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Zusammenfassung

Die Einddmmung der globalen Folgen des Klimawandels wird als eine der groRten Herausforderungen
unserer Zeit angesehen. Der Umstieg von fossilen auf erneuerbare Energietrager ist ein wichtiger
Meilenstein auf dem Weg zu Klimaneutralitdt und mehr Nachhaltigkeit. Speichertechnologien wie zum
Beispiel Sekundarbatterien sind in diesem Zusammenhang von grof3er Bedeutung. Dies gilt zum einen flr
die Transformation des Automobilsektors, in dem Verbrennungsmotoren zunehmend durch
Elektromotoren ersetzt werden, zum anderen aber auch, wenn es darum geht, Gberschiissige Energie aus
regenerativen Energiequellen zu speichern. Dabei wird der Realisierung neuartiger elektrochemischer
Speicher eine Schlisselrolle zugeschrieben. Ein interessanter Ansatz sind beispielsweise Feststoffbatterien
mit reversiblen Metallanoden, die theoretisch ein Vielfaches der Energiespeicherkapazitat herkémmlicher
Lithium-lonen-Batterien bereitstellen konnen. Bis zur Marktreife sind jedoch noch diverse
Herausforderungen zu bewaltigen.

Die elektrochemische Impedanzspektroskopie ist ein leistungsfahiges Werkzeug, um neuartige Materialien
zu charakterisieren und Systeme im Betrieb zu (iberwachen. Sie ist daher eine wichtige Analysemethode
bei der Untersuchung von aktuellen und zukinftigen 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 Gber Mustererkennung und
eindimensionale elektrische Ersatzschaltbilder. Diese Methode hat sich als Standardverfahren zur
Untersuchung homogener Systeme wie Fllssigkeiten oder Einkristalle etabliert. Die Analyse von
inhomogenen Festkorpersystemen wie polykristallinen Elektrokeramiken, pordsen Materialien oder
Verbundwerkstoffen aus mehreren Komponenten ist im Vergleich dazu jedoch wesentlich komplexer. Ihr
mikrostruktureller Aufbau fuhrt zu zusatzlichen geometrischen Freiheitsgraden im System. Dadurch kann
das Transportverhalten durch reale Strukturen nicht adaquat durch ein eindimensionales Modell angenahert
werden. Dies wird allerdings bei der Impedanzanalyse von Festkorpersystemen im Hinblick auf die
Materialeigenschaften und die auftretenden Transportprozesse haufig auBer Acht gelassen. Die
Aussagekraft der gezogenen Schlussfolgerungen ist daher eingeschrankt und der Erkenntnisgewinn Uber
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 vollstdndig geklart. Im Rahmen des
Dissertationsprojektes wurden diese Fragestellungen im Zusammenhang mit aktuellen Herausforderungen
in der Entwicklung von Feststoffbatterien intensiv untersucht. Dazu gehdren insbesondere der Einfluss der
Mikrostruktur des Festelektrolytseparators auf den lonentransport und dessen Auswirkung auf die aus der
Impedanz abgeleiteten Materialparameter. Dariiber hinaus wurde der Einfluss der elektrochemischen und
morphologischen Stabilitit der Grenzflache zwischen Metallanode und Festelektrolytseparator auf die
Systemeigenschaften analysiert. Zu diesem Zweck wurde ein progressiver Arbeitsablauf entwickelt, der die
Generierung realitdtsnaher Modellsysteme, die Modellierung des lonentransports auf der mikroskopischen
und mesoskopischen Langenskala tber ein mehrdimensionales elektrische Netzwerkmodell und die
automatisierte Auswertung von Impedanzen uber eindimensionale Ersatzschaltbilder umfasst.

Die in den verschiedenen Studien gewonnenen neuen Einblicke leisten einen wichtigen Beitrag zum
besseren Verstandnis der systeminternen Prozesse in Feststoffbatterien. Eine wichtige Erkenntnis ist dabei,
dass die mit eindimensionalen Modellen abgeleiteten materialspezifischen Transportgréfien teilweise
Ungenauigkeiten von mehreren GrofRenordnungen aufweisen. Dariiber hinaus wurde gezeigt, dass das
Impedanzsignal Signaturen der geometrischen Struktur der Probe und des Systems enthalt, die in
eindimensionalen Modellen oft nicht ausreichend abgebildet werden kdnnen und daher zu
Fehlinterpretationen fiihren. Besonders deutlich wurde dies am Beispiel der Lithiummetallanode-

vii



Festelektrolyt Grenzflache: Stromeinschnirungseffekte durch morphologische Verénderungen wéhrend
des Betriebs verschlechtern dramatisch die Leistungsféhigkeit des Systems, was lange Zeit irrtumlich dem
Ladungstransferschritt zugeschrieben wurde. Dies fiihrte zu der falschen Annahme, dass ein inhdrent hoher
Transferwiderstand die Realisierung des Konzepts der reversiblen Metallanode verhindere, und verzégerte
dadurch dessen Weiterentwicklung. Auf der Grundlage detaillierter theoretischer Untersuchungen konnten
die strukturbedingten Ungenauigkeiten der {ber Standardverfahren ermittelten Transportgréfien
abgeschatzt und ein Leitfaden fir 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
Festkorpersystemen.
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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
guantities and to develop a guideline for the interpretation of experimental impedance data of parent metal



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.! 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.? 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.%* Depending on the forecast, Germany’s demand for electric energy is even expected to more than
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Figure 1. Overview of (a) the worldwide electricity consumption and (b) shares of gross electricity
production for Germany (583 TWh) in 2021.#* 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.

triple, from 0.58 PWh now to more than 2.1 PWh in 2050.5° 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.”®

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 CO; into the atmosphere. Greenhouse gases such
as NOy or CO; 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 change®*° 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.'*2 To
combat global warming and mitigate further climate change effects, 195 parties signed the Paris Agreement
in 2015 to reduce their amount of annual CO, and greenhouse gas emissions.** 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.*1% 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.?®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.*2° 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 2030.212 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
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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.?® Strategies to overcome these issues include transporting excess energy to regions with
increased energy demand (e.qg., 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.??°> 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.? 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.?”-%

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 (L1B).%132 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.®® 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. 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.®-4°

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.*! Today’s state-of-the-art commercial rechargeable LIBs,*?** such as Tesla’s
4680-type battery cell,*®> can be operated for several thousand charge and discharge cycles and offer a
specific reversible capacity of 73 mAh-kg™, and a specific energy density in the range of 290 Wh-kg™.
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 1.4® 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.*® 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 LiPFs). 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.>5! 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.>® 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* + ¢7) 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™®) and gravimetric (3.860 mAh-g!) capacity compared to graphite
(760 mAh-cm 2 and 350 mAh-g*, respectively).> Alternative anode materials such as sodium are discussed
in only a small number of reports.>*%8

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
L1B.* % However, the implementation of this concept, especially the formation of the metal anode during
charging, is a major challenge.>® 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.®-6! 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.52%¢ 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.57¢°

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™ and higher serves as reference value for the required effective SE
ionic conductivity.*> %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.”® A wide
electrochemical stability window' 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.” 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.”% 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.8-%2 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.® 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.®3®* 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.® 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.®¢-°* 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.887-92-9 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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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.

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.®® 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.®® °”-% 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.®” 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. % 105108

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
electrodelelectrolyte interfaces, such as the deposition of protective coatings, and ending with the synthesis
of improved separator or CAM materials.1%1% 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.
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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.''®-12* 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.!?12” 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.?®*° John von
Neumann (1903 — 1957) once famously said about complex models: “With four parameters | can fit an
elephant, and with five | 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.*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,***%% or liquid electrolytes.*”-*4 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.'#-148 This led to increased
interest and application of the method.!****® 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.!>
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.t®>1% 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.® >

1.3.1 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. lon 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,%5-1%
To deconvolute processes occurring on different time scales, an external alternating electric field of fixed
(angular) frequency w =2n-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 ¢. The impedance can be calculated using Ohm’s law (Z = U/1).%" This
procedure is repeated over an extended frequency range, typically between a few millihertz and megahertz,
resulting in a discrete complex-valued function Z(w) 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.®* 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.’®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 1S.2** 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
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Figure 3. Flow diagram for the standard analysis of experimental IS measurements. Adapted with
permission.! Copyright © 2018, Wiley.

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 1S involve charging and discharging steps.6? Research efforts in this direction have led, for
example, to time correction methods in the investigation of rechargeable L1Bs or to criteria for determining
an optimal excitation amplitude.%*1% 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 ~ 2m/w).

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 ¢ versus angular frequency w. All data representation
forms also apply to transformed impedance functions such as the admittance Y(w) = Z}(w), the modulus
M(w) = iw-Cqeo'Z(), and the dielectric permittivity e(w) = M}(w) functions. The geometric capacitance
Cgeo = €0'A/L corresponds to the empty measurement cell, i.e., g0 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.'*®

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
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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.%-170 On this basis, extensions have been developed in the following years,
for example, to consider conduction along grain boundaries.t”*"2 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.}”*1” 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.'’® 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.}’”17° 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(w), but also those of the transformed admittance Y(w), modulus M(w),
and dielectric permittivity e(w) 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 180183

The distribution function y(z) underlying an impedance function Z(w) can be determined by performing a
distribution of relaxation times (DRT)#+18 or distribution of diffusion times (DDT)*%1! 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).®? Therefore, the distribution function y(z) can be
expressed as a weighted sum of Dirac distributions y(z) = Zi ri- 8(z — 7). The singularity z; corresponds to
the time constant and the weight r; to the resistance of the respective RC-element. The determination of the
expansion coefficients r; requires the solution of an ill-posed inverse problem in the form of a linear
Fredholm integral of the first kind.1*® This means that the solution of the problem is not unique and several
distribution functions y(z) can lead to the same result within the experimental uncertainty.!**1% This is
particularly challenging for discrete functions such as the measured impedance Z(w), 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,%¢1% evolutionary programming,**-2% maximum entropy,?°-?°2 Tikhonov or ridge regression,>
104,203-207 hjerarchical Bayesian regression,1’8 208209 g|astic net regression,?'® Gaussian process regression,?!!
and neural networks.?2

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 A, which determines the smoothness of the calculated DRT. The solution
process involves the discretization of the Fredholm-type integral equation and the expansion of y(z) 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/ 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 y(z) itself. Simply speaking, it introduces a threshold value at which fluctuations in
Z(w) 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 y(z), which is
obtained by inserting the expansion coefficients into the decomposition formula, is visualized as a function
of the relaxation time z. A signal in the DRT is typically related to a transport effect in the system. Its center
position corresponds to the time constant z;, the area under the signal represents the resistance value R;, and
the corresponding capacitance can be calculated by C; = zi/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.'>*
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.?4?22 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.??*228 Thereby,
a periodic (sinusoidal) potential ¢(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(w).??*
Another similar but less time-consuming approach is to consider a single fast non-periodic steplike
perturbation signal ¢(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 ¢(w) and 1(w).?® 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.??24 Another possibility for
transport modeling is to perform a nodal analysis.?*'>*> 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.?*
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 w using Ohm’s law. This process can be repeated
several times at different frequencies to map the full impedance spectrum Z(w).

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

Joachim Maier and Jirgen 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.??>2** 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.?*>*® 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 papers??-24? appeared at a time when the 1S 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 um 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.?*?5! 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.?>? 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.?®>?%® 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.% 105 180, 254-255 Tynjcally, the effect of electrode geometry can only be considered with great
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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.?? Copyright
© 2022, Sascha Kremer.

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
guantities, 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.
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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

node netwh electric network

charge transfer

cross section

interface region

model system

i {ipore TR voxel of 772777 grain boundary
idvoxel  L__ivoxel i__{.__i__|differentgrains ‘' region ZElec Zet || Zeore Zpuik Zes

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.

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. lonic 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.#® 256 A detailed description how to implement this procedure can be found
elsewhere. 24 257

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.?58-260
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 1¢s of the charge carrier is smaller than the voxel resolution dj, i.e., the smallest characteristic
length scale used to digitalize the micro- or mesoscopic structure of the sample. The condition A¢s < d; is
always fulfilled in the case of ions as the corresponding Aqe are on the scale of atomic bond length, and
usually also for electrons as long as d; is of the order of several tens of nanometers.
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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.

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
y(z). A detailed description of the realization of the in-house DRT software can be found elsewhere.?! 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).2* The structural data considered reflect parts of dense ceria thin films
visually examined by scanning electron microscopy.?®* 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
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across grain boundaries. The corresponding macroscopic parameter pairs (Ri, C;) are then transformed into
material parameters (oi, &) 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.?*® 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).2%3
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 gquantities 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%.%22% Thereby, the mesopores form a face-
centered cubic structure with (111) orientation relative to the plane of the substrate.?®>2% 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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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.

pore size in these ordered nanocrystalline mesoporous thin films on the impedance (see chapter 2.3).%7 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
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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.® This phenomenon is a well-established concept in the physics of
electric contacts.?%82° 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”.2’* 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).27? 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.?%®
210 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).2”® 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

19



Transport Phenomena in Novel Energy Materials — Pits and Traps in the Impedance Analysis of lonic Conductors

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).2’* These are based on a VVoronoi algorithm
and a multi-scale, time-dependent, 3D contact model, respectively.?” 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.?’52"” 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|Lis 2sAlo25La3Zr012|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., Z¢s < 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. | 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.
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The functioning of many electrical devices, such as, e.g., sensors,
batteries, thermoelectric or optoelectronic devices, relies on efficient
electronic and/or ionic charge transport. The selection of materials
with an oPtimized microstructure often controls the function of the
device.'7? Examples are many semiconductor devices, in which
layer thicknesses are optimized based on band gap engineering.' =13
The microstructure approach is widely used, e.g. in the suppression
of phonon transport in thermoelectric materials'*'® or the formation
of percolation networks in composite cathodes for batteries.'”>*
Active materials for electrochemical energy storage often show a
specific microstructure optimizing transport of electronic and ionic
charge carriers.”* 2 In other cases, the microstructure of the material
is inherent to the fabrication process, e.g., in the case of sintered
ceramics or ?olycrystalline thin films with a specific grain size
distribution.®**%* An understanding of the resulting microscopic
transport paths and their relation to the nano-, micro-, and
mesostructure is essential for achieving maximum device perfor-
mance as well as for identifying failure mechanisms, e.g., due to
local Joule heating along the main microscopic transport path.

Therefore, the interpretation of charge transport properties in terms
of a microstructure with distributed local properties is an essential
task, as conventional transport measurements only yield macroscopic
transport parameters such as the mean or effective conductivity.*>~*
In-depth knowledge about microscopic transport paths and processes
either requires tedious local probe measurements, which do not allow
a 3D approach, or the precise assessment and geometric modelling of
the sample microstructure on different length scales. Impedance
spectroscopy (IS) is used excessively to characterize the macroscopic
charge tran%port by measuring the frequency-dependent complex
impedance.”” This allows distinguishing transport Jprocesses with
different relaxation times, at least to a certain extent.”” " Thus, data
acquisition requires comparably small efforts, making IS an exceed-
ingly popular, powerful, and versatile tool.

Usually, so-called equivalent circuits of idealized circuit compo-
nents, such as, e.g., parallel resistor-capacitor (RC) elements, are

“E-mail: janis.k.eckhardt@theo.physik.uni-giessen.de

used for modeling impedance spectra. Each component represents a
specific charge transport mechanism, such as, e.g., transport across
grain boundaries, intragrain bulk transport, or charge transfer at
electrodes. The impedance spectrum of an equivalent circuit with a
relatively small number of parameters is then calculated and fitted to
the experimental data, resulting in macroscopic capacitances and
resistances (plus inductances in rare cases). Finally, these macro-
scopic transport parameters are interpreted in terms of microscopic
transport processes, assuming a simplified geometric model. By this,
conductivity or permittivity values are assigned to constituents of the
sample, e.g., bulk, grain boundaries, surface regions, interfaces, etc.
Recently, Krasnikova et al. demonstrated that there are multiple
external (measurement procedure) and internal (sample character-
istics) parameters that influence the derived conductivity values and
their uncertainties.*! We will show by a comparison of the results of
the brick layer model and of our implemented network model that
the influence of microstructure on the derived transport parameters is
even more severe.

The “equivalent circuit approach” and the definition of macro-
scopic idealized circuit elements necessarily reduces the dimension-
ality of charge transport in a sample to one dimension. As shown
below, it may yield correct results for the conductivity of the bulk
material, but may also cause significant deviations for the grain
boundary conductivity. A more advanced way to obtain grain
boundary parameters is to use the boundary layer approach devel-
oped by Beekmans and Heyne, which was later called the brick layer
model (BLM).*>*7 Within this model, the microstructure of a
polycrystalline solid is approximated by a 3D-arrangement of face-
sharing cubic grains with a constant edge length and grain boundary
layers with a constant thickness in between.* The potential gradient
driving the charge transport varies along the macroscopic transport
direction only, an assumption that does not necessarily hold in
polycrystalline samples. The dimensionality of the 3D charge
transport is reduced to quasi-1D-charge transport through N equal
and independent pathways. More realistic features of a polycrystal-
line solid, e.g., the distribution of grain size, variation of grain shape,
or pores are neglected. As highlighted in previous studies, e.g., by
Maier and Fleig, the equality of all charge transport pathways in the
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BLM leads to quantitative and qualitative deviations from a realistic
picture.***% The consequences are severe ranging from the
misinterpretation of the transport mechanisms to the extraction of
inaccurate material parameters, as shown below.

To investigate these effects systematically, the real microstructure
of a sample needs to be implemented into a representative model
structure. Different strategies are reported in the literature, e.g., the
finite-difference®** or the finite-element method.***3**=° The simu-
lated impedance in these studies, however, was exclusively analyzed
in the frequency domain, i.e., in Nyquist plots. In this representation of
the complex impedance, qualitative results are easily obtained while
quantitative conclusions are challenging. The transformation of the
impedance from the frequency domain to the time domain yields the
so-called distribution of relaxation times (DRT), which is a more
useful data representation in this case.””>° The DRT generally
facilitates the identification and separation of different charge transport
processes as well as the assignment of characteristic time constants to
them.”* However, noise signals, bad contacts or inappropriate
reconstruction algorithms can result in additional features (pseudo
peaks) and other deviations from the ideal DRT.>7:61.62

In the following, we introduce a novel network model to simulate
the impedance response of polycrystalline samples with non-ordered
arrangements of micro- and nanocrystalline grains in the frequency
and time domain. The computational results are based on digitalized
real microstructures imaged by electron microscopy. The analysis of
the simulated impedance spectra reveal that the interplay between
different microscopic transport paths causes additional contributions
to the macroscopic frequency-dependent impedance, which give rise
to additional signals in the DRT. This effect originates from the
asymmetry of the microstructure as a whole and cannot be captured
by one-dimensional models such as the BLM. The interpretation of
these contributions solely in terms of local properties of the material
is prone to error and will lead to misinterpretations of the experi-
mental data. The numerical simulations by the network model are
complemented by a comprehensive case study based on an applica-
tion of the BLM to a simplified model system consisting of two
different charge transport pathways. The impedance of the two-path-
model can be solved analytically. The equations derived prove
unambiguously that such additional DRT contributions arise solely
due to the asymmetry of the microstructure and the resulting
interplay between microscopic transport paths.

Computational Details

Generation of a three-dimensional microstructure and a nodal
network.—A three-dimensional microstructure consisting of indivi-
dual grains with an arbitrary shape is generated based on a scanning
electron microscopy (SEM) image of the surface of a polycrystalline
sample (see Fig. la). The two-dimensional surface information is
discretized into an array of cubic voxels with an edge length of d =
100 nm. While this leads to artificially created depth information, the
approach described in the following can be applied to any three-
dimensional microstructure. A variation of the depth of the voxels in
2D transport simulations leads to quantitative changes but does not
affect qualitative correlations. It can be considered as a scaling factor
that modulates the exact values of the simulated impedances, which
are therefore given in arbitrary units. Every voxel is assigned to a
specific grain in the microstructure. This allows voxels of the same
grain to be distinguished from those of different grains, as well as
charge transport within a grain to be distinguished from charge
transport across a grain boundary. The nodal network derived from
this microstructure is based on nodes that are located in the center of
every voxel. Since the surface of the SEM image is transferred into a
single layer of voxels, the charge transport in two dimensions is
simulated. A simplified illustration of the derivation of the nodal
network from a given microstructure is shown in Fig. 1.

Description of charge transport through the nodal network.—
The charge transport between two nodes in the nodal network is

described using equivalent circuit elements that consist of a resistor
R and a capacitor C in parallel (RC-elements). The values for R and
C are directly correlated to the conductivity o and the permittivity ¢
of the underlying microscopic transport processes in the bulk of the
grain and across the grain boundary. While the impedance network
can be built to account for mixed ionic and electronic conduction
within the material, only one charge carrier, i.e., either electronic or
ionic conduction was assumed here. The charge transport between
two nodes of the same grain is described by two identical RC-
elements in series with Rgyx and Cgyy resulting from the con-
ductivity opy and the permittivity egy of the bulk material. The
charge transport between two nodes of different grains is described
by the same two RC-elements resulting from bulk properties but
adding one additional RC-element in a serial circuit. The parameters
of this additional RC-element are Rgg and Cgg and result from the
conductivity ogg and the permittivity g of the grain boundaries.
The conductivities and the permittivities were assumed to be
independent from the excitation frequency. The values for the
corresponding resistances R; and capacitances C; are calculated
according to

L
Ri=o7"" Y [1]
A
C,' =& Z [2]

where A and L denote the interface area between two neighboring
voxels and the distance in which the underlying microscopic
transport process is taking place, respectively. Thus, in this work,
the area A is given by the edge length of the voxels (A = d*). For
bulk transport, L equals d/2, while for the grain boundary transport L
is equal to the thickness of the grain boundary dgg. The latter is
considered to include the grain interface (core region) and the
adjacent space charge region. The derivation of an impedance
network from a given microstructure is illustrated in Fig. 1d.

The impedance network obtained from this procedure was used
to simulate the impedance of six different microstructures (see
Supporting Information, available online at stacks.iop.org/JES/168/
0905 16/mmedia). For this purpose, a nodal analysis was conducted,
which is based on the complex-valued potential distribution inside
the impedance network (see Supporting Information for further
computational details). The analysis is performed for a fixed angular
frequency of the applied AC field. To simulate the impedance over
an extended frequency range, the nodal analysis is repeated for
different angular frequencies. Polarization effects at both electrodes
have not been considered in the computations to avoid the
occurrence of an additional (maybe overlapping) signal in the
impedance spectra. Such effects can, however, easily be imple-
mented into the computations.

The simulation of the spectra based on the equivalent circuit and
the DRT analyses were performed using the commercial software
RelaxIS 3 (version 3.0.17.10, rhd instruments GmbH & Co. KG).

Results and Discussion

Realistic microstructure model and experimental data.—
Challenges in interpreting impedance data gathered in experimental
studies.—The theoretical approach presented in this work is moti-
vated by experimental results on the impedance of a microcrystalline
ceria (CeO,) thin film. The grain structure of the film at its surface
can be assessed by using SEM. Information on the charge transport
properties through this microstructure has been gathered by im-
pedance measurements (see Supporting Information for experi-
mental details).

According to the microstructure depicted in Fig. la, three
different microscopic transport processes can in principle occur in
the sample. These are the transport through the bulk of the grain, the
transport across the grain boundary, and the transport along the grain

37



Transport Phenomena in Novel Energy Materials — Pits and Traps in the Impedance Analysis of lonic Conductors

Journal of The Electrochemical Society, 2021 168 090516

(b)

(d)

“ voxels of * node

_ different grains

— grain boundary

grain boundary
~ region

1
: Zgulk : ZGB

Figure 1. Schematic depiction of the generation of an impedance network based on a discretized two-dimensional microstructure. (a) SEM image of an
experimentally investigated ceria thin film. (b) Computational model system of the microstructure. (c) Detail of a representative microstructure that is discretized
into squares with an edge length 4 and nodes in the center of the squares. (d) Description of the local charge transport situations between the nodes. The situations
considered within the polycrystalline material, namely bulk transport and transport across grain boundaries, are represented by the corresponding RC-elements.

boundary. A fourth macroscopic charge transport process arises from
the transport across the sample-electrode interface. However, oxide
ceramics, such as ceria and zirconia, with an average grain size in
the micrometer range typically exhibit blocking grain boundaries,
i.e., the transport of ions and electrons along grain boundaries is
negligible.®*°® Thus, three main contributions to the macroscopic
impedance of the system that arise from microscopic transport
processes are expected. The three transport processes should be
reflected in the impedance spectrum by three semicircles since they
should possess different characteristic time constants.

As an example and motivation, Fig. 2a shows a typical
impedance spectrum of a microcrystalline CeO, thin film in a
Nyquist plot. The impedance data are obtained by using an
interdigitated electrode assembly. In a standard analysis, this
measurement is analyzed as follows: While the semicircle at low
frequencies can be easily identified as the contribution from the
electrode, there is only one other distorted semicircle visible at
higher frequencies. Thus, only two semicircles are observed, instead
of the anticipated three semicircles. This suggests that the semi-
circles corresponding to the microscopic transport processes across
grain boundaries and across the bulk of the grains have merged and
cannot be easily distinguished in the Nyquist plot. Such behavior is
typically observed in nanocrystalline or mesoporous oxides. %6768
To deconvolve the single contributions to the total impedance

without additional experimental information, the measured impe-
dance data is transferred into the time domain (see Fig. 2b).

The calculated DRT and thus the number of distinguishable local
maxima, which are referred to as “signals” in the following, strongly
depends on the computational parameters, such as the discretization
and interpolation parameters, as well as the quality of the experi-
mental data.®' Based on the variety of parameters, it becomes
evident that the performance and interpretation of the DRT is not
trivial. The preprocessing of the data and the tuning of the DRT
parameters requires sufficient knowledge about the system to be
examined. An insufficient execution leads to wrong results and thus
to misinterpretations of spectral features. Here, by using a set of
typical parameters, nine signals can be observed in the DRT. Since
the number of signals should correspond to the number of time
constants of charge transport processes in the structure, three signals
should be correlated to the aforementioned three microscopic
transport processes. The points marked in green in the Nyquist
plot correspond to the semicircle assigned to the eclectrode. By
omitting these points in the calculation of the DRT, signals 7, 8, and
9 in the DRT can be assigned to processes related to the electrode.
Since the peak position of a signal corresponds to the characteristic
time constant 7 and the area below a peak corresponds to the
resistance R, the capacitances related to the microscopic processes
can be calculated based on C = 7 - R™". The capacitance calculated
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Figure 2. Typical experimental impedance spectrum of a ceria thin film deposited on an alumina substrate. The thin film was ~1 pm thick and consisted of
columnar grains extending down to the substrate. The impedance data are displayed in a Nyquist plot (a) and a DRT (b). Points and curves marked in green are

caused by the electrode. The y-axis of the inset in (b) is magnified 13 times.

for signal 1 is 50 pF, which is typical for a microscopic bulk
transport process.*” There remain signals 2 to 6 in the DRT, which
are weaker and for which an explanation is lacking. The standard
procedure anticipates that only one of them may correspond to the
third microscopic process, i.e., the transport across the grain
boundaries. The other signals are usually explained based on
additional effects such as experimental noise or the occurrence of
a constriction effect within the system under investigation.®>™°
This example clearly shows the dilemma of relating the macro-
scopic transport property, i.e. the frequency-dependent impedance,
to the microscopic transport taking place inside the sample. There is
no one-to-one correspondence between the number of semicircles
required for fitting the Nyquist plot, the number of signals in the
DRT, and the number of microscopic transport processes, which can
be realistically assumed to occur within the sample. Additional
effects, which may explain a large number of less intense signals in
the DRT, need to be sought. It is beyond the scope of this work, to
address the origins of all additional impedance signals observed in
the experimental data of this particular ceria sample. The data solely
serve as a motivation to seek a deeper understanding of possible
origins of impedance contributions in general. In what follows, we
demonstrate that additional DRT signals may originate also from the
microstructure of the sample itself apart from flaws in the analysis.
For this purpose, a thorough theoretical analysis of a model system
based on a realistic microstructure is performed. The occurrence of
microstructure related additional DRT signals is not restricted to this
particular sample but is a general feature which may occur in
polycrystalline materials. To prove this conclusion, a minimal model
system consisting of two independent transport paths is devised and
analytical expressions are derived, which show unambiguously that
additional DRT signals may arise from the microstructure itself.

Modeling and analyzing the impedance of realistic microstruc-
tures.—For the theoretical study, an SEM image of the microcrystal-
line CeO, thin film (see Fig. 1a) is discretized to generate a suitable
computational model system reflecting the microstructure of a real
sample. It is important to note that only a small section of the CeO,
thin film serves as input for the model system, i.e., the computational
impedance will not describe the experimental results in detail. A
network model is used to generate synthetic impedance data that is
free of any experimental noise. This ensures that the impedance
spectrum and the DRT contain information that originates solely
from the impedance network itself. The computational result is then
analyzed in the frequency and the time domain. By this, the impact
of individual contributions of different microscopic features on the
impedance spectrum as well as on the DRT is studied systematically.
The results of the analysis prove that the microstructure yields
different microscopic transport paths with each path contributing to
the total impedance of the system. It is demonstrated that structural

contributions to the total impedance exist. This leads to additional
signals, especially in the DRT, that cannot be assigned to a specific
microscopic transport process, e.g., through grains or grain bound-
aries. While the results shown in the following are obtained from the
impedance network derived from the SEM image in Fig. la, similar
results were obtained in computations with five more microstruc-
tures depicted in Fig. S1 in the Supporting Information.

The impedance of the discretized microstructure in Fig. 1b was
simulated and is depicted in Fig. 3a (black curve). The microscopic
transport parameters considered are the conductivities o; and the
permittivities ¢; characteristic for grain boundaries (i = GB) and the
grains (i = Bulk). The numerical values for the microscopic
transport parameters are oguk = @, Eguik = 100 - €9, ogp = 2.5 -
10%. ¢y, and g = 22.5 - £,. The conductivity oo was chosen to be
equal to 1 mS cm_', but its exact value does not affect the
qualitative behavior of the simulated impedance. A fixed value for
dgp (grain boundary core and adjacent space charge region) of
10 nm is used in accordance with values reported in the literature.™*
The simulated impedance appears to show the characteristic features
of two semicircles in a Nyquist plot.

Comparison between the impedance of the network model
and the impedance of the BLM.—To assess the impact of the
microstructure on the impedance, a comparison of the simulated
impedance with a model that is based on a heavily simplified
microstructure, ie. the BLM, is drawn. For this purpose, the
MiCroscopic parameters opuik. Spulks Oe. and egp of the network
model were used as input parameters for the BLM. Within the BLM,
the structure is assumed to be built of cubic grains of the same size.
The average grain size (3.36 pm) was determined based on the actual
microstructure as depicted in Fig. 1a. These grains were assumed to
be separated by grain boundary layers of a constant thickness (6gg =
10 nm). By accounting for the ratio of grain boundary volume to
grain volume, the microscopic parameter pairs of conductivity and
permittivity can be translated into pairs of macroscopic transport
parameters (R;, C;).***3%* These calculated macroscopic parameters
can be used to simulate the impedance response of the simplified
microstructure within the BLM (green curve).

The differences between the BLM-derived green curve and the
network model-derived black curve demonstrate the consequences
of neglecting the microstructure in simulating charge transport. The
impedance calculated based on the structural assumptions of the
BLM (green curve) differs significantly from the impedance
resulting from the nodal analysis that accounts for the realistic
microstructure. Here, the BLM overestimates the macroscopic grain
boundary resistance Rgp by 83 % compared to the macroscopic
grain boundary resistance derived from the network model
(excluding the contributions of the additional signals, which will
be introduced and discussed below). This deviation varies between
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Figure 3. Computational results of impedance data of a thin film (cf. Fig. 1b) in Nyquist (a) and DRT (b) representation. While the orange curve corresponds to a
fit using the BLM as an equivalent circuit, the green curve stems from a calculation using the BLM structure and the actual microscopic transport parameters. At
high frequencies (c), the current density is homogeneously distributed throughout the structure, while at low frequencies (d) different transport paths through the
structure are visible. The following microscopic transport parameters og,x = 9o, Egux = 100 - £, g = 2.5 - 103, 0. g = 22.5 - &g, and dgg = 10 nm were

used in the simulation.

41 % and 83 % for the different microstructures investigated.
The derived parameters are listed in Table 1. Contrary, the BLM
underestimates the macroscopic grain boundary capacity Cgg by
42 % compared to the simulation depicted in Fig. 3a. This under-
estimation varies between 23 % and 42 % for the different micro-
structures investigated. The deviations of the bulk parameters,
however, are less than 0.1 %.

An alternative approach to investigate the influence of the
microstructure on the impedance is to fit the impedance of an
equivalent circuit consisting of two RC-elements in series (orange
curve) to the impedance of the network model (black curve). The
fitting parameters of both RC-elements, which represent the trans-
port across grain boundaries and in the bulk of the grains in BLM-
related models, yield two pairs of capacitance and resistance, i.e.,

(Rge, Cos) and (Rpuk. Cgux). The microscopic parameter pairs of

oy BLM _ BLM i BLM _BLM
permittivity (¢ g, €gg ) and conductivity (g, 6gg ) can be

derived from the assumptions regarding the microstructure within
the BLM_ 434563

The values opoy, & bM 6 BEM and ¢ 85V derived by the fitting
procedure and the structural assumptions used in the BLM (orange
curve) deviate considerably from the microscopic parameters gy,
Epulks Ocp, and £gp used as input parameters to simulate the
impedance of the real microstructure (black curve). For this specific
choice of parameters, the microscopic parameters describing the grain
boundary process, ogléM and sgIgM, are 83 % and 72 % larger,
respectively, than the corresponding input values used to simulate

the impedance of the microstructure, ogg and egg. The deviations

between agIQM and ogp, as well as between sg];sM and egp vary

between 41 % and 83 % and between 31 % and 72 %, respectively, for
the different microstructures investigated (see Table I). In contrast,
(;BBIU‘,’,“(' and & glgﬁf are almost equal to ogy and egy. According to this

comparison, the application of the BLM to analyze experimental

impedance data would lead to an overestimation of the microscopic
charge transport parameters ogg and £gp.

Understanding the influence of the microstructure on charge
transport.—The cause of the significant errors made when using the
BLM for analyzing the simulated impedance provided by the network
model is the representation of the sample’s microstructure by an
ordered arrangement of mono-sized cubic grains. This oversimplifica-
tion of the real microstructure leads to a quasi-1D transport in the
BLM. This condition, however, is not satisfied, since the real sample
exhibits a broad distribution of grain sizes (see Fig. la) and their
spatial distribution will lead to local potential gradients, which deviate
from the macroscopic current direction. Consequently, a distribution
of the local current density results, which is depicted exemplarily in
Figs. 3¢ and 3d for two different frequencies of the exciting AC
electric field. The color plots of the current density distribution in the
plane of the sample structure result from the nodal analysis (see also
Fig. S4 for color plots with a directly comparable color scale).

It can be seen in Fig. 3c and Fig. S3 that the current density
distribution at high frequencies is almost homogeneously distributed
within the grains. Slight deviations of the local currents from the
macroscopic current directions are only observed at the grain
boundaries. Thus, the microscopic transport paths can be considered
parallel to the macroscopic current direction from left to right. The
reason is that the grain boundaries are dielectrically short-circuited
in this frequency range and play a minor role. Therefore, the
microscopic transport parameters determining the high-frequency
impedance response are the two bulk parameters only. These two
considerations, namely that the microscopic transport paths are
parallel to the macroscopic current direction and that the impedance
response is dominated by the microscopic transport parameters of
bulk, are in accordance with the assumptions of the BLM and,

: BLM BLM :
thus, explain why opuk = o and spuk = € gy - Furthermore, it
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Figure 4. Simulated impedance resulting from horizontal (light blue) and vertical (dark blue) charge transport through a squared microstructure in a Nyquist (a)
and DRT (b) representation. The impedance resulting from the BLM using the same input parameters and an average grain size of 3.44 pum (green) is shown for
comparison. The influence of the input parameters on the impedance is studied by simulating the impedance of the rectangular microstructure (Fig. 1b) as
depicted in a Nyquist (¢) and DRT (d) representation. The number of resolvable additional signals in the DRT, their amplitudes and the time constants strongly
depend on the microstructure, the macroscopic transport direction (top) and the microscopic grain boundary transport parameters (bottom). The computational
results are based on the following parameters: oguy = o, cgux = 100 - £¢, dgg = 10 nm.

explains why the impedance of the BLM agrees with the impedance
derived by the network model with the same microscopic transport
parameters in the high-frequency region (left semicircle in Fig. 3a).

In contrast, the current density at low frequencies is higher in larger
grains than in smaller ones as depicted in Fig. 3d. This results in several
distinguishable microscopic transport paths of the charge carriers
through the sample. The microscopic paths are not parallel to the
macroscopic current direction from left to right. The dominant
microscopic transport paths are those with few grain boundaries only.
Such a distinction between different microscopic transport paths as well
as the influence of the microscopic charge transport parameters o; and ¢;
on them cannot be captured by the BLM. The number of grain
boundaries that are crossed by the dominating transport pathways
strongly depends on the average grain size assumed for the BLM. A
larger average grain size leads to a lower number of grain boundaries
crossed by the charge carriers and a smaller average grain size, hence,
leads to a larger number of grain boundaries crossed by the charge
carriers. Therefore, the assumption regarding the average grain size has
a major impact on the results derived from the BLM. For the average
grain size derived from the SEM image in Fig. la, the number of grain
boundaries crossed by charge carriers is higher for the BLM than for the
network model. Since these transport pathways dominate the impedance
response at lower frequencies, their contribution to the impedance is
overestimated by the BLM. Therefore, the semicircle of the impedance
response in the low-frequency range, representing the grain boundary
contribution in Fig. 3a, is much larger in the green curve than in the
black curve. As has already been pointed out, also an underestimation of
the grain boundary contribution to the overall impedance at low
frequencies is possible, depending on the average grain size assumed.
Furthermore, by averaging over a distribution of grains and reducing the
microstructure to an average grain size, the information on the actual
shape of individual grains is neglected. As demonstrated by Maier and
Fleig, the shape of the grains also affects whether the BLM-derived
grain boundary parameters are over- or underestimated.**

Deconvolution of individual impedance contributions in the time-
domain.—The standard procedure to deconvolve overlapping or
merged semicircles and to determine the time constants of microscopic

transport processes is to transfer the impedance data into the time
domain (see Fig. 3b). The DRT of the impedance modeled by the
network model (black) reveals four signals. Two stronger ones
occur at a high and low time constant, respectively, and two
weaker ones occur in the intermediate time range. It should be
noted that the model only takes two microscopic transport
processes into account, i.e., the transport through the grain and
across the grain boundary. The signals with the highest and lowest
time constant can be clearly identified as being characteristics of
these two transport processes. Consequently, the two time con-
stants in the intermediate time range cannot be related to micro-
scopic transport processes but must have other origins. One of
these signals directly affects the low-frequency semicircle in the
Nyquist plot, whereas the high-frequency semicircle is almost
ideal. Fleig and Maier found a similar distortion of the low-
frequency semicircle in FEM simulations of polycrystalline
ceramics.”**®>  They argued that the frequency-dependent
switching between current paths is the origin of the non-ideality
of the low-frequency semicircle. Here, the DRT even reveals a
second additional signal. Due to its small intensity and conse-
quently its small resistance value, its direct observation in the
Nyquist plot is challenging.

In addition to the DRT of the impedance considering the real
microstructure (black), the DRT of the BLM fitting result (orange)
and the impedance calculated based on the structural assumptions of
the BLM (green) are also depicted. Both exhibit two signals in the
DRT only, and no additional signals occur. The reason is that the
DRT in both cases is derived from a simple equivalent circuit of two
RC-elements in series, each represented by one of the two signals.

