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Zusammenfassung

Die Eindammung der globalen Folgen des Klimawandels wird als eine der grof3ten Herausforderungen
unserer Zeit angesehen. Der Umstieg von fossilen auf erneuerbare Energietrdger ist ein wichtiger
Meilenstein auf dem Weg zu Klimaneutralitat umehr Nachhaltigkeit. Speichertechnologien wie zum
Beispiel Sekundarbatterien sind in diesem Zusammenhang von grofRer Bedeutung. Dies gilt zum einen fur
die Transformation des Automobilsektors, in dem Verbrennungsmotoren zunehmend durch
Elektromotoren erset werden, zum anderen aber auch, wenn es darum geht, Uberschissige Energie aus
regenerativen Energiequellen zu speichern. Dabei wird der Realisierung neuartiger elektrochemischer
Speicher eine Schlisselrolle zugeschrieben. Ein interessanter Ansatzspeldvecise Feststoffbatterien

mit reversiblen Metallanoden, die theoretisch ein Vielfaches der Energiespeicherkapazitat herkdmmlicher
Lithium-lonenBatterien bereitstellen koénnen. Bis zur Marktreife sind jedoch noch diverse
Herausforderungen zu bewaltige

Die elektrochemische Impedanzspektroskopie ist ein leistungsfahiges Werkzeug, um neuartige Materialien
zu charakterisieren und Systeme im Betrieb zu tUberwachen. Sie ist daher eine wichtige Analysemethode
bei der Untersuchung von aktuellen umdkinftigen 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 Uber Mustererk@hnung u
eindimensionale elektrische Ersatzschaltbilder. Diese Methode hat sich als Standardverfahren zur
Untersuchung homogener Systeme wie FlUssigkeiten oder Einkristalle etabliert. Die Analyse von
inhomogenen Festkdrpersystemen wie polykristalliilektrokeamiken, porésen Materialien oder
Verbundwerkstoffen aus mehreren Komponenten ist im Vergleich dazu jedoch wesentlich komplexer. Ihr
mikrostruktureller Aufbau flhrt zu zuséatzlichen geometrischen Freiheitsgraden im System. Dadurch kann
das Transportverhalteturch reale Strukturen nicht adaquat durch ein eindimensionales Modell angenéhert
werden. Dies wird allerdings bei der Impedanzanalyse von Festkorpersystemen im Hinblick auf die
Materialeigenschaften und die auftretenden Transportprozesse haufig aul¥ergedassen. Die
Aussagekraft der gezogenen Schlussfolgerungen ist daher eingeschrankt und der Erkenntnisgewinn tber
das untersuchte Systeapriori begrenzt.

Die Art und Weise, wie geometrische Effekte die Korrelation zwischen dem Impedanzsignal und den
Transport oder Struktureigenschaften beeinflusgsthis heute nicht vollstandig geklart. Im Rahmen des
Dissertationsprojektes wurden diese Fragestellungen im Zusammenhang mit aktuellen Herausforderungen
in der Entwicklung von Feststoffbatterien intensitersuchtDazu gehdren insbesondere der Einfluss der
Mikrostruktur des Festelektrolytseparators auf den lonentrangpddessen Auswirkung auf die aus der
Impedanz abgeleiteten MaterialparameBartber hinaus wurdder Einflussder elektrochemischen und
morphologischen Stabilitdt der Grenzflache zwischen Metallanode und Festelektrolytseparator auf die
Systemeigenschaften analysi@m. diesem Zweck wurde ein progressiver Arbeitsablauf entwickelt, der die
Generierungealititsnabr Modellsysteme, die Modellierung des lonentransports auhitteoskopischen

und mesoskopischen Langenskala Ule@n mehrdimensionales elektrische Netzwerkmodell und die
automatisierte Auswertung von Impedaniber eindimensionale Ersatzschaltbilderfasst.

Die in den verschiedenen Studien gewonneneua Einblicke leisten einen wichtigen Beitrag zum
besseren VerstandrdersysteminterneProzesse in Feststoffbatteri&ine wichtige Erkenntnis istabej

dass die mit eindimensionalen Modellen abgeleiteten materialspezifischen TransportgrofRen teilweise
Ungenauigkeiten von mehreren GroRRenordnungen aufwdbatiber hinaus wurde gezeigt, dass das
Impedanzsignal Signaturen der geometrischen Struktur ddye Puod des Systems enthdalt, die in
eindimensionalen Modellen oft nichausreichend abgebildet werden kdnnen und daher zu
Fehlinterpretationen fuhrenBesonders deutlich wurde dies am Beispiel der Lithietallanode
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FestelektrolytGrenzflache:Stromeinschniungseffekte durch morphologische Veranderungéhrend

des Betriebserschlechterdramatiscidie Lestungdahigkeit des Systems, was lange Zettimlich dem
Ladungstransfachrittzugeschrieben wurdBies fuhrte zu der falschen Annahme, dass ein inharent hoher
Transferwiderstand die Realisierung des Konzdetseversible Metallanoa verhindereund verzdgerte
dadurch dessen Weiterentwickludgf der Grundlage detaillierter theoretischbtersuchugen konnten

die strukturbedingten Ungenauigkeiten déber Standardverfahrerermittelten Transportgrof3en
abgeschatzt und ein Leitfaden fur die Interpretation experimenteller Impedanzdaten von
Grundmetallanoden entwickelt werdeDas Dissertationsprojekt als Ganzemterstreichtdamit die
Bedeutung einer umfassenden Strukturanalyse bei der Betrachindg Interpretation von
Festkorpersystemen.

