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„The task is not to see what has never been seen before, but to think what has never been thought before 

about what you see everyday.“ 

– Erwin Schrödinger (1887 – 1961) 
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Zusammenfassung 

Die Eindämmung der globalen Folgen des Klimawandels wird als eine der größten Herausforderungen 

unserer Zeit angesehen. Der Umstieg von fossilen auf erneuerbare Energieträger ist ein wichtiger 

Meilenstein auf dem Weg zu Klimaneutralität und mehr Nachhaltigkeit. Speichertechnologien wie zum 

Beispiel Sekundärbatterien sind in diesem Zusammenhang von großer Bedeutung. Dies gilt zum einen für 

die Transformation des Automobilsektors, in dem Verbrennungsmotoren zunehmend durch 

Elektromotoren ersetzt werden, zum anderen aber auch, wenn es darum geht, überschüssige Energie aus 

regenerativen Energiequellen zu speichern. Dabei wird der Realisierung neuartiger elektrochemischer 

Speicher eine Schlüsselrolle zugeschrieben. Ein interessanter Ansatz sind beispielsweise Feststoffbatterien 

mit reversiblen Metallanoden, die theoretisch ein Vielfaches der Energiespeicherkapazität herkömmlicher 

Lithium-Ionen-Batterien bereitstellen können. Bis zur Marktreife sind jedoch noch diverse 

Herausforderungen zu bewältigen.  

Die elektrochemische Impedanzspektroskopie ist ein leistungsfähiges Werkzeug, um neuartige Materialien 

zu charakterisieren und Systeme im Betrieb zu überwachen. Sie ist daher eine wichtige Analysemethode 

bei der Untersuchung von aktuellen und zukünftigen Energiespeichersystemen. Methodisch wird ein 

elektrisches Wechselfeld an das zu untersuchende System angelegt und das Antwortsignal als Funktion der 

Frequenz gemessen. Die Interpretation der Messergebnisse erfolgt zumeist über Mustererkennung und 

eindimensionale elektrische Ersatzschaltbilder. Diese Methode hat sich als Standardverfahren zur 

Untersuchung homogener Systeme wie Flüssigkeiten oder Einkristalle etabliert. Die Analyse von 

inhomogenen Festkörpersystemen wie polykristallinen Elektrokeramiken, porösen Materialien oder 

Verbundwerkstoffen aus mehreren Komponenten ist im Vergleich dazu jedoch wesentlich komplexer. Ihr 

mikrostruktureller Aufbau führt zu zusätzlichen geometrischen Freiheitsgraden im System. Dadurch kann 

das Transportverhalten durch reale Strukturen nicht adäquat durch ein eindimensionales Modell angenähert 

werden. Dies wird allerdings bei der Impedanzanalyse von Festkörpersystemen im Hinblick auf die 

Materialeigenschaften und die auftretenden Transportprozesse häufig außer Acht gelassen. Die 

Aussagekraft der gezogenen Schlussfolgerungen ist daher eingeschränkt und der Erkenntnisgewinn über 

das untersuchte System a priori begrenzt.  

Die Art und Weise, wie geometrische Effekte die Korrelation zwischen dem Impedanzsignal und den 

Transport- oder Struktureigenschaften beeinflussen, ist bis heute nicht vollständig geklärt. Im Rahmen des 

Dissertationsprojektes wurden diese Fragestellungen im Zusammenhang mit aktuellen Herausforderungen 

in der Entwicklung von Feststoffbatterien intensiv untersucht. Dazu gehören insbesondere der Einfluss der 

Mikrostruktur des Festelektrolytseparators auf den Ionentransport und dessen Auswirkung auf die aus der 

Impedanz abgeleiteten Materialparameter. Darüber hinaus wurde der Einfluss der elektrochemischen und 

morphologischen Stabilität der Grenzfläche zwischen Metallanode und Festelektrolytseparator auf die 

Systemeigenschaften analysiert. Zu diesem Zweck wurde ein progressiver Arbeitsablauf entwickelt, der die 

Generierung realitätsnaher Modellsysteme, die Modellierung des Ionentransports auf der mikroskopischen 

und mesoskopischen Längenskala über ein mehrdimensionales elektrische Netzwerkmodell und die 

automatisierte Auswertung von Impedanzen über eindimensionale Ersatzschaltbilder umfasst. 

Die in den verschiedenen Studien gewonnenen neuen Einblicke leisten einen wichtigen Beitrag zum 

besseren Verständnis der systeminternen Prozesse in Feststoffbatterien. Eine wichtige Erkenntnis ist dabei, 

dass die mit eindimensionalen Modellen abgeleiteten materialspezifischen Transportgrößen teilweise 

Ungenauigkeiten von mehreren Größenordnungen aufweisen. Darüber hinaus wurde gezeigt, dass das 

Impedanzsignal Signaturen der geometrischen Struktur der Probe und des Systems enthält, die in 

eindimensionalen Modellen oft nicht ausreichend abgebildet werden können und daher zu 

Fehlinterpretationen führen. Besonders deutlich wurde dies am Beispiel der Lithiummetallanode-
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Festelektrolyt Grenzfläche: Stromeinschnürungseffekte durch morphologische Veränderungen während 

des Betriebs verschlechtern dramatisch die Leistungsfähigkeit des Systems, was lange Zeit irrtümlich dem 

Ladungstransferschritt zugeschrieben wurde. Dies führte zu der falschen Annahme, dass ein inhärent hoher 

Transferwiderstand die Realisierung des Konzepts der reversiblen Metallanode verhindere, und verzögerte 

dadurch dessen Weiterentwicklung. Auf der Grundlage detaillierter theoretischer Untersuchungen konnten 

die strukturbedingten Ungenauigkeiten der über Standardverfahren ermittelten Transportgrößen 

abgeschätzt und ein Leitfaden für die Interpretation experimenteller Impedanzdaten von 

Grundmetallanoden entwickelt werden. Das Dissertationsprojekt als Ganzes unterstreicht damit die 

Bedeutung einer umfassenden Strukturanalyse bei der Betrachtung und Interpretation von 

Festkörpersystemen. 
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Abstract 

Mitigating the global consequences of climate change is one of the biggest challenges of our time. The 

transition from fossil fuels to renewable energy sources seems to be an important milestone on the road to 

climate neutrality and sustainability. In this context, energy storage technologies such as secondary batteries 

are of great interest. This applies not only to the transformation of the automotive sector, where internal 

combustion engines are gradually being replaced by electric ones, but also to the storage of excess energy 

from renewable sources. The realization of novel electrochemical storage systems appears to be essential 

in this regard. Solid-state batteries with reversible metal anodes, for example, theoretically enable a much 

higher energy storage capacity than conventional lithium-ion batteries. However, there are still a number 

of challenges to overcome before this technology is ready for the market. 

Electrochemical impedance spectroscopy is a powerful tool for characterizing the electric transport 

properties of novel materials and monitoring systems in operation. It is therefore an important analysis 

method in the study of current and future energy storage systems. The analysis of impedance data mostly 

involves pattern recognition and fitting with a simple electric equivalent circuit model. This has become 

the standard for studying homogeneous systems such as liquids or single crystals. The analysis of 

inhomogeneous solid-state systems, such as polycrystalline electroceramics, porous materials, or multi-

component composites, is much more complex. This is due to the microstructure of the sample and the 

morphology of interfaces, which introduce additional degrees of freedom into the system. As a result, the 

transport behavior through real structures cannot be adequately described by one-dimensional models. 

However, this is usually overlooked in impedance analysis in terms of material-specific properties and the 

transport processes taking place in the system. Therefore, the possible gain of knowledge about the system 

under study is limited a priori, as is the validity of the conclusions that can be drawn. 

The extent to which geometric effects affect the correlation between the macroscopic impedance response 

signal and microscopic transport or structural properties is not yet fully understood. The dissertation project 

explores these open questions in the context of current challenges in the development of solid-state 

batteries. This includes studying the effect of the solid electrolyte separator microstructure on ion transport 

and its effect on the material-specific transport parameters derived using the standard impedance analysis 

procedure. In addition, the consequences of the electrochemical and morphological (in)stability of the 

interface between parent metal anode and solid electrolyte separator (during operation) on the properties of 

the system have been analyzed in detail. To this end, a comprehensive modeling workflow has been 

developed that includes the generation of realistic model structures, the modeling of ion transport on the 

microscopic and mesoscopic scale using a multidimensional electrical network model, and automated 

impedance analysis. 

The insights gained in various studies are a significant contribution to a better understanding of the internal 

processes in solid-state batteries. An important finding is that the material-specific transport quantities 

derived with one-dimensional models sometimes exhibit inaccuracies of several orders of magnitude. It has 

also been shown that the impedance response of the system contains signatures of the sample geometry, 

such as microstructure or interface morphology, that cannot be adequately represented in one-dimensional 

models, leading to misinterpretations. This has been particularly evident when studying the interface 

behavior between lithium metal anode and garnet-type solid electrolyte:  Geometric constriction effects due 

to morphological instabilities dramatically degrade system performance. For a long time, this has been 

mistakenly attributed to the charge transfer reaction, leading to the misconception that an inherently high 

transfer resistance prevents the realization of the reversible metal anode concept. Overall, detailed 

theoretical investigations have allowed to estimate structural inaccuracies of the determined transport 

quantities and to develop a guideline for the interpretation of experimental impedance data of parent metal 
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anodes. The dissertation as a whole emphasizes the importance of comprehensive structural analysis when 

considering and interpreting solid-state systems. 
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1. Introduction 

Addressing the global ramifications of climate change stands as a paramount challenge in our time. The 

shift from reliance on fossil fuels to the use of embracing renewable energy sources is a pivotal milestone 

on the road to climate neutrality and more sustainability. Thus, the exploration of energy storage 

technologies such as secondary batteries is attracting immense interest and attention. The significance of 

these advancements extends not only to the ongoing transformation of the automotive sector, where the 

gradual replacement of internal combustion engines with their electric counterparts is steadily underway, 

but also to the crucial task of efficiently storing the surplus energy generated from renewable sources. The 

development of innovative electrochemical storage systems is therefore a crucial endeavor. For instance, 

solid-state batteries featuring reversible metal anodes holds tremendous potential, theoretically offering a 

substantially higher capacity for energy storage compared to conventional lithium-ion batteries. Before this 

technology can be considered ready for widespread adoption and commercialization, however, several 

formidable challenges require careful consideration, with particular focus on enhancing the stability and 

reliability of the system's interfaces. 

In this respect, impedance spectroscopy (IS) is a powerful analysis tool in materials research and 

development. The method is non-destructive, non-invasive, and, depending on the frequency range 

considered, requires relatively short measurement times. Important historical milestones for this method 

include the invention of potentiostats in the 1940s and the introduction of frequency response analyzers in 

the 1970s, which significantly simplified the process of impedance measurements.1 IS has become 

increasingly popular in recent years since it is a rather simple automated electrical characterization tool 

whose results complement those of other electrochemical methods. This is also reflected in the number of 

annual publications with contributions from IS, which has increased by about a factor of 20 since the 

beginning of the millennium.2 However, there are only a few studies that have addressed the challenges of 

IS and uncertainty analysis of microscopic material-specific transport parameters derived from IS 

measurements. Most of them focus exclusively on the experimental side, although it is well known that, for 

example, the microstructure of a solid has a major influence on the evolving transport paths through the 

system. In particular, the interpretation of the measurement results with respect to the characterization of 

the electric and electrochemical properties of the sample under investigation is only rarely questioned.  