The signal with the smallest time constant in all three DRT can
be assigned to the microscopic transport within a grain. This signal
shows very similar time constant and amplitude in each DRT. The
situation is different in the case of the signal with the largest time
constant on the right of the three DRT. It is indicative of the
microscopic transport across the grain boundaries. As somewhat
anticipated, the systematic errors in the determination of the
microscopic transport parameters using the BLM-based fitting
approach (red) are also translated into the time-domain. This
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Table I. Deviations in the derived transport parameters using the BLM. The parameters of the network model computation were used as reference
while calculating the errors, e.g., Aogp = (nﬁlgM — ogp)ogp. A positive sign means that the BLM is overestimating the respective parameter,
whereas the quantities with a negative sign are underestimated. The following microscopic transport parameters o,k = g, Epuk = 100 ¢ £¢, and

Ogr = 10 nm were used in the computations.

Figure 10% - ogrlog eGalco ARgg ! % ACgp /| % Aoge ! % Aegn ! %
S1 (a) 2.50 225 41.52 —23.89 41.52 31.38
S1 (b) 2.50 225 46.03 —29.16 46.03 41.16
S1 (c) 2.50 225 65.55 —35.82 65.55 55.82
3 (a) 2.50 225 83.24 —41.75 83.24 71.67
S1 (e) 2.50 225 57.80 —34.01 57.80 51.53
S1(f) 2.50 225 64.77 ~36.92 64.77 58.53
4 (a) — 2.50 225 81.00 —40.55 81.00 68.21
4 (a) | 2.50 225 62.55 -33.79 6255 51.03
4 () 10.0 90.0 66.38 —34.27 66.38 52.13
4 (b) 2.50 225 83.24 —41.75 83.24 71.67
4 (by 1.11 10.0 93.14 —44.95 93.14 81.64

leads to a variation of the time constant from the actual value
characteristic for the transport across the grain boundary. The
deviation is related to the occurrence of the additional signals in
the DRT that is derived from the impedance calculated using the
network model. Moreover, a comparison of the amplitudes of the
signals that are characteristic for the grain boundary charge transport
also reveals deviations among the three approaches. While the
amplitude derived within the network model (blue) and the one
resulting from fitting the network model impedance with the BLM
(red) are similar, the signal amplitude resulting from the BLM with
the exact same input parameters (green) is significantly larger. The
already mentioned overestimation of the number of grain boundaries
results in a larger grain boundary resistance, which is also
transferred into the time domain and explains this behavior. This
observation highlights the notable error in the BLM-derived trans-
port parameters of the grain boundary process. The comparison
underlines again that BLM-based models fail in describing subtleties
of the impedance behavior of polycrystalline samples. The number
of signals in the DRT of BLM-based models always equals the
number of expected transport processes within the material, other
than in many experiments.

Influence of the macroscopic transport direction on the impe-
dance of the system.—Another weakness of the BLM is revealed
when a square-shaped detail of the thin film with a random grain
structure is considered as shown in the inset of Fig. 4a. In terms of
the BLM, the impedance of a polycrystalline sample is independent
of the transport direction from left to right (horizontal transport, light
blue arrow) or from top to bottom (vertical transport, dark blue
arrow). This independence originates from the fact that the results
within the BLM depend only on the fraction of grain boundary
volume with respect to the total sample volume (green curve). In
contrast, the impedances of the square-shaped sample simulated by
the network model for the two different transport directions differ
significantly. For this particular set of input parameters regarding
charge transport (Fpuk Epulk. O, and £gg) and microstructure in
the BLM (average grain size in the excerpt 3.44 pm), the output
parameters of the BLM overestimate the macroscopic charge
transport parameters (Rpu, Cpuk. Rgp, and Cgg) compared to the
output parameters resulting from the network model.

Figure 4b depicts the DRT corresponding to the impedance
simulated in two different directions based on the network model.
The DRT resulting from the impedance calculated within the BLM
(green) is also shown for comparison. The DRT signals on the left
and on the far right, which correspond to the microscopic transport
mechanisms in the bulk of the grain and across the grain boundary,
respectively, are basically the same. The simulated impedance for
horizontal transport (light blue curve) and vertical transport (dark
blue curve) reveals two additional DRT signals, which occur in the
intermediate time region. The time constants of these additional

signals, as well as the areas below them, differ for the two
considered transport directions. The behavior of the additional
DRT signals strongly underlines again, that these signals depend
on the peculiarities of the microscopic structure of the sample with
respect to the macroscopic current direction. These peculiarities of
the microscopic structure cannot be captured by the BLM, in which
the impedance does not even depend on the charge transport
direction. Predicting the exact number of additional DRT signals,
their magnitudes, and their time constants is challenging even for
almost similar samples in terms of average grain size and shape.

Impact of the microscopic transport parameters on the simulated
impedance.—In addition to the actual microstructure, the values for
the microscopic transport parameters describing the transport across
grain boundaries and through the bulk of the grains affect the current
density distribution. Thus, the spatially resolved local current density
and the total impedance of the sample should reflect such variations
as they result in a different network of dominant transport paths.

To investigate this in more detail, a parameter study is performed,
focusing on the macroscopic transport from left to right through the
microstructure depicted in Fig. 1a. Three different parameter sets for
the microscopic grain boundary transport parameters (dgg, tgg)
were considered. Each parameter set has the same relaxation
time, in the sense that Tqg = Rgg - Cos = cgp/0gr 1S the same for
a facet of a cubic voxel corresponding to a grain boundary. The
bulk transport parameters (g, = 00, Epuik = 100 - £¢) and, thus, the
corresponding relaxation time, as well as the constant thickness of a
grain boundary dgg = 10 nm are unchanged in all simulations.

Figure 4c depicts the three computations in a Nyquist plot. The
blue curve is identical to the previous consideration (see Fig. 3a),
using ogg = 2.5 - 107% - g, and g = 22.5 - & for the IMicroscopic
grain boundary transport parameters. Additionally, the impedance of
the same microstructure was simulated with a conductivity across
grain boundaries being 4 times larger (light blue) or 2.25 times
smaller (dark blue), while adjusting £gg accordingly to keep Tgp
constant. As expected, the main impact on the impedance response
arises in the low-frequency semicircles of the Nyquist plots as it is
determined by the grain boundary properties. In contrast, the high-
frequency semicircles corresponding to bulk charge transport are
very similar as the parameter pair for bulk transport is not varied.

To quantify the impact of the input parameters on the deviations
resulting from employing the BLM to analyze the impedance, the
impedance of two RC-elements in series was fitted to the simulated
impedance of the network model. The obtained macroscopic

parameters R, and C; were interpreted within the framework of

the BLM to derive microscopic transport parameters ((;Ehﬁf, sBB',;,T,

o oM, ¢ BEM) as was described in the context of Fig. 3. The deviation

of the bulk transport parameters (r;ghﬁf, gﬁ{;}}f) from the input

parameters of the network model is <2 %. In contrast, the derived
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Figure 5. (a) Model structure for studying the composition of the total impedance of two non-interacting transport paths (TPM). While L, (i = 1, 2) denotes the
length of a transport path, égg describes the width of a single grain boundary. N; represents the number of grain boundaries in each path. (b) Transfer of the model
structure into the corresponding parallel equivalent circuit. Transformation of the parallel equivalent circuit into a serial equivalent circuit model with three RC-
elements. The first two elements correspond to the BLM-based equivalent circuit, while the third RC-element is representative for additional impedance signals

observed and discussed before.

microscopic grain boundary conductivities (rg'gM overestimate the

input parameter for the simulation considering the real microstruc-

ture ogg in a range between 66 % and 94 %, depending on the

parameter set. Similarly, the derived permittivities s'é'ﬁM over-

estimate the input value g in a range between 52 % and 82 %.
The error of the BLM-derived transport parameters increases for
smaller grain boundary conductivities ogg. This observation clearly
demonstrates that not only the microstructure of the sample affects
the relative deviation occurring when using the BLM approach to
extract the actual set of microscopic transport parameters. The
magnitude of the parameters themselves also plays a role.

Figure 4d shows the three computational results obtained from
varying the conductivity across grain boundaries in the time domain.
Each DRT reveals more than the two signals characteristic for the two
transport mechanisms assumed in the simulation, i.e., transport across
grain boundaries and through grains. While the amplitude of the signal
on the left of each DRT is almost constant, the amplitude of the signal
on the right of each DRT decreases with increasing grain boundary
conductivity. This is expected due to their assignment to the
microscopic bulk transport process (whose input parameters were
not varied) and to the microscopic transport across grain boundaries
(whose input parameters were deliberately varied), respectively. The
number of additional signals in the intermediate time range in the
DRT, however, varies throughout the series. Furthermore, it should be
noted that not only their characteristic relaxation time varies, but also
their amplitude. Nevertheless, some trends can be observed. The
number of resolvable additional signals increases with decreasing
grain boundary conductivity. In case of the highest grain boundary
conductivity (light blue) there is only one additional signal visible, in
case of the intermediate grain boundary conductivity (blue) two and in
case of the lowest grain boundary conductivity (dark blue) even three
signals are observed. The amplitude of the most prominent additional
signal decreases with increasing grain boundary conductivity.

Summary and consequences for the analysis of experimental
results.—It is demonstrated that the application of BLM-based
models for analyzing the impedance response of polycrystalline
solids may lead to significant quantitative deviations between the

s AORie . § . (.BLM _BLM _BLM
extracted microscopic transport parameters (egi> €GB » O Bulk >

BLM -
ogp ) and the actual values (Epui. €GB, OBulke Ocp)- Qualitative

deviations arise in the spectral features in the frequency domain as
well as in the time domain. The DRT of impedance data, accounting
for a realistic microstructure of the sample, may exhibit more signals
than there are microscopic transport processes present in the sample.
This is in accordance with many experimental findings. Additional
signals may appear anywhere in the DRT and the impedance
spectrum, i.e., in the whole frequency or relaxation-time range
between the two main signals depending on the interplay between
the actual microstructure and the microscopic transport parameters
of the material’s constituents. Thereby, the number of additional
signals, their relaxation time, and their amplitude in the DRT are
affected. Thus, the microstructure significantly influences the total
impedance and may cause additional signals in the impedance. The
following section explores this hypothesis and provides further proof
for its correctness.

Comprehensive analysis of the impedance of non-interacting
transport paths.—To obtain a deeper understanding of contributions
to the total impedance of complex microstructures that are not
described by simple (macroscopic) equivalent circuits, we use an
even further simplified model system (see Fig. 5a). The simplified
model considers only transport through two independent transport
paths of variable length L; (i = 1, 2) and variable number of grain
boundaries N; in both pathways. This system is referred to as “two-
path-model” (TPM) in the following. It represents the simplest
extension of a 1D model and is used to elucidate qualitatively the
origin of the individual contributions other than grain and grain
boundary processes to the total impedance.

Derivation of an analytical expression for the microstructural
contribution to the impedance.—Since the two transport paths do not
interact, the grain fraction (blue) of each path can be separated from its
grain boundary fraction (red). The transport length across grain
boundaries L;gp can be calculated by multiplying the number of grain
boundaries in the transport path N; with the constant thickness dgg of a
single grain boundary. Similarly, the transport length through the grain
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Figure 6. Computational results in the frequency domain (a) and time domain (b) depending on the distribution of grain boundaries between the two independent
non-interacting transport paths of equal bulk transport lengths. The total number of grain boundaries is constant in all simulations. Contrary to the limiting case of
two equal transport paths (black; BLM), an additional signal appears in the spectrum in case of an asymmetric distribution of grain boundaries between the paths.
The computational results are based on the following parameters: ogu/oge = 100, egun/epux = 1. Lguior = 100 pm, and Lgg o = 1 pm.

L; pui is calculated. Due to these simplifications, a parallel equivalent
circuit can be derived from the structure. Here, each pathway consists
of two RC-elements representing the transport through the grain and
the transport across grain boundaries, respectively (see Fig. 5b). In the
limiting case of equal bulk transport lengths L; g, and equal grain
boundary transport lengths L; g in both paths, this system corresponds
to two paths within the BLM. The parallel equivalent circuit can be
transferred into an equivalent circuit consisting of two RC-elements in
series. The parameters of these RC-elements, Rg ik, Rgp, Cpuk. and
Cgg, result from both transport paths and represent the bulk and grain
boundary properties of the material.

The one-to-one translation of two microscopic transport pro-
cesses in two transport paths (parallel circuit) into two macroscopic
transport parameters (serial equivalent circuit) is in general not valid.
This transformation is only possible if both transport paths are
identical. Otherwise, an additional impedance contribution Z,q4g to
the total impedance occurs, which does not correspond to a
microscopic transport process. Due to the simple structural design
of the TPM and the assumption that the transport paths do not
interact with each other, the system can be mathematically described
without much effort. As shown in the Supporting Information,
analytical expressions for the resistance and capacitance of the three
RC-elements in the serial circuit of Fig. 5b can be derived. In
particular, the dependence of the resistance R,qq and the capacitance
C,qq of the additional impedance Z,4y on the structural composition
and the transport parameters of the bulk and grain boundary process
is of special interest:

(L2pun - L1.ce — Lipux - L2.68)°

Rya =
A - Lpuk,tor " LGB tor * @Bulk * 0GB * (LBulk,to/OBulk + LGB 101/0GB)
[3]
A - Lpuk ot * LGBt * (Lulk tot * €68 + LGB0t * €Bulk)
Caa = (4]

(La,puk - L1.68 — Lipuk - La.n)?

_ (Lpulk.tot - €68 + LGB,to1 * €Bulk)
Tadd = [5]
OBulk - 0GB * (Lpulk tot/CBulk + LGB t0t/0GB)

Here, Lgyyor and Lgp o represent the sum of the bulk and grain
boundary transport length, respectively. The parameter A is the
interface area of the transport path in Eqgs. 3 and 4 and, thus, only a
scaling factor in this quasi-1D-model. The variation of this para-
meter provides only quantitative changes in the total impedance and
its individual contributions. No qualitative changes result from
variations of this factor. The set of equations already underlines
that the BLM cannot account for this additional signal. When
considering two identical transport paths, the expression in parenth-
esis in Eq. 3 is zero yielding a resistance value R, 44 = 0. Although
the relaxation time 7,44 is non-zero, a corresponding DRT signal
cannot be observed because the area below the signal corresponds to
R.qq and is also zero.

Impact of the asymmetry of two transport paths on additional
impedance signals.—To study the influence of the (micro-)structural
design on the additional signal in more detail, two pathways with
equal bulk transport lengths L; gk = L guk = Lk = 50 pm were
considered. The total number of grain boundaries and, thus, Lgg o =
1 pm was kept constant in these simulations, while the number of
grain boundaries were systematically redistributed between the two
transport channels corresponding to different L gg: L2 gp ratios. The
numerical values for the ratio of the microscopic transport para-
meters were fixed to opu/oge = 100 and ep/zce = 1.

Figure 6a shows the computational results in a Nyquist repre-
sentation. The black curve corresponds to the balanced situation of
the two transport paths where the grain boundary distribution ratio is
50:50 between both channels. This corresponds to the structural
situation of the BLM. Varying the distribution of grain boundaries
between the two pathways leads to more asymmetric structural
situations. The high-frequency semicircle does not change with
increasing asymmetry between both paths. In contrast, the low-
frequency semicircle decreases in size, as expected, with increasing
asymmetry of the two paths. Furthermore, the red curve with the
highest asymmetry (10:90) clearly shows that the low-frequency
semicircle is also distorted.

For a qualitative analysis of the additional signal in the four
simulations and the evolution of their parameters, each impedance
spectrum is transferred into the time domain (see Fig. 6b). In case of
balanced transport channels (black), the corresponding DRT shows
two signals only, in accordance with the standard interpretation. An
additional third peak cannot be detected as expected from Eqgs. 3,
4, and 5. In the case of transport paths with different numbers of
grain boundaries (N; # N,), there are always three signals distin-
guishable in each DRT. The amplitude of two of these signals is
significantly larger compared to the amplitude of the third signal,
which is located in the intermediate time range.

The two outer signals can be clearly identified as being
characteristic for the two considered microscopic transport processes
in the system. The amplitude and the relaxation time of the signal on
the left of each DRT is always the same for all computations in
accordance with our assumptions regarding the bulk process. The
relaxation time of the signal on the right of the four DRT, which is
related to the grain boundary transport, is not affected by asymmetric
structural situations. Its amplitude, however, decreases with in-
creasing asymmetry as indicated by the horizontal arrows in the
figure.

As outlined above, the additional signal in the intermediate time
range of the three DRT reflects the structural design of the pathways.
The comparison of this signal in each DRT reveals the trend that the
more asymmetric the two transport paths become, the larger the
amplitude of the signal becomes. The evolution of the amplitude
perfectly reflects the behavior of the resistance R,qq according to
Eq. 3. Its value increases with increasing asymmetry. It is worth
noting that in the particular case, in which the ratio of the number of
grain boundaries is 10:90, the amplitude of the additional signal has
become comparable to the amplitude of the grain boundary signal.
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Figure 7. Dependence of additional impedance signals on the transport parameters o; and ¢; of the bulk and grain boundary transport process. In the frequency
domain (a) additional contributions to the Nyquist plots (shaded area) may affect the high-frequency, the low-frequency or even both semicircles depending on
the choice of transport parameters. In the time domain (b), additional signals occur in the corresponding DRT, which vary in relaxation time as well as in peak
area. All computational results were obtained using the same bulk parameters Ly, = 200 pm and assuming an inhomogeneous distribution (1:100) of the

number of grain boundaries Lgg o = 5.05 pm between the two paths.

Moreover, it is demonstrated that the relaxation time of the signal is
independent of the distribution of grain boundaries between the two
transport paths. This observation agrees with the derived expression
for the relaxation time, since no quantity in Eq. 5 is affected by the
asymmetry. A detailed discussion for more complex systems
regarding the relaxation time of this signal, compared with those
of the bulk and grain boundary processes, is given in the Supporting
Information.

Impact of the transport parameters on the additional impedance
contribution for fixed pathways.—As already anticipated from the
analytical expressions for R.qq, Caqd, and 7,44, the signal of the
additional contribution to the impedance will vary in relaxation time
as well as in intensity depending on the choice of the microscopic
transport parameters (Fguik. £Bulks FGB» £6)- To demonstrate that the
evolution of the additional signal is even independent of the
structural design, the model system remained unchanged in this
series of simulations. Two pathways of equal bulk transport lengths
(Lypuk = Lapuk = Lpux = 100 pm) were considered. The total
length of the transport through grain boundaries was set to Lgg ot =
5.05 pm and a ratio of the grain boundary number of 1:100 between
the two transport paths was assumed. The conductivity og,x = 7o
and permittivity gy = 10* & of the bulk transport process were
kept constant. The conductivity ogg and permittivity egg of the
grain boundary transport process were systematically varied such
that 7gp = £gp/oGr remained constant. Nevertheless, parameter sets
(0GB, €cp) fulfilling these severe restrictions can be found, which
allow to shift the relaxation time of the additional impedance signal
Taaa across the entire intermediate time range between the relaxation

times of the two microscopic transport mechanisms. Here, three
parameter sets (Tpuk. EBulks OGB. tgp) Observing the opposed
restrictions will be exemplarily discussed. More details on the
dependence of the impedance response on the choice of parameters
for a fixed asymmetry can be found in the Supporting Information.

Figure 7a shows the impedance simulated for three selected
parameter sets in the Nyquist plot. The additional impedance signal
contributing to the total impedance occurs in the high-frequency
range, in the intermediate frequency range, and in the low-frequency
range, respectively. The computational results point out that this
R,4aCaaq-element can exclusively distort either the bulk semicircle
(case 1, high frequency) or the grain boundary semicircle (case 3,
low frequency). Moreover, the additional contribution may even
appear as another third separate semicircle (case 2, intermediate
frequency) in the impedance spectrum. In particular the last
example, case 2, drastically highlights that it is questionable to
always correlate a semicircle in the Nyquist plot with an actual
transport mechanism or reaction process in a sample.

The same holds for the time domain (Fig. 7b). In the three calculated
DRT, the additional signal occurs in the vicinity of the bulk signal
(case 1), in the vicinity of the grain boundary signal (case 3), and in the
middle between the two microscopic charge transport signals (case 2).
The amplitude of the additional signal in case 1 and 2 is almost equal to
the amplitude of the bulk signal. In case 1, the grain boundary signal is
much larger than the two other ones and in case 2 all three signals are of
equal amplitude. In case 3, the amplitudes decrease from left to right in
the DRT, i.e., the bulk signal has the highest intensity, the additional
signal has an intermediate intensity, and the grain boundary signal has
the lowest intensity. Thus, it cannot be concluded that the additional
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Figure 8. Systematic study of the impact of frequency-dependent switching of current paths on the impedance response. The complexity of the schematically
depicted model systems (a) was increased successively while keeping the ratio of the number of grain boundaries in the two macroscopic pathways of equal bulk
transport lengths constant (70:30). The increase in complexity was realized by starting from non-interacting transport paths with an equally spaced grain
boundary arrangement in both paths (1). By joining two sample halves together, a structure with interacting pathways is realized while keeping the spatial
arrangement of the vertical grain boundaries (2). An additional horizontal grain boundary is added affecting the probability of switching between both interacting
pathways (3). In contrast to equally spaced vertical grain boundaries, a random arrangement of such grain boundaries in both halves of the sample is simulated
while keeping the horizontal grain boundary (4). The computational results in the frequency domain (b) and time domain (c) reveal that the multidimensional
transport leads to additional contributions in the impedance compared to the quasi-1D non-interacting case (black). The computational results are based on the
following parameters: ogu/ogs = 100, egun/Epu = 100 pm, and Lgg o = 1 pm.
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signal is always lower in intensity than the other two signals originating
from the two microscopic transport processes. This finding highlights
the danger of misinterpreting an additional signal in the DRT to
originate from a microscopic transport process with an intermediate
relaxation time.

Appearance of multiple additional contributions in the impe-
dance spectruim.—The computational results obtained for the rea-
listic microstructure can be almost fully explained in terms of the
TPM. It was demonstrated that additional signals in the impedance
response may occur within the entire frequency range depending on
the interplay of the microscopic structure and the transport para-
meters. However, it should be noted that the TPM cannot yield more
than one additional signal in the DRT other than in experiments or
more realistic, and therefore also more complex model systems. It is
reasonable to assume that more transport paths or the interaction
between two of them result in more additional signals as demon-
strated in the Supporting Information. A qualitative study reveals
that the behavior of multiple additional signals in case of more than
two non-interacting transport paths is similar to the one of the single
additional signal regarding the TPM.

Transition from non-interacting fo interacting transport
paths.—The impedance analysis using the network model and the
consideration of the non-interacting TPM represent two extreme
cases. The two separated channels of the non-interacting TPM
represent two macroscopic pathways. In this particular arrangement,
where the local potential gradient in each channel is always parallel
to the path direction, these macroscopic transport paths are equal to
the corresponding microscopic transport paths. Charge carrier
switching between the two pathways cannot occur because of their
spatial separation. In contrast, the network model is applied to
representative parts of real structures. The sample acts as one
macroscopic lead, i.e., one macroscopic transport path. Due to the
spatial inhomogeneity of the sample, the direction of the local

potential gradient varies throughout the sample and many interacting
microscopic transport paths arise.

In order to validate the qualitative statements of the TPM with
respect to the interpretation of the results of the network model on real
structures, we have included the interaction between the two transport
paths of the TPM by merging the two halves of the sample and
allowing carrier transfer between them. Thereby, we considered two
pathways of equal bulk transport lengths L) gk = Lo pux = 50 pm as
starting point. The total number of grain boundaries corresponding to
Lot = 1 pm was kept constant. The grain boundaries were split in a
ratio of 70:30 between the two transport channels. The numerical
values for the ratio of the microscopic transport parameters were fixed
to opu/'Oge = 100 and eg g = 1.

Figure 8a shows exemplarily the model systems that we
considered. Structure (1) represents the non-interacting TPM already
discussed in the previous section defined by a spatial separation
between lower and upper half of the sample. The grain boundaries
within each pathway are spaced equally leading to a larger spacing
in the lower path shown in the figure. The design of model structure
(2) is identical to that of (1), but the two halves of the sample are
now merged together in a way that charge carriers may move freely
between its lower and upper half, i.e., the transport channels interact.
This is the basis of frequency-dependent switching of current paths.
Structure (3) represents an extension of structure (2) by adding a
horizontal grain boundary between the two macroscopic pathways.
In case of the model parameters chosen, this grain boundary makes
the switching of current paths energetically less favorable compared
to structure (2). The arrangement of grain boundaries in realistic
systems, however, is not symmetric or equidistant (see Fig. 1).
Therefore, structure (4) considers a random arrangement of grain
boundaries in both halves of the sample while keeping the 70:30
distribution between the two halves as well as the horizontal grain
boundary.

Figure 8b shows the simulated impedance responses in a Nyquist
representation. While the high-frequency semicircle is identical for
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all structures considered, significant variations in the low-frequency
range of the impedance curves are visible. The non-interacting TPM
(1, black) shows the largest impedance. This result is not surprising,
since the charge carriers in the energetically less favorable transport
path (top) cannot switch to the pathway with fewer grain boundaries
(bottom).

The comparison of the computational results considering interacting
pathways reveals that the model system without horizontal grain
boundary (2, green) shows the smallest impedance. The absence of
the horizontal grain boundary facilitates the spatial switching of current
paths, since there is no additional impedance contribution apart from
the increased bulk transport length. However, the multidimensional
transport does not only lead to a quantitative change of the impedance
spectrum, but also to qualitative deviations. The switching of pathways
causes a much stronger distortion of the low-frequency semicircle. The
interaction of the two halves of the sample increases the number of
possible microscopic transport paths through the structure. As already
demonstrated in the non-interacting case, the parallel connection of
several different transport paths can lead to more than one additional
impedance contribution (see Fig. S8).

The red curve is calculated for model structure (3) with a
horizontal grain boundary between the upper and lower half of the
sample. Since an additional grain boundary has to be crossed at each
switching of carriers between the two halves, the impedance values
increase compared to the green curve of structure (2). Consequently,
the distortion of the low-frequency semicircle becomes less visible
than for structure (2). The quantitative result, however, strongly
depends on the local distribution of the grain boundaries within the
two halves of the sample. The computed impedance curve of
structure (4, blue) with a random distribution of the vertical grain
boundaries shows a smaller impedance compared to the results for
sample (3, red), which also possesses a horizontal grain boundary
but exhibits equally spaced grain boundaries. A random arrangement
of the positions of vertical grain boundaries in both sample halves
can lead to regions where the spacing is larger or smaller between
individual grain boundaries, which favors a switching of transport
paths and decreases the impedance. Figures S9 and S10 show
simulations for ten structures of type (4) differing in the random
arrangement of the vertical grain boundaries with and without an
additional horizontal grain boundary, respectively. The results
highlight the massive impact of the spatial grain boundary distribu-
tion on the low-frequency impedance.

As expected, the effects described are also reflected in the time
domain (see Fig. 8c). The amplitude of the leftmost signal of the
corresponding DRT of all four model structures, which can be
assigned to the bulk process, is virtually the same in all cases. In
contrast, the amplitude of the DRT signal at high relaxation times,
which originates from the grain boundary transport, significantly
changes depending on the model structure considered. The magni-
tude of these amplitudes reflects well the expectation regarding the
average number of grain boundaries crossed in the transport process
((1) > (3) > (4) > (2)) in the case of the four model structures (1) to
(4). In the intermediate time range, significant differences appear in
the individual DRTs. While in case of the non-interacting transport
paths (1, black) one additional signal is visible, the DRTs for
interacting pathways show two (2, green) or three (3, red and 4, blue)
additional signals, respectively. The appearance of multiple signals
is not surprising, since the interaction of the two 1D transport paths
leads to more non-equivalent microscopic 2D pathways. The time
constants and corresponding amplitudes in the DRT of structures
(3) and (4) are comparable because of the same structural composi-
tion regarding the bulk and grain boundary volume fractions. A
similar behavior is also observed in the DRTs of the random structures
shown in the Supporting Information (see Figs. S9 and S10).
Moreover, the comparison of the amplitudes of all additional signals
in the DRT of structure (2, green) with the corresponding grain
boundary peak at high relaxation times shows that the contribution of
the former to the impedance is comparable to the contribution of the
latter one. This makes the analysis of impedance spectra of small

inhomogeneous samples very difficult as it shows that global
geometry effects of the carrier transport paths have a major impact
on the sample response.

Our discussion as a whole underlines the importance of including
detailed structural information in the analysis of experimental
impedance data. This is essential to avoid an incorrect assignment
of impedance features in the frequency as well as in the time domain,
which may lead to false conclusions about the microscopic processes
taking place inside the sample.

Conclusions

In summary, a novel impedance network model is presented,
which accounts for the sample (micro-)structure on microscopic and
macroscopic length scales in a realistic way. The computational
results of realistic model structures demonstrate that additional
impedance signals may occur in the frequency-dependent impedance
response as well as in the corresponding DRT. The additional signals
cannot be assigned to microscopic transport mechanisms but may be
of similar magnitude than those corresponding to the microscopic
transport mechanisms. The occurrence of these additional signals in
the impedance spectrum and in the corresponding DRT are
determined by the interplay of the sample’s microstructure as a
whole and the microscopic transport parameters. It is demonstrated
that such signals are also observed in experiments. These facts
highlight that a correct analysis of the impedance response with the
aim of understanding the transport processes and extracting reliable
microscopic transport parameters requires a proper accounting for
the structural features of the samples in the model. This necessity
holds, in particular, for samples with disorder on a microscopic scale
such as polycrystalline samples with a grain structure or mesoporous
samples.

The BLM and comparable quasi one-dimensional models imply
inherently that the local potential gradient is parallel to the main
current direction. Thus, these models cannot account for additional
features in the impedance response due to the missing interplay
between microstructure and microscopic transport parameters. These
models usually assume a one-to-one correspondence between
impedance features and microscopic transport processes. Thus,
care must be taken when using such models for the analysis of
experimental impedance data as impedance features may be easily
misinterpreted as additional transport processes or the extracted
microscopic transport parameters are erroneous.

It is worth noting that such additional features may already be
observed in the impedance response of polycrystalline samples with
rather macroscopic dimensions despite an averaging over a multi-
tude of microscopic transport paths. This suggests that the impact of
the microstructure will be the more important the smaller the
samples are. On the one hand, this makes the analysis of the
impedance data of such structures even more challenging. On
the other hand, it offers the opportunity to better understand the
relationship between transport and structure on the microscale. A
full structural characterization of individual thin-film samples with
dimensions of a few (10 - 10) |Lm2 is feasible with non-invasive
scanning probe techniques or even destructive probes such as FIB
after performing the transport measurements. In this context, it is
worth noting that the network model presented here may be easily
expanded to account for additional structural effects such as pores or
electrodes as well as additional microscopic transport mechanisms
such as transport along grain boundaries. Thus, it provides a
powerful tool for the analysis of the impedance response of samples
with pronounced microstructural features.
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Abstract

Variants of garnet-type Li;LasZr.O1, 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 LizLasZr,O:. 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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mostly investigated by impedance spectroscopy. Data evaluation is
usually based on the one-dimensional (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 the interlaboratory reproducibility and comparability of
results reported in the literature. Here, we use a combinatorial
approach of structural analysis and three-dimensional (3D) transport modeling to explore the effects of microstructure on the
derived material-specific properties of garnet-type ceramics. For this purpose, Al-doped Li;La;Zr,0;, 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 modeled twin microstructures demonstrates 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 polycrystalline electroceramics and its influence on
experimental results.
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1. INTRODUCTION

The role of electric energy storage technologies, i.e,, batteries,

Garnet-type solid electrolytes such as Lig,Aly,5La3Zr,0,
(LLZO) have received considerable attention for use as
separators in S§Bs since they combine high ionic conductivities

is ever-increasing. Recently, the concept of the solid-state _
& Y P of a few mS-cm™' and chemical compatibility with lithium

battery (SSB) has been attracting strong interest as it has the

potential to further advance lithium-ion battery technology.lf‘z
The ultimate target for the anode material is lithium metal due
to its low redox potential of Ey = —3.04 V and high theoretical
capacity of gy, = 3861 mAh/g." The successful implementa-
tion of the reversible lithium metal anode concept, however, is
hampered especially by morphological instabilities at the metal
anode interface and dendrite formation due to inhomogeneous
metal dissolution and deposition.é_8 This places high demands
on potential solid electrolyte (SE) separator materials. These
demands include, e.g., ensuring homogeneous current flow,
compensating for volume changes at the interface, and
providing high mechanical resistance to dendrite growth.

© 2023 The Authors, Published by
American Chemical Society
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metal**~'" This, together with the mechanical properties of
garnets, ie, high Young's modulus, hardness, and fracture
toughness, makes LLZO a highly suitable and attractive
candidate for fundamental investigations, e.g., of the interface
kinetics of the lithium metal anode.'” This includes the
investigation of “anode-free” SSB concepts, the impact of solid
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pristine surface

heat-treated surface

8h
increasing sintering time

Figure 1. Representative SEM images of the pristine and heat-treated surfaces of the LLZO pellets sintered for 2 h in (a) and (e), 4 h in (b) and
(f), 8 hin (c) and (g), and 12 hin (d) and (h) at 1230 °C. The homogeneity of the grain structure changes with increasing sintering time due to
abnormal grain growth. This is also true for the pore structure with the collapse of the initial small intergranular contacts (i.e., sinter necks) and the

fusion of pores into the bulk of the grains.

or jonic liquid interlayers, the effect of microstructured three-
dimensional solid electrolyte architectures, the understanding
of dendrite formation, or the effect of the modification of the
lithium metal electrode (e.g., using composite or alloying
approaches) on the electrode performance parameters, to
name just a few,"> ™'

Although the nominal composition of garnet solid electro-
lytes is often the same in many studies, interlaboratory
reproducibility is not necessarily guaranteed. Reasons are very
likely differences in the actual fabrication processes (e.g.,
sintering protocol or particle homogenization), which result in
considerable variations of the polycrystalline microstructure of
the ceramics obtained.”” It is well-known that LLZO exhibits
abnormal grain growth when the sintering temperatures are
too high, i.e., discontinuities in the grain growth rate lead to
individual coarse grains.”*** Thus, the sintering protocol (e.g.,
processing temperatures and sintering time or pressing and
annealing steps)™” strongly affects the grain size distribution
and porosity in the microstructure.”* " In consequence, the
comparison of electrochemical results of different research
groups reported in the literature is challenging, in particular, as
the effect of the actual microstructure is usually not properly
considered in the data interpretation. This concerns the
derived material properties and also the derived conclusions
about material alterations (e.g, lithium loss) or the formation
of different phases, e.g,, at grain boundaries (GB).** At this
point, we would like to note that we stick to the commonly
used term “microstructure” in describing the polycrystalline
grain pattern with typical dimensions in the order of a few
micrometers. One might infer whether it is more reasonable to
use the term “mesostructure” instead, but this is not yet an
established term in the field of ceramics.’

The electrical transport properties of electroceramics such as
LLZO are typically investigated by using electrochemical
impedance spectroscopy (EIS). Various microscopic processes
in the system, such as bulk and grain boundary transport, can
be separated in the frequency domain if they have different
time constants.”> The macroscopic transport parameters (ie.,
resistances R, and capacitances C;) are usually determined by
using simple one-dimensional equivalent circuit models
(ECM), such as two RC-elements in series. The parameter
pairs (R, C;) are then interpreted using the so-called brick layer
model (BLM).**"** The BLM assumes a polycrystalline
sample with a highly ordered arrangement of identical grains
in a matrix separated by a thin intergranular phase. The
symmetric BLM microstructure and the resulting 1D transport
paths allow the derivation of analytical formulas to easily
calculate conductivities o; and permittivities €, However, it is
usually ignored that the BLM cannot provide error-free
microscopic transport quantities, including activation ener-
gies.”® Deviations from the idealized BLM microstructure in a
real system, e.g,, due to a non-uniform grain size distribution
and pores, affect the dimensionality and homogeneity of the
transport through the real system.””* As a result, the
uncertainty in the BLM-derived transport quantities is a
function of the spatial arrangement of the grains and the
conductivity ratio of bulk and grain boundary transport.”” In
the past, Abrantes et al. have investigated such effects for
strontium titanate ceramics.”’ However, transferring  their
results to other material systems is not straightforward.

The lack of dedicated studies regarding microstructure-
related uncertainties in the transport properties of LLZO
obtained by BLM analysis hinders interlaboratory compara-
bility. In this study, we therefore perform a comprehensive

https://doi.org/10.1021/acsami.3c10060
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analysis of experiments and simulations to estimate the
uncertainty in the BLM-derived transport quantities. To this
end, different sintering protocols are used to deliberately
manipulate the microstructure of LLZO pellets, covering a
wide range of LLZO microstructures typically found in
experimental studies in the literature. In addition to visual
characterization, a machine learning (ML) assisted image
segmentation approach is used for statistical analysis and
quantification of sintering-induced microstructural changes.
The experimental EIS characterization of the individual LLZO
samples using the standard 1D BLM approach suggests
continuous changes in material-specific properties with
sintering time. However, by performing 3D transport
computations through statistically modeled twin micro-
structures, we show that the material-specific properties have
not necessarily changed during sintering. In the case of a dense
microstructure, the grain bulk conductivity evaluation is not
affected much by the use of the BLM, but the uncertainty in
the BLM-derived grain boundary conductivity can be up to
150% due to variations in grain size in the real microstructure
alone. The impact of porosity on bulk and grain boundary
transport parameters is even more severe and depends strongly
on the spatial pore distribution in the ceramic. Both kinds of
microstructural defects also affect the derived values of the
activation energies of the transport processes.

2. RESULTS

2.1. Microstructural Changes during Sintering of
LLZO Ceramics. Different aluminum-doped LLZO pellets
(Lig,sAlys5La;Zr,0,,) were prepared using a conventional
solid-state synthesis route similar to that reported by
Krauskopf et al.™ A detailed description can be found in the
Supporting Information. Four different groups of LLZO
samples are examined. The groups differ in the duration of
the final sintering step of the synthesis. They are labeled below
according to the sintering times of 2 h, 4 h, 8 h, and 12 h. X-ray
diffraction (XRD) measurements confirm the phase purity of
the individual LLZO pellets. The diffraction maxima in the
XRD patterns of each ground pellet can be indexed to the
cubic garnet structure with space group Ia3d (no. 230) and
lattice parameter a = 12.968 A, as shown in Figure S2. No
signatures of secondary phases, such as La,Zr,O; or other
crystalline impurities, are visible in the XRD data. This
demonstrates that the crystal structure and phase purity of the
bulk material of the LLZO pellets are independent of the
sintering time.

2.1.1. Visual Analysis of the Effect of Sintering on the
Microstructure. The changes in the sintering protocol affect
particularly the microstructure of the individual LLZO pellets.
This includes the size distribution, the shape distribution, the
spatial distribution, and the orientation of grains and pores.
Hereafter, the terms "grain structure” and "pore structure” are
used to refer specifically to these effects in the individual
phases of the overall microstructure. Figure la—d shows
scanning electron microscopy (SEM) images of fractured pellet
edges at sintering times between 2 and 12 h at 1230 °C. The
images obtained are suitable for distinguishing between the
actual material and pores but not between individual grains of
the material. Therefore, we use a variant of the thermal
grooving technique reported by Sato et al. to visualize the grain
boundaries (see Experimental Details for more details).** The
resulting grain structures are shown in Figure le=h. A direct
comparison of the pristine and heat-treated LLZO surfaces

reveals that dense areas in the former are sometimes due to
multiple well-sintered grains rather than a single grain. Overall,
the observed variation in the microstructure is in line with the
typical sintering behavior known for LLZO ceramics. It also fits
recent results by Moy et al. on the effect of aluminum
concentration on microstructure evolution:*>~>’

e 2 h sintering time: The microstructure in Figure lase
shows the closest resemblance to the initial state of
compressed spherical particles. It is characterized by a
uniform grain size distribution. The pores appear to be
regularly distributed throughout the sample and are
predominantly located between the individual grains,
leading to small intergranular contacts (ie. sinter
necks).

e 4 h sintering time: The first signs of the onset of
abnormal grain growth can be identified in the
microstructure shown in Figure 1bf.>***™*" Rearrange-
ment of the pore structure leads to the collapse of the
sinter necks. The overall microstructure appears to be
denser. There are local regions where only a few pores
are present. This indicates a densification process
commonly observed during the sintering of ceramics.**

e 8 h sintering time: Progressive abnormal grain growth
results in strong inhomogeneities in the grain structure.
The microstructure in Figure 1c,g features single coarse
grains with extensions up to 100 gm with small grains <3
pm clustered close to them. The pore distribution has
not changed significantly. The volumetric porosity is
unchanged, indicating that the initial densification
process has already been completed after 4 h of
sintering.

e 12 h sintering time: The microstructure is homogenized
again. Figure 1d,h reveals the formation of an
interconnected grain network with almost macroscopic
dimensions (i.e., several 0.1 mm). Only a few regions of
small grains <25 ym can be observed. The pore structure
has not changed significantly. The pores are found
mainly at the interfaces between the grains. This
qualitative behavior persists at even longer sintering
times, resulting in percolation paths between opposing
sample edges that cross only about 4 grains, as shown in

Figure S3.

