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Zusammenfassung 

Im Zuge der Dekarbonisierung moderner Gesellschaften steigt der Bedarf an Energiespeichern wie 
Batterien rapide. Während Lithiumionen-Batterien (LIB) bald ihre physikalisch-chemischen Grenzen 
erreichen, gelten Festkörperbatterien (FKB) als vielversprechende Weiterentwicklung. Der Einsatz 
eines Festelektrolyten (FE) statt eines flüssigen Elektrolyten ermöglicht die Verwendung von 
Metallelektroden, die eine höhere Energie- und Leistungsdichte bieten als kohlenstoffbasierte Anoden. 
Zugleich gewinnen Nachhaltigkeit und Ressourcenverfügbarkeit an Bedeutung, wodurch 
natriumbasierte Batterien zunehmend in den Fokus der Forschung rücken. Vor diesem Hintergrund stellt 
sich die Frage, ob natriumbasierte FKBs, insbesondere Reservoir-freie Zellen (RFZ), geeignete 
Alternativen zur LIB sein können. Die Implementierung von Metallelektroden aus Lithium oder 
Natrium in FKB wird jedoch durch Herausforderungen wie chemische Degradation und morphologische 
Veränderungen an der Metallelektrode|FE-Grenzfläche (Me|FE) erschwert. Um diese Probleme zu 
bewältigen und eine reversible Natriummetallelektrode (NME) in FKBs zu realisieren, ist ein fundiertes 
Verständnis der zugrundeliegenden Prozesse an der Na|FE-Grenzfläche erforderlich. 

Diese Doktorarbeit konzentriert sich auf die Charakterisierung der Grenzflächenkinetik und die 
Entwicklung der Grenzflächenmorphologie während der anodischen Auflösung und kathodischen 
Abscheidung einer Natriummetallelektrode (NME) in Kontakt mit einem Na3.4Zr2Si2.4P0.6O12 (NZSP) 
Festelektrolyten. Die Untersuchungen zeigen, dass der Ladungstransfer an der Na|NZSP-Grenzfläche 
von Natur aus schnell ist und chemische Degradation eine untergeordnete Rolle spielt. Als 
geschwindigkeitsbestimmender Prozess wurde das Phänomen der Stromeinschnürung festgestellt. 
Untersuchungen mittels Impedanzspektroskopie und Elektronenmikroskopie identifizieren die 
Porenbildung als Hauptursache für Kontaktverlust an der Na|NZSP-Grenzfläche und deren Polarisation 
bei der anodischen Auflösung. Im Hinblick auf Reservoir-freie Zellkonzepte wurde die Formierung 
einer NME an einer Stromableiter|FE-Grenzfläche mittels kathodischer Abscheidung charakterisiert. 
Unabhängig von den Abscheidungsparametern wurden dichte Natriumschichten im Mikrometerbereich 
beobachtet, wobei keine Anzeichen von Dendritenbildung im Impedanzspektrum beobachtet wurden. 
Eine höhere Abscheidestromdichte führte zu einer gleichmäßigeren Natriumverteilung auf dem 
Stromableiter, während höhere Stapeldrücke nur eine geringfügige Verbesserung nach sich zog. Diese 
Ergebnisse zeigen, dass RFZ mit Natrium aus physikalisch-chemischer Sicht realisierbar sind. 

In einer weiteren Studie wurde der Einfluss der Mikrostruktur von Alkalimetallen auf deren 
elektrochemischen Eigenschaften betrachtet. Zunächst wurde die Elektronenrückstreubeugung (EBSD) 
als Methode zur Visualisierung der Mikrostruktur von Alkalimetallen etabliert. Korngrößen im Bereich 
mehrere hundert Mikrometer wurden für verschiedene Natriummetallfolien ermittelt, wobei kein 
signifikantes Kornwachstum bei der Lagerung bei Raumtemperatur beobachtet wurde. Verglichen dazu 
weist elektrochemisch abgeschiedenes Natrium an einer Fest|Fest-Grenzfläche eine säulenartige 
Kornstruktur mit einer kleineren Korngröße auf. Basierend auf In situ EBSD-Experimenten wurde ein 
laterales Kornwachstum während der elektrochemischen Abscheidung durch die Verschiebung von 
Korngrenzen beobachtet. Eine Bildung von Poren bei der anodischen Auflösung der NME wurde 
bevorzugt an der Na|NZSP-Grenzfläche im Inneren der Körner beobachtet. 

Die Ergebnisse dieser Dissertation erweitern das Verständnis der Grenzflächenkinetik und 
morphologischen Entwicklung von NME|FE-Grenzflächen. Die vorstellte systematische Analyse der 
Na|NZSP-Grenzfläche bietet einen fundierten Ausgangspunkt für die Charakterisierung anderer FE in 
Kontakt mit NME. Das etablierte EBSD-Arbeitsprotokoll ermöglicht die Charakterisierung der 
elektrochemischen Eigenschaften von Metallelektroden unter Einbeziehung von deren Mikrostruktur. 
Die gewonnenen Erkenntnisse können einen Beitrag zur Entwicklung geeigneter Lösungsansätze zur 
Optimierung von ME-Grenzflächen für die Implementierung von NMEs in FKB leisten.  
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Abstract 

In the pursuit of the decarbonization of modern societies, the demand for energy storage solutions such 
as rechargeable batteries is rapidly increasing. Although conventional lithium-ion batteries are 
approaching their physicochemical limits, solid-state batteries (SSBs) are emerging as a promising 
alternative. Using a solid electrolyte (SE) instead of a liquid electrolyte, SSBs may enable the use of 
metal electrodes, which offer higher energy and power densities than traditional carbon-based anode 
materials. Concurrently, the importance of sustainability and the availability of resources is increasing, 
which is why sodium-based batteries are becoming the focus of research. These considerations raise the 
question of whether sodium-based SSBs, particularly reservoir-free battery designs, could be viable 
alternatives compared to LIBs. However, the implementation of metal electrodes (MEs) such as lithium 
or sodium in SSBs is complicated by challenges such as chemical degradation and morphological 
changes at the Me|SE interface. To overcome these challenges requires a fundamental understanding of 
the underlying processes that occur at the Me|SE interface during electrochemical reactions to enable 
the use of a sodium metal electrode (SME) in sodium-based SSBs.  

This doctoral thesis focuses on characterizing the interfacial kinetics and morphological changes upon 
anodic dissolution and cathodic deposition of a SME in contact with a Na3.4Zr2Si2.4P0.6O12 (NZSP) SE. 
The results indicate that the fundamental charge transfer process is inherently fast and chemical 
degradation has a minimal effect on the interfacial kinetics. Instead, the current constriction 
phenomenon was identified as the rate-determining process at the Na|NZSP interface. Based on this 
result, the evolution of interfacial morphology was investigated by impedance spectroscopy and electron 
microscopy. During anodic dissolution, pore formation was found to be the primary cause of contact 
loss and interfacial polarization. In view of reservoir-free cells (RFCs), the formation of an SME by 
cathodic deposition of sodium at a current collector|SE interface was examined. Independent of 
deposition parameters (current density and stack pressure), a dense sodium layer of micrometer 
thickness was observed, with impedance analysis showing no evidence of dendrite formation. 
Furthermore, increasing the current density during deposition improved sodium coverage across the 
electrode area, while increased the stack pressure only had a minor effect. These findings suggest that 
reservoir-free sodium SSBs are feasible from a physicochemical perspective. 

In addition, the effect of metal microstructure on the electrochemical performance of SMEs was 
investigated. A reliable workflow was developed to visualize the microstructure of alkali metals using 
electron backscatter diffraction (EBSD). Sodium metal foils exhibit grain sizes on the order of several 
hundred micrometers, while no significant grain growth was observed during storage at room 
temperature. Electrochemically deposited sodium exhibits a columnar structure with a smaller grain size 
compared to mechanically prepared foils. In situ EBSD experiments revealed lateral grain growth during 
electrodeposition, attributed to the movement of grain boundaries. During anodic dissolution, pore 
formation was preferentially observed at the Na|NZSP interface within the interior of grains. 

In summary, the findings presented in this doctoral thesis improve the understanding of interfacial 
kinetics and morphological evolution of SMEs in contact with SEs upon cycling. Furthermore, the 
systematic analysis of the Na|NZSP interface provides a fundamental framework for evaluating 
impedance data and offers guidance for the characterization of other SME|SE combinations. 
Additionally, EBSD has been established as a technique to visualize the microstructure of electrode 
materials, allowing the assessment of electrochemical properties from a microstructural perspective. 
This approach may facilitate the development of tailored solutions to optimize the Na|SE interface for 
the development of reservoir-free sodium SSBs. 
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1 Introduction 

In accordance with the Kyoto Protocol and the Paris Climate Agreement, 196 countries have 
collectively pledged to limit the global average temperature increase to 1.5 °C above the pre-
industrial levels. To mitigate the potential consequences of global warming, it is essential to 
significantly reduce greenhouse gas emissions worldwide over the next decades.1 In the context of 
the imminent replacement of fossil fuels by renewable energy sources in the coming decades, it is 
anticipated that electricity will become the dominating secondary energy form by 2050, with wind 
and solar power playing a pivotal role in this transition.2 Shifting towards renewable energy will 
require efficient energy storage, e.g. to compensate for intermittent solar and wind power. In addition, 
electrical energy storage is necessary for mobile applications such as electric vehicles, laptops, or 
power tools.3,4  

Rechargeable batteries represent the most prevalent technology for energy storage for mobile 
applications and gaining increased interest for stationary systems.5,6 In recent years, lithium-ion 
batteries (LIBs) have emerged as the dominant technology in this field due to their high energy and 
power densities, reliability, and excellent cyclability.7–9 However, the forecasted increase in the 
number of LIBs in the near future carries the risk of a shortage of resources and particularly lithium 
production bottlenecks increasing costs of LIBs.10,11 In addition, the requirements for batteries 
regarding the energy density, safety and high power density (fast charge and discharge performance) 
increases, while commercial LIBs are anticipated to reach their physicochemical limits soon.12 On 
the one hand, this motivates the development of batteries based on abundant and non-critical 
elements, while maintaining comparable properties to those of commercial LIBs.13 On the other hand, 
it stimulates the development of new battery concepts aiming to enhance the performance.14  

In this turn, sodium-ion batteries (SIBs) have re-experienced great interest in research and industry.15–

18 Although SIBs generally exhibit a lower energy density compared to LIBs (exact value depends 
on cell chemistry), the high abundance and availability of raw materials reduce the risk of resources 
shortages and production costs.19,20 Furthermore, existing production technologies for manufacturing 
LIBs can be transferred to SIBs, which is favorable for large-scale production.21,22 This makes SIBs 
an attractive alternative to LIBs for stationary energy storage, home grids, or electric vehicles.22,23 

The energy and power density of batteries can in principle be enhanced by using metal electrodes 
such as sodium. Sodium metal exhibits a high theoretical gravimetric capacity qtheo (1165 mAhg−1) 
and a low standard redox potential EH of −2.71 V vs standard hydrogen electrode.24 In addition, the 
use of a sodium metal electrode (SME) may improve cycling performance compared to current 
carbon-based anodes.25–27 This is crucial for fast charging of batteries, which is required especially 
for automotive applications.  

However, the high reactivity of sodium complicates the implementation of SMEs in batteries.28 From 
a practical point of view, the processing of sodium metal requires an inert atmosphere, which 
complicates cell manufacturing on large scale and increases production costs. In principle, this issue 
could be mitigated by developing “anode-free” concepts.29 Here the SME is formed after cell 
assembly by electrodeposition of enclosed sodium ions from the cathode active material on a current 
collector (CC). Hence, a direct processing of sodium could be avoided and the total amount of sodium 
metal is minimized economically. Nevertheless, independent of the cell configuration, the formation 
of dendrites upon cycling of the SME in conjunction with flammable organic electrolytes has thus 
far precluded the implementation of the SME in SIBs in general.30  

Sodium solid-state batteries (SSBs) have emerged as a promising option to overcome these 
problems.31,32 The benefits when the liquid electrolyte is replaced by a solid electrolyte (SE) can be 
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summarized as follows:33–35 First, the mechanical integrity of SEs prevents crosstalk between the 
electrodes and is less susceptible to penetration by metal dendrites than liquid electrolytes. Second, 
a transference number close to unity of SEs and sufficient ionic conductivity at room temperature 
serves to prevent the electrolyte from undergoing strong polarization during fast charging. Third, the 
replacement of flammable organic liquid electrolytes by SEs may enhance the safety of batteries.   

Despite the advantages of SEs, issues associated with a high interface-related resistance between the 
SME and the SE as well as morphological instabilities upon cycling have to be solved to enable a 
reversible operation of an SME in SSBs.36 In view of large-scale production, “anode-free”, or more 
fittingly, reservoir-free cell concepts are desirable to simplify cell processing and develop sodium-
based SSBs that are competitive with current LIBs in terms of cost and performance.37,38 To 
overcome these issues and facilitate the development of reservoir-free cell configurations, a 
fundamental understanding of the electrochemical dissolution and deposition of sodium at the Na|SE 
interface is essential.  

In this doctoral thesis, the interface between sodium and the inorganic SE Na3.4Zr2Si2.4P0.6O12 (NZSP) 
under equilibrium and non-equilibrium conditions is investigated by means of electrochemical 
impedance spectroscopy (EIS) and electron microscopy. The overall aim is to gain a fundamental 
understanding of microscopic processes at the interface and their impact on the morphological 
evolution upon electrochemical dissolution and deposition. In addition, electron backscatter 
diffraction (EBSD) is employed as a characterization method for visualizing the microstructure of 
sodium metal, aiming to assess the influence of microstructure on the performance of SME and 
develop innovative concepts for their application in SSBs.     