viii



Abstract

Mitigating the global consequences of climate change is one of the biggeshgbsltd our time. The
transition from fossifuelsto renewable energy sourcgsems to ban important milestone on the road to
climate neutrality and sustainability. In this context, energy storage technologies such as secondary batteries
are of great iterest. This appliesot onlyto the transformation of the automotive sect@hereinternal
combustion enginesregradually beingeplacedy electric ones, but also to the storagexafesenergy

from renewable sources. The realization of novel electrochemical storage sgpterass to bessential

in this regard. Soligtate batteries with reversible metal anodes, for example, theoretically enable a much
higher energy storage capacity ih@onventional lithiurrion batteries. However, there are still a number

of challenges to overcome beforésttechnologyis readyfor themarket

Electrochemical impedance spectroscopyaipowerful tool for characterizinghe electric transport
propertiesof novel materialsand monitoring systemin operation It is therefore an important analysis
method in the study of current and future energy storage systbmanalysis oimpedancealatamostly
involves pattern recognition and fitting with a simple electric equivalent circuit mokisl.has become
the standardfor studying homogeneous systems suchli@sids or single crystalsThe analysis of
inhomogeneousolid-statesystems, such alycrystalline electroceramics, porous materials, or multi
component composites, is much more complés is due to the microstructure thfe sample and the
morphology of interfaces, which introduce additional degrees of freedom into the sygkera.resultthe
transport behavior through real structures cannot be adequately describeddisnemsonal modsl
However, this isisuallyoverlooked in impedance analysisterms ofmateriatspecificproperties anthe
transport processéaking placan the systemTherefore, the possible gain of knowledge about the system
under study is limite@ priori, asis the validity oftheconclusions that can be drawn.

The extent to which geometric effects affect the correlation between thest@uimimpedance response
signal and microscopic transport or structural properties is not yet fully underBbtmodissertation project
explores theseopen gquestionsn the context of current challenges in the development of -stdie
batteriesThis includes studying the effect of the solid electrolyte separator microstructure on ion transport
and its effect on the matergpecific transport parameters derivesingthe standard impedance analysis
procedure In addition, the consequences of the electrochemical and morpholgisahbility of the
interface betweeparentmetal anode and solid electrolyte separ@taring operationdn the properties of
the system have been analyzed in defdl.this end, acomprehensive modeling workflow has been
developed that includes the generation of realistic model structures, the modelingrahsporton the
microscopic andnesoscopic scalasing a multidimensional electrical network model, and automated
impedanceanalysis.

The insights gainenh various studies are a significant contribution to a better understanding of the internal
processes in soligtate batteries. An important finding is that the matespacific transport quantities
derived with onedimensional models sometimes exhibit ina@cies of several orders of magnitude. It has
also been shown that the impedance respohfige systentontains signatures of the sample geowmetr
such as microstructure or interface morpholdbsit cannot be adequately represented indamensional
models, leading to misinterpretat®nThis has beerparticularly evident when studying the interface
behavior between lithium metal anode gadnettypesolid electrolyte: Geometricconstriction effects due

to morphologicalinstabilitiesdramatically degade system performance. For a long time, this has been
mistakenly attributed to the charge transtsction leadingto the misconception thaninherently high
transfer resistance preventhe realization of the reversible metal anode concépterall, detailed
theoretical investigationbave allowed to estimate structural inaccuracies of the determined transport
guantities and to develapguideline for the interpretation of experimental impedance data of parent metal



anodesThe dissertation as a whole emphasizes the importance of comprehensive structural analysis when
considering and interpreting solgdate 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 orossil 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 iabtetedtention. 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 tohe 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 anddéds tremendous potential, theoretically offering a
substantially higher capacity for energy storage compared to conventionalJithiuratteries. Before this
technology can be considered ready for widespread adoption and commercialization, howexar, se
formidable challenges require careful consideration, with particular focus on enhancing the stability and
reliability of the system's interfaces.

In this respectimpedance spectroscopy (IS) is a powednhlysis tool in materials research and
devebpment. The method is nodestructive, nosinvasive and, depending on the frequency range
considered, requireglatively short measurement timdsaportant historical milestondsr this method
include the invention of potentiostats in the 1940s and the introduction of freqesponsanalyzers in
the 1970s, which significantly simplified the process of impedance measuséni€nhas become
increasingly populam recent yearsince it is arathersimple automated electricaharacterizationool
whose results complement those of other electrochemical meffiudss also reflected in the number of
annual publications witltontributions fromlS, which has increased @abouta factor of D since the
beginning of the millenniumiHowever, there arenly afew studieghathave adressedhe challenges of
IS and uncertainty analysis of microscopic materiatspecific transport parametersderived from IS
measurement$/ost of thenfocus exclusively on thexperimental sidelthough it is well known thafor
example the microstructuref a solidhas a majoinfluenceon the evaling transport paths through the
system In particula, the interpretation of the measurement resulth respecto the characterization of
the electric and electrochemigabpertiesof the sampleunder investigation is only rarely questioned.

The goal of this PhD. thesis isto highlight the challenge®f correlating the macroscopic impedance
responsesignalof the systemwith transport effects and propertiescurring at the microscopic levdlo
this end a modeling workflowhas been developgd compute synthetianpedance datérom three
dimensionalsolid-state systems This includes automatedimage recognition for segmentatiar the
microstructure,transport computations withnaelectric network modeland analysistools such as
distribution of relaxation times arghuivalent circuit model fitting for data analys&uch anapproach
allows direct comparison of geometrgystemparameterand microscopic transpoguantitieswith the
results olcommonlyusedstandard IS analysmethodsThe conclusionsgerivedare general imature but
thefollowing discussion focuseslelyonelectric energy storage systems, as their societakrbcoming
increasingly important in light of climate concerns.

1.1 The Role ofEnergy ManagementSystensin Combating Climate Change

The worldwide total demand for energy constantly increases in the course dhe advancing
industrialization increasing health in developing coungrieand growth of world populatiorGlobal
electricityconsumptions projected to increase by almost 8§@9f6m around 24.#Wh in 20210 44.5PWh
in 2050%* Depending on the forecast, Germé&ugemand foelectric energy isvenexpected to more than
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Figure 1. Overview of (a) the worldwide electricity consumption and (b) shares of gross ele
production for Germany (58BWh) in 2021-° Global demand for electricity is expected to double by :
driven by increased activity and efforts to electrify-esdrs. Germany aims to badts share of renewak
energy from 40% today to 100% during this period.

