
 

 

Microstructure and Charge Transport in 

Composite Cathodes for  

Solid State Batteries 

 

 

 

 

 

Dem Fachbereich Biologie und Chemie 

der Justus-Liebig-Universität Gießen 

 

vorgelegte Dissertation zur Erlangung  

des akademischen Grades 

Doktor der Naturwissenschaften 

− Dr. rer. Nat. – 

 

 

 

 

 

 

Philip Minnmann  

 

 

Dezember 2024 
 

 





 

 

 

  





III 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Gutachter / 1st Reviewer:  

 

Prof. Dr. Dr. h.c. Jürgen Janek 

(Justus-Liebig-Universität Gießen) 

 

2. Gutachterin / 2nd Reviewer: 

 

Prof. Dr. Nella Vargas-Barbosa 

(Universität Bayreuth) 

 

3. Prüferin / 3rd Reviewer: 

 

Prof. Dr. Matthias Elm 

(Justus-Liebig-Universität Gießen) 

 

4. Prüferin / 4th Reviewer: 

 

Prof. Dr. Maren Lepple 

(Justus-Liebig-Universität Gießen) 

 

Eingereicht / submitted: 

 

Disputation: 

 

18.12.2024 

 

07.03.2025 

 



 

 

 

 

 

  



V 

 

Eidesstattliche Erklärung, 

Die vorliegende Arbeit wurde im Zeitraum vom 01.11.2018 bis 30.09.2023 am Physikalisch-

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

Universität Gießen zur Sicherung guter wissenschaftlicher Praxis" niedergelegt sind, 

eingehalten. 

Erklärung zur Nutzung von KI-Tools 

Für die sprachliche Ausformulierung der englischen Textstellen wurde ChatGPT-4 

(https://chat.openai.com/) benutzt, um eine bessere Lesbarkeit des Manuskriptes zu 

hervorzurufen. Dabei wurden die Textstellen kapitelweise mit dem prompt: “Please improve 

the following section for better readability. Do not change its content or style” versehen. Alle 

Textpassagen wurden anschließend von mir editiert und auf inhaltliche Richtigkeit mit der 

ursprünglichen Textstelle abgeglichen und gegebenenfalls angepasst. Während des 

Schreibprozesses wurden einzelne Sätze mittels des KI-Tools DeepL übersetzt, um die 

sprachliche Richtigkeit zu gewährleisten.  

 

 

Gießen, 12.12.2024 

 

 

 

Philip Minnmann 

 

 

 

  

https://chat.openai.com/


 

 

 

  



VII 

 

Abstract 

 

Rechargeable batteries play a central role in the transformation of the mobility sector from 

combustion engines to sustainable technologies such as electric motors. In the pursuit of 

batteries with higher energy density, improved safety and extended service life, solid-state 

batteries are regarded as promising next generation battery technology. Higher energy density 

can increase vehicle range potentially leading to greater acceptance of electric vehicles. In solid-

state batteries, solid ion-conducting materials replace liquid organic electrolytes providing 

advantageous properties such as mechanical resistance and a lithium-ion transfer number close 

to one. These can enable the use of lithium metal anodes or higher charging rates. Among solid-

state electrolytes the lithium argyrodite Li6PS5Cl, which is used in this study, is one of the most 

intensively investigated materials, due to its high conductivity. Despite intensive research 

activities, solid-state batteries using this material class are not yet ready for commercialization 

with persisting challenges in electrode architecture and production.  

In conventional Li-ion batteries, porous cathodes can be easily infiltrated by liquid electrolytes; 

however, the particulate nature of solid electrolytes requires a homogeneous distribution in the 

cathode during the manufacturing process. This requirement becomes increasingly challenging 

as the proportion of active materials increases and has a significant influence on the charge 

transport within the cathode and, correspondingly, on the kinetics. Thus, the experimental 

investigation of the charge transport of cathodes was the primary focus of this dissertation. 

Composite cathodes composed of sulfide based solid electrolytes and Ni-rich active materials 

were fabricated and characterized using electrochemical measurements. By comparing charge 

transport data with results obtained by microscopic imaging techniques, microstructure 

parameters were elucidated and quantified. Findings revealed that, in addition to limitations in 

percolation networks, the particle size distribution of the solid electrolyte significantly impacts 

electrode porosity and homogeneity. Overall, this work extended the insight into key electrode 

microstructure parameters and their effects on cell performance. From these findings, 

guidelines for electrode optimization can be derived aiming to enhance both energy density and 

power density. 

  



 

 

 

  



IX 

 

Zusammenfassung 

 

In der Transformation des Mobilitätssektors von Verbrennungsmotoren zu nachhaltigen 

Technologien wie Elektromotoren spielen Batterien eine zentrale Rolle. Im Zuge der Suche 

nach Batterien mit höherer Energiedichte, Sicherheit und Lebensdauer werden 

Festkörperbatterien als vielversprechende Batterietechnologie der nächsten Generation 

gehandelt. Eine höhere Energiedichte ermöglicht dabei eine größere Reichweite der Fahrzeuge 

und kann somit zu einer höheren Akzeptanz von Elektrofahrzeugen führen. Bei 

Festkörperbatterien werden flüssige organische Elektrolyte durch feste ionenleitende 

Materialien ersetzt. Aufgrund des festen Charakters des Elektrolyten ergeben sich dadurch 

Eigenschaften wie ein mechanischer Widerstand und eine Lithium-Ionen Transferzahl nahe 

eins. Diese können den Einsatz von Lithium-Metallanoden beziehungsweise höhere 

Ladegeschwindigkeiten ermöglichen. Einer der am intensivsten untersuchten 

Festkörperelektrolyte ist dabei der Lithium-Argyrodit Li6PS5Cl, welcher hohe Leitfähigkeiten 

besitzt und in dieser Studie verwendet wurde. Trotz intensiver Forschungsaktivitäten sind 

Festkörperbatterien dieser Materialklasse noch nicht massenmarkttauglich und es existieren 

weiterhin Herausforderungen bezüglich der Elektrodenarchitektur und Herstellung.  

Während in konventionellen Li-Ionen Batterien die porösen Kathoden durch flüssige 

Elektrolyte infiltriert werden können, erzeugt der partikuläre Charakter von Festelektrolyten 

die Notwendigkeit diese möglichst homogen in der Kathode bereits beim Herstellungsprozess 

zu verteilen. Dies wird mit zunehmendem Anteil an Aktivmaterialien immer herausfordernder, 

und hat einen signifikanten Einfluss auf den Ladungstransport innerhalb der Kathode und 

entsprechend auf die Kinetik. Die experimentelle Untersuchung des Ladungstransportes von 

Kathoden stand aus diesem Grund im Vordergrund dieser Dissertation. Hierfür wurden 

Kathoden aus sulfid-basierten Festelektrolyten und Ni-reichen Aktivmaterialien hergestellt und 

mittels elektrochemischer Messmethoden charakterisiert. Durch den Vergleich der 

Ladungstransportdaten mit Informationen aus bildgebender Mikroskopie konnten 

Mikrostrukturparameter aufgeklärt und quantifiziert werden. Neben Limitierungen in 

Perkolationsnetzwerken konnte ein Einfluss der Partikelgrößenverteilung des Festelektrolyten 

auf die Porosität und die Homogenität der Elektrode bestimmt werden. Insgesamt erweitert 

diese Arbeit das Verständnis der relevanten Parameter der Elektrodenmikrostruktur und der 

daraus resultierenden Zellleistung. Aus diesen können Richtlinien zur Elektrodenoptimierung 

abgeleitet werden, welche dazu dienen Energiedichte und Leistungsdichte weiter zu steigern.  
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1. Introduction and Motivation 

The paradigm shift from fossil fuels to renewable energy sources places high demands on the 

infrastructure for energy generation, conversion, and storage. The mobility sector, in particular, 

faces challenges in ensuring that battery electric vehicles (BEVs) have sufficient accessible 

energy for acceleration and movement.1 In classic fuels like gasoline and diesel, chemically 

stored energy is irreversibly released through combustion. However, electromobility relies on 

reversible electrochemical reactions within galvanic cells. In a more general context, the 

collective term “battery” is mostly used, which describes several electrochemical cells that are 

arranged together in a compound.2 

Each cell consists of integral components: the negative electrode (anode), the positive electrode 

(cathode) a separator, which electronically isolates the electrodes to prevent a short circuit, and 

an electrolyte. During discharging, lithium is oxidized at the anode side and migrates to the 

cathode where it is reduced. During charge, the entire process is reversed. Lithium-ion batteries 

(LIBs), an important type of rechargeable battery, have revolutionized modern life, enabling the 

wireless world we live in today, with most devices now being mobile. LIBs gained commercial 

success in the early 1990s due to pioneering work from Sony Corp. and have since seen massive 

improvements in performance coupled with significant cost reductions.3 However, 

physicochemical limitations will soon likely inhibit further advancements in conventional 

liquid electrolyte (LE) based LIBs.4,5  

Compared to fossil fuels, LIBs have a significantly lower specific energy and energy density, 

meaning that more mass and volume are required to store the same amount of (reversibly) 

available chemical energy.6 This creates a challenge for vehicles where limited volumes are 

available and leads to the fact that the range of BEVs is still lower than that of vehicles with 

internal combustion engines. This limitation, along with safety concerns and high prices, has 

hindered high acceptance rates of BEVs in the broader social spectrum.7 To address this, there 

is intense competition within academic researchers, startups, established cell manufacturers, 

and OEMs, to further increase the energy density and thus extend the range of BEVs.8 

In conventional LIBs, the LE consists of a specific mixture of organic carbonates and dissolved 

lithium salts, each component affecting the overall performance of the cell.9 However, the low 

lithium-ion transference number of the LE and the resulting concentration polarization impede 

charge transport at high rates and prevent the use of thicker electrodes.10,11 Additionally, LEs 

lack the mechanical resistance necessary to prevent the dendrite formation in lithium metal 
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anodes12, can dissolve integral components of active materials13 and will be easily oxidized by 

high voltage cathode active materials.14 To overcome these limitations, solid state batteries are 

heavily researched as a potential next-generation technology. Their key difference to 

conventional LIBs is the use of a solid, ion-conducting material with negligible conductivity, 

known as the “solid electrolyte (SE)”.  

Theoretically, SEs can be viewed as LEs in which the salt content is increased to a point where 

no liquid remains. In SEs, usually only one type of ion is mobile, making them single ion 

conductors. This single-ion conductivity eliminates concentration polarization at higher current 

densities, a potential advantage of SEs over LEs with similar conductivity. Among the different 

type of SEs, thiophosphates have attracted significant attention because their ionic 

conductivities at room temperature can compete with those of LEs15 with values of up to 

25 mS cm−1 reported for thio-SEs processed by cold pressing and even higher for sintered 

samples.16–20 Thio-SEs can be crystalline or “glassy” and are often composed of P-S polyhedra 

which create the immobile backbone of the molecular structure of these materials.15,21 However, 

these polyhedra can participate in electrochemical reactions at the interface to cathode or anode 

active materials (CAM, AAM). While oxidation reactions at the cathode side lead to the 

formation of phosphates, sulfates and poly-sulfides22, at the anode side binary phases (i.e., Li2S, 

Li3P) are often the reaction products.23,24  

The electrochemical stability window, i.e., the range of the chemical potential of lithium (i.e., 

the range of electrode potential) in which these thio-SEs remain stable is relatively narrow25,26 

(e.g. 1.7 - 3.0 V vs. Li+/Li for Li6PS5Cl) necessitating protection concepts prevent constant 

degradation.27 One such strategy involves coating materials, which have low electronic 

conductivity to prevent electron transfer and redox rections.28 However, these coating materials 

and their processing are usually expensive, and alternative protection concepts could involve 

SEs that degrade but form electron blocking phases, leading to a self-limiting reaction.  