In the first publication, entitled: “Kinetics and Pore Formation of the Sodium Metal Anode on 
NASICON-Type Na3.4Zr2Si2.4P0.6O12 for Sodium Solid-State Batteries”, the interface between sodium 
and NZSP is comprehensively explored and the dominating process leading to large interface-related 
resistance is identified.39 By a combined approach of EIS, photoelectron spectroscopy (XPS) and 
transmission electron microscopy (TEM), the formation of a kinetically stabilized interphase is 
revealed when contacting NZSP with sodium. Despite the interfacial degradation and the charge 
transfer process, EIS analysis demonstrated that insufficient physical contact between SME and SE 
is the underlying cause of the interface-related contribution observed in the impedance spectra. 
During electrochemical dissolution of the SME, the formation of pores at the interface is visualized 
by focused ion beam scanning electron microscopy (FIB-SEM) resulting in contact loss. Depending 
on the applied stack pressure, different geometric shapes of the formed pores are observed 
emphasizing the importance of the external load for operation of the SME. Importantly, time 
dependent EIS analysis during anodic dissolution verified the correlation between the interfacial 
morphology and the interface-related contribution in the impedance spectra. Consequently, changes 
at the interfacial morphology can be monitored by analyzing the evolution of the interface-related 
contribution in the impedance spectra. Based on this correlation, an equilibration of the interfacial 
morphology is observed in a subsequent resting phase after anodic dissolution, even at low stack 
pressures. This emphasizes a highly dynamic behavior of the interfacial morphology and reveals the 
strong dependence of the total stripping capacity on the used dissolution protocol, which is crucial 
for real-world battery applications. Moreover, this publication provides a guideline to systematically 
characterize metal|SE interfaces and determine the dominating interfacial process. 

In the second publication, entitled: “Deposition of Sodium Metal at the Copper-NaSICON Interface 
for Reservoir-Free Solid-State Sodium Batteries”, the cathodic deposition of sodium at the Cu|NZSP 
interface is explored at various current densities and stack pressures.40 Based on the results from the 
first publication, the electrode morphology is monitored by means of EIS and the tomography of the 
CC after sodium deposition is visualized by 3D confocal microscopy. At higher current densities, a 
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more uniform sodium layer over the entire copper electrode can be achieved. In contrast, only a 
minor effect on the coverage is found when the stack pressure was increased. Independent of the 
deposition parameters, a dense sodium layer with a proper contact to NZSP is proven by FIB-SEM 
cross-sectioning. Although slight spallation of the NZSP is observed by FIB-SEM cross-sections, no 
detrimental dendrites or filaments are identified by EIS. The nucleation and growth of sodium at the 
Cu|NZSP interface only occurs at contact spots, as shown by in situ TEM experiments. Overall, the 
presented results demonstrate the feasibility of electrodeposition of sodium between copper and 
NZSP, which is essential for the realization of reservoir-free sodium SSBs. Furthermore, the screened 
parameter window serves as an appropriate basis for subsequent optimization and enhancement of 
the sodium coverage.  

In the third publication, entitled: “Imaging the Microstructure of Lithium and Sodium Metal in 
“Anode-Free” Solid-State Batteries using EBSD”, the microstructure of highly reactive alkali metal 
foils and electrodeposited metal layers are characterized by a combined approach of FIB-SEM and 
EBSD.41 Grain sizes in the range of several hundreds of micrometers are revealed for sodium and 
lithium metal foils. On the opposite, a smaller grain size is observed when the metals are 
electrochemically deposited at a CC|SE interface, where the metal grain boundaries are orientated 
mainly vertically to the interface. In view of reservoir-free SSBs, the evolution of the microstructure 
during electrodeposition and its impact on interfacial morphology during dissolution is further 
explored by an in situ EBSD experiment. During electrodeposition, the growth of grains in the 
vertical direction is observed, accompanied by lateral grain growth by the movement of grain 
boundaries. In contrast, during the dissolution of the metal electrode, the formation of pores is 
preferentially observed at the metal|SE interface within the grain, rather than at metal grain 
boundaries. This highlights the importance of the metal microstructure and its impact on the 
electrochemical performance. Overall, the established EBSD workflow is a promising approach for 
investigating microscopic processes in metal electrodes. It allows for the acquisition of additional 
information, including grain boundary structures, orientation dependencies, and mechanical 
deformation, which can be correlated with the electrochemical performance. Furthermore, the 
experimental results provide a fundamental basis for optimization strategies to enhance the 
electrochemical performance of metal electrodes in general. 

In summary, the results of this doctoral thesis expand the knowledge on the SME and its interface 
with NZSP SE, which can help to develop reservoir-free sodium SSBs operating at room 
temperature. The fundamental characterization of the Na|NZSP interface provides a reliable 
guideline to characterize metal|SE interfaces and avoid misinterpretation of impedance data in 
general. Furthermore, this study demonstrates the feasibility of electrochemical deposition of sodium 
at the CC|SE interface. Additionally, this work introduces EBSD as a valuable characterization 
technique for metal and alloy electrodes enabling new possibilities to understand and analyze 
microscopic processes, which can help developing new concepts for boosting the electrochemical 
performance of Na|SE interfaces.   
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2 Fundamentals 

The following section provides an overview on the metal electrode (Me)|SE interface with the focus 
on sodium and ceramic SEs to support the understanding of this doctoral thesis. Besides the 
interfacial stability, the fundamentals of anodic dissolution and cathodic deposition as well as 
reservoir-free cell concepts are briefly summarized. Furthermore, the role of microstructure and self-
diffusion of metals in relation to the electrochemical performance of SMEs are shortly elucidated. 
This includes also the embedding of the obtained results and findings of this doctoral thesis into the 
scientific context.  

It should be noted that the key focus of this doctoral thesis lies on room temperature applications of 
the SME. Although SMEs have already been successfully introduced in high temperature battery 
types operating above the melting point of sodium, the interfacial properties, processes and 
challenges at a liquid|solid interface differ strongly from a solid|solid interface. Therefore, these 
battery types will not be discussed in the following section. For the current status, progress and 
challenges of high- and intermediate-temperature sodium-sulfur and sodium-metal chloride batteries, 
the interested reader is referred to review articles by Armand and Rojo.42–44  

 

 The Interface between a Metal Electrode and a Solid Electrolyte  

The primary SE material employed in this doctoral thesis belongs to the NaSICON compound family. 
The acronym NaSICON originates from Na Super Ion Conductor and describes a solid solution with 
the general formula Na1+xZr2SixP3−xO12 (0 < x < 3).45–47 NaSICONs are known for several decades 
and are intensively studied with respect to different synthesis methods, possibilities of doping and 
structure-property-relationship.48–50 The combination of high ionic conductivity and thermal stability 
make NaSICONs a promising candidate as a separator in sodium SSBs.51 Despite extensive research 
on the interface of NaSICONs in contact with an SME, the interfacial kinetics is still a topic of 
ongoing debate.52–54 The following chapter provides an overview on the interfacial stability and 
kinetics, with a focus on Na|NaSICON interfaces. 

 

2.1.1 Classification of Interfacial Stability – Interfaces and Interphases 

The interfacial stability between a metal and SE plays a central role for the properties of the interface 
and thus its feasibility for battery applications.55 In order to classify the interfacial stability of a 
specific Me|SE interface, it is necessary to evaluate the electrochemical stability window (ESW) of 
the SE. Previously, an estimate of the ESW under reducing conditions at the anode side was given 
based on the position of the conduction band minimum (CBM), which can be considered as lowest 
unoccupied molecular orbital.56 Accordingly, the interface is thermodynamically stable when the 
CBM is above the Fermi level of the metal εF,Me. In contrast, the interface is unstable when εF,Me is 
below the CBM, as electrons will be transferred from the metal to the SE resulting in the formation 
of an interphase. However, this approach often results in an overestimation of the ESW, as the redox 
potentials of the electrolyte are not taken into account. Consequently, the approach provides only an 
upper limit for the ESW.57  

An accurate determination of the ESW given to a reference potential can be achieved by first-
principle density functional theory (DFT) calculations.58 The results of these DFT calculations 
indicate that the majority of binary compounds, such as Na2S or NaCl, are thermodynamically stable 
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in contact with sodium.59,60 In contrast, common SEs exhibit a much smaller ESW and are mostly 
unstable in contact with sodium.59,61   

Me|SE interfaces in general can be classified as either thermodynamically stable or unstable, as 
illustrated schematically in Figure 1.62 In the case of a thermodynamically stable interface, no 
interfacial degradation takes place, as shown in Figure 1a. This type of interface would be suitable 
to enable stable operation as no parasitic side reactions and additional resistance occurs on the long 
term. For example, β´´-alumina SE (BASE) is thermodynamically stable in contact with sodium as 
shown by theoretical calculations and experimental results.59,63 This property makes BASE a 
common separator for high-temperature battery applications.64  

If the SE is thermodynamically unstable, an interphase will form by decomposition of the SE upon 
contacting with the respective parent metal. Depending on the ionic and electronic transport 
properties of the formed interphase, two types can be distinguished according to Wenzel et al.62 When 
the formed interphase exhibit both a sufficient electronic and ionic conductivity, the interphase is 
classified as mixed-conducting interphase (MCI). The mixed-conducting property facilitates a 
transport of electrons and ions across the interphase, resulting in a continuous growth of the 
interphase, as visualized in Figure 1b on the left side. The growth of an interphase results in the 
continuous consumption of the metal and the SE, which ultimately leads to the failure of the battery. 
This occurs either as a result of a complete loss of capacity at the anode side or as a consequence of 
a short circuit caused by the complete degradation of the SE. 

 

Figure 1: Classification of Me|SE interfaces and interphases. A thermodynamically stable interface is 
schematically visualized in (a), while thermodynamically unstable interphases namely, mixed-conducting 
interphase (MCI)) and solid-electrolyte interphase (SEI), are depicted in b). The transport of Me+ ions across 
the interface is indicated by dashed arrow lines. The growth of the interphase is indicated by solid lines. Figure 
modified from S. Wenzel et al., Solid State Ionics 2015, 278, 98–105.[62]  

In contrast, when the electronic conductivity of the formed degradation products is negligibly small, 
the sluggish electron transport trough the interphase reduces the growth rate with increasing thickness 
of the interphase (see Figure 1b on the right side).65 Consequently, the interfacial degradation upon 
contacting is self-limiting with progressing growth of the interphase and a kinetically stabilized 
interphase, also named solid-electrolyte interphase (SEI), is formed.65 Despite an interfacial 
degradation, an SEI could enable a stable operation of the Me|SE interface in SSBs as demonstrated 
for lithium and a lithium phosphorus oxynitride (LiPON) SE.66,67 
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Theoretically, a third case could occur when the partial electronic conductivity surpasses the partial 
ionic conductivity. Similar to an SEI, the growth of the interphase would be self-limiting. However, 
due to its ion blocking behavior this kind of interphase would not be suitable for battery applications.  

Although the stability of NaSICONs in contact with sodium has been addressed in several reports, 
the interfacial kinetics and properties are not well understood.54,68–71 Despite the consent that 
NaSICONs are thermodynamically unstable versus sodium, discrepancies emerge with respect to the 
formed degradation products and the growth of the interphase.68,69 Furthermore, the reported 
resistances, as a result of the interphase formation, exhibit a considerable degree of variation over 
several orders of magnitue.54,69–71 Considering other compounds from the NaSICON solid solution 
series, the interfacial stability in contact with sodium may alter, as theoretical calculations reveal 
different ESWs depending on the composition.70 However, a clear classification of the interphase as 
well as the quantification of the interphase-related resistance for the respective NaSICON compound 
is of high relevance for the development of the SME in SSBs.  

In view of the incomplete picture and discrepancies in the existing literature, the interfacial stability 
between sodium and Na3.4Zr2Si2.4P0.6O12 (hereafter referred to as NZSP) has been subjected to a 
comprehensive characterization in the first publication of this doctoral thesis (see section 3.1). A 
kinetically stabilized interphase with a negligible resistance was found.39 The findings were 
supported by an independent report from Quérel et al., which was published shortly after the first 
publication of this doctoral thesis.72 In addition to the interphase formation, the following section 
will examine further processes that influence the interfacial kinetics.   

 

2.1.2 The Interfacial Kinetics at the Na|NaSICON Interface  

A fundamental process occurring at an electrode|electrolyte interface is the charge transfer. While 
considerable research has been conducted on the charge transfer reactions at Me|liquid electrolyte 
(LE) interfaces, the understanding of the underlying mechanisms of fundamental charge transfer 
reactions at Me|SE interfaces remains limited.56 Experimentally, the interfacial kinetics at Me|SE 
interfaces is mainly characterized by potentiostatic electrochemical impedance spectroscopy (PEIS). 
The frequency-dependent technique enables the separation of microscopic transport processes based 
on their characteristic time constant. Typically, the ion transport process in the SE (bulk and across 
a grain boundary) has a small time constant (high frequency range), while interfacial processes are 
observed at higher time constants (low frequency range).73 Accordingly, an identified process in the 
low frequency region of an impedance spectrum is often directly assigned to a “charge transfer 
process”, without considering additional processes.74,75  

For example, contaminations of the surface of the SE, like hydroxide or carbonate species, could 
impede the transfer of charge, which results in an increased resistance.76 Depending on the degree of 
surface contamination, the assigned charge transfer resistance determined by PEIS varies strongly, 
as shown for NaSICON and BASE.52,77 Accordingly, the given values reflect a charge transfer 
through a blocking layer rather than the fundamental charge transfer process. Contamination layers 
at the interface could not only originate from the SE, but also from the metal electrode. Otto et al. 
demonstrated that lithium forms a native passivation layer on the surface even it is stored and handled 
under an inert atmosphere.78,79 Given its higher reactivity, the formation of a native passivation layer 
is also reasonable for sodium, although a detailed analysis of possible surface passivation on sodium 
is still lacking.80  

For instance, a passivation-free Me|SE interface can be achieved through electrodeposition at 
microelectrodes on an SE cross-section. Such microelectrode experiments demonstrated that the 
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resistance for the charge transfer at the Li|Li6+xLa3Zr2−xMxO (with M = Al, Ta) (LLZO) interface is 
in the order of 0.1 Ω cm2.81 Similar results were obtained in pellet-type cells, where no interface-
related resistance (and thus no charge transfer) could be resolved by PEIS, when lithium and LLZO 
are contacted at high pressures.82 A comparably low interface-related resistance of around 2 Ω cm2 
has been reported for pellet-type symmetrical Na|NZSP|Na cells.39,71,83 For both material systems, 
the activation energy of the interface-related contribution obtained from PEIS is similar to that of the 
ion transport process in the SE.39,82 This observation leads to the conclusion that the fundamental 
charge transfer process is not the rate-determining step at the Me|SE interface.  

