
 

 

Interphase Growth Kinetics and the Partial 

Electronic Conductivity of Constituents in 

Sulfide Solid-State Batteries 
 

 

Dissertation 

 

zur Erlangung des akademischen Grades 

Doktor der Naturwissenschaft 

─ Dr. rer. nat. ─ 

 

vorgelegt dem 

Fachbereich 08 – Biologie und Chemie 

der Justus-Liebig-Universität Gießen 

 

von 

Christoph Daniel Alt 
 

 

 

────── Juni 2025 ────── 



 

 

 



I 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan/Dean   Prof. Dr. Holger Zorn 

1. Gutachter / 1st Reviewer Prof. Dr. Dr. h. c. Jürgen Janek 

2. Gutachter / 2nd Reviewer Prof. Dr. Matthias T. Elm 

 

 

Eingereicht / Submitted  11.06.2025 / 06/11/2025 

 

 



 

 

 

 

 

 

 

 

  



III 

 

 

Erklärung 

Die vorliegende Arbeit wurde im Zeitraum vom 01.08.2021 bis 04.03.2025 am Physikalisch-

Chemischen Institut der Justus-Liebig-Universität Gießen unter Betreuung von Prof. Dr. Dr. 

h.c. Jürgen Janek angefertigt. 

Ich erkläre: Ich habe die vorgelegte Dissertation selbstständig und ohne unerlaubte fremde 

Hilfe und nur mit den Hilfen angefertigt, die ich in der Dissertation angegeben habe. Alle 

Textstellen, die wörtlich oder sinngemäß aus veröffentlichten Schriften entnommen sind, und 

alle Angaben, die auf mündlichen Auskünften beruhen, sind als solche kenntlich gemacht. Ich 

stimme einer evtl. Überprüfung meiner Dissertation durch eine Antiplagiat-Software zu. Bei 

den von mir durchgeführten und in der Dissertation erwähnten Untersuchungen habe ich die 

Grundsätze guter wissenschaftlicher Praxis, wie sie in der „Satzung der Justus-Liebig-Univer-

sität Gießen zur Sicherung guter wissenschaftlicher Praxis“ niedergelegt sind, eingehalten. 

 

Gießen, den 11.06.2025 

 

 

     Christoph D. Alt  

 

Declaration 

This dissertation was prepared and written between 08/01/2021 and 03/04/2025 at the Institute 

of Physical Chemistry at Justus Liebig University Giessen under the supervision of Prof. Dr. 

Dr. h.c. Jürgen Janek. 

I declare that I have completed this dissertation single-handedly without the unauthorized help 

of a second party and only with the assistance acknowledged therein. I have appropriately 

acknowledged and cited all text passages that are derived verbatim from or are based on the 

content of published work of others, and all information relating to verbal communications. I 

consent to the use of an anti-plagiarism software to check my thesis. I have abided by the 

principles of good scientific conduct laid down in the charter of the Justus Liebig University 

Giessen „Satzung der Justus-Liebig-Universität Gießen zur Sicherung guter wissenschaft-

licher Praxis“ in carrying out the investigations described in the dissertation. 

 

Giessen, 06/11/2025 

 

 

     Christoph D. Alt   



 

 

  



V 

 

 

Abstract 

Large-scale electrification of transportation and advancements in energy storage are key to 

achieving net-zero emissions. Solid-state batteries present a promising energy storage solu-

tion, expected to enable the use of high-capacity electrode materials such as lithium metal and 

lithium alloys, while also improving safety. However, effectively integrating high-capacity 

electrode materials remains a key challenge in unlocking the potential of solid-state batteries. 

The high reactivity of lithium metal poses both safety and operational challenges, leading to 

dendrite formation and loss of active redox species (i.e., long-term capacity fading). Since 

most inorganic solid electrolytes undergo reduction upon contact with alkali metal, the corre-

sponding interphase formation and the resulting long-term increase in cell resistance are often 

underestimated. However, interphase kinetics and the consequent impact on cell performance 

strongly depend on the composition and properties of the reaction products. Revealing the 

interphase composition, growth kinetics, and the influence and role of its individual constitu-

ents is crucial for developing protective strategies and enhancing material compatibility. 

Within this doctoral thesis, the intrinsic transport properties and growth kinetics of the inter-

phase and its constituents for lithiated Li6PS5Cl are investigated, emphasizing their impact on 

long-term cell operation. Following the quantification of the interphase's partial conductivities 

through bulk-material synthesis, which revealed a significant resistance contribution over the 

battery's lifespan, conventional physiochemical concepts were revisited. The Wagner diffu-

sion model, predicting diffusion-controlled interphase growth based on experimental data, 

was analyzed for solid|solid interfaces alongside the Hebb-Wagner method for accurately 

quantifying low electronic conductivities in lithium-ion conductors. The former addressed the 

influence of different interface morphologies on evaluating interphase rate constants by im-

pedance measurements, while the latter revealed the partial electronic conductivity of lithium 

halides (i.e., LiCl, LiBr, and LiI) present in various interphases. 

Alloy electrodes, owing to their higher electrode potentials relative to lithium metal, are ex-

pected to cause reduced degradation of sulfide solid electrolytes. In this context, In/(InLi)x 

electrodes – prominent for exhibiting a stable potential of 0.62 V vs. Li
+
/Li – were first inves-

tigated to assess how preparation influences electrode microstructure and performance. Con-

trolling microstructure is critical to avoid current constriction and ensure consistent operation. 

Studies on thin indium films deposited on current collectors offered insights into interphase 

growth kinetics at alloying interlayers – an essential challenge for reservoir-free cells – and 

highlighted the gradual degradation of Li6PS5Cl at the electrode potential of In/(InLi)x. 

Overall, this doctoral thesis advances the fundamental understanding of intrinsic degradation 

processes at the electrode|electrolyte interface. In particular, this work provides a new per-

spective on how multiphase interphases form and evolve over time, depending on their partial 

ionic and electronic transport properties. It delivers essential insights on previously inacces-

sible kinetic parameters that now enable more accurate computational simulations, improve 

the prediction by analytical models, and guide the rational design of more stable materials and 

interfaces to minimize capacity losses in (reservoir-free) solid-state batteries.
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Zusammenfassung 

Die Elektrifizierung des Verkehrs und Fortschritte bei der Energiespeicherung sind ein wich-

tiges Ziel in der Verringerung von Emissionen. Festkörperbatterien haben sich als vielver-

sprechende Energiespeicherlösung etabliert, um Elektrodenmaterialien mit hohen Kapazitäten 

einzusetzen, während gleichzeitig eine höhere Sicherheit erreicht werden könnte. Die Integra-

tion von Elektrodenmaterialien bleibt jedoch eine zentrale Herausforderung, um das Potenzial 

von Festkörperbatterien voll auszuschöpfen. 

Die Reaktivität von Lithiummetall führt zur Bildung von Dendriten, welche den sicheren Be-

trieb und die langfristige Speicherkapazität einschränken. Da sich viele anorganische Fest-

elektrolyte bei Kontakt mit Alkalimetallen zersetzen, werden die Auswirkungen von entste-

henden Zwischenphasen häufig unterschätzt. Die daraus resultierenden Auswirkungen auf die 

Zellleistung hängen jedoch stark von der Zusammensetzung und den Eigenschaften der Re-

aktionsprodukte ab. Untersuchungen der Zusammensetzung, der Wachstumskinetik und der 

Rolle einzelner Bestandteile sind für die Entwicklung von Stabilisierungsstrategien und der 

Verbesserung der Materialkompatibilitäten unerlässlich. 

In dieser Dissertation werden Transporteigenschaften, die Wachstumskinetik und Bestand-

teile von Zwischenphasen an der Li|Li6PS5Cl-Grenzfläche untersucht. Die Bestimmung der 

Teilleitfähigkeiten durch Bulk-Material-Synthese verdeutlicht einen signifikanten Wider-

standsbeitrag durch entstehende Zwischenphasen über die Lebensdauer einer Batterie. Ein 

Modell zur Vorhersage des diffusionskontrollierten Zwischenphasenwachstums auf der 

Grundlage experimenteller Daten wurde ebenso analysiert wie die Hebb-Wagner-Technik zur 

genauen Bestimmung der elektronischen Teilleitfähigkeit in Lithiumionenleitern. Ersteres be-

fasste sich mit potenziellen Fehlerquellen der Interpretation von Impedanzmessungen zur 

Vorhersage des Zwischenphasenwachstums, während letzteres die partielle elektronische 

Leitfähigkeit von Lithiumhalogeniden (LiCl, LiBr und LiI) untersuchte, die in vielen Zwi-

schenphasen vorkommen. 

Aufgrund ihres höheren Elektrodenpotenzials wird Legierungsanoden ein geringer Zerfall von 

sulfidischen Festelektrolyten zugesprochen als bei metallischem Lithium. In/(InLi)x-Elektro-

den – die ein stabiles Potenzial von 0,62 V vs. Li
+
/Li auszeichnet – wurden präpariert, um den 

Einfluss der Mikrostruktur auf die Leistungsfähigkeit der Elektrode zu untersuchen. Untersu-

chungen an dünnen Indiumschichten boten dagegen Einblicke in die Zwischenphasenentwick-

lung an Legierungen – eine wesentliche Herausforderung zur Umsetzung von Reservoir-freie 

Zellen – und verdeutlichten den allmählichen Zerfall von Li6PS5Cl in Kontakt mit In/(InLi)x. 

Diese Dissertation leistet einen wesentlichen Beitrag zum Verständnis von Degradationspro-

zessen an der Elektrode|Elektrolyt-Grenzfläche in Festkörperbatterien. Sie liefert neue Er-

kenntnisse darüber, wie sich Zwischenschichten in Abhängigkeit ihrer partiellen Leitfähigkei-

ten zeitlich entwickeln. Dabei werden bislang unzugängliche kinetische Parameter quantifi-

ziert, die genauere Simulationen ermöglichen, die Vorhersagekraft analytischer Modelle ver-

bessern und die gezielte Entwicklung stabilerer Materialien und Grenzflächen anleiten – ins-

besondere zur Minimierung von Kapazitätsverlusten in (reservoir-freien) Festkörperbatterien. 
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Preliminary Remarks 

The terms 'negative' and 'positive' electrode should be used to address both electrodes cor-

rectly. During discharge, oxidation and reduction reactions occur at the 'negative' and 'positive' 

electrodes, respectively. However, this is reversed during charging. Therefore, the terms 'an-

ode' and 'cathode' are imprecise. However, in order to avoid confusion, this thesis will conform 

to commonly used terminology. The terms 'anode' and 'cathode' (as defined by the reactions 

during discharge) are used for the 'negative' and 'positive' electrodes, respectively. 

This thesis thoroughly discusses the instability of the anode interface and the decomposition 

reactions of solid electrolytes in contact with lithium metal. It is important to note that the 

(electro-)chemical instability of electrolytes in contact with cathode materials and resulting 

interphase formation (commonly referred to as cathode electrolyte interphase, CEI) should 

not be overlooked. However, this topic lies outside the scope of this work and will not be 

discussed in detail. 

Generative AI and AI-assisted technology was utilized in the preparation of this thesis to im-

prove readability and language. Specifically, ChatGPT 3.5 (by OpenAI) was employed with 

the command prompt: "Rephrase the following text without changing or adding content." Fol-

lowing the use of this tool, the author thoroughly reviewed and edited content and language, 

if necessary, and takes full responsibility for the final content of the present thesis. 
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1. Introduction 

As of March 2025, the recent withdrawal of the United States from the Paris Climate Agree-

ment places global efforts under significant strain. The impact of this decision on the agreed 

goal of limiting global temperature rise to 1.5 °C above pre-industrial levels remains uncer-

tain. Without reductions in greenhouse gas emissions, the increasing risk of severe environ-

mental catastrophes poses an escalating threat to plants, animals, and human life.1–3 

The global transition to renewable energies has gained significant momentum in recent years, 

with solar and wind energy at the forefront.4 To address periods of low energy generation due 

to the intermittent nature of renewable energy, surplus energy (e.g., at night) must be stored 

efficiently. The transition from combustion-based transportation also requires the use of re-

chargeable batteries to reduce emissions and improve efficiency for mobile applications.5 

In the 1980s, lithium-ion batteries (LIBs) with liquid electrolytes (LEs) were developed and 

have since become the leading battery technology for both mobile and stationary applica-

tions.6,7 Their widespread use is attributed to their high energy and power density, along with 

excellent cyclability and reliability.8,9 However, commercial LIBs are approaching their phys-

icochemical limits in terms of energy density, necessitating the development of advanced cell 

chemistries to meet the growing demands for higher energy and power density, fast-charging, 

and improved safety.10 Replacing graphite-based electrodes with lithium metal electrodes 

(LMEs) or lithium alloys offers possibilities to enhance energy and power densities. Lithium 

metal provides the highest theoretical storage capacity of 3,861 mAh g−1 and the lowest stand-

ard redox potential (EH) of −3.04 V vs. SHE.11 LMEs are expected to enhance storage capacity 

and enable fast charging, which are key requirements for the automotive sector.12 

However, the formation of lithium dendrites during cycling of LMEs and the degradation of 

organic LEs prevent the safe operation of LMEs in LIBs.13 Initially, it was believed that dense 

inorganic solid electrolytes (SEs) could inhibit dendrite growth through their mechanical 

properties, thereby enabling safer operation of LMEs.14,15 Thus, by replacing flammable or-

ganic LEs, SEs with high ionic conductivity at room temperature might enable fast charging 

for solid-state batteries (SSBs).16 Sulfide SEs like Li6PS5X (X = Cl, Br, I) exhibit high ionic 

conductivity and facilitate low-temperature processing.17 Consequently, SSBs incorporating 

LMEs could surpass conventional LIBs in both performance and safety.18–20 

Nevertheless, significant challenges remain in developing competitive SSBs.21 The brittle na-

ture of SEs prevents sufficient accommodation of electrode volume changes.22,23 This results 

in contact loss during discharge, as contraction and cracking of cathode active material (CAM) 

particles occur, leading to poor active material utilization and capacity fading.22 Similar issues 

occur for LMEs, where lithium vacancy accumulation during lithium dissolution creates mac-

roscopic pores at the metal|SE interface.24 These pores cause contact loss during discharge 

and inhomogeneous lithium deposition during charge, ultimately causing cell failure.25,26 

Early assumptions about the enhanced safety of SEs are increasingly being challenged.27–29 
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Moreover, to avoid the challenging handling of highly reactive lithium metal foils during cell 

manufacturing,30,31 so-called 'anode-free' cells or reservoir-free cells (RFCs) can be assem-

bled.32,33 Here, the LME is formed during the first charging step by electrodeposition of lith-

ium, initially stored in the lithiated CAMs. This eliminates the need for a dedicated lithium 

reservoir, reducing the cost, weight, and volume of SSBs. However, ensuring the reliable long-

term operation of RFCs depends on efficient utilization of active lithium from CAMs and high 

capacity retention.34 Thus, contact loss of active material must be prevented,22 highly uniform 

morphologies at the metal|SE interface must be achieved, and – often underestimated – para-

sitic side reactions must be reduced to mitigate severe capacity fading.34 

Regarding side reactions, many SEs are prone to reduction in contact with electrode materials, 

leading to gradual degradation over time.21 In contact with high-voltage materials (i.e., 

CAMs), many SEs undergo oxidation, whereas contact with lithium metal leads to their re-

duction (affecting both conventional SSBs with excess lithium and RFCs).35–37 As a result, 

interphases comprising various degradation products form at the electrode|SE interface, fea-

turing oxygenated species on the cathode side and fully reduced species on the anode side. 

Ion-conducting interphases are referred to as solid-electrolyte interphases (SEIs), in line with 

the analogous interphase in LEs,38 and exhibit diffusion-controlled (i.e., 'metastable') growth. 

In contrast, some SEs form mixed conducting interphases (MCIs) upon reduction with elec-

trode materials, which continue to grow until one component is entirely consumed.39  

While certain SEIs, such as those of Li7La3Zr2O12 (LLZO) or lithium phosphorus oxynitride 

(LiPON), form interphase layers of only a few nanometer in contact with lithium, sulfide SEs 

are reported to form SEIs with thicknesses extending to hundreds of nanometers.40–42 Further-

more, interphase formation consumes active lithium, introduces chemomechanical changes, 

and increases the risk of dendrite growth.43,44 Despite these challenges, the impact of inter-

phases on the performance of both conventional SSBs and RFCs is often underestimated.  

The increased cell resistance caused by SEI formation further limits the competitiveness of 

practical SSBs compared to conventional LIBs. This is largely influenced by the reaction 

products and interphase composition, which dictate the interphase kinetics and rate constants. 

Therefore, a fundamental understanding of the SEI's properties, its growth rate, and the role 

of individual constituents is essential for effectively stabilizing interphase formation at the 

electrode|SE interface and predicting its impact on cell performance. 