The goal of this Ph.D. thesis is to highlight the challenges of correlating the macroscopic impedance 

response signal of the system with transport effects and properties occurring at the microscopic level. To 

this end, a modeling workflow has been developed to compute synthetic impedance data from three-

dimensional solid-state systems. This includes automated image recognition for segmentation of the 

microstructure, transport computations with an electric network model, and analysis tools such as 

distribution of relaxation times and equivalent circuit model fitting for data analysis. Such an approach 

allows direct comparison of geometric system parameters and microscopic transport quantities with the 

results of commonly used standard IS analysis methods. The conclusions derived are general in nature, but 

the following discussion focuses solely on electric energy storage systems, as their societal role is becoming 

increasingly important in light of climate concerns. 

 

1.1 The Role of Energy Management Systems in Combating Climate Change  

The worldwide total demand for energy constantly increases in the course of the advancing 

industrialization, increasing health in developing countries, and growth of world population. Global 

electricity consumption is projected to increase by almost 80%, from around 24.8 PWh in 2021 to 44.5 PWh 

in 2050.3-4 Depending on the forecast, Germany’s demand for electric energy is even expected to more than 
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triple, from 0.58 PWh now to more than 2.1 PWh in 2050.5-6 Today, most electricity is generated centrally 

in a small number of power plants scattered across national territories, from where it is distributed to each 

region of the country. For this purpose, nuclear power plants are often used, where nuclear fission releases 

a large amount of energy that is converted into heat or electric energy.7-8 

Other conventional power plants burn fossil fuels such as coal, natural gas or crude oil. The redox reaction 

during combustion, however, releases large amounts of CO2 into the atmosphere. Greenhouse gases such 

as NOx or CO2 in the atmosphere prevent the direct heat transfer from Earth to space, resulting in steady 

warming of the planet over the next decades, centuries or even millennia.  The consequences of the human-

made climate change9-10 are becoming more and more omnipresent, as extreme weather events (e.g., 

droughts and floods) have also occurred heavier and more frequently in Germany in recent years.11-12 To 

combat global warming and mitigate further climate change effects, 195 parties signed the Paris Agreement 

in 2015 to reduce their amount of annual CO2 and greenhouse gas emissions.13 However, the trade-off 

between climate goals, on the one hand, and economic interests such as international competitiveness, on 

the other, is a balancing act. In recent years, many parties have prioritized economic success over climate 

protection despite the Paris Agreement. 

There is a broad consensus among experts that the phase-out of fossil fuel power generation is necessary to 

achieve the Paris climate targets. Therefore, the European Union (EU) Commission recently approved the 

Complementary Climate Delegated Act, which adds specific nuclear and gas energy activities to the list of 

economic activities covered by the EU taxonomy.14-15 In particular, the classification of nuclear energy as 

climate-friendly has been criticized by activists in light of the Chernobyl accident (1986), the natural 

disaster in Fukushima (2011), and open questions about the long-term storage of hazardous or radioactive 

waste.16-18 Japan has recently decided to reactivate old reactors and to start planning new nuclear power 

plants in order to reconcile ever-increasing energy demand with the Paris Agreement.19-20 Japan’s changing 

attitude toward nuclear energy shows that it is challenging to simultaneous phase out both coal and nuclear 

power within just a few years without jeopardizing economic success. 

The agenda of the EU indicates that phasing out coal-fired power generation is a higher priority than phasing 

out nuclear power, which does not emit greenhouse gases. Germany is playing a pioneering role worldwide 

with its decision in 2011 to exit nuclear energy by the end of 2022 and to phase-out of coal-fired power 

generation by 2030.21-22 It corresponds to a complete transformation of the energy sector in just two decades, 

which will require an enormous national effort. This ambitious goal is based on the fact that the energy 

supply from renewable, climate-friendly energy sources exceeds the current and future global energy 

 

Figure 1. Overview of (a) the worldwide electricity consumption and (b) shares of gross electricity 

production for Germany (583 TWh) in 2021.4-5 Global demand for electricity is expected to double by 2050, 

driven by increased activity and efforts to electrify end-users. Germany aims to boost its share of renewable 

energy from 40% today to 100% during this period. 
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demand by several times. However, one of the biggest challenges in this context is that energy production 

from renewable sources such as wind, water, and sun light cannot be readily adjusted to current energy 

demand. Instead, it depends on environmental conditions and on location. This uncertainty poses a 

significant risk not only to industrial manufacturing companies, but also to healthcare organizations such 

as hospitals.23 Strategies to overcome these issues include transporting excess energy to regions with 

increased energy demand (e.g., transporting wind power from northern to southern Germany), decentralized 

and mobile storage of excess energy so that it can be used again when it is needed (smart grid), and 

rebalancing with energy-friendly power plants such as natural gas. This is a powerful reminder that the so-

called energy transition is not just about energy generation, but also about energy storage, grids, and 

infrastructure in general. 

Sustainability is at the forefront of all measures, i.e., not only in terms of energy generation, but also in 

terms of the carbon footprint of the value chain, the environmental impact of mining raw materials, 

recycling, waste management, or the abundance of resources and materials for applications.24-25 The 

importance of the latter, in particular, is currently highlighted by the shortage of natural gas available on 

the international market due to Russia’s aggression against Ukraine.26 This in turn emphasizes the central 

role of energy efficiency. There is a need to improve and develop technologies and concepts in terms of 

energy consumption and the use of resources. One of multiple interesting approaches, for example, is the 

use of smart windows to regulate the flow of solar radiation through the glazing. This could be a promising 

way to reduce the energy consumption for temperature control in buildings.27-30  

Altogether, a great deal of fundamental research, breakthrough discoveries, and innovation is needed to 

make the energy transition a success. Up to now, there is no alternative to sustainable, resource-conserving 

and efficient electrical energy storage. This is also evident from the decision of the Nobel Prize Committee 

in 2019 to award John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino with the Nobel Prize 

in Chemistry for their pioneering work on lithium-ion batteries (LIB).31-32 LIBs have a significant impact 

on our daily lives through their use, for example, in mobile phones, computers, tablets, and toothbrushes. 

However, the successful transformation of the entire power generation sector, as well as the mobility sector 

with the phase-out of the internal combustion engine in vehicles, cannot be achieved with LIB as a storage 

system alone. Solid-state batteries (SSB) with reversible metal anodes are a promising alternative. 

Theoretically, they can provide significantly better performance than conventional LIBs due to their higher 

energy storage capacity. However, there are still many challenges to overcome prior to the market launch 

as a commercial product. Therefore, in the following chapter, we will briefly review the fundamentals and 

challenges associated with SSBs in more detail. 

 

1.2 The Elusive Holy Grail: The Challenge for Solid-State Batteries 

The storage of electrical energy in form of chemical energy relies on the basic principle of separating 

electronic and ionic charge available in one material and recombining both charges in a second material. 

This happens in every electrochemical storage device during operation, including batteries. These in turn 

are classified into primary and secondary systems according to the reversibility of the electrochemical 

reactions taking place inside the cell, i.e., the ability to recharge.33 In an absolute minimalistic cell design, 

a LIB contains three components, a negative electrode (anode), a positive electrode (cathode) and an 

electrolyte. The intercalation anode is usually made of graphite, whose layered structure allows lithium to 

be incorporated and stored during the charging process.34 The ionically but not electronically conductive 

organic liquid electrolyte (OLE) ensures charge separation and prevents spontaneous self-discharge through 

a mechanical contact of both electrodes. If this cannot be achieved by a spatial distance of the electrodes, a 

so-called separator is used between them. It is a permeable polyolefin membrane impregnated with the 
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OLE, which allows fast transport of Li+ ions but not electrons. The cathode is often a porous composite 

composed of cathode active material (CAM) particles, binder, and conductive additives, which is 

impregnated with the OLE. The ionic percolation paths through the OLE, and the electronic percolation 

paths through the network of CAM and conductive additives allow delithiation and lithiation of the CAM 

particles during charge and discharge, respectively, when the external circuit is closed and electrons can 

flow through the consumer load. Typical CAMs are layered transition metal oxides, spinel oxides, or 

polyanionic compounds.35-40  

The electrochemistry of the battery, more specifically the choice of materials and the electrochemical 

reactions that take place, has a major impact on the key performance indicators (KPI). These include energy 

density, power density, specific capacity, coulomb efficiency, capacity retention, operating conditions, 

safety, price, or cycle life.41 Today’s state-of-the-art commercial rechargeable LIBs,42-44 such as Tesla’s 

4680-type battery cell,45 can be operated for several thousand charge and discharge cycles and offer a 

specific reversible capacity of 73 mAh∙kg−1, and a specific energy density in the range of 290 Wh∙kg−1. 

However, the fields of application for batteries are becoming increasingly diverse. At the same time, the 

requirements are becoming more and more demanding and difficult to meet with the conventional LIB 

concept. This is evident, for example, in the automotive sector. Batteries in electric vehicles (EV) must 

meet several criteria to make EVs ready for large-scale production. These include low production costs, 

fast charging, light weight to reduce the energy consumption of the EV during operation, high energy 

densities to enable long ranges, high reversibility to ensure a long service life, and high safety standards, 

especially in the event of accidents.  

