic side reactions or diffusion into the CC can 

consume lithium, which in turn reduces the amount of AM.22–25,89 Omitting the lithium reservoir 

means that no lithium losses can be compensated for by excess material. Consequently, any lithium 

loss leads to a direct decrease in storage capacity.35 This highlights the crucial importance of high 

Coulomb efficiency for stable operation, even more so for RFCs than for LMBs equipped with a 

reservoir. Although conventional LIBs also operate with a finite lithium inventory, they benefit 

from the stable host material graphite that reduces volume changes and stabilizes the interface 

towards the LE. RFCs lack this buffer, making the preservation of the limited lithium inventory 

decisive for long-term cycling stability.60 

2.3.4 Overcoming Challenges in Reservoir-Free Cells 
To address the instabilities described above and homogenize the resulting lithium morphology, a 

wide range of strategies has been proposed. The approaches can broadly be divided into (i) the 
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optimization of operating conditions, which govern the electrochemical and mechanical boundary 

conditions during lithium plating and stripping and (ii) materials- and interface-based strategies, 

which aim to control lithium nucleation, growth, and stripping. It is essential to distinguish between 

nucleation and growth, even though the two terms are sometimes used interchangeably in literature. 

Lithium nuclei exist on the sub-nanometer scale and are therefore below the resolution limit of 

conventional imaging techniques. What is usually analyzed in literature are grown lithium 

structures, and the nucleation density is therefore inferred indirectly from the density of these grown 

lithium structures.27,98 As indicated, said strategies can also influence lithium stripping, which, like 

plating, is a prerequisite for stable cycling of RFCs. The following paragraphs therefore discuss one 

parameter at a time, beginning with its influence on lithium plating and subsequently on stripping. 

The parameters discussed are shown schematically in Figure 6. 

 

Figure 6: Schematic illustration of different strategies to ensure the functionality of RFCs. 
Highlighted in red, approaches are shown that aim to optimize the materials used and their 
interfaces, including the microstructural optimization of the LME, a (three-dimensional) 
confinement, the incorporation of secondary phases into the LME, and the implementation of 
interlayers. Highlighted in blue, strategies for optimizing the operating conditions during cell 
operation are depicted, including the choice of CC thicknesses and materials, the application of 
external pressure, the use of advanced cycling protocols and modification or increase of the 
operating temperature. 
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Within the optimization of operating conditions, temperature is a critical parameter during both 

lithium plating and stripping.29,99 Motoyama et al. propose that higher temperatures reduce the 

nucleation overpotential during plating, thereby decreasing the number of regions that can reach 

the supersaturation required for nucleation, which in turn leads to a reduced number of lithium 

nuclei.93 This temperature dependence was experimentally verified by plating experiments on 

Cu|lithium phosphorus oxynitride (LiPON) interfaces, revealing a lower lithium particle density for 

higher temperatures and a higher lithium particle density for lower temperatures, respectively.29 

Temperature also significantly influences the stripping properties, as the vacancy diffusion 

coefficient 𝐷𝐷V, the equilibrium vacancy concentration 𝑐𝑐V0, and the relaxation time τ (revisit equation 

(5)) are all temperature-dependent.36 The temperature dependence is therefore complex, but in 

general increased temperatures are found to improve stripping capabilities of LMEs and are used to 

ensure morphological stability throughout cycling.100,101 The exponential temperature dependence 

of the diffusion coefficient is particularly important here.11 

Like the temperature, the selected current density for plating also influences the resulting particle 

density. In accordance with the above-mentioned proportionality between nucleation overpotential 

and resulting nucleation density, higher current densities lead to an increased particle density by 

increasing the nucleation overpotential during lithium plating. This dependence on current density 

could be demonstrated not only in the amorphous Cu|LiPON system of Motoyama et al.29, but also 

using polycrystalline LLZO by Fuchs and Becker et al.27 During stripping, the current density 

defines the rate of vacancy injection. While lower currents favor interface preservation, they limit 

discharge power. As with plating27, advanced stripping protocols are being investigated to ensure 

high discharge capacities even at high current densities.102 However, the applicable current density 

is ultimately dictated by the application requirements. Therefore, the discharge current density can 

only serve as an optimization parameter to a limited extent. 

Externally applied pressure is utilized to influence lithium morphology. During plating, moderate 

pressures can flatten protruding islands and promote coalescence into uniform films. This facilitates 

a transition toward more uniform, film-like lithium growth.26,27,103 However, excessively high 

pressures may alter the resulting growth mechanisms and favor the formation of dendritic 

structures.74 During stripping, applied pressure helps maintain Li|SE interfacial contact, as pressure 

can induce mechanical creep of lithium, which provides an additional material flux towards the 

interface.36 Combined with vacancy diffusion, this creep-driven transport helps preserve the 

interfacial contact, mitigate pore formation, and maintain morphological stability throughout the 

stripping process. However, necessary pressure assemblies would introduce excessive mass and 

volume, making them impractical for application. Competitive cells must therefore also function at 

pressures in the order of approximately 1 MPa.10 
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Besides optimizing operating parameters, optimization of materials such as the CC is a key factor 

for controlling lithium morphology in RFCs. During plating, both the choice of CC material and its 

thickness strongly influence nucleation behavior and growth morphology.27,44,104 Chemical stability 

against both the SE and lithium is essential, while thin CCs are desired to minimize the fraction of 

electrochemically inactive material. At the same time, the CC must be mechanically robust enough 

to withstand stress and suppress the formation of whiskers.27 During stripping, the CC must 

accommodate the resulting reduction in volume so that even when lithium is completely stripped, 

a homogeneous, electronically contacted CC|SE contact is restored. Accordingly, the CC should 

only undergo elastic deformation so that no plastic deformation occurs, which could lead to loss of 

contact over the course of several cycles. Ideally, this elasticity and the adhesion between the SE 

and CC also exert pressure on the LME, which improves stripping. 

Given that lithium deposition in RFCs occurs directly at the CC|SE interface, the physicochemical 

properties of this interface largely determine nucleation, growth morphology, and cycling 

reversibility. Therefore, intensive research is being conducted to optimize this interface via material 

optimization. During plating, thin interlayers are widely employed to homogenize lithium flux, and 

provide preferred nucleation sites, thereby promoting more uniform lithium deposition.28,43,105,106 

During stripping, interlayers help maintain intimate interfacial contact and distribute current more 

evenly, mitigating pore formation and minimizing the risk of contact loss.44 By separating lithium 

and SE, they can also prevent chemical degradation between these two species107,108, thereby 

enhancing morphological stability and Coulomb efficiency throughout repeated cycling. 