triple, from 0.58PWhnowto more than 2. PWhin 2050%° 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-or this purposenpuclearpowerplantsareoftenused, where nuclear fissioaleases

a large amount of enerdlyatis converted into heat or electric energy

Other conventional power plartiurnfossil fuels such as coal, natural gas or crudeTbié redox reaction

during combustion, however, releasage amounts o€0; into the atmospheresreenhouse gases such

as NQ or CQ 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 mill@meizonsequences of the human

made climate chan§#&’ are becoming more and more omnipresent, as extreme weather events (e.g.,
droughts and floods) have also occurhedivier and more frequentily Germanyin recent yearst'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 Gd greenhouse gas emissidhslowever, the tradeff

between climate goalsn the one han&nd economic interests such as international competitivemess

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

There is a broadonsensuamong experts that the phaseat of fossilfuel power generation is necessary to
achievethe Parisclimate targetsTherefore, thé&european UnionEU) Commissiorrecentlyapprovedhe
Complementary Climate DelegatedtAwhich addsspecific nuclear and gas energy activitiethe list of
economic activities covered by th&J taxonomy:*® In particular, the classification oluclearenergyas
climate-friendly has been criticized bgctivistsin light of the Chernobyl accident (198@he natural
disaster in Fukushima (2011), and open questions afelang-termstorage of hazardous or radioactive
waste!®!® Japanhasrecently decided to reactivate old reactors tnstartplanning new nuclear power
plantsin orderto reconcileeverincreasingenergy demand with the Paris Agreeménit.Japaids changing
attitude toward nuclear energhiows thait is challengingo simultaneouphase out both coal and nuclear
power within just a few years withojgopardizing economic success.

The agenda of the EU indicates that phasing outfaeal power generation eshigher priority than phasing
out nuclear power, which does not emit greenhouse gasemany is playing a pioneering role worldwide
with its decision in 20110 exit nuclear energy by the end of 2022 emghaseout of coalfired power
generation by 2B02+22|t corresponds to a compldétansformatiorof the energy sectam justtwo decades
which will requirean enormous national efforThis anmbitious goalis basedn the facthat the energy
supply from renewable, climatériendly energy sources exceeth® current and futureglobal energy
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demandby several timedHowever, me of the biggest challenges in this context is that enmaguction
from renewable sources such as dyivater andsun lightcannot bereadily adjusted to current energy
demand. Instead, it depends on environmeataiditionsand on location This uncertainty poses a
significantrisk not onlyto industrialmanufacturingcompanies, but alsiw healthcareorganizations such
as hospitals*® Strategies to overcome these issues include trairspaxcess energy to regions with
increased energy demafedg., transpoiig wind power from nortarnto soutlernGermany)decentralized
and mobilestorage of excess energy so that it can be used againiwiseneeded(smart grid) and
rebalancingvith erergy-friendly power plants such as natural glsisis a powerful remindethat the se
called energy transitionis not just aboutenergy generatigrbut alsoaboutenergy storage, gridend
infrastructurein general

Sustainability is at théorefront of all measures, i.e., not onlyterms ofenergy generatigrbut also in
terms ofthe carbon footprintof the value chainthe environmental impact of mining raw materials,
recycling, waste management, e abundane of resourcesand materialsfor applications*?> The
importance of the lattein particular is currentlyhighlightedby the shortage of natural gas available on
the international marketue toRussids aggressioragainst Ukrainé® Thisin turn emphasizethe central
role of energy efficiencyThere is a need to improve and develop technolamidsconcepti terms of
energy consumption and the use of resoui©es. of multipleinteresting approache®r example is the
useof smart windows toegulate the flow o$olar radiation througtineglazing This couldbea promising
way toreduce the energy consumptifmm temperature contrah buildings?”2°

Altogether,a greatdeal of fundamental research, breakthrough discoveaed innovatioris needed to
make the energy transition a succéfsto now there is nalternative tasustainable, resouramnserving
and efficientelectricalenergy storagerhis is also evident from thaecision of the Nobel Pi2 Committee
in 2019 toawardJohn B. Godenough, M. Stanley Whittingha@nd Akira Yoshino witlthe Nobel Prize
in Chemistryfor their pioneeing work on lithiumion batteries (LIBF*32 LIBs have asignificantimpact
onour daily livesthrough theiuse for examplein mobile phones, computertablets andtoothbrushes.
However, the successful transformation of the epiirgergeneration sectpas well agthe mobility sector
with the phas@ut of the internal combustion engiimevehicles cannot be achieved with LIB as a storage
system aloneSolid-state batterieSSB) with reversible metal anodegre a promising alternative.
Theoretically, they caprovidesignificanty betterperformancehan conventiondllBs due totheir higher
energystorage capacityHowever,there are still many challenges to overcamier tothe marketlaunch
as a commercial produdthereforejn the following chaptenve will briefly review the fundamentals and
challengesassociated witlsSBs in more detail.

1.2 The Elusive Holy Grail: The Challenge forSolid-State Batteries

The storageof electrical energyn form of chemical energy relies on thmasicprinciple of separating
electronic and ionic charge available in one material and réoorgtboth charges in a secontaterial
This happens in every electrochemical storage device during operatiloiling batteriesThese in turn
are classified into primary and secondary systems according to the reversibility edé¢trechemical
reactiongaking place inside the ceglle., the ability to recharg@In an absolute minimalistic cedlesign,
a LIB contairs three components, aegative electrodeafiodd, a positive electrode (cathode) aam
electrolyte Theintercalationanodes usuallymadeof graphite, whose layered structure allows lithium to
be incorporated and stored durithg charging proces$Theionically but not electronically conductive
organic liquid electrolyte (OLE9nsure€harge separatiaandpreventspontaneous setfischargeéhrough
a mechanical contact of both electrodes. If this cannathievedy a spatial distance ttieelectrodesa
so-called separator is used between thédns a permeabl@olyolefin membraneémpregnatedwith the
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OLE, which allows fast transporbf Li* ions but not electronsThe cathodés often a porouscomposite
composed of cathode activaaterial (CAM) particles binder and conductive additiveswvhich is
impregnated with th©LE. Theionic percolation paththroughthe OLE, andhe electronicpercolation
pathsthroughthe network of CAM and conductive additivaléow delithiation and lithiatiorof the CAM
particles during charge and discharge, respectiwveien theexternal circuit is closed and electrons can
flow through the consumdpad Typical CAMs are layered dnsition metaloxides, spinel oxides, or
polyanionic compound®:4°

The electrochemistry of the battery, more specifically the choice of materials and the electrochemical
reactions that take place d@mmajor impact on the ggerformance indicatof&PI). These includenergy
density power density specific capacity coulomb efficiencycapacity retention, operating conditions,
safety, price, or cycle lif¢' Todays stateof-the-art commercialrechargeable LIB&“* such as Tesfa
4680type battery celt> can be operated for several thand charge and discharge cycles affér a
specific reversible capaciyf 73mA hk& !, anda specificenergy density in the range 200Wh A’k g
However, hefields of applicationfor batteriesare becomingncreasingly diverseAt the same timehe
requirementsare beconing more and more demandiragnd 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 readyl&ogescale 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 diglstsaidards,
especially in the event of accidents.