A major challenge in this context is that the LIB concept will soon reach its physicochemical limit with a 

maximum energy density of about 400 Wh∙kg−1.46-48 To exceed this boundary and achieve higher energy 

densities, the electrochemistry of the cell on the anode or cathode side must be changed, for example, by 

substituting individual materials. Another possibility leading  to similar effects is to increase the amount of 

active material in the cathode by using thick electrodes.49 The implementation of thick electrodes, however, 

is challenging since OLE are dual-ion conductors (DIC) with cationic transference numbers in the range of 

0.27 (e.g., for LiPF6). A large difference in the anionic and cationic partial conductivity of OLE leads to 

the formation of a concentration gradient within the electrolyte, which in turn limits the charge and 

discharge rates of the battery.50-51 One of the most promising approaches on the anode side to significantly 

increase the energy density is to replace the intercalation electrode with a metal electrode.52 The basic idea 

of this concept is to dissolve and rebuild the metal anode during the discharging and charging process, 

instead of reversibly incorporating and extracting metal (Me) ions into/from the host structure during 

discharging and charging. In other words, the charge transfer reaction at the anode interface involves crystal 

dissolution or growth (Me = Me+ + e−) rather than (de)intercalation. In most studies, lithium metal is 

considered as reversible anode material, since it may provide the highest possible increase in theoretical 

volumetric (2.061 mAh∙cm−3) and gravimetric (3.860 mAh∙g−1) capacity  compared to graphite 

(760 mAh∙cm−3 and 350 mAh∙g−1, respectively).53 Alternative anode materials such as sodium are discussed 

in only a small number of reports.54-58  

The high interest in reversible parent metal anodes is due to the expected increase in the gravimetric energy 

density by 50% and in the volumetric energy density by 80% at the cell level compared to a conventional 

LIB.44, 53 However, the implementation of this concept, especially the formation of the metal anode during 

charging, is a major challenge.59 Inhomogeneous metal deposition leads to the growth of dendrites, which 

can easily penetrate conventional separators impregnated with OLEs. The resulting short-circuit causes 

thermal runaway of the battery, leading quickly to fire and thus poses a major safety concern.60-61 Another 

challenge is the high reactivity of lithium, or alkali metals in general, when they come into contact with 

OLE in particular. Ongoing undesired side reactions consume electroactive species and thus lower the 

Coulomb efficiency and cycle life.62-66 To control the reversible metal anode in secondary batteries and to 
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overcome the challenges described, much research is being conducted on SSBs. This is also evident at the 

industrial level, for example, in companies such as Toyota, Samsung, Panasonic, or Volkswagen.67-69  

In an SSB system, a dense solid electrolyte (SE) separator takes the role of the permeable polyolefin 

membrane and the OLE. There are several good reasons to use an SE instead of an OLE. These include 

suppression of dendrite growth due to their mechanical properties, higher safety due to their non-flammable 

character, and increased Coulomb efficiency due to their lower sensitivity to side reactions. Suitable SE 

materials must meet various demands in terms of transport properties, thermal and chemical stability, and 

mechanical properties. The ionic conductivity of the SE should be as high as possible to minimize the 

internal cell resistance. This allows for thick electrode configurations and enables fast charging and 

discharging. The range of 10 mS∙cm−1 and higher serves as reference value for the required effective SE 

ionic conductivity.49, 70-72 In addition, the SE needs to be thermally stable under varying operating 

temperatures, for example, between −60 °C and 70 °C in the case of batteries in EVs.73 A wide 

electrochemical stability window74 is desirable to allow high operating voltages without decomposing the 

SE and to avoid the formation of an (insulating) solid electrolyte interphase (SEI). The requirements for the 

mechanical properties of the SE are even more diverse. SEs should be mechanically soft to compensate for 

electrochemically induced stresses, for example, in case of volume changes of CAM particles due to 

(de)intercalation of lithium. Here, the ability for reversible deformation helps to maintain physical contact 

with the CAM during cycling, reducing capacity fading.75-76 At the same time, SE materials should exhibit 

high resistance to electrochemical-mechanical induced fracture, for example, due to dendrite or filament 

growth.  

SEs can be classified into organic solid polymer electrolytes (SPE) and inorganic solid electrolytes (ISE). 

There are also hybrid concepts, which aim to combine the advantages of both components.77-80 The 

mechanical properties of SPEs ensure easy processing (e.g., cold pressing) and battery cell manufacturing. 

The materials are inexpensive and exhibit a low density. The disadvantages of SPE , on the other hand, 

include the need for higher temperatures to achieve proper rate capabilities due to typically lower ion 

conductivities as well as the occurrence of a high interfacial resistance with the anode material.81-82 The low 

ionic conductivity of SPEs is related to their character as DICs, which in turn causes concentration 

polarization effects similar to OLEs. ISEs, in contrast, are single-ion conductors (SIC) with an immobile 

anion framework and a transference number close to unity. This prevents concentration polarization across 

the electrolyte and enables higher ionic conductivities as well as better rate performance.83 The thermal 

stability and non-flammability of ISE also ensure a high level of safety with regard to the safety tests 

designed for LIBs with liquid electrolytes.83-84 Their mechanical properties, however, make manufacturing 

considerably more challenging. Hard ISEs often require energy-intensive hot-sintering steps to achieve a 

proper contact between grains and with CAM particles. Albeit, a temperature treatment of the CAM in 

contact with the SE may in turn harm the constitution of the CAM, affecting the battery performance.85 The 

most promising ISE candidates can be divided into oxides and sulfides, which have different 

electrochemical and mechanical properties. Sulfides such as thiophosphates are characterized by high ionic 

conductivity and malleability at room temperature. Though, they show a rather narrow electrochemical 

window. Oxides, such as garnet ceramics, are chemically and thermally more stable, but their mechanical 

properties make them more difficult to process and manufacture. 

Consequently, replacing a liquid electrolyte with a solid one poses many challenges, especially with respect 

to changing interfacial properties and requirements. A major benefit of liquids is that they can more 

efficiently compensate for stresses in the system (e.g., CAM breathing) and thus do not affect the 

mechanical stability of physical contacts.86-91 Another important aspect is the (de)intercalation of lithium 

into the CAM. This requires both electronic and ionic percolation pathways to ensure the supply and 

removal of both types of charge carriers.86-87, 92-95 Unlike OLEs, the mechanical properties of ISEs prevent 

infiltration of the pore space within the cathode. This often results in residual porosity and reduced wetting 
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of the CAM surface. Therefore, the microstructural configuration of the composite cathode appears to be 

of great significance. It is essential to ensure sufficient percolation paths and physical contact between 

CAM and ISE already during the manufacturing process.96 On the anode side, the (electro)chemical, 

mechanical, and morphological stability of the interface between the alkali metal and the SE separator poses 

an additional challenge.90, 97-99 The metal anode needs to be reversibly dissolved and deposited during 

discharging and charging, respectively. This requires compensation for the stresses introduced by volume 

changes, as well as homogeneous metal dissolution (i.e., stripping) and deposition (i.e., plating) to prevent 

various failure mechanisms of the system. These include dendrite or filament growth within the SE 

separator and contact loss due to pore or void formation at the alkali metal|SE separator interface.97, 100-104 

The stripping and plating behavior also depends on the micro- and mesostructure of the SE separator and 

the diffusive transport of atoms and interstitials in the metal anode.101, 105-108 

In conclusion, the interface characteristics are decisively for the battery performance. SSBs require an 

optimized electronic and ionic percolation network in the composite cathode, fast charge transfer across all 

interfaces, fast ion diffusion in the CAM, fast ion transport in the SE, and morphologically, chemically and 

mechanically stable interfaces during operation. Degradation of physical contacts due to morphological 

changes is one of the major challenges on the road to commercialized SSBs. There are several strategies to 

overcome these issues, starting with the development of novel concepts to avoid degradation effects at the 

electrode|electrolyte interfaces, such as the deposition of protective coatings, and ending with the synthesis 

of improved separator or CAM materials.109-115 In this context, combinatorial approaches from theory and 

experiment are becoming increasingly important. They aim to make research as resource and energy 

efficient, cost effective and sustainable as possible, while achieving scientific progress as fast as possible. 

Statistical approaches, such as design of experiments to systematically render the parameter space, the 

build-up of ontologies and the application of machine learning algorithms to identify hidden patterns in the 

data, are slowly complementing the spectrum of traditional methods, such as density functional theory, 

molecular dynamics, or kinetic Monte Carlo.  

 

Figure 2. Schematic architecture of an alkaline metal solid-state battery. It consists of a copper current 

collector, a parent metal anode, an SE separator, an SE-CAM composite and an aluminum current 

collector. The close-ups highlight certain critical kinetic aspects that determine the KPI of the SSB cell. 

Credit: Elisa Monte/JLU Giessen. 
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In recent years, an autonomous and rapidly growing research field for modeling whole battery cells has 

emerged, based on the early work of the Newman group in 1994. These models aim to account for all 

interactions between the cathode, anode and all kinds of interfaces.116-124 Such modeling requires a variety 

of input parameters for charge transport, diffusion processes, reaction kinetics at the interfaces, and the 

microstructural composition of the system. Describing all these chemical processes often results in more 

than twenty parameters including multiple diffusivities, conductivities, rate constants, and geometric 

parameters such as particle size, separator thickness, or porosity.125-127 Most of them can be determined by 

experimental measurements, leaving only a few unknowns. A detailed review of the literature, however, 

often reveals a huge variance in the experimentally determined parameters. Sometimes the published values 

of the same parameter span several orders of magnitude. This may be due to differences in sample 

preparation, measurement uncertainties, or even misinterpretation of experimental data.128-130 John von 

Neumann (1903 – 1957) once famously said about complex models: “With four parameters I can fit an 

elephant, and with five I can make him wiggle his trunk.” This indicates that the uncertainty in the input 

parameters makes the predictive power of such global models questionable. Thus, the findings from battery 

modeling are closely related to the quality and interpretation of the experimental data. This motivates 

studies on the determination of microscopic material-specific transport quantities such as conductivities 

and diffusion coefficients from experimental data obtained with well-established electrochemical methods 

such as IS.  

 

1.3 Transport Characterization by Impedance Spectroscopy 

Impedance spectroscopy is an electrochemical measurement technique where the system under 

investigation is excited by an external alternating electric field and the response signal is measured as a 

function of frequency. The origins of IS can be traced back to the 19th century when Kohlrausch 

experimented with alternating currents to determine electrolyte conductivities, Heaviside worked on linear 

system theory and Warburg worked on the impedance of electrochemical systems and diffusion 

processes.131-134 For a long period of times, almost 100 years until the middle of the 20th century, technical 

circumstances allowed impedance measurements only for excitation frequencies above 100 Hz. This 

hampered its application, for example, for the study of corrosion and electro-dissolution mechanisms, since 

the experimentally accessible frequency range did not reach down to the slow relaxation times of reaction 

intermediates. Thus, IS has mostly been used to investigate the polarization behavior of interfaces of 

biological membranes,135-136 or liquid electrolytes.137-144 The development of the first frequency response 

analyzers in the 1970s, combined with the introduction of potentiostats about two decades earlier provided 

access to frequencies down to 0.1 Hz and enabled automation of data acquisition.145-148 This led to increased 

interest and application of the method.149-150 The study by Bauerle on the conductivity of ionically 

conducting electrolytes from 1969 represents a milestone in the research field of batteries and fuel cells.151 

It demonstrated for the first time that IS is a useful tool for the characterization of ceramics and motivated 

further theoretical and experimental investigations in the following years. 