In addition to interlayers, secondary phases are also frequently used. The distinction between 

interlayers and secondary phases is fluid, as interlayers can evolve into secondary phases within the 

lithium layer during operation. One of the most prominent examples from the recent past is 

described in the “Samsung Paper” by Lee et al.: Silver particles initially dispersed in a carbon 

matrix form a silver-lithium alloy during plating, introducing a secondary phase within the lithium 

layer.31,109 In general, secondary phases, like interlayers, aim to homogenize lithium deposition, 

guiding more uniform layer growth.110 Crucially for the stripping process, it was shown that 

secondary phases can increase the accessible lithium inventory.44,45,100,111 This can be explained 

primarily by two mechanisms. On the one hand, secondary (alloy) phases can alter the diffusion 

properties and thus contribute to morphological stability via higher effective diffusion of lithium 

towards the interface.11,100 On the other hand, secondary phases can act as contact mediators, 

ensuring that an electrically contacted interface is maintained during stripping.45,111 However, 

particularly in the case of ionically blocking layers, the underlying mechanism is still the subject of 

debate. 



Fundamentals  19 
 

 
 

Another material-based approach involves the use of 3D-structured SEs. By spatially confining 

lithium growth within a porous host, the unconstrained vertical growth of e.g. whiskers is 

mechanically suppressed during plating.112–117 During stripping, the significantly increased Li|SE 

surface area reduces the effective local current density for a given total current, mitigating pore 

formation. However, these benefits come at the cost of reduced energy density and increased 

manufacturing complexity. 

Finally, the lithium microstructure plays a decisive role. Initial studies suggest that the 

microstructure critically influences diffusion pathways as well as mechanical properties and thus 

the achievable discharge capacity.48–51 Since this aspect is a central component of this dissertation, 

it is discussed in a dedicated chapter below. 
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2.4 Microstructure of Lithium Metal Electrodes 
While the previous chapter mainly dealt with the morphology of electrodeposited lithium layers, 

this chapter will focus on the microstructural properties, i.e., the grain size, the number of grain 

boundaries, and the grain orientation of LMEs. Although these properties were difficult to access 

in the past due to experimental challenges, advanced preparation methods now allow for their 

detailed characterization. This enables systematic analysis of the microstructure of electrodeposited 

lithium and an investigation into how it can be influenced. 

2.4.1 Effect of Microstructure on Diffusion in Polycrystalline Materials. 
In general, diffusion in lithium occurs via a monovacancy transport mechanism.11,118,119 However, 

in polycrystalline materials, such as lithium, the diffusion can proceed through multiple pathways 

with different kinetics, as schematically shown in Figure 7a. Bulk diffusion along regular lattice 

sites represents the slowest pathway, characterized by the bulk diffusion coefficient DBulk. Diffusion 

is considerably faster along dislocations (DDis) and grain boundaries (DGb), due to the increased 

structural disorder in these regions. At surfaces, diffusion is most rapid, as DSurf benefits from both 

the participation of adatoms and vacancies in the diffusion process. The hierarchy of diffusion 

coefficients in metals thus follows the relationship120: 

 DBulk << DDis < DGb < DSurf (6) 

 

Figure 7: Microstructure-dependent diffusion in polycrystals. (a) Schematic illustration of different 
diffusion pathways in a polycrystal, including diffusion through the bulk, along dislocations, along 
grain boundaries, and along free surfaces. The dark grey shading indicates the different diffusion 
lengths at identical diffusion times to highlight the varying diffusivities. Figure adapted from H. 
Mehrer, Diffusion in Solids: Fundamentals, Methods, Materials, Diffusion-Controlled Processes, 
Springer, Springer Series in Solid-State Sciences, Volume 155, 2007.120 Copyright Springer-Verlag 
Berlin Heidelberg. Reproduced with permission from Springer Nature. (b) Theoretically calculated 
diffusivity as a function of the microstructure of a lithium polycrystal. The resulting polycrystalline 
diffusivity DPoly as a function of grain size is shown in blue, while the bulk diffusivity is shown in 
red. Dark grey shading highlight experimental data from reference [100], and the grey-hatched 
region marks the target grain size of 1 µm and the corresponding diffusivity of approximately 
10−9 cm2 s−1 as calculated by Yoon et al.121 

Consequently, polycrystalline materials with smaller grain sizes, which exhibit a higher volumetric 

fraction of grain boundaries, are suspected to yield enhanced effective diffusivities. For LMEs, this 
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relationship has important implications as finer-grained structures should therefore withstand 

higher current densities without experiencing the morphological instabilities inherent to stripping. 

This dependence of electrochemical performance on microstructural features makes grain size 

control a promising optimization parameter for the stable operation of LMEs. Simulations by Yoon 

et al. suggest that for high-rate applications at current densities of 5 – 10 mA cm−2 grain sizes below 

1 µm are required to sustain the necessary effective diffusivity of approximately 10−9 cm2 s−1. This 

target range for diffusivities and grain size is shown in gray shading in Figure 7b. Practical 

diffusivities according to the results of Krauskopf et al.100 (highlighted in gray in Figure 7b) are in 

the range of 5 ∙ 10−11 cm2 s−1 and therefore roughly two orders of magnitude lower than needed. It 

should be noted, however, that changes in microstructure simultaneously alter the mechanics of the 

LME. Assuming a Hall-Petch mechanism, a lower grain size increases yield strength and in turn 

reduces deformability of the LME at a given pressure, which may impede the preservation of the 

LME|SE interface.73 Therefore, both diffusional and mechanical properties must be considered in 

microstructural optimization. 

2.4.2 Characterizing the Microstructure of Electrodeposited Lithium  
Prior to the investigations presented in this thesis, knowledge regarding lithium microstructure was 

largely limited to commercial lithium foils.52,122–124 These typically exhibit coarse grain structures 

with grain sizes exceeding 100 µm, which is two orders of magnitude larger than the theoretical 

requirements for stable high-rate stripping derived in the previous section. At the same time, 

electrodeposition was identified as a promising approach for specifically adjusting the lithium 

microstructure and thereby achieving the grain sizes required for stable operation.49,54,121 However, 

the microstructure of electrodeposited lithium in RFCs remained largely unexplored. This lack of 

data was primarily due to the buried nature of the CC|SE interface and lithium's high sensitivity to 

oxidation.  