Alloying materials and interlayers are considered promising for mitigating SE degradation 

and stabilizing interface morphologies in SSBs, while achieving suitable storage capacities. 

However, SE degradation at the elevated EH of lithium alloy electrodes (relative to lithium 

metal) has neither been systematically investigated nor quantified. Consequently, it is often 

regarded as insignificant, and with only a few reports addressing this issue. But, considering 

the electrochemical stability window (ESW) of common SEs, their degradation is expected 

and should not be neglected.45–47 
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In this doctoral thesis, interphase formation between Li6PS5Cl (LPSCl) and both LMEs and 

alloy electrodes was investigated, along with its impact on cell performance. The intrinsic 

transport properties and growth kinetics of SEIs and their constituents were examined, while 

the applicability of impedance measurements for assessing interphase growth in solid-state 

systems was examined. Complemented by studies on In–Li alloy electrodes, this work offers 

key insights for accurately predicting interphase growth rates, improving lifetime forecasting, 

and guiding effective stabilization strategies against degradation and capacity loss in SSBs. 

In the first publication of this doctoral thesis, titled “Quantifying Multiphase SEI Growth in 

Sulfide Solid Electrolytes”, the transport properties and growth kinetics of reduced sulfide SE 

were investigated by directly reacting LPSCl with lithium metal powder. This approach ef-

fectively models multiphase SEIs, as confirmed by X-ray diffraction (XRD) and X-ray pho-

toelectron spectroscopy (XPS), enabling the determination of both the interphase's partial 

ionic and electronic conductivity. Using the Wagner diffusion model to estimate SEI growth 

based on both partial conductivities, the findings highlight the significant long-term impact of 

inherent interphase layers on cell resistance. The insights gained into interphase kinetics, both 

ionically and electronically, contribute to optimizing the Li|SE interface through SE modifi-

cations or the design of protective interlayers to enable the use of LMEs with sulfide SEs. 

In the second publication (submitted), titled “Interphase Formation in Solid-State Batteries: 

Influence of Contact Conditions on Impedance-Derived SEI Growth Kinetics”, the reliability 

of monitoring interphase growth by impedance measurements was investigated for assessing 

interphase kinetics at rigid solid|solid interfaces. Using kinetic parameters from the first pub-

lication, 3D transport simulations was employed to simulate impedance signals during diffu-

sion-controlled interphase growth – according to the using the Wagner diffusion model – for 

different electrode|SE contact conditions. The study revealed how rigid contacts, current con-

striction, and partially passivated interfaces influence the cell's impedance signals, affecting 

the interpretation of derived rate constants in time-resolved experiments. These findings high-

light the importance of considering experimental conditions – prior to applying analytical 

models – to ensure accurate estimations of rate constants and interphase growth in SSBs. 

While the first publication revealed the effective partial conductivities of the multiphase SEI 

in lithiated LPSCl, the Wagner diffusion model describes the crucial role of partial electronic 

conductivity in governing the interphase growth rate. However, experimental data on the elec-

tronic properties of relevant interphase constituents remain scarce in battery-relevant contexts.  

The third publication, titled “The Electronic Partial Electronic Conductivity of Lithium Hal-

ides and their Role in SEI Formation in Solid-State Batteries – Hebb-Wagner-type Measure-

ments”, highlights the critical importance of minimizing partial electronic conductivity (σel) 

to reduce self-discharge and degradation processes in SSBs. Impedance and Hebb-Wagner-

type measurements were applied to examine both the partial ionic and electronic conductivity 

of relevant lithium halides LiX (X = Cl, Br, and I) across various lithium activities, being SEI 

constituents of Li6PS5X. Formal defect-physical analysis enabled the decoupling of charge 
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carrier contributions (i.e., electron and electron hole conductivity) to the overall electronic 

transport. Ultimately, this work emphasizes the necessity of assessing σel of lithium-ion con-

ductors (i.e., relevant SEs and interphases), while outlining experimental guidelines for testing 

SEs prone to degradation. 

The final section of this thesis is focused on mitigating SE degradation by employing alloy 

electrodes with EH closer to the ESW of sulfide SEs. To this end, the preparation, microstruc-

ture, and performance of In–Li electrodes were examined, followed by a quantitative analysis 

on the degradation of LPSCl in contact with In/(InLi)x electrodes (EH = 0.62 V vs. Li
+
/Li). 

In the fourth publication, titled “In–Li Counter Electrodes in Solid-State Batteries – A Com-

parative Approach on Kinetics, Microstructure, and Chemomechanics”, the electrode perfor-

mance of different In–Li electrodes was examined from a fabrication perspective, considering 

them a more reliable alternative to error-prone LMEs for scientific studies. By analyzing pla-

nar and particle-based electrodes, it was demonstrated that preparation parameters impact mi-

crostructure and kinetics, ultimately affecting the interlaboratory comparability of results. The 

findings emphasize the inherent limitations of In–Li counter electrodes, which are highly de-

pendent on their microstructure and fabrication protocol. Overall, the findings contribute to 

advancing alloy electrode development and high-rate solid-state cathode benchmarking. 

In the fifth manuscript (in preparation), titled “Sulfide Solid Electrolyte Degradation with Al-

loy Electrodes and the Possible Influence of Metal Oxide Layers”, the degradation of LPSCl 

in contact with In/(InLi)x electrodes was explored. Evaporated indium thin films were elec-

trochemically titrated in order to quantify SEI growth by the consumption of active species. 

Factors affecting electrochemical results and interphase formation, such as metal oxide sur-

face layers (e.g., In2O3), were identified. In this context, the Wagner diffusion model was also 

refined for lithium alloy electrodes and their higher EH to accurately assess the respective SEI 

rate constant. Although the rate constant was found to be reduced at EH = 0.62 V vs. Li
+
/Li of 

In/(InLi)x compared to lithium metal, the findings underscore that interphase formation at 

metal and alloy surfaces remains a significant challenge, limiting the viability of SSBs. 

This doctoral thesis makes a significant contribution to both the fundamental understanding 

and practical development of SSBs by addressing material compatibility and intrinsic degra-

dation processes. Through a combination of established physicochemical concepts and novel 

experimental methods – developed in this work – transport kinetics of interphases and their 

constituents were systematically analyzed. The research provides essential insights and quan-

tifies previously inaccessible kinetic parameters, enabling more accurate computational mod-

eling and analytical prediction of capacity losses due to interphase growth, which are critical 

for reliable lifetime forecasting of SSBs. It also highlights critical limitations in experimen-

tally probing interphase formation by impedance measurements and extends the investigation 

to lithium alloy electrodes, evaluating and quantifying interphase formation at their respective 

electrode potentials. Ultimately, the findings emphasize the long-term risks of uncontrolled 

interphase formation and guide the rational design of mitigation strategies to ensure reliable 

performance toward tailored materials and interfaces in both conventional SSBs and RFCs.
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2. Fundamentals 

This chapter provides a comprehensive review of the relevant scientific knowledge found in 

literature, placing the findings of this doctoral thesis within a broader, scientific context. The 

primary focus is on the degradation of sulfide SEs at low potentials and the associated growth 

kinetics, as interphase formation presents a major challenge in integrating alkali metals into 

SSBs and developing RFCs. Given that the transport properties of the SEI define its growth 

kinetics, special attention is also devoted to the minor partial electronic conductivity in lith-

ium-ion conductors and its assessment through direct current (dc) Hebb-Wagner measure-

ments. 

 

2.1. Incorporation of Alkali Metal Electrodes in SSBs 

Unfortunately, much like in LIBs, the practical use of LMEs in SSBs remains unfeasible at 

this time, despite being essential to surpass graphite-based LIBs.10 The solid|solid interfaces 

in SSBs have limited ability to adapt to morphological changes, which adversely affects their 

cell lifetime and safety.10,21,23 Therefore, effectively managing lithium metal deposition (i.e., 

charging) and dissolution (i.e., discharging) is essential for reliable cell operation. However, 

controlling interfacial kinetics remains a critical challenge, while the inherent instability of 

specific inorganic SEs introduces further complications (discussed in Chapter 2.2.). This 

chapter explores the underlying causes of morphological changes and the associated interfa-

cial kinetics at planar alkali metal|SE interfaces during operation. It illustrates these phenom-

ena exemplarily for LME-based SSBs. 

 

i. Morphological Changes at the Lithium Metal Electrode Interface 

Morphological changes during charge and discharge present inherent challenges in develop-

ing both lithium-reservoir (i.e., 'conventional') SSBs and RFCs. Thus, understanding interface 

properties, solid|solid interfaces, and redox processes is of utmost importance to enable stable 

and reliable operation of SSBs. Figure 1 summarizes the morphological changes occurring at 

planar Li|SE interfaces during lithium metal dissolution and deposition at the anode side. 

During lithium dissolution (i.e., discharging), the segregation of lithium vacancies at the Li|SE 

interface and their hampered diffusion within the lithium metal serve as the rate-limiting pa-

rameter, acting as the kinetic bottleneck that determines the applicable current density.48 The 

anodic dissolution of metals at the interface with inorganic SEs, initially described by 

Schmalzried and Janek for the Ag|SE interface,49 has recently been extended to the Li|SE 

interface.24 Accordingly, lithium atoms are oxidized at the interface, creating vacancies 

VLi
x (Li) and electrons e′(Li) within the lithium metal. Depending on the ion-conduction 
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process, the resulting lithium ions occupy either a vacancy V
Li

+
′

 or an interstitial site in the 

SE. This charge transfer process can be expressed using the Kroeger-Vink notation:50 

 

LiLi(Li) ⇄ [LiLi+
x (SE) − VLi+

′ (SE)] + e′(Li) + VLi
x (Li) (eq. 1) 

 

 

Figure 1: Non-planar morphologies arising during lithium dissolution and deposition in an SSB cell 

consisting of a composite cathode, solid separator, and planar LME. Failure to adequately compensate 

for vacancies generated during lithium metal dissolution (i.e., oxidation of lithium atoms) can result 

in pore formation (A). Similarly, too slow redistribution of adatoms during lithium deposition (i.e., 

reduction of lithium ions) may lead to inhomogeneous deposition (B) and dendrite growth (C). 

With a diffusion flux (j
V

), governed by the vacancy diffusion coefficient, vacancies migrate 

into the bulk of the lithium material to potentially annihilate at a grain boundary or dislocation. 

This process competes with the applied current density (iappl), which creates a flux 

j
appl

= iappl (zLi
+  ∙ F )⁄  (with F and zLi

+  = 1 being the Faraday constant and charge number of 

lithium ions), resulting in two possible scenarios: (1) if j
appl

 <  j
V

, the injected vacancies are 

transported into the bulk at a sufficient fast rate, establishing morphologically stable condi-

tions at the interface, and (2) if j
appl

 >  j
V

, vacancies accumulate at the interface, leading to 

morphological instabilities and the formation of pores at the Li|SE interface (Figure 1A).51–53  

At room temperature, a critical current density of 0.1 mA cm−2 has been estimated for the 

electro-dissolution of lithium metal.53 As a result, the limited vacancy diffusion in lithium 

metal and irregular volume changes present a major challenge for the practical application of 

SSBs. Particularly, the contact loss at the interface during lithium dissolution contributes sig-

nificantly to cell polarization (so-called 'current constriction') and current focusing at local 

contact spots.52–54 The most common approach to address this limitation is the application of 

stack pressure, which enhances the effective lithium metal supply through creep and plastic 

deformation.54–56 Other strategies to improve the effective j
V

 include alloying (Chapter 2.1.ii), 

the development of micro-structured electrodes and interlayers, and microstructural modifi-

cations.57–60 Recent advancements have significantly improved the understanding of the lith-

ium metal's microstructure.61–64 Using density functional theory, Jäckle et al.65,66 predicted 

that the lithium self-diffusion is strongly influenced by grain orientations, specifically the 
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surface terminations where nucleation and diffusion occur. Low energy barriers of 0.14 eV 

and 0.02 eV have been calculated for lithium self-diffusion along Li(100) and Li(110), re-

spectively.65 Consequently, research efforts have increasingly focused on tailoring the LME 

microstructure to optimize transport properties and improve cycling behavior.67–70 

The cathodic deposition of lithium (i.e., charging) serves as the counterpart to anodic disso-

lution. In this reverse process (as described in eq. 1), lithium ions Li
Li

+
x

(SE) are reduced by 

electrons e′(Li) at the Li|SE interface, forming lithium atoms LiLi(Li) on the electrode surface. 

During lithium deposition, the rate-limiting parameter is the diffusion of lithium vacancies 

toward the interface.24,71 Specifically, this corresponds to the movement of adsorbed metal 

atoms, which determines the applicable current density for conventional SSBs and RFCs 

alike. Vacancies migrate with a diffusion flux j
V

, creating vacant sites VLi
x (Li) at the interface. 

This diffusion process once again competes with iappl and the corresponding flux j
appl

, leading 

to two potential scenarios: (1) if j
appl

 <  j
V

, the deposited lithium adatoms are transported into 

the bulk at a sufficient rate, maintaining morphologically stable conditions and ensuring a 

steady supply of vacant sites at the interface, and (2) if j
appl

 >  j
V

, lithium adatoms accumulate 

at the interface due to an low supply of vacant sites, resulting in morphological instabilities 

and an inhomogeneous lithium distribution at the Li|SE interface (Figure 1B).72–74 

When lithium adatoms accumulate, their redistribution within the electrode – driven by the 

self-diffusion of lithium – is essential for preserving planar geometries. However, this redis-

tribution process becomes too slow under high current densities (i.e., j
appl

 ≫  j
V

) or in the 

presence of inhomogeneous current distributions with locally increased currents (i.e., current 

focusing).24 Consequently, these conditions promote the growth of lithium filaments and den-

drites originating from the anode (Figure 1C), ultimately leading to cell failure.74 Raj et al.26 

and Kasemchainan et al.25 identified incomplete pore refilling, microcontacts, and the conse-

quent loss of contact as the primary driver of current focusing during cell operation. However, 

contamination layers and interfacial defects may also contribute to this effect of current fo-

cusing.75–78 The influence of the minor partial electronic conductivity of SEs on lithium dep-

osition and dendrite formation is discussed in Chapter 2.3.ii.. 

Contrary to the early predictions of Monroe and Newman,14,15 the use of inorganic SEs does 

not effectively suppress lithium dendrite growth during charging. As a result, current focusing 

and dendrite formation significantly undermine the safety and impede the practical implemen-

tation of LMEs in SSBs.27,28 Although numerical simulations support experimental efforts in 

understanding lithium dendrite growth,79 a comprehensive strategy to address the various fac-

tors contributing to dendrite formation has not yet been established. Potential strategies in-

clude increasing the contact area using porous microstructures, mechanically reinforcing SEs, 

facilitating consumptive side reactions to dissolve lithium dendrites, or implementing opera-

tional protocols to counteract inhomogeneous lithium deposition.59,74,77,80–82 
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ii. Lithium Alloy Electrode Materials 

Despite significant development efforts, LMEs and their interfaces with SEs have proven to 

be considerably more challenging, as highlighted in the previous chapter. In recent decades, 

metals capable of alloying with lithium have been extensively studied as potential replace-

ments for graphite electrodes in LIBs. As a result, lithium alloys are regarded as alternative 

anode materials that could support various electrode concepts in SSBs and RFCs.33,83,84 How-

ever, while these alloys offer advantages over LMEs and may help mitigate morphological 

changes in SSBs (Chapter 2.1.i.), their integration introduces new challenges. 

High-capacity alloy anode materials (AAMs), which enable lithium storage through alloying, 

are considered promising for enhancing transport kinetics and stabilizing interface morphol-

ogies in SSBs. These "host" AAMs provide suitable sites for the repetitive removal ('dealloy-

ing') and insertion ('alloying') of lithium metal. Few metals or metalloids achieve the high 

specific lithium storage capacity of lithium metal (3,861 mAh g−1), such as Si 

(3,579 mAh g−1) and Mg (3,350 mAh g−1).84–86 However, some AAMs stand out due to their 

superior transport properties and electrochemical performance, such as In, Ge, and Mg.87–89 

Notably, good lithium wettability, low interface overpotentials, and high lithium-ion surface 

diffusivity promote uniform lithium metal deposition, reducing dendrite growth and the risk 

of cell shorting (Chapter 2.1.i.).89–91 

 

Figure 2: Predicted energy density and specific energy of various SSBs and LIBs with different anode 

materials, as calculated by Lewis et al.84 Graphite, lithium, and alloy materials (Si, Sn, and Al) were 

evaluated in combination with a LiNi0.8Mn0.1Co0.1O2 composite cathode (containing 40 vol% of SE). 