IS has become one of the most popular and powerful electrochemical tools for studying battery cells, 

reaction mechanisms, and corrosion processes. As a result, the number of publications containing IS data 

has increased exponentially over the past two decades. The findings obtained complement other 

electrochemical measurement methods such as chronopotentiometry, chronoamperometry cyclic 

voltammetry, and scanning electrochemical microscopy.152-153 In this context, IS provides an understanding 

and quantitative information about transport mechanisms in complex electrochemical systems with 

comparatively little effort and in rather short measurement times. This includes physical and chemical 

details about transport effects taking place, dynamics of bound or mobile charge carriers, microscopic 

transport quantities such as chemical reaction rates, dielectric properties, diffusivities or conductivities, and 
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(micro-)structural changes in the sample during operation. The direct correlation between impedance 

features and reaction or failure mechanisms makes IS interesting for in situ and operando system 

diagnostics. It is suitable for predicting performance aspects of fuel cells, chemical sensors, and biosensors, 

or for understanding the state-of-health of batteries in EVs by estimating the internal temperature of the 

cell. Another field of application is process characterization in the form of empirical quality control 

procedures, for example, to evaluate the mechanical performance of engines or the quality of paints, 

emulsions, electropaintings, thin-film technologies, and material fabrications.1, 154  

 

1.3.1 Fundamentals and Standard Data Analysis 

IS relies on the fact that various microscopic transport processes in the system occur at different rates. The 

deviating kinetic behavior on the time scale is related to, for example, the type of charge carrier, the 

microstructure of the sample, or the nature and type of an electrode. Diffusion processes are quite slow, 

with typical relaxation times in the range of seconds. Ion migration through SEs is several orders of 

magnitude faster, with relaxation times in the range of milli- or microseconds. This in turn is much slower 

than electron migration in doped semiconductors with relaxation times of picoseconds or even less.155-156 

To deconvolute processes occurring on different time scales, an external alternating electric field of fixed 

(angular) frequency ω = 2π∙f is applied to excite the system under investigation either potentiostatically 

(i.e., applied voltage U) or galvanostatically (i.e., applied current I). The response signal is measured in 

terms of amplitude and phase shift φ. The impedance can be calculated using Ohm’s law (Z = U/I).157 This 

procedure is repeated over an extended frequency range, typically between a few millihertz and megahertz, 

resulting in a discrete complex-valued function Z(ω) known as the impedance spectrum. In an ideal 

scenario, each process dominates the transport characteristics in a certain frequency range, revealing 

impedance characteristics and signatures in the spectrum that allow a separation. This provides, for 

example, access to material-specific parameters such as polarization resistance, double layer capacitance, 

or bulk conductivity, instead of only effective transport quantities as in the case of a direct current 

measurement. 

The macroscopic impedance response signal reflects a superposition of all effects within the system 

between the working electrode (WE) and the counter electrode (CE) in the case of a two-electrode setup. 

These include the microscopic transport processes under study, but also unwanted measurement artifacts 

due to stochastic noise, interfering electric fields (e.g., 50 Hz mains frequency), varying environmental 

conditions (e.g., temperature or humidity fluctuations, and vibrations), and the measurement setup itself. 

Several disturbing effects can be suppressed by simple experimental measures, such as using a Faraday 

cage to shield electric fields or by twisting the cables to reduce inductance contributions.154 The Kramers-

Kronig (KK) relations can assist in revealing the error structure in the measured data due to instrumental 

artifacts or non-stationary behavior of the system. The KK relations are Hilbert integral transformations 

that holistically link real and imaginary parts of any complex function that is analytic in the upper half-

plane.158-161 This means that the measured real or imaginary part alone is suitable to predict the 

corresponding counterpart, which can then be compared with the measurement result to check the quality 

of the recorded data. 

The KK relations rely on the assumption that the system is linear, stable and causal. These are the three 

basic requirements that a system should meet when examined using IS.154 The constraint of linearity 

addresses the response signal to an applied perturbation. The current-voltage characteristic of an 

electrochemical system is generally a non-linear function. It can be expressed mathematically as a Taylor 

series, whose linear term has to dominate the global behavior in the case of an IS measurement. This 

requires small perturbation amplitudes, typically in the range of tens to hundreds of millivolts for 

potentiostatic and milliamperes for galvanostatic experiments, respectively. The exact choice of the applied 



1.3 Transport Characterization by Impedance Spectroscopy 

9 

amplitude is a compromise between achieving a sufficient signal-to-noise ratio and simultaneously 

satisfying the linearity condition. The stability constraint focuses on ensuring that the excitation does not 

alter the system in any way. This is particularly challenging for battery systems, as both potentiostatic and 

galvanostatic IS involve charging and discharging steps.162 Research efforts in this direction have led, for 

example,  to time correction methods in the investigation of rechargeable LIBs or to criteria for determining 

an optimal excitation amplitude.163-165 The causality condition targets the time scale of the response signal 

to the perturbation, i.e., the reaction should not precede the perturbation. This ensures that the measured 

signal is only due to the applied excitation. Undesirable non-stationary or drifting behavior is often 

encountered at low frequencies due to the long measurement times (t ~ 2π/ω).  

The first step in analyzing an impedance spectrum is to check the validity of the measurement using the 

KK relations and, if necessary, to remove corrupt records from the dataset. The analysis aimed at 

distinguishing individual transport effects is usually performed in the frequency domain. Thereby, the 

impedance spectrum is typically visualized in the Argand diagram, i.e., the so-called Nyquist plot. This is 

a frequency implicit data representation, where the negative imaginary part of the impedance −Z'' is plotted 

versus the real part of the impedance Z'. It is complemented by less common explicitly frequency-dependent 

representations, the group of Bode diagrams that consider negative imaginary −Z'' and real part Z' of the 

impedance, or absolute impedance |Z| and phase angle φ versus angular frequency ω. All data representation 

forms also apply to transformed impedance functions such as the admittance Y(ω) = Z−1(ω), the modulus 

M(ω) = i∙ω∙Cgeo∙Z(ω), and the dielectric permittivity ε(ω) = M−1(ω) functions. The geometric capacitance 

Cgeo = ε0∙A/L corresponds to the empty measurement cell, i.e., ε0 describes the vacuum permittivity and A/L 

the cell constant of the setup. Each of these functions emphasizes different aspects of polarization and 

charge transport in a material and has been or is still being used in different research areas.156 

The visualization of the impedance function gives an initial idea of the number of transport processes taking 

place in the underlying system. A rule of thumb often used in the literature suggests that each semicircle in 

the Nyquist representation corresponds to an electrical transport process. The corresponding macroscopic 

transport parameters are usually derived using physically based equivalent circuit models (ECM). This 

requires detailed knowledge of the system under investigation in terms of the migration and reaction 

processes taking place and the type of charge carriers involved. The basic concept is to assign different 

circuit elements to these microscopic processes and then assemble them into a single equivalent circuit 

model. The resulting ECM in turn is designed to describe the impedance response of the macroscopic 

sample. In consequence, all elements in the macroscopic picture have an analogue at the microscopic level. 

Capacitive behavior (i.e., polarization effects) can be described by capacitors, inductive behavior by coils 

and resistive behavior by electric resistors. An electric migration process combines capacitive and resistive 

 

Figure 3. Flow diagram for the standard analysis of experimental IS measurements. Adapted with 

permission.1 Copyright © 2018, Wiley. 
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behavior and is typically modeled by a parallel circuit of a resistor (R) with a capacitor (C) forming an RC-

element.  

For solid (ceramic) single ion or electron conductors, the ECM approach leads to boundary layer models 

such as the brick layer model (BLM). The classical BLM, originally proposed by Bauerle in 1969, consists 

of two RC-elements connected in series that represent bulk transport through grains and transport across 

grain boundaries, respectively.166-170 On this basis, extensions have been developed in the following years, 

for example, to consider conduction along grain boundaries.171-172 In contrast, mixed ionic-electronic 

conductors (MIEC) or DICs are typically described by a variant of a transmission line model (TLM). TLMs 

consider the interaction between the serial paths of different charge carrier types, for example, by a chemical 

capacitance.173-175 In each case, the respective electric ECM is used to model the experimental spectrum 

through complex non-linear least squares curve-fitting usually applying Levenberg-Marquardt strategies or 

linear regression.176 This gives access to the macroscopic transport parameters (Ri, Ci) of the individual 

transport effects within the system. 

A major drawback of the ECM analysis approach is that it is not free of assumptions about transport 

mechanisms in the system. Several different equivalent circuit models, even physically untenable ones, can 

lead to the same result.177-179 Consequently, the conclusions derived from the measurement are ambiguous, 

and the screening of possible equivalent circuits already requires a lot of information about the system. In 

addition, the analysis becomes more complicated when several transport effects contribute to the impedance 

in similar frequency ranges. This leads to overlapping signals in the spectrum, which prevent visual 

identification of different impedance contributions by pattern recognition. Therefore, it is useful to consider 

not only the impedance function Z(ω), but also those of the transformed admittance Y(ω), modulus M(ω), 

and dielectric permittivity ε(ω) functions. Another approach is the transition from the frequency domain to 

the time domain, since the resolution in the latter is much higher than in the Nyquist or Bode diagrams. 

Such distribution function-based analysis methods have, at first glance, distinct advantages over ECM 

analysis. They do not rely on any a priori assumptions about the system, making them a valuable alternative 

for interpreting impedance data. In addition, they can also assist in equivalent circuit analysis, for example, 

in finding and constructing a suitable model.180-183 

The distribution function γ(τ) underlying an impedance function Z(ω) can be determined by performing a 

distribution of relaxation times (DRT)184-188 or distribution of diffusion times (DDT)189-191 analysis. The 

basic concept relies on the fact that any model function can be expressed by a series connection of an 

infinite number of RC-elements (i.e., a Voigt circuit).192 Therefore, the distribution function γ(τ) can be 

expressed as a weighted sum of Dirac distributions γ(τ) = Σi ri ∙ δ(τ − τi). The singularity τi corresponds to 

the time constant and the weight ri to the resistance of the respective RC-element. The determination of the 

expansion coefficients ri requires the solution of an ill-posed inverse problem in the form of a linear 

Fredholm integral of the first kind.193 This means that the solution of the problem is not unique and several 

distribution functions γ(τ) can lead to the same result within the experimental uncertainty.194-195 This is 

particularly challenging for discrete functions such as the measured impedance Z(ω), where only a finite 

number of frequency points are sampled (typically about 10 points per decade). Therefore, intense research 

has been conducted in recent years on special solution methods and algorithms to deal with the ambiguity 

and to avoid false or non-physical signals and artificial oscillations. These include Fourier transform 

methods,196-198 evolutionary programming,199-200 maximum entropy,201-202 Tikhonov or ridge regression,192, 

194, 203-207 hierarchical Bayesian regression,178, 208-209 elastic net regression,210 Gaussian process regression,211 

and neural networks.212 

Many of the methods listed are quite sophisticated and time consuming to apply. They require interpolation, 

extrapolation, data preprocessing with filters, and fine tuning of settings and hyperparameters. Regression 

methods are one of the more simple but robust approaches that allow reliable calculation of a DRT with 
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limited error sources and good stability to noise in experimental data. The Tikhonov regularization 

approach is well suited for automatization, especially for synthetic data. It depends only on a single 

regularization hyperparameter λ, which determines the smoothness of the calculated DRT. The solution 

process involves the discretization of the Fredholm-type integral equation and the expansion of γ(τ) into 

basis functions. Dirac distributions are a suitable basis only in the case of continuous analytic functions, 

since they do not overlap. For discrete functions, however, this is a necessary property to ensure that the 

full range of relaxation times can be modeled, i.e., also for time steps 1/ω which have not been sampled. 