To elucidate the relationship between deposition parameters and the resulting lithium 

microstructure, an advanced characterization workflow combining cryogenic ion beam polishing 

with inert gas transfer was utilized, as originally established by Fuchs and Ortmann et al.52 Building 

upon this initial work, the preparation protocol was further optimized within the scope of this 

dissertation. Specifically, the ion milling process was adapted to enable the preparation of 

significantly larger cross-sections in the order of several millimeters.53 This advancement allows 

for the analysis of broader sample areas, thereby providing statistically more robust EBSD data on 

electrodeposited lithium layers. The experimental workflow is schematically depicted in Figure 8. 
First, cell preparation is carried out, followed by lithium electrodeposition and ion milling under 

cryogenic conditions, before finally analyzing the microstructure of the lithium layer using EBSD. 

In addition, an exemplary inverse pole figure map is shown, where the different colors represent 

different lithium grains with their respective orientations. 
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Herein, EBSD is a SEM technique that provides information on crystallographic orientation, phase 

distribution, and grain structure. When a stationary electron beam interacts with a tilted crystalline 

specimen, quasi-elastically backscattered electrons are diffracted according to Bragg’s law, 

producing characteristic Kikuchi patterns on a phosphor screen.125 These patterns are then captured 

and analyzed to determine local crystal orientations by comparison with simulated diffraction 

geometries. By scanning the beam across the sample surface, EBSD generates high-resolution 

orientation maps, revealing grains and grain boundaries as well as their respective orientation. 

 

Figure 8: Workflow for the microstructural analysis of electrodeposited lithium. (a) Schematic 
illustration of the sample preparation procedure, comprising fabrication of the RFC, followed by 
lithium electrodeposition, subsequent cryogenic ion milling to prepare an analyzable lithium 
surface, and final analysis by electron backscatter diffraction (EBSD). (b) Representative EBSD 
map of an electrodeposited lithium layer, showing the CC at the bottom and the electrodeposited 
lithium layer on top, with individual lithium grains displayed in different colors. Residual LPSCl 
from the electrodeposition step is visible above the lithium layer. Figure adapted from Fuchs, T., 
Ortmann, T., Becker, J. et al. “Imaging the microstructure of lithium and sodium metal in anode-
free solid-state batteries using electron backscatter diffraction.” Nat. Mater. 23, 1678–1685 
(2024), licensed under CC BY 4.0.52 

2.4.3 Influencing the Microstructure of Lithium Metal Electrodes 
First investigations on electrodeposited lithium have revealed distinct microstructural differences 

compared to conventionally manufactured foils, including notably larger grain sizes in the latter.52 

The microstructure of conventionally manufactured lithium foils is largely determined by their 

purity, thermal history, and mechanical processing.51,57,58 However, apart from purity, these 

parameters are mostly elusive to the user. While further processing steps during cell assembly, such 

as thinning, are likely to alter the microstructure, a systematic investigation of these processing 

parameters is currently lacking. In contrast, electrodeposited lithium layers exhibit characteristic 

microstructures, such as the majority of grain boundaries being perpendicular to the CC|SE 

interface.52 These microstructural differences are schematically illustrated in Figure 9. Crucially, 

initial studies have demonstrated that the resulting microstructure evolves dynamically and is 

influenced by the specific electrodeposition conditions.41,52  
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Building on this, the ability to reliably characterize electrodeposited lithium now enables a 

systematic investigation into microstructural control. Based on approaches used to influence lithium 

morphology, strategies to tailor the microstructure can similarly be divided into two categories: (i) 

the variation of process and operating conditions, such as temperature, pressure, current density, 

and layer thickness, and (ii) material optimization through the choice of CC, spatial confinement of 

the lithium electrode, and the introduction of interlayers or secondary phases. The various 

approaches are shown schematically in Figure 9.  

 

Figure 9: Schematic representation of the microstructural differences between electrodeposited 
lithium (top) and conventionally manufactured lithium foils (bottom) with their respective 
influencing factors. Highlighted in red are external operating conditions, including temperature, 
externally applied pressure, the selected cycling protocol, and the resulting lithium layer thickness. 
Highlighted in blue are material-based approaches, including the choice of substrate and its 
microstructure, the microstructure of the SE, and the application of interlayers at the CC|SE 
interface. Factors influencing the microstructure of conventionally manufactured lithium foils 
include lithium purity, thermal history, and mechanical processing.  

First, the external deposition parameters are discussed. The found dependence of particle density 

on temperature suggests that the microstructure, i.e. the number of grains, can also be altered by 

varying the deposition temperature. Fewer grains are expected at higher temperatures, as the particle 

density decreases, and vice versa. Surprisingly, recent experimental results suggest the 
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opposite.126,127 More grains were detected at 80 °C than at 25 °C. Interestingly, a correlation 

between the deposition temperature and the resulting grain orientation was also observed.126 In 

general, however, an influence of temperature on the resulting lithium microstructure appears to be 

present, but requires further investigation. 

While the mechanical properties of lithium under external pressure have already been intensively 

studied, a direct correlation between pressure and resulting microstructure is still lacking.38,72,128 

Conversely, Aspinall et al. have demonstrated, that the mechanical properties of conventional 

lithium foils are microstructure dependent.122 Furthermore, studies have shown that even full phase 

transformations from a BCC to a face-centered cubic (FCC) crystal structure can occur in lithium 

at pressures of approximately 7 GPa.129 More generally, it is well established in metallurgy that the 

microstructure of metals can be influenced by the application of external pressure, suggesting a 

similar effect for lithium.130–133 Overall, additional experimental investigations are needed to 

elucidate the effect of pressure on the resulting lithium microstructure, especially for 

electrodeposited lithium at typical operating pressures in SSBs of several MPa. 

Following the proportionality between current density and nucleation density, it was initially 

hypothesized that higher current densities yield finer-grained microstructures.30 This hypothesis 

constituted the basis of the second publication of this dissertation.53 Since EBSD analysis requires 

a minimum lithium thickness in the order of 5 µm, the study additionally examined the influence 

of layer thickness. The results reveal that the grain size increases with increasing layer thickness, 

whereas the grain density, defined as the number of grains per mm cross-section, decreases. 