A SE separator thickness of 20 µm was assumed. LLZO refers to Li7La3Zr2O12 and LPSCl denotes 

Li6PS5Cl. Reproduced with permission from reference 84. Copyright © Elsevier Inc. 
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Thus, alloy foils have been extensively studied in academia for both LIBs and SSBs. Specif-

ically, AAMs such as Al, Si, Sn, and others, when paired with high-capacity cathodes, demon-

strate the ability to store more lithium per unit mass and volume, compared to conventional 

LIBs.92–94 Furthermore, alloy-based SSBs can achieve energy densities comparable to those 

utilizing LMEs, although with lower specific energies. Figure 2 provides a comparative anal-

ysis of the energy metrics of alloy-based SSBs in relation to other battery chemistries.84 

Thus, alloy-based SSBs are competitive with other battery chemistries in terms of energy 

metrics. However, their development introduces new research questions and practical chal-

lenges, particularly requiring thermodynamic consideration of miscibility of phases as well 

as their fabrication. Each electrode undergoes structural and volumetric changes during cy-

cling, and AAMs, in particular, experience significant volume expansion (e.g., up to 

320 vol% in the case of Li–Si) and changes in mechanical properties.85 Thus, careful attention 

to chemomechanical properties is necessary when designing alloy-based SSBs. Moreover, 

AAMs must be engineered to ensure adequate kinetics and transport properties at the SE in-

terface and within the material itself to achieve high cycling performance.95 In this context, 

the In–Li system is examined in the following chapter, with its fabrication, microstructure, 

and resulting performance further investigated in the fourth publication. Additionally, while 

the elevated potential of AAMs is expected to mitigate SE degradation processes (Chap-

ter 2.2.),34,84 further research is needed to understand the influence of alloying materials on 

interphase growth and composition as well as overall cell performance. This is addressed in 

the fifth publication, focusing on the In–Li system. 

To mitigate the challenges posed by AAMs at the cell-level, while leveraging their ad-

vantages, alternative electrode structures with AAMs have been explored in recent studies. 

For instance, AAM particles, such as silicon, are incorporated into composite structures to 

improve ionic percolation and enhance cycling performance.96–98 Additionally, to minimize 

the use of excess material, metals capable of alloying with lithium, such as Ag, are employed 

as interlayers in RFCs.99–101 Thus, these thin interlayers harness the advantageous properties 

and interface kinetics of AAMs, potentially facilitating the advancement of RFCs. Another 

strategy involves functional doping by alloy materials, such as Au, in LMEs, which aims to 

tailor their microstructure, enhance kinetics, and improve lithium deposition.58,102–104 

 

 The In/(InLi)x Electrode 

One such alloying system, which can be applied in either foil or composite architecture, is the 

In–Li system. Despite its high raw material costs, weight, and limited practicality for large-

scale applications,105 it has been widely utilized as a counter electrode (CE) in scientific stud-

ies.106 Moreover, material consumption is minimized when used as an interlayer on current 

collectors (CC), highlighting the potential application in RFCs. 
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Reliable quantification of high-capacity cathode performance typically requires the use of 

electrochemically stable reference electrodes in complex cell configurations.107,108 However, 

this challenge can be overcome by using electrochemically stable CEs that are characterized 

by well-defined, stable half-cell potentials, low overpotentials, and high-rate reversibility. 

Consequently, binary alloy systems with broad two-phase regions, which maintain a constant 

potential across their compositional range, are ideal candidates. In laboratory cells, the 

In/(InLi)x eutectic commonly serves as a reliable substitute for LMEs as it provides both stable 

operation and enhanced rate capability under diverse operational conditions.88,109–111 This is 

further investigated in the fourth publication. 

In particular, the In-Li alloy offers a range of advantageous properties and can be easily ap-

plied as a CE in SSBs – even at low pressures.112 Using coulometric titration, Santhosha et 

al.113 demonstrated that the electrochemical behavior of the In–Li system during lithiation 

closely aligns with the binary phase diagram of In–Li (Figure 3). Open-circuit voltage (OCV) 

profiles were recorded after the system reached equilibrium for every titration step, revealing 

distinct characteristics. The system alternates between one-phase and two-phase regions with 

increasing lithium content. This is illustrated with different colors in Figure 3, which include 

the intermetallic phases InLi, In4Li5, and In2Li3. In two-phase regions, the lithium activity 

remains constant between the phases, leading to a stable chemical potential of lithium and, 

consequently, a plateau in the potential profile, as observed for the In/(InLi)x equilibrium (pur-

ple). Conversely, within single-phase regions, the lithium activity and chemical potential 

change as lithiation progresses, resulting in a sloping potential profile, as shown for the ho-

mogeneity range of the InLi phase (yellow). 

From a practical point of view, the eutectic two-phase region In/(InLi)x is particularly relevant 

for offering a stable EH = 0.62 V vs. Li
+
/Li over a broad stoichiometry range (~ 1-47 at% of 

lithium).114–116 Recent studies have demonstrated the benefits of a composition located cen-

trally within the two-phase eutectic In/(InLi)x system, irrespective of the electrode's micro-

structure.57,117–119 The intermetallic InLi phase exhibits rapid solid-state diffusion kinetics 

(DLi = 10−8 – 10−7 cm2 s−1), which, compared to lithium's self-diffusion,51 facilitates good 

electrochemical performance as well as uniform morphologies and stable cycling.118–120 

Moreover, the higher EH of In/(InLi)x is anticipated to mitigate dendrite formation (Chap-

ter 2.1.i.) and to reduce the degradation of inorganic SEs (Chapter 2.2.i.), which is investi-

gated in the fifth publication. 
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Figure 3: The binary In–Li phase diagram (top) and room-temperature coulometric titration data using 

a LE (bottom) are presented. The OCV profile (vs. Li
+
/Li) between titration steps is plotted as a func-

tion of lithium content under equilibrium conditions. The x-axis (lithium content in at%) is scaled 

identically for both graphs, allowing for a direct comparison of potentials and phase transitions. Cor-

responding phase and two-phase regions are highlighted in the phase diagram. Reproduced with per-

mission from reference 113. Copyright © Wiley.
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However, numerous studies highlight that In–Li electrodes suffer from mechanical stiffness 

and sluggish electrode kinetics during cycling.111,121–123 Nam et al.121 addressed these issues 

by enhancing electrode kinetics through the incorporation of SE particles into the electrode. 

Therefore, the performance of In–Li electrodes seems to strongly depend on the specific prep-

aration method of the In/(InLi)x eutectic. 

Recently, variations in the cycling behavior of SSB cells prepared by different research groups 

were attributed to inconsistencies in the preparation of In–Li electrodes.124 To address these 

challenges, the fourth publication of this thesis presents a comparative study investigating 

seven different preparation methods for In–Li electrodes. Both planar configurations (e.g., 

foils) and particle-based configurations (e.g., composites) were evaluated for their suitability 

in cathode testing. The study examined the microstructure of selected electrodes, while also 

analyzing their rate-dependent electrode kinetics, electrochemical performance, and chemo-

mechanical reversibility in full-cell configurations. Limitations for high-capacity testing at 

elevated rates were identified, highlighting the critical influence of preparation methods and 

electrode microstructure on the respective electrode kinetics. The combined results underscore 

the challenges of utilizing In–Li CEs for benchmarking cathode performance, their limitation 

to laboratory-scale testing, and the lack of comparability of results across different laborato-

ries due to inconsistent preparation protocols. 
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2.2. Instability of Solid Electrolytes toward Alkali Metal 

The adequate incorporation of alkali metal electodes in SSBs relies not only on the morpho-

logical stability of the interface during long-term cycling (Chapter 2.1.), but also on the ma-

terial compatibility between individual components.11,21,36 This is particularly important for 

RFCs, which depend on the efficient utilization of active redox species from the cathode ma-

terial, requiring strict control of capacity losses caused by parasitic side reactions.34 The con-

sequences of the thermodynamic instability of many inorganic SEs in contact with alkali met-

als (and other electrode materials) are often underestimated on the cell-level. Therefore, the 

following chapter addresses the stability of inorganic SE towards lithium metal, focusing on 

interphase formation and exploring their properties as well as growth kinetics. 

 

i. Types of Interfaces and Multiphase Formation 

Ideally, a thermodynamically stable interface forms between two phases without any reactions 

occurring at the contact spot. However, in practice, most inorganic SEs exhibit a relatively 

narrow ESW within which they remain thermodynamically stable. Computational techniques, 

such as density functional theory, enable the prediction of onset reduction and oxidation po-

tentials.45–47,125 However, it is important to note that kinetic limitations may suppress interface 

reactions.126,127 Therefore, thermodynamic calculations often represent the lower bound of the 

actual ESW.  

On the anode side, the higher oxidation states of the SE's cation framework, where for instance 

P(+5) in LPSCl is reduced to low-valent phosphorous species, determines the onset reduction 

potential.128 Outside of this range, particularly at lower potentials, inorganic SEs become 

(electro-)chemically unstable. This is particularly true when in contact with pure lithium 

metal, which possesses the lowest possible redox potential (EH = −3.04 V vs. SHE). This 

instability leads to parasitic side reactions and the reduction of SEs to various stable com-

pounds, forming an additional interphase layer between the electrolyte and electrode.129 Con-

sequently, this leads to the degradation of the SE structure, resulting in increased impedance 

and chemo-mechanical alterations due to differing transport properties and molar volumes of 

such interphases, respectively.43,44 Furthermore, by compromising the SE microstructure, ma-

terial incompatibilities also promote dendrite formation in SSBs (Chapter 2.1.i.). 

The species of decomposition products varies among the different inorganic SEs (or electrode 

materials) and thus, the effective properties of the resulting multiphase define their impact on 

the cell performance. For example, garnet-type SE (like LLZO) are considered macroscopi-

cally stable in contact with lithium metal, only forming a marginal interphase (~6 nm 

thick).130–132 In contrary, common sulfide SEs (such as LPSCl) in contact with lithium metal 

continuously form interphases, causing ongoing consumption of both components.133,134  
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Based on their thermodynamic stability and interphase kinetics, electrode|SE interfaces have 

been classified by Wenzel et al.135 into three cases (Figure 4). 

 

Figure 4: The three interface types between lithium metal and inorganic SEs. The thermodynamically 

stable interface with no interphase formation (A), the thermodynamically unstable interface with on-

going interphase growth (i.e., MCI) (B), and the 'metastable' interface, where interphase growth is 

limited by low partial electronic conductivity σel (i.e., SEI) (C). 

Ideally, though rarely achieved with relevant SEs, the interface is thermodynamically stable 

(depicted in Figure 4A) with no reduction occurring upon contact with lithium. Only fully 

reduced materials, primarily binary lithium compounds like LiF, LiCl, Li3N, or Li3P, are sta-

ble against lithium metal.45–47 However, due to their low lithium-ion conductivity, these com-

pounds are unsuitable for use as SE.136–144 Recently, Landgraf et al.145,146 reported the suc-

cessful synthesis of fully reduced, highly disordered SEs: Li2+xS1-xNx and Li5NCl2. Thus, these 

materials are considered possible alternatives for use in SSBs due to their ionic conductivities 

reaching up to 1 mS cm−1 and stability against lithium metal. 

If the electrode|SE interface is thermodynamically unstable, two types of interphases have 

been reported and are distinguished by their transport properties. MCIs consist of decompo-

sition products, which offer both sufficient partial ionic, but also, electronic conductivity (Fig-

ure 4B). Accordingly, lithium ions and electrons can diffuse through the degradation layer, 

leading to continuous decomposition of SE.39,147 As a result, MCI growth continues until one 

of the materials is fully depleted. Conclusively, such interphase growth is not kinetically hin-

dered and MCI-forming SEs are impractical for long-term application. SEs containing metals 

or metalloids are particularly prone to forming MCIs when in contact with lithium metal, as 

electronically conductive compounds are likely to emerge during SE degradation. Notable 

examples include Li1+xAlxTi2-x(PO4)3 (forming Ti0), Li3InCl6 (forming In0), and Li10GeP2S12 

(forming Ge0 and Li3P) for garnet, halide, and sulfide SEs, respectively.39,40,148,149 

The second possible type is the SEI formation (Figure 4C), denoted in line with its analog in 

LIBs.38 During SE reduction, ionically conducting products form, which exhibit a reduced, 

though not zero, partial electronic conductivity. As a result, the interphase growth is kinet-

ically hindered and gradually slows down over time (i.e., 'metastable'), due to sluggish elec-

tron transport across the interphase layer.134,150 Thereby, the chemical potential gradient be-

tween both materials is reduced and the local equilibrium established, which progressively 
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stabilizes the interface. However, it has to be emphasized that this self-limiting, diffusion-

controlled SEI growth does not stop completely and non-stabilized interfaces can have severe 

long-term impacts on SSBs.151 As most decomposition products have lower partial ionic con-

ductivity than the inorganic SE, ongoing interphase growth results in substantial increases in 

cell resistance over time.136–144  

It has been demonstrated that stable operation of SSBs can still be achieved in the case of SEI 

formation for LiPON electrolytes, even with degradation occurring at the Li|LiPON inter-

face.42 In contrast to MCIs, the diffusion-controlled growth mode of SEIs offers the potential 

to be optimized and stabilized with minimal impact, or even beneficial (transport) properties, 

ultimately leading to stabilized cell performance.152,153 The growth kinetics and 'metastable' 

interphase thickness, however, depend on the material system and its degradation products. 

For instance, ternary and higher sulfide SEs are thermodynamically unstable, decomposing 

into sulfur and phosphorous species. Among these, lithium argyrodites, like Li6PS5X, are the 

most studied sulfide SEs, which decompose into (fully reduced) Li2S, Li3P, and LiX (with 

X = Cl, Br, and I):154–156 

Li6PS5𝑋 + 8 Li0 → 5 Li2S +  Li3P + Li𝑋        with 𝑋 = Cl, Br, I (eq. 2) 

Here, the reaction is driven by the reduction of phosphorous (occurring below 1.75 V vs. 

Li
+
/Li)45–47,155 from P(+5) to P(−3) and low-valent phosphorous species. This process results 

in the formation of LixP and Li3P, accompanied by the highly stable Li2S, lithium halides, and 

possibly amorphous reaction intermediates.157 These compounds exhibit low partial ionic con-

ductivity (compared to the SE), while their even lower partial electronic conductivity primar-

ily governs the interphase growth kinetics (discussed further in Chapter 2.2.ii.). Burton et 

al.158 studied the distribution of LixP and Li3P within the interphase. They predicted that pref-

erential paths within the SEI could negatively impact the diffusion-controlled growth mode, 

even in the absence of lithium metal. Thus, the significant partial electronic conductivity of 

LixP is also suspected to accelerate SEI growth, and to eventually cause MCI growth.157–159 

Initially, a 'mosaic-like' domain structure, similar to the SEI in LIBs, was proposed.38,160 How-

ever, recent studies by Otto et al.40 and Aktekin et al.155 indicate that the lithiation of sulfide 

SEs results in interphase thicknesses of several hundred nanometers. Additionally, they ob-

served the formation of layered structures, with a phosphorus-rich region close to the SE. For 

LiPON, Turrell et al.161 observed a layered structure with fully reduced species at the interface 

to lithium metal. This microstructure is believed to stabilize the interface by disrupting per-

colation networks across the interphase. As a result, the SEI thickness is assumed to be effec-

tively constrained, with reported values ranging from 16 and 80 nm.161–163 

In recent years, computational efforts and theoretical calculations have been helpful in calcu-

lating thermodynamic quantities, identifying degradation driving forces, and predicting reac-

tion mechanisms.164–167 Moreover, they provide valuable insights for evaluating stabilization 

strategies and guiding the corresponding material selection (e.g., for interlayers).168–171 From 



2. Fundamentals 

16 

 

 

an experimental point of view, interphases are inherently concealed within the material. Thus, 

they are challenging to study using conventional surface-sensitive techniques, necessitating 

complex and innovative strategies to investigate interphase layers.40,135,154,155 One suitable 

method is introduced in the first publication of this thesis in order to understand the growth 

kinetics of multiphase SEI layers and the role of their individual constituents. 

The first publication of this thesis is focused on quantifying the kinetics of multiphase SEIs 

by synthesizing SEI-type bulk-material. It was proven, that this unique method accurately 

modeled the effective transport properties of LPSCl degradation layers. Accordingly, the par-

tial conductivities of this 'bulk-SEI' were determined and each contribution to the SEI charac-

teristics was assessed. The analysis of individual SEI constituents shows that, although Li2S 

accounts for the largest mass and volume fraction, it is not the primary determinant of the 

interphase's partial conductivities. Using the Wagner diffusion model (Chapter 2.2.ii.), a sig-

nificant SEI rate constant was estimated, underscoring the severe long-term effects on cell 

performance. Combined results highlight the urgent need to optimize the Li|LPSCl interface 

by tuning the SEI's transport properties or introducing artificial interlayers, while improving 

the predictive accuracy of models for diffusion-controlled growth in SSBs. 