The focus is therefore usually on positive-definite radial basis functions such as Gaussian or differentiable 

Matérn functions. As a side effect, however, the coefficients in the expansion formula no longer correspond 

directly to the resistance, as it is the case with Dirac basis functions. The full width at half maximum of the 

radial basis functions correlates with the number of discrete frequency data points. Thus, it determines the 

resolution and precession of the DRT analysis. 

The application of the discretized integral equation to all sampled data points leads to a linear system of 

equations with the coefficients of the radial basis functions as unknown parameters. The resulting matrix 

equation is slightly modified by adding an additional regularization term to account for the effect of noise 

and errors in the impedance data. This penalty term is proportional to the first or second derivative of the 

distribution function γ(τ) itself. Simply speaking, it introduces a threshold value at which fluctuations in 

Z(ω) are due to actual transport effects. This allows to suppress artificial signals, but at the cost of a reduced 

resolution power of the method. Therefore, the regularization parameter should be chosen as small as 

possible to achieve high resolution, but also as large as necessary to avoid artificial signals. This shows the 

importance of high-quality measurement data to achieve valuable DRT results. In general, the linear system 

can be solved strictly mathematically, but this can lead to negative coefficients and thus to a non-physical 

solution. The physical solution can be calculated by quadratic programming under the constraint that the 

minimum value of the coefficients is equal to zero. The resulting distribution function γ(τ), which is 

obtained by inserting the expansion coefficients into the decomposition formula, is visualized as a function 

of the relaxation time τ. A signal in the DRT is typically related to a transport effect in the system. Its center 

position corresponds to the time constant τi, the area under the signal represents the resistance value Ri, and 

the corresponding capacitance can be calculated by Ci = τi/Ri. In general, the DRT approach shows superior 

performance compared to the ECM approach in identifying the number, size, and average timescale of 

physical processes within the system. 

 

1.3.2 Methods for Multidimensional Transport Modeling 

Obtaining high quality impedance data requires significant experimental effort. This concerns, among 

others, compliance with the KK relations and reproducibility of measurements. It is noteworthy that the 

uncertainty analysis of derived microscopic material-specific transport parameters such as conductivities 

mostly focuses on the measurement of structural quantities such as sample thickness or electrode area.154, 

213 The assignment and interpretation of contributions in the impedance or distribution function is usually 

not considered in this process. A semicircle in the Nyquist diagram and a signal in the DRT is usually 

attributed to an electric migration process within the system. This approach has led to great success in the 

past, especially for systems involving liquids. However, it is not obvious whether every contribution in the 

impedance and every signal in the distribution function is always due to electric migration processes. The 

uncertainty results from the mapping of the macroscopic response signal of a multidimensional sample to 

a highly simplified, lower-dimensional ECM. Such an ECM cannot describe the formation of percolation 

paths due to the microstructure of a solid-state system.214-222 This poses a major challenge for the derivation 

of quantitative values for the material-specific parameters, as well as for the qualitative interpretation of 

the individual contributions in the impedance spectrum. The arising difficulties are commonly not 
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considered, but they highlight the need for a deeper theoretical treatment of the problem and the 

incorporation of additional experimental evidence about the structure of the sample into the modeling 

approach. 

Impedance modeling techniques can be categorized into physicochemical and electrical models based on 

the underlying concepts. The former describes the elementary kinetics of chemical reactions and diffusion 

processes in terms of rate equations in the time domain. This results in a sophisticated system of ordinary 

differential equations, which can be solved using transient numerical simulation approaches.223-228 Thereby, 

a periodic (sinusoidal) potential φ(t) at fixed frequency is applied to the system as an excitation signal and 

the current response signal I(t) is measured until a periodic steady state is reached. The corresponding 

impedance value can then be calculated from the transient traces by Laplace transformation. Repeating this 

procedure for discrete values in the frequency range of interest will yield the impedance spectrum Z(ω).224 

Another similar but less time-consuming approach is to consider a single fast non-periodic steplike 

perturbation signal φ(t) and the measure of the resulting relaxation of the current signal I(t). The time-

dependent potential and current functions can then be transferred to the frequency domain by computing 

the Fourier transform. This allows the calculation of impedance by dividing φ(ω) and I(ω).225 In general, 

physicochemical models can be very complex and messy, requiring long computation times, multiple 

variable parameters, and often requiring approximations with respect to the structural setup of the system. 

Electrical models such as ECMs can be a more intuitive way to interpret the physical and chemical 

processes taking place in the system. They are usually solved in the frequency domain and are particularly 

suitable for the phenomenological description of electrochemical systems. A major limitation of ECM 

analysis is that commercial software only allows data fitting for simplistic electric circuits that do not 

properly reflect the structure of the system. In consequence, the global nature of the impedance signal 

hinders the interpretation of IS data in terms of fundamental microscopic material-specific parameters. A 

more suitable electric model description requires methodologies and software that allow for transport 

modeling through real system structures. One way is to apply the finite element method to discretize the 

sample volume and then to use Poisson’s equation for the transport description considering Dirichlet and 

Neuman boundary conditions for the electrodes and the sample surface.229-240 Another possibility for 

transport modeling is to perform a nodal analysis.241-245 This concept is based on Kirchhoff’s current law, 

which states that the algebraic sum of currents in a network of conductors is zero at each node.246 

Voxelization of the model structure leads to a node network in which different local equivalent circuit 

diagrams can be inserted according to the structural conditions. Solving Poisson’s equation or nodal 

analysis gives the potential distribution within the system. This allows the calculation of the total current 

flowing through the structure. It can be used in combination with the applied potential difference between 

the electrodes to determine the impedance at a fixed ω using Ohm’s law. This process can be repeated 

several times at different frequencies to map the full impedance spectrum Z(ω). 

 

1.4 Challenges and Difficulties in Impedance Analysis of Solid-State Systems  

Joachim Maier and Jürgen Fleig were among the first at the end of the 20th century to develop a simulation 

tool based on Poisson’s equation to investigate the impedance of solid systems in more detail.229-240 Most 

of their studies are motivated by the application of ceramics in solid oxide fuel cells (SOFC). Their results 

showed qualitatively that the microstructure of the sample and the physical contact area at the electrode 

interfaces have a major influence on the shape and magnitude of the impedance. In the following years, 

there were only a few more isolated upcoming reports dealing with structural influences on derived 

microscopic transport quantities.247-248 This shows that the early findings in the field of SOFCs and the 

importance of geometric effects in IS analysis have not reached a wider scientific audience. They are rarely 
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considered in data interpretation even today, more than twenty-five years after the first reports. The reasons 

are multifaceted, starting with the fact that most of these papers229-240 appeared at a time when the IS method 

was not yet popular and the role of solid-state systems, for example, in battery research, was not yet as 

important. In addition, the analysis approach using simple one-dimensional ECMs in commercial software 

is simple, fast, and can be applied by anyone without major barriers, yielding a set of numerical values for 

the transport parameters (although not necessarily the correct ones). In contrast, a multidimensional IS 

analysis is less accessible and requires more effort, for example, in the form of a prior comprehensive 

structural analysis. 

However, the importance of reliable IS analysis cannot be underestimated. The consequences of 

insufficiently determined material-specific transport parameters and misinterpretation are tremendous. 

They range from the propagation of uncertainty through their subsequent application in (battery) modeling 

to falsely assumed electric migration processes in the system. Therefore, the goal of this Ph.D. thesis is to 

develop an automated modeling workflow to gain further insight into the influence of geometric effects on 

both the impedance and the distribution function. This includes gaining detailed knowledge of the 

quantitative and qualitative effects that may occur when the impedance response signal is projected from a 

multidimensional to a lower dimensional picture. In a broader context, assigning and understanding the 

behavior of structurally induced impedance signatures in the frequency or time domain can significantly 

expand the scope of IS in the field of early failure detection in applications. 

 

1.4.1 Realization of a Computational Modeling Workflow  

The established workflow for systematic impedance studies consists of three pillars, namely model system 

and structure generation, the actual impedance modeling, and automated data screening of computational 

results. The type of model systems considered depends on the question to be answered. Here, in particular, 

the influence of structural effects on the 100 nm to 100 μm scale on the macroscopic transport quantities 

and their relation to material-specific parameters is investigated. To this end, many synthetic structures 

have been generated as voxel representations using simple algorithms that are easy to implement. More 

complex model structures and grain geometries have been accessible using open source or commercial 

software such as MicroStructPy or GeoDict. They allow the simulation of micro- and mesostructures with 

defined grain geometries, grain size distributions and volume porosities.249-251 The input parameters 

required to generate statistical twin structures are typically obtained from focused ion beam scanning 

electron microscopy images. To this end, an automated segmentation pipeline has been implemented to 

determine grain and pore size distributions.252 The applied transfer learning approach consists of feature 

extraction using two pre-trained layers of a convolutional neural network (CNN), binary segmentation using 

a random forest (RF) classifier, and instance segmentation using built-in functionalities of the scikit-image 

library. This process involves manual segmentation of small sub-regions of about two training images and 

extraction of feature maps based on the pre-trained CNN in order to train the RF classifier. A detailed 

description of this approach can be found elsewhere.252-253 Having such a segmentation routine is 

particularly valuable when dealing with experimental structural data. This applies not only to the derivation 

of size distributions, but also to the automated generation of true digital twin structures.  

The second pillar is the transport description through the generated model structures. There are several 

ways to do this, ranging from a physicochemical or purely electrical transport description, to the use of 

commercial or in-house software. In this Ph.D. thesis, an electrical system description is used in a self-

implemented code. Several reports in the literature indicate that different electrode configurations are 

realized in experimental measurements. This includes symmetrical arrangements of two identical physical 

contacts, asymmetrical considerations of electrode sizes and arrangements, and microelectrode 

geometries.94, 105, 180, 254-255 Typically, the effect of electrode geometry can only be considered with great 



Transport Phenomena in Novel Energy Materials – Pits and Traps in the Impedance Analysis of Ionic Conductors 

14 

effort and detailed knowledge of commercial software (code) such as COMSOL. Instead, an internal 

implementation offers great flexibility with respect to different contact situations and also the extension of 

models, e.g., in terms of additional microscopic processes etc.  

An essential criterion in the selection and development of models in general is to focus on what we want to 

learn and what can be learned. Thereby, it is often not necessary to consider every little detail or every 

small local effect. History shows that the best experimental or theoretical research results are only as good 

as they are presented in a general and understandable manner. Physicochemical models can undoubtedly 

provide deep insights into the dynamics of the system under study, but they are often very complex and 

hard to follow by (experimental) scientists. Electric models, on the other hand, are much more descriptive 

at first glance. They merely extend the standard impedance analysis procedure used by experimentalists to 

a more complex model geometry. They rely on only a few microscopic material-specific transport 

quantities, but are sufficient, for example, to study the impact of structural effects on the impedance 

response. This ensures high visibility in the scientific community.  