Another challenge when using SEs is manufacturing of dense electrodes with fast kinetics.29 

On the anode side, lithium metal electrodes are preferred (ideally formed “in-situ” after 

assembly), but the situation is different on the cathode side. Here, particulate CAMs are 

employed which are the component, which is actually storing the charge. From a 

thermodynamic point of view, the fraction of CAM in the electrode and in the cell is 

consequently desired to be maximized to achieve the highest energy density possible but kinetic 

performance is equally important to achieve high power release and fast charging 

capabilities.10,30 This raises the question: How can cell kinetics be optimized without 
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compromising energy density? Considering the nature of the composite cathode and the 

processes that govern its kinetics, the working hypothesis of this thesis was that the 

microstructure of the composite cathode plays a crucial role, with charge transport properties 

being a primary contributor to the overpotential during cell operation. However, the 

quantification of these transport processes, and experimental evidence of kinetic limitations was 

scarce. Data on the influence of composition, particle size and porosity were largely not 

accessible, and validation of models consequently remained difficult.  

In my first publication “Quantifying the impact of charge transport bottlenecks of composite 

cathodes for all-solid-state batteries”31, I focused on the charge transport properties of 

composite cathodes and examined their impact on cell performance metrics. Selectively 

blocking electrodes and impedance spectroscopy were used to determine effective 

conductivities and tortuosity factors. By adjusting the CAM and SE content, the electrode 

microstructure was carefully altered and correlations between the obtained charge transport 

properties and cell performance metrics obtained from electrochemical cycling were 

investigated. This work validated the approach of using partial conductivites for detection of 

charge transport limitations and is closely related to simulations performed by Bielefeld et al.32 

Distinct electronic and ionic limitations at low and high CAM contents were identified, 

respectively, underscoring the need for balanced partial conductivities of both charge carriers. 

In a first attempt to improve electrode design, ionic transport limitations were reduced by 

decreasing the SE particle size, leading to the question: How does the actual microstructure of 

composite cathodes look like and where are the limiting bottlenecks located?  

Answering this question requires 3D models or representations of the actual cathode 

microstructure. The hypothesis was that smaller SE particles would lead to a more 

homogeneous distribution of the respective phases and better fill residual voids than larger 

particles. Using focused ion beam – scanning electron microscopy (FIB-SEM) tomography 3D 

reconstructions of the cathode microstructure were obtained and microstructural features were 

compared to cell performance and charge transport properties in my second publication entitled: 

“Visualizing the Impact of the Composite Cathode Microstructure and Porosity on Solid-State 

Battery Performance”33. By varying milling conditions in SE synthesis, different particle sizes 

could be obtained. Smaller SE particles were found to result in better SE distribution and 

improved charge transport properties coupled with better cell performance. Interestingly, it was 

observed that the results of charge transport measurements and charge transport modelling 
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differed, revealing that additional contributions such as contact resistance or nanopores, not 

detected in the 3D reconstruction, may be affecting performance. 

As a result, the SE particle size must be tailored to the specific CAM that is being used, opening 

the question of what additional parameters need to be optimized for improved electrodes. This 

depends certainly on the base chemistry, SE and battery application that is targeted. I compiled 

a comprehensive overview of key parameters that one may need to take into account in my third 

publication: “Designing Cathodes and Cathode Active Materials for Solid State Batteries”34. 

Here I showed that CAM particle size design should target certain factors, such as the chemical 

diffusion coefficient, volume change during cycling and the applied protective coating. This 

affects not only CAM processing, but also the overall electrode design including parameters 

like CAM content and SE particle size.  

In summary, the studies presented here progress from the empirical identification of electrode 

charge transport properties to the visualization of electrode microstructures and conduction 

pathways culminating in a guideline for electrode design. While the focus has been on 

composite positive electrodes, key findings are also applicable to composite negative electrodes 

and provide important insights into understanding and optimizing kinetic performance of solid-

state batteries. To facilitate understanding and application of this knowledge Chapter 2 offers 

a brief introduction to composite electrodes, Chapter 3 outlines recommended methods for 

charge transport and microstructure investigation and Chapter 4 summarizes and reviews the 

current state of research highlighting limitations and open questions.  
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2. Fundamentals of Charge Transport and Electrode Kinetics 

When seeking to improve the performance of SSB cathodes an immediate question arises: 

where to start? Of course, the respective materials must meet certain properties, but after all it 

is their combination that creates the unique performance characteristics of the cathode. 

Therefore, the next chapters will focus on the following topics:  

• What determines transport processes in composite cathodes? 

• Which tools can be used to identify and characterize these processes? 

• How can correlations between these processes be found?  

• How can the components or their arrangement be tailored to achieve a certain effect? 

The chapter will start by exploring the working principle of an electrode and how it is related 

to microstructure. Understanding the microstructure of an electrode is essential for 

comprehending the kinetics of a cell35–37. To be able to design better electrodes, it is essential 

to understand the core parameters and how to describe them. The following section lays the 

foundation by introducing the definition and the features of microstructures. These features are 

later investigated and quantified to develop design principles for SSB cathodes.  

2.1 Composite Electrode Microstructure 

A combination of at least two materials is typically referred to as composite38. In composites, 

multiple phases and materials coexist each one serving a specific purpose. These phases 

naturally possess different properties in all regards and the overall properties of the composite 

are strongly influenced by the individual components. However, the properties of the composite 

are also highly dependent on how these phases are arranged. In materials science, this 

arrangement is commonly referred to as microstructure, as most of the relevant features (grains, 

secondary phases, 2D and 3D defects) are on the micrometer scale. That said, it has to be noted 

that features at other length scales can be play a role as well, namely the mesostructured (larger 

than microstructure) and the nanostructure (within the nanometer range). For simplification in 

material science, the term microstructure can encompass features at the meso- and 

nanostructure referring broadly to a spatial arrangement of phases (materials)39. As it describes 

spatial arrangement, the microstructure is investigated in terms of geometry and geometric 

descriptors, regardless of the specific material system or application. In battery research. 

numerous relevant descriptors are introduced, and their importance varies depending on the 

respective property under investigation.35  
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2.2 Kinetics of Solid-State Composite Battery Electrodes  

The kinetics of battery electrodes are primarily determined by the individual resistance 

contributions along the charge carriers pathway40. Please note that for simplification, a basic 

assumption is the absence of major influences from phase transition kinetics of active materials 

during (de-)intercalation and no inductive effects from migrating ions or electrons. Within this 

simplified framework, three major contributions of the electrode resistance (or impedance Z for 

alternating currents) can be identified. These determine the polarization (or overpotential) of a 

cell during operation (c.f. Figure 1).6 

Figure 1. Top: visualization of kinetic contributions to electrode resistance during discharge divided into 

charge transport through the SE phase, charge transfer at the interface between CAM and SE and diffusion 

of lithium inside a transition metal oxide CAM. During charge, the directions are reversed. Bottom: 

implications of the resistance contributions on the cell discharge curve over various states of charge. While 

charge transport and charge transfer are usually generating a constant voltage drop, the diffusion resistance 

is highly depending on the Li concentration inside the active material. Its limiting character is commonly 

highest towards the end of discharge.  
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The larger the resistance, the greater the polarization. During charging this leads to an increase 

in voltage and during discharge a voltage drop occurs. These voltage changes negatively 

influence cell power and also cause the cut-off to be reached earlier, reducing the available 

capacity. For fast charging and discharging, low cell impedance is crucial, and each individual 

resistance component must be minimized. These components can be classified as: 

1. Charge Transport Impedance ZOhm: This is also referred to as ohmic resistance and 

results from ions migrating through the solid electrolyte and electrons migrating through 

the electronically conductive network. Using Ohms law, this can be approximated to:  

 
𝑍Ohm  =  

𝑙

𝜎 ∙  𝐴el
 

(Equation 1) 

with l being the pathway length, σ being the specific conductivity and Ael being the 

electrode cross-sectional area. Consequently shorter transport pathways and higher 

conductivities result in lower impedance.  

2. Charge Transfer Impedance Zct: This arises from the potential barrier that must be 

overcome by ions transferring between the SE to the CAM, sometimes referred to as 

activation. It is related to the charge transfer resistance Rct which can be calculated by10:  

 
 𝑍𝑐𝑡  =  

𝑅ct

𝐴
=

𝑅𝑇

𝑧𝐹𝑗𝐴
 

(Equation 2) 

with R as gas constant, T as temperature, F as Faraday constant, j as exchange current 

density and A as interface area. A higher interface area and lower potential barriers 

reduce this impedance. 

3. Diffusion Impedance Zdiff : This is caused by the chemical diffusion of Li inside of the 

CAM from or towards the center of the particle. Diffusion creates a concentration 

gradient inside the CAM during operation. Upon discharge, Li concentration is depleted 

at the CAM|SE interface during operation. Conversely during charging, the CAM|SE 

interface becomes enriched of Li which decreases the number of vacancies available for 

ion mobility. Both scenarios negatively affect the chemical diffusion coefficient 𝐷̃Li. 

Increased diffusion coefficients and shortening of diffusion length can reduce the 

diffusion impedance.  

While all of the above listed impedance components primarily affect ions, the same principles 

apply to electrons. However, electronic conduction and charge transfer generally occur faster 

than ionic processes and, in most models, it is assumed that Li-ions are reduced immediately 

after entering the active material by electrons provided by the current collector. For charge 
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transport percolation, however, electronic conduction can become significant, which will be 

described in detail later.  

Conclusion: To enhance cell kinetics, the resistance contributions of charge transport, 

charge transfer and diffusion need to be minimized. 

2.2.1 Charge Transport in Solid Materials 

Charge transport in solids differs significantly from that in liquids. In solid-state materials, there 

are roughly five distinct classes: electrical insulators, metallic conductors, semiconductors, 

mixed-ionic-electronic conductors (MIECs), and single ion conductors41. Lithium solid 

electrolytes fall into the category of single-ion conductors. In these materials, Li-ions move via 

a hopping mechanism, transitioning from an occupied lattice site (in crystalline materials) to an 

unoccupied site (vacancy or interstitial)21. Since the anion network is rigid and immobile, no 

strong concentration gradient can form, and only Li-ions contribute to the net charge flux 𝑖, 

represented by the equation: 

 𝑖 =  𝜎𝑖𝑜𝑛  ∙ 𝐸⃗  (Equation 3) 

where 𝐸⃗  is the applied electric field. In most relevant crystalline thio-solid electrolytes, a 

conductivity of 0.1–10 mS cm−1 can be achieved15. However, this typically refers to the "bulk" 

conductivity within a single crystallite. In macroscopic samples and applications, grain 

boundaries play a crucial role. Grain boundaries are formed between particles or crystallites 

with different crystallographic orientations. They are highly defective, featuring accumulations 

of 0D and 1D defects such as vacancies and dislocations. Due to the high concentration of these 

defects, a space charge layer can form, posing a significant barrier for charge carriers and 

contributing to Zohm. This effect is even more pronounced when the contact area between 

individual particles is low, leading to current constriction phenomena. Reducing grain boundary 

resistance is therefore desirable and often attempted through mechanical fusion of particles at 

high pressures and elevated temperatures.42 

In contrast to solid electrolytes, most cathode active materials (CAMs) are MIECs. These 

materials must conduct both electrons and ions to be electrochemically active and store large 

amounts of charge. Since both charge carriers contribute to the total net flux, Equation 3 is 

modified to:  

 𝑖 =  𝜎tot  ∙ 𝐸⃗  (Equation 4) 
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with 𝜎tot = 𝜎ion + 𝜎el being the total conductivity. Transition metal oxides, such as NCM (used 

in this study), can provide electronic transport via p-type polarons43,44. Polarons are 

quasiparticles and can be described by lattice distortions around electrons and electron holes in 

the band structure. The conductivity is described by: 

  σel = e ∙ p ∙ µp (Equation 5) 

where e is the elementary charge, p is the charge carrier (hole) density and µp is the hole 

mobility.41 Because of the p-type conduction mechanism, electronic conductivity increases 

during delithiation, as more electrons (complementary to Li-ions) are removed, increasing the 

hole density in the valence band43. Similarly, the Li-ion conductivity increases during 

delithiation, due to the insertion of vacancies which enhance Li-ion mobility and, hence, the 

apparent Li-diffusion coefficient. At low states of charge (SOC), the conductivity decreases 

again, due to a significantly lower Li-ion concentration. The low Li-mobility in NCM at high 

SOC was leveraged in Publication 1 and Publication 2 to separate ionic and electronic 

conductivity under the assumption that in fully lithiated NCM, the ionic transport and charge 

transfer across the CAM|SE interface is negligible.  