 

ii. Interphase Growth and its Theoretical Description 

A recent study by Aktekin et al.41 introduced the coulometric titration time analysis (CTTA) 

method. This titration technique enables the direct quantification of consumed material by 

tracking the accumulated charge (q
Σ
) consumed during interphase formation (or side reac-

tions) in sulfide SEs (Figure 5A). Therefore, it has been shown that the solid-state reaction 

(i.e., SEI formation) observed for LPSCl and β-Li3PS4 (LPS) can be approximated by a para-

bolic behavior. This is evidenced by the linear relationship between q
Σ
 and t0.5, as depicted 

for LPSCl in Figure 5B. 

 

Figure 5: The accumulated charge (q
𝛴

) consumed over time in a Li|LPSCl|stainless-steel cell during 

CTTA experiments as a function of t (A) and of t0.5 (B). Titration parameters are noted in A. Experi-

ments were conducted at 25 °C and approximately 13 MPa. The error bars correspond to the standard 

deviation of five duplicate cells. Reproduced with permission from reference 41. Copyright © Springer 

Nature. 
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In a typical solid-state reaction, the initial reaction rate is controlled by interfacial processes, 

such as nucleation and charge transfer, which act as rate-limiting factors.172 However, the 

growth mode shifts to being diffusion-controlled once a sufficient product layer is established, 

determining the growth characteristics and progression over time. Therefore, the underlying 

parabolic behavior can be described using the Wagner diffusion model.  

In 1920, Tammann reported a parabolic growth behavior (i.e., a parabolic rate law) for the 

tarnishing of metals at elevated temperatures.173 In 1931, Wagner developed a model for solid-

state reactions to describe this phenomenon.174–176 The kinetic insights and empirical learnings 

from tarnishing experiments are often transferable to other solid-state reactions and systems. 

As a result, the Wagner diffusion model is frequently applied to describe degradation reactions 

(i.e., SEI and CEI growth) and estimate growth kinetics in LIBs and SSBs.133,177–186  

In order to apply this model to diffusion-controlled solid-state reactions, several assumptions 

must be made:172,187 

i. The product layer grows on planar, stable metal surfaces under one-dimensional flux. 

ii. The flux through the layer is driven solely by chemical potential gradients between 

boundaries of constant chemical potential (i.e., local thermodynamic equilibrium). 

iii. The product layer is considered to be dense, adherent, fully covering, and consisting of 

a homogeneous, crystalline phase. 

iv. The electroneutrality within solid crystals leads to flux coupling of charge carriers. 

v. The layer achieved a sufficient thickness to neglect space and surface charge effects. 

In the following, a 'modified' Wagner diffusion model is derived to describe the diffusion-

controlled growth of the interphases in SSBs.185,188  

Considering Fick's first law, along with charge neutrality and flux coupling, the coupled 

transport of ions (j
Li

+) and electrons (j
el

) corresponds to the transport of neutral lithium species 

(j
Li

) across the interphase layer. This transport is driven by the chemical potential gradient of 

lithium (∇μ
Li

): 

𝑗Li = 𝑗el = 𝑗Li+ =  −
𝐿el ∙ 𝐿Li+

𝐿el + 𝑧Li+
2 ∙ 𝐿Li+

∙ ∇𝜇Li (eq. 3) 

 

with zLi
+ = 1 being the charge number of lithium ions and Li being the respective phenome-

nological transport coefficients of charge carriers. The partial ionic (i = ion) and electronic 

conductivity (i = el) is related to its transport coefficient by σi = (zi ∙ F)
2
 ∙ Li, and ∇μ

Li
 can be 

estimated by the difference in chemical potential of lithium (∆μ
Li

) between the reaction front 

and the electrode (i.e., across the interphase thickness): 
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𝑗Li = −
1

𝐹2
∙

𝜎el ∙ 𝜎ion

𝜎el + 𝜎ion
∙

∆𝜇Li

𝜉
 

      = −
1

𝐹2
∙

𝜎el ∙ 𝜎ion

𝜎el + 𝜎ion
∙

𝜇Li(reaction front) − 𝜇Li(electrode)

𝜉
 

(eq. 4) 

 

with F, σion, σel, ξ, and μ
Li

being the Faraday constant, the ionic and electronic conductivity of 

the interphase, the interphase thickness, and the chemical potential of lithium at the reaction 

front as well as at the electrode, respectively. Accordingly, the interphase growth rate is de-

termined by the transport properties of the less mobile charged species, which is a result of 

charge neutrality.  

Previous literature has commonly approximated ∆μ
Li

 by the standard chemical potential of 

lithium metal (𝜇Li
0  = 8.35 kJ mol−1).133,134 However, this assumption warrants revision. When 

using an LME, the electrode's chemical potential of lithium μ
Li

(electrode) is at equilibrium 

equal to μ
Li
0 . Consequently, ∆μ

Li
 has to be defined as μ

Li
(reaction front) − μ

Li
0 . 

Assuming local equilibrium at the reaction front, where the Gibbs free energy change of the 

reaction (∆rG) is zero, and considering the formation of solid compounds (eq. 2), yields: 

∆r𝐺 = 5 ∙ 𝜇Li2S
0 + 𝜇Li3P

0 + 𝜇LiCl
0 − 𝜇Li6PS5Cl

0 − 8 ∙ 𝜇Li(reaction front) = 0 (eq. 5) 
 

Rearranging, subtracting 8∙𝜇Li
0  from both sides, and considering the change of standard Gibbs 

free energy (∆rG
0
) for the decomposition of LPSCl, yields the final expression for ∆μ

Li
: 

∆r𝐺0(Li6PS5Cl) − 8 ∙ 𝜇Li(reaction front) = −8 ∙ 𝜇Li
0  

∆𝜇Li = 𝜇Li(reaction front) − 𝜇Li
0 =

1

8
∙ ∆r𝐺0(Li6PS5Cl) 

(eq. 6) 

 

Therefore, ∆μ
Li

 can be approximated by dividing ∆rG
0
(Li6PS5Cl) by the stoichiometric factor 

of lithium (xLi = 8 in eq. 2), representing the moles of lithium involved in the decomposition 

reaction. Using thermodynamic data,189 ∆rG
0
(Li6PS5Cl) is calculated to be approximately 

1269.75 kJ mol−1, leading to an estimated ∆μ
Li

 of approximately 158.7 kJ mol−1. For clarity 

and consistency, the subsequent equations will continue to use this refined definition of ∆μ
Li

. 

The degradation reaction (i.e., its growth rate) can be described using:172,187 

𝑑𝜉

𝑑𝑡
=

𝑗Li ∙ 𝑀int

𝜌int ∙ 𝑥Li
 (eq. 7) 

 

with ρ
int

, Mint, xLi, and t being the mean density of the interphase, the mean molar mass of the 

interphase, the stoichiometric factor, and the reaction time, respectively.  
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Inserting eq. 7 into eq. 4 leads to eq. 8: 

𝜌int ∙ 𝑥Li

𝑀int
·

𝑑𝜉

𝑑𝑡
= −

1

𝐹2
∙

𝜎el ∙ 𝜎ion

𝜎el + 𝜎ion
∙

∆𝜇Li

𝜉
 (eq. 8) 

 

By separating the variables and performing definite integration, eqs. 9 and 10 are obtained to 

describe the parabolic interphase growth (i.e., its absolute thickness d). Since the model as-

sumes one-dimensional transport, the absolute value from eq. 4 (right side of eq. 8) is applied. 

∫ 𝜉
𝑑

0

𝑑𝜉 =
1

𝐹2 ∙ 𝜌int ∙ 𝑥Li
∙

𝑀int ∙ 𝜎el ∙ 𝜎ion

𝜎el + 𝜎ion
∙ ∆𝜇Li ∙ ∫ 𝑑𝑡

𝑡

0

 (eq. 9) 

𝑑 = √
2

𝐹2 ∙ 𝜌int ∙ 𝑥Li
∙

𝑀int ∙ 𝜎el ∙ 𝜎ion

𝜎el + 𝜎ion
∙ ∆𝜇Li ∙ √𝑡 (eq. 10) 

 

If the partial conductivities of the interphase are accurately known, the interphase resistance 

can be determined from d, and vice-versa. Using σion = d ∙ A / Rint, the ionic interphase re-

sistance (Rint) can be described by eq. 11: 

with A being the electrode|SE interface area. 

In the specific case of SEIs and CEIs, where the interphase's ionic conductivity is much greater 

than the electronic conductivity (σion ≫ σel), eqs. 10 and 11 can be simplified as follows: 

𝑑 ≅ √
2

𝐹2 ∙ 𝜌int ∙ 𝑥Li
∙ 𝑀int ∙ 𝜎el ∙ ∆𝜇Li ∙ √𝑡 = 𝑘 ∙ √𝑡 

 

(eq. 12) 

𝑅int ≅
1

𝜎ion ∙ 𝐴
∙ √

2

𝐹2 ∙ 𝜌int ∙ 𝑥Li
∙ 𝑀int ∙ 𝜎el ∙ ∆𝜇Li ∙ √𝑡 = 𝑘′ ∙ √𝑡 (eq. 13) 

Thus, a square-root of time behavior with the parabolic rate constants k and k' is obtained, 

which is in good agreement with experimental results (Figure 5). Hereafter, it will be referred 

to as the Wagner diffusion model, specifically adapted for the diffusion-controlled growth of 

interphases in SSBs. 

As mentioned before, the Wagner diffusion model was initially introduced to analyze reac-

tions at gas|solid interfaces. In the second publication of this thesis, the accuracy of rate con-

stants derived from impedance data was investigated for predicting interphase growth at 

solid|solid interfaces in SSBs, utilizing the Wagner diffusion model. By incorporating kinetic 

parameters from the first publication into 3D transport simulations, microscopic diffusion-

controlled SEI growth and its corresponding cell-level impedance response were analyzed for 

various electrode|SE contact conditions. The study revealed that factors such as current 

𝑅int =
1

𝜎ion ∙ 𝐴
∙ √

2

𝐹2 ∙ 𝜌int ∙ 𝑥Li
∙

𝑀int ∙ 𝜎el ∙ 𝜎ion

𝜎el + 𝜎ion
∙ ∆𝜇Li ∙ √𝑡 (eq. 11) 
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constriction, complex transport properties in SEs, or partially passivated interfaces alter the 

macroscopic cell impedance. If the actual contact area is unknown, these phenomena can com-

promise the accurate determination of rate constants. Consequently, this work highlights po-

tential pitfalls in data interpretation for time-resolved experiments and emphasizes the need 

to carefully consider experimental conditions for a reliable prediction of diffusion-controlled 

interphase growth using the Wagner diffusion model for solid-state systems. 

It is important to note that a purely diffusion-controlled SEI formation will theoretically never 

come to a complete stop but will progressively slow down over time. The process can only be 

stopped, if sufficiently strong opposing forces counteract the chemical driving force. Alterna-

tively, an accumulation of reaction products can be achieved such that its kinetics are slowed 

down to virtually zero rate (as is assumed for LiPON). Therefore, achieving control over the 

interface and interphase properties is essential for positioning LME-based SSBs as a compet-

itive alternative to LIBs. Potential strategies to stabilize the metal|SE interface include the use 

of fully reduced thermodynamically stable SEs, inorganic modifications of SEs and their SEI, 

or the incorporation of artificial interlayers with low electronic conductivity.145,146,153 How-

ever, SE modifications fall beyond the scope of this thesis, with only guidelines and estima-

tions being discussed in the first publication. 

In the context of artificial alloying interlayers for RFCs, their higher EH is anticipated to mit-

igate and reduce SE degradation processes (Chapter 2.2.i.).34,84 For In–Li electrodes (Chap-

ter 2.1.ii.), recent studies have identified the formation of InxSy compounds at the interface 

with the In/(InLi)x eutectic, as evidenced by electron microscopy and XPS.190–192 However, 

the combined findings remain inconclusive.  

Therefore, interphase formation at the In/(InLi)x|LPSCl interface was investigated in the fifth 

publication of this doctoral thesis. The electrochemical results are intended to guide a com-

plementing operando XPS study aimed at revealing the interphase composition. The findings 

revealed a reduced degradation of LPSCl at lithiated indium CCs compared to lithium metal, 

which was quantified using CTTA. Potential factors affecting the interpretation of CTTA re-

sults, including interface morphologies and metal oxide surface layers, were also identified 

and discussed. In this context, the Wagner diffusion model was also refined for lithium alloy 

electrodes and their higher EH to assess the SEI rate constant. Conclusively, these findings 

deepen the understanding of interphase formation at alloy electrodes and interlayers, while 

supporting operando XPS experiments to track SEI formation and its composition at 

In/(InLi)x|LPSCl interfaces. 
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2.3. Partial Electronic Conductivity of Lithium Solid Electrolytes 

The partial electronic conductivity (σel) of interphase layers plays a pivotal role in governing 

both growth kinetics and resistance contributions at the cell-level (Chapter 2.2.ii.). Beyond 

these aspects, σel also impacts other critical properties of SSBs, particularly with regard to 

long-term performance and safety. Consequently, the following chapter explores the role of 

σel within the context of defect chemistry and its extended effects on the long-term cell per-

formance. Furthermore, this chapter also addresses the challenges associated with measuring 

the partial conductivity of minority charge carriers and explores the application of the Hebb-

Wagner method for accurately determining the minor partial conductivity in lithium SEs.  

 

i. Defect Chemistry in Lithium Solid Electrolytes 

Defect chemistry combines thermodynamic and kinetic principles to understand and predict 

the behavior of point defects in ionic solid solutions, linking thermodynamic variables to the 

concentrations of lattice defects.193,194 In ionic materials, deviations from perfect stoichiome-

try are unavoidable, leading to the formation of (point) defects. Nonstoichiometry changes, 

often induced by elemental doping, can additionally introduce electronic defects, such as elec-

trons or electron holes. Consequently, defects have a profound impact on the physical and 

electrochemical properties of materials. A core objective of defect chemistry is to relate defect 

behavior to material design, enabling performance optimization in applications like batteries, 

fuel cells, and sensors. Theoretical descriptions such as Kroeger-Vink notation50 and Brouwer 

diagrams have been developed to describe defects in relation to the crystal lattice or to illus-

trate their concentrations as functions of the activity of specific components, such as oxygen, 

lithium, or sodium. 

In the field of solid-state ionics, oxygen-ion conductors gained considerable attention in the 

late 20th century for advancing solid oxide fuel cells (SOFCs).195,196 Oxygen SEs have been 

systematically optimized through defect chemical modifications to enhance ionic conductivity 

(σion) and ensure compatibility with cathode materials.197,198 In contrast, lithium-ion conduct-

ing SEs initially received less attention but have recently regained interest due to their poten-

tial to enable SSBs to surpass conventional LIBs in performance.10,199 Despite this renewed 

interest, σel of lithium-ion conducting SEs has received limited attention – apart from a few 

cases200,201 – and is usually considered sufficiently low. Therefore, research has primarily fo-

cused on optimizing these SEs to compete with LEs for advanced SSB applications, empha-

sizing improvements in σion by introducing structural lattice disorder.202–205 

Thus, lithium-ion conductors – like oxygen-ion conductors – have to be regarded as mixed 

ionic-electronic conductors (MIECs), as their behavior is fundamentally governed by their 

point defect chemistry (i.e., concentrations of point defects).206 Moreover, an often-over-

looked aspect within the SSB community is that σel of an inorganic SE is neither a fixed nor 

constant value at a given temperature.127,207,208 Instead, σel is intrinsically tied to the actual 

thermodynamic state of the SE. Specifically, σel depends on the concentration of electronic 
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defects, which varies with the lithium activity (or chemical potential), a parameter directly 

influenced by the cell potential (Ucell): 

𝑈cell = 𝜑(cathode) − 𝜑(anode) = −
1

𝐹
Δ𝜇Li = −

𝑅 ∙ 𝑇

𝑧Li+ ∙ 𝐹
· ln

𝑎Li(cathode)

𝑎Li(anode)
 (eq. 14) 

 

Here, φ, Δμ
Li

, R, T, zLi
+ = 1, and aLi represent the electric potential, lithium chemical potential 

difference between electrodes, ideal gas constant, temperature, charge number of lithium ions 

(or number of transferred electrons), and the lithium activity of the cathode and anode mate-

rial, respectively. Conclusively, the effective σel of an inorganic SE employed as a separator 

varies with the state-of-charge of the SSB cell, as will be demonstrated below. 