The motivation of the studies conducted addresses challenges in SSB research due to today’s massive 

interest regarding improvement and innovations in electrical energy storage systems. Nonetheless, the 

conclusions derived are general in nature when considering solid-state systems. The ultimate goal is to 

understand the impedance behavior of the entire battery cell by correlating the impact of microscopic 

transport effects and micro- or mesoscopic structure in the system with signatures in the macroscopic 

impedance and distribution function. Understanding these correlations will allow one to use IS as a 

monitoring tool for structural changes in the system even in operando measurements. However, an SSB is 

such a complex compound with various overlapping transport and structural effects that trying to look at 

an entire battery at once is like running before you can walk. In other words, the behavior of individual 

parts (e.g., anode, SE separator, cathode) must first be identified and clarified, before the behavior of the 

entire cell can be fully understood. Therefore, the focus of this work was solely on the anode side by 

considering a ceramic (ISE separator) between two alkali metal anodes as a model system, representing a 

symmetric half-cell electrode configuration. The conducted studies target the influence of the micro- and 

mesostructure of the ISE separator and the effect of the interface morphology at the electrodes on the 

impedance and distribution function.  

 Figure 4. Overview of the segmentation workflow implemented to determine digital twins, and grain or 

pore size distributions from scanning electron microscopy images. Adapted with permission.252 Copyright 

© 2022, Sascha Kremer. 
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The transport computations were performed using an electric network model, based on nodal analysis. This 

is a three-step process consisting of setting up the node network, defining the local transport description, 

and solving the linear system of equations. First, the generated model structures are discretized using a 

voxelization routine, and the node network is built by assigning a node to the center of each voxel. The next 

step is to identify the local transport processes that occur between two nodes and to define an appropriate 

electrical transport description. The ceramic ISE materials considered are SICs, i.e., the modeling focuses 

solely on ion transport. The systems studied show a grain structure and include crystal growth or dissolution 

at the electrode interface. Thereby, morphological instabilities at the interface between the metal electrode 

and the ISE separator have been considered, in particular the formation of pores or the formation of material 

phases with properties different from those of the bulk material. Ionic transport or charge transfer processes 

are described by RC-elements. The local capacitive behavior of pores is modeled by capacitors in the 

multidimensional electric network. The resistances and capacitances of the local circuit elements are 

calculated according to the rules for conductors and plate capacitors based on conductivity and permittivity, 

respectively. Local variations in these material-specific parameters were not considered in the computations 

in order to keep the number of variable quantities to a minimum. In the final step, the electric network is 

transformed into a linear system using Kirchhoff’s current law. This in turn is solved using a variant of the 

conjugate gradient method.246, 256 A detailed description how to implement this procedure can be found 

elsewhere.245, 257 

Note that this type of transport modeling is a continuum description, i.e., local material-specific parameters 

such as conductivities or permittivities are assigned to structural elements. Quantum effects are not 

explicitly considered, i.e., the charge carriers (electrons and ions) are treated as classical particles.258-260 

However, quantum mechanical features may be implicitly contained in some of the microscopic material-

specific parameters, e.g., quantum tunneling effects may contribute to the conductivity associated with 

grain boundaries. In that sense, the treatment of the microscopic transport here implies that the de Broglie 

wavelength λdB of the charge carrier is smaller than the voxel resolution di, i.e., the smallest characteristic 

length scale used to digitalize the micro- or mesoscopic structure of the sample. The condition λdB < di is 

always fulfilled in the case of ions as the corresponding λdB are on the scale of atomic bond length, and 

usually also for electrons as long as di is of the order of several tens of nanometers.   

 

Figure 5. Schematic representation of the modeling workflow implemented to compute the transport 

through realistic multidimensional systems. It consists of setting up a node network, defining the local 

transport description in the electric network, and computing the transport by nodal analysis.  
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The third pillar deals with IS data analysis. The investigation of individual structural effects and the 

influence of certain material-specific parameters on the impedance results in a large amount of data in the 

form of several thousand computed impedance spectra. Therefore, it is reasonable, at first instance, to map 

the single impedances to a few characteristic parameters using ECM analysis in order to accelerate data 

screening. Third-party analysis software such as RelaxIS 3 is only suitable for small datasets, since the 

calculation time increases exponentially for more complex ECMs and large amounts of data. This motivated 

the implementation of a custom fitting routine based on complex non-linear least squares minimization. As 

a result, multiple impedance spectra can be fitted in parallel on high performance computers, which 

drastically reduces the calculation time. Apparently, the quality of the fitting result when searching for the 

global minimum, depends strongly on the choice of the initial parameter guess. The initial parameters were 

first calculated automatically by a generic algorithm. After the successful implementation of a custom DRT 

software based on Tikhonov regularization, it was replaced by the analysis result of the distribution function 

γ(τ). A detailed description of the realization of the in-house DRT software can be found elsewhere.261 The 

visualization of the derived fitting parameters allows fast identification of trends and records that are of 

particular interest, which can then be studied in more detail. 

 

1.4.2 The Effect of Microstructure and Interface Morphology 

The application of the developed modeling software has resulted in six published papers up to now. The 

first publication, “Understanding the Impact of Microstructure on Charge Transport in Polycrystalline 

Materials Through Impedance Modelling”, addresses the effects of the microstructure of a ceramic sample 

on the impedance (see chapter 2.1).245 The structural data considered reflect parts of dense ceria thin films 

visually examined by scanning electron microscopy.254 The computations performed assume ideally-

reversible electrodes at conform interfaces and account for a single mobile charge carrier species only. It is 

demonstrated that the formation of percolation paths leads to structural signatures in the impedance and 

distribution function. These are visually observed in the computed impedances and the corresponding DRT. 

In addition, such signals are also derived analytically based on a simple two-path model. This highlights 

the inherent problem with IS standard analysis using pattern recognition. It is a misconception that every 

impedance contribution can be assigned to an electric migration process. Another effect of microstructure 

and resulting percolation are quantitative constraints on the derived material parameters. These are usually 

calculated using a classical BLM approach. This includes a fitting step of the impedance with two RC-

elements connected in series, where the circuit elements describe transport through the bulk of grains and 

Figure 6. Schematic representation of the data screening workflow. The computational results are mapped 

to a lower dimensional space using ECM analysis. Here, the developed DRT tool supports the automatic 

determination of the initial parameter estimate for the minimization step. 
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across grain boundaries. The corresponding macroscopic parameter pairs (Ri, Ci) are then transformed into 

material parameters (σi, εi) by assuming a homogeneous structure consisting of a three-dimensional 

arrangement of face-sharing cubic grains with a constant edge length and grain boundary layers with a 

constant thickness in between. The resulting quasi-one-dimensional transport in the system ensures the 

formulation of analytical equations linking the macroscopic and the microscopic levels. The application of 

this procedure to synthetic IS data considering real microstructures shows that, in particular, the calculated 

grain boundary material parameters yield deviations in the order of 100% from the actual microscopic 

material-specific quantities. This is significantly larger than the influence of inaccuracies in the 

determination of structural parameters (e.g., sample thickness) or the macroscopic transport quantities in 

the ECM fitting process.213 The estimate of the error band improves comparability between different studies 

on the same material published in the literature and provides useful information about realistic parameter 

ranges. 

The follow-up study, “Influence of Microstructure on the Material Properties of LLZO Ceramics Derived 

by Impedance Spectroscopy and Brick Layer Model Analysis”, explicitly investigates garnet-type ceramics, 

which are considered as promising candidates for the solid electrolyte separator in SSBs (see chapter 2.2).253 

Interlaboratory comparability of reported results on garnet materials is not necessarily guaranteed, since 

their polycrystalline microstructure (e.g., porosity and grain size distribution) is highly dependent on the 

sintering protocol. Based on machine learning assisted microstructural analysis of garnet-type ceramics 

synthesized with different sintering protocols, 3D transport computations through multiple statistical twin 

structures are performed to revise the commonly used 1D brick layer model analysis for interpreting 

experimental impedance data. The computations performed are based on ideally-reversible electrodes with 

conform interfaces, and the model structures take into account different grain size and pore size 

distributions. It is emphasized that the microstructure-induced (in)accuracy of the derived transport 

parameters includes not only the conductivity and permittivity of the bulk or grain boundary transport, but 

also their activation energies and the estimation of the grain boundary thickness in the structure. In 

particular, the interplay between the grain structure and the pore structure determines the quantitative 

deviation between the true material-specific transport parameters and those derived from the 1D BLM 

analysis. The grain structure alone can result in inaccuracies of up to 150% in the grain boundary 

conductivity. The effect of porosity on both bulk and grain boundary quantities can be even more severe. 

The consideration of these effects in the analysis of the experimental impedance results indicates that the 

variation of the BLM-derived transport parameters is mainly due to sintering-induced structural changes on 

the mesoscale rather than material alteration. Overall, the findings in this study will improve interlaboratory 

comparability of reported results by providing a guide to the true range of transport quantities, helping 

experimentalists distinguishing between structural effects and real changes of the material-specific 

transport properties. 

The previous study has shown that the effect of pores in the micro- and mesostructure on the 

electrochemical transport properties of the system is enormous. The quantitative effect depends on the total 

number of pores in the structure (i.e., the porosity), but also on their spatial distribution. Therefore, it is 

difficult to quantify in general terms the resulting inaccuracy of the transport quantities derived from 1D 

models. Ordered mesoporous metal oxides, which are currently attracting increasing attention for energy 

applications, are well suited to provide an educated estimate of the magnitude of pore effects. Surfactant-

templating methods and evaporation-induced self-assembly processes lead to highly ordered open pore–

solid architectures with volumetric porosities of over 60%.262-264 Thereby, the mesopores form a face-

centered cubic structure with (111) orientation relative to the plane of the substrate.265-266 The preservation 

of symmetry in these microstructures provides the unique opportunity to systematically investigate the 

influence of porosity on the transport properties. Thus, the third study, “Understanding the Impedance of 

Mesoporous Oxides – Reliable Determination of the Material-Specific Conductivity”, explores the effect of 
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pore size in these ordered nanocrystalline mesoporous thin films on the impedance (see chapter 2.3).267 It 

is demonstrated that the impedance is determined solely by a geometric current constriction signal, which 

arises due to the regular pore arrangement. Contributions from transport within nanocrystallites or across 

grain boundaries cannot be resolved, even in the distribution function. As a result, ECM analysis of the 

impedance allows only the derivation of effective transport quantities using the total resistance and 

capacitance together with the cell constant of the measurement setup. Detailed theoretical analysis has 

revealed that the systematic impedance changes with increasing pore size can be directly related to the 

increase in volumetric porosity of the mesoporous thin films. This allows one to derive an empirical 

correction formula for the effective conductivity to reliably determine the material-specific electric 

conductivity. The effective conductivity underestimates the true material-specific conductivity by more 

than an order of magnitude in the case of high porosity and strong current constriction effects within the 

structure. For a homogeneous spatial distribution of pores in the structure with no major current constriction 

effects, the deviation increases almost linearly with porosity and is in the range of 100%. Altogether, the 

study emphasizes the importance of structural analysis on the micro- and mesoscale for a proper 

interpretation of macroscopic (impedance) measurements to derive microscopic material-specific 

parameters. 