Apart from the charge transfer process and interfacial degradation another explanation for the 
occurrence of an interface-related contribution in PEIS is often assigned to an inadequate 
“wettability” (or more accurately, adhesion) between the metal anode and the SE.84 Typically, this 
issue is addressed phenomenologically by introducing a “sodiophilic” interlayer to improve the 
“wettability” (adhesion) and thus the interfacial physical contact.85,86 Although the electrochemical 
performance is mostly improved by such interlayers, a deeper understanding of the interfacial contact 
on the interfacial kinetics is lacking. A phenomenon which is mostly overlooked at Me|SE is the 
geometric current constriction phenomenon.  

The current constriction phenomenon results from insufficient contact at the Me|SE interface which 
could be caused for example by a pore.87,88 Although the phenomenon is a non-microscopic transport 
process, its impedance signature is similar to that of a true migration process, such as the transport 
of ions across a grain boundary.87–89 Hence, a semicircle in a Nyquist diagram can also result from 
the current constriction phenomenon. As illustrated in Figure 2a, the conduction behavior of a pore 
depends on the excitation frequencies f. At high excitation frequencies, pores are actively involved 
in charge transport through the system via a displacement current, while at lower frequencies the 
pore becomes insulating. Therefore, depending on the excitation frequency f, the potential 
distribution in the SE near the interface becomes non-uniform. The region needed to equilibrate the 
potential distribution in the SE material increases as the excitation frequency f decrease, as indicated 
by the red arrow in Figure 2a.88,89 In other words, the SE volume actively involved in the transport 
reduces with lowering the excitation frequency. Hence, the resistance of the systems increases which 
is reflected by an additional semicircle in the impedance spectrum.   

The current constriction phenomenon is a purely geometric effect and occurs as soon as local 
microcontacts are present at the Me|SE interface. Microcontacts can be caused, for example, by a 
partial coverage of pores (or voids) as well as by the presence of insulating contamination or 
passivation layers or non-uniform metal deposition.56 In principle, the current constriction 
phenomenon can also arise from a low concentration of active sites.90 The metal surface and the SE 
exhibit distinct sites where electrodissolution (deposition) might be energetically favored. For 
instance, an adsorbed atom on the surface could be preferably dissolved (deposited) compared to a 
terrace atom which would also result in a current focusing.56  

The occurrence of the geometric current constriction phenomenon has been observed for several 
parent metal|SE interfaces.77,90 In particular, for the Li|LLZO and Na|NZSP interface it has been 
demonstrated that the interfacial kinetics is dominated by this geometric phenomenon (compare 
section 3.1).39,82 Thus, variations of the interface-related contribution in the impedance can directly 
be assigned to changes of the interfacial morphology. For instance, it has been shown that the 
polarization occurring during electrodissolution has its origin in the current constriction 
phenomenon, as a consequence of alternations in the interface morphology due to pore formation.39,82 
Motivated by the observed correlation, Eckhardt et al. systematically investigated the influence of 
different interfacial morphologies on the resulting constriction contribution in the impedance using 
a microstructure-resolved electric network model.87,91–93 Based on this network model, the evolution 
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of the constriction resistance RCstr, constriction capacity CCstr, and the corresponding time constant 
τCstr when altering the contact area, electrode position, contact area distribution, and pore height is 
summarized in Figure 2b.87 It should be noted that the trends presented in Figure 2b are valid under 
the condition that the time constant for the SE bulk and grain boundary transport process is smaller 
than that of the constriction signal. Additionally, the charge transfer and the interphase formation 
processes are assumed to be negligible, as is the case for the Na|NZSP interface.87  

 

Figure 2: a) Schematic illustration of the potential distribution equipotential line distribution (black lines) in 
an SE at various excitation frequencies. Equipotential lines are indicated by black lines. At high excitation 
frequencies, the potential distribution in the SE is homogeneous, as indicated by the equipotential lines. With 
decreasing excitation frequencies, the potential distribution becomes inhomogeneous, as shown by the bended 
equipotential lines in the scheme. Accordingly, the SE volume required for equilibration increases at lower 
frequencies, as indicated by the red arrow. The larger the volume necessary to balance the potential 
distribution, the larger the measured constriction contribution in the Nyquist representation of the EIS 
spectrum. The scheme is based on the results of reference [87-89]. b) Summary of the trends for constriction 
resistance RCstr, constriction capacity CCstr and the corresponding time constant τCstr when the interfacial 
morphology is systematically altered. The evolution of the respective constriction parameters when the 
electrode area AEle decreases is visualized in the upper left graph, while an increase in the number of contact 
spots at constant contact area is shown in the upper right graph. The graph on the bottom left shows the 
evolution of the parameters when the center of the electrode (cEle) shifts away from the center of the SE (cSE). 
The effect of an increasing pore depth δh on the constriction parameters is illustrated in the graph on the 
bottom right. The trends are schematically illustrated based on the results presented in reference [87]. 

The fundamental understanding and correlation between the interfacial geometry and the constriction 
contribution in EIS enables a monitoring of the evolution of the interfacial morphology. Hence, EIS 
is a powerful tool to characterize the interfacial morphology “in situ” of otherwise buried Me|SE 
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interfaces, such as Na|NZSP. For example, the morphological evolution during electrodeposition or 
electrodissolution has been analyzed by EIS as part of this doctoral thesis (c.f. section 3.1 and 
3.2).39,40 Similar studies have been conducted to analyze the pore formation or equilibration of 
stripped lithium metal anodes at the Li|LLZO interface.82,94 Despite the valuable three-dimensional 
information provided by the constriction contribution, the interfacial morphology cannot be 
unambiguously extracted from the EIS data. Different interfacial morphologies can result in identical 
constriction signatures in the impedance spectrum, as variations in different geometric parameters 
exhibit opposing trends (c.f. Figure 2b). Therefore, to characterize the evolution of the interfacial 
morphology in real systems using EIS, an additional analytical technique is necessary to validate the 
interpretation.40  
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 The Me|SE Interface during Anodic Dissolution  

The dissolution of a metal anode alters the interfacial morphology and thus strongly affects the cell 
operation. To guarantee optimal cell functionality, it is essential to maintain a stable and predictable 
interface morphology. This is of particular significance for Me|SE interfaces, as the rigidity of SE 
precludes the possibility of compensating for morphological alterations at the interface. In the 
following, the interfacial kinetics at planar Me|SE interfaces is elaborated, and different concepts are 
transferred to the Na|SE interfaces. This includes also processes that affect the evolution of the 
interface morphology, which are briefly summarized. Finally, different possibilities to maintain a 
stable interface morphology during cell operation are discussed.  

 

2.2.1 The Anodic Dissolution in View of the Vacancy Relaxation Model 

The oxidation of a parent metal at a solid|solid interface has been studied intensively in the past 
decades, especially for Ag|AgX interface (X = Cl, Br).95,96 In addition to the experimental 
characterization, Schmalzried and Janek developed a model to describe the kinetics of silver 
dissolution at the phase boundary.97 Krauskopf et al. subsequently employed this model, with certain 
limitations, to describe lithium metal oxidation at a Li|SE interface.56,82 The similar chemical nature 
of alkali metals makes the concept also relevant for the kinetics of Na|SE interfaces. 

In general, the oxidation reaction at a metal anode at a Me|SE interface can be denoted in the Kröger-
Vink notation as follows:  

Me୑ୣ(Me) ⇌ ൣMe୑ୣశ
× (SE) − V୑ୣశ

ᇱ (SE)൧ + eᇱ(Me) + V୑ୣ
×  (Me) (1) 

 

A metal atom is oxidized and passes through the Me|SE interface, subsequently occupying either a 
vacant lattice site V୑ୣశ

ᇱ (SE) or an interstitial site within the SE. The specific site occupied by the 

metal ion depends on the ion conduction mechanism of the specific SE. The oxidized metal atom 
leaves an electron eᇱ(Me) and vacant site V୑ୣ

× (Me) in the metal close to the surface. The metal 
vacancy V୑ୣ

× (Me) can either diffuse into the bulk of the metal electrode or annihilate at a grain 
boundary or dislocation (site of repeatable growth).  

 

Figure 3: a) Schematic illustration of the vacancy relaxation model under steady state condition with a stable 
interfacial morphology developed by Schmalzried and Janek.97 The relaxation zone of vacancy in the metal is 
marked by 𝜉ெ௘. The supersaturation of vacancies at the interface generates a vacancy concentration gradient 
𝛻𝑐௏ಾ೐

 which results in a vacancy flux 𝑗௏ into the bulk of the metal electrode. 𝜉ௌா marks the relaxation zone of 
defects in the SE. Due to the high ionic conductivity, the concentration gradient of injected metal interstitials 
or depleted metal vacancies within the SE is significantly smaller. Therefore, the relaxation process in the SE 
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has no significant effect on the interfacial morphology. b) Critical current density 𝑖௖௥௜௧ as function of the 
supersaturation ratio for lithium (red lines) on the left side and sodium (black lines) on the right side. 
Representation for lithium bases on the data provided in reference [82]. The green highlighted area represents 
a parameter region where the interface remains morphologically unchanged (stable) during anodic 
dissolution, while in the brown highlighted region the morphology alternations would take place (unstable). 
The grey area indicates the uncertainty due to the vacancy relaxation time, degree of supersaturation and the 
determination of the equilibrium vacancy concentration. Figure modified from T. Krauskopf et al., ACS Appl. 
Mater. Interfaces 2019, 11, 15, 14463–14477.[82]  

The interfacial kinetics can theoretically be determined by two different processes, which is either 
the relaxation of the point defects in the SE or the vacancy diffusion in the metal. Given the high 
ionic conductivity of SEs and assuming that the annihilation of vacancies is negligible, the interfacial 
kinetics will be mainly controlled by the vacancy diffusion in the metal. If the vacancy diffusion in 
the metal is in a local equilibrium with the vacancy injection rate, the interface will be 
morphologically stable during anodic dissolution. Based on the kinetic model by Schmalzried and 
Janek shown in Figure 3a, the flux of metal vacancies 𝑗୚ across the interface that is exclusively 
driven by the vacancy concentration gradient ∇𝑐୚౉౛

can be estimated by  

𝑗୚ = ቆ1 −
𝑐୚(𝜉 = 0)

𝑐୚
ୣ୯ ቇ 𝑐୚

ୣ୯
ඨ

𝐷୚

𝜏୚
 (2) 

 

with 𝐷୚ is the diffusion coefficient of vacancies in the metal, 𝜏୚ is the relaxation time for the vacancy 

equilibrium concentration, 𝑐୚
ୣ୯ is the equilibrium bulk concentration of vacancies and 𝑐୚(𝜉 = 0) is 

the vacancy concentration at the interface. 𝐷୚ can derived from the self-diffusion coefficient of the 
metal 𝐷ୗୈ according to the following relation:  

𝐷ୗୈ = 𝐷୚ ∙ 𝑥୚
ୣ୯ (3) 

 

Here 𝑥୚
ୣ୯ is the molar equilibrium fraction of vacancies in the metal. The self-diffusion (of a metal 

atom) in a metal is mediated by vacancies. On the opposite, given the high molar fraction of metal 
atoms in a metal, the diffusion of a vacancy is not constrained by its mediation partner (metal atoms). 
Thus, 𝐷୚ is much faster compared to 𝐷ୗୈ, which is expressed in equation (3).   