The incorporation and extraction of lithium into and from the bulk SE can be expressed using 

eq. 15, represented in Kroeger-Vink notation.50 

Li0 + VLi
′ ⇌ LiLi

x + e′ (eq. 15) 

 

VLi
′ , LiLi

x
, and e′ denote lithium ion vacancies, lithium atoms occupying regular lattice sites 

within the SE, and electrons, respectively. Based on the mass action law with the equilibrium 

constant KLi, the lithium activity aLi within the material is given: 

𝑎Li =
1

𝐾Li
∙

[LiLi
x ]

[VLi
′ ]

∙ [e′] (eq. 16) 

 

In this context, square brackets denote the concentration of electrons, lithium atoms, and lith-

ium vacancies. When the lithium SE primarily displays typical point defects, the charge from 

the missing lithium ions (i.e., VLi
′ ) are balanced by electron holes in the extrinsic regime (i.e., 

[VLi
′ ] = [h•]). Assuming that the concentration of lithium atoms [LiLi] as well as the equilib-

rium between electrons and holes remain constant (i.e., [e′][h•] = Kel), eq. 16 simplifies to 

proportional relationships for [e′] and [h•]:127 

𝑎Li ∝ [e′]2 and 𝑎Li ∝ [h•]−2 (eq. 17) 

 

Thus, for a Li||LiNixMnyCo1-x-yO2 cell (aLi = 1 at the LME), the lithium activity within the SE 

varies by 28 orders of magnitude between the charged (≈ 4.2 V) and discharged (≈ 2.6 V) 

states, calculated using eq. 14. Consequently, as given by eq. 17, the concentration of elec-

tronic defects (in the extrinsic region of the SE) changes by 14 orders of magnitude and di-

rectly impacts the effective σel of SEs. 

In this context, defect chemical considerations are a key factor in controlling the material 

properties and σel in SSBs. Eventually, design rules (e.g., elemental doping or substitution) 

need to be found for future improved SEs, as is the case for oxygen-ion conductors.209 More-

over, controlling the electron mobility may be crucial to minimize the effects of impurities 

(i.e., variations in electronic defect concentrations) and ensure sufficiently low σel. 
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ii. Consequences of Partial Electronic Conductivity in SSBs 

Typically, σel of inorganic SEs is several orders of magnitude smaller than its ionic counterpart 

and is thereby clearly underestimated as a factor in cell performance. In fact, a detailed under-

standing of the defect chemistry of inorganic SEs is essential to explain transport and storage 

phenomena in SSBs, as electronic minority defects are expected to play a crucial role at the 

cell-level, particularly in high-voltage systems.200 Thus, even small σel values can have a sub-

stantial impact on the stability of SEs and electrode interfaces in battery cells, and affect their 

long-time storage capability.201  

Figure 6 highlights the potential consequences of minor but ineffectively suppressed σel. Typ-

ical values range from 10−10 to 10−7 S cm−1, if accurate. σel is directly linked to self-discharge 

rates in battery cells, causing the detrimental electronic leakage across the SE (Fig-

ure 6A).127,208 Similar to parasitic redox shuttle reactions in LIBs, this leakage currents deter-

mine the long-term performance, shelf life, and storage characteristics of SSBs. During aging, 

a value of 10−8 S cm−1 for σel results in a 20% capacity loss after just 10 days for a 4 V-cell 

with a capacity of 5 mAh cm−2, a separator thickness of 100 µm, and an area of 1 cm2. As this 

behavior has not yet been observed experimentally, it suggests that the reported σel of inor-

ganic SEs in the literature are likely overestimated.200 This discrepancy highlights significant 

challenges in accurately quantifying σel for many relevant electrolytes. Here, the remarkable 

shelf life of LiPON-based batteries (exceeding ten years) is believed to stem from its very low 

σel (10−12 – 10−15 S cm−1), which effectively minimizes electronic leakage.210,211  

 

Figure 6: The manifold impact of minor but ineffectively suppressed electronic conductivity in inor-

ganic SEs within SSBs. These effects include an increased battery self-discharge rate (A), reduced cell 

lifetime due to internal lithium metal nucleation (B), and accelerated interphase formation at both 

electrodes (C). 

Furthermore, recent studies suggest that σel increases the risk of internal lithium metal nucle-

ation (i.e., the recombination of e− and Li
+
) through electronic pathways (Figure 6B).212–217 

Within the microstructure of SEs, grain boundaries may act as ionic bottlenecks or contain 

trapped surface charges, promoting internal lithium deposition.218–220 At these bottlenecks, a 

locally-increased chemical potential of lithium may trigger nucleation, potentially resulting in 

dendrite formation and eventual cell failure (Chapter 2.1.i.). Both theoretical and experimental 

studies suggest that minor σel values (< 10−8 S cm−1) can compromise the electrochemical 
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stability of SEs (Figure 6C).211,221–223 Thus, degradation processes (Chapter 2.2.) are acceler-

ated by considerable σel, impairing the material's long-term performance and stability, espe-

cially for SSBs with high energy densities. 

Providing a brief perspective on alternative cell chemistries: Enhancing σel in SEs has recently 

gained significant attention for advancing sulfur-based solid-state cathodes.224 In conventional 

architectures, sulfur conversion reactions are kinetically limited at the three-phase boundaries 

involving sulfur, carbon, and SE.209 However, Wang et al.225 showed that increasing σel by 

incorporating MIECs, based on TiS2−Li7P3S11, facilitates the conversion of active sulfur into 

Li2S and improves the active material utilization in sulfur cathodes. 

Unfortunately, the reliable characterization of electronic properties is currently limited to gar-

net or LiPON SEs.226–232 For other lithium-ion conducting SEs, such as halides or sulfides, 

their inherent (electro-)chemical instabilities and side reactions at low potentials make precise 

determination of σel challenging.134,233,234 These degradation reactions can alter the material 

under investigation, potentially inducing parasitic ionic currents that interfere with conductiv-

ity measurements. Consequently, careful selection of measurement parameters and electrode 

materials is essential to ensure accurate results. However, no standardized testing protocol or 

universally suitable electrode material has been reported to mitigate parasitic reactions effec-

tively and allow precise σel measurements for sensitive SEs. Shao et al.200 proposed a two-

step method to evaluate such SEs by significantly decomposing them at their interface to lith-

ium metal. However, this approach yields a measured σel that represents a combination of the 

SE and interphase contributions. Thus, accurate analysis of σel is currently feasible only for 

stable materials or fully reduced compounds. 

 

iii. Hebb-Wagner Measurements 

Determining and separating the partial conductivity (and also the chemical diffusivity) of mi-

nority charge carriers in MIECs is inherently challenging.235 In the early 20th century, only 

the total electrical conductivity could be measured, as the available techniques and instru-

ments were unable to distinguish the contributions from individual charge carriers. This limi-

tation was overcome in the 1950s with the development of the Hebb-Wagner method by 

Hebb,236 and Wagner,237–239 providing an alternative technique to electronic leakage testing. 

This method represented a groundbreaking advancement, allowing for the precise separation 

and independent analysis of minority partial conductivities in MIECs, such as σel in ion con-

ductors. From a modern perspective, the Hebb-Wagner method laid the foundation for subse-

quent research into defect chemistry, transport mechanisms, and the electronic properties of 

solid-state ionics. Thus, it became a widely adopted method for studying ionic salts and ion 

conductors, particularly silver and cuprous halides, as well as oxygen-ion conducting ox-

ides.240–249 
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The following section outlines the physical principles and experimental requirements for 

Hebb-Wagner measurements applied to lithium-based SSB materials, followed by a discus-

sion of the formal treatment of the polarization process. 

In Hebb-Wagner measurements, the minority charge carrier conductivity (here, σel of a lith-

ium-ion conducting SE) can be quantified in an asymmetrical cell setup (Figure 7). By utiliz-

ing two distinct types of electrodes, ionic and electronic contributions can be effectively dis-

tinguished. A selectively blocking electrode (BE) restricts electron transport, while a reversi-

ble electrode (RE) allows for the exchange of both ionic and electronic charge carriers. The 

RE maintains a constant aLi and, correspondingly, a fixed μ
Li

. A direct current (dc) voltage is 

applied to the material under investigation. During polarization, the lithium content in the 

material and aLi of the BE adjust according to the voltage. Depending on the direction of 

polarization, a steady state is established,250 where the net flux of lithium ions becomes zero. 

At this point, the steady state current density (iss) between both electrodes is entirely carried 

by electronic charge carriers, enabling the determination of the material's σel. 

 

Figure 7: Hebb-Wagner cell configuration for measuring σel of lithium-ion solid conductors, using 

one ion-blocking gold (BE) and one reversible lithium metal electrode (RE) – shown in the initial (as 

assembled) state. The electrochemical potential of electrons (μ̃
el

) and the electric potential (φ) are de-

picted. In both cases, electronic current is conducted, while the ionic current is suppressed by the BE. 

x is the spatial coordinate within the material of thickness l. For the sake of simplicity, the trend of 𝜇̃el 

within LiX is linearized. The real profile of 𝜇̃el depends on the specific defect structure and will not be 

linear. Reproduced with permission from reference 251. Copyright © Elsevier Inc..251 

Accurate measurements, however, depend on controlling the experimental parameters (e.g., 

the temperature) and ensuring the compatibility of materials to avoid internal side reac-

tions.252–254 It is critical that the electrode potentials, particularly at the RE, remain within the 

stability range of the material to prevent degradation-induced ionic currents.254 Additionally, 

the cell voltage must not exceed the material's decomposition voltage (Udecomp), which can be 

calculated using thermodynamic data as: 
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𝑈decomp = −∆r𝐺0 (𝑧𝐿𝑖+ ∙ 𝐹)⁄  (eq. 18) 

 

where, for simplicity, ΔrG
0 is the change of standard Gibbs free energy for the decomposition 

of the respective material. In the context of lithium-ion conducting SEs, being often prone to 

reduction at low voltages, many inorganic SEs have been inaccurately studied in the past with 

setups employing two BEs or lithium metal as the RE. Only fully reduced materials can be 

studied with lithium metal without risking the validity of experimental results. Thus, the care-

ful selection of electrodes in Hebb-Wagner measurements is of utmost importance, particu-

larly for materials susceptible to degradation, where significant challenges persist. 

The formal description of the Hebb-Wagner method for steady state polarization under ion-

blocking conditions can well be established, including the relationship between σel and 

aLi.
237,238 This formalism can be easily extended from lithium-ion conductors to other solid 

conductors, such as sodium or potassium SEs. Analysis begins by considering the flux of 

lithium ions (j
Li

+) within the SEs (eq. 19).237–239 This flux arises due to the local gradient of 

the electrochemical potential of lithium ions (∇μ̃
Li

+). ∇𝜇Li
+ can be expressed as presented in 

eq. 20, corresponding to the equilibrium condition Li
0 ⇌ Li

+
 + e− for the occurring redox re-

action. 

𝑗Li+ =  − 
𝜎ion

(𝑧Li+ ∙ 𝐹)2
∙ ∇𝜇Li+  (eq. 19) 

∇𝜇Li =  ∇𝜇̃Li+ + 𝑧Li+ ∙ ∇𝜇el = ∇𝜇̃Li+ + ∇𝜇̃el (eq. 20) 

 

Here, zLi
+ = 1and μ̃

el
 are the charge number of lithium ions and the electrochemical potential 

of electrons, respectively. By precisely controlling the polarization direction, lithium ions mi-

grate (j
mig

) toward the RE with depletion occurring near the BE, leading to a lithium concen-

tration gradient within the material. To counterbalance this gradient, a diffusion flux (j
diff

) 

emerges. Over time, the resulting net flux of lithium ions stabilizes, reaching a fully compen-

sated steady state (ss) where j
Li

+
,ss

 = j
mig

 + j
diff

 = 0. As a result, the gradient of the electro-

chemical potential of lithium ions is zero (eq. 21) and eq. 20 simplifies to eq. 22, where x is 

the spatial coordinate within the material for one-dimensional transport between both elec-

trodes. The relaxation time required for equilibrium depends on multiple factors, necessitating 

careful selection of waiting periods.250 

∇𝜇̃Li+,ss ≅ 0             (eq. 21) 

∇𝜇el,ss = ∇𝜇Li,ss ⇔
𝑑𝜇el,ss

𝑑𝑥
=

𝑑𝜇Li,ss

𝑑𝑥
 (eq. 22) 

 

At steady state, the current density (iss) through the sample is entirely carried by electronic 

species, such that (iss = iel,ss). ∇μ̃
el,ss

 = ∇μ
Li,ss

 follows from the assumption that the 
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concentration of lithium ions does not change (eq. 21), which also implies that the polarized 

SE is electrically field-free (∇φ ≅ 0). Any electron transport occurring in the polarized state 

is exclusively driven by their concentration gradient. 

The corresponding partial electronic current density (iel) is described by eq. 23, where the 

charge number of electrons zel = -1. σel accounts for the combined contributions from both 

hole (p) and electron (n) transport. By integrating eq. 23 over the sample thickness (l) and 

incorporating eq. 22, eq. 24 is derived for steady state conditions. This demonstrates that σel 

is dependent on μ
Li

 under steady state conditions. 

𝑖el = 𝑗el ∙ 𝑧el ∙ 𝐹 = −
𝜎el(𝑥)

𝑧el ∙ 𝐹
∙ ∇𝜇̃el = +

𝜎el(𝑥)

𝐹
∙

𝑑𝜇el,ss

𝑑𝑥
 

 

(eq. 23) 

∫ 𝑖el,ss(𝑥) 𝑑𝑥
𝑙

0

=
1

𝐹
∙ ∫ 𝜎el

𝜇̃Li(BE)

𝜇̃Li(RE)

(𝜇el,ss) ∙ 𝑑𝜇el,ss     

⇔     𝑖el,ss(𝑥) =
1

𝑙 ∙ 𝐹
∙ ∫ 𝜎el(𝜇Li)

𝜇Li(BE)

𝜇Li(RE)

∙ 𝑑𝜇Li 

(eq. 24) 

 

By integrating eq. 22 across the sample from RE to BE, eq. 25 is derived:  

 

Considering eq. 14, eq. 26 is obtained:  

∆𝜇Li = ∆𝜇̃el = −𝐹 ∙ ∆𝜑 = −𝐹 ∙ 𝑈cell (eq. 26) 

 

Overvoltages at the BE are neglected in this analysis.242,253 It is evident, that μ
Li

(BE) is ad-

justed with the applied voltage, while μ
Li

 is fixed at the RE in Hebb-Wagner configurations. 

Differentiating eq. 24 with respect to μ
Li

(BE) leads to the final expression (eq. 27) for σel at 

the BE. This requires substituting eq. 26. Thus, iel,ss can be adjusted by Ucell, while enabling 

σel(BE) to be determined from the slope diel,ss dUcell⁄ . Additionally, it emphasizes that σel is 

influenced not only by μ
Li

 or Ucell, but also varies within the material.242 

 

 

If the mobilities (un and up) remain unaffected by the cell voltage, the electron and hole con-

ductivities (σn and σp) are directly proportional to their respective defect concentrations (ci), 

∫ 𝑑𝜇el

𝜇̃el(BE)

𝜇̃el(RE)

= 𝜇el(BE) − 𝜇el(RE) = ∆𝜇el 

∫ 𝑑𝜇Li

𝜇Li(BE)

𝜇Li(RE)

= 𝜇Li(BE) − 𝜇Li(RE) = ∆𝜇Li 

(eq. 25) 

𝜎el[𝜇Li(BE)] = 𝐹 ∙ 𝑙 ∙
𝑑𝑖el,ss

𝑑𝜇Li(BE)
= −𝑙 ∙

𝑑𝑖el,ss

𝑑𝑈cell
 (eq. 27) 
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with σi = e ∙ ui ∙ ni = F ∙ ui ∙ ci , where e the elementary charge and ni the respective charge 

carrier density. Consequently, σn and σp follow the power law dependence on aLi
±α (eqs. 28 and 

29), given ci, where α is a characteristic exponent related to the redox reaction at the RE.243 

Eqs. 28 and 29 can be rearranged using the general equilibrium expression for the chemical 

potential of lithium: μ
Li

 = μ
Li
0  + R ∙ T ∙ ln aLi, where T is the temperature. In this context, σn

0 

and σp
0 represent the respective standard partial conductivities for aLi = 1. 

𝜎n =  𝜎n
0 ∙ 𝑎Li

𝛼  = 𝜎n
0 ∙ exp [+

𝛼∙(𝜇Li−𝜇Li
0 )

𝑅∙𝑇
] (eq. 28) 

   𝜎p = 𝜎p
0 ∙ 𝑎Li

−𝛼 = 𝜎p
0 ∙ exp [−

𝛼∙(𝜇Li−𝜇Li
0 )

𝑅∙𝑇
] (eq. 29) 

 

Combining eqs. 24, 26, 28, and 29, along with σel = σn + σp, the final form of the Hebb-Wag-

ner relation (eq. 30) is obtained. This equation establishes the formal connection between iel,ss 

and Ucell, facilitating the separation and analysis of electron and electron hole contributions. 