2.1.2. Machine Learning-Assisted Statistical Analysis of
the Microstructure. We perform a statistical analysis based on
ML-assisted image segmentation of the sintered pellets to
quantify the microstructural changes in grain and pore size
with the sintering time. A detailed description of the image
segmentation pipeline can be found in the Supporting
Information. A proper analysis, however, was possible only
for the groups of pellets that were sintered for less than 12 h. In
the case of the 12 h group, widely varying grain sizes prevent
the sample surface from being probed with uniform resolution,
which in turn leads to a bias in the data. The input dataset for
determining the grain size distribution of the LLZO pellets
relies on two-dimensional (2D) SEM images of the heat-
treated sample surface (up to 0.15 mm® at a structural
resolution of 70 nm), as shown in Figure SS. The number of
segmented grains ranges from 5500 to 7000. In addition, we
performed an analysis of the porosity and pore size
distribution. It is based on selected 2D cross-sections from
focused ion beam scanning electron microscopy (FIB SEM)
tomography data (see Figure $6) since the pores were clogged

https://doi.org/10.1021/acsami.3c10060
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Figure 2. Statistical analysis of the grain size distribution of the LLZO pellets sintered for 2 h (top row), 4 h (middle row), and 8 h (bottom row)
based on machine learning-assisted image segmentation. (a) The shapes of the histograms with linear and logarithmic grain diameter axes differ
only slightly, while the number of outliers in the box-and-whisker diagrams increases with sintering time. (b) Abnormal grain growth in LLZO
results in a disproportionately large volume fraction being distributed among a few grains in the cumulative probability distribution. (c) The good
description of the distribution functions by a linear fit function (black) in the log-normal probability diagram indicates that the majority of grains

follow a log-normal distribution.

by particle abrasion after thermal treatment. The sample
volume probed was approximately 10° ym?® and the spatial
resolution of the tomographic 3D image was about 100 nm.
The number of segmented pores ranges from 4000 to 6000. In
the following analysis, we distinguish between different types of
densities: (1) the probability density n.(d) with k = (grain,
pore) of segmented elements with a certain size d, (2) the
volumetric density A(t) of the pellets after different sintering
times t = (2 h, 4 h, 8 h), and (3) the theoretical mass density of
LLZO ppiz0 = 5.12 g/cm’.

2.1.2.1. Quantitative Changes of the Grain Structure
During Sintering. Figure 2 depicts the results of the statistical
analysis of the sample microstructure for sintering times
between 2 and 8 h. At first glance, the grain size data in
histogram representation (i.e., probability density Myrain VS grain
size d) shown in Figure 2a do not exhibit any significant
differences. Plotting the data with a linear x-axis shows that the
probability density n,;, decreases drastically with increasing
grain size d. Considering the logarithmic grain size log(d) as
input data results in a different bin size, which allows us to

resolve a gradual increase of the probability density n to a

raim
maximum value, followed by a steady decrease, leadirig to an
asymmetric shape of the grain size distribution. The size range
between 1 and 10 pm accounts for about 96% of the
segmented grains. Median grain size (i.e., the central value in
the sorted list of sampled grains) and the mean grain size d; =
(2.d.)/N, where d, is the sampled grain size of grain i and N is
the number of segmented grains, are often used as statistical
descriptors for different microstructures. In our case, both yield
fairly similar results with 2.5—2.9 and 3.4—3.7 pum for the
former and the latter, respectively. Thus, averaging alone
cannot capture appropriately the structural inhomogeneities,

47263

which occur with increasing sintering time and that are visually
observed in the SEM images (see Figure 1).

Larger differences are evident in the maximum grain size,
which increases by a factor of 3.5 from 24 to 84 ym with
increasing sintering time. The top graphs in Figure 2a show the
box-and-whisker diagrams of the individual distribution
functions to unravel the distinct differences in the micro-
structure. The colored box represents the first and third
quartiles of the distribution, and the vertical line inside
represents its median. Whisker boundaries are based on 1.5 of
the interquartile range, and outliers from this interval are
indicated by small vertical lines. The comparison of the
individual diagrams reveals that, as the sintering time increases,
the first quartile shifts toward smaller grain sizes, the number
of outliers increases, and these shift toward larger grain sizes.
This demonstrates that with increasing sintering duration,
several grains are growing significantly at the expense of
smaller grains that are shrinking.

A similar behavior can also be observed in the cumulative
area distribution, i.e., the sum of the relative area fraction of
segmented grains vs grain size. The individual distribution
functions in Figure 2b show the same trends, with a sharp
increase followed by a smooth convergence. Quantitative
variations are particularly prominent when comparing the
samples sintered for 4 h (green) and 8 h (cyan). In the latter
case, the increase in area fraction is much flatter, meaning that
larger grains become more important, and the overall
microstructure becomes increasingly inhomogeneous. For
instance, less than 0.3% of the segmented grains have
diameters larger than 25 ym but account for more than 20%
of the total area in the data of the 8 h sample. Consequently,
longer sintering times result in a disproportionately large
volume fraction being distributed among a few grains, which

https://doi.org/10.1021/acsami.3c10060
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Figure 3. Statistical analysis of the pore size distribution in the LLZO pellets sintered for 2 h (top row), 4 h (middle row), and 8 h (bottom row)
based on machine learning-assisted image segmentation. (a) The shapes of the histograms and of the box-and-whisker diagrams with linear and
logarithmic grain diameter axes differ only slightly with respect to sintering time. (b) The cumulative probability distribution reveals no major
differences in pore size. (c) The majority of the sampled pores meet the criteria of a log-normal distribution, as indicated by the linear fit (black) in

the log-normal probability plot.

then determine the characteristics of the system (e.g,
mechanical or electrochemical properties).***

The grain size distribution in regular polycrystals usually
follows a log-normal distribution. This is indicated by a linear
relation in the normal probability plot, i.e., standard normal
probabilities vs logarithm of the grain size. In the case of the
sintered LLZO pellets, however, a sharp increase in probability
is followed by an almost linear response as shown in Figure 2c.
In particular, the behavior for grain sizes below 1 um is not
captured by a log-normal distribution. One of the reasons for
this is the use of a threshold to identify grains in the image
segmentation process. In contrast, the behavior of larger grain
sizes is well captured. A linear function (black) properly
describes the grain size distribution of the samples sintered for
2 h (yellow) and 4 h (green). In the case of the sample
sintered for 8 h (cyan), significant deviations are also observed
for grain sizes above 25 um. This is related to abnormal grain
growth, which leads to a bimodal grain size distribution with
increasing sintering time %5727

2.1.2.2. Quantitative Changes of the Pore Structure
During Sintering. Figure 3 shows the results of the statistical
analysis of the pore structure corresponding to different
sintering times. The individual size distributions are rather
similar in the histogram representation (i.e., probability density
Hpore VS pOTE Size d) and independent of sintering time, as
depicted in Figure 3a. The probability density n,. drops
sharply with an increasing pore size in the case of the
representation with a linear pore size axis. Interestingly, the
distribution function of the sample sintered for 4 h is
somewhat broader, ie., the probability density of smaller
pores decreases in favor of larger pores in the intermediate size
range. However, the functional behavior of the distributions
shows no significant differences on the logarithmic scale when
log(d) is considered as input data for the histogram
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representation. The segmented pore sizes vary between 0.2
and 9.0 um, and averaging yields a median size of 0.6—0.9 ym
and a mean size of 0.9—1.2 pm. This indicates that the pore
size distribution in the considered volume of the individual
LLZO pellets (ie, 10° gm®) is not much different from a
statistical point of view. The result is consistent with the box-
and-whisker diagrams, which reveal no disproportionately large
pores in the distribution. The maximum size decreases slightly
with sintering time from 9.0 to 5.7 pym. The cumulative area
distributions in Figure 3b do not show distinct differences, and
the normal probability plot in Figure 3c reveals an almost
linear relationship for most of the segmented pores, indicating
a log-normal distribution of the pore sizes.

The statistical analysis of the pore structure based on image
segmentation shows an increase in volumetric pellet density A
from 92% after 2 h to 94% after 4 and 8 h sintering time. This
trend is consistent with the calculated volumetric pellet density
A based on the mass density of LLZO py; 50, ie, A = (m/V)/
PLizo, where Vis the volume of the pellet and m is its mass.
The calculation shows that the volumetric pellet density A
increases slightly from 94% for the sample sintered for 2 h to
95% for the 4 and 8 h sintered samples. The observation agrees
with the behavior visually observed in the SEM images (see
Figure 1), which show an initial densification process followed
by a spatial reorganization of the pore structure at constant
porosity. The constant porosity is due to the slow kinetics of
closing the pores that are buried within the bulk of grains
during the sintering process, unlike the pores located at grain
boundaries.*® This is consistent with the statistical analysis in
Figure 3a, which shows a disproportionate increase in the
number of medium-sized pores for longer sintering times at the
expense of larger pores in the histogram.

2.1.3. Comparison with LLZO Microstructures Reported in
the Literature. A data mining study on the reported synthesis

https://doi.org/10.1021/acsami.3c10060
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Figure 4. Experimental impedance characterization of LLZO pellets under equilibrium using an ideally reversible (Li) electrode arrangement. The
impedance data of the individual LLZO pellets were recorded at 25 °C. For clarity, impedance values for frequencies below 100 Hz are not shown.
The impedance spectra over the full frequency range can be found in Figure S8. (a) The bulk contribution (blue) initially shrinks and then remains
almost constant, while the grain boundary contribution (red) decreases continuously with sintering time. (b) The time constants in the DRT for
sintering times of up to 8 h each agree well. A further increase of the sintering time to 12 h results in a shift of the grain boundary time constant 7y
to longer relaxation times. (c) The temperature dependence of the impedance contributions in the Arrhenius diagram is almost the same for
sintering times up to 8 h, while the grain boundary activation energy decreases by more than 40 meV for the sample sintered for 12 h.

conditions of LLZO ceramics by Mahbub et al. revealed a large
variance in the sintering protocols, especially with respect to
the process temperature and pressure in the individual steps.””
Such differences in the synthesis protocol result in a variety of
microstructures with different degrees of grain size homoge-
neity and wide ranges of pellet volumetric densities A.
Reported LLZO grain sizes in such sintered samples vary
from 1 to 600 um, while volumetric pellet densities A between
60% and almost 100% are observed.”""~*" Ideal SE separators
should be completely dense with zero porosity and should
show a uniform grain size distribution in order to yield
improved performance parameters, such as high fracture
toughness, high effective conductivity, homogeneous current
distribution, and strong mechanical resistance to dendrite or
filament growth. However, this is difficult to achieve in
practice. Most studies investigating the application of the
lithium metal anode in SSB consider LLZO separators with
volumetric pellet densities A greater than 92%. Lower
volumetric pellet densities A are usually observed when
studying and tuning the sintering behavior of LLZO ceramics.

The LLZO ceramics fabricated in this study cover almost the
entire range of grain sizes typically observed in the literature
while maintaining an almost constant volumetric pellet density
A of about 94%. The pellet sintered for 2 h is representative of
a uniform grain size distribution, while the sample sintered for
8 h captures the effect of a bimodal grain size distribution. The
microstructures of the other two pellets sintered for 4 and 12 h
represent intermediate cases, with the onset of abnormal grain
growth after 4 h of sintering and rehomogenization of the
microstructure after 12 h of sintering. Furthermore, the sample
sintered for 2 h is representative of an intergranular pore
arrangement, while especially the samples sintered for 4 and 8
h show the effect of an intragranular pore arrangement.

2.2. Understanding the Impact of Sintering Time on
the Material Properties of LLZO. Differences in sintering
duration may alter not only the microstructure of LLZO
ceramics but also their conductivity. An extensive literature
search reveals a large variation in reported conductivity data for

nominally the same material, in some cases more than an order
of magnitude variation.”"™* This can be due to changes in
the material-specific properties, such as lithium loss within the
structure or the formation of different phases at grain
boundaries, but it may also originate solely from its
microstructure.””***” To elucidate the effect of the sintering
protocol on the electrochemical properties of LLZO, we
perform a combinatorial analysis of experiments and
simulations. First, we experimentally study the impedance
behavior of the different LLZO pellets described in the
previous sections and derive their microscopic transport
quantities using the standard 1D brick layer model analysis
approach.”>™** The results are then compared with 3D
transport computations using statistically modeled twin
microstructures based on the ML-assisted analysis of the
microstructural changes of the LLZO ceramics during
sintering. This allows us to correlate microstructural changes
in grain and pore size distributions with the experimentally
observed differences in the electrochemical properties of
individual pellets.

2.2.1. Influence of Sintering Time on the Experimentally
Derived Transport Parameters. Temperature-dependent
potentiostatic EIS measurements are performed between —40
and 60 °C with an ideally reversible LilLLZOILi and a blocking
AulLLZOIlAu electrode setup. Here, the ideal reversible
electrode configuration refers to the cell preparation approach
reported by Krauskopf et al. (see Experimental Details) and
the absence of any interface contributions.”' The impedance
results for both electrode arrangements are consistent. In what
follows, we focus on the measurement results obtained with
the ideally reversible electrode configuration only, while an
overview of the results with the blocking electrode
configuration is given in the Supporting Information. Note
that all impedance spectra are normalized to the sample
dimensions to account for the slightly different diameters and
thicknesses of the individual pellets studied.

Figure 4a depicts the impedance response of the individual
LLZO pellets at room temperature in a Nyquist representation.

https://doi.org/10.1021/acsami.3c10060
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Each impedance spectrum consists of a semicircle at high
frequencies, which is only partially captured in the measured
frequency range, and a fully mapped semicircle at medium
frequencies. They can be assigned to transport within the bulk
of grains (blue) and transport across grain boundaries (red)
based on their capacitance and their apex frequencies of about
5 MHz and 50 kHz, respectively.”* Extending the sintering
time from 2 to 4 h leads to a decrease in the bulk contribution
from 2.47 to 1.39 k€2-cm, while it remains almost constant for
longer sintering times. In contrast, the grain boundary
contribution decreases continuously from initially 0.70 k-
cm after 2 h of sintering to 0.21 kQ-cm after 12 h of sintering.
The qualitative evolution of the total resistance (ie., Ry +
Rgp) is comparable to the computational study by Kim et al.*®
However, a quantitative analysis of the functional behavior
requires additional measurements at different sintering times.

We transfer the impedance into the time domain by
performing a distribution of relaxation times (DRT) analysis
in order to study the effect of the sintering time on the time
characteristics of the two transport processes. The resulting
DRTs look qualitatively the same and differ only in small
details, as shown in Figure 4b. Each distribution function y(7)
consists of two larger signals for relaxation times between 1077
and 107" s and a small signal in the range of 107 s. The former
two originate from bulk (blue) and grain boundary (red)
transport within the sample. The amplitude of the bulk signal
first drops and then remains almost constant with sintering
time, while that of the grain boundary signal decreases
continuously. This is consistent with the results in the
frequency domain since the area under a signal is proportional
to its resistance. Interestingly, the time constant of the bulk
transport is independent of the sintering time, in contrast to
that of the grain boundary transport, which increases by about
a factor of 2 when going from 8 h sintering time to 12 h
sintering time. The third signal occurring at longer relaxation
times originates from remaining pores at the LilLLZO
interfaces during cell assembly. They lead to geometric current
constriction (Cstr) effects, as recently discussed in the
literature.*"~>?

To quantify the changes in impedance with sintering time,
we perform an ECM analysis considering two RQ-elements in
series. These represent bulk and grain boundary transport
within the sample. The capacitance C; of both processes is
given by Brug’s formula C, = (Q/R™)Y%, where « is the
ideality factor of the constant phase element Q.°* The
macroscopic parameter pairs (R, C;) with i = (Bulk, GB) are
then transformed into microscopic transport quantities (oe-™,
£2M) using the brick layer model approach.”*™** The bulk
parameters (ohon, €nur) can be calculated based on the cell
constant of the system using the standard formulas for resistors
and plate capacitors. The grain boundary quantities (ot

eoa™") can be determined using

oBIM _ oBIM 1 L e
GB  — “GB,geo — RGB A d + 5GB (1}
L da
BLM BLM GB
€ = €aBgeo = CoB' T T o
' A d+ g (2)

where L is the thickness of the sample, A denotes the electrode
area, and d is the grain size. In experiments, the geometric
prefactor 6qp/(d + 8gp) in eqs 1 and 2, reflecting the
microstructure of the sample, is often unknown. Thus, the

equations are usually rearranged to depend instead on the ratio
between the macroscopic bulk and grain boundary capaci-
tances Cpy/Cgpe

v 1 L Chui £cB
GB =
Rgp A Cop €puk (3)
eBM _ - L Cou £gp
o TA Cop e (4)

The comparison of the former eqs 1 and 2 with the new egs
3 and 4 allows the derivation of an expression for the

calculation of the grain boundary thickness Sty in the
microstructure.
SBLM _ 4. £gp Chuik
GB — | C ) C
Epuic" Lo ~ €GB Cpulk (5)

A detailed discussion regarding the origin of the analytical
formulas, i.e., eqs 1—5, is given in the Supporting Information.
Apparently, eqs 3—5 depend not only on bulk and grain
boundary capacitances but also on their permittivities, which
are challenging to determine experimentally. However, for
oxide materials such as ZrO,, CeO,, or SrTiO;, it is well-
known that they are quite similar, ie., £35 ~ 259757 This
allows for simplifying the equations so that they depend only
on known quantities:

1 L C
BLM BLM Bulk
0GB = OGBeap = 3, 1 -~

' Rgp A Cgp (6)
eBIM _ (BLM £ Cpuk
GB — “GBycap — GB

A Cgp (7
C

SEM — g, Bulk

Cap — Chuk (8)

This assumption (ie., epy = €cp) may be questionable in
the case of LLZO due to various mechanisms leading to grain
boundary resistance, such as microcracks and segregation of
impurities or amorphous phases.®® Nevertheless, it is widely
used in the literature to analyze EIS data of LLZO ceramics,
alth0u<§h it may lead to some degree of inaccuracy in obs” and
Se:M>77%! In the following, we also stick to eqs 6—8 and
assume that bulk and grain boundary permittivities are the
same. In addition, we adapt the notation (opg", ebg"
according to ( G]f;’ff, SEI“BIJ}{) with j = (geo, cap) to distinguish
between the two calculation methods. Here, the index “geo”
refers to the calculation with the geometric prefactor, i.e,, eqs 1
and 2, and “cap” to the calculation using the capacitance ratio,
i.e, eqs 6 and 7. They only give identical results for the BLM
structural assumptions but not necessarily for a realistic
microstructure.

Table 1 summarizes the results of the BLM analysis of our
experimental data at room temperature. For all temperatures,
we use the capacitance ratio measured at —40 °C to calculate
oﬁ'g?ﬁap since the ratio varies only slightly in the experiments,
and each semicircle is fully captured in the measured frequency
range. Moreover, the ratio is supposed to be temperature-
independent in the BLM picture due to its correlation with the
geometric prefactor (see eq $42). The magnitude of all derived
transport c%uan.tities agrees well with the values reported in the
literature.***%*%%% The microscopic bulk parameters (oBtM
£51) nearly double when the sintering time is increased from
2 to 4 h and then remain almost unchanged for longer

https://doi.org/10.1021/acsami.3c10060
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Table 1. Overview of the Experimental Transport
Parameters at Different Sintering Times Determined at
Room Temperature with BLM Analysis”

t/h 2 4 3 12
ebM/e, 118 185 183 209
o /mS-cm™! 0.41 0.72 0.76 0.78
E, pai/meV 331 329 327 322
Clinge/ HS-cm ™! 3.93 5.85 8.94 6.75
ot /uS-cm™ 241 5.12 7.86 6.19
E, gp/meV 402 408 398 364
SEM /nm 7 10 11 11

“The capacitance ratio used to calculate ag]g’}fap is determined at —40
°
C.

sintering times. The time constant Tpyy = Epuy/Chur is
maintained in each case. Interestingly, the grain boundary
conductivity a(“g';;,‘f increases steadily by roughly a factor of 3 up
to a sintering time of 8 h, followed by a slight decrease when
the sintering time is further increased to 12 h. Note that the
calculation via the geometric prefactor and via the capacitance
ratio yield comparable results, except for the sample sintered
for 2 h, where both differ by about 60%. The resulting time
constants G]‘Bl}{ = e?{gﬁ'/o&’g{‘;‘ with j = (geo, cap) differ by no
more than a factor of 2 for different sintering times. The grain
boundary thickness 5tg” in the pellets appears to increase from
7 to 10 nm when the sintering time is increased to 4 h and
then remains almost constant. This is within the range of
values reported in the literature, %%

The qualitative trends in the changes of material parameters
with the sintering time are similar for the different temper-
atures considered. To analyze the temperature dependence in
the individual LLZO ceramics in more detail, we consider the
corresponding Arrhenius diagrams In[o ™ - T] vs T~ with i =
(Bulk, GB,cap) shown in Figure 4c. The activation energies E,;

listed in Table 1 can be determined from the slopes of the
corresponding linear fit functions (black lines). The
uncertainty of the derived results is <4 meV. Apparently,
sintering times between 2 and 8 h have no major effect on the
activation energy. The bulk value of about 330 meV and the
grain boundary value of roughly 405 meV vary only slightly by
less than 10 meV for different sintering times. This seems
reasonable in view of possible inaccuracies and also in the
ECM fitting of the impedance spectra. In addition, the
magnitude is in good agreement with the values reported in the
literature.*>**~%* Larger differences are observed in the case
of the LLZO pellets sintered for 12 h. In particular, E, 3 drops
by more than 40 meV, which cannot be explained by
uncertainties in the data analysis alone.

Altogether, the findings of the BLM analysis shown in Table
1 indicate that the material-specific parameters of LLZO (o7™,
£P™) change continuously with sintering time. The observed
trends could be explained by, eg., lithium loss from the
ceramics at elevated temperatures or changes in the chemical
composition of the grain boundaries. For instance, there are
several reports in the literature where different Li—Al-O
phases have been identified at the grain boundaries.”*** It is
not clear, however, whether this is the sole or the true reason
for the underlying effect. The changes in the macroscopic bulk
and grain boundary parameters (R, C;) in the impedance
spectrum shown in Figure 4a can also be explained (solely) by
the microstructural changes during sintering, i.e., the collapse
of the sintering necks and the reduction of the grain boundary
to bulk volume ratio in the dominant transport path as
observed in Figure 1. This means the differences between the
actual microstructure and the idealized (highly symmetric)
sample microstructure assumed in the BLM introduce
uncertainties in the 1D BLM analysis result.’*™**®> Other
geometric effects, such as a static constriction effect at the
electrode interface due to cell preparation (i.e, the size of the

idealized brick layer microstructure
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Figure 5. Effect of sintering-induced microstructural changes on the DC ion transport in the system. The microscopic transport parameters
considered are the same in all cases. (a) Spatial images of BLM and dense statistically modeled twin microstructures based on the grain size
distributions of the synthesized LLZO pellets shown in Figure 2. The color indicates different grains of the same bulk material. (b) The
homogeneity of the current distribution in the microstructure decreases with increasing sintering time. As a result, deviations from the 1D transport
behavior observed in the BLM become more pronounced due to the formation of 3D percolation paths.
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Figure 6. Effect of the microstructure on the electrochemical impedance. The computations consider a BLM microstructure (gray) as well as dense
(colored) and porous (black) statistically modeled twin microstructures based on the grain and pore size distributions of the synthesized LLZO
pellets. The microscopic transport parameters used for the computations are the same in all cases. (a) The bulk impedance of the BLM and the
dense statistically modeled twin microstructure agree well, while the grain boundary contribution is overestimated for the BLM microstructure.
Pores in the statistically modeled microstructure scale the impedance, which also leads to changes of the bulk contribution compared to the BLM
microstructure. (b) The microscopic time constants for bulk and grain boundary transport in the DRT are maintained in each computation. Signals
in the intermediate relaxation time range are related to the disorder in the microstructure, i.e., to geometric deviations from the highly symmetric

36

BLM microstructure.

electrode is smaller than that of the sample surface) and
uncertainties in the ECM analysis or in the determination of
electrode area and sample thickness, may also play a role.*”®

The significant influence of the real microstructure of the
sample on electrochemical material analysis has recently been
demonstrated in an experimental study by Ohno et al®® The
authors investigated the interlaboratory reproducibility of EIS
experiments to determine the ionic conductivity and activation
energy of thiophosphate-based solid electrolytes. Different
sample preparation methods of supplied powder material (e.g.,
pelletizing pressure, etc.) led to large variances in both
quantities, even though identical raw materials were employed.
Similar microstructural effects can be expected with respect to
the accuracy of the 1D BLM analysis of the LLZO pellets
sintered under different conditions. Therefore, a detailed
theoretical analysis is performed to estimate the extent to
which sintering-induced microstructural changes affect the
BLM-derived transport parameters shown in Table 1.

2.2.2. Revealing the Effect of the Microstructure on the
BLM Analysis through Transport Modeling. We used a
combinatorial approach of microstructural analysis and trans-
port modeling for our theoretical investigation. The transport
computations rely on a 3D electric network model,’® and the
statistically modeled twin microstructures considered are based
on Voronoi tessellation””*® with the results of the statistical
microstructure analyses as input data (see Computational
Details for more information). To account for intersection

47268

probability effects in the 2D SEM image datasets for the ML-
assisted segmentation approach, the grain and pore size
distributions (see Figures 2 and 3) were first transformed using
the Saltykov method to estimate the true 3D size
distributions.®*”° Although Voronoi tessellation cannot
perfectly capture the effect of the spatial arrangement of the
pores or grains in a specific microstructure, it is well suited to
estimate the uncertainties in the BLM-derived transport
properties.””**"" This refers to the fact that the simulated
model systems cover all of the statistical changes in grain and
pore size during sintering. In total, a series of ten dense and ten
porous statistically modeled twin microstructures are consid-
ered for each sintering time to account for the quantitative
effects of the spatial pore or grain distribution in the
microstructure on the transport properties. In each computa-
tion, we use the same microscopic transport parameters, i.e.,
those derived at room temperature from the experimental EIS
analysis of the LLZO pellet sintered for 4 h. Moreover, we
consider the ideal case that bulk and grain boundary
permittivity are identical, ie., ey = €gp. Therefore, the
simulations will solely elucidate the influence of the micro-
structure on the impedance and the subsequent 1D BLM
analysis result. It should be noted that the following qualitative
results are independent of the set of transport parameters
selected from Table 1 and that the effect of different
temperatures will be considered later in the discussion.

https://doi.org/10.1021/acsami.3c10060
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Figure Sa shows the idealized BLM microstructure
compared to dense statistically modeled twin microstructures
for sintering times ranging from 2 to 8 h. Apparently, the
deviation of the actual microstructure from that assumed in the
BLM increases with sintering time, as the size and shape of
individual grains vary more with longer sintering times. This
behavior has a major effect on ion transport through the
material and, thus, on the performance of a device where the
material is incorporated.”’ Figure Sb depicts a cross-section of
the direct current (DC) distribution in the transport plane for
the different microstructures. The highly symmetric grain
arrangement in the BLM features 1D transport, which is
indicated by a homogeneous current distribution in the system.
For the actual, more realistic microstructures, the interplay of
grains of different shapes and sizes and their spatial distribution
in the microstructure result in the formation of 3D percolation
paths along larger grains. This leads to inhomogeneous current
distributions. The homogeneity of the current distribution
decreases with sintering time due to abnormal grain growth,
which is particularly pronounced for the sample sintered for 8
h. The differences in charge transport behavior affect the
macroscopic transport properties (R, C;) with i = (Bulk, GB),
which are then used to derive the microscopic material
parameters (o, &) using the 1D BLM approach. Therefore,
inaccuracies in the calculation results are to be expected. This
is also true for the porous microstructures since the analytical
formulas of the BLM rely on a dense microstructure, i.e, the
BLM does not account for the effect of pores.

Figure 6a shows exemplarily the Nyquist representation of
the computed impedance for three sets of microstructures with
a sintering time of 2, 4, and 8 h. Each of the sets depicts the
impedance spectrum of a dense statistically modeled twin
microstructure (colored), a corresponding highly ordered
BLM microstructure (gray), and a porous statistically modeled
twin microstructure (black). The same qualitative trends are
observed independent of sintering time, i.e., they are
independent of the grain size distribution. All spectra visually
consist of two contributions, i.e., a bulk semicircle (blue) at
high frequencies and a grain boundary semicircle (red) at low
frequencies. The comparison of the impedances at fixed
sintering times reveals that the bulk contribution of the BLM
microstructure and that of the dense statistically modeled twin
microstructure are similar, while the BLM microstructure
exhibits a slightly increased grain boundary contribution. The
presence of additional pores within the statistically modeled
twin microstructure increases both bulk and grain boundary
contributions compared to the other two microstructures.

The differences in the impedance are a consequence of the
frequency-dependent evolution of the transport paths through
the microstructures (see Figure $10).°° At high frequencies
around 1/7py, the grain boundaries in the system are
dielectrically conductive (i.e, Zgg(®w = 1/7y) ~ 0) with a
negligible effect on charge transport. Therefore, the bulk
contribution is not affected when varying the grain structure in
the case of dense samples. With decreasing frequency, the grain
boundaries become electrically conductive (i.e., Zgs # 0), ie.,
higher resistive. As a result, energetically preferred percolation
paths along larger grains are formed, where fewer grain
boundaries are crossed (cf. Figure 5b). This effect is
particularly pronounced when a wide grain size distribution
is present in the microstructure. These frequency-dependent
percolation effects are not captured by the 1D BLM, where all
transport paths are identical and exhibit the same number of

grain boundaries. Therefore, the BLM microstructure leads to
an overestimation of the grain boundary impedance compared
to the actual inhomogeneous microstructure.®

Pores in the microstructure always lead to an increase in the
DC resistance. This is related to both the reduction of the
volume fraction of bulk material and the resulting increase in
the tortuosity of the forming transport paths. The quantitative
effect on individual impedance contributions and the total
resistance depends strongly on their spatial distribution in the
microstructure. This has recently been highlighted in the case
of porous electrode interfaces’”*’ and mesoporous thin
films.”” Tt is also illustrated in Figure S11 for a statistically
modeled twin microstructure of the sample sintered for 8 h. As
for grain boundaries, the impact of pores on the shape of the
impedance spectrum depends on the time scale.”” The
impedance response of pores changes from dielectrically
conducting to electrically insulating as the frequency decreases.
In the former case, no major effects on the evolving transport
paths are expected (i.e., quasi-1D transport), while in the latter
case, they act as blocking barriers enforcing detours of the
charge carriers. The increased bulk and grain boundary
resistance in Figure 6a indicates that the pores exhibit blocking
behavior even at frequencies in the range of 1/7p,. The
associated tortuosity factors of the bulk and grain boundary
signals are not necessarily the same due to changes in the
transport paths when the grain boundaries become electrically
conductive with decreasing frequency.

We calculate the individual distribution functions y(z) in
order to analyze the time characteristics of the computed
impedance spectra. The DRT results in Figure 6b show two
major signals at small and large relaxation times, representing
bulk and grain boundary transport, respectively. Except for the
ordered BLM microstructure, the non-ordered microstructures
reveal an additional geometric signal near the grain boundary
time constant, which arises from competing transport paths
through the system. The origin of these geometric signals has
recently been derived analytically by us.*® Interestingly, the
time constants of both microscopic transport processes are not
affected by the different microstructures considered.’’ This
holds true for all statistical model systems studied here. Thus,
(sintering-related) changes in the microstructure alone do not
change the time characteristics of electric transport processes
in the case of LLZO.

The computed impedance spectra shown in Figure 6a can
now be used to identify the differences between the true
material-specific transport parameters and those obtained
when performing a 1D BLM analysis based on an idealized
microstructure. To this end, the spectra of the dense and
porous statistically modeled twin microstructures are fitted
with a 1D ECM consisting of two RC-elements. The
macroscopic parameter pairs (R, C;) with i = (Bulk, GB) are
then translated into microscopic ones (oP™, eP™) using the
cell constant in the case of bulk transport. For grain boundary
transport, both the geometric prefactor and the capacitance
ratio are considered in the calculation according to eqs 1 and 6,
giving rise to grain boundary conductivities aﬁ%}é‘eo and aglﬁ?fdp,
respectively. Table S2 summarizes the results of the 1D BLM
analysis of the computed impedance for dense and porous
microstructures and various sintering times. It also includes the
relative deviation between the derived BLM parameters (o7,
£™™) and the actual microscopic transport parameters (o, &)
used in the 3D transport computations, e.g., (™ — ) /6. A
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Figure 7. Temperature dependence of the inaccuracy of the grain boundary conductivity (oié'ff — 06gp)/06cp determined with the 1D BLM
approach. The bold markers and error bars represent the mean error and standard deviation, respectively, based on ten statistically modeled twin
microstructures. The dashed orange line indicates room temperature. (a, b) For dense microstructures, the deviation from the true conductivity
decreases with the homogeneity of the grain size distribution and with temperature. Calculating the grain boundary conductivity using (a) the
geometry factor (fg'g"\geo gives a worse result than using (b) the capacity ratio (J’E’f;{‘é‘ap. Note that the simulations do not account for possible
inaccuracies in the assumed permittivity ratio and in the (experimental) measurement of capacitances that would affect the calculation result in (b).

(c) Pores within the microstructure lead to different quantitative deviations.

The derived conductivities crg]ﬁ{‘fap tend to be too small, depending on

the number and arrangement of pores in the microstructure. (d) The homogeneity of the current distribution in the microstructure increases with

temperature as the ratio of bulk-to-grain boundary conductivity decreases.

visualization of the deviation is shown in Figure 7a—c (see the
dashed orange line at room temperature).

For the dense statistically modeled twin microstructures, the
differences between the bulk parameters (o, €hgr) obtained
from the 1D BLM analysis and the actual material parameters
(Opuo €pax) are negligible. In contrast, the grain boundary
conductivity oG c,, is overestimated by about 15% when using
the capacitance ratio in the calculation, while ag%ﬁeo exceeds
the actual grain boundary conductivity 6y by roughly 100%
considering the geometric prefactor. This means that both
derived BLM values Uglg“f are too large. Nevertheless, the actual
time constants of the microscopic transport processes are
almost preserved when performing the BLM analysis, i.e., 70"™
= gPM/GP™M ~ 7. As expected, the microstructures with a
broader grain size distribution exhibit a larger deviation in
grain boundary conductivity ag’g“;' since their microstructure
deviates to a greater extent from the highly symmetric
microstructure assumed in the BLM. Apparently, the grain
boundary conductivity a?ﬁgﬂap gives a much smaller deviation
than d%llglf’[geo. In reality, however, the deviations of Gg%l’\fap are
likely to be somewhat larger since the assumption &g = £gp
underlying eq 6 may not be perfectly satisfied in the case of
LLZO due to various mechanisms leading to grain boundary
resistance. In addition, measured capacitances are often
susceptible to interference from external sources. The
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deviations of ch;%sl,ngeo are independent of this but depend on
the estimate of average grain size and grain boundary thickness
in the sample. Thus, both calculation methods are shown to
provide a realistic range of uncertainty for the BLM-derived
grain boundary conductivity.

To assess the range of possible deviations in the material
parameters due to the 1D BLM analysis, we also examine the
effect of varying temperature, which changes the conductivity
ratio between bulk and grain boundary, as both processes
exhibit different activation energies (cf. Table 1). To this end,
the computed impedance of N = 10 different statistically
modeled twin microstructures of each model system (ie.,
sintering time) is analyzed by using the BLM approach. Figure
7a—c shows the mean deviations of the derived grain boundary
conductivity (3,( G]gll\}['i — 0gp)/0gs)/N with j = (geo, cap) for
the different sintering times as a function of temperature T.
The error bars represent the standard deviation. The increase
in sensitivity with sintering time (ie, the bandwidth of
possible deviations) indicates that the role of local grain
arrangement is significant for inhomogeneous microstructures
with bimodal grain size distributions. Interestingly, the
sensitivity in the deviation of the grain boundary conductivity
using the geometry factor o‘éll;g'eo in the calculation is
significantly larger than that using the capacitance ratio O'ELB{‘faP.
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Figure 8. Quantitative estimate of the porosity-related inaccuracy in the 1D BLM analysis for (a) the bulk conductivity opyy, (b) the bulk

BLM

permittivity e5iir, and (c) the grain boundary conductivity aglﬁlfap. To this end, a highly symmetric BLM microstructure with grain sizes of 4 ym
(black, gray) and 8 ym (red, coral) was considered, where the pores are randomly distributed (black, red) or specifically arranged between the
grains (gray, coral). The pores in the microstructure are shown in white, while the grains of the same bulk material are shown in different colors.

The results in Figure 7ab are based on dense statistically
modeled twin microstructures. The deviations from the actual
grain boundary conductivity 65z cover a wide range: from
about 175% to about 60% for agllgl,\geo and from 40% to almost
0% for 0%1};?;1,. Here, the inaccuracy decreases with temper-
ature. Abrantes et al. reported similar experimental observa-
tions on the grain boundary characteristics of strontium
titanate ceramics.’® This trend is due to the fact that the bulk
and grain boundary conductivities become more and more
similar with increasing temperature, resulting in a homoge-
nization of the DC distribution in the microstructure, as shown
in Figure 7d. As a result, differences between the actual
transport behavior in the real system and that assumed in the
BLM are reduced.

The presence of pores in the microstructures results in
different quantitative deviations, as highlighted in Figure 7c.
Nevertheless, the qualitative behavior is consistent with the
analysis for dense microstructures. This shows that the effect of
the pore geometry and distribution superimposes the effect of
grain geometry and distribution, i.e., the deviation of the grain
boundary quantities is an average of both effects. Note that the
magnitude of the deviation depends on temperature, ie., the
conductivity ratio between bulk and grain boundary transport.
This means that the curves in the dense case depicted in Figure
7ab are not only shifted by a constant along the y-axis.
Interestingly, the grain boundary conductivities G'gf‘fap tend in
some cases to be underestimated due to the pores (see also
Figure S12 for the evolution of alélé?gm). Therefore, the
identification of general trends regarding the inaccuracy of a
1D BLM analysis is challenging.

However, to provide a quantitative estimate of the influence
of porosity on the 1D BLM analysis with only little impact on
the grain structure, we consider two BLM microstructures (ie,
a highly ordered array of identical cubic grains separated by a
grain boundary phase) with grain sizes of 4 and 8 ym. On this
basis, two model systems are generated for each micro-
structure, in which 1 pm large pores are arranged in a random
manner or are specifically placed between the grains (see inset
in Figure 8). In a series of impedance computations, the
porosity is varied between 0 and 20%. Figure 8 shows the
relative deviation for (a) the bulk conductivity ohay, (b) the
bulk permittivity egmy, and (c) the grain boundary conductivity
Gglﬁ?fap (see Figure S13 for Ggi?gm). In all cases, the qualitative
trends and almost all of the quantitative inaccuracies are the
same. Pores always lead to an underestimation of the
microscopic transport parameters as the BLM is only defined

for a dense microstructure, i.e., charge transport takes place in
a larger volume fraction of bulk material. In this highly
simplified model system, deviations of up to —70% can be
observed for the bulk and grain boundary transport parameters
with increasing porosity. The range of the uncertainty seems
reasonable in light of theoretical studies on the inaccuracies
observed for mesoporous thin films.”* The exact value of the
inaccuracy, however, depends strongly on the arrangement of
the pores and also on the grain sizes in the microstructure.
While the relative error increases linearly for a random pore
arrangement (black and red curves), there is a larger and non-
linear increase for the intergranular pore models (gray and
coral curves). The latter is due to severe geometric current
constriction effects in the microstructure, resulting in a high
sensitivity of macroscopic resistances R; to porosity changes.
This effect is more pronounced for larger grain sizes in the
microstructure (coral curve), i.e., the relative deviation is larger
in this case. In contrast, the grain size does not seem to have an
effect on the porosity range considered when a random pore
arrangement is assumed, i.e., the curves overlap (black, red) in
this case.