A major challenge in this context is that the Ld8nceptwill soon reach its physicochemical limit with a
maximum energy density about400Wh ATk“§f® To exceed this boundary amthieve higheenergy
densitiesthe electrochemistrgf the cellon the anoder cathode sidenustbe changedfor example by
substituting individual material&notherpossibilityleading to similar effectis toincreaséhe amountof
active material in the cathothg usingthick electrode4® The implementatioof thick electrodeshowever,

is challengingsince OLE are dudbn conductors (DICyvith cationic transferenceumbersn the range of
0.27(e.g.,for LiPFs). A large difference inthe anionic and cationic partial conductiviof OLE leads to

the formation of a concentration gradiesithin the electrolyte which in turnlimits the charge and
discharge ratesf thebattery®®®* One of the mogpromisingapproaches on the anode sidsigmificantly
increase the energy denysis to replacehe intercalation electrodeith a metal electrod®. The basic idea

of this conept is to dissolve and rebuild the metal anode during the discharging and charging, process
instead of reversiglincorporatig and extractig metal (Me) ions into/from the host structure during
dischargng andchargingIn other wordsthe charge transfer reactiantheanodenterfaceinvolvescrystal
dissolutionor growth (Me = Me* + €) rather than (de)intercalatiotn most studies lithium metal is
consideredas reversible anode materialnce it mayprovidethe highest possible increaisetheoretical
volumetric (2.061mA h A% rand gravimetric (3.860m A h'A gcapacity compared to graphite
(760mA h Aami350m A h'A gspectively.> Alternative anode materials such as sodium are discussed
in only a small number of repolts®

Thehighinterest irreversibleparentmetal anodes due tahe expected increagethe gravimetric energy
density by 50% anih the volumetric energy density by 80% at the cell level compared to a conventional
LIB.#* %3However, thémplementation ofhis conceptespecially théormation of the metal anode during
charging,is a major challeng®. Inhomogeneous metal deposition leads to the growth of dendrites, which
can easily penetrate conventional separatoegnated withOLES. The resulting shottircuit causes
thermal runaway of thiattery, leading quickly to fire and thus pea major safetgoncerrf*6* Another
challenge is the high reactivity of lithiyrar alkali metals ingeneral, when they come into contact with
OLE in particular.Ongoing undesiredide reactions€onsumeelectractive species and thus lower the
Coulomb efficiency and cycle lif&f To control the reversible metal anode in secondary batterie®and
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overcome the challengégscribedmuch research is being conductedS#Bs Thisis also evident at the
industrial level for examplein companiesuch asToyota, Samsung, Panasonic, or Volkswatéh.

In an SSB system,a dense solid electrolyte (SEgparatottakes the role of thepemeable polyolefin
membraneand the OLEThere are severgloodreasongo usean SEinstead of an OLEThese include
suppression of dendriggowth due to their mechanical propertiegher safetglue to their nofllammable
characterandincreasedCoulomb efficieng due to theidower sensitivity to side reactionSuitableSE
materials must meet various demands in terms of transport properties, thermal and chemical stability, and
mechanical properties. The ionic conductivity of the SEukhbe as high as possible to minimize the
internal cell resistanceThis allows for thick electrode configurations and enabfast charging and
discharging. The range of 20S&m'* and higher serves as reference value for the required effective SE
ionic conductivity?® 7°72 In addition, he SE neés to be thermbl stable undewarying operating
temperaturesfor example b et 80é& and 70°C in the case of batteries in EVASA wide
electrochemical stability windoiis desirable to allow highperating voltagewithout decomposigpthe
SEandto avoid the formation ofra(insulating solid electrolyte interphase (SETherequirements for the
mechanical properties of the SE axenmore diverseSEsshouldbemechanically softo compensafor
electrochemically induced stressésr, example in case ofvolume changes of CAM particledue to
(de)intercalation of lithiumHere, he ability for eversible deformation helps to maintain physical contact
with the CAMduring cycling redudng capacity fading®>’® At the same timeSE materialshouldexhibit

high resistance to electrochemigalkchanical induced fractyrtor example due todendriteor filament
growth

SEs can belassifiedinto organic solid polymer electrolytes (SPE) and inorganic solid electrolytes (ISE).
There are also hybrid conceptshieh aimto combinethe advantages of both componefitS. The
mechanical properties of SPEs ensure easy proceggssggcold pressingind battery cell manufacturing.
The materials armexpensiveandexhibit a low density. The disadvantagef SPE, on the other hand,
includethe reed forhighertemperatures to achieve proper rate capabildigs to typically lower ion
conductivities as well ake occurrencef ahigh interfacial resistance with the anode matét& Thelow

ionic conductivity of SPESs related to their charactes ©ICs, which in turn causes concentration
polarization effects similar to OLEs. ISEn contrast, arsingleion conductors $1C) with an immobile
anion framework and a transference number close to unity. This prevents concentration polarization across
the electrolyteand enables higher ionic conductivitias well asbetter rate performané@The thermal
stability and nofflammability of ISE also ensure a high level of safety with regard to the safety tests
designed fotIBs with liquid electrolyte$*# Their mechanical properties, however, makanufacturing
considerablymore challengingHard ISEs oftenrequire energyntensive hotsinteringstepsto achieve a
proper contact between grains and with CAM particldbeit, atemperature treatment of the CAM in
contact with the SEnay in turn harm the constitution of the CAMfecing the battery performanc&The

most promising ISEcandidatescan be divided into oxides and sulfideshich have different
electrochemical and mechanical properties. Sulfsdes ashiophosphates are characterized by high ionic
conductiviy and malleability at room temperaturEhough they showa rather narrow electrochemical
window. Oxidessuch as garnet ceramjese chemically and thermally mosé&able but théer mechanical
properties make them more difficult to process and manufacture.