2.2.2 Charge Transport in Composite Electrodes 

To enable a lithium-ion to enter or exit the CAM particle, an active interface to the SE phase is 

essential. However, charge neutrality requires that an electron must also enter or leave the CAM 

particle. That is only possible if the CAM particle is connected to a network of electronic 

conductors, which protrude uninterrupted from the particle to the cathode’s current collector.45 

This requirement applies of course for all CAM particles involved in charging and discharging. 

Similarly, the SE phase, which facilitates the Li-ion transfer, must be connected to a network of 

SE phase extending to the separator (and ultimately to the anode) to allow the Li-ion to move 

towards or away from the anode.  

In general, a phase that forms a continuous network through the electrode (from the current 

collector to separator) is called a percolating network. For achieving highest energy density, all 

CAM particles must be in contact with ionic AND electronic percolating networks. Achieving 

this in particle-based composites can be challenging and the percentage of CAM particles that 

meet these criteria is referred to as utilization level32. Maximizing this utilization level is 

therefore one of the key targets to avoid material waste, which would not only increase costs, 

but also reduce the achievable energy density.32  
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While the percolating networks described above determine how much charge can be stored in 

the electrode under ideal conditions, the length of the charge transport pathway dictates the 

resistance Zohm, experienced by these charge carriers and therefore the efficiency of these 

networks. Considering Equation 1, the resistance increases proportionally with the length of 

the transport pathways. On a cell level, in most cases the goal is to maximize specific energy 

and power and to reduce the cells internal resistance to a bare minimum. Transport resistance 

is a significant contribution to this total cell resistance and one effective way to reduce it is by 

shortening transport pathways.  

Conclusion: Short charge transport pathways for ions and electrons are desirable to 

reduce the overall resistance of the cell. 

2.2.3 Tortuosity 

While the effective pathway length leff ideally corresponds to the thickness of the electrode 

lelectrode, real microstructures result in larger values. Charge carriers cannot take the “direct” 

route, but are transported along more complex, tortuous pathways. The respective descriptor of 

this phenomenon is called geometric tortuosity τ and is quantified by the ratio leff/lelectrode, it is 

therefore a measure of how “twisted” or elongated a specific transport pathway is. The concept 

is illustrated for Li ion transport in Figure 2, case A.  

Figure 2: Concept of tortuosity visualized, and implications of different microstructures shown in 

separate cases. Case A: Tortuosity means elongated pathways for charge carriers, due to obstacles 

in their way of movement. Case B: tortuosity does not consider dead ends for charge carriers, even 

though they can contribute to the electrochemical performance of the electrode. Layered, 

inhomogeneous electrodes can exhibit high tortuosities perpendicular to the layers (Case C) 

because charge carriers cannot move through the entire electrode. However, they can also exhibit 

low tortuosities parallel to the layers but because they have low interfacial area, even low 

tortuosity does not result in sufficient charge transport. Only in Case D, low tortuosities and high 

interface area are present, marking an ideal electrode microstructure.  
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There are, however, various definitions of “tortuosity”, which differ based on how they are 

determined46,47. Here the focus is on the tortuosity factor κ commonly used for battery 

electrodes. For very simple systems (like cylindric capillaries) κ can be approximated by:47  

 𝜅 =  𝜏2 (Equation 6) 

However, this approximation is not accurate for Li-ion battery electrodes given their 3D nature 

but is often applied to this topic. This tortuosity factor relates effective properties of composite 

materials to bulk properties of its constituents such as48: 

 Xeff = φ ∙ Xbulk / κ (Equation 7) 

Where Xeff and Xbulk represent the effective and bulk intrinsic transport property respectively, 

and φ is the volumetric content of a given phase. Consequently, the number of tortuosity factors 

that can be determined corresponds to the number of phases present in an electrode. In the 

context of batteries, the tortuosity factor of both the electron conducting phase and the ion 

conducting phase are particularly important.  

It is also important to note, that the concept of tortuosity (and empirical extensions such as the 

Bruggemann relation49) are not always universally applicable and are controversially discussed 

in the battery context46–48. Tortuosity factors are typically used to describe “flow-through like” 

transport properties in heterogeneous materials. In the battery field, however, the charge carriers 

do not necessarily need to travel through the whole electrode, but only reach all available CAM-

SE interfaces. The implications are detailed in Figure 2, case B and C. Even though in both 

cases the Li-ion conductive phase does not form a continuous path through the whole electrode 

and ends in a dead-end, still charge carriers can be transported to the interface between CAM 

and SE. As a result, the cells performance will likely be limited by the solid-state diffusion 

within the CAM rather than by the charge transport resistance.  

Regardless of the definition used, all tortuosity concepts share one key idea: a higher value 

indicates longer transport pathways, which should be avoided. However, a low tortuosity does 

not necessarily imply that an electrode is homogenous as shown in Figure 2, case D. Therefore, 

it is important to consider that homogenous electrodes are required for tortuosity to be used 

effectively as a geometric descriptor. Nevertheless, this is true for most of the SSB cathodes of 

interest and in my first two publications the concept of tortuosity factors could be used to 

quantify the efficiency of charge transport.  

Conclusion: Percolating pathways and low tortuosities for all conducting phases are 

essential for effective charge transport. 
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2.2.4 Interface Area  

The specific interface area ACAM|SE determines the number of reaction sites available for the 

(de-)intercalation of Li-ions and it influences the global charge transfer resistance.50 While in 

general the interfacial resistance is a function of the two materials in contact (as well as 

experimental conditions, such as temperature and pressure), the charge transfer impedance Zct 

of a composite electrode is determined by the charge transfer resistance Rct and ACAM|SE. In other 

words, a larger interface area results in a lower global charge transfer impedance. Additionally, 

lithium diffusion through the CAM particle is affected by the interface area. Low coverage can 

constrict transport pathways increasing diffusion resistance, whereas higher CAM surface 

coverage results in more homogenous diffusion profiles.50–52  

Conclusion: A large interface area between SE and CAM is therefore desired from a 

kinetic perspective.a 

In this chapter, microstructural features are examined in detail and their requirements defined: 

high interfacial area, high utilization level, and short transport pathways. The implications of 

these requirements are visualized in Figure 3. If the utilization level is low, a large portion of 

CAM will be isolated, and the inactive material will result in a lower achievable capacity. 

Conversely, if charge transport pathways are too long or the interface area is too small, kinetic 

limitations will significantly reduce the cell’s power, and achievable capacity.  

Now the question remains: how can the parameters be investigated that control these features 

and electrode like the one depicted in Figure 2 case E be designed? And can these descriptors 

be quantified to gain a better understanding of the microstructure and its influence on kinetics? 

These questions will be explored in Chapter 3.  

 

 
a Please note that due to the instability of CAM and ISE, a surface area that is too high could 

result in excessive degradation and fast cell failure. It is therefore imperative to find either 

stabilizing solutions or to balance the active interface area in terms of resistance and 

degradation. 
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Figure 3: Representation of the two modes of charge transport limitation within composite electrode 

microstructures. Top: contact limitation (percolation). If no sufficiently percolating networks are formed, 

CAM particles remain isolated (in the depicted case: electronically isolated) and hence electrochemically 

inactive. This will result in a lower achievable capacity, regardless of the applied charging rate. Bottom: 

Kinetic limitation. If percolating networks are formed for ions and electrons, their efficiency determines the 

cell performance. If charge carriers have to travel long distances to reach all electrochemically active sites, 

high resistance and consequently higher overpotential can be observed. This is highly dependent on the 

applied charging rate and a larger effect is present at higher charging rates.  
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3. Characterization 

3.1.Charge transport measurement techniques 

One of the simplest ways to assess the charge transport and length of respective transport 

pathways, is by measuring the charge transport resistance of the electrode. This method 

produces valuable data since charge transport resistance directly contributes to the cell’s internal 

resistance thus affecting its kinetic performance. However, this approach involves strong 

approximations making it difficult to quantify the actual transport pathway length and typically 

yields only an average effective value, while, in reality a distribution of transport pathway 

lengths is more likely.  

To determine the charge transport resistance, two widely used techniques are steady-state 

current measurements and electrochemical impedance spectroscopy (EIS). Both techniques 

have their advantages in terms of measurement setup requirements, data acquisition and 

processing, but fundamentally they should provide the same result. The key difference is the 

ease of measuring, extracting the values of interest and handling of the respective underlying 

model. The following sections will introduce these techniques as well as the different 

possibilities of contacting setups used in this thesis and provide guidelines of when to select 

which technique.  

3.1.1 Steady-state current:  

In steady-state current measurements, a constant bias voltage is applied to the sample to create 

an electric driving force for charge carriers. The resulting current of charge carriers can be 

measured, but this concept requires at least one charge carrier to be transferred to and from the 

respective electrode terminals, while blocking the other. This setup is usually referred to as 

“selectively blocking contacts”. Initially, the charge flow is higher as all charge carriers 

contribute, but over time, a concentration gradient forms due to blocked charge carriers, which 

reduces the current. Once steady-state conditions are reached (t → ∞), only one charge carrier 

moves through the sample, and the current depends on the charge transport resistance of the 

sample for that charge carrier, as well as the charge transfer resistance at the current collector-

sample interface. 

The advantages of this technique include its simple setup (applying voltage and measuring 

current over time). However, drawbacks include the long measurement times needed to reach 

steady-state conditions and the superposition of at least two resistances. In practice, it is possible 

to separate the charge transfer resistance (Zct) from the ohmic resistance (ZOhm) through 
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parameter variations like changing the contact area or sample thickness, but this requires 

additional experiments. This method is therefore mainly used to validate results from 

impedance spectroscopy. 

3.1 2 Electrochemical impedance spectroscopy 

In EIS, an alternating sinusoidal signal (either current or voltage) is applied to the sample, and 

the response (voltage or current, respectively) is measured across a frequency range. This 

produces a spectrum that acts as a Fourier transform of steady-state measurements, allowing 

for easy visualization of both resistive and capacitive contributions. Results are often displayed 

in a Nyquist plot (imaginary vs. real impedance), where different processes can be identified 

and modeled using equivalent circuit models that represent the physical processes. Additionally, 

the Bode plot (real/imaginary impedance vs. frequency) provides the possibility to identify 

processes based on their excitation frequency. At higher frequencies, fast, short range transport 

processes with low respective capacitance dominate, while at lower frequencies slower 

processes with higher capacitance dominate the signal. Typically, impedance spectra of batteries 

are modelled by equivalent circuits consisting of serial or parallel units of resistors and 

capacitors, each one of these units representing a respective process. For composite or porous 

media, more sophisticated models, such as the transmission line model (TLM), are required53. 

This model describes charge transport in different media connected through interfaces, making 

it the most accurate model for describing composite battery electrodes.  