In addition to the BLM-derived transport quantities, the
grain boundary thickness Sga" estimated from the capacity
ratio Cyy/Cgp and mean grain size d via eq 8 is also subject to
deviations. For the computed impedance spectra considering
the dense and porous statistically modeled twin micro-
structures (see Figure 6a), the derived values 5&3" under-
estimate the true grain boundary thickness §gg by about 309%,
as shown in Table S2. In reality, the deviation may be even
higher if the assumption about bulk and grain boundary
permittivity is not met, ie., if eg, F# €gp. Interestingly, the
inaccuracy is also a function of temperature (see Figure $14).
The reason is that the redistribution of current density in non-
ordered microstructures with temperature results in changes of
the capacitance ratio Cy,p/Cgp, although the microstructure is
not affected (ie, the geometric prefactor dqp/(d + 8¢p) is
constant). This effect is not captured by the simple 1D BLM
due to its highly symmetric structural arrangement and the
resulting homogeneous current distribution in the system (see
Figure 5a).

The temperature-related changes in the current distribution
through the microstructure can also affect the analysis of the
temperature dependence of the individual transport processes.
To derive the activation energies E_; of the bulk and grain
boundary transport, the BLM-derived conductivities 67" are
considered in the Arrhenius representation. The results listed

https://doi.org/10.1021/acsami.3c10060
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in Table S2 show that the activation energies differ slightly
from the actual quantities of E g = 329 meV and E, g =
0.408 meV chosen for the computations. The deviation of the
bulk value is only marginal (i.e., 20%), while that of the grain
boundary value is up to 21 meV. This corresponds to a
maximum mismatch of about 5%, which decreases with
increasing homogeneity of the microstructure. Interestingly,
Ohno et al. reported variations of similar magnitude for
identical thiophosphate-based SE powder materials processed
into samples by different methods.”® This finding again
emphasizes the importance of the microstructure of the
sample for the interpretation of macroscopic measurements to
derive microscopic material parameters, such as conductivities
or activation energies. However, the influence of micro-
structural effects, such as constriction phenomena or temper-
ature-related changes of the net of current paths, on derived
activation energies is usually overlooked in the literature.

2.2.3. Estimating the Impact of Microstructure on
Experimentally Determined Transport Parameters. Based
on the theoretical studies, it is now possible to estimate the
impact of the sintering-induced microstructural changes on the
transport parameters of LLZO ceramics determined via 1D
BLM analysis of experimental data (Table 1). The comparison
of the conductivities obtained from samples prepared with
different sintering protocols shows that opi varies by a
maximum factor of almost 2, Jé%l:geo by a factor of about 2, and
rfglg{‘fap by a factor of roughly 3 (see Table S3). The
consideration of the dense statistically modeled twin micro-
structures in the simulations revealed systematic trends, such
as an increase of the accuracy in extracting ()’2'5?;[ with
homogenization of the microstructure. The deviation between
U%I\f and the true grain boundary conductivity ogp can reach
up to 150% due to the grain size distribution alone (see Figure
7), while that of ooil is independent of it. It is noteworthy,
however, that the accuracies observed differ by less than 20%
among the individual microstructure types considered. There-
fore, the increase in grain size during sintering alone does not
explain the experimental differences in the bulk and grain
boundary conductivities.

The computations demonstrate that the presence of pores
inside the microstructure has a major influence on the derived
transport quantities. The bulk permittivity and conductivity
(eb, api) are both underestimated, while the pore structure

Bulk
superimposes the effect of the grain structure in the case of
grain boundary conductivity, i.e., the deviation of GI]“;T is an

average of both effects. The quantitative influence of the
porosity on the transport parameters is not easy to predict
since it depends on the distribution of the pores in the
microstructure (see Figure 8). This is also evident from the
comparison of the experimentally determined bulk permittiv-
ities eBM observed for samples prepared with different
sintering times, as shown in Table 1. Although the porosity
in the ceramics is almost identical, efs) increases by about
60% when going from 2 h sintering time to 4 h. This in turn is
consistent with the microstructural analysis, which revealed a
major change in the pore structure at this time period with the
collapse of sinter necks and the accumulation of pores within
the bulk of grains (see Figure 1).

Thus, to achieve a certain degree of comparability between
the experimentally derived transport parameters, the influence
of the different pore structures must be eliminated. One way to
account for the sinter necks in the microstructure of the sample
sintered for 2 h is to normalize its transport quantities
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according to the bulk permittivity of the other pellets, which is
approximately constant. This means multiplying the parame-
ters by the constant factor egyii4,/€huitan The comparison of
the modified conductivities at different sintering times shows
that the maximum deviation is about 20% for o5y, about 50%
for 02'{3;[:0, and about 100% for GELB{\;P (see Table S4). As a
result, the estimated differences are quite small. If we now add
up all possible errors in the 1D BLM analysis results, such as
inaccuracies due to the microstructure, systematic errors in the
EIS experiments (e.g, manual cell assembly), errors in the
ECM fitting procedure, or the determination of geometric
quantities to calculate the cell constants, we end up in a similar
range for the uncertainty. This means that the observed
changes in experimental transport parameters are all within the
error range of the 1D BLM analysis. Therefore, it is reasonable
to assume that the real material-specific parameters of the
LLZO ceramics do not change during sintering.

This conclusion is supported by the observed time
characteristics and temperature dependence of the bulk and
grain boundary processes. The analysis of the computed data
shows that microstructural changes have no major effect on the
intrinsic parameters describing the microscopic transport
processes, i.e, no major changes in time constants and
activation energies are found. This is consistent with the
experimental results for the LLZO pellets with sintering times
of up to 8 h. In contrast, the large changes in the time constant
and activation energy of the grain boundary process for the
sample sintered for 12 h cannot be explained by micro-
structural variations alone. In this case, some kind of material
alteration, such as lithium loss from the sample or changes in
the chemical composition of the grain boundaries, e.g.,, by
segregation, cannot be ruled out.”****° A full clarification
requires further detailed chemical analysis, which is beyond the
scope of this work.

3. SUMMARY AND CONCLUSIONS

The study presents a comprehensive analysis of experiments
and simulations to explore the effects of the microstructure on
the electrochemical transport properties of garnet-type solid
electrolytes. Based on machine learning-assisted microstruc-
tural analysis of LLZO ceramics synthesized with different
sintering protocols, 3D transport computations through
statistically modeled twin microstructures are performed to
impugn the validity of the commonly used 1D brick layer
model for interpreting experimental impedance data. The
following recommendation for the BLM analysis of impedance
data can be derived:

e The actual microstructure of the LLZO ceramic has a
major impact on the accuracy of the transport
parameters derived by the 1D BLM approach. This
includes not only the conductivity and permittivity of
bulk or grain boundary transport but also their activation
energies and the estimate of the grain boundary
thickness in the microstructure.

The interplay between the grain structure and the pore
structure determines the quantitative deviation between
the true material-specific transport parameters of LLZO
and those derived by the BLM approach. 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 and strongly depends on the

https://doi.org/10.1021/acsami.3c10060
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spatial distribution of pores in the microstructure.
Deviations of up to —70% have been observed for a
highly simplified BLM model microstructure, but they
can also be even higher for more realistic grain
microstructures.

e Sintering-related changes in the microstructure alone do
not change the time characteristics of electric transport
processes such as bulk or grain boundary transport. This
means that their apex frequency in the impedance
spectrum and time constant in the DRT remain the
same.

The consideration of these recommendations in the analysis
of the experimental impedance data of the different LLZO
ceramics indicates that the variation of the BLM-derived
transport parameters is mainly due to sintering-induced
microstructural changes rather than to compositional material
alteration. In consequence, the study as a whole emphasizes
the importance of microstructural analysis for a proper
interpretation of macroscopic (impedance) measurements to
derive microscopic material parameters. It provides a guide to
estimate the true value range of transport quantities, helping
experimentalists distinguish between microstructural effects
and true changes in the material-specific properties. This will
improve the understanding, modeling, and optimization of the
characteristics of solid electrolytes, and it will also increase the
interlaboratory compatibility of reported results.

4. EXPERIMENTAL DETAILS

4.1, Crystal Structure Characterization. The phase purity of
the individual LLZO pellets was investigated using a PANalytical
Empyrean powder diffractometer in Bragg—Brentano 6—8 geometry.
A Cu Ka radiation X-ray source (4, = 1.5405980 A; 4, = 1.5444260
A) was used and operated at 40 kV and 40 mA. Measurements were
carried out in the 26 range between 10 and 80° with a step size of
0.026° using a PIXcel3D 1 x 1 detector. For this purpose, the
individual pellets were manually ground to a powder and placed on a
(911)-oriented silicon zero background holder. Pawley refinement
was performed by using the TOPAS-Academic V7 software package
(Bruker). A specimen displacement factor has been included to
account for the height error in the Bragg—Brentano geometry. The
background was described by a ninth-order polynomial function, and
the profile by Thompson-Cox-Hastings pseudo-Voigt functions.

4.2. Microstructural Characterization. Each LLZO pellet was
split into two pieces for qualitative analysis of the microstructure. The
fracture edges were investigated by using a Carl Zeiss Ultra field
emission scanning electron microscopy instrument (Merlin). The air-
sensitive samples were transferred from the glovebox to the vacuum
chamber of the SEM instrument with a Leica transfer module system
(EM VCTS00). The SEM images were acquired with a 3 kV
accelerating voltage and an electron current of 100 pA.

A variant of the thermal grooving technique reported by Sato et al.
was used to visualize grain boundaries for the quantitative analysis of
grain sizes."” First, rough impurities were removed from the sample
surface by using coarse-grained sandpaper (320 grit SiC, Buehler,
CarbiMet). The surface was then polished in a two-step process with
fine-grained sandpaper (600 and 1000 grit). Next, samples were
heated to 950 °C (100 °C-h™") under 500 sccm oxygen flow and kept
at this temperature for 1.5 h. The surface was subsequently cleaned
from the pyrochlore phase using scientific cleaning cloths, once
soaked with water and once soaked with isopropanol. Afterward, some
of the pores were clogged with particle abrasion from the polishing
steps.

Focused ion beam scanning electron microscopy analyses were
performed to study the volumetric porosity and pore size distributions
at cross-sections of the pellets. To this end, an XEIA3 system
(TESCAN GmbH) was used. First, the pellet surfaces were polished

using fine-grained sandpaper (600 grit to 1000 grit). The samples
were then attached to a Leica stub with adhesive copper tape and
transferred by using the Leica EM VCTS00 system (Leica
Microsystems GmbH). The pellet surfaces were masked by an
approximately 10 nm platinum layer and a second layer consisting of a
20 pm copper foil to reduce surface charging effects. U-trenches were
cut into the pellet surfaces with a 30 keV energy Xe™ ion beam.
Subsequently, tomography data were acquired using the 3D
acquisition wizard feature by alternating milling and imaging
sequences. The slice thickness was set to approximately 100 nm,
and the pixel size was set to 100 nm. Beam currents for coarse milling
and slicing steps were set to 2 uA and 32 nA, respectively.

4.3. Cell Assembly and Electrochemical Characterization.
All preparation steps were performed in a glovebox under an argon
atmosphere (MBraun LabMaster, p(H,0)/p < 0.1 ppm, p(0,)/p < 1
ppm). To manufacture symmetrical AulLLZOIAu cells, the surface of
each LLZO sample was first polished with sandpaper (500 grit to
1000 grit). Gold electrodes with a thickness of 200 nm and a diameter
of 6 mm were then prepared by thermal evaporation. The cells were
contacted with nickel current collectors and sealed in pouch bags to
ensure an inert atmosphere during the impedance measurements.

Symmetrical LilLLZOILi cells were prepared following the
procedure described by Krauskopf et al.*' The surfaces of the
LLZO pellets were first polished with sandpaper (1000 grit) and
manually brought into contact with the lithium electrodes. The
lithium foils used, with a thickness of about ~100 ym, were freshly
prepared by flattening a small chunk of lithium in a press. The lithium
electrodes with a diameter of 6 mm were punched out and attached to
a copper foil (8 mm in size). Symmetric cells with two ideally
reversible lithium electrodes were fabricated by isostatically pressing
the clean lithium foils on the individual LLZO pellets at 380 MPa for
45 min. The cells were then sandwiched between two nickel current
collectors and sealed in pouch bags.

A VMP300 potentiostat (BioLogic Sciences Instruments) in
combination with EC-Lab (version 11) software was used for the
electrochemical characterization. Temperature-controlled tests were
carried out in a climate chamber (WKL 64, WEISS) between —40 and
60 °C. Potentiostatic electrochemical impedance spectroscopy
measurements were performed in a frequency range between 7

MHz and 100 mHz, with a voltage amplitude of 10 mV.

5. COMPUTATIONAL DETAILS

5.1. Generation of Model Microstructures. The 3D
model systems considered consist of a polycrystalline ceramic
sandwiched between two metal electrodes. The size of the
electrode area matches that of the sample surface, and an ideal
physically stable contact is assumed, i.e., Ajecrode = Agp =
A ot We consider a cubic shape of the sample (L, = L, = L,)
with a volume of (100 ym)* and a thickness of the grain
boundaries, including the adjacent space-charge regions, of 10
nm. Three different types of statistical twin microstructures for
the LLZO ceramics are modeled based on the experimentally
observed grain and pore size distributions at sintering times
between 2 and 8 h. Simple BLM microstructures are generated
based on the mean grain size determined in the single
statistical analysis of the LLZO pellets. The statistical twin
microstructures are simulated using the open-source software
MicroStructPy (version 1.5.6, Georgia Tech Research Corpo-
ration).””*® The application used allows, e.g., the generation of
polycrystalline multiphase microstructures with certain grain
geometries, grain size distributions, and phase fractions based
on Voronoi tessellation. A detailed description is given in the
literature by Hart et al®”*® We simulate ten dense and ten
porous statistical twin microstructures for each sintering time.
The quality of the resulting microstructures was evaluated by
comparing the cumulative size distribution(s) of the input data
with those of the model systems.
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5.2. Transport Description and Choice of Materials
Parameters. The transport computations rely on a 3D electric
network model. Pores within the solid electrolyte are mimicked
by capacitors. lonic transport within the solid electrolyte (i.e.,
transport through the bulk of grains and transport across grain
boundaries) is described by different RC-elements. This also
holds true for the charge transfer reaction at both metal
electrode interfaces. Low-frequency diffusion processes at the
interfaces are not considered. The local transport parameters
(Riocis Cloc;) Of the circuit elements are calculated by using the
standard formulas for resistors and plate capacitors. A detailed
description of setting up the 3D electric network model and
computing an impedance spectrum is given in our previous
studies**%°!

In each computation, we consider the same material
parameters derived from the temperature-dependent impe-
dance measurement of the LilLLZO,|Li arrangement. Both
metal electrodelSE interfaces are assumed to be ideally
reversible, and transport within the metal electrode is
considered to be resistance-free, ie., Z, .. = Zcr = 0. Bulk
and grain boundary conductivity o; at different temperatures
are calculated assuming an Arrhenius behavior, ie, 6(T) =
0y,/T - exp[—E,,;/(ky-T)], where the prefactor o, reflects the
conductivity at infinite temperature and E,; is the activation
energy. The electric bulk values were set to (6 g,y = 76 410 K-
S/cm, E, g = 329 meV), and the grain boundary quantities
are described by (gycp = 12258 K-S/cm, E, g5 = 408 meV).
The relative permittivities are assumed to be temperature-
independent and set to ey = £gg = 200. The permittivity of
the pores is set to vacuum permittivity, i.e., €pye = &

5.3. Analysis of the Experimental Impedance Data
and the Computed Impedance Series. The computed
impedance spectra by the 3D electric network model and the
experimental spectra are analyzed in the frequency domain by
fitting them with a 1D equivalent circuit model. They are also
evaluated in the time domain by performing a distribution of
relaxation times analysis. Both types of analyses were
performed using the commercial software RelaxIS 3 (version
3.0.20.19, rhd instruments GmbH & Co. KG).

The computed impedance spectra are almost free of any
noise signals. The Kramers—Kronig test yields negligible
residuals in the order of 1078 Therefore, all of the data
points were included in the impedance analysis. The ECM
consists of two RC-elements connected in series, which
represent bulk transport and transport across grain boundaries.
In the DRT analysis, we only use a small regularization term
due to the high quality of the data.”

The error structure in the experimental impedance spectra is
somewhat more pronounced. Thus, records in the high- and
low-frequency range with residuals greater than 3% in the
Kramers—Kronig test were not included in the data
evaluation.”* In the ECM analysis, the LLZO ceramic is
described by two RQ-elements connected in series, represent-
ing bulk and grain boundary transport. In the case of the
reversible and blocking electrode arrangements, the interface is
represented by an RQ-element and a Q-element, respectively.
The DRT was calculated using exclusively the real part of the
impedance as the residuals are in the range of a few 0.1% only.
No additional data points were generated by interpolation, and
the second derivative of the distribution function y(7) was used
in the Tikhonov regularization problem.”®
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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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for varying pore size allows for the correlation of the effective conductivity with the material-specific conductivity. We derive an
empirical expression that 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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B INTRODUCTION

Ordered mesoporous oxides are a highly interesting class of
nanostructured materials due to their regular pore structures
with pore sizes ranging between 2 and S0 nm.' Tremendous
progress has been made in the development of different
synthesis methods since the discovery of mesoporous silicas in

other oxide nanostructures, such as nanoparticles or meso-
porous oxides with random or disordered pore structure. The
open pore network guarantees the accessibility of the
surrounding medium, i.e., gases or liquids can penetrate into
the pores. This offers a large number of active surfaces sites. In
addition, the interconnected crystallites provide continuous
pathways for the transport of electrons and/or ions in the solid.

the 1990s,”~* which nowadays allows the preparation of a large
variety of different kinds of ordered mesoporous materials,
including carbon,™® metal oxides,””® and non-oxide materi-
als.'”"" The preparation of mesoporous ceramic oxide thin
films typically relies on a solution-phase co-assembly of
inorganic precursors with an amphiphilic diblock copolymer
using an evaporation-induced self-assembly (EISA) process
followed by some post-annealing.”’*~'® The diblock copoly-
mer acts as a structure-directing agent and allows, at least to
some extent, the variation of the pore symmetry and the pore
size of the thin films.

The nanopores are surrounded by solid walls, which consist
of single crystallites, forming a highly interconnected network.
The regular pore arrangement together with the solid
framework offers some distinct advantages compared to

®© 2023 The Authors. Published by
American Chemical Society
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This unique architecture makes ordered mesoporous oxides a
valuable material class for a variety of app]ications,lﬁ"lT’13 such
as gas sensing,m‘20 energy storage,u_Zi catalysis,%‘r or
photovoltaics,”® with superior device performance.”” ' In
addition, the high accessibility of the surface allows the
modification of the inner surface using atomic layer

deposition.”>** This enables tailoring the properties at least
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Figure 1. Overview of the mesoporous structures considered and the definition of the 3D electric network model used for the transport
computations. (a) Surfactant-templating methods and evaporation-induced self-assembly processes enable the preparation of highly ordered open
pore-solid architectures. The FESEM images are adapted with permission from ref 52. (b) The highly ordered mesoporous structures exhibit a fcc
pore symmetry with ABC stacking order of the different layers. The 2D projection of the pore positions enables the identification of a periodic unit
volume (black rectangle), sufficient for transport modeling. (c) The voltage is applied between the two homogeneous electrodes enclosing a
periodic unit volume of the mesoporous structure. (d) Electric migration processes are described by different RC-elements, while pores are

considered as capacitors. Credit: Elisa Monte/JLU Giessen.

to some extent, including the ac{justment of the pore size,***

functionalization of the surface,”® or the improvement of the
thermal stability of the mesoporous material.>”** The
deposition of a thin coating has also a significant effect on
the electrochemical properties.®” "'

Most electrochemical applications rely on efficient transport
of the charge carriers inside the solid framework. Thus, the
characterization of the impact of the regular pore structure on
the electrical properties is of great importance. In particular,
the high number of interfaces, i, the grain boundaries
between the single nanocrystallites as well as the surface area,
can have a pronounced effect and may even dominate the
overall behavior.””**** Electrochemical impedance spectros-
copy is one of the most common methods to characterize
charge transport in oxide ceramics.**** It allows distinguishing
between electric migration processes with different relaxation
times, such as transport through single grains and across grain
boundaries. Both processes appear as two separate semicircles
in the Nyquist representation of the impedance, at least for
microcrystalline samples.** In contrast, the impedance of the
mesoporous thin films shows only one semicircle in the
Nyquist diagram. This is typically justified with the size of the
nanocrystallites, as a merging of the two semicircles has been
reported when decreasing the grain size to the nanometer
range.%’47 Therefore, the interplay between grains, grain
boundaries, and pore structure hinders a straightforward
calculation of material-specific transport parameters, such as
the bulk or grain boundary conductivity from the measured

impedance. Mostly, only an effective conductivity of the
mesoporous thin films is estimated simply by neglecting the
porosity, i.e,, a dense thin film is assumed.** ™" The exclusive
consideration of the electrode geometry, however, significantly
underestimates the material-specific conductivity of the solid
framework.

Apparently, only a detailed understanding of the impact of
porosity, pore size, and grain boundary density on the
electrochemical transport properties of ordered mesoporous
oxides will enable the optimization of their structural
properties for device applications. Therefore, a reliable
determination of the material-specific conductivity of meso-
porous oxides is desirable. In this work, we compute the
impedance of ordered mesoporous thin films using a 3D
electric network model.>' Our simulated impedance spectra
show only one semicircle in the Nyquist diagram, in agreement
with experimental results. Evaluation of the impedance in the
time domain by performing a distribution of relaxation times
(DRT) analysis reveals that the geometric current constriction
effect due to the porous structure dominates the impedance of
mesoporous thin films. The individual DRT shows no signals
corresponding to the transport through the grains and across
the grain boundaries, i.e., our results demonstrate that it is not
possible to separate these two transport processes using
experimental impedance data. In addition, we compute the
impedance of a series of mesoporous thin films whose pore size
is systematically varied. From our results, a material-
independent geometric correction factor can be derived,
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ACS Appl. Mater. Interfaces 2023, 15, 35332-35341

71



Transport Phenomena in Novel Energy Materials — Pits and Traps in the Impedance Analysis of lonic Conductors

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

which allows the estimation of the material-specific con-
ductivity of the mesoporous solid framework from the
measured thin film impedance with an error of less than 8%.

B COMPUTATIONAL DETAILS

Description of the Model Structures. Figure la shows
typical field emission scanning electron microscopy (FESEM)
images of mesoporous oxide thin films,”> whose impedance is
simulated in this work. The structures exhibit an ordered
network of mesopores, which are surrounded by nanocrystal-
line walls with grain sizes of less than 20 nm. The top view
FESEM image of the mesoporous thin films in Figure la
confirms that the mesopores are uniform in size and shape. It
indicates that the nanoscale structure persists throughout the
bulk. Thereby, the grains and pores each form an
interconnected network. Unidirectional lattice contraction
during thermal treatment, however, leads to an anisotropic
pore shape, ie., the pores have an oblate instead of spherical
shape.**™*

Various experimental methods such as scanning electron
microscopy (SEM), grazing incidence small-angle X-ray
scattering (GISAXS), and X-ray diffraction (XRD) confirm
long-range periodicity of the pores with large recurrence
intervals. More specifically, the mesopores form a face-centered
cubic (fcc) structure with (111) orientation relative to the
plane of the substrate.”*® Figure 1b shows the ABC stacking
of the pores in a 3D representation and a 2D projection
diagram. The different colors correspond to the individual
stacks. For transport considerations, it is sufficient to focus on
a single periodic unit volume, which builds the complete thin
film through translational symmetry. A suitable candidate of
this unit volume is represented by the black rectangle in the 2D
projection diagram in Figure 1b. The pore positions within the
periodic unit volume are given in the Supporting Information.
A lattice contraction y of 70% in the z-direction is considered
to account for the oblate shape of the pores. Typically, the
transport properties of mesoporous thin films are measured in
in-plane geometry, ie., perpendicular to the z-direction.**™°
For the simulations, however, we consider all possible
transport directions, ie., the x-, y-, and z-direction. This
means the voltage is applied between two homogeneous
electrodes enclosing a single periodic unit volume, as shown
exemplarily in Figure lc for the z-direction. Here, the selected
periodic unit volume exhibits the dimension (I/NEJ 3/2,
3(1 — Z)/\fg)-g, where g = d+/2 is the lattice constant and d
being the shortest distance between the centers of two pores.

In this study, we investigate two model systems of different
size. These refer to pore distances of d, = 15 nm and d, = 20
nm. The structural resolution is identical in each model system.
The grain structure of the mesoporous thin films is
approximated by a Voronoi algorithm. The positions of the
seeds for nanocrystallite growth are given in Figure S1. The
regions, where two neighboring seeds start to overlap, define
the position of the grain boundaries (GB) as shown in Figure
S2. The uniform thickness of a grain boundary gy including
the adjacent space-charge region is assumed to be §g = 2 nm,
which is a typical value for the grain boundary thickness in
ceramic oxides.””** Throughout a computational series, we
increase the radius r of the pores in the periodic unit volume
starting from O nm until the grain network collapses.
Simultaneously, we compute the resulting impedance response
of each model system using a 3D electric network model.

Description of the 3D Impedance Network and
Choice of Material Parameters. The impedance computa-
tions base on a 3D electric network, which we recently
developed in order describe the impact of the microstructure
on the impedance of ceramic oxides.’' For the transport
modeling of the mesoporous thin films, the structure is first
divided into individual voxels with an edge length 7. These are
subsequently assigned to either a grain (yellow), a pore
(white), or one of the two electrodes (gray). The transport
between various voxels is then described by local equivalent
circuit models, as shown in Figure 1d. Electric migration
processes are considered by different RC-elements, ie, a
resistor R connected in parallel to a capacitor C. The different
RC-elements include bulk transport through grains, transport
across grain boundaries, and charge transfer at the electrode
interfaces. Pores, in contrast, are solely represented by a
capacitor Cp,,..

The individual transport processes in the electric network
are distinguished by comparing the structural properties of
adjacent voxels. Bulk transport within the mesoporous
structure (blue, 2:Zp,) or within the electrode (black, 2
Zree) is described by two RC-elements connected in series. If
the adjacent voxels are separated by a grain boundary, then the
transport is modeled by adding an additional RC-element (red,
2-Zpi + Zgp) to the bulk description. Similarly, electric charge
transfer across the electrode interface is considered by adding a
third RC-element in series representing the charge transfer
resistance and double-layer capacitance (green, Zp,.. + Zcp +
Zga). In contrast, pore transport is described by two
capacitors in series (orange, 2-Zp,,.), or if the voxel adjacent
to a pore represents the electrode or bulk material, transport is
described by a serial connection of the capacitor representing
the pore and the corresponding RC-element (Zg,. + Zpgre OF
Zgulk + Zpore)- Further details about setting up the 3D electric
network and computing an impedance spectrum are given in
our previous work.”'

The local parameters (R, C) of the individual circuit
elements within the 3D electric network are based on
conductivities g;, permittivities &, and the structural resolution
of the system. They are calculated according to the well-known
rules for conductors and plate capacitors:

s 1 L
"o A (1)

G=e-2
L; (2)

Here, A = n* denotes the interface area between two voxels,
while L; corresponds to the distance of the underlying
transport process, i.e, Lgug = /2 and Lgg = g The
parameter ratios assumed in the computations for conductivity
Opy = 500-0p and for permittivity e,y = £¢p are in a typical
range for oxides such as yttria-stabilized zirconia (YSZ), titania,
or ceria.””*" The permittivity of the pore is set to the vacuum
permittivity €p,,. = &g, unless something else is stated explicitly.
The transport within the electrodes and the electric charge
transfer reaction at the electrode interfaces are assumed to be
resistance-free (Zg.. = Zcp = 0). Therefore, dielectric pore
transport and bulk and grain boundary transport are the only
transport processes considered in this study.

Analysis of the Experimental Impedance Data and
the Computed Impedance Series. The computed
impedance spectra are analyzed in the frequency domain by
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Figure 2. Computed impedance response of nanocrystalline mesoporous oxide thin films. The considered model structure exhibits an
interconnected grain and pore network. The external potential gradient is applied in the z-direction. (a) A typical impedance spectrum features one
semicircle in the Nyquist representation. Increasing the relative pore permittivity causes a slight distortion in the high frequency region. (b) DRT
reveals the geometric nature of the observed impedance signals. Both shift toward longer relaxation times with increasing &p,,.. Interestingly, no
pristine contributions from bulk or grain boundary transport (dashed blue lines) can be resolved.

fitting them with a 1D equivalent circuit model (ECM). It
consists of one RC-element representing the effective transport
properties of the charge transport through the mesoporous
thin films. It comprises bulk transport through the grains,
transport across grain boundaries, and geometric current
constriction due to the pore structure. The computed
impedances are also evaluated in the time domain by
performing a distribution of relaxation times analysis. Both
types of analyses were performed using the commercial
software RelaxIS 3 (version 3.0.20.19, rhd instruments
GmbH & Co. KG). Because the Kramers—Kronig test yields
negligible residuals in the order of 1078 all data points were
included in the impedance analysis, and only a small
regularization term was applied for the calculation of each
DRT 596!

B RESULTS

Evaluation of the Impedance Response of Meso-
porous Oxides. In Nyquist representation, the impedance
spectra of dense microcrystalline oxides, such as YSZ, typically
exhibit two semicircles, which are attributed to the electric
transport through the grains and across the grain bounda-
ries. "% If the grain size reduces to the nanoscale, typically the
two semicircles start to merge.** This is not necessarily related
to a change in the time constants with decreasing grain size,
which may lead to similar time characteristics of bulk and grain
boundary transport. Rather, the drastic change of the ratio
Vip/ Vpai between grain boundary volume and grain volume is
of major significance. The quantitative alteration can be
roughly estimated by considering two spherical grains with
radii of 1 ym and 10 nm, including an outer grain boundary
shell of 2 nm. In this hypothetical situation, the volume ratio
changes by more than two orders of magnitude with decreasing
grain size, from 82.66 to 0.28. A large grain boundary volume
fraction together with a several orders of magnitude lower

35335

grain boundary conductivity 6gp results in a dominant grain
boundary impedance contribution that may superimpose the
bulk signal (see Figure S3).

The presence of pores makes the evaluation of impedance
data even more complex. As shown in early studies by Fleig
and Maier™™® and also in recent works by Eckhardt et
al,oo—%® pores at the electrode interface lead to geometric
contributions in the impedance spectrum. The so-called
dynamic current constriction (Cstr) signals result from the
change in the conduction behavior of pores with frequency.
While pores are dielectrically conductive at elevated
frequencies via a displacement current, they become insulating
in the direct current (DC) frequency range. This is
accompanied by a change in the transport paths of the charge
carriers across the structure. The current distribution in the
system, including material and pores, is almost homogeneous
at high frequencies. In the DC range, in contrast, electrically
insulating pores lead to an inhomogeneous current distribution
in the system, ie., the current only flows within the solid
framework. The resulting increase in the tortuosity with
decreasing frequency is reflected by an increase in impedance.
Depending on the time range of the switching behavior of the
pores (i.e., dielectrically conducting vs electrically insulating),
either each impedance contribution in the spectrum is
quantitatively affected (i.e, scaling of each signal) or the
pores result in a separate semicircle in the Nyquist diagram.ﬁﬁ
Although the fingerprint in the latter case resembles a
microscopic transport process, the constriction signal is solely
geometric in nature. Its capacitance is strongly affected by the
pore capacitance Ceg, & Epore and the resistance averages over
all electric migration processes in the structure,’® i.e.

RCstr & E a@; - G
i (3)

https://doi.org/10.1021/acsami.3c05561
ACS Appl. Mater. Interfaces 2023, 15, 35332-35341

73



Transport Phenomena in Novel Energy Materials — Pits and Traps in the Impedance Analysis of lonic Conductors

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

\
(a) electrode positions i g electrode positions i O (bIF electrode positions 1 %
2 x-direction et 5 x-direction — - - i
. 10 3 8y direction @ z-direction : E 8 L irection O z-direction : - E 1Y% | ;_g:::z{:gz : 6
& E E S o E @ O 2z-direction 1 @ &
S F [ e\, @ | f
8 01 & £
10 e W || E
" E Frz Q= || 2 E
e s e~ i L
~ : L 7Y, T50nm : C
100 - I | L
= 1 1 1 1 1 = 1 1 Il 1 E
0 2 4 6 8 10 0 2 4 6 8
pore radius r/ nm pore radius r/ nm volume porosity £/ %
(c) (d) o
’ ‘ e VWV ¥V ¥V Y periodic unit volume
cavity >
~l
> area: A bulk > ) O O ( area: 0.04 - A .
~ radius: r - ) O O ( radius: 0.21 - r ~
o
O 6 6 0 4

0.21- Lx

W

Lx
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formation of an open pore network. (b) The conductivity ratio 4 solely depends on volume porosity & rather than pore distance d or pore radii r. (,
d) This is due to the conservation of structural symmetry. The decrease of pore distance at fixed porosity leads to an identical periodic unit volume,

but on a different length scale.

where the weighting factors a; depend on the microstructural
setup of the system including the ratio of grain boundary
volume to grain volume Vgg/Vay.* It is reasonable to assume
that similar geometric effects also arise when pores are present
within a ceramic sample. In consequence, the impedance of
mesoporous thin films may in principle exhibit up to three
contributions, representing bulk transport, transport across the
grain boundaries, and the geometric current constriction effect.
However, experimental impedance data of mesoporous
ceramic oxide thin films ?Pi_ca]ly exhibit only one semicircle
in Nyquist representation. SAE=S0,69

To clarify the origin of the single semicircle, we computed a
series of impedance spectra for a fixed model structure.
Thereby, the shortest distance between the centers of two
pores d is set to 15 nm, and a pore radius r = 7.5 nm is
considered. With these parameters, both the pores and the
grains built an interconnected network. Throughout the study,
the relative permittivity of the pores é&p,,. is varied systemati-
cally between 1 and 1000 to manipulate geometric impedance
contributions only. Figure 2a shows the computed impedance
spectra for four discrete &p,,. values in the Nyquist
representation with the potential applied in the z-direction.
At first glance, each spectrum consists of one semicircle
(yellow) in agreement with experimental results. However, a
closer look at the spectra for relative permittivities larger than 1
indicates a slight distortion in the high-frequency region, which
results from a second contribution (brown). This is consistent
with computations that consider the external potential gradient
in the x- or y-direction (see Figure S4). The impedance results
for these two directions are identical due to the cubic
symmetry of the system. However, they are quantitatively
different from the result in the z-direction because the uniaxial
lattice contraction leads to symmetry breaking.

Usually, the two contributions in experimental data would
be interpreted to arise from bulk transport and transport across

35336

grain boundaries. To reassess this assignment, we transferred
the impedances to the time domain by performing a DRT
analysis. The distribution function y(z) for a relative
permittivity of &p,, = 1 consists of one signal close to the
time constant representing the microscopic grain boundary
transport 7qp. Figure 2b shows that this signal splits into two
signals with increasing values of ep,,.. Both signals shift toward
longer relaxation times with increasing pore permittivity. This
is characteristic for contributions that are geometric in nature.
The time constants of electric migration processes are
independent of the structural properties, as recently demon-
strated in the literature®® and also highlighted in Figure S5.
Interestingly, the individual DRT shows no signals represent-
ing the bulk and grain boundary transport processes, whose
time constants are indicated in Figure 2b as dashed lines.
Consequently, the single semicircle in the experimental
impedance spectrum of mesoporous thin films in Nyquist
representation solely arises from the geometric constriction
effect, i.e, a change of the crystallite size will not significantly
affect the impedance response of the thin films. It is worth
noting that even a finer sampling of the frequency range during
the impedance measurement (i.e., increase of the number of
data points) will not shift the relation between the signal
intensities in favor of those representing the intrinsic electric
migration processes. The reason is that the constriction effect
due to the mesoporous structure always provides a
contribution that is several orders of magnitude larger
compared to the signals of the electric migration processes
and therefore dominates the overall impedance. Thus, neither
the pristine bulk nor the pristine grain boundary transport
process can be resolved when measuring the impedance of
nanocrystalline mesoporous thin films, even not by a DRT
analysis.

Derivation of a Geometric Correction Factor for 1D
Conductivity Analysis. The discussion of the computed
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impedances in Figure 2 demonstrates that the measured
impedance of mesoporous thin films mainly reflects the
geometry of the mesoporous structure. Nonetheless, it is
reasonable to estimate at least an effective conductivity o4 of
the thin films from the measured impedance. Assuming a dense
sample (ie., porosity & = 0%), i.e., neglecting the porosity of
the thin films, the effective conductivity can be estimated from
the DC resistance R,

1 L Elec

G = .
o Rtot AElcc (4)
where L, describes the distance between the electrodes and
Agec represents the electrode area.

The total resistance R,y & Ry, is mainly determined by the
geometric constriction effect, which in turn is dominated by
transport across grain boundaries. This is related to the large
ratio of grain boundary volume to grain volume Vgg/Vyy, in
the nanocrystalline regime and due to their higher resistance
compared to bulk transport. Therefore, the grain boundary
conductivity ogp provides the largest contribution in the
averaging when considering the constriction resistance Rcy, in
eq 3. However, estimating the effective conductivity 6,4 using
eq 4 underestimates the material-specific conductivity, as the
mesoporous structure is neglected. Thus, o only gives a
bottom limit of the actual material parameters of the thin films,
such as ogg. Fortunately, the regular arrangement of the pores
allows a systematic study of the impact of geometric effects on
O.g using our 3D electric network model. For this purpose, we
homogenize the microstructure in the model system and
consider only a single phase with an average conductivity 6.,
of the mesoporous structure. Throughout the computational
study, two periodic unit volumes of different size with a pore
distance d = 15 and 20 nm are considered. For each system, we
successively increase the pore radii and compute the resulting
impedance response. The obtained DC resistance enables the
calculation of the effective conductivity 6.4 for each pore size

by using eq 4, which in turn can then be compared with the
material-specific conductivity 6., of the solid framework.

Figure 3a shows the change of the conductivity ratio A =
Omeso/ Ot With increasing pore radius for the two periodic unit
volumes with different shortest distances d between the centers
of two pores. The circular symbols represent the results for a
potential gradient applied along the z-direction, while the
cross-shaped symbols correspond to a potential gradient
applied along the x- or y-directions. As expected, the deviation
between both conductivities increases non-linearly with pore
radius and tends to infinity as the solid network collapses. The
qualitative behavior is related, on the one hand, to the decrease
in the bulk material and, on the other hand, to an increase of
the transport path length, i.e, an change in tortuosity with
increasing pore radius. The sensitivity of the conductivity ratio
A is particularly pronounced in the region, where the pores
start to overlap forming an interconnected pore network. The
radius, where the open pore network starts to form, is indicated
in Figure 3a as a dashed blue line. Here, the material-specific
conductivity 6, is about ten times larger than the effective
conductivity 6. which is obtained when neglecting the
porosity of the thin films.