The equilibrium bulk concentration of vacancies 𝑐୚
ୣ୯ can be obtained from the molar equilibrium 

vacancy fraction 𝑥୚
ୣ୯, which is given in equation (4) with 𝐺୚

୊ is the Gibbs energy of vacancy 

formation, 𝑘୆ the Boltzmann constant and 𝑇 the absolute temperature:98  

𝑥୚
ୣ୯

= exp ቆ−
𝐺୚

୊

𝑘୆𝑇
ቇ 

(4) 

 

The critical current density 𝑖ୡ୰୧୲ for the anodic dissolution, at which a stable interfacial morphology 
is maintained, can be calculated according to equation (5), where 𝑗୚,୫ୟ୶ is the maximum vacancy 

flux originating from the vacancy concentration gradient ∇𝑐୚౉౛
, 𝑧 is the charge number of the ion 

and F is the Faraday constant: 
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𝑖ୡ୰୧୲ = 𝑧 ∙ 𝐹 ∙ 𝑗୚,୫ୟ୶ (5) 

Based on this model, Krauskopf et al. estimated the critical current density 𝑖ୡ୰୧୲ for lithium as function 
of the supersaturation to be in the range of 10 – 100 µA∙cm−2.82 A similar estimation for 𝑖ୡ୰୧୲ can also 
be stated for sodium, using the assumption of similar supersaturation ratio factors and the same 𝜏୚ 
of 5 s, as for lithium. By using the self-diffusion coefficient 𝐷ୗୈ,୒ୟ and the Gibbs free energy for the 

vacancy formation 𝐺୚,୒ୟ
୊ , derived from first-principle calculations, the critical current density for 

sodium 𝑖ୡ୰୧୲,୒ୟ lies in the range of 1 – 8 mA∙cm−2.99,100 Consequently, the critical current density for 

sodium at room temperature is approximately two orders of magnitude higher than that of lithium at 
similar supersaturation ratios when no stack pressure is applied. This is attributed to the higher 
concentration and mobility of vacancies in sodium compared to lithium. However, it should be noted 
that due to the higher equilibrium bulk concentration of vacancies in the sodium, the supersaturation 
ratio for sodium is probably smaller compared lithium, and thus 𝑖ୡ୰୧୲,୒ୟ  might be overestimated.  

In both cases, the high uncertainty of 𝑖ୡ୰୧୲ in Figure 3b is due to the unknown relaxation time of 
vacancies and the degree of supersaturation at the interface. In addition, the determination of the 
equilibrium bulk concentration of vacancies is also difficult. Moreover, the model does not consider 
the microstructure of the metal and therefore neglects different diffusion mechanisms, as will be 
elaborated in more detail in section 2.4. Also the model does not take into account interfacial effects 
and accumulation of vacancies at the interface, as a direct vacancy injection into the bulk metal is 
assumed.56  

Seymour et. al. described the injection of a vacancy at a Me|SE interface from an energetically point 
of view by using a simplified bond-breaking model.101 For a coherent Me|SE interface, the authors 
found a simple relation between the work of adhesion Wad and the metal surface energy σMe on the 
tendency of a vacancy to be detached from a Me|SE interface, which are in line with first-principle 
calculations. Given the condition, Wad ≥ 2σMe, a vacancy at the Me|SE interface will migrate into the 
metal electrode, while it will remain at the interface when Wad < 2σMe.101 According to this relation, 
the lower surface energy of sodium (σNa = 0.230 J m−2) compared to lithium (σLi = 0.368 J m−2) 
suggests that less adhesion is required to energetically favor the migration of a vacancy from the 
interface into the bulk for sodium.20  

When experimentally determined critical current densities (CCDs) are compared for sodium and 
lithium, a higher CCD is observed for sodium on average.102,103 This is in line with the presented 
estimation based on the model from Schmalzried and Janek and the simplified model by Seymour 
et. al.. However, it should be noted that experimentally reported CCDs show a large variance, as the 
CCD strongly depends on the experimental parameters such as temperature, pressure, or the 
electrochemical test protocol.104 Also the most reported CCDs are determine based on cell failure 
(short circuiting) and thus does not probe exclusively the anodic dissolution.   

In contrast, morphological instabilities during anodic dissolution of lithium and sodium electrodes 
were observed already at lower current densities as estimated according to the vacancy relaxation 
model.39,105 The occurrence and evolution of a morphological unstable Me|SE interface during anodic 
dissolution will be elaborated in the following section 2.2.2.  
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2.2.2 Formation of Pores and Evolution of the Interfacial Morphology  

The following section elucidates the interfacial morphology between a parent metal and a SE as well 
as its evolution under an anodic current load. As described in the previous section 2.2.1, each 
oxidized metal atom at the Me|SE interface injects a vacancy in the near surface region, which can 
either migrate into the bulk metal or be annihilated at a place of repeatable growth. Especially for the 
migration of vacancies, calculations have shown that the detachment from the Me|SE interface has a 
considerable larger activation energy compared to vacancy migration in the bulk.101 Thus, the 
adhesion at the Me|SE interface and the surface energy of the metal drastically influence the 
migration of vacancies.  Nevertheless, if the applied external current 𝑖୅୮୮ exceeds the vacancy flux, 

as indicated in equation (6), 

𝑖୅୮୮ > 𝑧 ∙ 𝐹 ∙ 𝑗୚ (6) 

vacancies will accumulate, which result in the formation of pores at the Me|SE interface. The 
formation of pores was experimentally confirmed for Li|SE and Na|SE interfaces and identified as 
the root cause for the interfacial deterioration.39,82,106 With pores (which is, in essence, an “empty 
space”) being present at the interface, the number of active sites is reduced and the current density 
locally increases at the remaining contact spots. The current focusing at these contact spots results in 
complete contact loss with the progression of dissolution. In principle, a proportional relation 
between the number of contact spots and the resulting potential response during a galvanostatic 
experiment is expected. Typically, an anodic dissolution experiment starts with a modest potential 
increase, which subsequently transitions into a plateau. The potential plateau is maintained for the 
major part of the dissolution time. Shortly before a state of complete contact loss is reached, a steep 
increase in the potential is observed.82,107 

The course of the potential profile can be explained by the following process. As pores are formed 
at the Me|SE interface, they facilitate the diffusion of adsorbed metal atoms (further denoted as ad-
atoms) along the surface of the pore walls. Hence, metal atoms can also be transported to the 
remaining contact area by ad-atom diffusion, which is much faster compared to the self-diffusion 
process (c.f. section 2.4.2). The ad-atom diffusion counteracts the contact loss at the interface leading 
to a potential plateau. However, if the transport of metal atoms is not fast enough, the contact area 
will further decrease until full contact loss.56   

The resulting size, distribution and geometric shape of the pores cannot be predicted based on 
vacancy migration and surface diffusion processes. For instance, dissolution experiments at single 
crystalline copper electrodes indicated a relation between the pore structure and the dislocation 
density in the electrode.95 Furthermore, a recent report characterized the pore structure at different 
current density and dissolved amount of lithium. The authors of this study have demonstrated that 
anodic dissolution at low current density results in the formation of a limited number of small pores 
during the initial dissolution stage, which subsequently evolve into a few larger pores. In contrast, at 
higher current density, the initial number of pores was significantly higher, while a porous interfacial 
morphology was observed following the attainment of full contact loss.108 The resulting pore 
structure is of high relevance as it determines and affects the cycling behavior of the metal electrodes 
and thus the battery performance.  

Although the interface between two solids seems to be rigid, different equilibration processes can 
result in an alternation of the interfacial morphology, which in turn affects the overall interfacial 
kinetics. For instance, the pore geometry can be smoothened due to the previously described ad-atom 
diffusion driven by the equilibration of the surface energies.56 Also effects like electrochemical 
“Oswald ripening” can lead to a rearrangement of the pore structure at the interface.109 The formation 
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of pores is accomplished with a mechanical “weakening” of the interfacial structure. Hence, the local 
mechanical stress of the remaining “pillars” increases until a critical limit is reached at which plastic 
deformation may occur. Thus, the contact area is enlarged and the electrode can further be dissolved. 
Such phenomena lead to an oscillation in the potential profile and have been reported for Ag|AgX 
systems.96,110 Despite the rarity of investigations of such phenomena in the field of battery research, 
oscillations have been observed at Na|SE interfaces within a pressure range of 0.1 to approximately 
1 MPa.111 Also time-resolved EIS revealed a dynamic behavior of the interface morphology of a 
dissolved SME pointing towards an equilibration phenomenon.39 A reliable prediction of pore 
formation, its geometry as well as its evolution is thus of paramount importance to ensure a stable 
cell operation. While this section addresses the processes occurring at the Me|SE interface that alter 
its morphological structure, the following section (2.2.3) focuses on possibilities to reduce or 
suppress pore formation.  

 

2.2.3 Strategies to Mitigate the Pore Formation during Anodic Dissolution 

In this section, possibilities to reduce or suppress the formation of pores at a Me|SE interface are 
described. As elaborated in section 2.2.2, pores are formed by the aggregation of vacancies. In 
principle, the aggregation of vacancies can be avoided by increasing the transport rate of vacancies 
towards the bulk of the electrode (or the transport of matter towards the interface). According to 
equations (2) and (3), an increase of the vacancy flux can be achieved by tuning the diffusion rate in 
the electrode material. As the diffusion in matter is typically an activated process, the diffusion rate 
can be increased by elevating the temperature. However, higher operation temperatures are not 
always possible for battery applications, especially for small and mobile devices.   

Another prominent possibility to enhance the diffusivity in the metal electrode can be achieved 
through alloying. For instance, a higher diffusion rate of lithium in lithium-magnesium alloys has 
been reported.105 A comparable relation has been observed in the case sodium-tin alloys, which 
shows an improved dissolution performance.112 The enhanced diffusivity originates from different 
lattice parameters and binding energies in the alloy which lowers the migration barrier.113 However, 
the exact explanation why alloys shows an improved diffusivity is not yet investigated in detail. An 
aspect which is often not considered is the influence of the microstructure on the diffusion process.114 
As will be discussed in section 2.4.2, different diffusion processes determine the overall diffusion 
rate in a metal.  

In addition to modify the diffusion rate, the formation of pores can be prevented by promoting mass 
transport to the interface. The high homologous temperature of sodium (TH,Na ≈ 0.8) facilitates the 
climb of dislocations.115 Hence sodium shows a pronounced creep behavior at room temperature, 
where the strain rate 𝜀̇ is predominantly given by the power-law creep relation by:116 

𝜀̇ = 𝐴௖𝜎௠ exp ൬−
𝑄௖

𝑅𝑇
൰ 

(7) 

with 𝐴௖ is a material specific creep parameter, 𝜎 is the external stress (applied stack pressure), 𝑚 is 
the power-law creep exponent, 𝑄௖ is the activation energy for dislocation climb, and R is the molar 
gas constant. Accordingly, an increase of the stack pressure elevates the strain rate and hence the 
mass transport to the interface.117 The positive effect of stack pressure on maintaining interfacial 
contact was also confirmed experimentally. By increasing stack pressure, higher current densities at 
the Me|SE interface were achieved, as pore formation was suppressed through the mechanical 
deformation of the metal electrode.107,118 However, the influence of the applied stack pressure on the 
interfacial contact is complex. For instance, surface roughness leads to changes in pressure 
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distribution at the interface, which subsequently gives rise to localized discrepancies in mechanical 
deformation. Consequently, modifications in the local contact area influence the mechanical 
deformation and is thus time-dependent.119 Moreover, the mechanical properties depends on the 
aspect ratio, as adhesive forces (hydrostatic stress) at the CC|Me and Me|SE interfaces increase the 
yield strength of the metal.115,120 While stack pressure represents an effective strategy for maintaining 
interfacial contact, it is not without limitations. For example, at exceedingly high stack pressures (in 
the range of several tens of MPa), the malleable nature of alkali metals can cause them to penetrate 
the SE, resulting in short-circuiting.121 
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 Reservoir-free Sodium Solid-State Batteries  

In the following chapter, the concept of reservoir-free solid-state batteries is elaborated. Besides their 
working principle, their advantages and current challenges of the cell concept are discussed. While 
the dissolution process at the Me|SE interface is described in the previous chapter, the 
electrodeposition of an alkali metal at a solid|solid interface is set into focus in this chapter, as it is 
central for the reservoir-free cell concepts. Since the knowledge about the electrodeposition at 
solid|solid interfaces is scarce for sodium, the results and concepts for lithium electrodeposition are 
summarized and discussed with respect to their applicability to sodium.   

 

2.3.1 The Working Principle of Reservoir-free Solid-State Batteries 

The implementation of a sodium metal electrode in solid-state batteries requires the preparation of a 
sodium electrode.29 Different techniques are conceivable in order to process a sodium metal electrode 
that interfaces an SE or a separator. Besides the processing of a sodium foil by mechanical extrusion 
of an ingot, a sodium electrode could also prepared by vapor deposition or by melt processing e.g. 
dip coating.122 However, these processing techniques requires the handling of the highly reactive 
sodium metal during cell manufacturing. Another possibility to generate a SME in SSBs is by 
electrodeposition.123,124 Instead of assembling the SME during cell production, only a CC is attached 
to the SE on the negative electrode side, as shown on the left side in Figure 4. During the first charge, 
the SME is formed in situ by extracting enclosed sodium ions from the positive electrode (cathode 
active material) and electrodepositing them at the CC|SE interface (see Figure 4 right side).124 This 
approach works for most cathode active materials (CAM) such as layered oxides, polyanion 
compounds or Prussian white analogs, as they are synthesized in a discharged, meaning sodiated, 
state.125 This concept is often referred to as “anode-free” in literature, as the cell is assembled without 
an “anode active material”.126 However, the term "reservoir-free cells" (RFCs) is more accurate, as 
it highlights the absence of a sodium reservoir and prevents the misinterpretation of the absence of 
an "anode" in a battery. The feasibility of this cell concept was first demonstrated in a thin film 
battery based on a Cu|Li|LiPON|LixCoO2 stack by Neudecker and co-workers.127 The first 
electrodeposition of sodium metal at a CC|SE interface has been shown in the second publication of 
this doctoral thesis, while the first reservoir-free sodium SSB has been recently reported, 
demonstrating the feasibility of the cell concept.40,128 The advantages and challenges of RFCs are 
shortly summarized in the following section 2.3.2. 

 

Figure 4: Schematic illustration of the reservoir-free cell concept. Instead of introducing an SME during cell 
assembly, the SME is formed in situ through electrodeposition of sodium ions stored in the CAMs at the CC|SE 
interface during the first charge.  
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2.3.2 Advantages and Challenges of RFCs 

This section provides a concise overview of the advantages and challenges associated with RFCs. In 
addition to the economic perspective, the cell concept is also examined from the physicochemical 
point of view.  