Pores are not only found in the bulk of a sample, but also in well-defined arrangements at solid-solid 

interfaces. Therefore, the other articles address the influence of the interface morphology between electrode 

and sample on the impedance response. The unique challenges of interfaces and surfaces are well known, 

as already Wolfgang Pauli (1900 – 1958) used to say, “God made the bulk; the surface was invented by the 

devil.”. The electrode surface in liquid or hybrid systems is usually fully wetted and there is an ideal contact 

between the two components from a structural point of view. This is not guaranteed for solid-state systems 

due to different mechanical properties. Such situations are observed, for example, in SSB research on the 

anode side between the alkali metal and the ISE separator. Contamination or passivation layers on the metal 

surface, pore formation during cell assembly or operation, and chemical instabilities resulting in SEI 

formation reduce the physical contact area between the metal and the SE separator, leading to non-

conformal interfaces. This in turn results in an increase in resistance, which can significantly compromise 

 Figure 7. Artwork summary of the contents of the different studies in this Ph.D. thesis with focus on (a) 

elucidating the effect of micro- and mesostructure on the impedance, (b) estimating the inaccuracy in BLM 

derived transport properties of garnet SEs, (c) reliably determining the material-specific conductivity of 

mesoporous oxides, (d) revealing the effect of interface morphology on the impedance of parent metal 

anodes, (e) understanding the geometric nature of current constriction, and (f) deriving a guideline for the 

impedance analysis of solid-state systems. Credit: Elisa Monte/JLU Giessen. 
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the performance of an SSB cell. For a long time, the origin of the resistance was falsely attributed solely to 

the charge transfer reaction at the interface. Recently, Krauskopf et al. showed in an experimental IS study 

that the increase in impedance is not necessarily an intrinsic material property, but also the result of a 

forming current constriction effect.98 This phenomenon is a well-established concept in the physics of 

electric contacts.268-270 But up to now, it has not received much attention in SSB research, despite its 

tremendous impact on the commercialization of reversible metal anodes. A quote from Prof. Matthew 

McDowell during his talk at the symposium on Lithium Metal Anodes and Their Application in Batteries 

in 2022 shows that the concept is starting to get more attention in the SSB community: “… constriction 

resistance … you cannot understand the interface without it”.271 It emphasizes the need for a fundamental 

understanding of this phenomenon and its dependence on geometric and material parameters. 

The fourth study, “Interplay of Dynamic Constriction and Interface Morphology between Reversible Metal 

Anode and Solid Electrolyte in Solid State Batteries”, addresses the origin of the constriction effect in the 

impedance and its dependence on interface morphology (see chapter 2.4).272 Thereby, the simplest possible 

model system is considered, consisting of a single-crystalline SE separator sandwiched between two 

homogenous metal electrodes. The degradation of the interface at the working electrode is described by a 

separate layer consisting of a cubic contact spot of variable size surrounded by a pore phase. The material 

parameters are assumed to be similar to those of a garnet-type SE and the metal|SE interface is considered 

to be highly conductive with zero polarization resistance. The findings highlight the need for a semantic 

distinction between contact and electrode area in a macroscopic transport description, in addition to the 

necessity to categorize the constriction effect into a static and a dynamic case. The former is the well-known 

situation encountered for a conformal contact when the electrode area is smaller than that of the sample.268-

270 This leads to a bottleneck at the interface and current penetration into the bulk, ensuring that the sample 

volume under the non-contacted surface also contributes to the overall transport. The static concept is 

extended with the introduction of the dynamic constriction notation, which refers to non-conformal 

interface contacts. This is required when considering alternating electric fields, since the conductive 

behavior of pores, for example, changes with frequency from dielectrically conductive at high frequencies 

to electrically insulating in the direct current range. This can give rise to a separate semicircle in the Nyquist 

representation of the impedance, resulting in a fingerprint that resembles a microscopic electric migration 

process. However, this is not a self-contained type of transport process in the strict sense. It is rather a 

global geometric effect, which basically involves all the different microscopic migration processes that 

occur at the interface and adjacent regions. Finally, the effect of different interface morphologies is 

investigated. It shows that the constriction resistance decreases with a finer contact area distribution and 

that the constriction capacitance is strongly influenced by the pore depth and permittivity. The study as a 

whole demonstrates the importance of dielectric transport behavior in the interpretation of IS results, but 

also that impedance data bear valuable information, for example, on pore formation and dynamics at the 

metal anode interface. 

In the follow-up study, “3D Impedance Modeling of Metal Anodes in Solid-State Batteries – Incompatibility 

of Pore Formation and Constriction Effect in Physical-Based 1D Circuit Models”, the previous work is 

extended to realistic cases typical for anodes in SSBs (see chapter 2.5).273 The model system considered 

consists of an SE separator with a layered grain-structure sandwiched between two metal electrodes. The 

interface morphology at the working electrode is again described by a single cubic contact spot surrounded 

by a pore phase. The study addresses the interplay between the dynamic constriction effect, resistive charge 

transfer at porous interfaces, and transport across grain boundaries in polycrystalline SEs. The comparison 

of results of the multidimensional electric network modeling with the predictions of a physical-based one-

dimensional electric circuit model explicitly shows that the standard impedance analysis procedure fails in 

the case of porous interface morphologies. The usually successful approach of correlating components of 

ECMs with single microscopic transport processes cannot fully grab the non-locality of the dynamic 
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constriction effect. Therefore, a fit circuit model is proposed and the dependencies of the macroscopic 

transport parameters on the microscopic material parameters, and the contact area between metal electrode 

and SE separator are studied. It is demonstrated that the shape of the impedance spectrum, the size of the 

fitting parameters, and thus the interpretation of the measured data depends to a large extent on the 

magnitude of the constriction time constant. The latter serves as a descriptor for the switch between 

dielectric and insulating behavior of the pores at the interface, indicating a significant change in transport 

pathways through the SE separator. The overall discussion reveals that the analysis and interpretation of IS 

data is challenging without an explicit theoretical model that accounts for structural properties on the 

microscopic and mesoscopic scale. 

The two previous studies considered only simplified model systems in terms of SE separator microstructure 

and interface morphology, which in turn is sufficient to point out the fundamentals of the constriction effect. 

The sixth study, “Guidelines for Impedance Analysis of Parent Metal Anodes in Solid-State Batteries and 

the Role of Current Constriction at Interface Voids, Heterogeneities and SEI”, bridges the gap and 

demonstrates the validity of the prior conclusions also for disordered microstructures of the SE separator 

and inhomogeneous interface morphologies (see chapter 2.6).274 These are based on a Voronoi algorithm 

and  a multi-scale, time-dependent, 3D contact model, respectively.275 It is shown that not only a pore depth 

distribution but also an inhomogeneous interface morphology with a broad pore size distribution leads to a 

distorted constriction impedance contribution. This has also recently been observed in experimental IS data 

on reversible metal anodes.276-277 Another challenge in interpreting the interface impedance is that various 

processes, such as charge transfer, morphological and chemical instabilities due to pores or SEI formation, 

and passivation layers can contribute to the signal. The identification of the dominant effect, however, is 

crucial for the development of strategies to improve the performance of an SSB. Therefore, this study 

provides a universal recipe in the form of a hierarchical scheme to assign the characteristics of interface 

signals to chemical and structural properties, and microscopic or mesoscopic transport processes across the 

interface. It is based on a thorough theoretical analysis of the dependence of the interface impedance 

contributions as a function of the physical contact area and temperature. Its applicability is demonstrated in 

an experimental case study considering the impedance data of a Li|Li6.25Al0.25La3Zr2O12|Li symmetric half-

cell. It clearly demonstrates that the interface properties are dominated by geometric current constriction. 

Therefore, charge transfer driven morphological instabilities during cycling hinder the successful 

commercialization of reversible metal anodes and need to be overcome. 

 

1.5 Conclusions and Outlook 

Impedance spectroscopy is undeniably a powerful tool for material characterization and system control. 

However, the discussions in this Ph.D. thesis demonstrate that the analysis and interpretation of IS data is 

challenging without an explicit theoretical model, which accounts for structural properties at the micro- or 

mesoscopic scale. The successful approach for liquids using pattern recognition and assuming a one-to-one 

correlation between individual circuit elements in simple ECMs with microscopic transport processes may 

fail in the case of solid-state systems. IS analysis considering solid-state systems requires additional degrees 

of freedom to account for effects such as microstructure and interface morphology. Geometry induced 

signals in the impedance and distribution function exhibit signatures comparable to those of electric 

migration processes. This is not yet widely known among scientists, although there have been initial studies 

on the subject for more than twenty years. The danger of misinterpretation of IS data was recently 

demonstrated in the development of reversible parent (lithium) metal anodes for SSBs. It was believed for 

many years that an inherently high charge transfer resistance at the interface between alkali metal and SE 

prevents a successful implementation of this concept. However, this was wrong. Instead, morphological 

instabilities during operation dominate the interface behavior between lithium and garnet-type SEs. This 
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makes a big difference in the required optimization strategies and highlights the need for reliable 

identification of the actual underlying interface effects. Therefore, it is necessary to establish careful 

correlations of impedance with the actual sample structure to avoid false conclusions from the IS analysis.  

Wolfgang Pauli (1900 – 1958) once said of the efforts and results of scientific research, “The best that most 

of us can hope to achieve in physics is simply to understand at a deeper level”. This Ph.D. project has 

certainly improved the understanding of the impedance response of solid-state systems, and the view of 

interfaces and microstructural effects. It should be emphasized, however, that the developed modeling 

workflow offers many additional possibilities to perform even more advanced and in-depth studies. 

Nonetheless, theory alone can only point out qualitative trends arising from changes of material parameters 

or certain morphological changes. A combined analysis with experiment, in contrast, will provide more 

valuable information, for example, on the correlation between pore formation and dynamics at the metal 

anode interface of SSBs or the identification of failure and degradation effects within a solid. This approach 

may have the potential for targeted monitoring of hidden morphological or microstructural changes at the 

micro- or mesoscopic level and, thus for a state-of-health control system in applications. The development 

of such a tool, however, requires more systematic combined experimental and theoretical studies on model 

systems with a high degree of control over the interface morphology and microstructure.  

The conducted investigations are just a few of numerous cases that could have been studied in more detail. 

There are many other possible applications for the modeling concept and its extension. A detailed 

discussion, however, would go far beyond the scope of this chapter. To bring this Ph.D. thesis full circle 

with its original motivation for the need for advanced energy storage technologies, open questions in the 

field of SSBs are addressed. Inhomogeneous metal deposition is a major challenge in addition to contact 

loss on the anode side. This leads to filament or dendrite penetration into the SE, representing a mesoscopic 

failure mechanism of SSBs. In this context, it may be interesting to see to what extent this process influences 

the impedance and whether certain signatures of dendrite growth and filament deposition can be identified. 