Conversely, at the time of analysis, no correlation between the chosen current density and the 

resulting grain size or grain density could be observed. This suggests that, while higher currents 

may increase the initial nucleation density, this effect is masked by lithium grain growth during 

subsequent plating. This again highlights the importance of distinguishing between nucleation and 

analysis of subsequently grown lithium particles. Overall, the study demonstrates that deposition 

parameters can indeed be varied to influence the resulting lithium microstructure.53 While layer 

thickness is an effective parameter to tune grain size, it is practically constrained by the cathode 

loading in RFCs, necessitating alternative control strategies, such as material-based approaches for 

targeted modification of the lithium microstructure.53 

The first apparent material-based parameter that influences the resulting lithium microstructure is 

the substrate on which deposition occurs, specifically the CC. Initial simulation results from the 

second publication of this dissertation suggest a substrate effect, particularly in the early stages 

where the lithium grain size is comparable to that of the underlying CC.53 Experimentally, however, 

verifying this correlation proves difficult. As previously discussed, a minimum lithium thickness of 

≈ 5 µm is required for microstructural analysis which is due to the low electron cross-section of 
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lithium.122 At the time this thickness is reached, the coarsening of lithium grains has likely outgrown 

the typically fine-grained microstructure of metal CCs. This potentially masks an initial substrate 

influence. Therefore, additional systematic investigations regarding lithium-substrate interaction 

are necessary to deepen scientific knowledge. It should be mentioned at this point that, in addition 

to the CC microstructure, the SE microstructure must also be considered, as it equally serves as a 

substrate during deposition.134 

In addition to a planar CC|SE interface, spatial confinement presents a further strategy to control 

the lithium microstructure. To date, no microstructural investigations have been reported for lithium 

electrodeposited within porous SE frameworks known from literature.112–117 While planar 

electrodeposition allows for continuous grain growth with increasing layer thickness, it is assumed 

that spatial confinement within significantly smaller pores imposes a geometric limit to this growth, 

therefore resulting in smaller grain sizes. Verifying this hypothesis remains a subject for future 

research. 

In addition to the microstructural and spatial design of the CC, the chemical modification of the 

CC|SE interface via interlayers constitutes a further parameter for controlling the lithium 

microstructure. These interlayers not only alter the substrate but can also introduce secondary 

phases within the electrodeposited lithium, particularly when alloy-forming material combinations 

are utilized.41,44 In metallurgy, it is known that impurities, or more generally, secondary phases, 

influence grain growth in metals, resulting in smaller grains.73,135 A central model is Zener pinning, 

in which particles interact with the moving grain boundaries and thus influence grain growth.73,136 

Building on the findings of the first and second publication of this dissertation, the observed grain 

growth was therefore partly attributed to the high purity of the electrodeposited lithium. 

Accordingly, the following hypothesis was derived: if high purity allows for grain growth, the 

targeted introduction of secondary phases should conversely inhibit it, resulting in a finer 

microstructure.  

This hypothesis formed the basis for the third publication of this dissertation, in which gold, silver, 

and bismuth were investigated as interlayer materials. The study confirmed that interlayers induce 

different lithium microstructures, depending on the choice of the interlayer material and the 

resulting phase distribution. In the case of gold, lithium-gold alloy particles detached from the 

interface and dispersed throughout the lithium layer. These particles effectively acted as pinning 

sites, thereby decreasing the resulting grain size. For silver, the interlayer dissolved completely into 

the lithium layer, resulting in a contracted crystal structure. This lattice contraction is expected to 

generate internal stresses that may contribute to the observed reduction in lithium grain size. The 

lithium-bismuth alloy remained in direct contact with the SE, thereby separating lithium and LPSCl. 

Contrary to the smaller lithium grains observed with gold and silver, using a bismuth interlayer 
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resulted in even larger lithium grains, which was attributed to faster lithium diffusion kinetics along 

the formed Li3Bi alloy. Overall, the third publication shows that the use of interlayers and secondary 

phases can indeed be used to modify the lithium microstructure. Furthermore, this work showed 

that the electrochemical history of the lithium layers also influences the resulting microstructure. 

Partially stripped lithium foils exhibited a different microstructure compared to their merely plated 

counterparts, namely smaller grain sizes and a preferred orientation in the <101> direction parallel 

to the stripping direction. This interplay between electrochemistry and the resulting microstructure 

will be discussed in more detail in the following chapter. 
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2.5 Electrometallurgy of Lithium Metal Electrodes 
The previous chapters demonstrated various strategies for optimizing the microstructure of LMEs, 

including deposition parameters and interlayer design. These approaches primarily address 

microstructural evolution occurring during the plating process. However, microstructure and 

electrochemistry are coupled: the microstructure influences electrochemical performance, while 

electrochemistry drives microstructural changes through mass transport and mechanical stresses. 

Motivated by the grain shrinkage and reorientation in the <101> direction parallel to the stripping 

direction observed in the third publication of this dissertation, this chapter investigates the coupled 

electrochemical, mechanical, and microstructural changes during both plating and stripping. 

The “mechanics of lithium plating” are relatively well understood through extensive studies on 

dendrite formation.11,71,90,95,137 Monroe and Newman initially hypothesized that SEs could suppress 

the formation of lithium dendrites due to their high shear modulus.138,139 However, it has since been 

discovered that dendrite formation can also occur in oxide SEs such as LLZO, whose shear modulus 

is ten times higher than that of lithium (LLZO ≈ 61 GPa, lithium ≈ 4.2 GPa). One contribution to 

this is high stress in existing defects during plating, leading to a Griffith-like failure mechanism.11,73 

Furthermore, Porz et al. showed that the maximum stress is related to the overpotential and, 

accordingly, equation (7) can be used to estimate the maximum mechanical stress during plating at 

a given overpotential.95 

 𝜎𝜎Max ≈ −
𝐹𝐹
𝑉𝑉mLi

· ∆𝜑𝜑 (7) 

Herein F is the Faraday constant and 𝑉𝑉mLi the molar volume of lithium. Assuming an overpotential 

of ∆ϕ ≈ 10 mV, the maximum mechanical stress can reach up to 75 MPa. This value is large enough 

to enlarge surface defects, which can then form more complex networks, i.e., dendrites.95 However, 

even in the case of a perfect interface, it is evident that, at least at the beginning of the deposition 

process, mechanical work must always be performed in order to open the CC|SE interface or to 

create space for lithium.26 In general, such mechanical contributions must always be considered in 

electrochemical experiments. 

However, the microstructural level, i.e., how the pressures that occur shape the resulting lithium 

microstructure, has been relatively little studied to date. Similarly, the coupling between stripping 

and microstructure remains largely unexplored. Publications 2 and 3 have shown that lithium grains 

grow with increasing layer thickness during plating under constant stack pressure. This was mainly 

attributed to curvature reduction, the associated energy minimization of the system, and thus 

thermodynamic reasons.53,140 Publication 3 revealed that stripping reverses the plating trend: grains 

shrink again, accompanied by a pronounced preferential orientation in the <101> direction parallel 

to the stripping direction. This is counterintuitive considering the thermodynamic explanation from 
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before, as new grain boundaries are created. While plating minimizes energy via grain growth, 

stripping increases the system's energy by creating new grain boundaries. Consequently, additional 

energy must be introduced into the system to drive this formation of additional grain boundaries. 