I. Advantages 

As described in the previous section 2.3.1, the SME in RFCs is formed by electrodeposition of 
sodium extracted from the CAM on a CC during the first charge. Hence, no additional sodium metal 
reservoir is required at the negative electrode during cell assembly and the energy density can be 
further improved compared conventional SIBs.128 Accordingly, the volumetric and gravimetric 
energy densities on the cell level (excluding the cell casing) are improved by roughly 17 % and 6 %, 
respectively, when the SME is formed through electrodeposition instead of added during cell 
fabrication (see section 6.1 for details on the calculation). Theoretically, the energy density can be 
further enhanced when the density of the SE is reduced, for example by replacing NZSP, e.g., with 
a closo-borate Na2B12H12.20  

The primary benefit of RFCs is to circumvent the handling and processing of sodium metal during 
cell manufacturing, as the following issues are avoided. First of all, the energetically intensive 
production of sodium metal can be prevented.124 Sodium metal is normally produced by electrolysis 
of molten sodium chloride. However, to obtain a high-purity grade, additional distillation processes 
of the raw sodium metal are requried.129 Secondly, the processing of a sodium foil by shaping an 
ingot is not necessary. Typically, an areal capacity of 5 mAh cm−2 is targeted for commercial battery 
applications which equals an electrode thickness of roughly 45 µm for sodium. The soft nature and 
viscosity of sodium pose a challenge for the rolling and cutting process.38 Thirdly, the high reactivity 
of sodium towards moisture and oxygen requires processing in an inert atmosphere to minimize 
degradation or formation of a passivation layer. In contrast to lithium, an inert nitrogen atmosphere 
would be sufficient for sodium.80 Nevertheless, the necessary infrastructure for the production under 
inert atmospheres (e.g., dry rooms or gloveboxes) in large-scale production lines is both complex 
and costly.  

The circumvention of sodium metal during the fabrication of cells not only rationalizes the 
production process but also substantially reduces the associated material consumption and thus the 
costs. In addition, the synthesis of the cathode active materials often requires only cheap raw 
materials such as sodium carbonate.38 Also, a high-purity of the electrodeposited sodium metal 
electrode can be expected due to the single ion conduction of the SE.130 This makes RFCs an 
attractive cell concept to realize sodium SSBs. 

II. Challenges 

Besides the advantages of RFCs, the concept possesses also challenges. Given that RFCs operate 
without an excess of alkali ions, any parasitic reactions such as SEI formation on the Me|SE interface, 
ultimately result in a reduction in capacity.124 This encompasses the formation of "dead" alkali metal, 
which arises from filament or dendrite growth that detach from the negative electrode upon cycling. 
But also contact loss due to volume expansion during cycling causes a decay in the capacity, 
particularly in the cathode composite.131 To counteract the capacity fading, two ways are possible. 
First, an excess of alkali ions could be added to the cells by using a P/N ratio above unity. Second, 
the columbic efficiency of each cycle could be improved by suppressing side reactions and contact 
loss. While the first attempt would be efficient to compensate a capacity fading in the first hundred 
cycles, it also decreases the energy density of the cell.124 The second attempt would be more 
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reasonable, however, to compete with current battery technologies in terms of cycle numbers and 
energy density, a Coulomb efficiency close to 100 % would be necessary for RFCs.124   

Another challenge arises from the necessity of stack pressure during operation to maintain the 
physical contact within SSBs and in particular in RFCs.14 Controlling the pressure in SSBs is not 
trivial, as the thickness of the cell stack varies in the range of several tens of micrometers upon 
cycling. This is particularly important for RFCs, where the relative thickness variations are even 
more pronounced. While on the laboratory-level different cell casings exist, which compensate the 
volume change of the cell, suitable cell designs and pressure management systems on an application-
orientated level are still pending.  

The initial formation of the alkali metal electrode through electrodeposition is one of the key steps 
for the feasibility of RFCs. Ideally, a dense and uniform metal electrode is required, as illustrated in 
Figure 4. Various processes take place during the electrodeposition at a CC|Me interface, which 
affect the resulting electrode morphology and hence their electrochemical performance. Given this 
central role for the working principle of RFCs, the cathodic deposition of a parent metal at a 
solid|solid interface is discussed in the following section.    

 

2.3.3 Cathodic Deposition of Alkali Metals at a Solid|Solid Interface  

The process of nucleation and subsequent growth of a metal on a foreign or native substrate driven 
by an external electric field is denoted as electrocrystallization, electrodeposition or cathodic metal 
deposition.132 The cathodic deposition of a metal at an electrode in an LE has been the subject of 
extensive and different nucleation and growth mechanism have been proposed.132 In contrast, the 
knowledge about cathodic deposition at CC|SE interfaces is rare, as the buried nature of the interfaces 
complicates the characterization.56 The analysis of the nucleation process is particularly difficult to 
carry out using analytical microscopy techniques due to the nanoscale dimensions of the nuclei and 
the brief time span of the process. As a result, often only the early growth process and the 
morphological evolution is captured by microscopic techniques.   

Depending on the material system and deposition conditions various morphological phenomena of 
as-deposited metals at a CC|SE interface have been reported so far.56 One of the most prominent 
morphologies observed during the cathodic deposition is the growth of whiskers which have been 
first reported for silver ion conductors. For example, the growth of whisker arrays has been observed 
for planar silver electrodes,133 while at microelectrodes the morphology depends strongly on the 
applied current.134,135 The growth of whiskers has also been observed at other SE substrates, such as 
LLZO136 or NZSP137 by using microelectrode setups but also at CC|SE interfaces, such as stainless 
steel|Li2S-P2S5,138 Cu|LLZO,139 Cu|LiPON,140 or Cu|NZSP.40 

Besides the growth of whiskers, also lateral dendritic growth along the surface of an SE has been 
observed on LLZO or silver bromide.81,134 The phenomenon is rarely investigated and only occurs at 
very high local current densities. However, in a joint collaboration between Justus-Liebig University 
and Research Center Jülich, the lateral growth of sodium on NZSP was analyzed, revealing that this 
phenomenon can cause short circuiting in symmetrical Na|NZSP|Na cells.137 Additional 
micromanipulator experiments demonstrated that the tendency of lateral growth on NZSP is higher 
compared to LLZO at comparable experimental conditions.81,137 Hence, the occurrence of lateral 
dendritic growth is more severe for sodium, especially when high charging rates are required.  

Apart from cathodic metal deposition along the surface and out of the SE substrate, the metal can 
also grow into the SE, which is referred to as dendrites. Dendrite growth into the SE can be caused 
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by current focusing and a non-uniform ion flux at the interface, originating, for example, from 
insufficient contact between the electrode/CC and the SE, surface contaminations or surface defects. 
In polycrystalline SEs, also the different conductivity behavior of grain boundaries (GBs) could 
promote an inhomogeneous ion flux and thus preferential spots for cathodic deposition.141 However, 
the formation and propagation of dendrites is quite complex and different mechanisms and reasons 
are proposed in literature.142 The interested reader is therefore referred to the review article from 
Krauskopf et al. about the degradation mode I.56 In short, the local deposition of the metal, e.g., at a 
surface flaw causes mechanical stress, which could initiate the formation of cracks. Once a crack is 
formed, preferential deposition at the metal tip results in a Poiseuille pressure and propagates the 
crack. Hence, with proceeding deposition the crack propagates through the SE, resulting ultimately 
in cell failure.142 However, surface defects do not automatically result in dendrite formation. When 
the redistribution of the deposited metal through creep and vacancy transport is faster compared to 
the metal deposition rate, a morphologically stable interface can be maintained. On the opposite, a 
faster deposition rate results in a pile up of deposited metal and unstable growth which could initiate 
cracks in the SE.143     

The formation of dendrites can also originate from metal nucleation inside the SE during cathodic 
deposition which is referred to as the degradation mode II in literature. This degradation mode was 
reported in high temperature Na/S-batteries using a BASE as separator.144 The root cause for internal 
sodium nucleation was attributed to a partial electronic conductivity in the BASE where GBs and 
intergranular phases are probably involved. A similar correlation was observed when comparing the 
partial electronic conductivity and the critical current density of various lithium ion conductors.145,146 
Nevertheless, the underlying mechanism is still under debate. In a collaboration between Justus-
Liebig University and Karlsruhe Institute of Technology, the sodium nucleation inside BASE was 
confirmed by in situ TEM. By analyzing the microstructure of the BASE and correlating the electrical 
field distribution, a simplified model is proposed to identify preferred nucleation spots. Accordingly, 
the formation of sodium filaments was preferentially observed at spots where the ion migration 
across the GB is blocked.147 At such ionic bottlenecks, the chemical potential of sodium µNa can 
exceed the standard chemical potential of sodium µ0

Na and initiate nucleation.148 Further research is 
necessary to gain a fundamental understanding of the degradation mode II.  

Besides the different growth phenomena during cathodic deposition also the lateral distribution of 
the deposited alkali metal is important, as a dense and uniform metal layer is desired for RFCs. The 
distribution and number of the formed lithium “nuclei” at a Cu|LiPON interface was indirectly 
examined by visualizing the morphological alternations of the thin film copper CC caused by the 
grown lithium underneath.140,149 An increase of the current density results in a significant increase in 
the number of formed lithium particles, whereas the nuclei number decreases at elevated 
temperatures. In addition, the particle size and shape also changed.149 At low current densities and 
temperatures, the formation of needle-like structures and large particles is observed. At high current 
densities and elevated temperatures, the formed particles have a spherical shape and are smaller in 
size. Similar results and trends were observed for polycrystalline LLZO.139 Furthermore, for both 
systems, the nucleation overpotential ηNuc, which is given by the difference between the initial 
potential drop and the potential plateau during the growth stage, increases with applied current 
density. This fits well with the observed size and number of the formed lithium particles, as ηNuc is 
inverse proportional to the critical nucleation radius according to the classical theory for 
homogeneous nucleation.150 In view of achieving a uniform coverage during cathodic deposition, 
higher current densities are beneficial. Practically, also pulsed deposition protocols might be 
applicable, as prolonged high current densities could trigger dendritic growth as described above.139  
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The early growth stadium of sodium at a solid|solid interface was analyzed on a nanoscale-level by 
in situ TEM, revealing particles with a polyhedral shape and oriented growth behavior.151,152 Similar 
results were observed for the cathodic deposition at a Cu|NZSP interface, where sodium was 
deposited only at a contact spot between CC and SE (c.f. section 3.2), highlighting the importance 
of the initial CC|SE interface preparation.40,128  

Ideally, the initial CC|SE interface should ensure an intimate physical contact with a low adhesion 
energy between CC and SE, as the nucleation process requires the separation of the interface.153 A 
high adhesion energy would impede the nucleation process by increasing the critical nucleation 
radius. The nucleation and separation of the CC|SE interface causes mechanical stress which could 
trigger different scenarios. First, the SE might be damaged by crack formation or spallation close to 
the interface as reported for the Cu|NZSP interface.40 On the opposite, whisker growth can penetrate 
the CC, as often reported when using thin film CCs.136,139,140 Second, vertical whisker growth can 
separate the CC|SE interface, resulting in gap formation and decrease of the electrochemically active 
contact area, as observed at Cu|NZSP or Cu|Li6PS5Cl interfaces.154 Third, the mechanical stress 
plastically deforms the deposited metal, which expands laterally and delaminates the CC from the 
SE.153 The latter scenario would be most beneficial for RFCs, as it facilitates lateral growth. Another 
possibility to enhance the lateral distribution is by applying a stack pressure, as demonstrated by 
Kazyak et al. for lithium deposition at a Cu|LLZO interface.155 In contrast, no substantial enlargement 
of the contact area was observed for sodium deposition at a Cu|NZSP interface at elevated stack 
pressures, which might be due to different mechanical or frictional behavior (c.f. section 3.2).40 The 
different phenomena and possibilities of metal growth at a CC|SE interface are summarized in Figure 
5.  