Consequentlyreplacinga liquid electrolyte with a solid one poses many challenges, especially with respect
to changinginterfacial properties and requiremengs.major benefit of liquids is that they canmore
efficiently compensatdor stresses in the syste(e.g., CAM breathing and thus do not affect the
mechanical stability of physical contaéts! Anotherimportantaspecis 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 carrigr¥’ °2% Unlike OLEs, the mechanical properties of |§fsvent
infiltration of the pore space within the cathode. This oftesults inresidual porosity and reduced wetting
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Figure 2. Schematic architecture of an alkaline metal salidte battery. It consists of a copper cur
collector, a parent metal anode, an SE separator, arC8E composite and an aluminum curi
collector. The clos@ips highlight certain critical kinetic aspts that determine the KPI of the SSB
Credit: Elisa Monte/JLU Giessen.

of the CAM surfaceTherefore the microstructural configuration of the composite catreygjgears to be
of great significancelt is essential to ensure sufficient percolation paths and physical contact between
CAM and ISE already during the manufacturing proéé<3n theanode sidethe (electro)chemical,
mechanicaland morphological stability of the interface betw#wralkali metal andhe SEseparatoposes
an additionalchallenge®® °*%° The metal anodeneeds tobe reversibly dissolved and deposited during
discharging and charging, respectivelyis requirecompensatioifior the stressemtroducedby volume
changesas well ahiomogeneous metal dissolution (i.e., stripping) and depnditie., plating) to prevent
various failure mechanisms of the systéhese include dendrite or filament growdlithin the SE
separatoandcontact loss due tpore or void formation at thalkali metal|SEseparatomterface?’: 100104
The stripping ad plating behavioalso dependsn themicro- andmesastructure of the SE separator and
thediffusive transport oitoms and interstitials in theetal ande 101 105108

In conclusion the interfacecharactestics are decisivelyfor the battery performance. SSBs require
optimizedelectronic and ionic percolation network in the compaosite cathode, fast charge transfer across alll
interfaces, fast ion diffusioim the CAM, fast ion transport in the SE, and morphologjicahemicaly and
mechanicdy stable interfaces during operatiddegradation 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 thesissues starting with the development of novel concepts to avoid degrad#featseat the
electrodelelectrolyte interfacestich as the deposition of protective coatings, and ending with the synthesis

of improvedseparator or CAM material81® 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 possitihile achievng scientific progess as fast as possible.
Statistical approachesuch 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, areslowly complementing the spectrum thditional methods such as density functional theory,
molecular dynamigor kinetic Monte Carlo.
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In recent years, an autonomaarsd rapidly growingesearch fieldor modeling whole battery cellsas
emergedbasedon the arly work of the Newmarmgroupin 1994 These modelsaim to accountfor all
interactiors betweerthe cathode, anode aradl kinds ofinterfacest'¢'2* Such modelingequiresa variety
of input parameterfor charge transport, diffusion processe=action kinetics athe interfacesand the
microstructural compositionf the systemDescribingall thesechemical processes ofteesults inmore
than twenty parameterdancluding multiple diffusivities, conductivitiesrate constants, and geometric
parametersuch agarticle size, separator thickness, or poro€ft}?’ Most of them can be determinby
experimental measuremenksavingonly a few unknows A detailedreview of the literature, however,
often reveals a higvariancen theexperimentally determingmhrametersSometimes thpublishedvalues

of the same parameter span several orders of magnithie may bedue todifferences insample
preparation measurementincertainties or evenmisinterpretation of experimental dat&!*° John von
Neumann(1903i 1957)oncefamouslysaid about complex modeldWith four parameters | can fit an
elephant, andvith five | can make him wiggle his truak his indicates that the uncertainty in the input
parameters makes the predictive powesunth globamodek questionableThus, thdindingsfrom battery
modeling are closely relatedo the quality and interpretation dhe experimental dataThis motivates
studies on the determination of microscopiateriatspecifictransport quantitiesuch as conductivities
and diffusion coefficientrom experimental da obtained with welestablished electrochemigakthods
suchaslS.

1.3 Transport Characterization by Impedance Spectroscopy

Impedance spectroscopy is aectrochemicalmeasurement techniquehere the system under
investigation is excitethy an externahlternatingelectric field and the response signal is measured as a
function of frequency.The origins of IS can be traced back to thehl®ntury when Kohlrausch
experimengdwith alternating cuents to determine electrolyte conductivities, Heaviside aaok linear
system theory and Warburgiorked on the impedance of electrochemical systems and diffusion
processe$ ¥ For a long periodf times, almost 100 yeawstil the middleof the 2@h century, technical
circumstances allowed impedance measurements only for excitation frequencies abblze Thid
hampered its applicatiofgr example for the study of corrosion and electiissolution mechanisms, since
the experimentally aessible frequency rangkd not reach down tthe slow relaxation times of reaction
intermediatesThus IS hasmostly beenused to investigate the polarization behavior of interfaces of
biological membrane$>* or liquid electrolyte$37144 The development of the first frequency response
analyzers in the 197psombined with the introduction of potentiostats about two decades earlier provided
access to frequencies down to BAandenabled automation of daaquisition'®1%8 This led to increased
interest and applicatin of the method!**'*® The study by Bauerle on tB conductivity of ionically
conducting electrolytefsom 1969 represents a milestoinethe researcfield of batteries and fuel cell§!