The benefits of EIS include short measurement times and the ability to separate different 

processes easily, even with blocking terminals, charge carriers can still move at sufficiently 

high frequencies, allowing measurements in various configurations. However, the drawbacks 

include expensive equipment, such as frequency modulators, impedance analyzers, special 

cables, and the need for specialized training to interpret the results accurately. In this work, the 

investigation of charge transport required an extensive study with wide parameter variation and 

model validation, and hence EIS is the preferred method.  

For EIS measurements, two different measuring configurations can be employed (Figure 4). In 

a full blocking setup, two composite electrodes sandwich a solid electrolyte layer, as employed 

by Kaiser et al.54 Neither ions, nor electrons can move freely through the cell, assuming that 

the electrode materials are either fully lithiated or fully delithiated. Delithiated electrodes have 

no Li-reservoir and cannot provide ions to follow an electric force. Lithiated electrodes do not 

provide lattice vacancies for Li-ions to be inserted to and are thus blocking charge transfer at 

the interface. The central solid electrolyte layer allows movement of ions, but not electrons and 
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is therefore electronically separating the two electrode layers. In total no charge can flow 

through the cell in steady state conditions (i.e. ω → 0, with ω being the angular frequency) and 

the electrochemical behavior becomes purely capacitive. From a mathematical point of view, 

the transmission line model equation can be simplified to 𝑅𝑒(𝑍)ω→ 0 = 𝑅Ohm/3. This setup 

has been used by several groups for electrodes in SSBs55,56 and LIBs57,58 and is generally easier 

to apply.  

 

Figure 4: Impedance measurements setups that allow determination of charge transport properties of 

composite electrodes. In full blocking setups (left), two composite cathodes are sandwiching a solid 

electrolyte layer. Correspondingly, the transmission line model has one ionic and one electronic terminal. In 

selectively blocking setups (right), a composite cathode is sandwiched by two selectively blocking contacts. 

The transmission line model correspondingly has two symmetric terminals. Please note that while the 

electronic terminal is depicted, ionic terminals can be chosen, too.  

In contrast to full blocking setups, selectively blocking contacts restrict certain charge carriers, 

while allowing transfer of others. In the context of SSB cathodes, this means that either 

electrons are transmitted, and ions are blocked or vice versa. For ion blocking contacts, metal 

terminals, like stainless steel are typically used and a composite material can be characterized 

by sandwiching it between the two metal contacts.59–64 For electron-blocking contacts, the 

picture is more complex. These setups not only require electron-blocking, ion conducting 

layers, but also Li-ion reservoirs, which allow for steady state flow of charge carriers. Usually 

this is done by sandwiching the composite between two layers of solid electrolyte and then 

enclosing this stack between Li-reservoir containing contacts, such as Li-metal or Li-

alloys.31,54,60,61,63,64 Although this approach can be prone to errors, it has the advantage of 
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allowing impedance data collection, and “quasi-steady-state” charge flow through the cell, by 

extrapolating the data as the frequency approaches zero. However, the use of several 

contributing resistances in the overall impedance spectrum demands careful validation of the 

equivalent circuit models employed. In these models, parameters such as interfacial resistance 

and impedance of the solid electrolyte layers must be determined accurately.  

3.2 Evaluating results of charge transport measurements 

Both steady-state and EIS measurements yield a resistance value which can be used to 

determine the conductivity σ of the investigated sample. By deconvoluting the electronic and 

ionic contributions, partial conductivities σel and σion are determined. These can then be used to 

calculate the tortuosity factor of the sample. This parameter is always an average value, which 

compares the determined “effective conductivity”, to the theoretically expected value. For 

instance, in a homogeneous mixture of a conductive and an insulating phase, one would expect 

a 50% drop in conductivity for a sample containing only 50% of the conductive phase, relative 

to the bulk conductivity σbulk of that phase. However, tortuosity increases the length of the 

charge transport pathway, leading to lower effective conductivites than anticipated. This 

relationship can be described mathematically by adjusting Equation 7: 

 σi eff = σi bulk ∙ φi / κi (Equation 8) 

where φ is the volumetric phase content of the conductive phase, σeff is the effective 

conductivity of the composite and the index i representing the respective charge carriers (i.e., 

el for electrons and ion for ions). Due to the omission of important factors, such as contact 

resistances or current constriction the tortuosity factor determined through transport 

measurements is often larger than the corresponding geometric tortuosity factor, as discussed 

for LIB electrodes by Cooper et al.46 and Landesfeind et al.57 Similar observations have been 

made in Publication 2 where an imaging based technique i.e., tomography, is applied to 

determine the tortuosity of battery electrode microstructures.  

3.3 Tomography  

Tomography is an analytical method that involves sequentially imaging a series of 2D slices 

with certain information, which are then combined to create a 3D object. This technique 

provides spatially resolved information about phase distribution and arrangement, making it a 

key tool across multiple fields of research and industry. The 3D object created can be used for 

visualizing certain arrangements, or integrated into simulations to model how the object’s 

structure impacts its properties. Several methods are used to generate tomography data, each 
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with its advantages and disadvantages. In the context of batteries, the two most important 

methods are FIB-SEM tomography and X-ray computer tomography (CT).65 Below, the 

fundamentals and benefits of each technique will be discussed.  

3.3.1 X-ray Computed Tomography (CT) 

X-ray CT uses X-rays to penetrate a sample. These X-rays are absorbed and scattered by the 

different components of the sample. By detecting the spatially resolved intensity of the 

absorption or scattering, a 3D model can be generated. The main advantages of this method are 

its ability to investigate relatively large sample volumes, up to several hundred cubic 

centimeters, and its non-destructive character, making it suitable for quality control and 

operando measurements.65 However, in the context of battery research it has certain limitations, 

such as low phase contrast—weakly diffracting elements like lithium are hard to distinguish 

from pore spaces, which do not diffract at all.66 Additionally, the method's resolution is limited 

to several tens of micrometers, which makes it less suitable for detecting local arrangements of 

phases in battery electrodes. However, it is effective for detecting large-scale production errors 

and inhomogeneities in electrodes.  

As a relatively new technique, nano-CT has undergone significant improvements in recent 

years. Nano-CT employs focused high energy X-ray beams, which reduce the spot size and 

improve resolution. Depending on the sample size, resolutions of < 100 nm are achievable. 

However, the tradeoff for improved resolution is a significantly reduced sample volume, often 

limited to a few cubic micrometers, compared to traditional CT. 

3.3.2 FIB-SEM Tomography 

FIB-SEM tomography involves two different beam sources that work in tandem. The focused 

ion beam (FIB) prepares a cross-section of the sample and then removes layer by layer, creating 

3D information67. The scanning electron microscope (SEM) is used to image the sample, 

generating phase contrast and enabling differentiation between the various constituents. SEM 

achieves very high resolutions, with a spot size of just a few nanometers65, making FIB-SEM 

tomography the highest resolution technique discussed here. 

Because FIB-SEM removes material from the sample, it is a destructive technique; each sample 

volume can only be investigated once. Additionally, the FIB may cause material to redeposit in 

pores, meaning that the porosity observed in FIB-SEM data of SSB cathodes is often a lower 

limit.  
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The SEM operates in two modes: the secondary electron (SEL) and backscattered electron 

(BSE) mode. SEL provides information about the sample’s topography, while BSE mode is 

influenced primarily by the sample's elemental composition, such as the distribution of light 

and heavy elements. Consequently, SEL mode is better for detecting porosity, while BSE mode 

excels at identifying different material phases.68 In Publication 2 both modes were combined to 

distinguish between void space and material phase which proved to be a powerful approach for 

accounting for all phases in a composite electrode. However, it is important to note that FIB-

SEM tomography is only applicable to samples that are stable under high vacuum conditions 

and do not decompose or alter under the electron or ion beam.
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4. Rate Limitations of SSB Cathodes 

The previous chapters provide a comprehensive understanding of how cathodes are ideally 

constructed, the key metrics used to describe the electrodes and how to determine them. Based 

on this, in the following chapter, factors that influence cathode performance and strategies to 

optimize and change them are explored. Several research groups have focused on this topic, 

and insight from other fields of study can also be applied. Even though SSB cathodes typically 

consist of just three to four materials, there exist several factors that are drastically changing 

how the microstructure looks like and have vast implications for the resulting performance. The 

next chapter will provide an overview of the knowledge that has been gained in this field, by 

extensive efforts of multiple groups. Within each subsection a factor as well as possible 

approaches to optimize it will be discussed in terms of cathodes with better performance.  

4.1 Composition  

As mentioned in Section 1, the CAM in modern batteries is ultimately determining the 

maximum capacity that can be stored, i.e., dictating the upper energy density limit. To maximize 

energy density the goal is to incorporate as much CAM as possible. Figure 5a illustrates the 

effect of vol.-% of CAM in a cathode on the achieved energy density of the cell.  

However, most CAM materials typically do not exhibit sufficient ionic conductivity, leading to 

an ionic charge transport resistance within the material. Thus, a balance must be found between 

optimizing charge transport and energy density. While most SSB studies report cathodes with 

around 50 vol.-% of CAM51,63,69–75, some studies have shown that higher fractions are indeed 

feasible.76–79 Please note that Publication 1 and Publication 2 too, investigate microstructures 

with roughly 50 vol.-% CAM, because these allow a proper determination of cycling 

performance without using sophisticated and often inaccessible methods for preparing the 

electrodes.  

A modeling study by Bielefeld et al. focusing on cathode active material content in composite 

cathodes identified two limiting regimes, ionic and electronic.32 Percolating networks of CAM 

form at volumetric contents above 45-55 %. depending on the particle size. When the CAM 

content is lower, the electronic transport from particle to particle is hindered because most 

particles remain isolated from each other. As CAM content increases, more and more particles 

are connected to percolating networks thereby increasing utilization level. However, when 

CAM content exceeds a certain level, the likelihood of SE particles forming ionic percolating 

networks decreases. This is accompanied by a drop in the specific interface area between CAM 
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and SE. In the first publication: “Quantifying the impact of charge transport bottlenecks in 

composite cathodes for solid state batteries” the results by Bielefeld et al. were experimentally 

validated through charge transport measurements and demonstrated the correlation between 

these effects and cell cycling performance.31 Building on these results, subsequent studies 

showed charge transport limitations in different material systems.55,63,64,79,80 It is worth 

mentioning, that in most of these studies the use of conductive additives is avoided due to severe 

degradation when carbon additives contact sulfide based SEs.81–83 However, a limited use of 

carbon may be beneficial for electronic charge transport, particularly low aspect ratio fibers still 

benefit electronic charge transport.69,84  

In conclusion: a certain amount of CAM is necessary for required energy densities and (in case 

of NCMs) electronic charge transport properties. However, excessively high CAM content 

leads to ionic limitations. Higher CAM content reduces electronic tortuosity but increases ionic 

tortuosity. A balance must be found between the effective conductivities. 

4.2 Porosity 

Porosity, or void space, is a critical parameter for charge transport and charge transfer.51,85,86 In 

battery context: voids refer to regions that are not occupied by active materials, electrolytes or 

additives. Since they do not conduct ions or electrons, nor store charge, their location can 

significantly influence the kinetic performance of the electrodes and cells.51 Additionally, the 

total quantity of voids can negatively influence volumetric performance metrics, such as the 

energy density of the cathodes and the resulting cells. Figure 5 illustrates how porosity, as a 

function of CAM fraction and areal loading, affects energy density. The energy density is 

calculated for a cell, with an architecture similar to one reported by Lee et al. of Samsung SDI.78 

As CAM content or loading increases, the energy density of electrodes and consequently cells 

increase, too. However, the effect of porosity becomes more pronounced at higher cathode 

loading, which is only intuitive as higher loading increases the volumetric phase fraction of the 

cathode relative to the total volume of the cell. Since high loadings are required to achieve the 

ambitious targets of SSB manufacturers, the pore volume becomes even more critical.  