 

Figure 5: Schematic illustration of cathodic deposition of an alkali metal at a Me|SE interface. An optimal 
deposition of a dense and uniform SME is depicted in the center of the figure. Different growth phenomena are 
illustrated such as (A) island growth, delamination and gap formation, (B) dendrite formation starting from 
the electrode, (C) whisker growth and penetration of CC, and (D) sodium nucleation inside the SE are shown 
on the right side of the illustration. Parameters that affect the cathodic metal deposition are illustrated on the 
left side, including (E) stack pressure p, (F) temperature T, (G) applied current density I, and (H) thickness of 
the current collector. Figure modified from T. Fuchs, Morphological Challenges at the Interface of Lithium 



Fundamentals  21 

 

Metal and Electrolytes in Garnet-type Solid-State Batteries. Dissertation, Justus Liebig University, Gießen, 
2022.[156] 

In recent years, various interlayer and seed layer concepts have been proposed as potential means of 
improving the lateral distribution and achieving uniform coverage of an electrodeposited lithium 
metal electrode in RFCs. In particular, by introducing a (amorphous) carbon-based interlayer with 
embedded silver nanoparticles, a dense and uniform lithium metal electrode between the interlayer 
and the CC is formed.157 Although a remarkable cycling stability is achieved, the underlying 
mechanism is still under debate. Bruce and co-workers found that the graphite material is first 
lithiated electrochemically, followed by lithium deposition and chemical reaction with silver forming 
an Ag-Li alloy. Accordingly, the graphite is the electrochemically active species and not the silver.158 
By comparing graphite with an amorphous carbon interlayer, a more homogeneous and selective 
deposition of lithium between the interlayer and the CC was obtained for the latter one. This is 
explained by the isotropic lithium transport in an amorphous carbon compared to graphite.159 In 
contrast, Ceder and co-workers suggest that enhanced deposition performance is derived from the 
formation of a Li-Ag alloy.160 The huge volume expansion during alloy formation extrudes the 
lithium metal out of the interlayer towards the CC, due to a stronger adhesion between interlayer and 
SE. The volume expansion during alloy formation might also play a role in the working principle of 
seed layer concepts. Here, alloy nanoparticles are placed in-between the CC and SE to enhance the 
nucleation and growth of the metal electrode.161 Nevertheless, the impact of interlayer and seed layer 
concepts on sodium systems have not yet been extensively studied, providing an opportunity for 
further characterization.162 
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 The Role of Microstructure in Metal Electrodes  

The previous chapters discussed the importance of a morphological stable Me|SE interface to ensure 
a reversible operation of an alkali metal electrode upon cycling. In particular, in section 2.2.4, 
different possibilities to suppress pore formation during anodic dissolution are elaborated, which are 
mainly based on optimization of the mobility of vacancies in the metal or by increasing the mass 
transport towards the electrode, e.g., by increasing the stack pressure. Both properties also play a 
crucial role during cathodic metal deposition, as outlined in section 2.3.3. As is generally known in 
the field of metallurgy, the microstructure of a material has a significant impact on its mechanical 
properties and transport processes within the material itself.56 Therefore, this chapter focuses on the 
relationship between the microstructure of an alkali metal electrode and the electrochemical 
performance in SSBs. Starting with a brief definition of the term microstructure, the current state of 
research in the battery community is briefly summarized in section 2.4.1. Furthermore, the 
relationship between the microstructure and transport by diffusion as well as the mechanical 
properties are elaborated in section 2.4.2 and 2.4.3, respectively.  

 

2.4.1 The Microstructure of Alkali Metal Electrodes 

Most materials such as metals, minerals, or ceramics are polycrystalline. The grains in a material are 
rarely randomly orientated according to the crystallographic orientation and distribution. This means 
that a pattern of certain grain orientation or tendency of preferred grain orientation is often found, 
which is referred to as texture.163 However, texture only describes an average fraction of preferred 
grain ordination in a given volume. In contrast, the term microstructure includes additionally the 
spatial location of grains. Hence, the microstructure is the collection of crystallinity features in a 
material, such as, grain size, grain orientation, grain boundaries, phases, dislocations, strain and 
interfaces, which determine the material properties.164,165 Besides TEM and synchrotron-based 
techniques, EBSD is the most common technique to analyze the microstructure of different materials. 
For a detailed description of the working principle of the mentioned techniques, the reader is referred 
to Ref [164]. In short, for EBSD analysis, a primary electron beam is focused on a crystalline sample 
at an incident angle of 70°. First, the electron beam is quasi-elastically scattered over a wide angle 
within the sample and diverges from a point source below the sample surface. The diverged electrons 
impinge on different crystal planes in all directions and form paired large-angle cones (also known 
as Kikuchi cones) whenever the Bragg condition is satisfied.163,166 The Kikuchi cones represent a 
single lattice plane, which is detected by a phosphorous screen. By scanning the electron beam along 
a sample surface, crystallographic information is obtained in a lateral dimension, which allows the 
analysis of the material microstructure.  

The microstructure of alkali metals has been rarely investigated in the literature and is often not 
considered in the field of battery research, despite the fact that a potential influence of the 
microstructure on electrochemical performance has been postulated.167–169 The work by Singh and 
Fuchs and co-workers on the electrochemical dissolution behavior of different heat-treated lithium 
metal foils demonstrated the significant influence of different metal grain sizes on the battery 
performance, and motivated a detailed characterization of the electrode microstructure.94,170 
However, the sample preparation and characterization of the alkali metal microstructure is extremely 
challenging. The high reactivity of the alkali metal towards residual moisture or oxygen causes a 
surface passivation layer that drastically complicates the microstructural analysis by EBSD or 
TEM.171 Therefore, only few reports exists that visualize the microstructure of lithium metal 
foils.171,172 The third publication of this doctoral thesis provides a reliable protocol to characterize 
not only the microstructure of foils, but also to visualize the microstructure of electrodeposited alkali 
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metals at solid|solid interfaces.41 In particular, for the first time, the microstructure of sodium has 
been analyzed and the microstructural evolution during cathodic deposition as well as anodic 
dissolution has been investigated for both, sodium and lithium metal electrodes (c.f. section 3.3).  

 

2.4.2 Effect of Microstructure on Self-Diffusion in Metals  

At thermal equilibrium, vacant lattice sites are the dominating atomic defects in metals. Accordingly, 
the dominating mechanism for self-diffusion in a metal matrix is mediated by vacancies. An atom 
diffuses by transition into a neighboring vacant site. Consequently, atoms traverse a crystal by 
engaging in a series of site exchanges with vacancies that are intermittently present in their vicinity. 
The exchange jump rate Γ of vacancy-mediated jumps of an atom into a vacant site lattice is given 

by the molar equilibrium vacancy fraction 𝑥୚
ୣ୯ and the exchange rate 𝜔୚:173 

𝛤 = 𝜔୚ ∙ 𝑥୚
ୣ୯

= 𝑣଴  ∙ exp ቆ−
𝐺୚

୊

𝑘୆𝑇
ቇ ∙ exp ቆ−

𝐺୚
୑

𝑘୆𝑇
ቇ  (8) 

 

Considering equation (4) and replacing the exchange rate 𝜔୚ by equation (9), it becomes evident that 

the exchange jump rate of a vacancy depends upon on the free enthalpy of vacancy formation 𝐺୚
୊ and 

the free enthalpy of vacancy migration 𝐺୚
୑ multiplied by the attempt frequency 𝑣଴.  

𝜔୚ = 𝑣଴  ∙ exp ቆ−
𝐺୚

୑

𝑘୆𝑇
ቇ  (9) 

 

The self-diffusion coefficient DSD for a monovacancy mechanism in an elemental crystal is a product 
of the exchange jump rate Γ, a correlation factor f, a geometric factor g and the lattice parameter a. 

𝐷ୗୈ = 𝑓 ∙ 𝑔 ∙ 𝑎ଶ ∙ 𝛤   (10) 

 

According to equations (8) and (10), DSD depends on the temperature and often follows an Arrhenius-
type behavior. Typically, DSD is strongly affected by the temperature and varies by several orders of 
magnitude. Often an upward curvature in the Arrhenius plot is observed, when the temperature 
approaches the melting point Tm of the metal. Although monovacancies are the most prevalent defect 
in metals, the probability of divacancy formation increases with elevating the temperature. As a rule 
of thumb, when approaching a temperature T ≈ 0.66 Tm, diffusion mediated by divacancies also 
contributes substantially to the overall diffusion in the metal. Hence, the total diffusivity is then given 
by the sum of monovacancy and divacancy diffusion contribution. For example, in the case of silver, 
the divacancy concentration at T ≈ 0.66 Tm is roughly 10 %, while it is negligible below 
T ≈ 0.5 Tm.173,174 In particular, in face-centered cubic metals, divacancies exhibit higher mobility 
compared to monovacancies, rendering them a more effective diffusion vehicle. An upward 
curvature in the Arrhenius plot is also observed for sodium and the formation of divacancies at room 
temperature is also likely, as the homologous temperature of sodium TH,Na ≈ 0.8.100  

Apart from the temperature, the self-diffusion in a metal also depends on the pressure according to 
the pressure-dependency of the free enthalpy of vacancy formation and migration (see equation (8)). 
Compared to the temperature, the effect of pressure is less pronounced, and usually the diffusivity 
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decreases by less than a factor of ten when the external pressure is altered by about 1 GPa.173 At such 
pressure region, sodium would already be plastically deformed. It can thus be concluded that the 
effect of stack pressure on the self-diffusion of sodium is negligible, given the fact that the expected 
stack pressure for battery applications falls within the range of a few MPa.173,175 

In the previous paragraphs, only atomic point defects, such as vacancies, have been considered as 
diffusion vehicles for self-diffusivity in metals. However, metals are mostly polycrystalline and 
consist of structural features where the jump rate is enhanced along dislocations, grain boundaries, 
or along free surfaces.176 While atomic migration through the lattice is characterized by a diffusion 

length of √𝐷𝑡, the migration along fast diffusion pathways is much faster, as schematically illustrated 
in Figure 6a. 

 

Figure 6: a) Sketch of fast diffusion pathways in a polycrystalline metal, including dislocations, grain 
boundaries and free surface. b) Schematic illustration of the temperature dependence of various high diffusivity 
pathways in a metal. The diffusivity in the lattice is denoted by DL, while DDis, DGB and DSur denote the diffusivity 
along dislocations, grain boundaries, and free surfaces, respectively. The data presented represent an average 
of different metals according to reference [173]. Figure modified from H. Mehrer, Diffusion in Solids: 
Fundamentals, Methods, Materials, Diffusion-Controlled Processes, Springer, Springer Series in Solid-State 
Sciences, Volume 155, 2007.[173] Copyright © Springer-Verlag Berlin Heidelberg. Reproduced with permission 
from Springer Nature.  

Figure 6b illustrates the diffusivity of various diffusion pathways in an average polycrystalline metal 
across different temperatures. The atomic migration through the lattice has the lowest diffusion 
coefficient DL, as the atomic migration is subject to the most significant constraints and exhibits the 
largest activation enthalpy ΔH. By increasing the disorder in a dislocation core and having a less 
packed structure in GBs, the atomic motion is further enhanced. Free surfaces exhibit the fastest 
diffusivity, as atomic motion is mediated not only by vacancies but also by ad-atoms. The respective 
hierarchy for high diffusivity pathways in comparison to lattice diffusion, as well as the 
corresponding activation enthalpies, are presented in equations (11) and (12).173 

𝐷୐ ≪ 𝐷ୈ୧ୱ ≤ 𝐷ୋ୆ ≤ 𝐷ୗ୳୰  (11) 

∆𝐻୐ > ∆𝐻ୈ୧ୱ ≥ ∆𝐻ୋ୆ > ∆𝐻ୗ୳୰ (12) 

 

In general, the atomic motion along dislocations and GBs is several orders of magnitude faster 
compared to lattice diffusion (see Figure 6b). This difference is even more pronounced at lower 
temperatures, due to the different activation enthalpies. Additionally, the diffusivity along GBs also 
depends on their type, e.g., twisted or rotated GBs as well as high-angle or low-angle GBs. 
Theoretical calculations for different GBs in lithium metal revealed a difference of a factor of ten for 
various GB types. Accordingly, the overall (self)-diffusivity in a polycrystalline material depends 
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strongly on the dislocation and GB density and their different types.173 Hence, the microstructure of 
metal electrodes is of great interest for their practical application in SSBs. For example, theoretical 
calculations for lithium metal have shown that a grain size in the order of 1 µm (and thus a high 
fraction of GBs) is required to meet the current performance goals for SSBs.177 In contrast, a typical 
grain size for a lithium foil is roughly 150 µm.94 To meet the given performance goals, an optimized 
metal microstructure is required. Although sodium has a higher overall diffusivity, its grain size is 
even larger than that of lithium.41 Thus, the necessity of a tailored microstructure to achieve the 
performance goals is likely for SMEs. 

 

2.4.3 Effect of Microstructure on Mechanical Properties 

A major challenge for the reversible operation of an SME arises from contact loss at the Me|SE 
interface upon cycling, e.g., by the formation of pores during anodic dissolution. One strategy to 
maintain interfacial contact is to deform the metal electrode mechanically by applying a stack 
pressure (c.f. section 2.2.3). Consequently, the mechanical properties of the metal electrode are 
crucial because they determine at which external stress (stack pressure) mechanical deformation 
occurs. 

In principle, the deformation of a material can be classified as either elastic or plastic.116 If the applied 
external stress exceeds the yield strength of a material, it will undergo plastic deformation by the 
movement of dislocations. Besides defect concentration, stress rate, and impurity concentration, the 
yield strength also depends on the microstructure, e.g., the grain size.56,170 If the grain size decreases, 
the density of GBs in a given volume increases. However, GBs act as a barrier to dislocation 
movement. High stresses are required for a dislocation to cross a GB due to the random orientation 
of the slip planes of adjacent grains.170 Therefore, dislocations will accumulate at GBs. The higher 
the density of GBs (or, the smaller the grain size), the greater the restraint on dislocation movement 
and hence the strength of the material. This phenomenon is empirically described by the Hall-Petch 
relationship.170  

Plastic deformation of a material can also occur due to creep, where in principle two different creep 
mechanisms are present in a metal, namely power-law creep (see equation (7) in section 2.2.3) or 
diffusional creep.116 Depending on the microstructure, temperature and applied external stress, 
different creep mechanisms dominate the plastic deformation. In general, at low stresses, diffusional 
creep is rate determining, while at high stresses, power-law creep via dislocation climb is the 
dominant mechanism.178 In particular, the strain rates of diffusional creep depend on the grain size 
as well as on the diffusivity in the material. At low temperatures (and stresses), the motion of atoms 
is mainly mediated by the lattice, which is referred to as Nabarro-Herring creep.170 At elevated 
temperatures, the net flux of atoms is predominantly mediated by diffusion along GBs, which is 
referred to as Coble creep.170,178 Accordingly, the types of GBs as well as the grain size and defect 
density in the material affect the plastic deformation. In contrast, the strain rate for power-law creep 
is independent of the grain size but depends on the mobility of dislocations.  