It demonstratefbr the first time that IS is a useful tdaolr the characteriation ofceramicsandmotivated
further theoretical and experimental investigationthe following years

IS has become one of the m@&ipular andpowerful electrochemical tool®r studyingbattery cells,
reaction mechanisms, and corrosion procegses result,lte number of publicationsontaininglS data

has increasedexponentially over the past two decades.The findings obtained complement other
electrochemical measurement methods such clasonopotentiometry, chronoamperometoyclic
voltammetry andscanning electrochemical microscd$**? In this context|S providesan understanding

and quantitative information about transport mechanisms in complex electrochemical systems with
comparativelylittle effort andin rathershort measurement timeshis includes physical and chemical
detailsabouttransport effects taking place, dynamics of bound or mobile charge camiersscopic
transporguantities such ashemical reactionates, dielectric properties, diffusidsor conductivitiesand
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(micro-)structural changes the sampleduring operation. The direct correlation betwésmpedance
featuresand reaction or failure mechanisms makis interesting for in situ and operando system
diagnosticsilt is suitable for predicting performance aspects of fuel cells, chemical sensors, and biosensors,
or for understanding the stadé-healthof batteries inEVs by estimating the internal temperatwethe

cell. Another field of application igprocess characterization the form of empirical quality control
proceduresfor example to evaluate the mechanical performance of engines or the quality of paints,
emulsions, electropaintisgthin-film technologies, and material fabrication&?*

1.3.1Fundamentals andStandard Data Analysis

IS relies on théactthatvariousmicroscopic transport processegshe systenoccur at different rate3he
deviating kinetic behavior on the time scale is relatiex] for example the type of charge carrier, the
microstructure of the sampler the nature and type ah electrode Diffusion processes amuite slow

with typical relaxation timesn the range ofeconds lon migration throughSEsis several orderof
magnitude fastewith relaxation timegn the range omilli - or microsecondsThis in turn ismuchslower
thanelectron migration ilopedsemiconductorsvith relaxationtimes of picoseconds or evéass'®>16

To deconvoluteprocesses occurringn differenttime scales an external alternating electric field of fixed
(angular) frequency =2 T i& applied to excite the system under investigation either potentiostatically
(i.e., applied voltag®)) or galvanostatically (i.e., applied currdit The response signa measured in
terms of amplitude and phase skiifTheimpedancean be calculatedsingOhmés law(Z = U/1).2% This
procedure is repeated over an extended frequency range, typically betweenibiliewtz andmegahertz
resultingin a discretecomplexvalued function Z(¥) known asthe impedancespectrum In an ideal
scenarig each process dominates the transport characteristics in a certain frequencyenzeajing
impedancecharacteristiceand signatures in the spectrum that allawseparationThis provides for
example access to materialpecificparameters such as polarization resistance, double layer capacitance,
or bulk conductivity, instead obnly effective transport quantities as in the case dafiract current
measurement.

The macroscopidmpedance rgmnse signateflects a superpositionf @ll effects within the system
betweenthe working electrodeWE) andthe counter electrodeQE) in the case of a twelectrode setup.
These include thenicroscopictransport processes under study, but alswantedmeasurement afacts
due tostochasticnoise, interfering electric fielde(g.,50 Hz mains frequengy varying environmental
conditions (e.g., temperatuce humidity fluctuations, and vibrationsandthe measurement setitpelf.
Several disturbing effects can be suppressed by simple experimmaalressuch asusing a Faraday
cage to shield electric fields or by twisting the cables to reduce inductantéutionst> The Kramers
Kronig (KK) relations can assist in revealing the error strudtutbe measured datiue to instrumental
artifacts or norstationary behavior of the systeifhe KK relationsare Hilbert integral transformations
that holistically link real and imaginary parts ariy compl& function that is analytic in the upper half
plane!®®®l This means that theneasured real or imaginary paatone is suitable to predict the
corresponding counterpawhich can the becompared with the measurement resulthieck the quality
of therecordeddata.

The KK relations rely on the assumption that the systelingar, stable and causdlhese are the three
basicrequirementghat a systemshould meetwhen examined usingS.*®* The constrainhof linearity
addresses the response sigtmlan applied perturbationThe curremvoltage characteristic of an
electrochemical system generallya nonlinear function.It can be expressedathematicallyasa Taylor
series whose linear term has to domindhe global behaviom the case of an IS measuremeifihis
requiressmall perturbation amplitudestypically in the range of ters to hundred of millivolts for
potentiostati@ndmilliamperedor galvanostatiexperimentsrespectivelyThe exact choice of the applied
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Figure 3. Flow diagram for the standard analysis of experimental IS measurements. Adapt
permissiont Copyright ©2018, Wiley.

amplitude is a compromise between achieving a sufficient signmadise ratio and simultaneously
satisfying the linearity conditiorlhe stability constraint focuses on ensuring that ¢xeitationdoes not
alterthe systenin any way This is particularly challenging for battery systemshath potentiostatiand
galvanostatic IS involve charging and discharging st&#Reseach effortsin this directionhaveled, for
example to time correction methadn the investigation of rechargeable Isl8r to criteria for determing
an qtimal excitation amplitudé®*1%° The causalitycondition targets thenhe scale of theesponseignal
to thepeturbation i.e.,the reactiorshould notprecede the perturbatiomhis ensures that theeasured
signal is only due to thapplied excitationUndesirable an-stationaryor drifting behavior is often
encountered at low frequencies dug¢helong measuremenimes(t ~2 “¥J.

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 corregtords from the datasethe analysisaimed at
distinguisling individual transporteffects is usually performed in the frequency domainereby, the
impedance spectrum igpically visualizedin the Argand diagram, i.e., the-salled Nyquist plot. Thiss

a freqguency implicit data representatidisploteadher e t
versughe real part of the impedanzge It is complemented by less common explicitly frequedegendent
representatios) the group of Bodedigr ams t hat consi &%andrealepgr ofthe e i ma
impedance, or absolute impedargiehd phase angleversusangularfrequencyy . All data representation

forms also apply to transformed impedance functsureh aghe admittance(y) = Z' }(¥), the modulus

M(¥) = i ¥&CqedX (), andthe dielectric permittivity({¥) = M"1(¥) functions The geometric capacitance
Ceo=GMLcorresponds to the egmlpstripesheweusnupermitidtyanadvic e | |
the cell constant of the setup. Each of these functomghasies different aspects of polarization and

charge transpoit a materiabnd has been or is stileing used in different research ar&és.