Two mechanisms that put energy into the LME come into consideration, namely the externally 

applied stack pressure and the internal stress generated by stripping. Since both plating and stripping 

occur under the same external stack pressure, it appears unlikely that this parameter alone accounts 

for the fundamental difference in microstructural evolution. Furthermore, plating did not induce the 

strong preferred orientation observed after stripping despite being subjected to the same external 

pressure. This suggests that the stripping process itself, along with the resulting lithium flux, plays 

a crucial role in determining the observed grain refinement and the preferred orientation. This raises 

the question: What role does stripping play in chemo-mechanics, resulting stress, and ultimately in 

microstructure evolution? 

Microscopically, stripping corresponds to the removal of atomic volume from the lattice, thereby 

injecting vacancies. This vacancy injection causes local distortion of the lattice.135 Since the 

vacancy formation volume in lithium is significantly smaller than the atomic volume 

(∆V ≈ 0.5 Ω0)118,141, the lattice undergoes local inward relaxation, as schematically depicted in 

Figure 10. Here, Ω0 is the volume of a lithium atom in a perfect lattice. Constrained by the adhering 

bulk material, this volume mismatch likely generates significant tensile stress within the metal. In 

the research field of electromigration, the relation between vacancy concentration and hydrostatic 

stress σ is used to predict when a critical stress level is reached and failure occurs (equation (8)).142–

145 The cause of the locally increased vacancy concentration in electromigration is attributed to the 

so-called “electron wind” and is therefore fundamentally different from vacancy injection by 

stripping in the LME.144 Nevertheless, it is assumed that the consequence, i.e., the stress that builds 

up within the LME due to a locally increased vacancy concentration, is transferable. Accordingly, 

equation (9) is now used to estimate the stress that occurs in lithium at a given vacancy 

concentration. 

 𝑐𝑐V,Max = 𝑐𝑐V0 exp �
(1 − f)Ω0𝜎𝜎

𝑘𝑘𝑘𝑘
� (8) 

 𝜎𝜎 =  
𝑘𝑘𝑘𝑘

(1 − f)Ω0
ln�

𝑐𝑐V,Max

𝑐𝑐V0
� (9) 

Herein, k is the Boltzmann constant, T the absolute temperature in Kelvin, and (1 − f) accounts for 

the ratio between the volume of a vacancy and the atomic volume Ω0. Now, the resulting hydrostatic 

stress can be calculated for different ratios between the vacancy concentration in equilibrium 𝑐𝑐V0 

and the vacancy concentration 𝑐𝑐V,Max increased by stripping, as shown in Figure 10. Please note 

that this consideration is simplified, as only a steady state is considered, assuming a constant 
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concentration of vacancies increased to equilibrium. The resulting vacancy concentration difference 

inside the material, the resulting vacancy flux and possible annihilation of vacancies are not taken 

into account. For a more in-depth analysis, the applied current density, the resulting vacancy 

injection rate, and the resulting vacancy diffusion should be coupled to better estimate the resulting 

stress. 

 

Figure 10: Vacancy injection during stripping and resulting stress in the LME. As shown above, 
vacancies are injected into the LME during stripping. This leads to local lattice relaxation. 
Depending on the vacancy concentration in relation to the equilibrium concentration, the resulting 
hydrostatic stress can be calculated as shown below. 

The analysis shows that even doubling the vacancy concentration, already induces a hydrostatic 

stress of several hundred MPa within the electrode. Krauskopf et al. report that this concentration 

is still at the lower end of realistic values and can reach up to ten times the equilibrium level.36 

Nevertheless, it seems unlikely that the electrode will maintain this stress. Instead, it is hypothesized 

that the system relaxes this hydrostatic stress through microstructural reorganization processes, 

potentially involving plastic deformation or dislocation movement. Consequently, the material flux 

during stripping provides a plausible hypothesis for the missing driving force that leads to the 

formation of additional grain boundaries and the (101) preferred orientation, which is both the most 

densely packed plane and a slip plane in the BCC lattice. This mechanical perspective underscores 

the necessity of considering electromigration or “electrometallurgy” in future studies. 

Finally, to evaluate the magnitude of the material flux and the potentially resulting stresses in a 

commercial RFC, the specifications of the QuantumScape QSE-5B cell serve as a case study. The 
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announced battery specifications, the calculated charge and discharge current densities and the 

resulting lithium height changes are shown in Table 1.146 

Table 1: Case study of the QSE-5B cell from QuantumScape. Relevant battery specifications are 
listed in the upper part of the table. The two sections below list the resulting current densities, and 
the resulting height changes of the LME during charging and discharging, respectively. A 
geometric electrode area of 1 cm2 and a layer deposition is assumed for the calculations. 

 
Parameter Value Unit 

Battery specifications 
Cathode areal charge 6.2 mAh cm−2 

Nominal Voltage 3.84 V 
LME thickness (100 % SOC) 30 µm 

 

Chargea 

Charge rate 4 C ≙ h−1 
Charge current density 17.4 mA cm−2 

LME height change 1.4 µm min−1 
 

Dischargeb 

Discharge rate 0.2 C ≙ h−1 
Discharge current density 1.24 mA cm−2 

LME height change 0.1 µm min−1 
aThe charging parameters are calculated for fast charging between a state-of-charge (SOC) of 
10% and 80% and consider 70% of the total cathode areal charge. 
bThe discharge parameters are calculated for complete discharge and consider 100% of the total 
cathode areal charge. 
 

First, the calculated height changes of the LME reveal the extreme morphological demands placed 

on commercial RFCs. During fast charging, the LME grows at a rate of 1.4 µm min−1. While the 

height change during the stripping process (discharge) is significantly lower at 0.1 µm min−1, it 

remains substantial. Regarding potential microstructural changes associated with the stripping 

process, it is noteworthy that changes observed in the third publication already occurred at a current 

density of 100 µA cm−2, roughly one order of magnitude lower than the 1.24 mA cm−2 required for 

the QSE-5B sample. This implies that under realistic operating conditions, the driving forces for 

microstructural evolution are likely even more pronounced.  