Apart from plastic deformation, the microstructure affects the elastic properties of alkali metals. For 
instance, the orientation-dependent characterization of the elastic response of lithium revealed a 
strongly anisotropic elastic behavior.172 As sodium metal exhibits the same space group, an 
anisotropic elastic behavior is likely.179,180  

Sodium exhibits a yield strength of around 0.2 – 0.3 MPa and power-law creep through dislocation 
climb via lattice diffusion is the predominately creep mechanism for time-dependent plastic 
deformation at room temperature.115,181,182 Accordingly, the effect of grain size and microstructure 
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on the plastic deformation of sodium would be negligible in view of much higher applicable stack 
pressures in SSBs. However, the mechanical properties of sodium are often investigated by using 
ingots with dimensions in the mm or cm range, while properties such as the yield strength can 
drastically increase at smaller lengths and geometries.183 In view of metal films and lower 
temperatures, diffusional creep might play a role for the plastic deformation of the SME and thus 
also its microstructure.180 Another aspect which has not yet been addressed in literature is, that the 
microstructure of a metal electrode alters during electrodeposition by the motion of GBs (see section 
3.3).41 Thus, the mechanical properties of the metal electrode would alter during cycling. 

The application of stack pressure is a viable strategy to maintain the interfacial contact at the Me|SE 
interfaces in SSBs also for practical battery applications.14 Accordingly, the mechanical properties 
of the metal electrode as well as possible changes are of central interest to ensure a stable battery 
operation in practice.  
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3 Results  

At the beginning of this doctoral thesis in 2019, a fundamental understanding of the kinetics at the 
Na|NZSP interface was very limited. While the interface as such had been addressed in several 
reports, there was a lack of analysis regarding degradation phenomena, morphological evolution 
during metal dissolution and deposition, and charge transfer processes. Additionally, the 
microstructure and texture of the SME and their influence on the microscopy processes and interface 
morphology had not been considered. Therefore, the objective of this doctoral thesis was to study 
the Na|NZSP interface systematically by characterizing the SME during cycling in terms of the 
interfacial kinetics, morphological evolution, and microstructure.   

The first publication of this doctoral thesis contributes to a better understanding of the Na|NZSP 
interface and provides a systematic approach to separate and quantitatively compare different 
microscopic processes regarding the performance limit. Moreover, the morphological evolution of 
the SME was characterized under anodic current load. Publication II deals with the electrodeposition 
of sodium at a Cu|NZSP interface and the effect of current density and stack pressure on the resulting 
morphological evolution of the sodium metal. Publication III targets the microstructural analysis of 
alkali metals by developing a reliable workflow for sample and cross-section preparation. 
Accordingly, the microstructure of electrodeposited and dissolved alkali metals at solid|solid 
interfaces were explored and visualized in this publication.  

 

 Publication I: “Kinetics and Pore Formation of the Sodium Metal Anode on 
NASICON-Type Na3.4Zr2Si2.4P0.6O12 for Sodium Solid-State Batteries” 

In the first publication of this doctoral thesis, a systematic approach was developed to characterize 
the interfacial kinetics of the alkali metal|SE interface. Therefore, sodium metal in contact with NZSP 
was characterized under equilibrium and non-equilibrium conditions by EIS, in situ XPS, TEM, and 
SEM.  

By combining the results from time-dependent EIS with in situ XPS and TEM characterization, the 
formation of a kinetically stabilized interphase was observed when NZSP is contacted with sodium. 
Moreover, pressure and temperature-dependent EIS analysis revealed that insufficient physical 
contact causes an interface-related impedance, due the current constriction phenomenon. From an 
electrochemical perspective, the Na|NZSP interface is dominated by the current constriction 
phenomenon caused by insufficient contact, which is much more significant than the interphase 
formation and charge transfer process. This phenomenon was also observed during anodic 
dissolution experiments. Gradual EIS characterization indicated contact loss due to the formation of 
pores as the dissolution progressed, which has been confirmed by FIB-SEM cross-sectioning. 
Additionally, different geometric shapes of the pores were observed at the interface, when the stack 
pressure was altered. Finally, the evolution of the interfacial pore morphology after anodic 
dissolution in a subsequent resting phase was monitored by EIS, revealing a dynamic reorganization 
of the interfacial morphology. 

Overall, the first publication demonstrates the compatibility of sodium and NZSP and identifies 
contact loss due to pore formation by anodic dissolution as the rate-limiting process of the SME. 
Consequently, concepts to suppress or prevent the formation of pores are necessary to improve the 
performance of the SME. The detailed impedance analysis provides a fundamental basis for the 
interpretation of the impedance spectra of the Na|NZSP interface and enables the characterization of 
the interfacial morphology even during electrochemical dissolution and deposition – as demonstrated 
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in publication II. Moreover, the morphology of interfacial pores varies at different stack pressures 
and exhibits dynamic behavior after anodic dissolution due to creep. Accordingly, resting periods 
and the cycling protocol can significantly impact the performance of the SME and should be 
considered for battery applications. 

The experiments were designed and planned by the first author, supported by Dr. T. Fuchs and Dr. 
S. Burkhardt, under the supervision of Prof. M. Rohnke and Prof. J. Janek. The solid electrolyte was 
synthesized by Dr. Q. Ma. The first author performed the electrochemical characterization, XPS, 
FIB-SEM and in situ SEM analysis. The TEM characterization was carried out by Z. Ding. The XPS 
data were analyzed and interpreted by T. Ortmann and Dr. J. Sann. Dr. J. K. Eckhardt, Dr. T. Fuchs 
and Dr. S. Burkhardt assisted in the interpretation of the electrochemical impedance spectroscopy 
data. The TEM data were analyzed and interpreted by Z. Ding, Prof. C. Kübel, and T. Ortmann. The 
manuscript was written by the first author supported by Dr. S. Burkhardt, Prof. M. Rohnke, Dr. Q. 
Ma and Prof. J. Janek. All authors discussed the results and revised the manuscript.  

This study was part of the research within the Cluster of Excellence for Post Lithium-Ion Storage.  

Reprinted without modification according to the creative commons license CC BY-NC 4.0 DEED 
(https://creativecommons.org/licenses/by-nc/4.0/) from Ortmann, T.; Burkhardt S.; Eckhardt J. K.; 
Fuchs, T.; Ding Z.; Sann J.; Rohnke M.; Ma, Q.; Tietz F.; Fattakhova-Rohlfing D.; Kübel C.; Guillon 
O.; Heiliger C.; Janek J. Kinetics and Pore Formation of the Sodium Metal Anode on NASICON-
Type Na3.4Zr2Si2.4P0.6O12 for Sodium Solid-State Batteries. Adv. Energy Mater. 2023, 13, 2202712. 
https://doi.org/10.1002/aenm.202202712. Advanced Energy Materials published by Wiley-VCH 
GmbH. 
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 Publication 2: “Deposition of Sodium Metal at the Copper-NaSICON 
Interface for Reservoir-Free Solid-State Sodium Batteries” 

The second publication of this doctoral thesis reports the formation of a SME at the CC|SE interface 
for reservoir-free sodium SSBs. For this purpose, the nucleation and growth of electrodeposited 
sodium at a Cu|NZSP interface was investigated at various current densities and stack pressures. 

Based on the results presented in publication I, the morphological evolution of the electrodeposited 
sodium was monitored by EIS in combination with light and electron microscopy. Irrespective of the 
chosen deposition parameters, only minor changes in the impedance data after the first deposition 
step indicated that the lateral distribution of sodium is mainly influenced by the nucleation process. 
It was found that an increase of the current density improved the lateral distribution of the 
electrodeposited sodium. In contrast, only a slight improvement in the coverage of sodium by plastic 
deformation was observed when the applied stack pressure exceeded the yield strength of the 
electrodeposited sodium. Cross-sections of the interface revealed dense and uniform sodium layers 
between copper and NZSP, ideal for reservoir-free batteries. However, besides layer formation, 
islands and whiskers were observed, which caused gaps by separating the copper CC from the NZSP 
SE. Despite the observation of local spallation and cracks in the NZSP after electrodeposition by 
cross-sectioning and in situ TEM analysis, there was no evidence of detrimental dendrite formation 
causing short circuits according to the impedance analysis. The early growth of electrodeposited 
sodium was visualized by in situ TEM. It was found that faceted sodium whiskers appeared solely at 
contact spots between the copper CC and NZSP SE. This highlights the significance of the cell 
preparation process in terms of combining the SE and the CC and provides a first insight into the 
microstructure of electrodeposited SMEs. On the macroscopic scale, no mechanical failure, e.g., 
penetration by sodium whisker, was observed for the copper CC with a thickness of several 
micrometers. Deformation and expansion were found for thin copper CCs by TEM. Consequently, 
CC with a minimum thickness and mechanical stability are required for RFCs.  

Overall, the second publication demonstrates the electrodeposition of dense and uniform sodium 
layers/islands at a CC|SE interface. This knowledge is essential for the initial formation step of an 
SME to realize reservoir-free solid-state battery concepts. Moreover, the study expands the 
knowledge about the influence of the current density and stack pressure on the lateral distribution 
and morphological interface evolution, providing a basis to further optimize electrodeposited SMEs.   

The experiments were designed and planned by the first author, assisted by Dr. T. Fuchs under the 
supervision of Prof. M. Rohnke and Prof. J. Janek. The solid electrolyte was synthesized by Dr. Q. 
Ma and Dr. F. Tietz. Electrochemical experiments and postmortem optical and electron microscopy 
were performed by T. Ortmann. The in situ TEM characterization was carried out by Z. Ding. The 
corresponding data were interpreted by Z. Ding, Prof. C. Kübel, and T. Ortmann. The 
electrochemical impedance spectroscopy data were interpreted by Dr. J. K. Eckhardt and T. Ortmann. 
The manuscript was written by the first author and revised by eight co-authors.  

This study was part of the research within the Cluster of Excellence for Post Lithium-Ion Storage.  

Reprinted without modification according to the creative commons license CC BY-NC 4.0 DEED 
(https://creativecommons.org/licenses/by-nc/4.0/) from Ortmann, T.; Fuchs, T.; Eckhardt J. K.; Ding 
Z.; Ma, Q.; Tietz F.; Kübel C.; Rohnke M.; Janek J. Deposition of Sodium Metal at the Copper-
NaSICON Interface for Reservoir-Free Solid-State Sodium Batteries. Adv. Energy Mater. 2023, 
2302729. https://doi.org/10.1002/aenm.202302729. Advanced Energy Materials published by 
Wiley-VCH GmbH.  
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 Publication 3: “Imaging the Microstructure of Lithium and Sodium Metal 
in “Anode-Free” Solid-State Batteries using EBSD” 

In the third publication of this doctoral thesis, the microstructure of electrodeposited lithium and 
sodium metal at solid|solid interfaces is analyzed by electron backscatter diffraction. For this 
purpose, lithium and sodium metal foils with different grain sizes were characterized by EBSD to 
study potential grain growth during characterization. Additionally, a workflow for the 
microstructural characterization of buried interfaces by ion beam milling was established. The 
microstructure of electrodeposited lithium and sodium metal at three relevant interfaces for reservoir-
free cell concepts, namely Cu|LLZO, StS|LPSCl, and Al|NZSP, was imaged based on the established 
workflow. Besides the reservoir-free configuration, electrodeposition at the Li|LLZO and Na|NZSP 
interfaces of the respective alkali metals was also examined. An in situ EBSD experiment was 
designed to characterize the evolution of the microstructure during cathodic deposition and anodic 
dissolution of the respective metal anode.   

For the first time, the microstructure of sodium metal foils has here been visualized by EBSD 
revealing a grain size of several hundred micrometers, which is larger compared to lithium metal. 
The grain size of sodium and lithium can be altered by quenching molten alkali metal using liquid 
N2. For both metals, no substantial grain growth was observed within a period of two weeks. 
Furthermore, the microstructure remained unchanged when the samples were processed by a plasma-
focused ion beam under cryogenic conditions. Large angle grain boundaries perpendicular to the SE 
surface were observed in both electrodeposited sodium and lithium. Furthermore, there was no 
correlation between the grain size of the deposited alkali metal and the electrode material or the SE. 
In situ EBSD experiments revealed a lateral motion of the grain boundaries in addition to the vertical 
growth of the metal grains. This results in the merging of neighboring grains and a reduction in the 
total grain number as electrodeposition progresses. The formation of pores was observed during the 
anodic dissolution of the metal anode. Pore formation occurred preferentially in the interior of a grain 
localized at the interface. 

Overall, the third publication establishes a workflow and demonstrates the characterization of the 
microstructure of highly reactive alkali metals as well as its evolution during cathodic deposition and 
anodic dissolution using EBSD. The study highlights the importance of the metal electrode 
microstructure and reveals its correlation with electrochemical performance. The established method 
and knowledge open a new perspective on metal anodes in general and help to design and evaluate 
new concepts to improve the cycling performance of metal anodes in SSBs.  

Dr. T. Fuchs and T. Ortmann contributed equally to this work by designing and conducting the 
experiments, which were supported by J. Becker. T. Ortmann mainly conducted the experiments for 
sodium, while T. Fuchs carried out the experiments for lithium. The preparation of the solid 
electrolyte and the cells including the electrochemical cycling was supported by C. G. Haslam, V. 
K. Singh, M. Ziegler and J. Becker. The EBSD experiments were supported by Dr. B. Mogwitz and 
Dr. K. Peppler. The first draft of the manuscript was written by Dr. T. Fuchs and T. Ortmann and 
revised by twelve co-authors. The work was supervised by Prof. M. Rohnke, Prof. L. Nazar, Prof. J. 
Sakamoto and Prof. J. Janek.  

This study was part of the research within the Cluster of Excellence for Post Lithium-Ion Storage.  