Interestingly, the shape of both functional trajectories of the
conductivity ratio A (for the same transport direction) with
varying pore radius r is independent of the size of the periodic
unit volume, i.e., the shortest distance d between the centers of
two pores. As shown in Figure 3b, 4 is determined solely by the
volume porosity and not by the radius of the pores. Note that
the non-overlapping data points (black, gray, yellow, red) at
high porosity values are related to the large sensitivity of 4 and
the different sampled discrete porosity values. A negligible
impact of the pore size on the effective conductivity has also
been observed experimentally for mesoporous YSZ thin films
with pore radii varying between 7 and 20 nm.* The reason for
the pore-size-independent effective conductivity 6,4 for a fixed
porosity is the conservation of symmetry. For illustration,
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Figure 3c depicts the periodic unit volume of a simple cubic
surface with area A and pores (gray) of radius r at each of the
four corners. If we now consider a different pore distance d
while maintaining the same mesoporous arrangement and
porosity £, the number of pores in area A increases, and the
pore radii decrease, as shown in Figure 3d. In the resulting
structure, we can then define a new smaller periodic unit
volume, which builds up the full system through translation
symmetry. Except for their lateral dimensions, the two periodic
unit volumes are identical from a geometrical point of view.
Therefore, also the transport paths through the structures are
the same, but on a different length scale. Thus, the shortest
distance d between the centers of two pores (i.e., the size of the
periodic unit volume) and the pore radii have no effect on the
conductivity ratio 4, if they feature the same porosity value £.
Because this is a geometric effect related to the symmetry in
the system, it is independent of pore size and pore wall
characteristics. However, any kind of symmetry breaking, such
as different pore geometries or inhomogeneities in crystallite
size, will lead to (minor) deviations from this behavior.

Interestingly, Figure 3b reveals that the conductivity ratio 4
follows a simple and well-defined functional relationship with
volume porosity &. This allows the derivation of a material-
independent empirical formula, which links the estimated
effective conductivity o to the material-specific conductivity
of the oxide material 6,,.,,. On a logarithmic scale, there is a
linear increase in the conductivity ratio A up to a porosity & of
about 50%, followed by an exponential increase until the
nanocrystalline grain network collapses. This corresponds to
the functional relation log(4) = a-¢ + exp(b + &) that
parametrizes A with the three coefficients a, b, and c. Fitting
this relation to the computed series of conductivity ratios for
the different transport directions yields

log[4(¢)] =
0.705 - £ + exp(—8.04 + 8.79 - £), x-, y-direction

z-direction
(s)

The simulated data (black, yellow) are well-described by these
material-independent empirical formulas (red), as depicted in
Figure 4. The absolute values of resulting residuals are below
8%, which is acceptable. The formula for the conductivity ratio
in eq 5 depends only on the volume porosity £ of the
mesoporous structure. This in turn can be calculated from the
shortest distance d between the centers of two pores and the
pore radii r using the equation

1.35 - & + exp(—8.04 + 8.71 - &),

42 -7 (r]s d
— | =1, r< ——
£, d) 3 d 242
r, =
7 - (=3d> + 36d - ¥ — 40¢%) d
— , >
32 - d° 242

(6)

A detailed derivation of this expression is given in the
Supporting Information.

Note that the conductivity ratio 4 for a certain porosity value
£ serves as a material-independent geometrical correction
factor to the effective conductivity o4 in order to account for
the mesoporous morphology of the thin films. This allows the
determination of the material-specific conductivity 6, of the
solid framework from the measured impedance, which in turn

is dominated by the grain boundary conductivity in the
nanocrystalline regime:

1 LElcc
Umesca:)"f.q: =/1Cf'_'_NO'
( ) i ( ) Rtot AElec o (7)

The region of volume porosity, which is typically found in
mesoporous thin films prepared by the EISA method, is
indicated in Figure 3b as a green area. Interestingly, the
experimental porosity values estimated from the surface area
and pore volume obtained by Brunauer—Emmett—Teller
(BET) analysis are sometimes below the theoretical porosity
value where the open pore network begins to form (dashed
blue line).”*° This is probably due to non-idealities in the real
mesoporous structure, such as variations in pore size and pore
shape, which result in non-accessible pore space and certain
isolated structural regions. It should be noted that such
inhomogeneities in the real system have a minor quantitative
effect on the measured impedance spectra. However, they do
not affect the validity of the conclusions derived or the
computed geometric correction factor. In the ideal case, our
analysis shows that the material-specific conductivity o,,., is
about one to two orders of magnitude larger than the effective
conductivity 6., which is estimated from the impedance
assuming a dense thin film. This demonstrates the necessity to
account for the mesoporous structure using the derived
material-independent correction factor for a reliable determi-
nation of the material-specific conductivity of the thin films. In
particular, this will help to elucidate if and how variations of
the pore size and the surface area may affect charge transport
in the solid framework of the mesoporous thin films, e.g., due
to the presence of a surface space charge region.

B CONCLUSIONS

In this study, we use a 3D electric network model to compute
the impedance response of ordered mesoporous oxide thin
films. The simulated impedance spectra are characterized by
one single semicircle in the Nyquist diagram, which is in
agreement with experimental results. The evaluation of the
computed spectra in the time domain by performing a DRT
analysis reveals that the impedance is solely determined by the
geometric current constriction effect, which arises due to the
regular pore arrangement within the nanocrystalline thin films.
The geometric contribution completely dominates the
impedance of ordered mesoporous oxide thin films. Even for
highly frequency-resolved sampling of the impedance, the large
geometric constriction contribution impedes the separation of
the bulk and grain boundary resistance contributions.
However, a detailed analysis of computed impedance spectra
of thin films with varying pore size allows us to correlate the
impedance response with the material-specific conductivity of
the mesoporous solid framework. We find that changes in the
impedance with increasing pore size can directly be related to
the increase in volume porosity of the thin films. This enables
us to derive a material-independent geometric correction factor
that accounts for the porous structure of the thin films. In
addition, it allows for a reliable determination of the material-
specific electrical conductivity of mesoporous thin films with
an error of less than 8%. This offers the possibility to get a
deeper understanding on the impact of the high surface area on
the charge transport mechanism in ordered mesoporous oxides
in order to optimize their properties for device applications.
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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: In an all-solid-state battery, the electrical contact
between its individual components is of key relevance in addition

Article Recommendations

to the electrochemical stability of its interfaces. Impedance pore
spectroscopy is particularly suited for the non-destructive ! metal WE

investigation of interfaces and of their stability under load. solid electrolyte

Establishing a wvalid correlation between microscopic processes BukGB ¥ interace
and the macroscopic impedance signal, however, is challenging and i ; e O,
prone to errors. Here, we use a 3D electric network model to ! ‘,-""
systematically investigate the effect of various electrode/sample B

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.

KEYWORDS: reversible metal anode, interface morphology, pore formation, constriction effect, impedance modeling,

garnet-type solid electrolyte, solid-state battery, electric network model

1. INTRODUCTION

Examining the interfaces of all-solid-state batteries is
challenging since they are hardly accessible non-destructively.
Impedance spectroscopy (IS) is particularly suitable to
systematically investigate changes of the interfaces during
operation. Individual impedance contributions, e.g, grain
boundary or bulk transport within a ceramic, can be separated
from each other, if they differ in their frequency-dependent
behavior. However, the correlation between microscopic
changes of the interface morphology and the macroscopic
impedance signal is nontrivial, making the interpretation of
macroscopic impedance data in terms of microscopic processes
prone to error.

In all-solid systems, an additional degree of sophistication
arises in IS analysis since geometric effects contribute to the
measured impedance signal in addition to chemical side
reactions.'™ Thus, the impedance depends not only on the
material properties of the solids involved but also on the
preparation method of the system. While sputter deposition of
the metal electrode typically yields a conformal coating of a
sample surface, mechanical interface formation is likely to

© 2022 The Authors. Published by
American Chemical Society

- 4 ACS Publications
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cause a porous interface accompanied by elastic and plastic
deformation. Depending on the preparation conditions, pores
of different shapes, sizes, and depths may arise and essentially
determine the interface morphology. This also applies when a
dynamic change of the system during operation leads to pore
formation.™

Such a situation is often encountered in the case of
reversible metal anodes, when a usually polycrystalline and
cation-conducting solid electrolyte (SE) is in contact with an
alkali metal electrode. In systems with thermodynamically
stable interfaces, such as lithium metal in contact with
Lig 55Aly»La,Zr,0,, (LLZ0O),°"” three different transport
processes occur at the microscopic level, ie., the charge
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Figure 1. Overview of different types of current constriction at the electrode/sample interface. (a) Pores at the interface can lead to a separate or
overlapping impedance contribution in the spectrum. This is related to the so-called constriction effect, which can be categorized in a “static”
(classical) case of an ideal contact (b) and a “dynamic” (frequency-dependent) case of a non-ideal contact (c). In the classical case, the constriction
only quantitatively affects the impedance of all transport signals (i.e,, scaling), while in the frequency-dependent case, the impedance can be affected
quantitatively (black) as well as qualitatively (green) by forming a separate signal that does not correspond to an electric migration process in the

system at the microscopic level.

transfer (CT) step at the metal/SE interface and the bulk and
grain boundary (GB) transport within the SE (see Figure la).
It is therefore often mistakenly assumed that the impedance
contains only contributions from the transport processes in the
SE and the CT. Other origins of impedance signals and effects
like the 3D microstructure of the SE (ie, the geometrical
arrangement of the grain boundary network)'® or the pores at
the interface are usually not considered in the interpretation of
experimental data,"'™"* which can easily lead to misinter-
pretations as will be demonstrated by us.

The pores at the interface reduce the electrochemical active
surface area. Thus, the ionic current lines in the SE become
spatially focused at the contact spots (i.e., form “bottlenecks”).
This effect is referred to as current constriction in what follows.
This has been well documented in mostly qualitative form in
metals'*"® and in semiconductors."®™'? The effect, however, is
often considered to be “static”, i.e,, the constriction is assumed
to be independent of external influences. It occurs, for
example, when the electrode area A4 is smaller than that of
the sample Ay, This means that the sample volume under the
non-contacted surface area will also contribute to the transport
due to the bended electric equipotential lines within the
sample. The effect quantitatively affects all derived transport

quantities (R;, C;) and depends on the ratio of sample surface
area to contact area (see Figure 1b).

Current constriction, however, can also form “dynamically”
in a system. This is important, especially when considering
pores. At low frequencies, pores are truly locally current-
blocking, and at high frequencies, the pores can transfer charge
dielectrically (displacement current). Thus, their contribution
to the impedance depends on excitation frequency v and the
constriction effect will disappear, if a certain frequency vy, is
exceeded (see Figure 1c). Therefore, both qualitative and
quantitative changes of the impedance are to be expected, i.e,,
the pores at the interface can also cause separate signals in the
impedance spectrum (see Figure la), which are of purely
geometric origin, i.e, due to interface morphology only. This
has a major impact on the interpretation of IS results,
especially regarding the assignment of the individual signals
from the interface, ie, CT step or constriction effect.
Conversely, this means that IS data contain valuable
information on the porous 3D microstructure of an electrode
interface.

Current constriction is an established concept in the physics
of electronic contacts but has not gained great attention in
solid-state battery research so far, although it is of great

https://doi.org/10.1021/acsami.2c07077
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Figure 2. Overview of the definition of the 3D electric network model. (a) Transfer of the 2D projection of the real interface (blue box) into the
model system. (b—e) Sketch of 2D projections of the simplified model systems for the systematic study of the dynamic constriction effect. (f) The
voltage is applied between the homogeneous metal electrodes enclosing the homogeneous SE. The interface layer between the WE and SE causes
the inhomogeneity of the system responsible for the dynamic constriction effect. (g) Bulk transport in the WE and the SE as well as the CT step at
the electrode/SE interface is described by RC-elements, while the pores at the interface are considered as capacitors. For simplicity, the CT step at
the metal/sample interface and transport within the electrode is assumed to be resistance-free (Zp,. = Zcr = 0).

importance, for example, for the potential commercial use of
the lithium metal anode. Despite the extensive study of the
constriction effect at solid/solid interfaces by Fleig and
Maier,”*™*" it is not fully understood yet. Further research is
needed to clarify how the constriction effect can be
manipulated or even mitigated.

Using a 3D electric network model, we demonstrate that the
interface contribution to the electrode impedance is generally
composed of a CT signal and a geometric constriction signal.
Both result from the interface but differ in their origins. While
the former represents a microscopic electric migration process
across the interface, the latter arises from the frequency-
dependent change of the electrode area that actively
contributes to the transport. The interdependence between
the two effects is rather intriguing and needs careful case
studies for different realistic situations encountered in
experiments. Here, we focus on the specific situation typically
observed for a garnet-type SE in all-solid state battery
structures that can be well approximated by a homogeneous
SE with negligible polarization resistances at the interfaces, ie.,

35547

a situation where the CT effect is negligible. This relevant and
experimentally accessible situation reveals the pure constriction
effect on the impedance data and defines an important starting
point for a fundamental study of the interplay between the CT
effect and constriction effect.

The systematic analysis presented in this study illustrates the
impact of essential parameters such as the electrode geometry
and the interface morphology on the dynamic constriction
effect. For this purpose, simplified interface morphologies are
assumed to highlight major trends and to elucidate
fundamental dependencies. Both also qualitatively apply in
the case of more realistic interface morphologies but will lose
clarity due to disorder effects. The analysis as a whole
demonstrates that a careful analysis of impedance data may
yield valuable information, for example, on pore formation and
dynamics at the metal anode interface.

2. COMPUTATIONAL DETAILS

2.1. Generation of a Three-Dimensional Microstruc-
ture. The dynamic constriction effect is studied using a three-

https://doi.org/10.1021/acsami.2c07077
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Figure 3. Impact of the contact area at the WE/SE interface on the impedance. (a) The constriction semicircle at low frequencies increases with
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dimensional model system suitable for describing reversible
metal anodes. The system under consideration consists of a
parent metal electrode (e.g, Li, Na, and Ag), which is in
contact with an SE. The complexity of the real system prevents
a clear assignment of individual effects on the impedance.
Therefore, some simplifications are necessary. We assume a
homogeneous SE to better highlight the impact of the interface
structure and morphology on the constriction effect. The
network model used, however, can be easily extended to
account for typical ceramic SE materials consisting of grains
separated by grain boundaries.'"” Additionally, the number of
geometric model parameters describing the interface is reduced
by flattening the real interface and considering only pores of
the same depth &, in the system (see Figure 2a). The
morphology is approximated by one or more square-shaped
contact spots in the interface layer whose lateral extension is
varied. Such a porous layer describes the averaged geometric
properties of the interface.

Four variants of the simplified model system are studied
where system parameters are systematically varied. This allows
a qualitative investigation of the dynamic constriction effect
with respect to its origin, the geometric impact of the electrode
size, the effect of the interface morphology, and the impact of
the pore characteristics, see Figure 2b—e from left to right,
respectively. Despite these simplifications, the conclusions
drawn from the computations with respect to the constriction
effect are of a general nature and valid for all solid/solid
interfaces. In particular, the qualitative results derived also
apply to more complex morphologies and microstructures of
the SE as observed in the real system.

In this study, we assume that the SE possesses a cubic shape
(L, = L, = L,) and that one of its surfaces is contacted by the
working electrode (WE) forming the porous interface. The
depth &y, of the pores between the WE and the SE is set to 1/

35548

5000 of the geometric extension L, of the sample
perpendicular to the surface, i.e, the nominal transport
direction.

2.2. Description of Charge Transport through the
System. A 3D impedance network is used to describe the
transport processes between the electrode and SE across the
porous interface of the model system. For this purpose, the
entire sample volume (including the pores) is divided into
individual voxels of edge length d. In this process, each voxel is
assigned to either a grain within the sample (blue), a pore at
the interface (white), or the metal electrode (gray). A single
planar layer with voxels of constant thickness &y, is inserted
between the electrode and the sample to describe the interface
morphology and thus the contact between the WE and SE (see
Figure 2f).

A nodal network must be set up to determine the impedance
on the basis of the discretized model by assigning a node to the
center of each voxel. The different transport processes can be
distinguished from each other by comparing the structural
properties of adjacent voxels. While the dielectric properties of
the pores are modeled by a capacitor only, each electric charge
transport process is described by an RC-element (see Figure
2g). The microscopic bulk transport within the ceramic is
described by two RC-elements (2-Zg,,) connected in series to
each other in the branch between two nodes. The charge
transport within the electrode (2-Zy,..) and the CT step at the
metal/SE interface (Zy,. + Zcp + Zgu) is described
accordingly. In addition, transport between pore voxels and
solid voxels, i.e, WE or SE, is described by the series
connection of an RC-element with a capacitor (Zg,. + Zp,,. or
Zsak + Zpore) and the transport between two pore voxels is
modeled by two serially connected capacitors (2-Zp.).

The resistances and capacitances of the local equivalent
circuit elements are calculated according to the rules for

https://doi.org/10.1021/acsami.2c07077
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conductors and plate capacitors. The bulk parameters (g =
046 mS/cm and e, = 150-¢,) are based on the solid
electrolyte LLZO, and the permittivity of the pore &, is in the
range of vacuum permittivity &,.'"***” The transport within
the electrode and the CT step at the interface is assumed to be
resistance-free as proven for garnet-type SEs (Zg,. = Zcr =
0).""~"* Thus, bulk transport is the only electric migration
process considered within the homogeneous SE system. The
interplay of the constriction effect with other transport
processes like a resistive CT step at the interface or the
transport across grain boundaries (see Figure 2a) is beyond the
scope of this paper and will be discussed in a subsequent work.
Further details about setting up and solving the 3D network
model and its solution are given in our previous work.'

2.3. Technical Details in the Analysis of the
Computed Impedance Spectra. The simulation of the
impedance spectra based on the simplified 1D fit equivalent
circuit and the distribution of relaxation times (DRT) analyses
were performed using the commercial software RelaxIS 3
(version 3.0.18.15, thd instruments GmbH & Co. KG). The
impedance spectra computed by the 3D electric network
model are (almost) free of noise signals. The Kramers—Kronig
test for these spectra yields residuals in the order of 10709
Thus, the results for all frequencies were considered in the
analysis of the impedance spectra, and only a small
regularization term was required in the calculation of each
DRT.”

3. RESULTS

3.1. Origin of the Constriction Contribution in the
Impedance. To understand the origin of the dynamic
constriction effect and its impact on the impedance, we
compute a series of impedance spectra of the model system, as
depicted in Figure 2b. The electrode and SE surface are of the
same size (A eqroqe = Asp). The single square-shaped contact
spot sandwiched between the square-shaped WE and the
square-shaped sample surface is systematically varied in size
(Acontset)- The empty space between the WE and SE surface

corresponds to the pore and constitutes a capacitor-like
arrangement, i.e,, WE—air—SE.

3.1.1. Impedance as Function of the Contact Area
between the Electrode and SE. Figure 3a shows the
impedance results for five different contact area sizes A,
between the WE and SE. Without pores at the interface (Ag; =
Aecrrode = Acontar), the impedance consists of one semicircle
only. The reduction of the contact area (Agg = Acectroge >
Acontact), however, leads to the formation of a second semicircle
at lower frequency without affecting the high-frequency
contribution to the impedance. Thus, the latter is independent
of the contact area A . between the electrode and the SE
and can be assigned to the bulk transport. The semicircle at
low frequencies does not correspond to an additional electric
microscopic transport process in the system. It solely arises due
to the formation of pores at the interface and can be attributed
to the resulting dynamic constriction effect.

The described behavior is also reflected in the corresponding
DRTs*" of the five impedance spectra (see Figure 3b). The
DRT consists of a single signal at 7, when there is a full
contact between the SE and WE. A second signal at a larger
relaxation time 7, emerges when the contact area is reduced.
The amplitude and the time constant of the second signal
increase upon reducing the contact area A, q

The computed impedance spectra are fitted with a 1D
equivalent circuit model consisting of two RC-elements
connected in series to highlight the qualitative changes in
the impedance (see Figure 3c). The bulk transport parameters
(blue) are independent of the change in contact area A g, In
contrast, the constriction resistance Rc, (vellow) shows a
diverging behavior with decreasing contact area (Rey, — 00 for
Anua — 0). The qualitative behavior is roughly consistent
with that of a conductor (R ~ 1/A ). However, a simple
functional relationship between constriction resistance Rcg,
and contact area A, cannot be observed (c.f. Figure 6).

The computed constriction capacitance Cgg, (yellow)
decreases with decreasing contact area A« (see Figure
3d). Since a decreasing contact area corresponds to an increase
in pore volume at the interface, the corresponding geometric

https://doi.org/10.1021/acsami.2c07077
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minimize the impact of the static constriction effect.

capacitance Cp,, of the pore volume (black) increases. For
small contact areas, the constriction capacitance converges
toward this pore capacitance (Cege = Cpore fOr Acopaee — 0).
Consequently, the constriction capacitance can be used to
roughly estimate the (average) depth of the pores.””**

The constriction time constant (r = R-C) increases for a
decreasing contact area, i.e., for a growing single planar pore
Apore = Agtoctrode — Acontace (se€ Figure 3e). This behavior can be
attributed to the larger change in the increasing constriction
resistance Rcg, compared to the decreasing and converging
constriction capacitance Cg.

3.1.2. Understanding the Formation of the Constriction
Signal in the Impedance. The formation of the constriction
signal in the impedance spectrum for Agg = Agecrrode > Acontact
can be understood as follows. An impedance spectrum is
measured over an extended frequency range. The conduction
response of the individual transport processes in the material
(e.g., bulk or GB transport) is frequency-dependent. This also
holds for the contribution of the capacitor-like pore at the
interface. At high frequencies, the dielectric conduction
response starts to dominate, short-circuiting the pores at the
interface. As a result, the component of the potential gradient
perpendicular to the macroscopic transport direction vanishes.
This leads to horizontal equipotential lines perpendicular to
the transport direction across the entire sample (A.jectrode, active
= Alectrode)- It corresponds to a quasi-1D transport between the
WE and counter electrode (CE) across the electrode area at
high frequencies (see arrows in Figure 4 (left)). This situation
allows a determination of the bulk transport parameters (o3,
£gui) without pronounced errors based on the cell
geometry.w*25

Upon frequency reduction in the impedance measurement,
the conduction response of the individual transport processes
changes from dielectric to electric conduction. Since the pores
are insulating in this frequency range, the electrode area
contributing to transport is reduced to the real contact area
between the electrode and the SE (Auecrode, active = Acontact)-
Similar to the behavior of a conductor (R ~ 1/A), a smaller

active electrode area leads to a larger resistance. Consequently,
the frequency-dependent change of the active electrode area
A lectrode, active 1€ads to the additional constriction contribution
in the impedance spectrum.”’™>

The reduction of the active electrode area A to

electrode, active
the real contact area A_,.,. also affects the potential
distribution in the SE and creates a certain SE volume fraction
in which lower local current densities are observed (see arrows
in Figure 4 (center)). Charge transport near the interface
occurs in this case in 3D and not in quasi-1D. An approximate
measure of this effect is the penetration depth, which
corresponds to the distance from the electrode where the
equipotential lines below the electrode within the SE become
horizontal again. The corresponding volume ranging from the
interface down to the penetration depth is referred to as the
constriction region. Since the penetration depth depends on
the applied frequency v of the external exciting electric field
(see arrows in Figure 4 (right)), the constriction effect is
frequency-dependent.

The separation of the impedance into a bulk and a dynamic
constriction contribution depends on the frequency, below
which the pores at the interface cease to conduct dielectrically
(cf. Figure 1c). If the pores are already insulating in the
characteristic frequency range of the bulk transport, then both
contributions cannot be separated from each other.”” The
situation is then comparable to the static constriction effect, in
the sense that it leads to a scaling of the individual impedance
contributions (cf. Figure 1b). Consequently, the actual specific
transport parameters of the bulk process can no longer be
determined correctly in this case.

In summary, the frequency-dependent change of the active
electrode area A.jcirode, active and the associated change of the
SE volume involved in the transport leads to additional
impedance contributions in the spectrum. Thus, a semantic
distinction between contact area A .. and electrode area
Aglectrode 15 necessary to adequately describe the impedance
behavior with respect to the dynamic constriction effect. The
electrode area Aecroqe = Ex'E, describes the cross section of

https://doi.org/10.1021/acsami.2c07077
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the electrode to which a potential is applied. The contact area
Aontact describes the portion of the electrode area that is in
physical contact with the SE. The contact area is often smaller
than the electrode area (Anpe < Adecwode) due to the
mechanic properties of both solids involved, i.e., not the entire
solid electrolyte surface is in contact with the metal electrode
unlike liquid electrolytes that mostly wet the entire electrode
surface.

3.2. Dependence of the Constriction Characteristics
on the Interface Morphology. The time constant 7, of
the constriction contribution has a major influence on the
shape of the impedance spectrum (cf. Figure lc) and,
consequently, on the conclusions about the experimentally or
theoretically studied system drawn from the impedance
analysis. Therefore, further investigations are required
considering more realistic systems. In the following, we
systematically vary the electrode geometry according to Figure
2¢, the interface morphology according to Figure 2d, and the
properties of the pores (depth &) or, more general, insulating
inclusions (permittivity &),,) according to Figure 2e.

3.2.1. Impact of the Electrode Size on the Constriction
Effect. First, we will study the impact of the electrode size on
the transport behavior of the model system depicted in Figure
2c. Prior to analyzing the data, it should be noted that different
electrode sizes Agecroge can lead to different types of
constriction effects. A larger surface area of the SE than the
electrode area (Agp > Ajectrode = Acontace) Will always lead to a
static constriction since the available pathways through the
structure are restricted at the interface. Solely dynamic
constriction occurs in the system, when the electrode area is
larger than the contact area between the SE and electrode (A
= Adeetrode > Acontact)- In this case, the transport paths are only
constrained in a specific frequency range. A superposition of
both static and dynamic constriction effects will occur when
other relations between the three areas hold, e.g, Ag >
Aeledmdt > A:ontad'

As can be seen in Figure S5a, many variations of the
superimposed case (left) and the pure static (top right) and
dynamic (bottom right) case can be anticipated. Thus, a
semantic distinction between absolute contact area A, and
relative contact area A ,nuac/Adectrode 18 beneficial but not
mandatory when considering the two pure effects. The change
in absolute contact area also results in a change in relative
contact area in the case of the dynamic effect, while the relative
contact area is always maintained (= 1) in the static situation.

Figure Sb shows the impedance results for five different
electrode sizes (Agg > Agpcrode) at constant absolute contact
area A .. Each impedance spectrum is normalized to the
same bulk contribution to minimize the impact of the surplus
SE volume at the edges of the electrode, i.e,, the scaling of the

impedance due to the static constriction effect. The individual
contributions to the normalized impedance due to dynamic
constriction differ significantly for the five cases. Smaller
electrodes with larger relative contact areas A,/ Adectrode
result in a lower impedance due to a decrease in the
penetration depth into the SE and the increase in the volume
contributing to the transport.

Similarly, Figure Sc depicts the impedance results for five
different electrode sizes A, o4. at constant relative contact
area A optact/Aclectroder Again, all impedance spectra are
normalized to the same bulk contribution to not include the
quantitative scaling due to the static constriction effect. Also, in
this situation, there are significant changes in the dynamic
constriction contribution visible in the normalized impedance
spectra. The increase in the electrode size A,j.qyoge and the
accompanying increase in the absolute contact area A, lead
to a decrease in the normalized dynamic constriction
contribution.

Both series of impedance spectra underline that neither the
relative contact area A_jpect/Adectrode NOT the absolute contact
area Ao alone is sufficient as a descriptor for the
constriction effect. Consequently, larger electrodes and also
larger absolute contact areas do not necessarily reduce the
area-specific constriction resistance. Similarly, equal relative
contact areas do not necessarily lead to equal constriction
contributions.

3.2.2. Effect of the Distribution of the Contact Area at the
Interface. We will now turn to morphology effects, i.e, the
effect of the distribution of the contact area at the interface
Aoty Which is known to have a huge influence on the
constriction effect.'* Mapping the real interface morphology in
experiments is challenging since it is hardly accessible. The
methods commonly used for characterizing interfaces in all-
solid state batteries are transmission electron microscopy or
focused ion beam scanning electron microscopy. Both are
destructive and cannot be employed in situ on realistic
structures. Thus, they usually can only provide static snapshots
of a local region of the interface and thus little statistical
information.

Obviously, pores are usually distributed over the entire
electrode surface and their shapes and sizes can vary locally.
Such disorder and inhomogeneities significantly affect the
potential distribution within the system and are therefore
expected to influence the shape of the impedance contribution
due to constriction. To study the influence of individual
morphology effects in more detail and to restrict the number of
geometric parameters describing the pore distribution, we will
analyze two simplified model cases depicted as insets in Figure
6. Instead of one contact spot centered in the interface layer,
we will study two effects:

https://doi.org/10.1021/acsami.2c07077
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Figure 7. Impact of (a) the permittivity and (b) the thickness of the insulating layer on the constriction effect, i.e., pores in the considered model
systems. The variations of the depth of the pores and their permittivity result in a change of the constriction capacity that is identical to that of a

plate capacitor.

First, we will solely vary the position of the contact spot
sandwiched between the electrode and the SE surface, while
the contact area A, is kept constant. Furthermore, we set
Age = Adectrodes 1€, there is no static constriction effect that
affects the computational results. The impedance spectra
derived from the 3D electric network model (see Figure 6a)
highlight that the larger the distance between the center of the
contact spot and the center of the sample, the more
pronounced is the dynamic constriction contribution to the
impedance. The reason is that moving the single contact spot
away from the central position leads to an increased
penetration depth and a lower volume involved in the
transport. Thus, a larger constriction resistance Rc,, arises.
The constriction capacitance Cgg,, however, is almost
unaffected. The combined behavior yields a longer time
constant 7, when the distance of the contact spot from the
sample center increases. When the contact spot is located at
the sample center, all distances between the edges of the spot
and the edges of the SE are minimized, the size of the
constriction region is reduced, and the volume contributing to
the transport at low frequencies is maximized. Therefore, the
constriction resistance Rcy, is minimal in the modeling.

Second, we divide up the contact spot into a number of
regularly arranged smaller contacts of the same contact area
A ontac- The impedance spectra in Figure 6b show that the
dynamic constriction contribution to the impedance decreases
with an increasing number of contact spots. The reason is that
a finer distribution of the contact area A, increases the
contact surface to pore volume ratio at the interface and
minimizes the distances between the centers of the contact
spots and the centers of the pores. Thus, the penetration depth
into the SE decreases leading to an increase in the volume
contributing to the transport and a decrease in the constriction
resistance RCSt,.M'ZS The impact on the constriction capaci-
tance Ccy, is small as the capacitor-like pore area Ay, = Agg —
A oniaet i the same in all cases and the pores act, to a first
approximation, as capacitors connected in parallel. Due to the
reduction of the resistance R, with increasing fineness of the
pore distribution, the time constant 7, shifts toward smaller
relaxation times compared to the single contact case.

The discussion of the interface morphology highlights that a
sole rearrangement of the contact spot(s) for a given contact
area A gpace Will already yield a different dynamic constriction
behavior. Therefore, it is challenging to derive any (simple)
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functional relationship between the constriction parameters
(Reyr and Cgg,) and the contact area Ay

3.2.3. Effect of the Pore Characteristics at the Interface.
Finally, we address the impact of the pore properties or, more
general, of insulating inclusions. The constriction effect in the
case of lithium metal in contact with LLZO is caused by the
formation of pores at the interface. Pores, however, are not
necessarily required to cause dynamic current constriction.
The continuous formation of a spatially heterogeneous
insulating layer such as a highly resistive SEI at the interface
can also lead to current constriction.”’ The same holds true for
the time-dependent depletion of charge carriers at the interface
due to the finite diffusion coeflicient of the electrode
material.'"**** Hence, it is worth knowing how different
(pore) permittivities &, and pore depths &, may affect the
dynamic constriction phenomenon.

Both parameters do not influence the constriction resistance
Rey but the constriction capacitance is proportional to the
permittivity of the pores or inclusions (Cgy ~ €p,) and
inversely proportional to the pore depths (Cey, ~ 1/8p,). It
should be emphasized that the quantitative changes are the
same as those of a plate capacitor (see Figure 7). The time
constant 7, shifts toward larger relaxation times for larger
permittivity and toward smaller relaxation times for larger pore
depth. It suggests that a local variation of the pore depth at the
interface results in a distribution of time constants. Thus, a
distortion of the low-frequency contribution of the impedance
in the Nyquist representation is expected.”’”*’ As a
consequence, the shape of the impedance spectrum provides
first indications about the homogeneity of the interface.

The discussed dependence of the constriction impedance on
the pore characteristics shows that certain pore depths cannot
be resolved experimentally with IS. Deep pores have a small
time constant, which may well be in the range of bulk
transport, leading to a transport behavior comparable to static
constriction and a quantitative scaling of individual impedance
signals. Thus, the impact of constriction is not separable from
the individual impedance contributions of the transport signals.
In contrast, shallow pores show large relaxation times, which
may correspond to characteristic frequencies outside the
typical frequency range of IS, i.e., these pores remain
dielectrically conductive in the measurement range between
MHz and several Hz. Therefore, it is possible that the IS data
will not significantly differ from an ideal contact, if the

https://doi.org/10.1021/acsami.2c07077
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constriction impedance is not within the chosen frequency
interval. Unfortunately, it is not possible to give a universal
value for the lower detection limit of pores since constriction
as a geometric phenomenon also depends on various other
parameters such as the interface morphology or the sample
dimensions.

4, SUMMARY AND CONCLUSIONS

The following recommendations for the analysis of exper-
imental impedance results can be derived from the 3D
modeling of metal anodes with constriction effect:

e The interface contribution to the impedance is, in
general, composed of a (true) charge transfer and a
dynamic constriction contribution. Current constriction
is not a self-contained type of migration process in the
strict sense, i.e., it is not comparable to electric grain
boundary or bulk transport. Rather, the dynamic
constriction contribution in the impedance is related
to the frequency-dependent change of the electrode area
actively contributing to the transport (electrode area <
contact area), representing the frequency-dependent role
of dielectric charge transfer across purely capacitive
regions (e.g, pores or insulating interlayer patches) at
the interface. It is a geometric effect that must be
expected at different length scales.

e The constriction phenomenon is mainly affected by the
SE volume near the interface (constriction region). The
distance from the interface to the compensation of the
constriction (penetration depth) is, in general, a function
of the frequency.

e The spatial distribution of the contact area at the
interface has a significant impact on the penetration
depth into the SE. This is accompanied by a change of
the fraction of the SE volume that contributes to the
transport at low frequencies. A larger SE volume
contributing leads to a lower constriction resistance
Reg Consequently, it is challenging to derive a simple
relationship between constriction resistance and contact
area.

® The constriction capacity is influenced by the morphol-
ogy of the interface, e.g., the shape of the pores and the
distribution of the contact area. Its behavior is identical
to that of a plate capacitor (Cey ~ €14/ S1ne) When the
depth of the pore(s) and its permittivity change. The
constriction capacitance converges against the geometric
capacitance of the macroscopic pore at the interface
when the contact area A_,,,., goes to zero.

The 3D electric network model presented allows the
systematic study of morphology changes at the electrode/
sample interface and their influence on the impedance
response of the system. The constriction contribution in the
impedance results from, e.g, pores or inclusions at the
interface, whose conductive behavior changes from dielectri-
cally conductive to insulating with decreasing frequency of the
external electric field. The dynamic constriction phenomenon
is solely a geometric effect, and its impact (e.g., size of the
constriction region or even the effective contact area) is not
constant but depends on the excitation frequency. The
phenomenon may have its origin on various length scales of
the system ranging from mesoscopic to macroscopic. Thus, the
“interface impedance” in the case of many solid/solid
interfaces is more than a pure charge transfer step as it is

often assumed in the literature. Therefore, the term interface
impedance should be avoided; instead, it is better to classify
the interface contribution to the impedance spectrum
according to its origin as charge transfer contribution or
constriction contribution.

Overall, the network model used is a powerful tool to gain a
better understanding of experimental impedance data. It may
provide valuable insight into the microscopic processes
occurring within the considered electrochemical cell, e.g, at
the WE/SE interface. Making full use of the strength of the
modeling requires reliable structural information of the
interfaces and layers comprising the sample. Thus, a careful
structural analysis of the specimens studied is essential and
must accompany the theoretical analysis of the impedance
data. Theory alone can only point out qualitative trends arising
from changes of material parameters or specific morphological
changes, whereas the combined analysis will yield more
valuable information, e.g., on the correlation between pore
formation and dynamics at the metal anode interface of all-
solid-state batteries. Such an approach may have the potential
for the targeted monitoring of hidden morphological changes
at the metal/SE interface at the mesoscopic level and, thus, for
a kind of “state-of-health” control system in applications.
However, this vision requires more systematic combined
experimental and theoretical studies on model systems with a
high degree of control over the interfacial morphology.
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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: A non-ideal contact at the electrode/solid electro-
lyte interface of a solid-state battery arising due to pores (voids) or
inclusions results in a geometric constriction effect that severely
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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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KEYWORDS: reversible metal anode, interface morphology, pore formation, current constriction, impedance spectroscopy,
solid-state battery, solid electrolyte, electric network model

1. INTRODUCTION the order of about 1 MPa or lower) in order to meet the
requirements for battery packs.

Impedance spectroscopy (IS), as a non-destructive method,
is particularly suited for systematically studying the kinetics of
solid/solid interfaces. When the frequency f of the exciting
electric field in the IS measurement is swept over a wide range,
different transport processes contributing to the overall electric
response of the sample probed may be separated from each
other, if their characteristic frequencies differ. IS data are
usually analyzed by means of macroscopic physical-based 1D-
equivalent circuit models, assuming that each component of
the equivalent circuit represents a transport process at the
microscopic level. Microstructural information, however, is
typically not considered in the analysis, although it can have a

Particularly in solid-state batteries (SSB), establishing and
maintaining full electric contact between individual phases and
components presents a severe challenge in addition to the
chemical stability of the interfaces involved.'™ Pores naturally
form during the mechanical assembly of the battery cell’s
layered architecture or may even form at interfaces under
operation (e.g., during electrode stripping/dissolution at
reversible metal anodes). Pore formation reduces the electro-
chemically active surface area and thus severely affects the
electric transport properties of the cell>™® Porous interfaces
between a metal electrode and a solid electrolyte (SE) are
often studied as a function of applied uniaxial pressure as the
application of uniaxial pressure to the battery cell is a key
process step during assembly of the different layers of solid-

state batteries. Systematically increasing the applied pressure Received: July 20, 2022
allows for continuous tuning of the pore density and Accepted:  August 29, 2022
distribution and, thus, the interface morphology and effective Published: September 8, 2022

contact area.” While high pressure may be well used during
formation of a battery cell to optimize the local microstructure,
stack pressure during later battery operation should be low (on

© 2022 The Authors. Published b
American Chemical Societ; https://doi.org/10.1021/acsami.2c12991
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Figure 1. Overview of the computational model. (2)—(b) The real system is transformed into a simplified theoretical model system to enable
systematic studies of individual model parameters. (c) The potential is applied between the porous working electrode (non-ideal) and the reversible
counter electrode (ideal). Changes in the contact between working electrode and polycrystalline SE are described by the interface layer. (d) Charge
transport processes are described by different RC-elements in the 3D electric network, while the pores at the interface are considered as capacitors.

major impact on the impedance, leading to further challenges
in the interpretation of experimental data as will be
demonstrated in this study.'”