Possible applications would be early detection systems to prevent complete cell failure. Another issue that 

has not yet been addressed is that many (battery) materials conduct multiple charge carrier species and not 

just one type as it is the case for ISEs. Establishing an appropriate transport description can be considered 

as a starting point for detailed studies of cathodes and composites. The IS analysis for these materials is 

usually based on macroscopic TLMs consisting of a few one-dimensional transport channels coupled in 

parallel to account for the interactions between them. This well-established concept is suitable for fitting 

the impedance response, but again neglects the structural geometry of the real system. It is expected that 

the projection of the multidimensional system onto a lower-dimensional TLM will lead to the derivation of 

inaccurate material-specific transport quantities and misinterpretation of structure-related features, similar 

to the studies performed on the brick layer model. Initial attempts to adapt the transport description in the 

electric network model may consist of simply using modified versions of TLMs as local equivalent circuit 

elements within the node network. However, one must take into account the length scales at which transport 

is modeled and the structural resolution of the system, i.e., λdB < di. A diffusive description of ion transport 

is valid for voxel sizes down to nanometers, but for electron transport this is only possible for voxel sizes 

larger than several tens of nanometers. In other words, there is a nonzero probability that quantum effects 

influence the electron transport behavior. Therefore, it will be necessary in the future to develop new 

concepts to extend the (electron) transport description to the microscopic level (i.e., the nanometer scale). 

These are all exciting research topics based on the implemented modeling workflow that can make a small 

contribution to the hopefully successful development of SSB concepts and thus to the realization of the 

energy transition. I would like to conclude my Ph.D. thesis with an appropriate quotation from Justus 

Freiherr von Liebig, which I believe should be paid more attention to in the turbulent times we are living 

in today. 
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“The progress of mankind is due exclusively to the progress of natural sciences, not to 

morals, religion or philosophy.” 

– Justus Freiherr von Liebig (1803 – 1873) 
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Abstract 

Charge transport in polycrystalline electronic or ionic conductors is usually analyzed by serial macroscopic 

equivalent circuits, e.g., the brick layer model, which assume a homogeneous electric potential distribution 

across the sample. In such analyses, the microstructure is highly idealized and usually not representative of 

the actual microstructure. Here, we use a network model approach to investigate the impact of the sample's 

microstructure on the impedance. We find that this influence can be severe and should not be ignored. The 

interplay between microscopic transport paths affects the impedance response, which is reflected in both 

the frequency and the time domain. Especially in the distribution of relaxation times additional signals are 

identified and studied systematically. These additional contributions cannot be assigned to a microscopic 

transport process as usually done in a conventional analysis based on an equivalent circuit model fitted to 

the impedance data. The neglect of the peculiarities of the real microstructure in impedance analyses based 

on the brick layer model may yield deviations in the order of 100% in terms of the derived microscopic 

transport parameters. The microstructures used as input for the modelling are digitalized electron 

microscope images of polycrystalline samples. 

 

Reference 

Understanding the Impact of Microstructure on Charge Transport in Polycrystalline Materials Through 

Impedance Modelling. Janis K. Eckhardt, Simon Burkhardt, Julian Zahnow, Matthias T. Elm, Jürgen Janek, 

Peter J. Klar, and Christian Heiliger J. Electrochem. Soc. 2021, 168, 9, 090516-090528. (DOI: 

10.1149/1945-7111/ac1cfe) 

 

Reproduced with permission 

Copyright © 2021, The Electrochemical Society 

65 South Main Street, Building D 

Pennington, New Jersey, 08534-2839 

United States of America 

https://doi.org/10.1149/1945-7111/ac1cfe


Transport Phenomena in Novel Energy Materials – Pits and Traps in the Impedance Analysis of Ionic Conductors 

36 



2.1 Effect of Microstructure on Impedance Analysis 

37 



Transport Phenomena in Novel Energy Materials – Pits and Traps in the Impedance Analysis of Ionic Conductors 

38 



2.1 Effect of Microstructure on Impedance Analysis 

39 



Transport Phenomena in Novel Energy Materials – Pits and Traps in the Impedance Analysis of Ionic Conductors 

40 



2.1 Effect of Microstructure on Impedance Analysis 

41 



Transport Phenomena in Novel Energy Materials – Pits and Traps in the Impedance Analysis of Ionic Conductors 

42 



2.1 Effect of Microstructure on Impedance Analysis 

43 



Transport Phenomena in Novel Energy Materials – Pits and Traps in the Impedance Analysis of Ionic Conductors 

44 



2.1 Effect of Microstructure on Impedance Analysis 

45 



Transport Phenomena in Novel Energy Materials – Pits and Traps in the Impedance Analysis of Ionic Conductors 

46 



2.1 Effect of Microstructure on Impedance Analysis 

47 



Transport Phenomena in Novel Energy Materials – Pits and Traps in the Impedance Analysis of Ionic Conductors 

48 

  



2.2 Microstructural Influence in the Material Characterization of Garnet-Type Ceramics 

49 

2.2 Microstructural Influence in the Material Characterization of Garnet-Type Ceramics 

 

 

Abstract 

Variants of garnet-type Li7La3Zr2O12 are being intensively studied as separator materials in solid-state 

battery research. The material-specific transport properties, such as bulk and grain boundary conductivity, 

are of prime interest and are mostly investigated by impedance spectroscopy. Data evaluation is usually 

based on the 1D brick layer model, which assumes a homogeneous microstructure of identical grains. Real 

samples show microstructural inhomogeneities in grain size and porosity due to the complex behavior of 

grain growth in garnets that is very sensitive to the sintering protocol. However, the true microstructure is 

often omitted in impedance data analysis, hindering interlaboratory reproducibility and comparability of 

results reported in the literature. Here, we use a combinatorial approach of structural analysis and 3D 

transport modeling to explore the effects of microstructure on the derived material-specific properties of 

garnet-type ceramics. For this purpose, Al-doped Li7La3Zr2O12 pellets with different microstructures are 

fabricated and electrochemically characterized. A machine learning assisted image segmentation approach 

is used for statistical analysis and quantification of the microstructural changes during sintering. A detailed 

analysis of transport through statistically modelled twin microstructures demonstrate that the transport 

parameters derived from a 1D brick layer model approach show uncertainties up to 150%, only due to 

variations in grain size. These uncertainties can be even larger in the presence of porosity. This study helps 

to better understand the role of the microstructure of a polycrystalline electroceramics and its influence on 

experimental results. 
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Abstract 

The unique architecture of ordered mesoporous oxides makes them a promising class of materials for 

various electrochemical applications such as gas sensing or energy storage and conversion. The high 

accessibility of the internal surface allows tailoring their electrochemical properties, e.g., by adjusting the 

pore size or surface functionalization, resulting in superior device performance compared to nanoparticles 

or disordered mesoporous counterparts. However, optimization of the mesoporous architecture requires a 

reliable electrochemical characterization of the system. Unfortunately, the interplay between 

nanocrystalline grains, grain boundaries, and the open pore framework hinders a simple estimation of 

material-specific transport quantities using impedance spectroscopy. Here, we use a 3D electric network 

model to elucidate the impact of the pore structure on the electrical transport properties of mesoporous thin 

films. It is demonstrated that the impedance response is only dominated by the geometric current 

constriction effect arising from the regular pore network. Estimating the effective conductivity from the 

total resistance and the electrode geometry, thus, differs by more than one order of magnitude from the 

material-specific conductivity of the solid mesoporous framework. A detailed analysis of computed 

impedances for varying pore size allows the correlation of the effective conductivity with the material-

specific conductivity. We derive an empirical expression, which accounts for the porous structure of the 

thin films and allows a reliable determination of the material-specific conductivity with an error of less than 

8%. 
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Abstract 

In an all-solid-state battery, the electrical contact between its individual components is of key relevance in 

addition to the electrochemical stability of its interfaces. Impedance spectroscopy is particularly suited for 

the non-destructive investigation of interfaces and of their stability under load. Establishing a valid 

correlation between microscopic processes and the macroscopic impedance signal, however, is challenging 

and prone to errors. Here, we use a 3D electric network model to systematically investigate the effect of 

various electrode/sample interface morphologies on the impedance spectrum. It is demonstrated that the 

interface impedance generally results from a charge transfer step and a geometric constriction contribution. 

The weights of both signals depend strongly on the material parameters as well as on the interface 

morphology. Dynamic constriction results from a non-ideal local contact, e.g., from pores or voids, which 

reduce the electrochemical active surface area only in a certain frequency range. Constriction effects 

dominate the interface behavior for systems with small charge transfer resistance like garnet-type solid 

electrolytes in contact with a lithium metal electrode. An in-depth analysis of the origin and the 

characteristics of the constriction phenomenon and their dependence on the interface morphology is 

conducted. The discussion of the constriction effect provides further insight into the processes at the 

microscopic level, which are, e.g., relevant in the case of reversible metal anodes. 
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Abstract 

A non-ideal contact at the electrode/solid electrolyte interface of a solid-state battery arising due to pores 

(voids) or inclusions results in a geometric constriction effect that severely deteriorates the electric transport 

properties of the battery cell. The lack of understanding of this phenomenon hinders the optimization 

process of novel components, such as reversible and high-rate metal anodes. Deeper insight into the 

constriction phenomenon is necessary to correctly monitor interface degradation and to accelerate the 

successful use of metal anodes in solid-state batteries. Here, we use a 3D electric network model to study 

the fundamentals of the constriction effect. Our findings suggest that dynamic constriction as a non-local 

effect cannot be captured by conventional 1D equivalent circuit models and that its electric behavior is not 

ad hoc predictable. It strongly depends on the interplay of the geometry of the interface causing the 

constriction and the microscopic transport processes in the adjacent phases. In the presence of constriction, 

the contribution from the non-ideal electrode/solid electrolyte interface to the impedance spectrum may 

exhibit two signals that cannot be explained when the porous interface is described by a physical-based 

(effective medium theory) 1D equivalent circuit model. In consequence, the widespread assumption of a 

single interface contribution to the experimental impedance spectrum may be entirely misleading and can 

cause serious misinterpretation. 
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Abstract 

Impedance spectroscopy is widely used in operando studies of solid-state batteries for characterizing charge 

transport and correlating it with structural features. A typical impedance spectrum reveals, in addition to 

transport signals of the solid electrolyte, one or more contributions due to processes taking place at the 

electrode interfaces. The focus of this study is on reversible (parent) metal anodes and a 3D electric network 

model is used to analyze the variation of their impedance as a function of pressure, temperature, or aging 

during cycling. This provides a recipe for experimentalists on how to identify impedance contributions 

arising from different interface effects, such as, charge transfer, dynamic current constriction, and solid 

electrolyte interphase formation. Rules are derived for assigning the different interface signals or 

identifying the dominant contribution in case of similar frequency dependence and a standard procedure 

for analysis is proposed. The suggested procedure is applied to experimental data of half cells where lithium 

metal is in contact with garnet-type Li6.25Al0.25La3Zr2O12. This case study yields unambiguously that 

geometric current constriction due to morphological instabilities at the metal anode interface during cycling 

is the rate-limiting step for this type of metal anode, rather than the frequently assumed polarization 

resistance of the electric charge transfer migration process. 
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