Reprinted without modification according to the creative commons license CC BY-NC 4.0 
(https://creativecommons.org/licenses/by-nc/4.0/) from Fuchs, T., Ortmann, T., Becker, J., Haslam, 
G. C., Ziegler, M., Singh, V. K., Rohnke, M., Mogwitz, B., Peppler, K., Nazar, L. F., Sakamoto, J., 
Janek, J. Imaging the microstructure of lithium and sodium metal in anode-free solid-state batteries 
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using electron backscatter diffraction. Nat. Mater. 2024, 23, 1678-1685. 
https://doi.org/10.1038/s41563-024-02006-8. Nature Materials published by Springer Nature 
Limited. 
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4 Conclusion  

In this doctoral thesis, a sodium metal electrode and its interface with a NaSICON-structured solid 
electrolyte has been systematically studied. The interfacial kinetics during anodic dissolution and 
cathodic deposition was characterized and the evolution of the interfacial morphology has been 
examined in detail. The microstructure of sodium metal and its evolution upon charge and discharge 
was visualized for the first time by using EBSD. 

In the first part of this doctoral thesis, the Na|Na3.4Zr2Si2.4P0.6O12 interface was examined under 
equilibrium conditions. The systematic approach that was used to characterize the interfacial kinetics 
can serve as an experimental guideline for other SEs in contact with sodium metal. For the Na|NZSP 
interface, the geometric current constriction phenomenon has been identified as the overall dominant 
process at the interface, while the charge transfer process as well as the formation of a kinetically 
stabilized interphase play only a minor role for the interfacial kinetics. Accordingly, the observed 
interface-related resistance in the impedance spectrum mainly originated from an insufficient 
physical contact between the SME and the SE. A similar interfacial kinetics was reported for the 
Li|LLZO and the Na|BASE interface.77,82 This suggests that, in general, the charge transfer is not the 
rate-limiting process at a Me|SE interface for an alkali metal electrode in contact with a chemically 
sufficiently stable SE. The similarities further highlight the importance of the geometric current 
constriction phenomenon for metal electrodes in SSBs.  

As described in section 2.1.2, the relation between the geometric current constriction phenomenon 
and the interface-related contribution in the impedance enables the monitoring of the interfacial 
morphology by using EIS. Accordingly, the Na|NZSP interface represents an ideal choice to 
characterize morphological alternations of the SME during operation, as no significant contribution 
of other processes (charge transfer and interfacial degradation) are present in the impedance. Thus, 
the Na|NZSP interface can be considered as the sodium analog to the Li|LLZO model system.  

Based on these results, the Na|NZSP interface was examined during anodic dissolution. Clearly, the 
increase in the potential during dissolution could be attributed to the current constriction contribution 
in the impedance, indicating the loss of physical contact at the Na|NZSP interface. The formation of 
pores at the interface has been confirmed by FIB-SEM cross-sectioning, revealing a lens-shaped pore 
geometry when no additional stack pressure was applied. No regular pore shape has been identified 
at low stack pressure (0.3 MPa). The impedance evolution in a subsequent resting phase after the 
anodic dissolution indicated a dynamic behavior of the interfacial morphology. Equilibration was 
observed even at low stack pressures and is attributed to the creep behavior of sodium. Thus, resting 
phases play an important role for the interfacial contact in real battery applications.  

The cathodic deposition of a sodium metal electrode has been examined at a Cu|NZSP interface to 
evaluate the feasibility of RFCs. The electrodeposition of dense sodium layers in the micrometer 
range in between the CC and NZSP was observed. By increasing the current density, a more uniform 
coverage of sodium over the entire electrode has been achieved, whereas an increase of the stack 
pressure results only in a minor improvement of the surface coverage. In addition to the formation 
of sodium layers, the growth of whiskers or island growth can result in the delamination of the CC 
from the NZSP, leading to the formation of a gap. Furthermore, spallation of the NZSP was observed 
at local level, which was probably caused by cathodic deposition. The significance of the initial 
contact between CC and NZSP has been elucidated by in situ TEM. The growth of sodium is 
restricted to contact spots between Cu and NZSP. In addition, the experiments showed that the 
sodium filaments tend to grow in a faceted shape. The results showed that RFCs can in principle be 
realized. However, attention should be paid to the initial Cu|NZSP contact. Pulsed techniques or seed 
layer concepts might be beneficial to further improve the coverage of the electrode area.  



Conclusion  76 

 

The final section of this doctoral thesis is dedicated to an in-depth examination of the microstructure 
of alkali metal electrodes, with a particular focus on sodium, in SSBs. A reliable protocol has been 
developed for the characterization of the microstructure of highly reactive alkali metal foils, as well 
as for the analysis of cross-sections, using a combination of FIB-SEM and EBSD. A grain size in the 
range of several hundred micrometers was found for sodium metal ingots. The grain size could be 
substantially altered by melting of the sodium metal ingot followed by a subsequent quenching in 
liquid nitrogen. Despite the high homologous temperature of sodium, no substantial grain growth 
was observed over a resting period of two weeks. This not only demonstrates that the microstructure, 
e.g., grain size, can be effectively altered by thermal processes, it also suggests that the processing 
history of commercial sodium as well as the electrode preparation strongly affects the microstructure 
and thus also the electrochemical performance. This complicates the reproducibility and 
comparability of published results, as often the sodium source and detailed description of electrode 
preparation are insufficiently described in battery research.  

The microstructure of electrodeposited sodium and lithium layers showed, on average, a smaller 
grain size than that of the mechanically prepared foils. Independent of the CC and SE materials, the 
GBs in the alkali metal were predominantly oriented perpendicular to the SE surface. In addition to 
vertical grain growth during electrodeposition, also lateral growth was observed. By reversing the 
current direction, pores were preferentially observed at the Na|NZSP interface in the interior of the 
grain. Based on these results, the microstructural evolution during electrodeposition of alkali metal 
films in RFCs can be summarized as follows. Metal nuclei first grow preferentially in the vertical 
direction. With progressing deposition, the number of grains decreases either by fusion of grains with 
similar orientation or by grain ripening due to the movement of GBs. During anodic dissolution, the 
preferential formation of pores is attributed to the different diffusivities in the metal bulk. The faster 
vacancy mobility along GBs compared to the bulk material suppresses the accumulation of vacancies 
and hence pore formation. It can thus be concluded that the electrochemical performance, for 
example, the stripping capacity, can be tuned by tailoring the electrode microstructure. 

Overall, this doctoral thesis expands the knowledge of the interfacial kinetics of the SME in contact 
with NaSICON-structured SEs, which is essential for the reversible operation of the SME and of 
interested not only for SSBs but also for sea water battery types.184,185 The detailed impedance 
analysis provides a fundamental basis for the interpretation of EIS spectra, thus helping to avoid 
misinterpretations. Moreover, the analytical approach described here can be applied to the 
microstructural characterization of other metal or alloy electrodes, thereby facilitating the correlation 
of electrochemical performance with the respective microstructure. 
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5 Outlook  

The results provided in this doctoral thesis might be a starting point for further tasks and projects 
which can be considered in future work. The established preparation protocol of alkali metal 
electrode for EBSD analysis (see section 3.3) opens the possibility to evaluate the electrochemical 
performance of metal and alloy electrodes by including their microstructure. In the following, 
different projects with the focus on the relationship between microstructure and electrochemical 
performance of electrode materials are briefly presented. 

 

(I) Possibility to control the alkali metal microstructure and influence of impurities 

The results of this doctoral thesis emphasize the possibility to alter the microstructure of alkali metals 
by using thermal treatment (see section 3.3). In view of the electrochemical performance, this raises 
two questions: First, how does the production of sodium influence the metal microstructure? This 
includes not only the thermal and mechanical processing, but also the level of impurities. Impurities 
have a strong influence on crystallization processes and grain growth in a metal. Accordingly, a 
different microstructure also changes the mechanical properties of the material, as outlined in section 
2.4.3, and thus the electrochemical performance. In addition to their impact on the microstructure, 
impurities also affect the diffusivity of the metal itself. This is due to their influence on the 
equilibrium defect concentration, including that of vacancies, as well as on the diffusion along fast 
diffusion pathways. Consequently, a strong impact of the amount and type of impurities on the 
electrochemical performance can be expected. This leads in a further step to the question of the 
working principle of alloy electrodes, which at first glance can be understood as a highly 
contaminated metal electrode. Is the improved electrochemical performance due to a different 
microstructure, e.g., increased number of fast diffusion pathways, or to improved self-diffusion due 
to different vacancy concentration and low migration enthalpy?  

The second question points towards the controllability of the alkali metal microstructure to tune the 
electrochemical performance. Is it possible to further tailor the metal microstructure, e.g., by further 
decreasing the grain size of the metal, by different thermal or mechanical processes, or even by the 
introduction of an “artificial” impurity? The relationship between microstructure, diffusivity and 
impurity level in an alkali metal electrode provides a wide variety of parameters to further 
characterize and improve the electrochemical performance.   

(II) Seed and interlayer concepts in RFCs 

Uniform formation and coverage of the metal electrode is essential for RFCs. The cathodic metal 
deposition at the Me|SE can lead to undesirable metal growth as described in section 2.3.3. A possible 
approach to improve the uniformity of the deposited metal electrode is to introduce a seed layer or 
interlayer. The main idea behind this concept is to increase the number of nuclei, enhancing the metal 
diffusivity at the interface or to improve the interfacial contact. Typically, thin metal layers or 
nanoparticles are used that alloy with the respective alkali metal (see section 2.3.3). The functional 
principle of these concepts has been demonstrated for lithium-based systems, while the transferability 
to sodium-based systems has not yet been investigated in detail.162 In view of the previously 
mentioned research fields, the impact of the interlayers (and the corresponding deposition parameters 
such as current density, stack pressure, temperature) on the resulting metal microstructure would be 
of great interest for the electrochemical performance. 
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(III) EBSD in the field of battery research 

Although EBSD is a well-established method in the field of metallurgy and mineralogy, it is rarely 
used in the field of battery research. One reason for this is the challenging sample preparation and 
the tendency of most battery components such as metal electrode or CAMs to form surface 
passivation or contamination layers. However, the microstructure does not only play a crucial role 
for metal electrodes but is also of interest for SEs or CAMs. Fracture toughness, stress evolution, and 
orientation-dependent ion migration are important properties that influence the functionality of 
battery components. Therefore, it is of interest to explore the capabilities of EBSD (and the sample 
preparation) as a method to characterize the microstructure of battery components, particularly of 
SEs and CAMs.  

For example, polycrystalline materials with anisotropic ionic conduction behavior, such as layered 
oxides, are often used as CAMs. During cycling, the insertion and extraction of ions cause the crystal 
lattice to expand and contract or undergo phase transitions.186,187 This volume change leads to 
mechanical stress within the material, which can result in mechanical degradation and influence the 
electrochemical performance.187 EBSD could be a useful technique for identifying strained regions 
and stress hot spots in polycrystalline CAMs, providing insights into the orientation dependence of 
these processes. This knowledge might be helpful for the optimization of polycrystalline CAMs. 
Overall, the ability to analyze the microstructure, particularly crystal orientations, makes EBSD a 
promising technique for battery research.  
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7 Appendix 

 Calculation of Energy Density for Solid-State Sodium Batteries  

For a comparison of the gravimetric and volumetric energy density, two different SSBs cell 
configurations were considered, namely a “classical” set up and an RFC set up. In the “classical” 
SSB set up, a negative electrode (sodium metal) is introduced already during cell fabrication by 
attaching a sodium foil on the SE. In contrast, in a RFC the negative electrode is formed by 
electrodeposition of sodium stored in the CAM on a CC. The parameters used for the calculation of 
the energy density are listed in Table 1, including the nominal voltage, specific capacity, density and 
layer thickness. The calculations are based on an areal capacity of 5 mAh∙cm−2. For the positive 
electrode, a composite consisting of NZSP and NVP with a weight ratio of 15:85 % is assumed. For 
the “classical” a capacity balancing of the electrodes of 1:1 is assumed.20 Cell casings and battery 
management systems are not included in the calculation.128  

Table 1: Overview of the specific capacity, nominal voltage, and density for sodium metal as negative electrode 
and sodium vanadium phosphate (NVP) as positive electrode. In addition, the assumed thickness and density 
of the solid electrolyte (NZSP) and current collector (Al) are listed.  

 

Based on the given assumptions and the values in Table 1, a gravimetric and volumetric energy 
density of 233 Wh∙kg−1 and 647 Wh∙L−1, respectively, is achieved for the “classical” SSB set up. In 
contrast, for an RFC setup (sodium metal electrode formed in situ), the gravimetric and volumetric 
energy densities are calculated to be 246 Wh∙kg−1 and 779 Wh∙L−1, respectively. 

  

Parameter Na NVP NZSP Al 
Specific capacity  1166  mAh∙g−1 118  mAh∙g−1 - - 

Nominal voltage vs (Na+/Na)  0 V 3.4 V - - 
Density  0.97  g∙cm−3 3.21  g∙cm−3 3.27  g∙cm−3 2.7  g∙cm−3 

Thickness  -  - 10 µm 15 µm 
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 Supporting Information  

7.2.1 Publication 1: Kinetics and Pore Formation of the Sodium Metal Anode on 
NASICON-Type Na3.4Zr2Si2.4P0.6O12 for Sodium Solid-State Batteries 
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7.2.2 Publication 2: Deposition of Sodium Metal at the Copper-NaSICON 
Interface for Reservoir-Free Solid-State Sodium Batteries 
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7.2.3 Publication 3: Imaging the Microstructure of Lithium and Sodium Metal in 
“Anode-Free” Solid-State Batteries using EBSD 
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