In the case of a reversible metal anode, the experimental
system typically consists of a polycrystalline and cation-
conducting solid electrolyte that is in contact with an alkali
metal working electrode (WE), e.g., lithium metal in contact
with a garnet-type SE such as variants of Li;La;Zr,0,, (LLZO)
or sodium metal in contact with a NASICON-type SE such as
Nay 71,8, Py 0y 8 Usually, one would account for four
different electric migration processes on the microscopic level,
i.e, electronic transport in the metal electrode, electric charge
transfer (CT) at the electrode/SE interface, and bulk as well as
grain boundary (GB) ionic transport within the SE. Remaining
pores at a non-ideal interface, surrounded by the metal WE on
one side and the SE on another side, act as local capacitors. At
varying voltage (e.g., in an IS measurement), their impedance
strongly depends on the frequency f of the external electric
field. At constant voltage (DC electric field, f = 0 Hz), the
pores possess an infinitely large impedance. Thus, the active
contact area between WE and SE is reduced by the pores,
leading to (dynamic) current constriction at the interface. In
our previous paper, we analyzed the constriction effect for a
rather simple model case, ie, pores on a homogeneous SE
with zero polarization resistance.'” Earlier work already
considered this type of individual single crystal contacts,
which is sufficient to study the origin of the constriction effect
as such.”’"** The equipotential lines in the SE region below
the contact areas are not parallel to the interface as a
consequence of current spreading within the SE. At high
frequencies of the external electric field (AC, f — oo Hz), the
impedance of the pores even approaches zero and a high
displacement current will flow, starting from the entire
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electrode. Altogether, the dynamic constriction effect cannot
be considered as a local microscopic effect as it is determined
by the morphology of the interface at least on a mesoscopic
scale of nanometers to micrometers and can affect an almost
macroscopic region below the contact.

The situation is more complicated in the case of (realistic)
non-ideal contacts between a metal WE and a ceramic,
polycrystalline SE exhibiting an inhomogeneous interface
morphology. The reason is that the impact of the dynamic
constriction effect on the electric properties of such an
interface is far from local. The depth of the constriction region,
i.e., the region where the equipotential lines are not parallel to
the otherwise planar interface, varies with the frequency f of
the externally applied electric field."”~*> As a consequence, the
constriction phenomenon also affects the macroscopic
impedance response of the SE, ie., the latter is not solely
determined by the microscopic transport processes within the
grains and across GBs.

In this study, we extend our previous approach and use a 3D
electric network model to compute impedance data of realistic
3D model systems. The computational results are treated like
experimental data in the standard impedance analysis
procedure to illustrate the challenges and loss of information
that occur when using 1D circuit models. We show that the
interface impedance is determined by two contributions, that
of the CT across the physical contact and that of the
(dynamic) constriction effect. As both contributions generally
exhibit a different frequency dependence, their interplay may
yield one or two distinct semicircles in the Nyquist
representation of the impedance spectrum. An analysis of the
constriction effect with physical-based 1D circuit models is not
straightforward, as such models cannot fully capture the effects

of frequency-dependent current spreading caused by dynamic

https://doi.org/10.1021/acsami.2¢12991
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constriction. As a consequence, the usually successful approach
of correlating macroscopic components of physical-based 1D
equivalent circuit models with single microscopic transport
processes fails. Additional degrees of freedom are necessary to
describe the constriction phenomenon in 1D fit circuit models.
Their dependencies on the real 3D system, e.g., the
microscopic transport quantities of the SE or the interface
are discussed.

2. COMPUTATIONAL DETAILS

2.1. Description of Model Structure. As described in the
introduction, metal anode interfaces in SSB often suffer from
local contact loss for several reasons. To study interface effects
between a reversible metal anode and a SE in a SSB cell, it is
therefore often sufficient to solely consider a theoretical or
experimental model system consisting of a (porous) metal
working electrode (WE), a ceramic SE and an ideal metal
counter electrode (CE). The latter serves as a quasi-reference
electrode (QRE) as it provides a stable, invariant and ideal
contact to the SE (A ecrode = Acontace)- Then, the impedance of
the cell is dominated by the WE/SE interface, together with
the properties of the bulk SE between the electrodes.'® This
avoids the use of traditional reference electrodes and the
superposition of additional effects in the measurement. Figure
la shows a 2D projection of a segment of such a 3D model
structure in the vicinity of the WE/SE interface as it may be
typically observed. The SE possesses a polycrystalline structure
and pores (voids) at the WE/SE interface cause complex three-
phase morphologies (metal, SE, pore space), making a
systematic analysis of individual parameters challenging.
Therefore, we deliberately simplify this system for studying
the interplay between non-local current constriction and
microscopic transport processes.

Without loss of generality, the number of geometric model
parameters is reduced by increasing the symmetry of the
system, e.g., for describing the microstructure of the SE or the
interface morphology (see Figure 1b). The latter affects the
magnitude of individual geometric impedance parameters (e.g.,
constriction resistance) quantitatively, but not qualitatively, as
already discussed in the literature.'”** Here, all contact spots
are combined to a single squared contact of area A, in the
center of the interface. The parallel gap of width &y, between
WE and SE outside the contact mimics the pore system. The
microstructure of the polycrystalline SE is rearranged into a
stack of planar GBs separated by bulk-like SE layers with a
spacing of 1/50 L,, where L, is the total thickness of the SE.
The planar arrangement enables a straightforward translation
of the model structure into a 1D equivalent circuit. Moreover,
the WE, CE, and the SE are assumed to be of the same area
(ASE = Lx'Ly)-

Despite these simplifications, the 3D computational model
structure pertains the key features of the real solid electrolyte,
but it is less complex. It still grabs the important properties of
the dynamic constriction effect, i.e., current spreading, curved
equipotential lines, and frequency-dependent volume changes
of the constriction region. This facilitates a systematic analysis
of the impact of individual material parameters on the
impedance.

2.2. Description of the 3D Impedance Network. A 3D
impedance network model is used for the computation of
impedance spectra Z(f) of our model system depicted in
Figure 1b. First, the structure is divided into individual voxels
of edge length d that are assigned to either a grain within the

SE (bluish), a pore at the WE/SE interface (white) or one of
the metal electrodes (gray). The non-ideal interface morphol-
ogy is modeled by a separate layer of voxels of constant
thickness &y, that reflects the contact between WE and SE (see
Figure 1c).

The transport processes at the microscopic level, ie,
between individual voxels of the discretized structure, are
described by different local equivalent circuit elements, as
depicted in Figure 1d. While bulk transport and transport
across GBs within the SE as well as the CT step at the
electrode/SE interface are considered by different RC-elements
(Zguw Zeeo Zap Zcr), the pores at the interface are solely
described as capacitors (Zp,,). Microscopic bulk and GB
transport are modeled by two (2-Zp,) and three (2-Zg, +
Zp) RC-elements connected in series, respectively. The
transport within the metal electrode is described by (2-Z..)
and the CT step at both interface by Zg.. + Zcp + Zpy. Pore
transport is considered either by the series connection of an
RC-element with a capacitor (Zg.. + Zpoes O Zgyi + Zpore) OF
by two capacitors (2-Zp,,.) connected in series, depending on
the structural properties of the voxels involved. The local
parameters (R; .., C;1o.) of the bulk, GB and pore circuit
elements are calculated according to the rules for conductors
and plate capacitors based on conductivities o; and
permittivities &. In contrast, the parameters of the local
RerCer-element result from the polarization resistance Rpy
and the double-layer capacitance Cp at the interface. Further
details about setting up and solving the electric network model
as well as computing an impedance spectrum are given in our
previous work."”

2.3. Computational Parameters and Analysis of the
Impedance Spectra. A cubic shape of the SE (L, =L, = L)
corresponding to (50 um)® and a GB thickness of 10 nm (core
region and adjacent space-charge region) is assumed. The
results described in what follows, however, also apply to larger
system sizes up to several millimeters or even larger. Table 1

Table 1. Overview of the Transport Parameters Used in the
Computations”

L, OGp Rpgi £GR Chore CoL
figure (d,) (uS/em) (Qem®) (&)  (WF/em®)  (uF/em?)
2 S0k 5.97 1 150 8.85 885
3a 50 k 5.97 - 150 88.5 -
3b S0k 5.97 - 1L.SM 0.89 -
4 S0 k variable - 150 88.5 -
Sa S0k - 1 - 0.89 88.5
5b S0k - 1 - 885 88.5
6 50 k - variable - 885 8.85
7 S0k - 10 - 885 8.85

“These are in the range of, but not limited to, those of the solid
electrolyte LLZO. The bulk conductivity and permittivity were fixed
to o = 0.46 mS/cm and &g = 150-g;, respectively.ls’zg’zq The GB
thickness (core region and adjacent space-charge region) is set to 8¢y

15,30
= 10 nm.

summarizes the parameters of the geometric model and the
transport quantities used in the computations (cf. computa-
tional results in Figure 2 to Figure 7). All microscopic
transport parameters are in the range of, but not limited to,
those of the solid electrolyte LLZO." The transport within the
(metal) electrode is assumed to be resistance-free. The pore
depth &y, is given as a fraction of the transport length L, and
its value varies between the individual studies. In each series of

https://doi.org/10.1021/acsami.2¢12991
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Figure 2. Non-local dynamic constriction effect and failure of the physical-based 1D equivalent circuit model in describing it. (a) Series of
impedance spectra computed with the 3D electric network model (dots). A fourth constriction semicircle (yellow) arises resulting from the WE/SE

interface, when the contact area is reduced (A

electrode

> Acontact)- (b) Potential distributions and current lines for three different excitation frequencies

highlight the effect of dynamic constriction, i.e., frequency-dependent change of the active electrode area and variations in the size of the
constriction region. (¢) Transfer of the 3D model system depicted in Figure 1b into a physical-based 1D equivalent circuit (inset). Corresponding
impedance spectra calculated or predicted for different contact areas A, between WE and SE using the same transport parameters reveal three
semicircles only. Constriction cannot be captured by the 1D-PM, but it can be fitted using the 1D-FM (inset in (a)). (d) Comparison of the
predictions by the 1D-PM (solid lines) with the derived parameters (R/"™, C!®™) of the interface (circular and triangle symbols) based on the

1D fitting approach of the 3D network model computations.

impedance computations, the relative contact area A ./ Asg
of the single square-shaped contact spot is systematically varied
in size from 100% (ideal contact, no pores) to 0% (no contact,
capacitor-like arrangement of WE and SE).

Note that individual transport parameters in the computa-
tions may be chosen to vary in a wider range than expected in
experiment. This is related to our approach of exclusively
changing the contact area (at constant pore depth &y,)
throughout a computed impedance series (0% < A pna <
100%), which leads to an overestimation of Az, since both
parameters have an opposite influence on 7¢y,.'~ The aim of
our study is, among others, the understanding of the time
constant’s 7, impact on the impedance spectrum and the
derived macroscopic transport parameters. For this purpose,
we discuss limiting cases distinguished by the arrangement of
the time constants involved, i.e., Tpyw Tge Tor and Teg- TO
ensure that a specific order of time constants is preserved
during a computational series, we sometimes artificially lower
or increase individual time constants 7; by choosing
“unrealistic” material parameters. For example, we modified
the pore capacitance Cp,,, in case of the constriction signal or
the permittivity egp in case of the GB signal. However, this
does not affect the qualitative results in these studies as the
capacitance Cp,,. influences exclusively the constriction
impedance. Similarly, the permittivity &g and double layer
capacitance Cp only affect the corresponding macroscopic
transport contributions and not that of geometric constriction.

The analysis of the computed impedance spectra derived by
the 3D electric network model is based on a simplified 1D “fit
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model circuit” consisting of a resistor connected in series with
four RC-elements as depicted as inset in Figure 2 a). The
fitting was carried out using the commercial software RelaxIS 3
(version 3.0.18.15, rhd instruments GmbH & Co. KG). The
Kramers—Kronig test of the impedances computed by the 3D
electric network model yields residuals in the order of 107°
%.”° Thus, the computed impedances are almost free of noise
signals, and it is valid to consider all data records (f, Z) in the
1D analysis approach.27

3. RESULTS

3.1. Grabbing Non-Locality of Current Constriction in
1D Equivalent Circuit Modeling. The fundamentals of
current constriction and its dependence on the interfacial
morphology (e.g, pore depth or distribution of the contact
area) have already been discussed in detail in our previous
work'® and also in early studies by Maier and Fleig."’~** Here,
we compare the results of two different 1D equivalent circuit
models with the impedance Z(f) of our 3D model structure
(see Figure 1b) derived by the electric network model. The
results help to underline the non-locality of dynamic
constriction and its consequences. In what follows, the
impedance Z(f) derived by the electric network model takes
the place of a measured impedance spectrum and serves as
input for 1D modeling approaches, commonly used for
analyzing experimental impedance data. This helps to under-
stand the loss of information, when “real” experimental data
are analyzed only within a 1D impedance circuit model.

https://doi.org/10.1021/acsami.2¢12991
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Figure 2b shows the potential distribution in the central
cross section of the 3D model structure for various frequencies
fof an applied electric AC field. The evolution of the potential
distribution with f illustrates the key features of dynamic
current constriction as a non-local effect, ie., the effect of
spatial focusing of the current paths at the contact spot and the
corresponding bending of the equipotential lines. These are a
consequence of the capacitor structure surrounding the contact
area at the WE/SE interface. The capacitor structure has an
infinitely large resistance in the DC case (f = 0 Hz) and
becomes highly conductive in case of large modulation
frequencies f of the AC field. Thus, the depth of the
constriction region where the current paths are not parallel
to each other and the equipotential lines are not parallel to the
interface varies. As a result, the impact of the constriction effect
is not local, but affects several layers of the macroscopic sample
structure. This was already pointed out by Maier and Fleig in
their work.>°~>

The inset in Figure 2¢ shows an intuitive and straightforward
translation of the 3D model structure into a physical-based 1D
equivalent circuit model. For the sake of clarity, we assume a
reversible and resistance-free CE. The model is referred to as
“physical model” (1D-PM) in the following. It can be described
by four building blocks connected in series. The first building
block ZIFM = Ry, describes the transport within the metal
electrodes as purely ohmic, i.e., Cihe™ = 0. The second Zgo ™
and third Z&H ™ building blocks are modeled as RC-elements,
respectively. They represent the microscopic transport
processes within grains and across GBs in the SE.*'™** The
fourth element describes the non-ideal WE/SE interface as a
paraHel connection of the capacitance of the pore Cpoe™ and

REFMCE ™ element representing the CT at the physical
contact The interface description can be transformed into a
single RC-element Z\D-PM only where the capacitor CID.EM, is
the sum of the capacities Ci3™ and CRof™. The three
quantities CoO-T™, RESPM, and CH PM are derived by weighting
with the correspondmg contact areas.

1D-PM 1D-PM
Rinterface RCT - RPolAmntact (1)

1D-PM 1D-PM 1D-PM
Cmterface - CCT + CPnre

= CpiAconta T CPm-e(l - Acontact) (2)

As a result, the 1D-PM can be represented as one resistor

ZiDPM plus three RC-elements ZDEM | Z0PM 4 ZID MM i 5
serial configuration.

Figure 2a, ¢ show a series of impedance spectra in Nyquist
representation for different contact areas A, computed by
the 3D network model based on the realistic sample structure
on the one hand and calculated or predicted by the 1D-PM on
the other hand. The underlying microscopic transport
parameters used in both sets of computations are the same
and given in Table 1. The impedance series of the 1D-PM
consist of three semicircles corresponding to the frequency-
dependent signals of Zior™ (blue), ZI™ (red), and ZD.5M,
(light green). The comparison with the 3D network model
computations, however, reveals some significant discrepancies.
In particular, the 1D-PM cannot grasp the evolution of a fourth
dynamic constriction contribution to the impedance of the
model system (yellow), which increases with decreasing
contact area.

Since the 1D physical (prediction) model fails in fully
describing the realistic 3D model system, we define a “fit

model” (1D-FM) circuit depicted in the inset of Figure 2a. It is
a serial connection of five circuit elements and, thus, exhibits
more degrees of freedom than the original (physical) 1D-PM.
Again, we assume a resistance ZIDM - REl,:C for the transport
within the metal WE and RC-elements Zyi™ and ZIr™ for
describing the transport within the SE. The non-ideal WE/SE
interface is now described by two independent RC-elements in
series resulting from charge transfer Z{™ and dynamic
constriction Zgor™

It turns out that this model with its four RC-elements
possesses enough degrees of freedom for adequately fitting all
impedance spectra derived with the 3D network model for the
highly symmetric model system. However, the interpretation of
the 1D model parameters (R/™™, C!PFM) 'in particular for i =
CT or Cstr, derived by fitting the 3D computations is not
straightforward, as the independent treatment of charge
transfer and dynamic constriction at the interface in 1D-FM
is not intuitive. This becomes apparent when comparing the
predictions of the 1D-PM with the 3D network model results
and its derived macroscopic transport quantities (R/PFM)
C!P™) based on fitting with the 1D-FM. While the
contributions corresponding to bulk and GB transport within
the SE are similar, i.e.,, ZLp™ ~ ZI0™ and ZI5™ ~ ZIBD-PM)
this does not hold for the parameters of the interface.

Figure 2d shows the constriction parameters R 4nd
CEM a5 circular symbols, that of the charge transfer R ™
and CEH™ as triangular symbols and the 1D-PM predictions
calculated according to egs 1 and 2 as solid lines. The
qualitative behavior of RET™ and R{o™ is very similar and
their dependence on A, resembles that of RIZ™™, ie, in
the case of REF™ it even matches that of RID™, The trends of
the two capac1tances CE™ and C2FM a5 a function of A.ypq
differ significantly in values and curvature. The behavior of
CEr™ agrees with Cln ™, but none of the fitted capacitances
agree with Cos™ as a function of A, Thus, only the
functional dependence of R{T™ and approximately that of
CEH™ follow the dependence on contact area given by 1D-
PM. Note that the predicted functional behavior is not
universal, it depends on the order of the involved characteristic
time constants as will be discussed in the next section.

Only in the limiting case where Z{o™ is zero, i.e, Acone =
Agg, the impedance computed with the 3D electric network
model is identical to that of the 1D-PM. The treatment of
dynamic constriction and CT effect in 1D-FM as independent
RC-elements leads to relaxation times 70 ™ = RioIM. CID-FM
and o™ = RUTTM-CET™ that depend on the contact area.
Their time response, however, does not follow the prediction
of the 1D-PM which describes the effect of the porous
interface solely as a local effect. Therefore, dynamic
constriction cannot be correlated with a local electric migration
process in the system, as usually done in macroscopic physical-
based 1D equivalent circuit models. Consequently, the
underlying assumption that every contribution in the
impedance corresponds to a microscopic electric migration
process in the system does not hold.'**

3.2. Dependence of the Constriction Characteristics
on other Sample Parameters. We will now discuss how the
non-locality and the frequency dependence of the dynamic
constriction effect influences the impedance response. The
focus is on the SE, its microstructure, and the microscopic
transport processes inside, and also on the electrode/SE
interfacial properties. For this purpose, we compute series of

impedance spectra based on the 3D model structure depicted

https://doi.org/10.1021/acsami.2¢12991
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Figure 3. Interplay of dynamic constriction with GB transport in the SE. Constriction at the interface influences all impedance contributions with
lower characteristic frequencies than its own. (a) Pores at the interface have no impact on the macroscopic impedance contribution of GBs (Rgp,
Cgp)- In the frequency range around 1/7p, the transport paths through the system (green arrows) are independent of the pore fraction at the
interface. (b) Transport paths through the structure, the GB volume contributing to the transport, and thus the transport parameters (Rgg, Cgp)
depend on the contact area between electrode and SE, if constriction occurs at higher characteristic frequencies than GB transport.

in Figure 1b. Throughout such a series, specific model
parameters are varied systematica]ly, e.g., contact area or the
materials parameters. All impedance spectra were subsequently
fitted based on the 1D-FM. The corresponding macroscopic
transport quantities (R/°™, C!PP™) and the characteristic
time constants T!-ID'FM assigned to the various transport
processes are then analyzed. We will omit the superscript
“1D-FM” for all these transport quantities in the remainder of
this section.

To ensure in the following that the computational results on
the interplay of dynamic constriction with microscopic
transport processes are comprehensible, the origin of the
corresponding time constants 7, = R;-C; (or characteristic
frequencies @, = 1/7;) has to be clarified first. A microscopic
electric migration process is usually described by an RC-
element in a macroscopic 1D circuit model. At its characteristic
frequency, the conduction response of the transport process
changes from electric to dielectric (rule of thumb) with
increasing frequency f of the exciting external electric field.
Although dynamic constriction can also be described by an
RC-element in a macroscopic 1D fit circuit model, it is not
directly related to a microscopic electric migration process. Its
time constant 7.y, corresponds to a characteristic frequency
below which pores at the interface are electrically insulating
and above which the pores are dielectrically conductive. This
frequency-dependent switching of the active contact area

clectrode, active OPeNs up additional transport paths through the
SE for externally applied frequencies above 1/7¢g, (cf. Figure
2b)). These additional transport paths influence the macro-

42762

scopic transport parameters (R, C;) derived from fitting the
impedance spectra and may also affect the relaxation times
deduced for other transport processes. This “switching” of
apparently electrically inactive pore areas from insulating to
dielectrically conducting as the key ingredient of the
constriction effect, has so far been mostly overlooked in the
literature.

3.2.1. Effects of the Solid Electrolyte Characteristics on
the Constriction Effect. First, we will solely focus on the
interplay of the SE properties and the constriction effect. We
assume that the CT step at both electrode/SE interfaces is
resistance-free for the sake of simplicity and without loss of
generality. We start considering the effect of the order of the
time scales on the macroscopic transport characteristics (R,
C,) of the SE (i = Bulk and GB) derived by the 1D fitting
approach and then discuss the effects of different microscopic
transport parameters (o, &) of the SE on the constriction
parameters. The latter is related to the fact that constriction as
a geometric effect is relevant to all metal ion-conducting SEs
with parent metal electrodes.> ™’

3.2.1.1. Effect of the Time Scale on the Interplay of
Constriction and Grain Boundary Characteristics. We start
studying the influence of the interplay of the time scales of
various microscopic or mesoscopic transport processes on the
macroscopic impedance response of the system. For this
purpose, two case studies were performed that differ in the
material parameters of the pores and the grain boundaries
(Cpore and g, see Table 1) to ensure that the order of the
time constants is either Tp, < Tgg < Togr (case 1) or Thulk <

https://doi.org/10.1021/acsami.2¢12991
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Figure 4. Dependence of the constriction behavior (R, Cogn Tes) on the conductivity of (a) bulk transport and (b) transport across GBs within
the SE. The constriction resistance Ry, is only affected by transport processes with smaller time constants than its own (7; < 7¢y,), since these are
electrically conductive in the frequency range around 1/7¢g, and thus influence the potential distribution and the size of the constriction region
within the system. The constriction capacitance Cgg, is unaffected in each case.

Tear < Tgp (case 2) independent of the contact area A As
a result, Figure 3 a) and b) depict the macroscopic grain
boundary fit parameters Rgp and Cgp as a function of relative
contact area, respectively.

The order of the time constants in case 1 (T < Tgp < Teen)
indicates that the pores at the interface are dielectrically
conductive for frequencies around 1/7gp. In this frequency
range, the electrode area actively contributing to the transport
is the full SE surface area Ay, ie., there is no constriction
present at the WE/SE interface. Thus, the current paths
through the SE are quasi-1D and all the volume of the SE
contributes to the transport as indicated by the green arrows in
the upper part of Figure 3 a). This holds true regardless of the
pore fraction at the interface. Therefore, the macroscopic
transport quantities Rgy and Cgp are independent of the
contact area A, as depicted in the lower part of Figure 3 a).
Such a behavior is observed experimentally, e.g.,, during the
dissolution (stripping) or deposition (plating) of the lithium
metal anode with LLZO as SE.'>***!

The transport behavior is different when the order of the
time constants of constriction and GB is reversed in case 2, i.e.,
Tear < Tgp aS can be seen in Figure 3b). In this case, the GB
signal lies in a frequency range where dynamic constriction is
present at the interface, i.e., the pores are insulating. As a
consequence, the sample volume of the SE pervaded by the
current lines strongly depends on the contact area. In
particular, only the grain boundary volume (ie., area and
thickness or transport length) pervaded by the current lines is
reflected in the macroscopic parameters Rgy and Cgp. The
resistance Rgp increases with decreasing contact area, as the
volume of the SE effectively contributing to the transport is
reduced in the constriction region. Similarly, the capacitance
Cgp decreases with A .., since the effective area of the grain
boundaries contributing to the transport is reduced, as shown
in the upper part of Figure 3b. In this context, it is important to
note that the variation of the macroscopic GB parameters
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(Rgp Cgp) with A_. is due to the variation of the transport
geometry and not associated with a change of the underlying
microscopic transport quantities (0gg, €gp), which were kept
constant in the corresponding computations.

Interestingly, the time constants derived from the (constant/
varying) macroscopic fit parameters gy = Rgy-Cgy are
(almost) preserved in both series of computations. This
finding is related to the fact that the transport through the SE
can be approximately regarded as a parallel connection of
different serial transport paths. All those have in common that
they contain shares of bulk and GB transport from both a local
and macroscopic perspective. In this case, the initial phase
information on the individual microscopic transport processes
can be deconvoluted from the total impedance Z(f) as
demonstrated in eq S5 in the Supporting Information. This
only applies to a symmetric arrangement where bulk and GB
transport occur in each path (i.e, at least one grain boundary
has to be crossed along each transport path). The theoretical
consideration also highlights the presence of structural
impedance contributions with mixed phase information.
Apparently, the neglect of these contributions in 1D equivalent
circuit analyses influences the derived macroscopic transport
quantities (R, C;) and thus the derived time constants 7'’
This is the reason for the slight deviations of the calculated 7y
from the microscopic parameter in the computations depicted
in Figure 3b.

3.2.1.2. Effect of the Microscopic Transport Parameters
on the Constriction Characteristics. We will now turn to the
effect of variations of microscopic bulk or GB transport
quantities (6, €;) on the derived constriction parameters (Regy,
Ccy:) extracted from the computed impedance spectra with
the help of the 1D-FM. For this purpose, we analyzed series of
3D computations in which we systematically varied the contact
area at the WE/SE interface. In each series, we deliberately
changed only one of the four microscopic transport parameters
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Figure 5. Interplay of dynamic constriction with charge transfer at the non-ideal WE/SE and ideal CE/SE interface. (a) Dielectrically shorted pores
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the frequency range around 1/7¢y lead to current spreading near the WE/SE interface, which results in a strong dependence of (Rcy, Cor) on the

contact area between WE and SE.

of the SE to study its qualitative effect on the impedance
spectra.

Figure 4 shows the dependence of the constriction
characteristics on the conductivities &; of (a) bulk and (b)
GB transport. The overlapping symbols in the central graphs
indicate that the constriction capacitance Cc, is not affected
by a variation of the two SE related conductivities. In contrast,
the constriction resistance R, increases for smaller
conductivities ¢;. This is related to the non-local origin of
this resistance. The potential distribution within the SE, the
penetration depth into the SE and the size of the constriction
region are functions of the conductivities &, Therefore, the
resistance Rg,, can be considered a weighted linear
combination of the individual microscopic transport processes
in the system, i.e., Rcy, = Z:@1/0;. Here, the weighting factors
a; depend on the potential distribution within the SE. This in
turn is affected by the interface morphology, the structural
composition of the constriction region (e.g, the number of
grain boundaries near the interface, the effective contact area,
the distribution of pores, etc.) and the characteristic time scales
of individual transport processes occurring in the sample. The
latter dependence is related to the fact that transport processes
with a larger time constant than that of constriction are
dielectrically shorted in the vicinity of 1/7¢,, and thus, have
no (major) impact on the potential distribution and the size of
the constriction region in the system.

The spatially weighted averaging of the different microscopic
transport processes at the WE/SE interface and within the SE
contributing to the macroscopic quantities Re,, and Cgg,
derived by fitting with 1D-FM are also the cause of the
dependence of 7, on contact area. The variation of A_ .«
affects the weights assigned to the contributing microscopic
processes which typically exhibit different characteristic
frequencies. Another interesting implication of the non-locality
of the constriction effect is that the activation energy E, ¢, of
the constriction resistance is an average of the activation
energies E, ; of the microscopic transport processes involved.

In contrast to the conductivities, the permittivities &; of bulk
and GB transport processes within the SE neither affect the
constriction resistance Rg,, nor the constriction capacitance
Ccy (not graphically depicted). This finding is independent of
the order of time constants in the system. The independence of
the constriction capacitance from the microscopic SE transport
parameters is somewhat expected, since Cy, is mainly related
to the pore capacitance and therefore to the interfacial
properties, eg. morphology, pore depth distribution, and pore
permittivity. !

3.2.2. Effect of the Interface Characteristics on the
Constriction Effect. Finally, we focus on the impact of the
interface properties on the impedance, i.e, those of the non-
ideal WE/SE interface and those of the ideal CE. We initially
assume that the additional CT step at the ideal CE can be
captured by our 1D-FM, since the interfacial contribution at
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Figure 6. Dependence of the CT (top) and constriction (bottom) parameters, i.e., (a) resistance R, (b) capacitance C, and (c) time constant 7, on
the polarization resistance Rp, at both electrode/SE interfaces. The size of Ry, affects the energetically preferred current path at the WE/SE
interface, i.e, across the physical contact or through the pores, and thus the observed impedance behavior. The dashed horizontal lines in (c)
indicate the microscopic (input) time constant of the CT step in the series of the 3D computations.

the non-ideal WE/SE contact was separated into a CT and a
constriction part. For the sake of simplicity and without loss of
generality, the GBs within the SE are assumed to be highly
conductive (Zg = 0) in the following. Again, we will first
consider the effect of the order of the characteristic time scales
on the charge transfer characteristics (Rcy, Cer) derived by 1D
fitting approach and then discuss the impact of the variation of
the microscopic interface transport parameters (Rp,, Cp,) on
the macroscopic constriction fitting parameters (Regw Ceser)-
The latter dependence is of particular interest, since many
electrode/SE interfaces are not thermodynamically or kineti-
cally stable, other than the Li/LLZO interface.’? ™%

3.2.2.1. Effect of the Time Scale on the Interplay of
Constriction and Charge Transfer Characteristics. Again, two
extreme cases are considered where the material parameters of
the pores and the charge transfer (Cp,,. and Cpy, see Table 1)
are chosen such that the order of time constants 7, < Tep <
Teqr (case 1) and 7y < Ty < Tor (case 2) is maintained
independent of A_ ... Figure 5a and b show the derived
macroscopic CT quantities Rcr and Cerp as a function of the
contact area for case 1 and 2, respectively.

In case 1 (g < ToT < Tegy), the order of the time constants
indicates that the CT steps at both interfaces, i.e., WE/SE and
SE/CE interface, become electrically conductive in a frequency
range where the pores at the WE/SE interface are dielectrically
short-circuited. In an ideal scenario of negligible polarization
resistance, the entire electrode area will actively contribute to
the transport in the frequency range close to 1/7cp forming
almost quasi-1D current paths from the non-ideal WE across
the SE into the ideal CE as indicated in the upper part of
Figure Sa. The resistance Rep will continuously decrease with
decreasing contact area A e (i.e., increasing pore area),
while the capacitance Cgp will increase as somewhat
anticipated. In the limiting case of complete contact loss at
the WE (A_nua = 0%), the resistance Rcp is half and the
capacitance is twice the value compared to full contact (A ,uq
=100%) as the CT step will exclusively occur at the ideal CE.
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The slight deviations from a linear behavior in the lower graph
of Figure 5a are related to the non-zero polarization resistance,
as will be discussed in detail in the next section.

The transport behavior is different, when the order of the
time constants of CT and constriction is reversed, i.e,, oy <
7ot as depicted in Figure Sb. The CT effect will occur in a
frequency range where the pores are electrically insulating so
that the active electrode area will correspond to the physical
contact area only. As a consequence, current spreading will
occur leading to non-linear changes of the CT quantities (Rcr,
Cer) as a function of the relative contact area A, at the
WE/SE interface. The functional behavior in terms of
curvature depicted in the lower graph of Figure 5b and its
origin are comparable to that observed in Figure 3b for the
interplay of grain boundaries and geometric constriction.

3.2.2.2. Effect of the Microscopic Interface Parameters on
the Constriction Characteristics. Now we turn to the impact
of different microscopic interface transport quantities (Rp,),
Cpy) on the derived macroscopic constriction (Reyy, Cegyr) and
CT parameters (Rer, Cer) based on the fitting approach of the
impedance spectra derived with the 3D network model with
1D-FM. For this purpose, we conducted a series of
computations where we systematically varied the contact area
at the WE/SE interface. We deliberately changed either the
polarization resistance or the double-layer capacitance to
identify corresponding trends.

The change of the double-layer capacitance Cp; does not
affect the derived constriction parameters (Rey, Ccy,)- This
finding is similar to the variation of the bulk or GB permittivity
&; within the SE. The results are not graphically depicted. The
situation is different when varying Ry, Figure 6 shows the
dependence of the CT and constriction impedance (R, C, ;)
on the magnitude of the polarization resistance. We chose the
parameters such that the characteristic frequency of the
microscopic CT migration process is larger than that of
constriction (7¢p < T¢y,) independent of A, Increasing the
polarization resistance Rp, leads to an increase in Rep and
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Regy Interestingly, the respective capacitances Cep and Ceg,
also change, which was not the case when the conductivities
within the SE were varied (see Figure 4). Larger polarization
resistances lead to significant deviations from a linear relation
of the CT parameters (Roy, Cor) in the intermediate A .
range (cf. the dark green dots in Figure 6a and b). Moreover,
the slope and the sign of the curvature of the constriction
capacitance Cggy, VS A gprae changes when Ry, is varied, while
its qualitative behavior is unaffected (Cey, — Choe™ for A_yyact
— 0). The more resistive the interfaces at the physical contact
become, the more the curvature of Cey, V8 Ay approaches

that of the macroscopic pore Choa™ VS Acguace (cf. Figure 2

d)).

The observed behavior is related to the current path
evolving at the interface. The arrangement of the time
constants (7op < 7Tgy,) suggests that the CT steps at the
interfaces become electrically conductive in a frequency range
where the pores are dielectrically shortened. As a result, the
ratio of the absolute values of pore impedance and the CT
impedance (dominated by the polarization resistance) has a
major effect on the amount of current flowing either across the
physical WE/SE contact spots or across the pores as
displacement current. The resulting spatial distribution of the
total current dominates the overall impedance response of the
system in this frequency range. The dependence of the current
distribution at the interface and the associated transport across
the SE on the polarization resistance is reflected, on the one
hand, in the curvature of the CT fitting parameters (Rcr, Cor)
VS Aontace and, on the other hand, in the convergence behavior
of the constriction capacitance Cgy, VS Agpaee A smaller
fraction of current flowing across the physical contact spot
leads to a smaller CT resistance and a larger CT capacitance.
This coincides with the fact that the larger the fraction of
displacement current across the pores to the total current in
the frequency range below 1/, the more the curvature of
Cestr VS Acontace approaches that of the macroscopic pore
capacity Cpoo™ vs Aoyuee Thus, in the case of high
polarization resistance Rp,, larger pore areas (or smaller
contact area) would lead to an increased constriction capacity
whereas smaller constriction capacitance would arise in case of
negligible polarization resistances.

The qualitative behavior of Ry, and 7¢, agrees with the
conclusions drawn in the discussion of the impact of the
microscopic transport quantities of the SE (see Figure 3). Both
Rey, and 7¢, increase with increasing Rp,. Interestingly, the
time constant of the CT parameters 7cr = Rep-Cer that should

be independent of the contact area deviates for some records
Tor(Aconnaee) from that of the microscopic (input) parameters
as indicated by the dashed lines in Figure 6c.

To clarify this issue, we compare in Figure 7 the impedance
spectrum of a 3D electric network computation (black dots)
with that of the corresponding 1D-FM fitting (red curve) and
with the impedance of the modified 1D-PM (blue curve),
where an additional RC-element connected in series was added
to represent the CE. We assumed a polarization resistance of
10 Q-cm?® and a contact area of 78% in this computation. For
simplicity, the grain boundary impedance is set to zero and the
SE is assumed to be bulk like. The Nyquist representation of
the impedance spectra in Figure 7a visually consist of three
well-separated semicircles. While the modified 1D-PM (blue)
describes the bulk semicircle of the 3D electric network
computation well, significant deviations occur for the interface
impedances in the intermediate and low frequency range. Also,
the fitted impedance curve according to ID-FM cannot
describe the impedance of the 3D computation in the
intermediate frequency range.

To study these deviations in more detail, we transfer the
impedance curves Z(f) into the time domain by performing
the individual DRT analyses, as shown in Figure 7b. The DRT
of the 3D network computation (black) consists of four signals
originating from bulk transport in the SE, the non-ideal WE,
the CT at the ideal CE and the constriction effect. While the
time constants of bulk transport in the SE and CT at the CE
are identical to the corresponding microscopic parameters in
the computations, the time constant at the WE shifted toward
smaller relaxation times compared to the microscopic 7. This
is related to the multidimensional, non-serial transport
behavior at the non-ideal WE/SE interface. The corresponding
transport paths can be roughly regarded as the parallel
connection of a pore capacitance and an RgpCep-element.
Since the two parallel paths are asymmetrical with respect to
the transport processes involved (ie., differ in terms of the
microscopic transport mechanisms), the initial phase informa-
tion on the microscopic CT step at the WE cannot be
deconvolved from the total impedance Z(f), as demonstrated
in the Supporting Information. Thus, the assumed pure CT
impedance originating from the WE is actually a mixed signal
composed in parts from the CT step and the pores. In contrast,
the ideal CE/SE interface can be approximated by a single
RcrCer-element, ie., the time constant of the microscopic CT
step is preserved. This underlines the need for a decoupled
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consideration of the WE/SE and CE/SE interface in a
macroscopic 1D picture.

The modified 1D-PM (blue) describes the WE and CE
separately. While the behavior of bulk and the transport at the
CE fit the 3D computation, major differences appear in the
description of the non-ideal WE/SE interface. Neither can the
constriction contribution be reproduced by 1D-PM, nor is the
quantitative and qualitative behavior of the mixed WE signal of
the 3D computation properly described, i.e., the shift direction
of 7y is incorrectly predicted and the amplitude and size of
the shift are significantly overestimated. The 1D-FM (red), on
the other hand, disregards a separate treatment of CT at the
WE and CE. Both are described by the same single RC-
element, leading to effective macroscopic transport parameters
and a time constant different from the microscopic 7cp. The
constriction contribution, in contrast, seems to be adequately
captured. This implies that the fit model does not have enough
degrees of freedom and needs to be extended to consider both
interfaces separately.

3.2.3. Effect of Partially Overlapping Signals on the
Impedance Analysis. In the sections above, only limiting cases
have been discussed, i.e., the number of microscopic transport
processes occurring within the system was reduced and the
time constants of the individual macroscopic impedance
contributions were well separated. This facilitated the assign-
ment of different impedance contributions to microscopic
transport processes as well as the analysis of the derived
macroscopic fit parameters (R, C;). Obviously, such clear
separation does not always occur in experimental systems, e.g.,
several transport processes may take place in a similar
frequency range causing (partially) overlapping impedance
contributions. This impedes the analysis and interpretation of
the impedance results. In particular, several microscopic
transport processes even out of different layers of the sample
structure may contribute to multiple macroscopic impedance
contributions of the 1D fit equivalent circuit. As a
consequence, there is not necessarily a one-to-one corre-
spondence between assignment of the macroscopic transport
quantities (e.g., to grain boundary or bulk processes in the SE
or CT at the WE/SE interface) and the actual microscopic
transport processes in these regions.

However, the qualitative trends derived in the respective
case studies can also be observed for more realistic values of
the individual time constants (i.e, overlapping impedance
contributions). Typical experimental impedance data of
reversible metal anodes consists of three (well-) separated
contributions.'**' These are usually assigned to bulk, GB and
interface with decreasing frequency, respectively. The origin of
“the interface impedance” is often not entirely clear in
experiments. In the case of lithium metal in contact with
LLZO, it is reasonable that it results from ggometric
constriction rather than electric charge transfer. '’ This
indicates an ordering of time constants according to 7p, < Tgp
< Tcge In this sense, the qualitative results of the
corresponding theoretical case study are comparable with the
experimental observations, e.g, during the dissolution
(stripping) or deposition (plating) of the lithium metal
anode with LLZO as SE'****! The results for g < Tcer <
7gp are also of great relevance, since the constriction effect
strongly depends on the interface morphology, especially on
the pore depth (distribution). Here, the effect of deep pores
can occur at quite high frequencies, which may lead to an
influence on the macroscopic GB impedance contribution, e.g,,
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due to an overlap of the corresponding impedance signals. In
contrast, shallow pores cause a constriction at smaller
frequencies similar to our computations.'”