The visualization of the impedance functigives an initial ideaf the number ofransport processésking

place in thaunderlyingsystemA rule of thumb often used in the literature suggests that each seniitircle
the Nyquist representatiaorresponds to an electrical transgmacessThe correspondinghacroscopic
transport parameters are usually derivsthg physicaly based equivalent circuit modglECM). This
requires detailed knowledge of the system under investigation in terms of the migration and reaction
processes takg place and the type of charge carriers involvidu: basic concept is to assign different
circuit elements to these microscopic processekthen assembléheminto a singleequivalent circuit
model The resultingECM in turnis designedto describe the impedance response of the macroscopic
sampleln consequencell elementsin the macroscopic pictarhave an analogat the microscopic level.
Capacitive behavior (i.e., polarization effects) can be described by capacitors, inducivierbey coils

and resistive behavior by electrisistorsAn electric migration process combines capacitive and resistive
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behavior and is typically modeldy aparallelcircuit of a resistofR) with a capacitofC) forming anRC
element.

For solid (ceramic)single ion or electron conductorsetECM approachHeads taboundary layer maels
such as therick layer mode(BLM). The classical BLMoriginally proposedy Bauerle inl969 consists
of two RG-elements connected in series thgiresent bulk transport through grains and transport across
grain boundaries, respectiveff1’° On this basis, extensiohsve beemlevebpedin the following years,
for example to consider conduction along grain boundati€¥? In contrast,mixed ionicelectronic
conductors (MIECbr DICs are typicallylescribed by &ariant of @ransmission line modérLM). TLMs
considetheinteraction between treerialpathsof different charge carrier typdor exampleby a chemical
capacitanceé’*'’® In each casehe respectivelectric ECMis usedto model theexperimental spectrum
throughcomplex nonlinearleast squaresurvefitting usuallyapplying Levenberdglarquardt strategies or
linear regressiak’® This gives acces® the macroscopic transport parameté®s C) of the individual
transporteffectswithin the system

A major drawback othe ECM analysisapproachis that it is not freeof assumptionsabouttransport
mechanismi the systemSeveral different equivalent circuit models, even physiaattenableones, can
lead to the same resdilf"*’® Consequently, the conclusiodsrivedfrom the measurement are ambiggo
and the screening of possible equivalent circuits already reguiot®f informationabout the systentn
addition,the analysib®ecomes moreomplicated wheseveratransport effectsontribute to the impedance
in similar frequency rangedhis leads to overlapping signals in the spectrurich preventvisual
identificationof differentimpedanceontributionsby patterrrecognition Therefore, it is useful to consider
not only the impedance functicaify), but also those of the transformed admitta¥ige), modulusM(),
and dielectric permittivity{¥) functions.Another approach is the transition frahefrequencydomainto
thetime domain sincethe resolutionin thelatteris much highethanin the Nyquist or Bode diagrams.
Such dstribution functionbased analysis methods have, at first glance, distinct advantages over ECM
analysis. They do not rely on aayriori assumptions about the systemaking thena valuable alternative
for interpreting impedance data.addition they can also assist in equivalent circuit analysisexample

in finding and constructing suitablemodel|18%183

The distribution functior({J underlyinganimpedance functio&(¥) can be determined by performing a
distribution of relaxation times (DR¥f'88 or distribution of diffusion times (DDTj*1°! analysis.The
basicconcept relies on the fatthat any model function can be expressed by a series connection of an
infinite number ofRG-elements (i.e., a Voigt circuitf? Therefore the distribution functiono(JJ can be
expresse@dsa weightedsum of Dirac distributions(Q) = % r; A i (). The singularity U correspondto

the time constardnd the weight; to the resistance of threspectiveRCG-elementThedetermination of the
expansion coefficients; requires the solution of an-flosed inverse problem ithe form of a linear
Fredholm integral of the first kint¥ This means that the solution of the problem is not unique and several
distribution functionsy((J can lead tahe sameesultwithin the experimental uncertainfj*'% This is
particularly challengindor discrete functionsuch aghe measured impedanzér), where only a finite
number of frequency points are sampliggbiCally about10 points per decalleT herefore, intense research
has been conducted in recent years ogiapsolution methods and algorithmsdeal withthe ambiguity

and to avoid false or ngphysical signals and artificial oscillations. 8deinclude Fourier transform
methodg®¢1% evolutionary programming®2°° maximum entropy°+2°2 Tikhonov or ridge regressigf*

194, 208207 hierarchical Bayesian regressjth 2982%° glasticnet regressiofit® Gaussiarmprocess regressight

and neural netwod¢*?

Many of the methods listed ageitesophisticated and time consuming to applyey requirenterpolation,
extrapolation, data preprocessing with filters, and fine tuning of settings and hyperpardRegerssion
methodsare one of the more simple but robust approaches that allow reliable calculation of a DRT with

10
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limited error sources and good stipito noise inexperimentaldata. The Tikhonov regularization
approach is well suited for automatization, especially for synthetic Hateepends only om single
regularization hyperparametey which determines the smoothness of the calculated DDR& .solution
processinvolvesthe discretization of théFredholmtype integral equation and the expansiorog into

basis functiora Dirac distributions are a suitable basis only in the case of continuous analytic functions,
since they do not overlapor discrete functions, however, this is a necessary property to ensure that the
full range of relaxation tingecan be modeled, i.e., al$or timestepsl/y which have not beesampled

The focus is therefonasuallyon positivedefiniteradial basis functions such @aussian odifferentiable
Matérn functionsAs a side effe¢thoweverthe coefficientsn the expansion formulao longer correspond
directly to the resistance, as it is the cagth Dirac basis functiond hefull width at half maximunof the

radial basis functionsorrelates with the number of discrétequencydata pointsThus it determines the
resolution and precession of the DRT analysis.