Now, the models previously used to estimate the resulting stress in LMEs are applied to the QSE-

5B cell of QuantumScape. Accordingly, the supersaturation of vacancies is calculated that the LME 

would have to tolerate to remain morphologically stable at the given discharge current density of 

1.24 mA cm−2 using equation (5). The corresponding vacancy concentration is 117 times greater 

than the equilibrium concentration, and the resulting stress in the material according to equation (9) 

is approximately 2 GPa. It is obvious that these values are unreasonably high and that the LME 

cannot withstand such high supersaturations of vacancies and high stress in the material. This 

highlights the limitations of the models, as additional influencing factors such as grain boundary 

diffusion in polycrystalline lithium, adatom diffusion, or mechanical contributions to the 
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preservation of the interface, for example via creep, are not considered. Furthermore, only 

hydrostatic contributions of the stress together with a constant relaxation factor (1 − f) of the lattice 

are taken into account. On the other hand, it seems unlikely that these aspects alone, even if 

considered, would enable such high discharge current densities. If it is assumed that QuantumScape 

can indeed guarantee a stable lithium|SE interface at these high discharge current densities, this 

rather suggests additional contributions in the form of interlayers, host structures, or the 

microstructure. At the same time, QuantumScape's specifications show that RFCs might also 

function in larger-scale formats and are not limited to laboratory experiments, even if 

commercialization has yet to materialize.  
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3 Results 

3.1 Publication 1: “Purity of lithium metal electrode and its impact on the lithium 
stripping in solid-state batteries” 

In the first publication of this dissertation, the purity of electrodeposited lithium was systematically 

investigated by a combination of ToF-SIMS and XPS. Additionally, the purity of the 

electrodeposited lithium sample was compared with two commercially available lithium samples 

with different purity grades. The influence of purity on the accessible lithium inventory during 

stripping was investigated by galvanostatic electrochemical impedance spectroscopy (GEIS). 

The complementary analysis using ToF-SIMS and XPS showed that commercial lithium samples 

can contain large amounts of impurities, particularly sodium (up to ≈ 1 at%). Lithium 

electrodeposited using single-ion conducting SEs such as LPSCl, in contrast, exhibits high purity 

with the sodium content being below ≈ 0.03 at%. Since the impurities cannot migrate through the 

SE, they accumulate at the Li|SE interface, resulting in a resistive sodium-rich layer after prolonged 

discharge. 

Furthermore, electrochemical dissolution of the different lithium samples demonstrated that 

impurities can accelerate contact loss, lowering the accessible lithium inventory. An additional DRT 

analysis of the recorded impedance spectra revealed a distinct impedance contribution for impurity-

containing lithium samples, potentially representing either a fingerprint of the impurities 

themselves or altered pore morphologies associated with their presence. 

Overall, the first publication of this dissertation highlights the importance of accounting for lithium 

purity when investigating LMEs. Furthermore, the comparison of commercially available and 

electrodeposited lithium samples shows that RFCs using single-ion conducting SEs provide an 

intrinsic filtering effect resulting in lithium layers with high purity, which can improve discharge 

capabilities. The results underline the difference between conventionally produced and 

electrodeposited lithium samples, further contributing to a deeper understanding of electrodeposited 

metal electrodes and RFCs in general and advocate for better documentation of used lithium in 

related publications. 

J. Becker designed and conducted all experiments together with T. Weintraut (ToF-SIMS) and S. 

L. Benz (XPS). Dr. T. Fuchs and C. Lerch supported experiments using LLZO as SE and 

participated in scientific discussions. P. Becker assisted in cell building. Dr. J. K. Eckhardt assisted 

in impedance analysis and participated in scientific discussions. Prof. A. Henß, Dr. F. H. Richter 

and Prof. J. Janek supervised the work and participated in scientific discussions. The original draft 

was written by J. Becker and edited by all co-authors except P. Becker. 
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Reprinted without modification according to the creative commons license CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/) from Becker, J.; Weintraut, T.; Benz, S. L.; Fuchs, 

T.; Lerch, C.; Becker, P.; Eckhardt, J. K.; Henß, A.; Richter, F. H.; Janek, J. Purity of Lithium Metal 

Electrode and Its Impact on Lithium Stripping in Solid-State Batteries. Nat Commun 2025, 16 (1), 

5395. https://doi.org/10.1038/s41467-025-61006-7. Nature Communications published by Springer 

Nature.

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41467-025-61006-7
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3.2 Publication 2: “Microstructure of lithium metal electrodeposited at the 
steel|Li6PS5Cl interface in “anode-free” solid-state batteries” 

In the second publication of this dissertation, the microstructural evolution of lithium metal, i.e., 

grain size and grain density, during electrodeposition was systematically investigated. For this, the 

microstructure of lithium layers, electrodeposited in RFCs at steel|LPSCl interfaces with different 

electrodeposition parameters was analyzed by EBSD. A workflow for microstructural 

characterization on large, millimeter-sized cross-sections using broad ion beam milling was 

established. This enabled, for the first time, a systematic analysis of electrodeposited lithium 

microstructure as a function of deposition parameters. 

The resulting grain size is largely independent of the selected current densities for electrodeposition 

at the time of analysis (j = 50 µA cm−2 – 500 µA cm−2 for Q = 1 mAh cm−2). In all cases, a similar 

columnar grain structure with grain sizes around 20 µm forms with grain boundaries being 

perpendicular to the growth direction. Increasing the lithium layer thickness by increasing the 

electrodeposited areal charge (Q = 1 mAh cm−2 – 10 mAh cm−2 at j = 100 µA cm−2) leads to the 

formation of grains with greater height. Moreover, the average grain width increases significantly 

while grain density decreases correspondingly. This observed grain coarsening results from 

reduction of grain boundary curvature, a thermodynamically favorable process that was 

qualitatively reproduced using a Monte Carlo Potts model. 

Overall, the second publication extends the previously established workflow for microstructure 

analysis of electrodeposited lithium and is the first systematic parameter study of the lithium 

microstructure as a function of the electrodeposition parameters. The increased number of analyzed 

grains on millimeter-sized cross-sections allows statistically relevant conclusions, shows that the 

lithium microstructure depends on electrodeposition parameters and thus deepens the knowledge 

about electrodeposited LMEs. 

J. Becker designed and conducted all experiments supervised by Dr. F. H. Richter and Prof. J. Janek. 

Dr. T. Fuchs and Dr. T. Ortmann supported EBSD experiments and contributed to scientific 

discussions. S. Kremer set up the model for microstructure simulation and also participated in 

scientific discussions. The original draft was written by J. Becker and edited by all co-authors. 

Reprinted without modification according to the creative commons license CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/) from Becker, J.; Fuchs, T.; Ortmann, T.; 

Kremer, S.; Richter, F. H.; Janek, J. Microstructure of Lithium Metal Electrodeposited at the 

Steel|Li6PS5Cl Interface in “Anode‐Free” Solid‐State Batteries. Adv Energy Mater 2025, 15 (16). 

https://doi.org/10.1002/aenm.202404975. Advanced Energy Materials published by Wiley-VCH.