In many experimental situations, a clear ordering of the time
constants cannot be given, in particular, when both interface
processes, CT and constriction, are present. The reason is that
their frequency-dependent behavior is usually quite similar. As
a consequence, corresponding experimental impedance spectra
only exhibit one distorted interface contribution, which
impedes a clear assignment of individual processes. An
interpretation of the experimental results in terms of the case
studies presented here, considering a clear ordering of the time
constants, is then not straightforward and a specific modeling is
required.

4. SUMMARY AND CONCLUSIONS

The following conclusions for the analysis of experimental
impedance results with porous metal electrodes can be drawn
from the modeling of situations accounting for the constriction
effect and CT effects at the interface between a metal electrode
and a polycrystalline solid electrolyte. A few recommendations
are formulated based on these conclusions:

e The impedance of the interface is generally composed of
solid electrolyte interphase (SEI) and a CT contribution
as well as a geometric constriction signal, when there is a
non-ideal contact at the electrode/solid electrolyte
interface. Dynamic constriction is a 3D effect that is
related to the frequency-dependent change of the
conduction behavior of pores or inclusions at interfaces.
Its origin is on various length scales of the system
ranging from mesoscopic to macroscopic.

The time constant of the constriction signal 7c, has a
major impact on the shape of the impedance spectrum
and therefore on the interpretation of experimental data.
It is a descriptor for the change between dielectric and
insulating behavior of the pores or inclusions at the
interface. The interplay between constriction and
microscopic transport processes depends on the relative
position of the individual time constants. Dynamic
current constriction will exclusively affect the impedance
contributions with larger time constant 7; than its own
(cae < 7;). The constriction contribution itself is only
influenced by the transport processes with smaller time
constant 7, than its own (7; < Tcg,). The constriction
contribution in the impedance may also overlap with
several transport signals, compromising the interpreta-
tion and analysis of IS data, e.g, the derivation of
microscopic transport parameters (o, €).

The geometric constriction resistance Rgg, is of non-
local origin and additionally increases the total resistance
of a battery cell. It results from the frequency-dependent
reduction of the SE volume contributing to the
transport. It is composed of contributions of all transport
processes that occur in the vicinity of the interface, i.e.,
the constriction region (R, = Z.a:1/6;). The weights
a; of the individual contributions to Rg, depend
severely on the interface morphology and the micro-
structure of the SE.

The constriction capacitance Ccy, is mainly affected by
the pore characteristics at the interface and thus
independent of the transport quantities of the SE. It is
influenced by the morphology of the interface, e.g., the
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shape and depth of the pores as well as the distribution
of the contact area, and the magnitude of the
polarization resistance Rp.

On the one hand, our study of the (dynamic) constriction
effect underlines the power of the IS method, e.g., for the
investigation of pore formation and the dynamics at the metal
anode interface of solid-state batteries. On the other hand, it
also shows the high potential for misinterpretations. IS data is
usually analyzed by means of a macroscopic physical-based 1D
equivalent circuit model, each component representing a
transport process at the microscopic level. The computations
using a 3D electric network model demonstrate that a non-
physical 1D (fit) circuit model may represent a measured
impedance spectrum well in some circumstances, but then the
interpretation of the derived model parameters (R, C;) is
challenging. Physical motivated 1D equivalent circuit models,
in contrast, cannot fully capture phenomena in real systems
such as the geometric constriction effect. It is a misconception
that there is a one-to-one correlation between macroscopic
impedance response and microscopic electric transport
processes.

Consequently, the analysis and interpretation of impedance
data is challenging without an explicit theoretical model, which
takes into account structural properties on the mesoscopic
scale. Thus, careful correlations with the actual sample
structure need to be established in order to avoid misinter-
pretations of the impedance analysis. In a forthcoming study,
we will compare experimental data with our detailed 3D
electric circuit model and simplified 1D representations, to
highlight the practical relevance of our work.
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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 Lis2sAlozslasZr,O10. 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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Guidelines for Impedance Analysis of Parent Metal Anodes
in Solid-State Batteries and the Role of Current Constriction
at Interface Voids, Heterogeneities, and SEI

Janis K. Eckhardt,* Till Fuchs, Simon Burkhardt, Peter J. Klar, Jiirgen Janek,

and Christian Heiliger

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 rever-
sible (parent) metal anodes and a 3D electric network model is used to ana-
lyze 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 sug-
gested procedure is applied to experimental data of half cells where lithium
metal is in contact with garnet-type Lig ;5Al, ;5La3Zr,0,,. This case study
yields unambiguously that geometric current constriction due to morpholog-
ical instabilities at the metal anode interface during cycling is the rate-limiting
step for this type of metal anode, rather than the frequently assumed polari-

considered a new milestone in the devel-
opment of novel or improved battery
technologies with higher energy densities
and lifetimes.'3 By replacing graphite,
the currently most widespread anode
material, with lithium, the theoretical
specific capacity on the anode side can
be increased by approximately a factor of
10. However, the side reactions occurring
due to the high reactivity of alkali metals
in general result in severe challenges.*°l
Dendrites can lead to short circuits
and, together with liquid electrolytes, to
fires.”1 A major research focus is on the
substitution of the common liquid electro-
lyte by a solid electrolyte (SE) in order to
suppress the growth of dendrites, on the
one hand, and to reduce the lammability
of the batteries, on the other hand. SEs
are applied as both separators and catho-
Iyte components in all-solid state battery
systems. However, the chemical, kinetic

zation resistance of the electric charge transfer migration process.

1. Introduction

Electrochemical energy storage devices become increasingly
important in the view of the growing share of renewable energy
sources in power generation. The successful implementa-
tion of the parent metal anode in secondary batteries can be

and thermodynamic stability of the metal
anode|SE interface, in particular, poses
a major challenge in the development
process.
In this study, we focus on the separator SE that will be in
direct contact with the alkali metal. Several inorganic SE
ceramics are not chemically stable against the respective
alkali metal, which can lead to the formation of a resistive
solid electrolyte interphase (SEI) that strongly affects the elec-
tric transport properties of the battery cell. For example, the
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phenomenon of SEI formation plays a major role in argyro-
dite-type SEs versus lithium metal or sulfide-like variants of
Na;PS, versus sodium metal.'-'6 In addition, the mechanical
properties of the solid materials involved have a major impact
on the battery cells’ performance. Unlike in the case of liquid
electrolytes, a complicated interface morphology arises, when
two solids come into mechanical contact. The contact forma-
tion depends, for example, on contact pressure, surface rough-
ness, and the corresponding hardness of both materials. This
can lead to the formation of pores of different shapes, sizes and
depths at the interface. Similar interface morphologies occur
upon plating or stripping of the metal electrode and the cor-
responding formation or annihilation of lattice defects, as origi-
nally suggested by Janek et al.[7-"

Impedance spectroscopy (IS) is particularly suited for mon-
itoring changes at the alkali metal|SE interface during opera-
tion due to comparably short measurement times. Individual
contributions originating from microscopic transport processes
within the SE (e.g., transport through the bulk of grains or
across grain boundaries (GB)) may be separated from interface
signals, if they differ in their characteristic time constants. The
measured impedance data is mostly analyzed using 1D equiv-
alent circuit models, although the actual transport through
the real system is typically multidimensional and frequency-
dependent.?*22 As a result, this simplified analysis impedes a
clear correlation between the macroscopic impedance response
and microscopic transport processes, as mesoscopic phe-
nomena such as dynamic current constriction (Cstr) due to the
sample’s morphology cannot be grabbed adequately.?’!

Nevertheless, experimental impedance data provide a pow-
erful tool to correlate transport and structural properties and
thus for operando monitoring of morphological changes, for
example, at the interface between metal anode and solid electro-
Iyte. Such impedance spectra exhibit one or more signals due to
the interface. Recipes for experimentalists to assign the charac-
teristics of these interface signals to the chemical and structural
properties of the interface and the microscopic and mesoscopic
transport processes across the interface are currently lacking.
In the literature, the interface impedance is often simply attrib-
uted to an electric charge transfer (CT) process or SEI forma-
tion in the case of chemically unstable interfaces. Other pro-
cesses that may become rate-limiting, such as diffusion of the
reduced/oxidized species in the interface region, are only rarely
considered.

Another important geometric effect that may affect the inter-
face impedance is dynamic current constriction. In the case of
reversible metal anodes under anodic current load (i.e., strip-
ping), the accumulation of metal vacancies causes pore forma-
tion at the interface. This leads to a shrinkage of the electro-
chemically active surface area and an altering of the electrical
and electrochemical properties.?*28 Recent theoretical studies
by Eckhardt et al.[?*-*% and earlier work of Maier and Fleig*1-36l
demonstrated that such pores lead to an additional geometric
constriction resistance. Interestingly, the constriction effect can
give rise to a separate semicircle in the Nyquist representation
of the impedance data, resulting in a fingerprint that resembles
a microscopic electric migration process. The corresponding
impedance contribution, however, is not a microscopic trans-
port process, but rather a global effect, which involves basically

Adv. Mater. Interfaces 2023, 2202354 2202354 (2 of 20)

INTERFACES
www.advmatinterfaces.de
all the different microscopic transport processes occurring at
the interface and adjacent regions.

The pore system is electrically insulating at low frequencies
fof an exciting electric field, but it becomes dielectrically con-
ductive at high frequencies. This change of conductivity with
excitation frequency corresponds to a variation of the transport
channels, where ions are injected into the SE. The whole elec-
trode area and the entire SE volume can actively contribute to
the transport through the system as long as pores at the inter-
face are dielectrically conductive (Zp,.. = 0 Q, displacement cur-
rent). Insulating pores (Zp,. — o €, electric current), however,
lead to spatially focused (i.e., “constricted”) ionic current lines
at the remaining physical contact spots. The resulting constric-
tion leads to a decrease of the active SE volume, which conse-
quently causes a higher impedance.

SEI formation, CT between metal anode and SE or geometric
current constriction, to name just a few possible reasons, are
all effects related to the interface and contribute to the imped-
ance response of the apparently reversible parent metal anode.
In this study, we use a 3D electric network model to derive
approaches, which allow experimentalists to analyze the inter-
face impedance in terms of its origin and to identify the under-
lying microscopic process(es). For this purpose, the dependence
of individual interface effects on stack pressure (i.e., contact
area) and temperature are discussed. On this basis, we propose
a novel approach and guideline for analyzing impedance data of
electrode systems with chemically stable interfaces. This is vali-
dated by an experimental case study of a well-established system
consisting of a lithium metal anode in contact with a garnet-
type SE and corroborated by references to other published data.
It reveals that current constriction due to morphological insta-
bilities rather than the frequently assumed electric CT process
is the rate-limiting step in the case of the system under study.

2. Computational Details

2.1. Description of the Model Structures

The 3D model systems considered comprise a dense polycrys-
talline solid electrolyte sandwiched between a metal working
electrode (WE) and a metal counter electrode (CE) as shown
in Figure 1a. The WE|SE interface is assumed to be non-ideal
(e.g., porous), while an ideally-reversible and stable physical
contact at the CE|SE interface is assumed serving as a quasi-
reference electrode (QRE).’” We assume a cubic shape of the
SE (L, = L, = L,) corresponding to a volume of (100 um)? and
a thickness of 10 nm for the GBs including the adjacent space-
charge region.’”*® The non-ordered microstructure of the SE
based on an average grain size of 10 pm is generated by using
a Voronoi algorithm. We consider the same fixed typical micro-
structure of the SE in all series of simulations performed,
where the relative physical contact area Aygpsp = Awp/Asp
between WE and SE is varied. This enables a direct compara-
bility of the computational results obtained for different mate-
rials parameters that can be assigned to interfaces, grains, and
grain boundaries. It should be noted that the derived conclu-
sions are general in nature and can also be applied to larger
system sizes.

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. Schematic description of the 3D computational model systems. a) The cubic SE (yellow) is sandwiched between two metal electrodes (dark
gray). The non-ideal WE|SE interface morphology is described by a separate quasi-2D layer of constant thickness. b) The effect of (1) pores and (2)
an SEI or passivation is systematically studied using an impedance network model. Pores (white) are modeled as local capacitors, while the SEI or
passivation (light blue) is described by local RC-elements with large resistivity. c) Overview of different (1) inhomogeneous and (2) homogeneous
interface morphologies investigated. The former are derived from stress maps based on a multi-scale, time-dependent, 3D contact model reported

by Zhang et al. Adapted with permission.*¥ Copyright 2020, Elsevier.

The number of geometric model parameters for describing
the WE|SE interface morphology is strongly reduced by focusing
on a quasi-2D layer of constant thickness 6. The latter is set to
10~ of the transport length L, and kept constant throughout all
studies. The effect of this parameter on the impedance is dis-
cussed elsewhere.[?%) In each series of computations, the relative
physical contact area Aygsg is systematically varied in size from
100% describing an ideal contact to 0% assuming a complete
loss of contact. Such a loss or degradation of physical contact
in real samples results either from pores or resistive inclusions
(see Figure 1b). Experimental information on the explicit inter-
face morphology at the mesoscale is difficult to access. There-
fore, we consider four realistic inhomogeneous morphologies
derived from lithium-surface-stress maps based on a multi-
scale, time-dependent, 3D contact model published by Zhang
et al.*) The reported rectangular stress maps at various stack
pressures were digitized, binarized, discretized, and extended
via translation and rotation considerations to fit the geometry of
our cubic 3D model system (see Figure 1c). In addition, we use
two simplified interface geometries for comparison, whose ratio
Ayg/Agg can be continuously varied between ideal contact and
no contact. One consists of a single square-shaped contact spot,
and the second of a frame-like contact structure.

2.2. Description of the 3D Impedance Network and Choice
of Materials Parameters

We use our 3D electric network model developed to describe
the ion transport throughout the system.**-*"] RC-elements rep-
resent the electric transport processes within the SE (i.e., bulk
and GB transport) in the nodal network. The redox reaction
either oxidizing Me or reducing Me* ions at the alkali metal|SE
interfaces (i.e., the CT step) is also described by an RC-element
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based on a polarization resistance Rp, and a double-layer
capacitance Cp;. The notation of both microscopic param-
eters results from the Butler-Volmer description of the charge
transfer across an interface. The pores and resistive inclusions
or passivation reducing the physical contact area Aygse are
mimicked by a capacitor and a RC-element with a large resis-
tivity, respectively. It should be noted that we do not consider
low-frequency diffusion processes in the system. The transport
within the lithium metal electrode is assumed to be resistance-
free. The same holds true, without loss of generality, for the CT
step at the QRE. A detailed description about setting up the 3D
electric network model and computing an impedance spectrum
is given in our previous studies.l?*27-3

We used the standard formulas for resistors and plate capaci-
tors to calculate the values of the local circuit elements in the
different layers of the sample. We chose as specific transport
parameters values matching the garnet-type solid electrolyte
Lig5Alg 55La3Zr,0; (LLZO). The relative permittivity was set
to &pu = &g = 150.7%4 The bulk (opy = 0.46 mS cm™,
E,gui = 0.34 eV) and GB (0gp = 5.97 uS am™, E, cp = 043 eV)
conductivities at room temperature were determined from
temperature-dependent measurements.*) The polarization
resistance Rp, describing the CT between metal electrode and
SE was assumed to be 0.5 © cm? (E,cr = 043 eV). Three dif
ferent parameter pairs for the double-layer capacitance Cp; and
the pore capacitance Cpye Wwere assumed to ensure a specific
order of the characteristic time constants of CT and dynamic
constriction, i.e., (L77 F cm™, 885 UF cm™?) for 7oy, < Top
(1771 uF cm™2, 443 uF cm™) for g, = Tep, and (177 uF cm™,
4425 UF cm™) for 7oy < Tegy The area-specific resistance Rgp,
and capacitance Cgg; of the resistive SEI at the interface were
assumed to be 100 © cm? and 88 uF cm™, respectively. Note
that the single interface parameters are not necessarily related
to the Li|LLZO interface.
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2.3. Analysis of the Experimental Impedance Data
and the Computed Impedance Series

All impedance spectra, those derived by the 3D network model-
ling and those obtained experimentally for the case study, were
analyzed in the frequency domain by fitting them with an 1D
equivalent circuit model. It consists of four RC-elements con-
nected in series representing bulk and GB transport within the
SE, dynamic current constriction, and CT at the WE|SE inter-
face. The resulting parameter pairs (R; C;) with i = (Bulk, GB,
Cstr, CT) represent the macroscopic quantities of the single
transport effects. The theoretical and experimental impedance
data were also evaluated in the time domain by performing a
distribution of relaxation times (DRT) analysis. Both types
of analyses were performed using the commercial software
RelaxIS 3 (version 3.0.20.16, rhd instruments GmbH & Co. KG).

The computed series of impedance spectra based on the 3D
electric network model are almost free of noise signals (see Fig-
ures 3-7). The Kramers—Kronig test yields negligible residuals
in the order of 107°%.*2l Therefore, all data points originating
from these simulations were considered in the impedance anal-
ysis process, and only a small regularization term was required
in the calculation of each DRT.*

Frequency points below 200 Hz were excluded in the anal-
ysis of the experimental impedance data shown in Figure 9,
since individual residuals, particularly of the imaginary part,
were greater than 4% in the Kramers—Kronig test.*”] The same
holds for frequency points above 0.2 MHz, since the high fre-
quency impedance contribution is only partially recorded in the
measurement range. The corresponding DRT were calculated
using exclusively the real part of the impedance as the residuals
are in the range of a few 0.1% only, indicating high quality of
the data. No additional data points were generated by interpola-
tion and the second derivative of the distribution function Y1)
was used in the Tikhonov regularization problem."*]

3. Results

3.1. Challenges in Interpreting Experimental Impedance Data

An experimental system for investigating reversible metal
anodes consists at least of a three-layer stack comprising

FIB SEM

morphologically stable interface?

chemically stable interface?

INTERFACES
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a parent metal electrode (e.g., Li, Na, Ag, etc.), a highly
dense polycrystalline SE, and a counter electrode. Various
transport processes are expected to occur in such systems,
namely bulk transport and transport across GBs within the
SE and, in addition, electric CT at the metal|SE interface.
Furthermore, one must distinguish between electric CT at
the metal|SEI|SE boundary and dielectric conduction across
the metal|pore|SE interface. It is anticipated that several
of these processes may be separated from each other by IS
as they should possess a different dependence on frequency
of the applied external electric field.*1 Bulk transport pro-
cesses typically possess characteristic frequencies in the high
frequency range (i.e., several MHz) and GB transport in the
medium frequency range (i.e., several kHz) at room tem-
perature. Interface contribution(s) are typically expected at
lower frequencies.*¥

In general, the impedance response of all-solid systems is
highly affected by the solid|solid interface geometry. Figure 2
depicts a schematic decision tree, whose branches correlate
different interface morphology scenarios with transport effects
reflected in the impedance signal of the interface. It is meant
as a guideline for identifying the process(es) that are likely to
dominate the metal anode|SE interface impedance in a specific
scenario. The effects accounted for are an electric CT step at the
metal|SE interface, a resistive SEI or passivation, and geometric
current constriction due to pores or inclusions. It should be
noted that we do not consider other processes such as transport
limitations within the metal electrode.

From top to bottom of the decision tree, we distinguish on
the first level between chemically stable and unstable inter-
faces, on the second level between ideal (Aypgse = 100%) and
non-ideal physical contact (Aygsg < 100%), and on the third
level between morphologically stable and unstable interfaces at
the mesoscopic scale. The anticipated interface effects for each
branch of the decision tree are given at the bottom level. Appar-
ently, only in a few cases one expects a single interface effect to
be responsible for its impedance contribution (e.g., outer left
branch). Additional constriction effects are frequently expected
in the case of non-ideal physical contacts. In such situations, it
is very important to identify the dominant interface process(es)
that lead to an increase in impedance, since the strategies for
improving the electric interface characteristics of a (battery)
system depend on the dominant process.

®
(

[SEl,str(Pore)] (‘cT, cstr(sEn ) ( cT, Cstr(SEl, Pore) |

Figure 2. Effect of the geometric interface morphology on the impedance response of the system. The interface impedance in all-solid systems is often
composed not only of electric migration processes, but also of additional geometric effects such as dynamic current constriction. Note that several
other interface effects such as constriction due to transport limitations within the metal electrode are not considered in the decision tree.
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For this purpose, measuring a single impedance spectrum
of a sample and fitting it with a 1D equivalent circuit model
is not sufficient. It cannot fully resolve the significance of dif-
ferent interface effects, since it does not lead to individual
characteristic impedance features. Moreover, often only one
impedance signal assigned to the interface is experimentally
observed, although several processes contribute. Therefore,
establishing the relevance of different interface effects typically
requires additional experimental input. This can be obtained,
for example, by systematic variation of external parameters
and monitoring of their impact on the sample’s impedance
response. This comprises in particular, experiments where
the stack pressure is varied and the pristine interface with
Aygse < 100% due to porosity or inclusions becomes almost
ideal. Although such experiments cause irreversible changes
of the sample’s morphology, they allow to “switch off” current
constriction effects. Similarly, temperature-dependent measure-
ments yield activation energies of the macroscopic resistances
extracted from the impedances accounted for in the 1D equiva-
lent circuit model used for fitting the experimental impedance
spectra. This is helpful, as the constriction resistance arises
from an averaging of different microscopic electric migration
processes at the interface.

Such comprehensive impedance studies need to be comple-
mented by direct investigations of the interface morphology.
The chemical stability of an interface can be studied by time-
resolved IS measurements complemented by well-established
methods such as X-ray photoelectron spectroscopy (XPS) or
secondary-ion mass spectrometry (SIMS).*5# The quality
of the physical contact and its morphological stability under
operation can be probed using focused ion beam scanning elec-
tron microscopy (FIB SEM).*¥-5% Combining all these efforts
allows experimentalists to correlate changes of impedance
spectra during cycling with degradation of the cell caused by
morphology changes at the metal anode|SE interface. Thus,
such studies are essential for optimizing all-solid-state batteries
employing metal anodes in a systematic fashion.

3.2. Signatures of Various Interface Processes on the Impedance
Response of Battery Systems

The charge transfer at the metal|SE interface, the successive
formation of an SEI, passivation or pores at the interface,
they all affect the interface characteristics in their own specific
manner. To highlight their individual signatures in the imped-
ance response of the system, series of impedance spectra are
computed using a 3D electric network model. Throughout each
series, we systematically vary the interface morphology of the
model system as depicted in Figure 1 for a given set of mate-
rials parameters. The computed impedance spectra were subse-
quently analyzed with a 1D equivalent circuit model consisting
of four RC-elements connected in series to derive the macro-
scopic transport parameters (R;, C;) of bulk and GB transport
within the SE as well as CT and geometric constriction effects
due to pores or SEI formation at the interface. It should be noted
that assuming a constant interface thickness ¢y, throughout
an impedance series may lead to an overestimation of the fit
parameter Tcy, = Regr Coore in the computations compared to
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experimental observation, as the simultaneous decrease in &,
somewhat compensates the effect of a decreasing Agggp.*”
In this section, we first systematically investigate the branch
of chemically stable interfaces within the decision tree, ie.,
assuming no SEI formation or passivation, and then address
chemically unstable interfaces with SEI formation.

3.2.1. Effect of Morphological Instabilities Due to Pore Formation
at Chemically Stable Interfaces

We assume an interface that is free of a passivation or resistive
SEI layer in this subsection. Such a situation is, for example,
experimentally observed for lithium metal in contact with a
garnet-type SE.B54 In the modelling, we keep the microstruc-
ture of the SE constant, whilst varying the pore distribution at
the WE|SE interface. We compare the computational results of
the four realistic interface morphologies based on the multi-
scale contact model®! with two simplified interface morpholo-
gies consisting of one square-shaped contact spot and one
frame-like contact structure whose lateral extensions can be
varied continuously in size, as shown in Figure 1lc. The mac-
roscopic transport parameters (R;, C)) extracted from the mod-
elled impedance spectra by the 1D fitting approach are analyzed
with respect to their dependence on interface morphology,
contact area, and temperature. Thereby, we consider three dif-
ferent pairs of parameters for the double-layer and pore capaci-
tance (see Section 2) to explore the order of constriction and CT
relaxation time on the scale of time constants, since 7, has a
significant effect on the shape of the impedance spectrum and
thus the derived conclusions.

Influence of Inhomogeneous Interface Morphologies: Each of the
graphs depicted in Figure 3a—c shows five impedance spectra
in Nyquist representation based on the disordered interface
morphologies between WE and SE depicted on their right. The
three graphs correspond to different orders of interface time
constants, i.e., Teg, < Top Tosy = Top and Tep < Tegy respectively.
The relative contact area Aygge in each computation series
varies between 100% (bottom) and 22% (top). Three semicircles
can be visually observed, when considering an ideal physical
contact (Aypsg = 100%). These correspond to the two ion migra-
tion processes within the SE and the CT step at the interface.
Bulk and GB impedances corresponding to the blue and red
semicircles, respectively, remain unchanged when reducing the
contact area by pore formation. Pore formation lead to dynamic
current constriction that occurs as an additional geometric
effect in the spectrum, which affects the interface impedance.
As a general trend, the DC resistance of the whole electrode
system increases with decreasing Aygsg, as indicated by the
shift of the outer impedance semicircle to the right. However,
the interface response differs in detail for the three cases of
order of 7gy, and Ter

The order of the time constants determines how the mor-
phological changes at the interface are reflected in the imped-
ance spectrum. For Ty, < 7ot shown in Figure 3a, the change
in impedance is related to the formation of an additional geo-
metric constriction semicircle (yellow) between that of the GB
(red) and the CT signal (green). In addition, the CT imped-
ance contribution (green) at lower frequencies simultaneously
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Figure 3. Computed series of impedance spectra in Nyquist representation and corresponding DRT analyses for various realistic WE|SE interface mor-
phologies (inset) considering different orders of the time constants of CT and dynamic current constriction. The interface morphologies originate from
simulated Li-surface-stress maps reported by Zhang et al. Adapted with permission.’® Copyright 2020, Elsevier. Note that the bulk impedance (blue)
is not fully displayed for clarity and low-frequency diffusion processes are not considered in the modeling. a—c) A porous interface leads to a constric-
tion effect (yellow), which results in an increase in impedance with decreasing contact area Aygse. The shape of the impedance and the changes of
individual contributions depend on the order of the time constants of the interface processes involved. d—f) An inhomogeneous distribution of pores
at the interface leads to additional DRT signals (black arrows) in the vicinity of the major constriction signal (yellow).

increases in size. In the case of similar time constants 7y, = Tt
depicted in Figure 3b, only one effective interface semicircle
(ochre) can be visually observed in the Nyquist representa-
tion of the impedance spectra that increases in size with
decreasing Ayggsg. In Figure 3¢, where the order of time con-
stants is reversed (Tt < Tggy), an increasing geometric con-
striction semicircle (vellow) arises to the right of the CT signal
(green) and dominates the interface impedance response
with decreasing Awgsg, whilst the CT impedance decreases. Tt
should be noted, however, that the DC resistance in the three
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cases is independent of the arrangement of the time constants
for all Aygsp. This is not a universal effect, but is related to the
modeling of the different order of time constants 7; in the com-
putations by adjusting the magnitude of the local capacitances
in the 3D electric network, but not that of the local resistors. In
the DC case (f=0 Hz), the impedance of a local RC-element is
solely given by its ohmic contribution. This is due to the fact
that the capacitor is connected in parallel with a corresponding
resistor and the absolute value of its impedance becomes
infinity, i.e., |[Zc(f=0 Hz)| = = Q.
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To investigate the effects of structural disorder and order of
the time constants in more detail, we performed DRT analyses
of the three series of impedance data as depicted in Figure 3d-f.
Here, the amplitude of the leftmost signal (blue) corresponding
to the bulk transport has been truncated in all DRT for a clearer
data representation. The DRT corresponding to an ideal contact
(Awgse = 100%) consist of four signals independent of the order
of the time constants. The center positions of three signals
match the (input) time constants of the microscopic electric
transport processes in the system, i.e., bulk (blue) and GB (red)
transport in the SE, and CT (green) at the WE|SE interface. The
fourth signal in the vicinity of the GB time constant is related
to the inhomogeneous synthetic microstructure of the SE and
results from competing transport paths through the system
which yield slightly different time constants. The occurrence
of this effect in inhomogeneous samples can be analytically
proven as demonstrated in our previous work. %]

In the case of 7y, < 7cr shown in Figure 3d, several addi-
tional signals form in the intermediate time range between GB
and CT relaxation time, when the contact area Aygsg is reduced.
The strong dependence of the time constants (central position
of these signals on the relaxation time axis) on Aygsg, especially
of the main signal, is a characteristic feature of their geometric
origin. In comparison, the time constant of a microscopic or
local electric migration process does not depend on Ayggg. The
dependence of these signals on Aygsg reflects that dynamic
constriction is a global effect, which varies with the interface
morphology and averages over the time constants of the micro-
scopic processes within the system. The smaller geometric
signals (indicated by black arrows in the graphs) result from the
inhomogeneous spatial distribution and the different sizes of
the pores, since penetration depth and constriction region (i.e.,
the region in which equipotential lines are not parallel to the
interface) increase with pore size. This implies that not only a
pore depth distribution® leads to a (strongly) distorted con-
striction impedance, but also an inhomogeneous interface mor-
phology with a broad pore size distribution. Similar results were
recently also observed experimentally.">~% This finding is inde-
pendent of the order of time constants. The signals related to the
disorder (black arrows) shift with 7. Thus, they are difficult to
resolve in the case of 7y = Tcp, but they can be easily observed
again when 7o < Tegy.

We continue our analysis of the model results by extracting
the macroscopic transport parameters (R;, C) from the com-
puted impedance spectra by fitting them with a 1D equivalent
circuit model. Figure 4a—c shows the evolution of the charge
transter (Rey, Cepy 7o), effective interface (Ry,, Gy Ting), and
dynamic constriction parameters (Reg,, CeanTosy) as a function
of Aygsg for the three cases of order of time constants 7t and
Teq I the analysis, we also considered two simplified inter-
face geometries, i.e., a single contact spot (blue triangles) and
a frame-like contact spot (yellow squares), where Ayysg can be
tuned continuously, in addition to the five realistic interface
morphologies (red circles). The macroscopic bulk (Rg,) and
GB transport parameters (Rgp) are given as horizontal refer-
ence lines in green and orange, respectively, since both do not
depend on the pore fraction at the two-phase boundary Awgsg.
The reference line of the geometric pore capacitance Cpyy is
displayed in black.
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In the case of 7¢, < 71 depicted in Figure 4a, the CT and
constriction resistances (Rcg, Rep) increase with decreasing
Aygse- The constriction capacitance Cey, approaches that of
the pores Cpye and the CT capacitance Cep decreases with
decreasing contact area Aygsg. The time constant of the CT
electric migration process is preserved, while that of geometric
current constriction changes by about three orders of magni-
tude. The reason is that R¢g, tends to infinity and the capaci-
tance Ceyy tends toward Cpg, when Aggse goes to zero, ie.,
for complete loss of physical contact. The CT transport para-
meters (Rep, Cep) are almost unaffected by the distribution
of the contact area at the interface for constant Aypsg, in contrast
to the geometric constriction parameters (Rcgy, Cesy). Especially
the resistance Reg, is strongly affected by the morphology of the
interface. Its sensitivity on the distribution of the physical con-
tact for fixed Aygsg increases with decreasing Aygsg. The value
of Regy is the lower, the finer the distribution of the physical
contact is at the interface. The constriction capacitance, on the
other hand, is not affected by the distribution of contact. This
behavior is known and discussed in more detail in our previous
work and also by Maier and Fleig,?>%l

In the case of Tey, = Tcp, only one interface signal can be
visually observed in the modelled impedance spectra. The
corresponding macroscopic transport parameters (Rp, Cpy)
extracted by fitting with the 1D equivalent circuit model reflect
the superposition of CT and constriction effects, as shown in
Figure 4b. The electric CT migration process dominates for an
ideal physical contact, but the impact of geometric constriction
becomes more prominent with decreasing contact area. The
magnitude of the effective resistance R, depends significantly
on the interface morphology for small Aygsg similar to Ry, in
case of 7, < 7oy shown in Figure 4a. The effective capacitance
Cy converges towards a certain value and the time constant
Tine increases by about 1.5 orders of magnitude with decreasing
Aygsg- These findings clearly indicate that the impact of geo-
metric constriction in the case of a single interface impedance
signal is not negligible, in particular, when Agge is smaller
than 50%.

The qualitative behavior of the macroscopic CT parameters
(Rer Cer) changes drastically, when the order of time constants
is reversed, i.e., Tcr < Tesy, Whereas that of dynamic constriction
(Resr Cegr) is only quantitatively affected. Figure 4c highlights
that the CT resistance Rcp decreases and the CT capacitance
Cer increases with decreasing contact area Awgsg. The trends
of these two macroscopic parameters with Ay are opposite
to those of the two cases shown in Figure 4a,b. The behavior is
somewhat surprising at first glance, but it is related to different
evolving transport paths through the system for frequencies
close to 1/7c. All transport channels are nearly perpendicular
to the interface and parallel to each other, i.e., not constricted
anymore, since the pores are dielectrically conductive in this
frequency range.*’ This is discussed in more detail in the next
section.

Functional Dependence of Charge Transfer and Constriction
Resistance on the Contact Area: The distinction between CT and
constriction impedance is simplified if both contributions are
well-separated in the spectrum. This is usually not the case
in experimental data, which may explain why different func-
tional relationships of what is summed up as interface resistance
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Figure 4. Evolution of the macroscopic transport parameters (R, C, 7) of the interface contributions, considering different orders of time constants,
i.e., @) Tesy < Tery b) Tesy = Ty, and ©) Tep < Tegy The bulk (green) and GB (orange) parameters are independent of the pore fraction at the interface
and shown as reference values. The CT parameters at constant contact area are nearly independent of the interface morphology but their qualitative
behavior is not universal. It depends on the order of time constants. The constriction resistance, in contrast, depends on the distribution of the physical
contact area at the interface.
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under force application are discussed in the literature.’”*% It is
frequently ignored that the interface impedance can have dif-
ferent origins and therefore a different dependence of the cor-
responding resistance R; and capacitance values C; on external
parameters, such as stack pressure. This underlines the need
for a theoretical in-depth analysis in order to evaluate how the
constriction parameters (Regn Cesn) and the CT parameters
(Rcr, Ccy) of the interface impedance behave, when the phys-
ical contact area Aygsg is varied. For this purpose, the macro-
scopic transport parameters of the three computed impedance
series shown in Figure 4 considering different orders of time
constants Tgy, and 7cr are further analyzed using a double
logarithmic data representation, i.e., log R; versus log Aygsg
and log C; versus log Aygse. This kind of data evaluation only
holds, if the QRE does not affect the derived CT parameters,
ie., Zope = 0 Q. Otherwise, the offset due to the QRE needs to
be subtracted from the CT parameters prior to calculating log
R; and log C..

The constriction resistance Rcy, in Figure 5a,f is not pro-
portional to AWE}SE, i.e., it does not exhibit a slope of -1 in the
double-logarithmic data representation log Rcg, versus log
Aygsp- Once the constriction signal can be resolved in the
impedance spectrum, Ry, increases by several orders of magni-
tude and may also become significantly larger than Rey. Starting
from a constriction resistance of zero for an ideal interface con-
tact (Awgjsg = 100%), there is a sharp non-linear increase of log
Re, as log Aygjsg decreases, followed by an almost linear sub-
region with lower resistance increases at small contact areas.
The general behavior, however, depends on the combination of
the geometric interface morphology, the phases present at the
interface and the corresponding materials parameters. Nonethe-
less, the qualitative trends are independent of the order of the
time constants, but the increase in constriction resistance Reg,
is somewhat more pronounced in the case of 7t < oo

The finding that Rcg, is not proportional to AWI‘L reflects
the mesoscopic character of the constricion phenomenon.
The impact of a variation of the physical contact area Aygsg
is not restricted to the interface layer itself, but globally affects
the transport paths taken by the charge carriers through the
system. Therefore, geometric parameters, such as the distri-
bution of the pores or physical contact have a major effect on
the magnitude of Reg,.?>**! This indicates that performing the
same experiment in the laboratory several times on nominally
identical samples will lead to a distribution of resistances Rgy,
due to non-reproducible interface morphologies (i.e., geometric
differences on the mesoscale). The impact of the variation of
the interface morphology on R, is particularly pronounced
at small physical contact areas. In consequence, a variance in
the corresponding experimental data is not necessarily due to
uncertainty in the measurement or in the fitting process with
a 1D equivalent circuit model. Instead, the variance may reflect
a change of the interface morphology and, thus, be at least
partially of geometric origin. Therefore, the measure of the
impedance in applications may be used for health monitoring
of the interface. If the same sample is measured several times,
for example, repeatedly during cycling, and the resistance Rgg,
changes, it is an indicator that the interface degrades. However,
no simple functional or analytical relation between constriction
resistance and contact area Awgse exists, but these considera-
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tions underline again the importance of the structural informa-
tion about the interface morphology.

We applied the same procedure to evaluate the functional
relationship of the CT resistance Rcp and the CT capacitance
Ccr- The double logarithmic data representation in Figure 5b
for 7cg, < Tcr shows a nearly linear relation between log Rer
and log Aygse that is almost independent of the interface mor-
phology. Fitting the data with a linear function reveals slopes in
the range of —1.03 and —1.08 for the three model systems con-
sidering different interface morphologies. Similar results are
observed for the CT capacitance Cer, as shown in Figure 5Sc. It
also depends linearly on the contact area with slopes between
1.02 and 1.08. Interestingly, the functional relationships of
Rer and Cer show a very different behavior in the case of the
reversed order of the time constants (7op < Teg,) as shown in
Figure 5gh, respectively. The data representations of log Rcr
versus log Aypjsg now exhibit slopes of approximately +1 and
those of log Ccr versus log Aygge slopes of about —1. In other
words, the sign of the slopes in the case of resistance and
capacitance is reversed with the order of the time constants.

At first glance, this finding is unexpected because CT is
a microscopic electric migration process and, therefore, its
impact should remain restricted to the interface, other than in
the case of the mesoscopic constriction effect. The macroscopic
CT resistance and capacitance are expected to be proportional
to the inverse of the active interface area (Rep ~ AW;}SF) and
proportional to the active interface area itself (Cer ~ Awgse),
respectively. The deviating observations from this behavior are
related to the evolving transport paths through the system. In
the case of 7cy, < 7cp, the pores at the interface are insulating
for frequencies when the CT impedance signal arises. There-
fore, the active fraction of the interface corresponds to Awgse.
This is why Rep ~ Ayise and Cer ~ Aygjse with slopes of —1 and
+1 for log Rey versus log Aypsp and log Cer versus log Aygse,
respectively. The transport situation is changed when consid-
ering the reversed order of time constants 7cr < 7Tcg,. The pores
at the interface are dielectrically conductive in the frequency
range of the CT impedance signal. If the conduction contribu-
tion across the pores is comparable to that across the physical
contact spots, the current is homogeneously distributed across
the interface. In this situation, the CT resistance will linearly
decrease Rcr ~ Awpse and CT capacitance will increase
Cer ~ AWE‘ISE with decreasing Aygsg, i.e., increasing coverage
of the interface with pores. Note that these two relationships
only provide an estimate for the upper and lower bound of
Rer and Cerp, respectively, because heterogeneous current dis-
tributions at the interface with respect to Aggse and Aggporejse
will lead to deviations. In particular, in the limiting case where
conduction across the pores is orders of magnitude better than
across the physical contacts, no significant CT contribution is
expected in the impedance spectrum since the dominant cur-
rent paths do not cross physical contact spots. The observed
deviations of the absolute values of the slopes of the linear
fitting curves from a value of 1 in Figure 5b,c,g,h are due to
the contributions of the interface areas with the much higher
impedance, which are connected in parallel to the fraction of the
interface carrying most of the transport, i.e., the pores in case of
Tor < Tesy and the physical contacts in case of ¢y < 7y, This
has been recently discussed in more detail in the literature.?"!
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Figure 5. Functional dependence ofinterface contributions with the contact area Ay se considering different orders of time constants, i.e., a—c) 7ey, < T,
d,e) Tesy = Tcr, and fh) 7er < ey, The dashed horizontal lines indicate an artificial offset along the y-axis for an improved comparability of the compu-
tational results. The non-linear behavior and strong dependence of R¢,;, on the interface morphology impedes the derivation of a universal functional
relationship with the contact area. The CT resistance Rcr and capacitance Cer are inversely proportional and proportional to the contact area, respec-
tively, when 7, < 7cr. The dependence of both parameters on the contact area is reversed in the case of 7oy < 7¢,. The slight variations in the slop
of the linear fits are due to the competing dielectric transport process through the pores at the interface.