Please note that the data presented in Figure 5 only reflects the effect of pores on the achievable 

(thermodynamic) maximum energy density. In real cells, kinetic limitations caused by pores 

will be even more pronounced, due to larger charge transport pathways, lower specific interface 

area and current constriction phenomena51,87. This is evident from the plotted data reported by 
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Lee et al.78 which has a reported cathode density of < 5 %, but still falls short of achieving full 

capacity.  

Figure 5: Calculated cell level energy density for composite cathodes using a) different fractions of CAM at 

constant loading and b) using different loading at constant CAM fraction. In both cases, the impact of 

porosity within the cathode is displayed, ranging from 0% to 20%. In most academic literature reports, 

porosity is stated to range from 10-15 %. As a reference, the reported cell energy density of Lee et al. is 

depicted, with a reported cathode porosity of around 5 %. From the displayed data can be observed, that 

reducing porosity is especially important for thick cathodes, having high loadings, as the relative portion of 

the cathode to cell volume increases with increasing loading.  

While cathode voids have for a long time been overlooked in SSB research, recent attention has 

been drawn to their importance. Bielefeld et al. found that both the position of a void and also 

its size can significantly affect the charge transfer properties of the CAM/SE interface51. 

Yamamoto et al. demonstrated that pores can have a massive impact on charge transport and 

cell performance.88 Kodama et al. showed, that even with high resolution µ-CT not all pores 

are detectable.86,89 Voids may be distributed randomly or preferentially, and their size and 

location can impact SSB kinetics in various ways. In Publication 2 three different techniques 

were therefore applied to characterize the microstructure, including pores and the impact on 

charge transport properties was determined to show correlations between imaging and 

electrochemistry, as well as deviations. 

Voids in SSBs originate from insufficient densification of powder-based cell components. In 

LIBs, voids are intentionally created during the slurry coating and drying process and their 

volume is carefully controlled during calendaring to ensure a certain desired electrolyte volume 

and percolation within the electrode90. It is worth noting that while voids are desired during 

fabrication of the electrodes, once the electrolyte is infiltrated, voids are almost eliminated in 

LIBs. In contrast, voids are completely undesired in SSBs, and advanced methods are required 

to minimize them.  
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One common approach is powder densification through applying high pressures of up to 1 GPa. 

Void space in ASSBs components can range from 5% to 25%, depending on the pressure and 

material used85,86,88,91,92. When considering pressurization, two mechanical force mechanisms 

have to be differentiated (Figure 6). Uniaxial pressing involves densifying the components 

through applying mechanical force along a single axis (Figure 6, left). Here the pressure is 

highest at the contact points with the pressing tool, and it decreases along the walls of the 

pressing die due to wall friction. The uniaxial nature of the pressure can also cause particle 

rearrangement and a texturing of composite materials. Furthermore, the force vectors acting 

along a single axis may mechanically damage the materials. This has been reported by Doerrer 

et al. for CAM particles being pressed at pressures > 500 MPa.76 

Figure 6: Schematic representation of the pressure distribution in uniaxially (left) and isostatically (right) 

pressed powder samples. While during uniaxial pressing, the compaction is highest at the contact to the 

piston, the pressure decreases due to wall friction effects towards the center of the sample. During isostatic 

pressing, a much more homogeneous pressure profile can be observed due to the fact that forces are acting 

from all sides, leading to in total higher densification. 

Another consolidating method is isostatic pressing, where the components are sealed in a 

flexible, yet tight and evacuated container (such as a pouch bag) and placed in a vessel filled 

with a pressurization medium, often mineral oil, water or gas. During isostatic pressing, 

pressure is applied uniformly from all direction and the sample is evenly densified, without 

particle reorientation.42 Lee et al. demonstrated, that indeed very low void fractions of < 5% 

can be achieved through the application of “warm-isostatic” pressing without damaging SE or 

CAM materials78. It is important to note that while these methods are effective on a lab scale 

level, sophisticated and scalable methods of pressurization are needed for SSBs to compete with 

LIBs.  
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4.3 Particle Size / Shape and Morphology 

Naturally, large CAM particles require Li to diffuse long distances from surface to particle 

center, while small particles exhibit much shorter diffusion lengths. Ruess et al. found that a 

pathway can even increase within particles due to mechanical damage like cracking which has 

profound effects on cell performance.70 Additionally, Strauss et al. found that smaller CAM 

particles provide higher effective conductivity of electrodes though no significant influence was 

observed for the ionic network60. Cells utilizing the smaller CAM particles demonstrated higher 

specific capacities and higher utilization level. In cells with larger CAM particles, X-ray 

diffraction could identify larger amounts of inactive material, proving the direct impact of 

percolation to utilization. They concluded that smaller CAM particles can create more 

electronic percolation pathways within the composite and are thus preferred over larger 

particles, which has been supported by other reports.75,79,80  

However, one must take into account that smaller particles also have a much higher surface area 

at a given mass or volume. This can be advantageous for charge transfer, but also means more 

degradation and faster cell failure in case of (electro-)chemical instabilities.93 As with many 

aspects of battery design, a balance must be achieved between charge transport, 

manufacturability, and stability.  

Drawing from these reports, in Publication 1, ball milling was employed to reduce the SE 

particle size and overcome ionic limitations at high CAM loadings31. This reduction 

significantly improved effective ionic conductivity as well as the cell’s performance. Results, 

that were later supported by observations from Schlautmann et al., and others64,94,95. However, 

the real effect that these smaller SEs had on the microstructure remained unclear and was thus 

the motivation for the detailed investigation and visualization in the second publication.  

Both CAM and SE particle sizes play crucial roles in influencing cathode microstructures. A 

study by Shi et al. explored the interplay between CAM and SE particle size through combined 

modelling and experiment identifying an optimal regime of CAM:SE particle size ratio to be 

around 1.4. This ratio can serve as a guideline to design the particle size of new materials 

targeting optimized charge transport in composites. However, when looking at the solid 

electrolyte particle size, one has to take into account that using smaller particles results in more 

particle-particle contacts (sometimes generalized under the term grain boundaries) which have 

an additional effect on the ionic charge transport. Several studies have shown that, while smaller 

particles can enhance the ionic conductivity of composites, they may reduce the bulk 
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conductivity of the SE.31,42,64,94–96 Thus, there appears to exist a natural limit of how small SE 

particles can be before further reductions cease to improve conductivity.  

Besides particle size, particle morphology is also important97. Most NCM based CAMs are 

synthesized as spherical particles for their low aspect ratio and high packing density. However, 

they consist of smaller, single crystalline primary particles, and the grain boundaries are 

mechanical weak spots, prone to cracking88,98. In LIB, these cracks shorten diffusion pathways, 

but SEs cannot infiltrate these cracks leading to performance losses. Single crystalline CAM 

can mitigate this issue, as they lack intra-particle boundaries and are less prone to mechanical 

fatigue upon cycling99–101. Ruess et al. found no significant difference in cycling performance 

between single crystalline and polycrystalline NCMs in LIBs, but in SSBs, single-crystalline 

CAMs outperformed their polycrystalline counterparts.102 They could demonstrate that this is 

related to reduced mechanical fatigue and a lower amount of “loss of active material” caused 

by interparticle cracks.  

To conclude: particle sizes of CAM and SE must be carefully matched, and smaller particles 

are generally preferred. However smaller particles can increase the interface area and especially 

in the case of SEs, the effective ionic conductivity of the material typically decreases upon 

particle size reduction. 
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5. Results and Discussion 

Composite electrodes for solid-state batteries (SSBs) are complex systems, with their 

performance — particularly kinetics — depending on several design factors. The aim of this 

work was to identify kinetic bottlenecks in composite cathodes and offer guidelines for 

optimization strategies. Although microstructural modeling is a powerful tool for quickly 

screening various architectures, it requires reliable reference data for benchmarking. 

Additionally, this approach constructs "ideal" electrodes, which can overlook influences such 

as material processing and component interactions. Therefore, experimental determination of 

charge transport and cell kinetics remains crucial for validating simulation guided cathode 

design and optimization methods. 

In this chapter, three publications will be presented that focus on improving the understanding 

of composite cathodes for solid-state batteries. These studies primarily examine a combination 

of intercalation-type cathode active materials (CAMs) and thiophosphate-based solid 

electrolytes (SEs), as they allow for the simple and rapid creation of composite cathodes via 

mechanical mixing and room-temperature densification. While core concepts can be applied to 

other material combinations, certain parameters may vary. For instance, high-temperature 

sintering of oxide-based solid electrolytes can produce dense microstructures, provided that 

suitable protection strategies are in place to prevent interdiffusion between SE and CAM 

elements. 

In Publication 1 and Publication 2, composite cathode microstructures are systematically varied 

and extensively characterized through charge transport measurements and electrochemical cell 

cycling. These studies progress in complexity from identifying bottlenecks in charge transport 

and their impact on cell performance to visualizing the cathode microstructure, emphasizing 

the importance of particle size and residual void space in affecting cell kinetics. In 

Publication 3, the results are comprehensively summarized and contextualized within the 

current solid-state battery (SSB) literature, identifying key properties and design factors for 

cathode active materials in SSB applications. 

In these publications, laboratory-based manufacturing techniques were used, and it is important 

to consider that electrode processing plays a crucial role in shaping the resulting microstructure. 

While the findings highlight general trends and effects that must be addressed, the examples 

provided are not the only ways to overcome limitations. For each system, bottlenecks must be 

identified before optimization strategies are implemented
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5.1 Publication 1 - Quantifying the impact of charge transport bottlenecks of 

composite cathodes for all solid-state batteries.  

 
The baseline for Publication 1 was set by aiming to understand how charge transport can be 

measured, quantified, and used to identify the mechanisms limiting solid-state battery (SSB) 

performance. While initial simulations highlighted the importance of the geometric 

microstructure32, and pioneering work explored the use of impedance spectroscopy to 

characterize charge transport54,61, a comprehensive study with systematic microstructure 

variation was missing. In this work31, a model system for composite cathodes was used, 

containing Li6PS5Cl as SE and NCM622 as CAM. By varying the CAM ratio, different 

microstructures were created and subsequently analyzed using impedance spectroscopy and a 

transmission line model. Selectively blocking contacts enabled reliable deconvolution of ionic 

and electronic partial conductivities, which were used to identify performance bottlenecks.  

The study found that as the amount of SE decreased, the partial conductivity of the composite 

dropped dramatically, leading to high tortuosity factors. Complementary electrochemical cell 

cycling showed that reduced ionic partial conductivity correlated with lower C-rate capability, 

indicating kinetic limitations. However, increasing the SE content improved C-rate capability 

while reducing performance at lower C-rates, which was accompanied by a drop in electronic 

partial conductivity. The study demonstrated that percolation limitations in CAM networks, 

which increase inactive mass, could be addressed using carbon additives. This effect was not 

observed in cells with high CAM content, as the percolating networks already ensured sufficient 

electronic partial conductivity. 

Interestingly, the study also showed that reducing solid electrolyte particle size led to better 

performance and higher ionic conductivities at low SE content. Therefore, microstructure 

design, particularly through controlling SE and CAM particle sizes, is crucial for optimizing 

SSB kinetics. These findings have been used in multiple studies to validate simulation results 

and have been confirmed in other SE/CAM systems as well. 