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1002/aenm.202404975
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3.3 Publication 3: “Microstructure of electrodeposited lithium and its evolution 
during cycling when using metal interlayers in “anode-free” solid-state batteries” 

In the third publication of this dissertation, the impact of metallic interlayers on the microstructure 

of electrodeposited lithium was analyzed by EBSD. Building on the previously established broad 

ion beam milling workflow, the microstructure of lithium electrodeposited on pristine titanium foils 

as well as on three relevant interlayer materials, namely gold, silver and bismuth was analyzed. In 

addition, the microstructure of partially stripped lithium layers with and without interlayers and of 

repeatedly cycled lithium layers was examined. 

EBSD analysis revealed that lithium electrodeposited on pristine titanium foils exhibit a similar 

columnar, large-grained microstructure as those electrodeposited on steel (Publication 2). In 

contrast, the presence of interlayers significantly modified the resulting lithium microstructure. 

When lithium is electrodeposited on gold, silver or bismuth interlayers, a different resulting 

microstructure is observed depending on the material used. While gold and silver result in smaller 

grain sizes, bismuth interlayers lead to an increased lithium grain size. To link these microstructural 

changes to the respective interlayers, the phase distribution of the interlayers was analyzed, i.e., 

where the interlayer material is located after electrodeposition. To deconvolute the individual 

factors governing lithium microstructure formation, the proposed mechanisms were qualitatively 

assessed using 3D Monte Carlo Potts simulations. 

In addition, the microstructure of partially stripped lithium layers was analyzed for the first time 

after only electrodeposited layers were analyzed in prior works. In the case of pristine titanium foil 

and using a bismuth interlayer, it was shown that the previously observed specimen thickness effect, 

i.e., the increase in grain size with increasing layer thickness, is reversible. In the case of pristine 

titanium foil, in addition to the reduced grain size following stripping, a significant preferential 

orientation in the <101> direction parallel to the dissolution direction was observed. In contrast, the 

gold and silver interlayers seem to prevent grain shrinkage. Initial analyses following several 

electrodeposition and dissolution cycles further indicate that (mechanical) degradation of the SE or 

the SEI can also lead to a different microstructure by introducing secondary phases/particles into 

the lithium layer. 

Overall, the third publication of this dissertation highlights the potential for microstructural 

modification of lithium layers using interlayers. The results further indicate that the grain growth 

observed in publication 2 seems to be related to the high purity of the electrodeposited lithium metal 

demonstrated in publication 1. Additionally, the study expands knowledge about the influence of 

stripping and repeated cycling on the resulting lithium microstructure. Finally, the study underlines 

the need to complement electrochemical research with metallurgical concepts and to consider 

(lithium metal) batteries as „electrometallurgical“ systems. 
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J. Becker and L. Schuster designed and conducted the experiments, contributing equally to this 

work. S. Kremer set up the Monte Carlo Potts model for the simulation of microstructures and was 

part of scientific discussions. Dr. T. Fuchs helped in designing experiments and was part of 

scientific discussions. This study was supervised by Prof. J. Janek. The original draft was written 

by J. Becker and edited by all co-authors. 

Reprinted without modification according to the creative commons license CC BY 3.0 

(https://creativecommons.org/licenses/by/3.0/) from Becker, J.; Schuster, L.; Kremer, S.; Fuchs. T.; 

Janek, J. Microstructure of Electrodeposited Lithium and its Evolution During Cycling when Using 
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4 Conclusions 
In this dissertation, LMEs electrodeposited in RFCs were analyzed in depth. The purity compared 

to their conventional counterparts and the influence of purity on the available capacity during 

stripping was investigated. The microstructure of lithium metal was systematically analyzed using 

EBSD during both electrodeposition and electrodissolution and when employing metallic 

interlayers. 

The first part of this work analyzed the chemistry of lithium electrodeposited at steel|Li6PS5Cl 

interfaces. An exceptionally high purity of the resulting LME was confirmed, which stands in 

contrast to conventionally produced lithium samples, in which sodium was identified as the 

dominant impurity. This finding reveals two important implications: first, electrodeposition in 

RFCs offers a distinct advantage over conventionally produced lithium in terms of chemical purity 

and reproducibility. Second, the accumulation of impurities at the interface with single-ion 

conducting SEs was identified as a further contributor to contact loss and associated constriction 

resistances during stripping, decreasing the accessible lithium inventory. Thus, lithium purity 

emerges as both an application-relevant parameter for battery performance and as a standardization 

parameter that must be considered when comparing research results obtained with lithium metal of 

varying purities. This systematic comparison reveals a current gap in the research field and 

highlights the importance of disclosing material purity. 

The second part of this dissertation focused on characterizing the microstructure of electrodeposited 

lithium as a function of deposition parameters. By developing a workflow that allows the analysis 

of millimeter-sized cross-sectional areas, it was possible to demonstrate dynamic grain growth as a 

function of lithium layer thickness. This systematic approach reveals two key distinctions from 

conventionally manufactured lithium foils. First, deposition parameters provide an effective way to 

modify the lithium microstructure. Second, electrodeposited lithium exhibits microstructural 

evolution that is fundamentally different from conventionally produced material, whose structure 

is largely determined by prior thermal and mechanical history. These results not only validate the 

reliability of the microstructural analysis workflow for future parameter studies in alkali metal 

systems but also establish a methodological foundation applicable to other crystalline materials in 

batteries. 

The final section of this dissertation addresses the influence of interlayers on lithium microstructure 

following electrodeposition and subsequent stripping. Gold and silver interlayers, previously 

studied in the literature primarily for improving lithium morphology during plating, resulted in a 

reduction of average lithium grain size to approximately 30 µm, representing a four-fold decrease 

compared to the deposition without an interlayer (yielding approximately 140 µm wide grains). 

Both values are given for a lithium areal charge of ≈ 7.5 mAh cm−2. This finer-grained lithium 
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microstructure is expected to exhibit improved electrochemical properties based on existing 

simulations, though experimental confirmation remains to be established. Conversely, bismuth 

interlayers led to an increase in average grain size to approximately 170 µm. These results 

demonstrate that interlayers not only influence the resulting lithium morphology but also the 

microstructure. The choice of interlayer material, shown here using gold, silver, and bismuth as 

examples, is decisive for the resulting lithium microstructure, thereby enabling targeted 

microstructure design as a strategy for optimizing electrochemical performance. 

Additionally, microstructural analyses performed for the first time following stripping and after 

repeated cycling revealed grain shrinkage and preferential crystallographic reorientation. While 

these observations are hypothesized to correlate with tensile stress in the LME during stripping, the 

underlying mechanisms still need to be investigated in more detail. In general, these findings 

demonstrate that both electrochemical and mechanical effects govern the formation and evolution 

of lithium microstructure and that these processes are coupled. 