The dependence of the effective interface parameters  of the materials parameters, as in the case of the pure constriction
(Rmy Cry) on the physical contact area Ayggg is shown in  impedance. In particular, it is very sensitive to a variation of the
Figure 5d,e. These macroscopic transport quantities corre-  polarization resistance describing the microscopic CT process.
spond to the situation in which only one interface impedance So far, the following conclusions can be drawn from the
contribution can be observed, ie., the intermediate case where  discussion:

Tesr = Tor As somewhat anticipated from the discussion above,
no simple functional relationships are found between log Ry, i) In the case of a porous interface, the geometric constriction

versus log Aygsg and log Cyy, versus log Aypsg because both, geo- effect disappears on the mesoscopic scale, when pressure is
metric constriction effect and CT contribute to one single signal. applied to the stack and the pores at the interface are closed
Starting from a minimum value at an ideal contact, the resist- due to plastic electrode deformation. In this limit and under
ance log Ry, increases and the capacitance log Cy,, decreases the assumptions of chemical and thermodynamic stability
non-linearly with decreasing log Aygsg. The quantitative behavior of the interface, the interface impedance response is solely
observed depends on the interface morphology and the interplay determined by the CT effect.
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ii) The macroscopic constriction parameters (Reg, Ceg,) may
differ even at the same Aygsg, if the morphology of the inter-
face on the microscopic and mesoscopic scale varies, i.e., the
spatial distribution of the physical contact area across the
interface changes. The impact of geometric constriction is
not negligible over a wide range of relative physical contact
areas Awgjsg, in particular for Aygge < 50%. Charge-transfer-
driven morphological instabilities of interfaces always lead to
an increase of the DC resistance independent of the micro-
scopic polarization resistance underlying the CT process. As
a result, geometric current constriction will have a major
effect, for example, on the cycling behavior of battery cells.

iii) The functional relationship between the macroscopic trans-
port parameters (R;, C;) of electric migration processes like
CT and the relative physical contact area Ay is not uni-
versal. It depends on the order of the time constants of indi-
vidual interface impedance contributions. The correlation
Rer ~ AW'E}SE only holds for estimating the magnitude of the
CT resistance Ry if the condition ey, < 7or is fulfilled. In
the case of Tor < Ty, the resistance Rep depends linearly on
the contact area Rer ~ Aygsg. Similarly, for the CT capaci-
tance, it holds Cer ~ A’WE|SE for Tese < TeT and Cer ~ AW:;SI-,
for Tcr < Teste

Temperature Dependence of Charge Transfer and Constriction
Resistance: Battery cells are exposed to different environmental
conditions in applications. Thus, studies of the influence of
the environment on the cell performance are essential. The
temperature-dependence is of particular interest, since internal
(e.g., heating) and external (e.g., ambient) temperature vari-
ations occur during operation in most applications and will
lead to changes of all impedance contributions. The previous
discussion of the dependence of the macroscopic parameters
(Restw Cesy) and (Rep, Cep) on stack pressure (ie., physical
contact area) has already underlined that their behavior is very
different. The former can be considered as geometric fit para-
meters in macroscopic 1D equivalent circuit models, whereas
the later represent an electric transport process on the micro-
scopic level. This implies that the resistance Rgg, is not solely
based on a conductivity or microscopic polarization resistance,
but parameterizes the dynamic constriction effect. It is deter-
mined by contributions of all microscopic transport processes
taking place close to the interface, and, in a sense, leads to a
reduced active SE volume involved in the transport through the
sample. In consequence, the temperature-dependence of the
geometric parameter Ry, is not obvious and needs to be inves-
tigated as all the microscopic electric transport processes that
contribute to it may have a different temperature-dependence,
i.e., different action energies E, ;.

For this purpose, we focus on one specific morphology of the 3D
model system for which the physical contact area is Aygsp = 22%
and the interface has the realistic disordered morphology
depicted in Figure 1c. The temperature-dependence of the ionic
migration processes, i.e., of bulk and GB transport within the
SE as well as of CT at the interface, are described by an Arrhe-
nius behavior, for example, o(T) ~ o6y/T - exp[-E, [ (kg-T)].
The values assumed for the activation energies E,; of the
microscopic transport processes are given in the Computational
Details section. The permittivity values are considered to not
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dependent on temperature. We computed series of impedance
spectra at temperatures between —40°C and 40°C and derived
the macroscopic transport parameters (R;, C;) of the individual
processes at each temperature by fitting the resulting spectra
with the 1D equivalent circuit model. Variations of microscopic
conductivities o¢; with temperature T are directly reflected
in the macroscopic resistance values R; derived by the fitting
approach. Thus, the individual activation energies E,; can be
determined from the slopes of corresponding Arrhenius dia-
grams In[T/(R- A)] versus T, using the macroscopic resistance
parameters R;.

Similar to the former discussion, we consider again the
three cases of different orders of the time constants g, and
Tcr. Here, we will not discuss the activation energies E, ; of the
macroscopic resistances R; corresponding to the microscopic
electric migration processes, i.e., the CT at the interface, bulk,
and GB transport. Their activation energies almost agree with
those of the corresponding microscopic input parameters, i.e.,
that of the polarization resistance Rp, and those of the bulk
and GB conductivities ;. Instead, we will solely analyze the
effective activation energy of the macroscopic resistance para-
meters Reg, used for the parameterization of the constriction
phenomenon in the 1D equivalent circuit model and Ry, in
the case of 7y, = Top, which is also strongly affected by current
constriction.

Figure 6a shows Arrhenius diagrams of the constriction
resistance Rcg, in the case of 7, < 7o Five different sets of
microscopic transport parameters (0g;, &) were considered in the
computations. Starting with a reversible WE|SE interface and
highly conducting GBs (Zop = Zgp = 0, blue data points), the
activation energy E,cq, of the constriction resistance Reg, is
0.34 eV and identical to that of the microscopic bulk transport
E, gui- This agrees with the observations of Fleig and Maier
who exclusively considered a homogenous SE and no CT step
at the interface in their early theoretical studies.’!3% The acti-
vation energy E, ¢, increases slightly to 0.35 eV, when the GBs
become resistive (Zgg # 0, Zer = 0, red data points). The effect
is only marginal for the sample configuration and transport
parameters considered, although the activation energy assigned
to microscopic GB transport with 0.43 eV is rather high com-
pared to the bulk value of 0.34 eV. This is due to the fact that the
electric transport properties of the entire system are dominated
by bulk transport (Rpyy = 12+ Rgg). The effect of the additional
electric GB transport on Rgg, would be more pronounced for
decreasing conductivity ogp or a more prominent GB micro-
structure (i.e., an increased GB volume fraction and more GBs
to be crossed along the dominant transport path). Interestingly,
assuming a non-zero microscopic polarization resistance at the
interface (Zgp # 0, Zer # 0, greenish data points) does not alter
E, csie despite the high value of E, ot with 0.43 eV, even when
Ry is varied by an order of magnitude (Rp, — 10- Rp). The
reason is that in the case of 7y, < 7, the transport processes
across the interface, i.e., across both the pores and the phys-
ical contact area, are predominantly dielectric in the frequency
range close to 1/7¢,. In consequence, Reg, and E, ¢, are not
affected by the electric transport step across the physical contact
Aggsg and thus by the polarization resistance. B!

In Figure Gb, we consider the case of comparable relaxa-
tion times 7cy, = Tcr and study the activation energy E, 1
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Figure 6. The constriction resistance Ry, is composed of contributions of all electric transport processes within the system. Its activation energy
(numbers is dashed box) depends solely on the activation energy of the individual transport processes E, ;. Only electric charge transport processes
in the frequency range around 1/ 7, have an effect on the constriction resistance Ry, Thus, a) the microscopic polarization resistance has no effect
if Ter > Teqy and bc) it affects E, cq, if 7er < 7eq. The legend indicates the relative changes of the microscopic transport parameters in the computed
impedance series. Note that the red and green points in (a) overlap and are only shifted along the y-axis for clarity.

of the single effective macroscopic interface resistance Ryy,.
In the frequency range of the interface impedance, pores
are still almost dielectrically conductive while the transport
across the physical contact takes place electrically. The trans-
port situation resembles that for Rc, in the case of 7¢y < Teomn
where the corresponding Arrhenius diagrams are displayed in
Figure 6¢. In both cases, the microscopic electric CT process
at the interface is contributing to or even dominating the mac-
roscopic resistances Ry, or Reg, respectively. As a result of
the frequency-dependent changes of the active SE volume for
frequencies around 1/7cg,, the averaging of the microscopic
transport processes yielding Ry, and E, 1, o Regy and E; oy
also changes.

The trends for the Arrhenius diagrams and the activation
energies extracted are very similar, when looking at the five sets
of microscopic transport parameters. The findings in the case
of a reversible WE|SE interface considering highly conducting
GBs (Zcr = Zgg = 0, blue data points) or resistive GBs (Zgg # 0,
Zcr =0, red data points) are similar to the results for 7y, < 7cr
shown in Figure 6a. The activation energy E, |, or E, cq, equals
that of the bulk process with 0.34 eV or increases only slightly
to 0.35 eV due to the specific constellation and choice of mate-
rials parameters, respectively. Interestingly, the microscopic
polarization resistance Rp, now dominates the overall behavior
of the macroscopic constriction resistance (Zgp # 0, Zep # 0,
greenish data points) for such an order of time constants. The
activation energy E, ¢y, approaches that of the CT effect E,,cp
with 0.43 eV, the more resistive the interface becomes, i.e., for
increasing Rp,. The activation energies of the effective interface
resistance Ry, in Figure 6b tend to be slightly higher compared
to those of pure constriction Reg, in Figure 6¢. The reason is
that Ry, includes a pure contribution of the macroscopic CT
resistance Rcr based on the microscopic Rp,, which typically
has a higher activation energy than Reg, as originating from a
microscopic migration process.
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Altogether, the results on the temperature-dependence of
Rese and Ry, imply that the activation energies determined
from Arrhenius diagrams reflect a weighting over all micro-
scopic migration processes within the system. This indicates a
relationship according to Rey, = Z; & - 1/0; and a corresponding
equation for Ry, The weights ; depend, for example, on the
interface morphology, the contact area, the microstructure of
the SE, the locations of GBs within the system and the order
of the time constants of the individual transport processes.
In particular, it holds that o; = 0, if 7y, < 7.3 The equation
also implies that there is a range of values for E, g, or E, 1
with boundaries given by the lowest and highest activation
energies E,; with o; # 0 of electric migration processes, i.e.,
min(E, ) £ E, cq, < max(E, ;). This is due to the fact that E, .
or E, 1 are a weighted average over the microscopic activation
energies E,; present in the system.

3.2.2. Effect of SEI Formation Due to Chemical Instabilities at
Morphologically Stable Interfaces

Next, we turn to the right branch in the decision tree shown
in Figure 2 and include the (electro)chemical instability of
metal|SE interfaces. To our knowledge, there are only a few
solid electrolytes that form an electrochemically and kinetically
stable interface with alkali metals. Examples are the interfaces
between lithium metal and garnets.”'* More common is the
formation of an SEI (i.e., usually a multi-phase and nanoscale
composite) at the interface, which usually exhibits less favorable
charge transport properties, in particular a lower ionic conduc-
tivity than the SE itself. Here, the SEI is often continuously
formed at the interface during operation, for example, when
considering argyrodite-type SEs versus lithium metal.'0-
The dynamic formation process corresponds to a transition
from a WE|SE interface into a WE|SEI|SE layered interface over
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time — ignoring the many inner homo- and hetero-interfaces in
the SEI itself. In the following we will therefore consider the
SEI as a homogeneous phase for the sake of simplicity and
as there is not enough knowledge on the composition of the
SEI. At the end of this process, the SEI layer covers the entire
interface and is morphologically stable. In consequence, the
impedance response of the interface is exclusively determined
by the SEI. This situation corresponds to the first leaf node in
the right branch in the decision tree in Figure 2. The increasing
thickness &y, of the SEI will lead to an increase of its resistance
(Rgpr ~ 01y and a decrease of its capacitance (Cgp ~ 1/8y,,)- The
transport behavior across the interface is more complex, when
the interface is only partially covered by the SEI layer. This may
be due to the presence of pores at the interface or ideal metal-
SE contact areas. In such cases, the effect on the impedance
response of the system is not clear and needs to be studied in
detail on the basis of microstructural information of the cor-
responding samples.

Corresponding experimental interface morphologies are,
for example, described in a recent study by Otto et al., when
bringing lithium foil with a passivation layer on its surface (e.g.,
Li,CO;, LiOH or Li,0) into contact with a garnet-type SE.*7
The surface roughness of the SE leads to local penetrations
of the passivation layer, which leads to a distribution of ener-
getically preferred Aygsg contacts and less preferred Aygseyse
contacts at the interface. The interface structure described rep-
resents the third leaf node in the right branch of the decision
tree in Figure 2. Apparently, the interface morphology seems
to show many similarities to the porous interfaces considered
in the previous section. Thus, we only substitute the pores by
a resistive SEI (or passivation) at the interface within the theo-
retical 3D model system, i.e., we assume that the aging of the
interface is exclusively caused by an SEI. The adapted inter-
face morphology consists of a single contact spot Aypgg in the
middle of the electrode surrounded by an SEI layer Aggsgyse
(see inset in Figure 7a).

Again, we perform a series of impedance computations mim-
icking that the microstructure of the SE is kept constant and a
gradual degradation of the WE|SE occurs, this time due to the
formation of an SEI layer. The capacitance Cgg, and resistance
Rgpy of the SEI are set to 100 € cm? and 88 uF cm™, respec-
tively. Without loss of generality, the microscopic polarization
resistance Rp,) at the two-phase boundary Ayrgsg is assumed to
be negligible (Z¢7 = 0), i.e., there is no macroscopic CT signal
in the impedance spectra. It represents a limiting case, experi-
mentally observed for the interface between lithium metal and
LLZO.¥755-5] This assumption significantly simplifies the data
analysis. Otherwise, the impedance response will depend on
the interplay of interface time constants 7-r and 7 in a sim-
ilar way discussed in the previous section for the simultaneous
presence of CT and pores at the interface.

Figure 7a shows the modelled impedance data for five dif-
ferent contact areas in the range between 100% and 4.3% in
Nyquist representation. The respective interface morpholo-
gies are displayed on the right with the two-phase boundary
contact as a gray square in the center of the interface area and
the light blue three-phase layered contact surrounding it such,
that Aygse + Awgsese = 100%. The impedance spectrum for
an ideal contact without SEI (Awgse = 100%) consists of two
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well-separated semicircles representing bulk (blue) and GB
(red) transport within the SE. An additional interface semi-
circle (yellow) is formed in the spectra, when Aygs decreases,
ie., an SEI forms. At first glance, the qualitative impedance
behavior seems to be similar to the case of a porous interface
discussed in the previous section. Bulk and GB impedance
remain unchanged, while the interface impedance increases
with decreasing Aygg (cf. Figure 3a). To study the frequency-
dependence of the resulting interface signal, we performed a
DRT analysis of all impedance spectra as shown in Figure 7b.
The relaxation times of the bulk and GB signals are again inde-
pendent of the SEI fraction at the interface. Interestingly, the
time constant of the interface signal 7, does not match the
time constant of the microscopic electric transport process
across the SEI layer 7gp. Instead, it exhibits a relaxation time
in the intermediate range between GB and SEI time constant
(Tep < Tine < Tsgr).

To study the functional behavior of the interface time con-
stant 7y, in more detail, we consider the dependence of
the macroscopic transport parameters (Ry,, Ci,), derived by the
1D fitting approach of the computed impedance spectra, on the
contact area Ayyse (see Figure 7c,d). The macroscopic transport
quantities of the 1D fitting model, i.e., bulk (green) and GB
(orange) resistances as well as the SEI resistance and capaci-
tance (cyan), are given as reference values in the figures. As
expected, the resistance Ry, increases and the capacitance Cyy,
decreases with decreasing Ayggg. but the quantitative changes
do not fit those of an electric migration process. Both parame-
ters converge towards the limiting case of a completely covered
interface (Riy = Rspyy Crne = Cspy for Aggsg — 0), instead of
being (inversely) proportional to changes of the contact area. The
same holds for the variation of the time constant (7, — Tsg; for
Aygse — 0) as shown in Figure 7e. Consequently, the observed
interface impedance signal does not represent the pure char-
acteristics of the SEI or passivation as typically assumed in the
literature. Instead, the macroscopic parameters (R, Cin) are
also affected by the bulk and GB conductivity within the SE as
well as the microscopic polarization resistance at the interface.
These parameters influence the amounts of current flowing
across the two-phase boundary described by Aygse and the
layered three-phase contact described by Awpspyse at frequen-
cies close to 1/ 7, The influence of the SEI properties on (Ry,,
Cint) increases as Ayrpsp decreases, since the fraction of current
flowing through the SEI layer increases.

The transport situation at the interface will change, if also
pores are present at the interface in addition to a non-uniform
SEI layer. When there is no direct contact between the metal and
the SE (i.e., Aygsg = 0%), the interface impedance behaves simi-
larly to the studies performed in the previous chapter. Herein,
the SEI contact Awgseyse takes the role of the ideal Aygg areas.
The morphology corresponds to that of the second leaf node in
the right branch of the decision tree in Figure 2. Note that in this
situation, the effects of the microscopic transport parameters of
the SEI layer (Rgg;, Cspr) on the interface impedance are compa-
rable to those of the CT reaction (Rp,;, Cp;) in the former case.*"l
Impedance data evaluation becomes even more complex when
there are also ideal Aygg areas at the interface (see fourth leaf
node in the right branch of the decision tree in Figure 2). In this
case, there is not only an interplay between the transport across
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Figure 7. Impact of the successive evolution of an SEI |ayer (cyan) at the interface on the impedance response of the system. a) An additional interface
contribution is formed in the impedance spectrum as the contact area Ay s; decreases. Note that for simplicity, the CT step at Aygse was not consid-
ered in the modeling. b) The time constant of the interface signal does not match that of the microscopic transport through the SEI, if the interface is
not fully covered. Evolution of the macroscopic transport parameters of the interface impedance, i.e., ) the resistance, d) the capacitance, and e) the
time constant. Their qualitative behavior is similar to that of geometric constriction due to pore formation (cf. Figure 4). The macroscopic SEI (cyan),

bulk (green), and GB (orange) parameters are given as reference values.

the I%E‘SE and A’WE|SEI|SE areas, but also across the AWE|P0IE|SE
contact. Basically, the active electrode area can then change
with frequency between three levels: (1) the Aypgsp contact, (2)
the Aygse + Awgseyse contact, and (3) the entire electrode area.
Therefore, three impedance contributions are generally expected
in such a situation. Apparently, the exact form of the interaction
and the evolution of the interface contribution depends on the
morphology of the interface, the individual microscopic trans-
port quantities, and the order of the individual time constants.
In summary, the impedance signal for partially covered
interfaces Aypsg > 0% at different relative contact areas and
temperatures behaves similarly to that in the presence of geo-
metric constriction for porous interfaces (cf. Figure 4). The
main difference is the slightly different convergence behavior
for Aygse — 0, i.e., Ry — Rgpr and Cpye — Cgy in the case of
SEI formation instead of Regy — oo and Cegy — Copgpe in the

Adv. Mater. Interfaces 2023, 2202354 2202354 (14 of 20)

case of pores. Distinguishing between constriction due to SEI
or pores gets more difficult, when the SEI resistivity increases.
This leads to a similar frequency-dependence of the systems
and especially a similar interface impedance behavior. It should
be noted that the interface impedance reflects the pure SEI
characteristics only, when the interface is fully covered.

3.3. Strategies for the Identification of Interfacial Processes

The identification of the rate-limiting process at the interface is
an essential starting point for improving the overall characteris-
tics of a solid-state battery cell with a metal anode. Only in rare
cases, a single process determines the electric properties of an all-
solid metal|SE interface as shown in the decision tree in Figure 2.
Typically, several effects contribute to the impedance response of
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the interface. Examples from the microscopic to the mesoscopic
level are the CT step at the two-phase boundary Ay s, geometric
constriction due to pores, or an SEI resulting in a layered three-
phase contact Aygporelse O Awrjseijse: A macroscopic static con-
striction effect may occur, if the area at which the macroscopic
WE is deposited on the SE surface is smaller than the latter, i.e.,
Aye < Agp?) However, this can be easily avoided by an appro-
priate contact preparation, for example, via sputter deposition. In
what follows, we assume that the stacks are prepared such that all
macroscopic layers have the same lateral dimensions.

The discussion in the previous sections has clearly shown
that a careful analysis of the impedance data, in particular as
a function of pressure, in the time or frequency domain allows
the identification of the rate-limiting process at the interface in
many cases. This holds especially for static situations, in which
no SEI is dynamically formed or transformed during opera-
tion. It refers to systems with chemically stable interfaces and
also to systems forming a kinetically stabilized interlayer (ie., a
uniform static secondary phase). Based on the derived criteria,
we exemplarily define a strategy for experimentalists to follow
in order to identify the origin of the interface impedance sig-
nals in recorded experimental spectra for symmetric Me|SE[Me
arrangements, as described in Figure 1. In this situation, only
CT and constriction effects determine the interface properties.
The recipe for analyzing corresponding impedance data com-
prises several steps. The analysis is best performed in the time-
domain according to the hierarchical scheme shown in Figure 8.

e Step L: Collection of impedance data at different stack pressures
and performance of the corresponding DRT analyses.

Record an impedance spectrum of the pristine sample and
perform a DRT analysis. The DRT will reveal either three or
four main signals. The two signals at the shortest relaxation
times 7 usually correspond to transport processes within the
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SE, i.e., in the bulk of grains and across GBs. The remaining
signals originate from the interface.

i) If constriction and CT processes differ sufficiently in their
characteristic time constants 7, two interface signals arise
in the DRT (left branch).

ii) If not, the signals due to the two interface processes
overlap in the DRT (right branch).

e Step 2: Behavior of the interface DRT signals under applied

pressure.

Controlled application of stack pressure results in a con-
tinuous tuning of a porous interface morphology. Pores
will gradually close with increasing pressure until an ideal
and non-porous interface results at the highest pressures,
ie., Aygse — 100%. This leads to a vanishing geometric
constriction contribution. The DRT signal due to geometric
constriction will exhibit a continuous change of the time
constant (see black horizontal arrow in Figure 8) with the
applied pressure and will vanish at the highest pressure at
which the interface is ideal.

i) In the case of two (separate) resolved interface signals,
the one with decreasing amplitude and with changes
in time constant as a function of pressure results from
geometric current constriction. The time constant of the
interface signal due to electric CT is independent of stack
pressure, but its amplitude will also slightly change.

ii) In the case of overlapping interface signals, the character-
istic time constant of the single peak at the highest pres-
sure will solely correspond to the CT effect. If no DRT
signal can be resolved at the highest pressure, it is likely
that dynamic constriction determines the overall interface
properties of the system.

experimental observation

origin?
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Figure 8. Guideline for assigning individual impedance signals to microscopic processes and estimating their magnitude on the systems interface
properties in the case of chemically stable interfaces. The qualitative behavior for different stack pressures strongly depends on the order of time
constants 7. In the limiting case of full physical contact Aygse = 100%, geometric current constriction signals vanish in the impedance spectrum.
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e Step 3: Determination of the macroscopic transport parameters
of the CT effect.

The remaining interface signal at the highest pressure is
solely due to the CT effect. This means that the 1D equiv-
alent circuit model used for fitting this experimental
impedance spectrum in the frequency domain can be
restricted to three RC-elements representing the two
microscopic transport processes in the SE and that of
the CT process at the interface. The macroscopic trans-
port parameters for the CT effect based on the 1D fit-
ting approach are given by the microscopic polarization
resistance Rlnl(AWE\SE = ]00%) = RCT(AWE\SE) = RPO' and
the double-layer capacitance Ciy(Awgse = 100%) =
Cer(Aweise) = Cpr-

Step 4: Determination of the macroscopic transport parameters.

i) If two interface contributions are observed, the series
of impedance spectra taken at different pressures can
be fitted by a 1D equivalent circuit model consisting of
four RC-elements, ie., (Rpyk. Crun), (Ree, Ccpr). (Ren
Cer), and (Recs, Ceerr)- This holds for Awgsp < 100%,
i.e., apart from the highest pressures applied where the
impedance response does not vary anymore. Only (Rcgy,
Cesyr) and (Rep, Cep) should vary as a function of pres-
sure, the parameters corresponding to the SE should
be independent of pressure as the pores are typically
dielectrically shorted in this frequency range. It should
be noted that the electrode area may change during the
application of stack pressure, requiring a specific nor-
malization of the impedance spectra, as described in the
literature.l*”%

ii) If only one interface contribution is observed, the
series of impedance spectra taken at different pres-
sures can be fitted by a 1D equivalent circuit model
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consisting of three RC-elements, i.e., (Rpur, Cpu)s
(RCBI CCB)' and {Rlnlr Clnt)‘ HEI‘E, Only (Rlntz Clnt)
should vary as a function of pressure.

Step 5: Order of the time constants of the interface processes.

The dependence of Rep and Cep on pressure correlates
with their dependence on the physical contact area Aygsg
as it increases with increasing pressure. Although Ayggg is
not necessarily a linear function of pressure, the observed
dependence of Rep(p) and Cerp(p) can be compared to the
relations for Rer(Awgse) and Cer(Awgse) given in Table 1.
This helps to identify the order of the characteristic time
constants 7cr and 7y, in the case that both signals do not
overlap. The assignment should agree with the order of 7;
derived from the DRT series in step 2, and thus serves as a
validation.

i) Rcr increases with pressure and Cer decreases with pres-
sure, then 7oy < Tegye

ii) Rer decreases with pressure and Cer increases with pres-
sure, then Ter > Tegye

In the case of overlapping interface signals, the relations
for Rer(Awgse) and Cer(Awgse), together with Rpy and Cpp
derived in step 3, help to estimate the magnitude of the CT
effect for different pressures or contact areas and thus to
identify the dominant interface effect.

Step 6: Correlation with structural properties.

The dependence of Rcr(p) and Ccr(p) can be translated,
based on the theoretical dependence of Rer(Awgse) and
Cer(Awgise) given in Table 1, into a functional relationship
Awgise(p). This can be correlated with the results of the struc-
tural analysis of the pore distribution (e.g., via FIB SEM) in

Table 1. Overview of the characteristics of transport signals compared to signals of geometric origin.

Taulle < Tog < Testr < Tet

Taull < Tog < et < Tosie

constriction
Tese(Aweyse) # const.

Resie(Awgse): non-linear

Resie{Awgse — 100 %) — 0

=3

Restr(Awegse — 0 %) — {~
RSE\

Cestr(Awgjse): non-linear
Cestr(Awgse — 100 %) — o

Coore
Coeser(Awgse — 0%) > { -
SEI

E, gulk <Esctr € Eacp

E, i (Aweyse) # const.

charge transfer

Ter(Awejse) = const.
Rer = W Awesse

Rer(Aweise — 100 96) —Rpy
Rer(Aweise = 09%) — o
Cer ~ Awse

Cerl(Awgjse — 100 %) — Cpy.

Cerl(Awese > 0%) =0

Epuk<Ece<Eicr

Ea‘;(AWE‘SE) = const.

constriction
Teste(Awejse) # const.

Resir(Awese): non-linear

Rear(Awese — 100 %) — 0

Resir (Aweise — 0 %) — {~
RSEI

Cestr(Awepse): non-linear

CoulAyese —1009%) -1 7
0
Cstr \/AWE|SE O'RPOI T

C
Cosur(Awgse — 0%) = { _Pere
Cs

E. guk < Eacar S Epcr

E; cste(Aweyse) # const.

charge transfer
Ter(Awgse) = const.

Rer ~ Awegse

Rer(Awese — 100 96) — Rpg
Rer(Awgse = 09%) — 0
Cer ~ VAwgse

Cer(Awgjse — 100 %) — Cpy.

Cerl(Aweyse = 0 %) — ==

E.puk < Eace < Eacr

E,,(AWE‘SE) = const.
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nominally equivalent samples treated at different pressures.
Such comparisons serve as an additional validation of this
data analysis approach.

e Step 7: Correlation with temperature-dependent impedance
measurements.

Temperature-dependent measurements allow to extract
thermal activation energies for the observed macroscopic
resistances R; deduced by the 1D equivalent circuit fitting
approach with four or three RC-elements connected in series.
Typically, the activation energy of the metal ion migration in
the bulk electrolyte is less than that of ion transport across
a grain boundary in the SE and this in turn is less than or
equal to that of charge transfer at the metal|SE interface
(Eipui < E.cp < E.cp). This consideration is based on the
assumption that charge transfer Me = Me" + ¢’ is the rate-lim-
iting kinetic step in the system rather than ion migration in
the electrolyte phase. In consequence, the activation energy
of the 1D fit parameter R¢g,, which represents an average of
all microscopic electric transport processes in the system,
lies somewhere between that of the bulk and that of the CT
process, Le., min(E, ;) < E, ey < max(E, ;). However, the value
depends not only on the magnitude of the individual micro-
scopic activation energies E,; (i = Bulk, GB, CT), which are
independent of geometry, but also on the global character of
the constriction effect, which defines the macroscopic sample
volume contributing to the transport and thus the weights in
the averaging of the microscopic activation energies.

(@) 00

600

200
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Table 1 summarizes the functional behavior of the macro-
scopic transport parameters describing CT and constriction
effect when fitting with 1D equivalent circuit models in the
case of different situations characterized by the order of the
time constants 7er and ey, The clear dependences should be
helpful in the interpretation of experimental impedance spectra.
However, a word of caution is essential here. The dependences
derived, of course, are to some extent affected by the assump-
tions about the 3D sample morphology (see Figure 1). Minor
deviations are anticipated, for example, if not only the contact
area Agpgp but also the thickness &, of the electrically insu-
lating layer at the interface is varied. In particular, this has a
major superimposed effect on the macroscopic constriction
capacitance as Ceg; ~ €1/, in contrast to the constriction
resistance as R = Z; ¢ - 1/0;+ X @ + Rpg, .

Establishing similar hierarchical schemes for analyzing the
interface impedance response in cases, in which an SEI layer
is dynamically formed, is in principle also possible. However,
this will require additional structural information and prob-
ably will depend significantly on the materials involved. For
example, in the cases in which a non-uniform secondary phase
takes the place of pores at the interface, the assumption that the
interface morphology approaches a state under pressure where
Aygse = 100% is not valid. In consequence, the constriction
effect will not disappear at high pressures, and thus the derived
hierarchical scheme is not applicable. Therefore, it is essen-
tial to know how the two phases at the interface behave under
pressure in order to establish a corresponding scheme for such
cases. The situation in the case of dynamic SEI formation is

(b)
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Figure 9. Experimental impedance data on the pressure-dependence of the interface impedance of a symmetric Li|LLZO|Li cell. The raw data originates
from a recent study of Krauskopf et al. published in the literature. Adapted with permission.’] Copyright 2019, American Chemical Society. The dashed
lines indicate an artificial offset along the y-axis for visualization. a) The interface impedance (yellow) decreases with uniaxial pressure and vanishes
after applying an isostatic pressure of 400 MPa. b) Even in the DRT analysis, there is no evidence for an interface signal at 400 MPa. Note that the bulk
DRT signal could not be observed, since its impedance behavior is not fully captured in the measured frequency range.
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even more complex as the SEI changes continuously during
operation. If its temporal evolution is known from a structural
analysis, the corresponding variation of the impedance spectra
during operation may be addressed and meaningful parameters
may be extracted. For example, if a closed SEI layer at the inter-
face is formed, its macroscopic transport parameters Rgg; and
Cgp; will vary systematically with its thickness 8y, according to
R ~ O and Cgpp ~ 1/8y,,. The analysis may be quite intricate,
once the SEI itself is porous, which is a natural consequence of
a negative reaction volume of SEI formation.!*#3]

3.4. Evaluating the Effect of Individual Interface Processes
between Lithium and LLZO

Finally, we present an experimental case study to demonstrate
the applicability of the hierarchical scheme discussed in the
context of Figure 8. The data, which are analyzed here in more
detail, are those of Krauskopf et al. They comprise an investiga-
tion of the effect of stack pressure on the impedance response
of a symmetric Li|LLZOJLi cell arrangement.l’”) Resistive SEI
formation can be ruled out for this material combination, since
the gamet-type solid electrolyte LLZO is one of the few Li-ion
conductors that is kinetically stable against lithium.'-% Fur-
thermore, Krauskopf et al. performed a microstructural analysis
of the interface region and identified pores for stack pressures
smaller than 400 MPa.l®®%4 Both pieces of information dem-
onstrate that the experimental results fulfill the assumption
underlying the hierarchical scheme previously presented.

Figure 9a shows a series of impedance spectra in Nyquist
representation taken at various external pressures. The initial
spectrum at 10 MPa uniaxial stack pressure consists of three
separated semicircles, i.e., two from bulk (blue, =1 MHz) and
GB (red, =10 kHz) transport in the SE, and one from transport
across the interface (yellow, <1 kHz). The continuous increase
of uniaxial pressure resulted in a decrease of the single inter-
face signal, i.e., an initial resistance Ry, of about 300 € cm?
at 10 MPa decreased to 50 Q cm? at 41 MPa. Furthermore, the
semicircles of bulk and GB transport remained unchanged,
ie., they are not influenced by the applied pressure. In the
frequency domain, it seems that only one interface contribu-
tion is present as only one impedance signal can be discerned.
Interestingly, no interface signal could be resolved anymore
(<0.1 Q@ cm?) after further increasing the external load to an
isostatic pressure of 400 MPa, i.e., only the unchanged bulk and
GB semicircles were observed.

We proceed now stepwise according to our hierarchical
scheme:

As step 1, we perform a DRT analysis of the impedance data.
The resulting series of DRT at various pressures is shown in
Figure 9b. Frequency points below 200 Hz were excluded in
the analysis, since individual residuals were greater than 4%
in the Kramers—Kronig test. Similarly, frequency points above
0.2 MHz were neglected as most of the bulk contribution (blue)
is not captured in the measured frequency range. As a result,
parts of the GB impedance (red) were not reflected in the con-
sidered frequency range, which affects the magnitude of the
corresponding DRT signal. Thus, the analysis conducted can
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only reveal qualitative trends in the data. Nevertheless, the DRT
of the initial impedance at 10 MPa consists of four signals. The
one at low relaxation times represents transport across GBs
(red), while the three broad signals at higher relaxation times
result from the WE|SE interface (yellow) as the CE was pre-
pared as ideal QRE. The occurrence of more than two interface
signals in the experimental data is due to competing transport
paths through the sample.[*l

As step 2, we identify the interface DRT signals whose
characteristic time constant depends on pressure and assign
its origin to the constriction effect. The time constant of the
GB signal around 107 s is independent of stack pressure as
expected. The three other DRT signals from interface pos-
sesses with relaxation times between 10~° s and 1072 s, all
strongly depend on external load. Their time constants shift
and their amplitudes decrease and vanish with increasing
uniaxial pressure. No contribution from the interface can be
observed after an isostatic pressure of 400 MPa was applied.
This suggests that all three signals arise from the constriction
effect and the CT effect is negligible in case of the Li|LLZO
interface.

Several other aspects support the conclusion that current
constriction rather than CT is the rate-determining step at the
Li|LLZO interface. First, the estimate of the upper limit of the
macroscopic CT resistance at small contact areas according to
step 5, which yields about 1 © cm?, several orders of magni-
tude lower than the experimentally observed values for Ry,
Second, the structural analysis (corresponding to step 6 of the
hierarchical scheme) reveals pores at the interface. This is even
more supported by a theoretical study of Zhang et al. who sug-
gest that the physical contact Aypsp roughly changes by a factor
of five in the experiment of Krauskopf et al., from around 20%
at 10 MPa to almost 100% at 400 MPa.’! Third, temperature-
dependent impedance measurements (corresponding to step 7
of the hierarchical scheme) yield a small activation energy for
the interface signal E,, = 0.37 eV comparable to that of the
bulk process E, g = 0.34 eV.

All listed observations agree very well with the computations
performed and also with fundamental studies on the constric-
tion effect published in the literature.?*3% Thus, we conclude
that the CT step at the Li|LLZO interface is negligible as cur-
rent constriction effects clearly dominate the electric Li|LLZO
interface properties in the samples studied by Krauskopf et al.
This result is consistent with several other experimental obser-
vations, such as the evolution and the increase of an interfacial
(i-e., constriction) impedance contribution due to pore forma-
tion during anodic dissolution.F963.65-681 Moreover, Ortmann
et al. recently reported similar experimental findings for the
interface between sodium and NASICON-type solid electro-
lyte Najy4Zr,Siy 4P s015.*) Their detailed analysis of the origin
of the interface impedance reveals that the contribution of a
naturally grown and kinetically stabilized interphase is
negligible. Instead, pore formation leads to current constric-
tion, which dominates the rate performance at the interface.
This further emphasizes the important role of geometric
constriction effects at alkali metal|SE interfaces on the way
towards the successful implementation of reversible metal
anodes in the market.
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4, Conclusions

Various processes, such as charge transfer, morphological and
chemical instabilities due to pores or SEI formation, affect
the interface properties of metal anodes in solid-state battery
cells. Identifying the dominant interface effect(s) at metal|solid
electrolyte interfaces is crucial, as the strategy for improving a
solid-state battery depends on the rate-limiting process, which
needs to be overcome. In this study, we use a 3D electric net-
work model to investigate the interplay of these interface effects
with the structural properties of a symmetric Me|SE[Me stack
in order to assess their impact on the impedance data in the
frequency and time domain.

We perform a thorough analysis of the dependence of the
impedance data on the physical contact area Aygsg and on tem-
perature for different orders of the time constants of the under-
lying interface processes. Fitting the computed impedance data
with 1D equivalent circuit models, in which different processes
are represented by RC-elements, allows to translate the micro-
scopic and mesoscopic transport properties into macroscopic
transport parameters (R; C). This enables the development
of universal recipes in the form of hierarchical schemes for
analyzing experimental impedance data. We introduce such a
scheme for systems with chemically stable interfaces, or with
kinetically stabilized interlayer, for example, battery stacks with
a porous WE|SE interface. The approach relies on the evolution
of the impedance data when the porous interface morphology
is continuously tuned under external pressure.

In principle, similar schemes can be developed for systems
with other interface morphologies, e.g., interfaces with dynamic
SEI formation. However, the impedance studies in such cases
need to be accompanied by thorough structural investigations
of the evolution of the interface morphology under operation
or under external parameters like pressure. This is a necessity
for extracting the functional relationship between the macro-
scopic transport parameters of the 1D equivalent circuit models
and external control parameters tuned in the experiment. The
approach sketched spans the bridge between 3D electric network
modelling of impedance data and experimental measurements
and corresponding analysis. It is widely employable and will
help to speed up the optimization of solid-state batteries in the
future.

This is successfully demonstrated considering experimental
impedance data of a Li|LLZO|Li stack. We prove unambigu-
ously that the Li|LLZO interface properties are dominated by
geometric current constriction while the electric CT migration
process plays only a negligible role. This also applies to recent
experimental results on sodium in contact with a NASICON-
type solid electrolyte. Consequently, charge-transfer driven mor-
phological instabilities during cycling impedes the successful
implementation of reversible metal anodes in the market.
Thus, methods need to be developed to suppress pore forma-
tion at the WE|SE interface.
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