𝑖el,ss =
𝑅𝑇

𝛼𝑙𝐹
(𝜎n

0 [exp (−
𝛼𝐹𝑈cell

𝑅𝑇
) − 1] + 𝜎p

0 [1 − exp (+
𝛼𝐹𝑈cell

𝑅𝑇
)]) (eq. 30) 

 

At low voltages, the current is predominantly carried by electrons, approaching a threshold 

value, corresponding to σn
0. As the voltage increases, the current shifts to being primarily 

transported by electron holes, exponentially increasing. Thus, a plateau in the iel,ss–Ucell curve 

reflects the n–p transition between both regimes – from negative to positive Ucell. For a com-

prehensive analysis, it has been demonstrated that aLi and, consequently, μ
Li

, are both con-

trolled by the voltage applied across the electrolyte. Accordingly, these parameters alter cn 

and cp, which influence σel within the SE.  

The findings from the first publication on the transport properties of interphases in SSBs and 

their individual components revealed a significant knowledge gap: the electronic properties 

of lithium halide compounds (LiX, where X = Cl, Br, or I) remain largely unexplored.255 Since 

the σel of SEIs is governed by the properties of their individual constituents, these individual 

characteristics strongly influence the overall behavior of interphases in SSBs. Consequently, 

the third publication in this thesis is focused on examining the transport properties of LiCl, 

LiBr, and LiI, which are known degradation products of lithium argyrodite SEs (Li6PS5X). 

Furthermore, the critical importance of minimizing σel to reduce self-discharge and degrada-

tion processes in SSBs is emphasized. LiX compounds, being binary ionic salts with fully 

reduced anions, serve as ideal model systems with lithium metal acting as a suitable electrode 

material.45–47 Using the dc Hebb-Wagner method, these compounds were analyzed to deter-

mine their ionic conductivity as well as the contributions of both electron holes and electrons 

to the overall electronic transport. Therefore, iel,ss was analyzed as a function of Ucell using 

eq. 30, and evaluated in a battery-relevant context. 
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3. Results and Discussion (Publications) 

Knowledge of the degradation kinetics of sulfide SEs in contact with lithium metal was scarce 

at the beginning of this thesis. Due to its nanoscale nature and the concealed interface, inves-

tigations were limited to few analytical techniques. Therefore, scientific studies only slowly 

unveil the growth mode, composition, and microstructure of a few model-type SEIs, impeding 

the accurate prediction of interphase formation and growth rates in SSBs.  

Simple approximations based on the characteristics of the constituent phases appeared to in-

accurately describe the properties of SEIs. Accordingly, the first publication provided insight 

into the transport properties and growth kinetics of typical multiphase SEIs at the Li|LPSCl 

interface. Therefore, both the partial ionic and electronic conductivity of synthesized SEI-

type bulk-material was determined. Using these parameters, the long-term impact of contin-

uous SEI growth on cell performance is assessed, underscoring its compromising influence 

on sustained cell operation. 

The Wagner diffusion model was originally developed to analyze reactions occurring at 

gas|solid interfaces and recent time-resolved experiments on interphase growth in SSBs re-

vealed discrepancies from expectations of the Wagner diffusion model. Consequently, the 

reliability of impedance measurements to extract interphase kinetics at solid|solid interfaces 

was evaluated in the second publication (submitted). Using 3D transport simulations, it is 

shown that rigid contacts, current constriction, and partially passivated interfaces influence 

cell impedance responses and can lead to misinterpretations or inaccuracies in estimating in-

terphase rate constants and growth over time. This underscores the need for careful application 

and a more profound understanding of contact conditions and area to accurately estimate in-

terphase growth in SSBs. Furthermore, these results highlight the practical value of the bulk-

synthesis approach introduced in the first publication for accurately determining reaction and 

growth rates. 

During the preparation of the first publication, it was also observed that there was only little 

experimental research reported on the electronic properties of lithium-ion conductors in bat-

tery-relevant contexts. The third publication is aimed to address this gap by examining the 

partial electronic transport properties of relevant lithium-ion conductors (i.e., LiCl, LiBr, and 

LiI) from a defect-chemical perspective. The contributions of electrons and holes to the partial 

electronic conductivity were effectively decoupled by comprehensively applying the dc Hebb-

Wagner method. Thus, an effective testing protocol was established to evaluate the electronic 

conductivity of practical lithium-ion SEs, highlighting the importance of accounting for elec-

tronic properties in SSBs to mitigate self-discharge and degradation processes. 

In–Li electrodes are frequently used in scientific studies to replace LMEs for inducing less 

degradation of sulfide SEs, due to their electrode potentials being closer to the ESW of sulfide 

SEs, and inhibiting pore and dendrite formation. Consequently, the final section of this doc-

toral thesis is focused on the preparation of In/(InLi)x electrodes, their performance, and the 

degradation of LPSCl at EH = 0.62 V (vs. Li
+
/Li) of In/(InLi)x. 
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Recently, it was reported that significant variations in cycling behavior and specific capacities 

of SSB cells prepared by different research groups are partly due to inconsistencies in the 

preparation of In–Li electrodes.124 Therefore, the suitability of In–Li electrodes (as CEs) for 

solid-state cathode benchmarking was examined in the fourth publication from a fabrication 

perspective. In this comparative study, it is explored how preparation affects electrode micro-

structure, electrode kinetics, and the interlaboratory comparability of results. Findings reveal 

the constraints of In–Li CEs, which are impacted by their individual microstructure, in facili-

tating high-rate testing of high-capacity solid-state cathodes.  

Interphase studies in literature are typically focused on the Li|SE interface, whereas SE deg-

radation at higher electrode potentials is generally anticipated less detrimental to SSB perfor-

mance. In the fifth publication (in preparation), interphase formation at lithiated indium CCs 

was investigated through electrochemical titration, revealing a reduced degradation of LPSCl 

at lithiated indium CCs (compared to lithium metal). Supported by SEM and XPS analysis, 

possible factors affecting the interpretation of CTTA results, including interface morphologies 

and metal oxide surface layers, were identified. Moreover, the Wagner diffusion model was 

refined to account for lithium alloy electrodes and their elevated EH, enabling the assessment 

of respective interphase rate constants. Conclusively, findings enhance the understanding of 

interphase formation at alloy electrodes, providing a foundation for operando XPS experi-

ments aimed at revealing the interphase composition. 
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3.1. Quantifying Multiphase SEI Growth in Sulfide Solid Elec-

trolytes (1st Publication) 

In this publication, the transport properties and growth kinetics of reduced sulfide SEs were 

investigated. Through a novel synthesis approach, the limitations of conventional methods 

were overcome, surpassing inadequate approximations, and establishing a basis for modeling 

and quantifying interphase growth. 

An effective modeling of the multiphase SEI in SSB cells with LMEs was introduced by di-

rectly reacting the LPSCl with lithium metal powder. Using XRD and XPS, the obtained com-

posite of binary lithium phases (referred to as 'bulk-SEI') was confirmed to closely resemble 

the 'actual' SEI. Thus, both partial conductivities (σion and σel) were determined using dc po-

larization (i.e., Hebb-Wagner-type measurements) in order to estimate the diffusion-con-

trolled interphase growth, using the Wagner diffusion model. The derived kinetic predictions 

closely align with reports on cell-level multiphase SEIs, and emphasize the negative impact 

of SE degradation on the long-term performance of SSBs.  

This publication presents, for the first time, experimental data on the transport properties of 

typical multiphase SEIs, with the resulting kinetic predictions contributing to a deeper under-

standing of SEI growth. Thus, findings enhance the ability to model SEI transport parameters 

and design guidelines were established to stabilize the Li|SE interface through proper control 

of the partial conductivities. 

The experiments presented in this publication were designed and executed by the first author 

under the supervision of K. Peppler and J. Janek. The synthesis and investigation of bulk-SEI 

were also performed by N.U.C.B. Müller under supervision of the first author and P. 

Minnmann. L. M. Riegger performed the XPS measurements of the bulk-SEI and analyzed 

the corresponding data. B. Aktekin supported the analysis of XPS data and assisted with sci-

entific discussion during the review process. The first author performed scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), XRD, electrochemical 

measurements, and the corresponding data analysis. The manuscript was written by the first 

author and edited by all co-authors. 

Reprinted with permission from Christoph D. Alt, Nadia U.C.B. Müller, Luise M. Riegger, 

Burak Aktekin, Philip Minnmann, Klaus Peppler, and Jürgen Janek. Quantifying multiphase 

SEI growth in sulfide solid electrolytes, Joule, 2024, 8, 1–22. DOI: 

10.1016/j.joule.2024.07.006. Copyright © 2024 The Author(s). Published by Elsevier Inc.
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3.2. Interphase Formation in Solid-State Batteries: Influence of 

Contact Conditions on Impedance-Derived SEI Growth Ki-

netics (2nd Publication) 

In this submitted publication, the capability of impedance measurements for assessing and 

predicting interphase growth was investigated. By employing 3D transport simulations – 

based on transport parameters determined in the first publication – it was analyzed how rigid 

solid|solid contacts influence the accurate interpretation of cell-level impedance responses. 

Based on the Wagner diffusion model, diffusion-controlled interphase growth was simulated 

to analyze the influence of different electrode|SE contact conditions. Consequently, the relia-

bility of extracted interphase rate constants from the cell's impedance response was critically 

examined. The findings revealed that factors such as current constriction, complex transport 

properties in SEs, or partially passivated interfaces alter the cell-level impedance signal and 

affect the accurate extraction of rate constants, if the actual contact morphology is unknown. 

This work highlights potential pitfalls in data interpretation for time-resolved experiments and 

emphasizes the need to carefully consider experimental conditions for a reliable prediction of 

diffusion-controlled interphase growth using the Wagner diffusion model in solid-state sys-

tems. Furthermore, these results also underscore the practical value of the experimental ap-

proach established in the first publication. 

C. D. Alt┴ and S. Kremer┴ share the first authorship (┴), having equally contributed to the 

design and execution of all experiments under the supervision of J. Janek and J. K. Eckhardt. 

C. D. Alt adapted the Wagner diffusion model with the corresponding model analysis, pro-

vided the kinetic parameters for the simulation, and placed the results in the context of existing 

literature. S. Kremer designed the computational models, carried out simulations, data analy-

sis as well as visualization. L. S. performed the experiments. J. K. Eckhardt implemented the 

simulation code, supported the analysis of data and the design of experiments. Both first au-

thors jointly analyzed the corresponding data, while C. D. Alt, S. Kremer, and J. K. Eckhardt 

drafted the manuscript, which was revised by all co-authors. 

The manuscript was submitted to ACS Applied Materials & Interfaces by the American Chem-

ical Society. 
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3.3. The Electronic Partial Electronic Conductivity of Lithium 

Halides and their Role in SEI Formation in Solid-State Bat-

teries – Hebb-Wagner-type Measurements (3rd Publication) 

In this publication, the importance of controlling and minimizing the partial electronic con-

ductivity to mitigate self-discharge and degradation processes in SSBs is evaluated. The es-

tablished dc Hebb-Wagner method is used to examine σel of lithium halides LiX (X = Cl, Br, 

and I), being SEI constituents of Li6PS5X, from a defect-chemical perspective.  

Asymmetric Li|LiX|Au configurations were examined at temperatures ranging from 45 to 

57.5 °C. EIS was used to assess partial ionic conductivity, while dc Hebb-Wagner experi-

ments provided insights into partial electronic conductivity (σel). By evaluating LiX across a 

range of lithium activities, their σel was determined for the first time, highlighting that σel of 

SEs varies and cannot be assumed constant for a given temperature. Through the formal der-

ivation of equations (i.e., eq. 28 in Chapter 2.3.iii.) and defect-chemical considerations, the 

analysis of dc Hebb-Wagner experiments successfully decoupled electronic charge carriers. 

Additionally, experimental guidelines were outlined for accurately determining σel in SEs that 

are susceptible to reduction at low potentials.  

This publication provides a comprehensive study that integrates fundamental derivations with 

precise testing protocols from a defect-chemical perspective. It underscores the critical im-

portance of evaluating the electronic properties of lithium-ion conductors and their influence 

on the performance and stability of SEs and SEIs. By addressing the existing knowledge gap 

regarding the partial electronic transport properties of lithium halides, the study significantly 

advances the understanding of interphase kinetics in relation to their individual constituents. 

The experiments presented in this publication were designed and executed by the first author 

under the supervision of M. T. Elm and J. Janek. M. Stein performed photoluminescence ex-

periments. The first author performed all other experiments and corresponding data analysis 

with the support of J. Kessler-Kühn. M. Stein and J. K. Eckhardt supported the analysis of 

photoluminescence spectra and EIS data, respectively, and assisted with scientific discussion. 

The manuscript was written by the first author and edited by all co-authors. 

Reprinted with permission from Christoph D. Alt, Jill Kessler-Kühn, Janis K. Eckhardt, 

Markus Stein, Sangam Chatterjee, Matthias T. Elm, and Jürgen Janek. The partial electronic 

conductivity of lithium halides and their role in SEI formation in solid-state batteries – Hebb-

Wagner-type measurements, Solid State Ionics., 429, 2025, 116991. DOI: 

10.1016/j.ssi.2025.116991. Copyright © 2025 The Authors. Published by Elsevier Inc. 
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3.4. In–Li Counter Electrodes in Solid-State Batteries – A Com-

parative Approach on Kinetics, Microstructure, and Chemo-

mechanics (4th Publication) 

In this publication, different In–Li electrode structures were explored to evaluate their use as 

CEs, aiming to simplify cell design (i.e., eliminate reference electrodes) and examine their 

reproducibility. A thorough analysis of their performance and functionality is conducted to 

enhance the precision of solid-state cathode benchmarking, as a recent report has indicated 

that performance variations between SSB cells may arise from inconsistencies in the prepara-

tion of In–Li electrodes.124  

Several established and practical In–Li eutectic preparation methods were evaluated. By test-

ing five distinct In–Li preparation techniques and two electrode composites, unidirectional 

galvanostatic experiments assessed the homogeneity and quality of each electrode preparation 

approach. The kinetic limitations of two promising In–Li structures were further investigated 

at various rates, complemented with cross-sectional analysis of their respective microstructure 

by SEM and electron backscatter diffraction (EBSD). Finally, the rate-dependent electrode 

performance, along with their electrochemical and chemomechanical reversibility, was tested 

in a full-cell configuration with LiNi0.82Mn0.11Co0.07O2 cathodes. The electrochemical results 

highlighted the individual performance and bottlenecks of both In–Li CEs at high rates, while 

microstructural analysis emphasized the significance of conscious preparation protocols. 

These findings reveal the kinetic limitations of In–Li electrodes for benchmarking of high-

capacity cathodes, restricting their use to lab-scale testing at moderate rates. The study demon-

strates that inconsistent preparation not only affects the electrode microstructure but also its 

kinetic performance, emphasizing critical preparation challenges. As such, the challenges as-

sociated with applying In–Li CEs and the consequences of variations in preparation protocols 

are detailed, which lead to reduced comparability of results across different laboratories. 

The experiments presented in this publication were designed and executed by the first author 

under the supervision of K. Peppler and J. Janek. The sample preparation was performed by 

S. Keuntje, I. L. Schneider, and J. Westphal under supervision of the first author. The first 

author performed all measurements and the corresponding data analysis. P. Minnmann and J. 

K. Eckhardt supported the analysis of data and assisted with scientific discussion. The manu-

script was written by the first author and edited by all co-authors. 

Reprinted with permission from Christoph D. Alt, Sören Keuntje, Inga L. Schneider, Johannes 

Westphal, Janis K. Eckhardt, Philip Minnmann, Klaus Peppler, and Jürgen Janek. In–Li Coun-

ter Electrodes in Solid-State Batteries – A Comparative Approach on Kinetics, Microstruc-

ture, and Chemomechanics, Adv. Energy Mater., 2024, 2404055. DOI: 

10.1002/aenm.202404055. Copyright © 2024 The Authors. Published by Wiley-VCH GmbH. 
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3.5. Sulfide Solid Electrolyte Degradation in Contact with Alloy 

Electrodes and the Possible Influence of Metal Oxide Layers 

(5th Manuscript) 

This study contributes to a manuscript (currently in preparation) on indium thin films as al-

loying interlayers in RFCs, with a particular focus on interphase growth. The electrochemical 

investigations are intended to guide operando XPS studies aimed at revealing the interphase 

composition for In–Li electrodes. While the results are preliminary and require further inves-

tigation, findings suggest that film morphologies and metal oxide layers on CC surfaces need 

to be considered when assessing SE degradation at metal|SE interfaces. 

To investigate the degradation of LPSCl in contact with In/(InLi)x electrodes, indium thin 

films were prepared by thermal evaporation. XPS analysis confirmed the phase purity and 

surface passivation, while SEM imaging revealed the film morphology and structure. CTTA 

experiments successfully quantified SEI growth, revealing a reduced degradation of LPSCl at 

at EH = 0.62 V vs. Li
+
/Li of In/(InLi)x compared to pure lithium metal. However, metal oxide 

layers (i.e., In2O3) and non-uniform film morphologies are expected to affect the observed 

results and interpretation toward interphase growth. Moreover, the Wagner diffusion model 

was refined to consider the higher EH of lithium alloy electrodes to accurately assess the re-

spective SEI rate constant.  