The study design was developed by J. Janek, and me and the experimental concept created by 

all authors. The manuscript was written by me and edited by all authors. Reprinted with 

permission under CC BY from: 

Minnmann, P.; Quillman, L.; Burkhardt, S.; Richter, F. H.; Janek, J. Editors’ Choice—

Quantifying the Impact of Charge Transport Bottlenecks in Composite Cathodes of All-Solid-

State Batteries. J. Electrochem. Soc. 2021, 168 (4), 040537. https://doi.org/10.1149/1945-

7111/abf8d7. 
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5.2. Publication 2 - Visualizing the Impact of the Composite Cathode Microstructure 

and Porosity on Solid-State Battery Performance 

 

With the revelation of the impact of SE particle size on charge transport properties, the question 

arose as to how these microstructures actually look like at the microscale. The connection 

between charge transport and the actual microstructure was largely made using artificially 

generated models. While these models are important and powerful tools, they have limitations, 

as they are primarily based on mathematical descriptors and often overlook particle 

agglomeration, residual porosity, and the effects of manufacturing techniques. 

In Publication 233, this was addressed by using FIB-SEM tomography to create accurate digital 

twins of cathode microstructures with varying SE particle sizes. These 3D reconstructions 

allowed to locate particle agglomerations and porosity, and to simulate charge transport for both 

ions and electrons. The results were then compared to effective conductivities obtained from 

charge transport measurements. Smaller SE particles did indeed improve ionic charge transport, 

primarily through a better distribution of the SE phase, and, interestingly, through a reduction 

in porosity. This led to less distorted pathways, significantly impacting cell performance. 

However, one key finding was the systematic difference between simulated and measured 

conductivities for both ions and electrons. Simulation results consistently showed higher 

conductivity, suggesting that either additional resistive factors were present in the 

measurements, or that porosity, which has a major impact on charge transport, was not 

sufficiently captured in the image segmentation. In either case, the methodology revealed that 

simulations sometimes overlook critical contributions to cell performance.  

Nevertheless, the importance of homogeneous cathodes was demonstrated, as well as the need 

to control porosity, and that optimizing cathode microstructure through particle design can 

indeed be effective. 

The study design was developed by J. Schubert and me, and the experimental concept was 

created all authors. J. Schubert and I contributed equally to this work. The manuscript was 

written by J. Schubert and me and edited by all authors. Reprinted with permission under CC 

BY from: 

Minnmann, P.; Schubert, J.; Kremer, S.; Rekers, R.; Burkhardt, S.; Ruess, R.; Bielefeld, A.; 

Richter, F. H.; Janek, J. Editors’ Choice—Visualizing the Impact of the Composite Cathode 

Microstructure and Porosity on Solid-State Battery Performance. J. Electrochem. Soc. 2024, 

171 (6), 060514. https://doi.org/10.1149/1945-7111/ad510e.  



Visualization and Void Space (Publication II)  

 

39 

 



Results and Discussion  

 

40 

 



Visualization and Void Space (Publication II)  

 

41 

 



Results and Discussion  

 

42 

 



Visualization and Void Space (Publication II)  

 

43 

 



Results and Discussion  

 

44 

 



Visualization and Void Space (Publication II)  

 

45 

 



Results and Discussion  

 

46 

 



Visualization and Void Space (Publication II)  

 

47 

 



Results and Discussion  

 

48 

 



Visualization and Void Space (Publication II)  

 

49 

 



Results and Discussion  

 

50 

 



Visualization and Void Space (Publication II)  

 

51 

 



Results and Discussion  

 

52 

 



Publication III 

 

 

53 

 

5.3 Publication 3 - Designing cathodes and cathodes active materials for solid state 

batteries. 

 

While Publication 1 and Publication 2 identified bottlenecks in charge transport and factors 

such as particle size distribution and cathode active material (CAM) content, they focused on a 

very specific material combination and system. Naturally, this raised the question of whether 

cathode design can be related to the fundamental properties of solid electrolytes (SE) and 

CAMs, and how one could develop guidelines for CAM and cathode design based on the 

findings and available literature. 

Most CAMs are designed to perform well in lithium-ion batteries (LIBs) with liquid electrolytes 

(LEs), and many of their properties are specifically tailored to meet the requirements of these 

systems. However, solid-state batteries (SSBs) have different needs, and CAM properties must 

be optimized accordingly. Unlike LEs, which can penetrate residual voids and establish intimate 

contact with CAMs through wetting, SEs must be designed to complement CAMs, accounting 

for volume changes, poor interface contact, and higher tortuosity in SSB cathodes. 

Publication 334 provides an overview of important factors to consider when designing 

composite cathodes for SSBs. These factors are categorized into electrode level, particle level, 

and interface level, ranging from macroscopic to nanoscopic properties and effects. Based on 

the study's findings, the necessary properties of CAMs using intercalation (e.g., 

LiNixCoyMnzO2), insertion (e.g., LiFePO4), or conversion (e.g., CuS) chemistries were 

outlined. The study offers guidelines for addressing challenges related to chemical degradation, 

chemo-mechanical degradation, and percolation limitations for each system. 

The particle size distribution of both CAM and SE is one of the most critical factors and requires 

careful attention. Furthermore, CAMs that exhibit high potentials demand interface protection 

strategies to prevent excessive SE oxidation. This work provides comprehensive design 

principles to improve SSB cathode performance through the customization of material 

properties. 

The study design was developed by F. Strauss and me. F. Strauss and I contributed equally to 

this work. The manuscript was written by F. Strauss and me and edited by all contributing 

authors. Reprinted with permission under CC BY from: 

Minnmann, P.; Strauss, F.; Bielefeld, A.; Ruess, R.; Adelhelm, P.; Burkhardt, S.; Dreyer, S. L.; 

Trevisanello, E.; Ehrenberg, H.; Brezesinski, T.; Richter, F. H.; Janek, J. Designing Cathodes 

and Cathode Active Materials for Solid‐State Batteries. Adv. Energy Mater. 2022, 12 (35), 

2201425. https://doi.org/10.1002/aenm.202201425.
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6. Conclusions 

Solid-state batteries still face significant challenges on their path to commercialization. 

Identifying and addressing these challenges at the lab scale is the first step toward developing 

strategies for higher energy density (design for range), higher power density (design for power), 

and reduced cost (design for cost). 

This thesis investigates the kinetic limitations stemming from charge transport, charge transfer, 

and diffusion in composite cathodes. By identifying key microstructural features and charge 

transport properties, a better understanding of how to optimize material properties, cell 

architecture, and processing parameters was obtained. The determination and deconvolution of 

partial conductivities, using selectively blocking electrodes and electrochemical impedance 

spectroscopy, provide valuable metrics that can serve as straightforward characterization tools 

for screening and evaluating different electrode architectures. 

In an ideal electrode, optimizing both electronic and ionic percolation – and, consequently, 

partial conductivities – it is essential to activate all cathode active material (CAM) particles. 

This task becomes more challenging as energy density increases, either through higher CAM 

content or greater electrode areal loading. The partial ionic conductivity of the composite, 

therefore, plays a crucial role and can be tailored by selecting the appropriate solid electrolyte 

(SE) particle size distribution. This not only leads to more homogeneous electrodes (lower 

tortuosity factors) but also reduces void space and increases the interface between CAM and 

SE. Reducing void space is critical for improving cathode kinetics, as voids block both ions and 

electrons. 

Ultimately, matching SE and CAM properties is essential for achieving high-performance 

electrodes, and using "off-the-shelf" CAMs for solid-state battery applications is not a viable 

solution. Designing CAM and SE to complement each other, accounting for partial 

conductivities, interface compatibility, morphology, and diffusion pathways, can accelerate 

solid-state battery development and speed up commercialization. 

However, many questions remain unanswered, and in the following, I will present several tasks 

for further investigation of the concepts explored in this work. 
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i) Chemo-mechanical behavior at low stack pressure operation 

The results of the first two publications refer to charge transport measurements of electrodes 

that are freshly prepared, while in reality battery electrodes in consumer applications need to 

last (mostly unchanged) for many years and even decades, over thousands of cycles. Because 

of chemo-mechanical induced changes in the microstructure, originating from expansion and 

contraction of active materials during cycling, a change in the kinetics of the cathode can be 

anticipated103,104. Especially at the targeted high CAM-contents of φCAM > 70%, expansion of 

CAM will likely result in particle rearrangement and re-orientation, altering charge transport 

pathways. Interfacial reactions, taking place at ACAM|SE can result in volume changes of the 

electrodes, due to different molar volumes of the reaction products compared to the educts26,105. 

At high CAM contents, these reaction products can narrow down even further the ionic charge 

transport pathways and increase tortuosity and cell impedance.  

During contraction of CAM particles, contact loss between CAM and SE can occur, reducing 

the active interface area. This effect is of particular relevance for cells, which are operated under 

relatively low stack pressure of several 0.1 MPa106. Because the results of the first two 

publications were achieved using tens of MPa of pressure, they have only limited prediction 

capability for the behavior of cathode operated under lower pressure. Tracking cathode kinetics 

at high CAM contents over multiple cycles and low-pressure applications would consequently 

mark a next step in the design of cathodes towards improved performance.  

ii) Improved manufacturing 

As discussed in Chapter 4.3, pores play a crucial role in cathode kinetics. Reducing their 

presence by all possible means should be a primary focus of cathode optimization. For instance, 

controlling the particle size of solid electrolytes and avoiding re-agglomeration is essential 

during manufacturing. Additionally, achieving high coverage of CAM particles with SE is 

necessary, which requires homogeneous mixtures of (sub-)micron particles. De-agglomeration 

of particles through high shear forces could make extrusion a technique of interest77,107. Other 

promising approaches include (partial) coating of the CAM surface with SE via high shear 

mixers or wet coating methods52. 

Innovative strategies to reduce porosity might involve warm isostatic pressing, multi-step 

calendaring, or even a hybrid approach using low-viscosity additives, known as “pore-fillers.” 

These pore-fillers can be ionically conductive polymers or liquids108,109. The idea behind this 

concept is that even low ionic conductivity is preferable to none at all (as found in pores). 
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Additionally, any crack or void that forms during battery operation could theoretically be healed 

"operando" by the additive. However, introducing an additional component also adds more 

interfaces and increases the chemical complexity within the cathode110,111. Ensuring the long-

term chemical stability of these interfaces is therefore crucial before adopting such approaches. 

There are several key points where optimization can begin, and the methodology presented in 

this work can serve as a valuable tool for evaluating and optimizing these new manufacturing 

technologies. 

iii) Gradients: Addressing kinetic limitations through targeted design of electrodes 

All three publications have demonstrated that various processes impact cathode kinetics, many 

of which are determined by the material properties and microstructure of the cathode. 

Therefore, it is logical to consider tailoring and matching these properties and microstructures 

not only on a global component level but also locally. For instance, electronic transport requires 

pathways for electrons to travel from the current collector to each CAM particle and back. 

Consequently, limitations in electronic conductivity will have the highest impact if they occur 

in areas directly at the current collector. Here every electron needs to pass through and 

consequently conductivity needs to be highest. Similarly, the same principle applies to ionic 

transport pathways at the cathode side facing the separator. 

Designing cathode architectures to incorporate gradients can be a powerful optimization 

strategy without compromising energy and power density.45,51,112 As discussed in the third 

publication, small SE particles primarily enhance ionic percolation, while small CAM particles 

improve electronic percolation. Thus, using smaller CAM particles near the current collector 

and larger ones towards the separator should enhance both ionic and electronic transport56. 

Another example is designing the microstructure for diffusive transport. In cathodes where 

electronic transport is faster than ionic transport, particles will begin to (de-)lithiate at the 

separator side, while the process will be delayed at the current collector side. To address this, a 

cathode could be designed with CAM materials having high lithium diffusion coefficients (DLi) 

at the kinetically inhibited location, i.e., near the current collector. This approach would 

homogenize the (de-)lithiation across the entire cathode, while reducing costs by not using the 

high DLi material throughout the entire cathode. 