Overall, this dissertation expands the fundamental understanding of electrodeposited lithium in 

RFCs and highlights important differences from conventionally manufactured lithium foils. 

Comprehensive purity analysis addresses a parameter that has been largely overlooked in literature 

but significantly affects the reproducibility and comparability of research on LMEs. The systematic 

microstructural characterization highlights several options that can be used to specifically influence 

the lithium microstructure and touches upon the relationship between microstructural features and 

electrochemical properties. By demonstrating the interaction between electrochemical processes, 

mechanical effects, and microstructural evolution, this work provides both methodological 

advances and practical insights that are essential for optimizing the performance of LMEs in RFCs. 
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5 Outlook 
While this work has clarified the critical roles of purity and microstructure in reservoir-free SSBs, 

the central question remains: will LMEs ultimately meet the extreme electrochemical and 

morphological requirements imposed by high-performance SSBs? A definitive answer is yet 

outstanding. However, building on the findings of this work, several promising directions for future 

research can be defined, spanning lithium purity, microstructure design, mechanical properties and 

interface phenomena. 

Regarding lithium purity, the purification induced by single-ion conducting SEs in RFCs could 

ultimately represent an intrinsic advantage that improves stripping capabilities and reproducibility 

in research and application.18,33 In general, lithium purity should be consistently specified in future 

studies, together with all other relevant experimental parameters. This practice, which is well 

established in inorganic synthesis, would significantly improve the comparability and 

reproducibility of studies on LMEs. Moreover, the concepts developed here can be transferred to 

other metal|SE systems, for example sodium metal batteries employing single-ion conducting SEs 

such as NaSICON-based SEs.92,147–149 An additional open question concerns the role of impurities 

in systems that do not use single-ion conductors or even employ mixed-conducting SEs, as may be 

the case in K|β-alumina-based cells.150,151 Systematic studies that vary impurity levels and types in 

different electrolyte environments could provide valuable insights into the interplay between purity, 

interfacial chemistry and electrochemical performance. 

With respect to microstructure, this dissertation demonstrates that EBSD-based characterization of 

electrodeposited lithium yields reliable and reproducible results, even for highly reactive lithium. 

The established workflow enables systematic investigation of additional parameters governing 

lithium plating and stripping in RFCs. One important direction involves the controlled introduction 

of heterogeneities, such as alloy-forming elements (gold, silver, bismuth) or electrochemically 

inactive particles, to systematically modify nucleation and grain growth at the CC interface. Initial 

experiments with interlayers already reveal a clear correlation between interlayer chemistry and 

resulting microstructure. Although ex situ prepared lithium composite electrodes do not constitute 

RFC architectures, they provide well-defined model systems to decouple the influence of additive 

chemistry, phase distribution, and interfacial properties. Insights gained from such model systems 

can nevertheless contribute to the rational design of modified CCs and interlayers for RFCs. 

Ultimately, a central question remains: how do microstructure and electrochemical stripping 

correlate in detail? Are fine-grained LMEs indeed the key to achieving higher discharge rates, and 

if so, how can such microstructures be realized and maintained reversibly over multiple cycles? 

However, the established methodology is not limited to LMEs. In general, EBSD characterization 

enables the investigation of a wide range of novel research questions in the battery field, including 
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the microstructural properties of SE, CC, positive electrode materials, and their impact on overall 

battery performance.134,152,153 Furthermore, as post-lithium energy storage systems based on sodium 

or potassium gain increasing importance, the EBSD characterization is readily transferable. 

Microstructural analysis of the crystalline components in these systems also enables a correlation 

between microstructure and electrochemical properties. 

A further important aspect concerns the mechanics of electrodeposited lithium in RFCs. To date, 

no systematic mechanical investigations have been reported on lithium that has been 

electrodeposited in such configurations. However, both the very high purity and the significantly 

different microstructure compared to conventionally processed lithium foils suggest that the 

mechanical properties may differ substantially from already characterized reference foils. Future 

work should therefore address mechanical testing of electrodeposited lithium, for example via 

micro- or nano-indentation. Combining such measurements with detailed microstructural analysis 

would provide valuable insights into how purity, grain size, and grain orientation influence yield 

strength and creep tendency, and how these, in turn, influence morphological stability during 

cycling. 

Overall, future research should aim to understand the chemo-mechanical coupling in SSBs 

employing RFC concepts in a comprehensive way. Lithium is a metal, albeit a special one, and 

therefore both metallurgical and electrochemical concepts should be combined to deepen 

understanding and guide the rational design of next-generation SSBs comprising LMEs. 
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7 Appendix 

7.1 Energy density calculation of cells with and without lithium reservoir 
The following calculation is based on the work of Randau et al.34 and illustrates the increase in 

energy density achieved by omitting the lithium reservoir in RFCs. A cell with a lithium reservoir 

(a 25 µm thick lithium foil) is used for comparison. In contrast, this is omitted in the case of RFCs, 

as the LME is formed from the lithium inventory of the AM on the positive electrode side. To 

calculate the energy density, an areal charge of the positive electrode of 5 mAh cm−2 is assumed. 

For simplicity, it is assumed that the positive electrode consists of 100% NCM active material and 

that the energy efficiency is 100%. Please note that neither cell housings nor other cell components 

such as catholyte or CCs were taken into account. 

Table 2: Material parameters for calculating the potential energy density increase enabled by 
omitting the lithium reservoir in RFCs. 

Parameter Li NCM Li6PS5Cl Stainless steel 

Specific capacity / mAh g−1 3860 170 - - 

OCV vs. (Li+/Li) / V 0 3.8 - - 

Density / g cm−3 0.534 4.78 1.64 8 

Thickness / µm 
0 (RFC) 

25 (with reservoir) 
62 40 20 

 

Using the capacity values mentioned above and the parameters shown in Table 2, this results in 

volumetric and gravimetric energy densities of 1302 Wh L−1 and 358 Wh kg−1, respectively, for the 

cell with a 25 µm lithium reservoir. In the case of the RFC, the volumetric and gravimetric energy 

density increases to 1569 Wh L−1 and 367 Wh kg−1, respectively. 
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7.2 Supporting Information 

7.2.1 Publication 1: “Purity of lithium metal electrode and its impact on the lithium 
stripping in solid-state batteries” 
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7.2.2 Publication 2: “Microstructure of lithium metal electrodeposited at the 
steel|Li6PS5Cl interface in “anode-free” solid-state batteries” 
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7.2.3 Publication 3: “Microstructure of electrodeposited lithium and its evolution 
during cycling when using metal interlayers in “anode-free” solid-state 
batteries” 
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