The findings provide initial insights into SEI formation at alloy electrodes with higher EH, 

underscoring that interphase formation at metal and alloy surfaces remains a significant chal-

lenge, limiting the viability of SSBs. Additionally, results emphasize that previous studies 

have often overlooked the presence and influence of metal oxide passivation layers and es-

tablished a basis for operando XPS studies to track SEI formation and its composition. 

The experimental details can be found in Chapter 7.5.i. The experiments presented in this 

publication were designed and executed by the first author, supported by B. Aktekin and under 

the supervision of J. Janek. The sample preparation was performed by J. Westphal under su-

pervision of the first author and B. Aktekin. J. Westphal performed the XPS measurements, 

while the first author assisted in the corresponding data analysis. S. L. Benz and B. Aktekin 

supported the analysis of XPS data and assisted with scientific discussion. 
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*corresponding author: juergen,janek@pc.jlug.de 

Abstract 

Interphase studies in the literature predominantly focus on the Li|electrolyte interface, while degradation at higher electrode 

potentials is often considered less critical to solid-state battery performance. Despite the high cost and weight limiting the 

broader adoption of In–Li alloy electrodes, the In/(InLi)x system has proven to be reliably used in battery research. However, 

interphase formation at this electrode interface remains poorly understood. This study addresses both the practicality and 

interfacial behavior of indium current collectors by investigating thermally evaporated indium metal for potential use in 

reservoir-free solid-state batteries. Lithiation of the indium thin films, initiating interphase formation by reducing the elec-

trode potential, was analyzed via coulometric titration time analysis, as interphase growth remains a major challenge in 

realizing practical reservoir-free configurations. Thus, electrochemical measurements quantified interphase formation on 

In/(InLi)x electrodes and the associated charge consumption attributed to interfacial reactions, using a modified Wagner 

diffusion model. Furthermore, this work highlights the often-overlooked role of native metal oxide layers, particularly In2O3, 

in influencing interphase kinetics and composition. The findings offer new insights into solid electrolyte degradation with 

alloying materials, operating at higher electrode potentials than lithium metal, and shed light on the crucial goal of interphase 

stabilization in both conventional as well as reservoir-free solid-state batteries. 

  

Results and Discussion 

Thin indium layers (100 and 250 nm) were thermally 

evaporated onto stainless-steel discs under dynamic 

vacuum (p < 10−6 Pa). Thinner layers (e.g., 10 nm) were 

also tested, but exhibited poor coverage and film qual-

ity, so they were not further investigated. Figure 1 de-

picts the surface morphology of 250 nm thick indium 

films, revealing a rough and non-uniform texture result-

ing from numerous nucleation sites. Thus, island-like 

growth with a nanoparticle size ranging from 50 to 

100 nm was observed. Such growth could be attributed 

to the high surface tension of indium metal during dep-

osition.1–3 However, post-process annealing did not lead 

to a smoother, more uniform morphology. Therefore, 

this could have additional implications in coulometric 

titration time analysis (CTTA) experiments (discussed 

below) and may even limit the use of thin indium layers 

in reservoir-free cells (RFCs) due to their deposition 

characteristics and resulting poor film quality. Electro-

deposition of indium, which could not be tested in this 

study, presents an alternative approach facilitating the 

deposition of dense, uniform films. and the resulting 

rate constant, respectively. 

Prior to conducting CTTA experiments, the phase purity 

and surface chemistry of the indium thin films (shown 

in blue in Figure 2) were first analyzed using surface-

sensitive X-ray photoelectron spectroscopy (XPS). The 

results were compared to a 100 µm thick indium foil and 

bulk indium reference. The latter was also tested in 

CTTA experiments.  

The analysis revealed that the indium films show high 

phase purity, with no contamination detected. However, 

the films are partially oxidized, possibly due to a reac-

tion with residual oxygen in the deposition chamber or 

glovebox environment, leading to the formation of 

In2O3. Plasmon loss features, indicated by black arrows 

in the In 3d spectra, simultaneously confirm the pres-

ence of indium metal at the surface. Interestingly, the 

observed nanoparticle size in Figure 1 closely matches 

the finding of Ho et al.4 for In2O3 layers on platinum 

discs. As expected, the commercial indium foil showed 

clear signals of a native In2O3 layer likely due to fabri-

cation and storage in air. 
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In the early 2000s, In2O3 (and other metal oxides) were 

extensively studied as a promising negative electrode 

(i.e., anode) material for lithium-ion batteries due to its 

high theoretical capacity (965 mAh g−1) and well-estab-

lished production technologies from other tech sec-

tors.4,6,7 However, it has received little attention in both 

the development of solid-state batteries (SSBs) and 

studies of solid-electrolyte interphase (SEI) formation at 

In–Li electrodes. As a result, recent studies might have 

mistakenly attributed In2O3 signals to the formation of 

InxSy compounds at the interface between In/(InLi)x and 

Li6PS5Cl (LPSCl) in post-mortem XPS analysis.8,9 Ini-

tial findings from our operando XPS study (not in-

cluded here), however, suggest the formation of Li2S, 

consistent with reports by Huang et al.10. 

It is commonly assumed that interphase formation is 

minimized when the electrode potential is close to the 

electrochemical stability window of the respective solid 

electrolyte (e.g., LPSCl). Consequently, SEI formation 

is often not considered when using high-potential elec-

trodes (EH > 0 V vs. Li
+
/Li), such as lithium alloys. 

However, no comprehensive studies have been reported 

on quantifying and tracking SEI growth for lithium al-

loys. Therefore, the prepared indium films and reference 

foils were lithiated in small lithiation steps during 

CTTA experiments to investigate interphase growth at 

the In/(InLi)x|LPSCl interface. Furthermore, this study 

may serve as a representative analysis of lithium alloys 

in SSBs and RFCs, highlighting substantial solid elec-

trolyte (SE) degradation at elevated potentials and asso-

ciated challenges in developing practical RFCs. 

 

Figure 1. Scanning electron microscopy images of evaporated indium films (250 nm), revealing the surface morphology. 

 

Figure 2. Normalized In 3d (left) and survey (right) spectra of indium thin films (250 nm thick) on stainless-steel discs and 

100 µm indium foil used in CTTA experiments (Figure 3). A reference for bulk indium (i.e., a sputter-cleaned indium foil) is 

shown in gray. Signals were identified according to reference 5. Plasmon loss features indicated the partially passivated 

surface of indium films.5 
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The results of the CTTA experiments are presented in 

Figure 3, with the stainless-steel reference (taken from 

Figure 5 of this doctoral thesis). The accumulated 

charge (q
Σ
), which represents the consumption of active 

lithium through side reactions, is plotted against t (Fig-

ure 3A) and t0.5 (Figure 3B). Following an initial alloy-

ing and possibly native oxide reduction phase of In2O3 

(at potentials below 1 V vs. Li
+
/Li)6 – most evident in 

the 100 µm indium foil – the lithium consumption ex-

hibited linear trends in Figure 3B for each sample. This 

indicates a diffusion-controlled degradation process 

consistent with the Wagner diffusion model. Addition-

ally, the results revealed that the degradation process is 

suppressed at 0.62 V vs. Li
+
/Li, as q

Σ
 for the stainless-

steel reference (shown in green) was significantly 

higher than that of the commercial 100 µm indium foil. 

However, it was also observed that the charge consump-

tion of the prepared indium thin films, for both thick-

nesses of 100 and 250 nm, was higher than that of the 

100 µm indium foil. 

In the following discussion, three key aspects must be 

considered when analyzing the CTTA results, highlight-

ing open questions that should be applied to other sys-

tems and explored in future research. Those aspects are 

summarized in Figure 4. 

The suppressed interphase formation (see Figure 4A) 

can be explained using the Wagner diffusion model. Re-

visiting eq. 4 (in Chapter 2.2.ii. of this doctoral thesis), 

the degradation reaction is driven by the chemical po-

tential gradient of lithium (∇μ
Li

). However, at higher 

electrode potentials (e.g., EH = 0.62 V vs. Li
+
/Li), this 

gradient is lower, leading to reduced material consump-

tion and slower interphase growth. By introducing a 

new parabolic rate constant (k''), the respective electrode 

potential (EH) is considered to describe the degradation 

reaction and interphase growth at alloy electrode inter-

faces: 

𝑑 = √
2

𝐹2 ∙ 𝜌int ∙ 𝑥Li
∙

𝑀int ∙ 𝜎el ∙ 𝜎ion

𝜎el + 𝜎ion

∙ √(∆𝜇Li − 𝐹 ∙ 𝐸H) ∙ √𝑡 

= 𝑘′′ ∙ √𝑡 

(eq. 1) 

with F, ρ
int

, xLi, Mint, σion, σel, and t being the Faraday 

constant, the mean density of the interphase, the stoichi-

ometric factor (moles of the lithium metal required for 

the stoichiometric decomposition), the mean molar 

mass of the interphase, the ionic and electronic partial 

conductivity, and the reaction time, respectively. Here, 

the reaction driving force (i.e., ∆μ
Li

) is reduced by the 

product of F and EH, which accounts for the higher elec-

trode potential, as given by μ
Li

(electrode) = μ
Li
0  + F ∙ 

EH. Consequently, Δμ
Li

−  F ∙ EH equals approximately 

100 kJ mol−1 for In/(InLi)x with EH = 0.62 V (vs. 

Li
+
/Li), leading to a reduced parabolic rate constant. In 

this context, it is assumed that the properties of the prod-

uct phases remain unchanged compared to those formed 

with lithium metal electrodes. 

However, the lower slope observed in Figure 3B could 

also be attributed to a lower effective σel of the inter-

phase, suggesting a shift in composition different from 

the assumed one for lithiated LPSCl. Consequently, the 

slope could be analyzed through linear fitting to esti-

mate k'' in eq. 1, as was done in the first publication of 

this thesis. However, these approaches require precise 

knowledge of the interphase composition to accurately 

estimate SEI thicknesses from q
Σ
 – based on the specific 

degradation reaction and the density of product phases. 

This challenge motivated the effort to conduct operando 

XPS measurements, as recent reports remained incon-

clusive regarding SEI composition at the 

In/(InLi)x|LPSCl interface. 

Assuming no involvement of indium as a reactant, the 

interphase thickness can be estimated using q
Σ
 in Figure 

3B, yielding parabolic rate constants ranging from k'' = 

0.25 nm·s−0.5 to k = 0.46 nm·s−0.5 for the 100 µm indium 

foil and the stainless-steel reference. If σion ≫ σel of the 

degradation layer, these values correspond to an effec-

tive σel of 8.4 pS cm−1 for the 100 µm indium foil and 

of 18.2 pS cm−1 for the stainless-steel reference, as de-

termined by eq. 1 (and eq. 12 of this doctoral thesis for 

stainless-steel). Since this indicates only a slight varia-

tion in σel, the results are inconclusive regarding poten-

tial compositional changes involving indium as a reac-

tant. However, the findings indicate that such reduced 

k'' or σel remain too high to mitigate the detrimental con-

sequences of SEI growth at the cell-level, as outlined in 

the guidelines established in the first publication of this 

thesis. 

In the second publication of this thesis, it was demon-

strated that the active contact area plays a crucial role in 

impedance experiments for tracking SEI growth, high-

lighting potential pitfalls for misinterpretation. While 

this study focused on EIS data analysis, its key findings 

can also be applied to tracking charge consumption in 

CTTA experiments. In addition to possible shifts in 

composition and properties, an increased contact area 

(as recently reported by Sivavec et al.11, depicted in Fig-

ure 4B) may account for variations in observations. The 

higher charge consumption of indium thin films can 

likely be attributed to their rough and porous morphol-

ogy (see Figure 1). This, in turn, accelerates material 

consumption in CTTA measurements due to larger con-

tact area. 

Lastly, metal oxide surface layers, such as In2O3 (an n-

type semiconductor with an electronic bandgap energy 

above 3 eV), must also be considered (see Figure 4C). 

Aktekin et al.12 unveiled that commercial LPSCl con-

tains a considerable amount of residual oxygen, which  
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could further oxidize indium surfaces, even when fabri-

cated under an inert atmosphere.  

Furthermore, the (ir-)reversible reaction of In2O3 to 

Li2O during lithiation has been reported (eq. 2).4,6,13 

Similar observations have also been reported for tin and 

copper oxides.14–16 

In2O3 + 6 Li+ + 6 e− → 2 In +  3 Li2O (eq. 2) 

On the one hand, electrochemically active metal oxides 

could contribute to lithium consumption in CTTA ex-

periments. On the other hand, lithium oxide could – at 

least theoretically – serve a protective role by passivat-

ing the interface and reducing the effective σel at the in-

terface (as approximated from Figure 3B). As a wide 

bandgap material (approximately 8 eV), Li2O may pas-

sivate the interface, mitigate lithium metal consumption 

at the SE interface, and therefore decrease the degree of 

SE degradation. Tests with post-deposition oxidized in-

dium thin films (i.e., exposed to ambient conditions for 

8 days to complete In2O3 formation and passivation) 

showed reduced charge consumption in CTTA experi-

ments (see Figure S1 of the Supporting Information – in 

Chapter 7.5.ii. of this thesis), suggesting a possible pas-

sivating effect of In2O3 and Li2O. Unfortunately, detect-

ing the conversion of In2O3 to Li2O in (operando) XPS 

studies presents challenges, as the interface is usually 

buried within the cell and corresponding binding ener-

gies in the O 1s and Li 1s spectra overlap with each other 

or with Li2S, making clear identification difficult.13 

Conclusion 

Focused on interphase growth at the In/(InLi)x elec-

trode, this study addresses a key challenge in developing 

practical RFCs. The findings highlight difficulties in 

achieving a uniform indium film morphology. Moreo-

ver, factors such as the contact conditions and the reduc-

tion of metal oxides (e.g., In2O3) on metal surfaces were 

identified to influence CTTA measurements. Neverthe-

less, the study demonstrated that CTTA measurements 

can be effectively applied to (thin) alloying materials 

and quantification of interphase growth. Using a modi-

fied Wagner diffusion model confirmed a reduced 

 

Figure 3. The consumption of active lithium through side reactions (i.e., SEI formation) shown as accumulated charge (q
Σ
) 

in In/(InLi)x|LPSCl|In cells during CTTA experiments, plotted against t (A) and t0.5 (B). Titration parameters are detailed in 

the SI. The data for a stainless-steel disc as working electrode is shown in green as reference for degradation in contact with 

lithium metal. 

 

Figure 4. Reduced SEI formation due to the higher potentials of lithium alloy electrodes (A), the increase in charge consump-

tion and SEI growth caused non-uniform indium films and increased active area (B), and the influence of metal oxide layers 

forming Li2O (eq. 2) during lithiation (C). 
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degradation of LPSCl in contact with In/(InLi)x elec-

trodes (compared to lithium metal). However, despite 

the higher electrode potential being closer to the ESW, 

interphase formation is still suspected to compromise 

the long-term viability of such RFCs. 

Although CTTA results highlighted that previous stud-

ies have often overlooked the impact of metal oxide sur-

face layers (e.g., In2O3), these findings offer initial in-

sights into interphase formation at passivated alloying 

interlayers. Therefore, further investigation is needed to 

understand such SEI growth, including the underlying 

chemical reaction mechanisms, the role of metal oxide 

surface layers, and their potential conversion into low 

electron-conducting interlayers, such as Li2O. There-

fore, these combined findings provide a comprehensive 

understanding to inform operando XPS experiments fo-

cused on interphase composition, and the evolving spe-

cies at alloying interlayers. 
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4. Conclusions 

While substantial progress has been made toward the commercialization of SSBs, critical 

challenges at electrode|SE interfaces demand focused attention. This doctoral thesis makes a 

significant contribution to the understanding of intrinsic degradation processes. It provides a 

fundamental basis for accurate interphase growth predictions and future stabilization strate-

gies aimed at controlling interphase formation and mitigating its impact on SSB performance. 

Therefore, this work delivers novel insights into the transport properties and growth kinetics 

of degradation layers in sulfide SEs, emphasizing their detrimental effects on cell operation. 

The experimental assessment of interphase growth, combined with a comprehensive investi-

gation of the electronic properties in solid lithium-ion conductors, increases the accuracy of 

long-term predictions for interphase growth and associated resistance increase. In addition, 

this work explored the integration of alloy electrodes (specifically, the In–Li alloy system) 

with a focus on preparation, resulting microstructure, and associated SE degradation. 

RFCs require the efficient utilization of active lithium (i.e., Coulomb efficiency near 100%), 

with the gradual degradation of SEs contributing to capacity fading. To address the limitations 

of conventional methods, a novel approach was introduced to determine the bulk-material 

partial conductivities of reduced sulfide SE, establishing a basis for quantifying interphase 

growth. By applying the Wagner diffusion model, the quantified transport properties enabled 

the effective modeling of diffusion-controlled interphase kinetics at the Li|LPSCl interface. 