This design approach can be applied to various parameters, such as volume changes of active 

materials, composition, diffusion coefficients, or particle morphology. Validating these 

strategies can be effectively achieved using the knowledge and methods presented in this work. 
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8. Appendix 

Supplementary Information: Quantifying the Impact of Transport Bottlenecks in 

Composite Cathodes of All-Solid-State Batteries  
 

Philip Minnmann1,2, Lars Quillman1,2, Simon Burkhardt1,2, Felix H. Richter1,2, Jürgen 

Janek1,2* 

1Institute of Physical Chemistry, Justus-Liebig-University Giessen, 
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2Center for Materials Research (LaMa), Justus-Liebig-University Giessen, 

Heinrich-Buff-Ring 16, D-35392 Giessen, Germany. 

E-Mail: juergen.janek@pc.jlug.de 

 

1. Transmission line model 

The transmission line model (TLM) is commonly used for the modelling of porous electrodes, 

in which a species can diffuse through the interconnected pores and where a second charge 

transport pathway (the porous matrix) is accessible in parallel.1 Charge transfer between these 

pathways can take place across their joint interface.2 Each transport pathway is assumed to 

contain certain impedance elements representing the microscopic transport processes with 

characteristic relaxation times. By multiple repetition of these elements, a macroscopic model 

of the composite is derived. Thus, careful evaluation of the EIS measurement allows a general 

investigation of the charge transport and the influence of protective coatings, binders, 

conductive additives, particle size or particle morphology on charge transport processes.3  

The transmission line equivalent circuit employed in this study models the complex 

impedance of a composite cathode under symmetric contact conditions. A “T-type 

connection” TLM representing a composite cathode between electronically conducting and 

ionically blocking electrodes, was used to describe and analyze the experimental data.4  

The general mathematical description (Equation S1) of such a TLM was derived by 

Siroma et al.5 For convenience, we follow their nomenclature and use lower case letters (e.g. 

zion, rion) for impedance elements used in the TLM and capital letters (e.g ZCC, Rion) for the 

macroscopic physical quantities of the equivalent circuit elements. 

 

𝑍𝐶𝐶(ω) =  
𝑧ion𝑧el

𝑧ion + 𝑧el
L +  

2 𝑧el
2√𝑧int

(𝑧ion + 𝑧el)
3
2

∙

cosh (𝐿√
𝑧ion + 𝑧el

𝑍int
) − 1

sinh(𝐿√
𝑧ion + 𝑧el

𝑧int
)

, (S1) 

The impedance zion of ionic pathway was modelled by a simple resistor representing the ionic 

bulk resistance (rion (Ω m)) of the solid electrolyte. 

 

 

zion = 𝑟ion (S2) 
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For the modelling of the impedance zel of the electronic pathway, a serial combination of a 

single resistor representing the electronic bulk resistance (rel, bulk (Ω m−1)) of the cathode 

active material (CAM) and a R-CPE parallel unit representing the interfacial impedance at the 

NCM-NCM particle contacts were used, as proposed by Siroma et al. The total impedance zel 

of the electronically conducting pathway is the sum of the electronic bulk impedance zel, bulk 

and the electronic interface impedance zel, int. 

 𝑧el = 𝑧el, bulk + 𝑧el, int (S3) 

The impedance zel, int of the R-CPE unit is described by: 

 𝑧el,  int =
𝑟el, int

1 + 𝑟el,int(j𝜔𝑄el,int)
α𝑒𝑙,𝑖𝑛𝑡

 (S4) 

With the imaginary one (j), the angular frequency (ω (s−1)), the interfacial contact resistance 

(rel, int (Ω m−1)) the capacitance constant (Q ((S m s−1)1/α)) and the dimensionless ideality 

exponent α (0 < α < 1). The interfacial contact resistance rel, int might originate from surface 

contaminations and degradation occurring during cathode preparation.  

A constant phase element (CPE) (Equation S5) was chosen to model a non-faradaic behavior 

(blocking) of the impedance zint of the interface between the CAM and the solid electrolyte 

(SE). The scaling parameter (L (m)) describes the length of the respective transmission line 

model, i.e. the thickness of the composite cathode.  

Since the CAM used was fully lithiated, charge and mass transport across the interface was 

neglected.  

 
𝑧int =

1

(jω 𝑄int)α𝑖𝑛𝑡
 

(S5) 

The impedance spectra were fitted using Equations S1-S5. To evaluate the results, Rel and Rion 

were determined by Equations S6 and S7: 

 𝑅el =  𝐿 (rel,bulk + 𝑟el,int) (S6) 

 𝑅ion =  𝐿 𝑟𝑖𝑜𝑛 (S7) 

 

 

2. Influence of In/(InLi)x anodes 

For the cells with electron-blocking contact materials, the influence of the SE separators and 

the In/(InLi)x|SE interface was determined, by building a symmetric cell with a SE layer in 

the center, and an In/(InLi)x electrode attached to each side of the SE layer, as illustrated in 

Figure S1. 
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Figure S1: Impedance spectra, measurement setup and equivalent circuit used to determine 

the contribution of the SE separators and SE|In/(InLi)x interfacial contribution to the 

impedance of the cells with electron blocking contact materials. The ionic resistivity of the 

solid electrolyte layer RSE and the impedance response of the R-CPE unit are schematically 

illustrated as a guide to the eye. Low and high frequency data points are not used for the 

analysis and thus depicted in a lighter shade.  

Impedance spectroscopy was carried out and the resulting data were fitted to an equivalent 

circuit consisting of a single resistor RSE representing the SE layer in series to a parallel 

arrangement of a single resistor RSE|In/InLi and a CPE. The impedance contribution of both 

In/(InLi)x|SE interfaces should be identical. Therefore, the impedance response of both 

interfaces can be fitted with a single equivalent circuit element. However, this means that the 

fit values for the resistance RSE|In/InLi are twice as large as the resistance of a single interface, 

while the capacitance CSE|In/InLi is only half as large as the capacitance of a single interface. 

3. Determination and influence of porosity 

While in most reported solid-state battery research weight fractions of CAM and SE are used 

to describe composite cathodes, it is much more relevant to consider volume fractions when 

investigating charge transport. Volume fractions describe the total volume, which is occupied 

by one phase, and are not affected by differences in density of the different CAM and solid 

electrolytes.  

All compositions used for the charge transport investigations in this study are given in 

Table S1. The composite cathodes are not completely dense, as residual porosity is hardly 

avoidable. The reasons are difficulties in the processing of the cathode composites, as these 

are pure powder mixtures. All determined porosities are susceptible to errors, as high as 10 %, 

due to the inaccurate determination of the composite cathode thickness. While it has to be 

assumed that porosity is also present in the samples of pure CAM and pure SE, reducing the 

experimentally determined conductivity, the tortuosity factor of the pure materials has been 

set to unity to allow a simplification of the analysis. 

The porosity ΦPorosity, i.e. the volume fraction of pores, was determined as the difference 

between the experimentally determined volume Vmeas and the theoretical volume Vtheo 

calculated from the respective densities and masses of the SE and the CAM:  

 
Φ

Porosity
=

𝑉meas − 𝑉theo

𝑉meas
 (S8) 
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Real volume fractions Φi of the respective components i (CAM and SE) were calculated by 

correcting the nominal volume fraction Φi, nom, as determined by the masses and densities of 

the components, using an average density of 14 % (Equation S8) 

 Φ
i
= (1 − Φ

Porosity
)  ∙  Φ

i, nom
 (S9) 

Table S1: Overview of the used compositions of the composite cathodes. A total of 100 mg was 

prepared for each composite cathode. Listed are the masses m, the experimentally determined 

and theoretically calculated volumes Vmeas and Vtheo, the calculated porosity ΦPorosity and the 

calculated volume fraction of NCM and solid electrolyte ΦNCM and ΦSE with an assumed 

average porosity of 14%.  

mNCM /  

mg 

mSE /  

mg 

Vtheo / 

mm3 

Vmeas / 

mm3 

ΦPorosity /  

% 

Average 

ΦPorosity / %* 

 ΦNCM 

/ % 

ΦSE / 

% 

50 50 37.2 40.3 7.6 14  25 61 

60 40 33.9 39.0 13 14  33 53 

70 30 30.7 36.9 17 14  42 44 

80 20 27.4 32.9 17 14  53 33 

86 14 25.5 29.8 15 14  61 25 

*average value of the five measured ΦPorosity values 
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Table S2: Volume fractions of SE an CAM and determined effective conductivities σeff and 

tortuosity factors τ2 of the electronic and ionic transport pathway. Tortuosity factors have 

been set to unity for the pure components for a simplification of the analysis. 

ΦNCM /  

% 

ΦSE
 /  

% 

σel, eff /  

S cm−1 

τel
2 σion, eff /  

S cm−1 

τion
2 

0  100 (nominal) - - 1.60 ∙ 10−3 1.00 

25 61 2.06 ∙ 10−5 120 4.08 ∙ 10−4 2.40 

33 53 2.36 ∙ 10−4 13.7 2.66 ∙ 10−4 3.23 

42 44 5.56 ∙ 10−4 7.44 1.66 ∙ 10−4 4.27 

53 33 1.11 ∙ 10−3 4.77 3.45 ∙ 10−5 15.3 

61 25 1.43 ∙ 10−3 4.29 3.06 ∙ 10−6 130 

61 25 (fine SE) 6.97 ∙ 10−4 8.79 1.17 ∙ 10−5 33.8 

100 (nominal) 0 1.00 ∙ 10−2 1 - - 

 

4. Cycling Data  

Table S3: Overview of the areal loadings of NCM per square centimeter and the resulting 

areal capacity for the volume fractions of NCM used in the ASSB cell cycling experiments. All 

composite cathodes have a mass of 12 mg. For the calculation of the areal capacity, a specific 

capacity of 200 mAh g−1 is assumed.  

ΦNCM /  

% 

Areal loading / 

mgNCM cm−2 

Areal Capacity 

/ 

mAh cm−2 

33 

 

9.17 1.83 

42 10.7 2.14 

47 11.5 2.29 

58 12.8 2.55 

61 13.1 2.62 
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Figure S2: Charge-Discharge curves of full cells with CAM fractions of a) 33 vol.-%, b) 42 

vol.-%, c) 47 vol.%, d) 58 vol.-% and e) 61 vol.-%. The measured cell voltage Umeas is plotted 

against the CAM-specific charge qmat. Displayed are the cycling curves at the four tested C-

rates C/10 (0.1 C), C/4 (0.25 C), C/2 (0.5 C) and 1C. While at low CAM fractions the 

electronic limitation results in lower CAM specific charges at low C-rates, the ionic imitation, 

displayed by the cell average potential at higher C-rates, is less pronounced than in cells with 

high CAM fraction.   

5. Charge-discharge capacities – Comparison with and w/o VGCF 

Table S4: Overview of specific charges Q for the steps with and without (w/o) conductive 

additives at different C-rates for ASSB cells with 25 vol.-% (top) and 61 vol.-% (bottom) 

CAM. Listed are charge (chg) and discharge (dis) steps. Additionally, the differences ΔQ are 

listed.  

C-rate / h−1 Qchg w/o 

VGCF 

/ mAh g−1 

Qchg with 

VGCF 

/ mAh g−1 

ΔQchg 

/ mAh g−1 

Qdis w/o 

VGCF 

/ mAh g−1 

Qdis with 

VGCF 

/ mAh g−1 

ΔQdis / 

mAh g−1 

25 vol.-% CAM 

0.1 137 159 22 135 157 22 

0.25 118 140 22 118 140 22 
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0.5 104 119 15 103 119 16 

1 83.4 93.4 10 83.0 93.0 10 

61 vol.-% CAM 

0.1 132 132 0 132 130 -2.0 

0.25 82.8 74.2 -8.6 80.2 71.5 8.8 

0.5 44.9 33.5 -11 43.2 32.9 -7.3 

1 16.0 8.00 -8.0 15.9 7.7 -8.2 

 

 

 

Figure S3: Direct comparison of the performance of cells with a high CAM fraction (61 vol.-

%) and different cathode compositions. An increase of the CAM-specific charge especially at 

higher C-rates can be observed for the cells containing a fine SE. Carbon additives (VGCF), 

however, have a detrimental influence, demonstrating, that the performance limitation at high 

CAM-fractions is not caused by electronic charge-transport. 
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6. Particle size reduction 

 

Figure S4: X-ray diffractograms of the SE before (pristine) and after (wet milled) the wet 

milling process aimed to reduce the particle size. Samples were measured under inert gas 

atmosphere, by applying a silicon zero-background holder and sealing the samples with a 

piece of Kapton® foil. Reference pattern for the Li6PS5Cl, Li2S and LiCl are displayed below 

the pattern. The y-axis offset between the wet milled and the pristine sample has been 

generated manually, to avoid overlapping of the pattern and allow better comparison.  

 

 

Figure S5: Cumulative particle size analysis of the pristine (blue) and wet milled (orange) 

sample of the solid electrolyte. A clear reduction in the average particle size is observed. We 

like to note that particularly the fraction of particles > 10 µm is strongly reduced.  
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Table S5: 50 % and 90 % median particle size values of solid electrolyte samples before 

(pristine) and after (wet-milled) the wet-milling process. While the D50 value only displays a 

slight change, the drastic decrease in the D90 value demonstrates the effective reduction of 

SE particles with particle sizes > 10 µm.   

Value Pristine Wet-Milled 

D50 / 

µm 

3.45 2.45 

D90 / 

µm 

20.05 8.57 

 

 

Figure S6: Impedance spectra of pure SE samples prior to (pristine) and after wet milling and 

subsequent drying. Samples were tested with stainless steel electrodes at an applied pressure 

of ca. 40 MPa. A slight reduction in the ionic conductivity can be observed after the wet-

milling process, indicating either a slight amorphization, or a decomposition during the wet-

milling process.  

 

Table S5: Overview of specific charges Q for the steps with coarse and fine solid electrolyte 

particles at different C-rates for ASSB cells 61 vol.-% CAM. Listed are charge (chg) and 

discharge (dis) steps. Additionally, the differences ΔQ are listed. 

C-rate / h−1 Qchg 

coarse SE 

/ mAh g−1 

Qchg fine 

SE 

/ mAh g−1 

ΔQchg 

/ mAh g−1 

Qdis coarse 

SE 

/ mAh g−1 

Qdis fine 

SE 

/ mAh g−1 

ΔQdis / 

mAh g−1 

0.1 137 159 22 135 157 22 

0.25 118 140 22 118 140 22 

0.5 104 119 15 103 119 16 



Appendix 

 

94 

 

1 83.4 93.4 10 83.0 93.0 10 
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S1. Impedance spectroscopy  

 

 

Figure S7: Impedance spectra (ion blocking symmetric cell configuration) for 

1.5Li2S-0.5P2S5-LiI solid electrolyte ball milled with a) 10 mm, b) 3 mm and c) 1 mm 

milling media. For determination of the ionic conductivity spectra were fitted with an 

equivalent circuit containing a resistor corresponding to the ionic resistance and a CPE 

addressing capacitive charging (polarisation) at low frequencies.  
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Figure S2: Transmission line models used for determining the ionic and electronic partial 

conductivities of composite cathodes. T-Type models were used for the impedance spectra 

with ion-blocking electrodes, while the Z-type model was used for the full-blocking cell 

setup. 

 

S2. Tomography Image Acquisition  

For the acquisition of the tomography data, the sample pellet was fractured inside of a 

glovebox and fragments were fixed on a sample holder by adhesive copper tape. Afterwards 

the sample was transferred into a sputter chamber using a vacuum transfer system LEICA 

VCT (Leica, Wetzlar, Germany). 4 nm of platinum were sputtered onto the sample to increase 

surface conductivity of the sample and to decrease charging effects during the preparation and 

image acquisition process. Afterwards, the sample was transferred into a Plasma-FIB-SEM 

(Xeia, TESCAN). Another layer of platinum roughly 120x120 µm in size and 5 µm thickness 

was deposited onto the region of interest by the FIB-gun using 10 kV acceleration voltage. 

Images were obtained with a tilting angle of 55° and images were geometrically transformed 

accordingly.  

FIB cutting consisted of three sequential processes. First, a U-shaped trench was milled using 

30 kV acceleration voltage and 2 µA current. Subsequently the obtained cross section was 

polished twice using a 300 nA and a 100 nA current respectively. For tomography data, the 

acquisition wizard was being used and the procedure consisted of alternating cutting (at 

100 nA) and image acquisition of both BSE and SE images. Due to curtaining effects at the 

edges of the cross section, the imaging area was selected manually, resulting in different 

dimensions of the three sample reconstructions.   

 

S3. Image Segmentation 

The segmentation model is based on a consecutive implementation of a convolutional neural 

network (CNN) for feature extraction and a random forest classifier for pixelwise 

classification. It is able to process a single image and individual segmentations of BSE and SE 



Appendix  

 

97 

 

images were generated. As both image types provide complementary information, i.e. in 

particular high material contrast in BSE images and pronounced topography in SE images, 

they are suited differently for segmentation of specific phases. Therefore, a third 

segmentation, including information of both image types, was generated by combination of 

the predicted phase of both image types. 

First, a small number of BSE images were selected, and pores, CAM and ISE were manually 

labelled. The images were then fed to the two convolutional layers resulting in 64 feature 

maps for each image. By initialization of the two convolutional layers with trained weights 

obtained from the ImageNet online database separate training of the layers was avoided and, 

hence, the amount of training data and computational effort was reduced.1 Subsequently, the 

random forest classifier was trained with this dataset (64 feature maps and respective labelled 

images) and the entire process was repeated with the respective SE images. In order to use 

both image types complementarily the obtained probabilities with which a pixel can be 

assigned to pores, CAM or ISE were pooled for both image types and the pixel was assigned 

to the respective phase on basis of the overall highest probability. In addition, this approach 

allows weighting of the probabilities and thus adjusting which image type should be primarily 

used for prediction of a phase which proofed to be particularly useful to optimize 

segmentation of pores since they are significantly stronger visible in SE images. Therefore, 

the respective probabilities were multiplied with a weighting factor which was determined by 

trial and error until the obtained segmentation was satisfactory. The segmentation resulting 

from the complementary use of both image types is shown in Figure S3. 

 

 

Figure S3: Identified regions of CAM (NCM, blue), ISE (Li3PS4-0.5LiI, yellow) and pore 

(black) on a) BSE images and b) SE images.  
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While SE images are beneficial for the segmentation of porosity, the low material contrast in 

combination with shadow effects can lead to a significant number of pixels falsely classified 

as “pore”. In contrast, the high material contrast in the BSE images allows for reliable 

segmentation of CAM and SE but material shining through the pores results in an 

underestimation of the true porosity. As the employed complementary segmentation is based 

on probabilities, a pixel may be e.g. falsely classified as “pore” in the segmentation of the SE 

image, in the complementary segmentation, however, that pixel may be correctly assigned to 

CAM or ISE if the respective probability is higher. Secondly, due to the intensity gradient at 

interfaces of bright and dark regions, conventional grey-value based techniques result in a 

false assignment of pixels to the phase of mean intensity. Since in the employed method 

pixels are not only classified based on the grey-value but on 64 feature maps, a flawless 

segmentation of interface of pores and ISE was ensured. 

A direct comparison of BSE and SE image shows that the employed method is beneficial in 

terms of segmentation of porosity because pores are identified which are not visible in the 

BSE image. 

 

 

 

 

Figure S4: Comparison of different segmentation approaches. While segmentation from (a) 

both, SE and BSE, image leads to good identification of all three phases, (b) BSE 

segmentation does not detect all pores and (c) SE segmentation leads to insufficient 

detection of CAM and ISE phases.  

 

 



Appendix  

 

99 

 

 

Figure S5: Segmented images of BM10, BM03 and BM01 samples showing the 

distribution of CAM (blue), ISE (yellow) and pore (black) phases respectively.  

 

S4. Determination of Volume Fractions and Porosity  

For the determination of the geometric volume fraction of pores φpore, the geometric 

dimensions of the sample (area A and thickness d) and the theoretical volume of the sample, 

calculated from the respective mass m and density ρ of the phases were used, according to 

Equation S1: 

 

𝜑pore = 1 − 

𝑚𝐶𝐴𝑀

𝜌𝐶𝐴𝑀
+

𝑚𝐼𝑆𝐸

𝜌𝐼𝑆𝐸

𝐴 · 𝑑
 

(S1) 

 

The volume fraction of the CAM and ISE phase can be calculated according to Equation 

S2: 
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𝜑vol,CAM = (

𝑚CAM

𝜌CAM
𝑚CAM

𝜌CAM
+

𝑚ISE

𝜌ISE

) · (1 − 𝜑pore) =  

𝑚𝐶𝐴𝑀

𝜌𝐶𝐴𝑀

𝐴 · 𝑑
 (S2) 

 

 

For the CAM, a density of ρCAM = 4.65 g cm−3 and for the ISE, a density of ρISE =2.1 g cm−3 

was used.  

 

S5. Charge Transport Simulations 

 

 

Figure S6: Determined tortuosity values along all three dimensions for electronic (left) and 

ionic (right) charge carriers.  
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Figure S7: Tortuosity factors as a function of the measured porosity value for experimental 

data (blue triangle), and random walk simulations with (green inverse triangle) and without 

(brown square) porosity.  

 

S6. Determination of the CAM Utilization 

The equilibrium OCP is a function of the lithium content x and can, therefore, be determined 

if the respective OCP(x) dependence is known. Consequently, the active mass mact can be 

obtained by Equation S1 considering the lithium content before and after discharging, which 

provides the actual specific capacity qact, and the measured discharge capacity Qmeas. 

 
𝑚act =

𝑄meas

𝑞act
 (S1) 

 

The determination of mact from the relaxed OCP before and after discharging is exemplarily 

shown for a full cell with 5 mg BM01 composite material in Figure S9. The difference of the 

lithium content Δx before and after discharging, and hence, the specific capacity qact can be 

determined by comparison of the relaxed OCP after 5 h before (blue) and 5 h after discharging 

(red) (left) and the OCP as a function of x in a cell with liquid electrolyte (center). The active 

mass can then be calculated from the measured discharge capacity Qmeas (right). More 

information can be found elsewhere.2 

 

 

Figure S8: First cycle charge discharge curves and corresponding Coulombic efficiency for 

cells using BM10, BM03 and BM01 composite cathodes.  
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Figure S9: Determination of the electrochemically active mass of the CAM using a 

comparative measurement of the OCP as a function of lithium content x.  
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Figure S10: Isolated regions of CAM (left) and ISE (right) particles. Isolated regions are 

electrochemically inactive as they have no connection to percolating networks.  
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Supplementary Information Figure 5 

 

Table A1: Calculation Parameters Figure 5 

Parameter Value 

Density NCM / g cm−3 4.85 

Density Li6PS5Cl / g cm−3 1.8 

Specific Capacity NCM811 Q / mAh g−1 200 

Average Cell Voltage / V 3.7 

Separator thickness / µm 30 

Cu foil thickness / µm 9 

Al foil thickness / µm 12 

Lithium thickness / µm/ mAh−1 4.71 
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