The findings emphasize the detrimental impact of SE degradation, which increases the cell 

resistance drastically and compromises the viability of conventional SSBs and RFCs. Thus, 

while enhancing the modeling of SEI transport properties, design guidelines were established 

to support the stabilization of interphase growth through precise control of both σion and σel. 

Time-resolved experiments (e.g., EIS and CTTA) are frequently combined with the Wagner 

diffusion model for extracting interphase rate constants in SSBs. Thus, their reliability to 

solid|solid interfaces has been examined through 3D transport simulations of microscopic dif-

fusion-controlled interphase growth. Factors such as current constriction at the interface, com-

plex contact conditions, or partially passivated interfaces influence the cell's impedance re-

sponse. Therefore, these aspects must be considered in data interpretation to avoid overesti-

mating reaction kinetics or misattributing deviations from the expected time dependence. In 

conclusion, a detailed understanding of the electrode|SE interface morphology and contact 

condition is essential for improving interphase growth predictions in SSBs (e.g., for the Wag-

ner diffusion model combined with time-resolved experiments like CTTA and EIS). This 

highlights the practical relevance of the bulk-material synthesis developed in the first publi-

cation for reliably estimate rate constants and interphase growth with improved accuracy. 

Moreover, the electronic properties of individual interphase constituents must be considered, 

as they influence interphase rate constants via σel and are essential for improving the predic-

tive accuracy. Thus, a comprehensive study was conducted, incorporating fundamental 
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derivations and precise testing protocols from a defect-chemical perspective to systematically 

evaluated σel of relevant lithium halides (LiX, with X = Cl, Br, or I) using Hebb-Wagner-type 

measurements. This approach effectively decoupled electronic charge carrier contributions 

(i.e., electron and electron hole conduction), demonstrating that σel varies substantially across 

the investigated range of lithium activities. By addressing the partial electronic transport prop-

erties of lithium halides, their impact on interphase kinetics, formation, and resulting proper-

ties is revealed. Furthermore, the critical importance of evaluating the electronic properties of 

lithium-ion conductors and their impact on SE degradation is emphasized.  

The final section of this doctoral thesis is focused on the investigation of alloy electrodes, 

specifically the In/(InLi)x eutectic, where reduced SE degradation is anticipated compared to 

LMEs. However, careful preparation of In/(InLi)x electrodes is crucial and the gradual degra-

dation of LPSCl at 0.62 V (vs. Li
+
/Li) for the In/(InLi)x electrode requires further research. 

Through a systematic study of planar and composite electrode structures, the impact of prep-

aration on electrode microstructure and, consequently, on electrode performance is revealed. 

One key finding is that conscious fabrication protocols are crucial for improving electrode 

kinetics. Therefore, proper control of the electrode's microstructure is essential to prevent cur-

rent constriction at the In/(InLi)x|SE interface, ensuring reliable performance at high rates and 

comparability between research labs. Gained insights advance In–Li electrode processing and 

the accurate benchmarking of high-capacity solid-state cathodes. 

While interphase studies have mostly focused on the Li|SE interface, this doctoral thesis pro-

vides fundamental insights into SEI growth for alloy electrodes, gained through electrochem-

ical titration experiments conducted on indium thin films. By tracking the consumption of 

active redox species, a significant degradation of LPSCl at 0.62 V (vs. Li
+
/Li) was observed. 

SEM and XPS analyses revealed key challenges associated with integrating indium thin films 

into RFCs. These challenges – such as film morphology and the reactivity of surface metal 

oxides (e.g., In2O3) – must be considered during data interpretation. As a result, it was em-

phasized that alloying interlayers do not completely inhibit, but effectively minimize SE deg-

radation, which remains a major challenge hindering the viability of RFCs. The findings pro-

vide a systematic understanding for operando XPS investigations focused on the composition 

of the corresponding interphases at alloy|SE interfaces. 

Overall, this doctoral thesis enhances the knowledge and understanding of material compati-

bility and degradation processes in SSBs. Interphase formation is examined from multiple 

perspectives toward its growth kinetics. Conventional physicochemical concepts were revis-

ited and combined with novel approaches to determine (electronic) transport properties of 

lithium-ion conductors, while also addressing potential pitfalls in data interpretation. The 

scope is extended to lithium alloys, their microstructure, and the corresponding SE degrada-

tion at respective electrode potentials. The combined findings improve the accuracy of ana-

lytical models for the prediction of performance decay in SSBs due to interphase growth and 

emphasize the need for thorough assessments of effective stabilization strategies. 
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5. Outlook 

Material incompatibility and SE degradation remain critical barriers to the viability of both 

conventional SSBs and RFCs. Evolving interphases significantly increase cell resistance, de-

plete active materials, and impair capacity retention. Despite extensive research, no effective 

strategy has yet been reported to effectively minimize SEI formation, posing a major challenge 

to the large-scale implementation of high-capacity electrodes. 

This doctoral thesis was focused on improving analytical models to predict interphase growth 

and performance decay in SSBs. To this end, transferable experimental approaches were de-

veloped to complement established concepts and assess transport properties, particularly σel, 

in relevant solid ion conductors and interphases. The findings reveal substantial interphase 

growth kinetics and inform future investigations, deepening the understanding of interphase 

dynamics in SSBs. Ultimately, the conceptual understanding developed in this thesis provides 

a strong foundation for addressing the remaining challenges in controlling degradation pro-

cesses across various battery chemistries, paving the way toward realizing the anticipated ben-

efits of SSBs. Key remaining challenges and gaps in understanding include: (i) Protective 

Concepts at the metal|SE interface, (ii) Microstructure and Spatial Distribution of Phases 

within Interphases, and (iii) Transfer to Cathode Materials and Other Battery Chemistries. 

 

i. Protective Concepts at the metal|SE interface 

Most practical inorganic SEs are thermodynamically unstable in contact with alkali metals 

due to their limited ESW. Therefore, protective strategies are necessary to protect susceptible 

SEs from the low potential of negative electrodes, as demonstrated in the first publication of 

this doctoral thesis. Two key stabilization concepts have emerged to mitigate SE degradation 

at the metal|SE interface: (a) artificial interlayers applied between the components and (b) 

modified SEI compositions. The first approach limits alkali metal deposition at the SE inter-

face by maintaining low σel, while requiring high σion to minimize resistance and preserve cell 

performance. Here, native oxide layers (i.e., Li2O, as studied for indium interlayers) represent 

only an initial step toward utilizing protective interlayers. The second approach involves 

chemical engineering to control the composition of the forming interphase, ensuring favorable 

multiphase properties to sustain optimal cell performance. Therefore, guidelines were estab-

lished in the first publication and theoretical studies and calculations should support these 

efforts.168,170 Additionally, recent studies have introduced the concept of fully reduced SEs 

with sufficient σion, presenting another potential route toward stable metal|SE interfaces.145,146 

As discussed in Chapter 2.3.ii., the σel of SEs (< 10−8 S cm−1) is believed to compromise the 

electrochemical stability of inorganic SEs, potentially accelerating SE degradation. Therefore, 

a comprehensive examination of the electronic properties of relevant SEs – as explored in the 

third publication of this doctoral thesis – could provide insights to effectively control σel, mit-

igate degradation processes, and enhance the lifetime of SSBs. LiPON SEs, in particular, are 

of interest due to their extremely low σel and slow interphase growth rates, providing valuable 

insights to target potential stabilization strategies. 
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ii. Microstructure and Spatial Distribution of Phases within Interphases 

The bulk-material synthesis approach from the first publication introduced a transferable 

method to determine effective transport properties and partial conductivities of interphases, 

enabling accurate estimation of interphase rate constants. However, to develop effective sta-

bilization strategies, it is also crucial to gain additional knowledge about the microstructural 

composition and morphology of interphases. Here, especially the chemical environment of 

phosphorous is of particular interest, initiating the degradation reaction. Sophisticated tech-

niques such as high-resolution transmission electron microscopy, operando X-ray computed 

tomography, and nuclear magnetic resonance could provide further understanding of the mi-

crostructure and composition of interphases. Although these approaches are complex and 

time-intensive, they may also offer new insights into interphase growth mechanisms. Conse-

quently, the results from CTTA measurements in the fifth publication informed operando XPS 

studies, enabling the identification of interphase composition in lithiated LPSCl in contact 

with In/(InLi)x. Such insights drive advancements in the chemical engineering of stabilization 

strategies and help to establish selection protocols for artificial interlayers. 

Thus, so far, only preliminary observations and suggestions have been made in the literature 

to mechanistically explain the conduction pathways across multiphase degradation layers in 

SSBs. As a result, the identification of preferential electronic percolation pathways within the 

interphase microstructure remains largely speculative, with only initial hypotheses regarding 

the underlying growth mechanisms. For instance, Burton et al.158 suggested that a lithiation 

gradient of phosphorus species influences and promotes SEI formation. 

 

iii. Transfer to Cathode Materials and Other Battery Chemistries 

The second publication demonstrated that interphase rate constants derived from EIS or 

CTTA are strongly influenced by complex contact conditions in solid-state systems. In con-

trast, the introduced bulk-material synthesis offers a broadly applicable alternative to estimate 

interphase rate constants. Its applicability to other materials in future research was demon-

strated by Mandal et al.268, who extended it from sulfide to halide SE. Additionally, while 

numerous studies focus on alkali metal electrodes (e.g., in symmetrical cells), research on 

alloy materials remains limited. The presented study on the In–Li alloy system offers a sys-

tematic approach using CTTA measurements to investigate interphase formation transferable 

to various alloy|SE interfaces, including those with silicon alloy electrodes. Degradation on 

the cathode side also contributes to performance losses in SSBs, which is particularly critical 

for RFCs and necessitates detailed investigations into degradation processes related to CAMs 

and triple-phase boundaries. Through the comprehensive application of the Hebb-Wagner 

method, as analyzed and derived in the third publication, design rules for MIECs as catholytes 

in solid-state sulfur cathodes could be established.  

Finally, gained understanding along with the presented investigations and perspectives should 

be extended to other solid-state battery systems, such as sodium- or potassium-based chemis-

tries and their alloys, which encounter similar challenges related to material incompatibility. 
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7.5. Supporting Information – 5th Manuscript 

i. Experimental 

Deposition and cell assembly were carried out in an argon-filled glovebox (LabMasterPRO, 

MBraun, Germany), with p(O2)/p and p(H2O)/p < 1 ppm. 

Materials and Electrolyte. The stainless-steel discs (9.6 mm in diameter) were punched from 

20 μm thick foils (AISI 304, Goodfellow, UK). The discs were then ultrasonically cleaned for 

3 min each in acetone and isopropanol, followed by vacuum drying for at least 10 h at 60 °C. 

Thin indium electrodes (100 and 250 nm) were deposited onto the stainless-steel discs under 

dynamic vacuum using a custom thermal evaporation system connected to a glovebox. The 

deposition rate was set between 0.1 and 0.2 nm s−1, monitored by an oscillating quartz sensor. 

LPSCl (POSCO JK Solid Solution Co., South Korea), with σion = 1.1 mS cm−1 at 25 °C, was 

investigated as the separator material. For reference, (passivated) indium foil (100 μm, 9 mm 

diameter, 99.999%, ChemPUR, Germany) was used. Passivated indium films (100 and 

250 nm) were prepared by exposing them to ambient atmosphere for 8 days at room temper-

ature. 

Cell Assembly. Each CTTA cell was prepared by pelletizing LPSCl (80 mg, ~600 µm thick) 

within a polyether-ether-ketone casing (10 mm diameter) between stainless-steel rods as con-

tacts. Densification was performed at 380 MPa of uniaxial pressure for 3 min at room temper-

ature. Indium-coated discs and the In–Li counter electrode (CE), which serves as a lithium 

reservoir, were then placed on either side of the separator. The CE was constructed by posi-

tioning indium foil (100 µm, 9 mm diameter) between the SE and lithium foil (100 µm, 6 mm 

diameter, 99.9%, China Energy Lithium, China). Lithium diffuses into the indium metal, 

forming an In/(InLi)x eutectic with a stable potential of 0.62 V vs. Li
+
/Li.1 

CTTA Analysis. CTTA measurements were performed as described by Aktekin et al.2. Cells 

were tested using a Maccor battery cycler at 25 °C under an applied stack pressure of approx-

imately 15 MPa. The initial open-circuit voltage of such cell was typically around 1.6 V vs. 

In/(InLi)x. During each titration step (i = 10 μA), a small amount of lithium metal (correspond-

ing to a charge of 0.5 μAh) was deposited, causing lithiation of the indium layer. After each 

titration step, the cell voltage dropped to around 0 V and was continuously monitored. When 

the voltage increased to a threshold of 0.1 V, the next titration step was applied, indicating 

that the lithium metal at the working electrode had been completely consumed by side reac-

tions. This procedure was repeated multiple times over approximately 400 h in this study.  

XPS Measurements. XPS measurements on indium films and the corresponding reference 

foil were performed using a Versaprobe 4 spectrometer (ULVAC-PHI, Inc., USA), equipped 

with a monochromatized Al Kα X-ray source (beam diameter of 200 µm, X-ray power of 

50 W). The chamber pressure ranged from 10−7 to 10−6 Pa during measurements, while the 

sample surface was charge-neutralized using slow electrons and Ar+. A pass energy of 55 eV 

with 0.1 eV steps was used for the detail spectra. All data were calibrated in relation to the 

signal of adventitious carbon at 284.8 eV. XPS depth profiling was performed by Ar+ 
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sputtering with a grid size of 2×2 mm2 and an acceleration voltage of 1 kV, first for 2 min, 

followed by 4 min. Cross contamination with atmosphere were avoided using a transfer shut-

tle. Data analysis was carried out with CasaXPS (Version 2.3.25, Casa Software, UK). 

 

ii. Additional CTTA Experiments on the Effect of In2O3 

 

Figure S1: Comparison of as-deposited and post-deposition oxidized indium thin films, the latter la-

beled as “passivated”. Here, the consumption of active lithium through side reactions (i.e., SEI for-

mation) is compared based on the accumulated charge (q
𝛴
) consumed in In|LPSCl|In/(InLi)x cells dur-

ing CTTA experiments, plotted against t (A) and t0.5 (B). Experiments were conducted at 25 °C and ap-

proximately 13 MPa. As-deposited films were exposed to ambient conditions for 8 days to facilitate 

In2O3 formation and passivation. The post-deposition passivation was confirmed through XPS analy-

sis. 
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8. List of Abbreviations 

 

AAM Alloy anode material 

BE Blocking electrode 

CAM Cathode active material 

CC Current Collector 

CE Counter electrode 

CEI Cathode electrolyte interphase 

CTTA Coulometric titration time analysis 

dc Direct current 

e Electron 

EBSD Electron backscatter diffraction 

EDX Energy dispersive X-ray spectroscopy 

EIS Electrochemical impedance spectroscopy 

el Electronic 

ESW Electrochemical stability window 

h Electron hole 

ion Ionic 

LE Liquid electrolyte 

LIB Lithium-ion batteries 

LiPON Lithium phosphorus oxynitride 

LLZO Li7La3Zr2O12 

LME Lithium metal electrode 

LPS β-Li3PS4 

LPSCl Li6PS5Cl 

LPSX Li6PS5X with X = Cl, Br, or I 

MCI Mixed conducting interphase 

MIEC Mixed ionic-electronic conductor 

n n-type referring to electrons 

OCV Open-circuit voltage 
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p p-type referring to electron holes 

RE Reversible electrode 

RFC Reservoir-free cell 

SE Solid electrolyte 

SEI Solid-electrolyte interphase 

SEM Scanning electron microscopy 

SHE Standard hydrogen electrode 

SOFC Solid oxide fuel cell 

ss Steady state 

SSB Solid-state battery 

V Vacancy 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 
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a Activity 

A Area 

α Characteristic exponent 

c Concentration  

D Diffusion coefficient 

e Elementary charge 

EH Standard redox potential 

F Faraday constant 

ΔG0 Change of standard Gibbs free energy for a reaction 

i Current density 

j Flux (of species) 

k Parabolic rate constant 

K Equilibrium constant 

l Sample thickness 

L Phenomenological transport coefficient 

M Mean molar mass 

µ Chemical potential 

µ0 Standard chemical potential 

μ̃ Electrochemical potential 

n Charge carrier concentration 

φ Electric potential 

qΣ Accumulated charge 

R Ideal gas constant 

Rint Interphase resistance 

ρ Mass density 

σ Partial conductivity 

t Reaction time 

T Temperature 
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u Mobility 

Ucell Cell voltage 

Udecomp Decomposition voltage 

xLi Stoichiometric factor of lithium 

ξ Interphase thickness 

z Charge number 
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