The application of theiscretizedntegral equation to akampleddata points leads to a linear system of
equations with the coefficients of thedial basis functions as unknovgarametersThe resultingmatrix
equationis slightly modified byadding aradditional regularization termo account for the effect of noise
and errors in the impedandata This penalty terms proportional to the first or second derivative of the
distribution functiono(() itself. Simply speakingit introduces a threshold value at which fluctuations
Z(r) are due t@ctualtransport effectsThisallows to suppress artificiagignals, buatthe cosof areducel
resolution powernf the methodTherefore, the regularization parameter should be chosen as small as
possible to achieve high resolution, but also as large as necessary to avoid artificialdiggsti@wsthe
importance of higkquality measurement daimachieveraluableDRT resultsIn general,lhelinear system

can be solved strictly mathematically, but ttésleadto negative coefficients and thus to a #pdrysical
solution. The physical solutiowan becalculated by quadratic programming under the constraint that the
minimum value of the coefficients is equal to zefte resulting distribution function(Q), which is
obtained byinserting the expansion coefficients into the decompoditionula,is visualized as a function

of the relaxation timé& A signalin the DRTIis typicallyrelatecto a transporeffectin the systemits center
position corresponds to the time const@rthe area under the sigmapresents the resistance vaRieand
thecorrespondingapacitance can be calculatsdC; = WR. In general,hle DRTapproactshows superior
performancecompared to the ECMpproachin identifying the number, size, and average timescale of
physical processes within the system.

1.3.2 Methods for Multidimensional Transport Modeling

Obtaining high qualityimpedancedata requiresignificant experimental effortThis concernsamong
others,compliance with the KKelationsandreproducibility of measuremesntlt is noteworthythat he
uncertaintyanalysis ofderivedmicroscopicmaterialspecifictransport parametesich as conductivities
mostlyfocuses on theneasurementf structuralgquanities such assample thicknessr electrodearea'>*

213 The assignment anihterpretation otontributionsin theimpedance odistributionfunctionis usually
not consideredn this processA semicircle in the Nyquist diagraenda signal in the DRT isisually
attributedto an electric migration process within the systd@imis approach has led to great success in the
past, especially fasystems involvindiquids. However, it is nobbviouswhetherevery contribution in the
impedance andvery signal in thelistribution functionis alwaysdue to electric migration processd$e
uncertaintyresults fromthe mapping of the macroscopic response signalrmofiltidimensonal sample to

a highly simplified lower-dimensionaECM. SuchanECM cannotdescribethe formation of percolation
paths due tthe microstructue of a solid-statesysten¥#222 This poses a major challenge for the derivation
of quantitative values for theateriatspecific parametersas well ador the qualitative interpretation of
the individual contributions in the impedanspectrum The arising difficulties are commonlynot
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considered but they highlight the need fora deepertheoreticaltreatment of the problenand the
incorporation of additional experimental evidence about the structure of the sample into the modeling
approach

Impedance modeling techniques can be categorized intocphlismical and electrical modddased on

the underlying concepts. The former describes the elenyekiteetics of chemical reactions and diffusion
processes itermsof rate equations in the time domain. This results in a sophisticated system of ordinary
differential equations, which can be sedlusingtransient numerical simulation approack&$2® Thereby,

a periodic (sinusoidal) potentié(t) at fixed frequency is applied to the system as an excitation signal and
the current response sigriél) is measurediuntil a periodic steady state is reached. The corresponding
impedance value can then béccéated from the transient traces by Laplace transformd®epeatinghis
procedure for discrete values in the frequency rafigeterest willyield the impedance spectrug(y).?4
Another similar but less timeonsuming approach i considera single fast noperiodic steplike
perturbation signali(t) and the measure of tlesultingrelaxation of the current signéft). The time
dependent potential and currdahctions can then be transferred to the frequency domain by computing
the Fourier transforniThis allowsthe calculation of impedance by divididi§y) andl(¥).?%° In general
physicochemical models cahe very complex and messy, requiritgng computation timesmultiple
variable parameters, and oftequiringapproximations with respect to teuctural setupf the system

Electrical models such as ECMsn be a moe intuitive way to interpret thephysical and chemical
processetaking placdan the systemTheyare usually solved in the frequency domain and are particularly
suitable forthe phenomenological description of electrochemical systémsajor limitation of ECM
analysisis that commercial softwarenly allows datditting for simplistic electric circuits that do not
properly reflect the structure of the systdm.consequencehe global naturef the impedance signal
hinders the interpretation of IS data in terms of fundamental microscopic mapa@fdicparametersA
more suitableelectric model description requiresethodologiesand softwarethat allow for transport
modeling throughreal system structure@ne way igo apply the finite element method to discretize the
sample volume anthen touse Poissais equation fothe transport description considering Dirichlet and
Neuman boundargonditions for the electrodes and the sample suff&é¥. Another possibility for
transport modeling it performa nodal analysi&'*?*° This concepts basedn Kirchhoffs current law,
which states that the algebraic sum of currents in a network of conductors is zero at eaéh node.
Voxelization of the model structure leads to aendtwork in whichdifferent local equivalent circuit
diagrams can bénserted according to the structural conditioBslving Poissois equation or nodal
analysisgivesthe potential distribution within thgystem This allows the calculation of the total current
flowing through the structurdt can be useth combinatiorwith the applied potential difference between
the electrodes to determine the impedanca fated ¥ usingOh mo s. THisgpmcesxanbe repeated
several times at different frequencies to mapiathempedance spectru(y).

1.4 Challengesand Difficulties in Impedance Analysisof Solid-State Systems

Joachim Maier and Jurgen Fleig waraongthe firstat the end of the 20th centurydevelop a simulation

tool based on Poiss@mequation tanvestigatethe impedance of solid systems in more détéf° Most

of thar studiesare motivatedy the application oferamican solid oxide fuel cell§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 impéualdéhedollowing years,

there were only a few more isaat upcoming reports dealing with structural influenoe derived
microscopic transport quantiti&s:2*® This shows that the early findings the field of SOFCsnd the
importanceof geometriceffectsin IS analysishavenot reached a wider scientizidienceTheyare rarely
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considered imatainterpretation even today, more than twefing years after the first reports. The reasons
are multifaceted, starting with the fact that mafshesgaper?*?*°appeared at a time when the IS method
was not yet popular and the role ofidestate systemdpr example in battery research, was not yet as
important. In addition, the analysis approach using simpélimensionaECMs in commercial software

is simple, fastand can be applied by anyone without major barngetding a setof numerical values for
the transport parameteralthough not necessarily the correct gnds contrast, a multidimensionb
analysis isessaccessible and requires more effdot, example in the form ofa prior comprehensive
structuralanalysis.

However, he importance of reliabldS analysis cannot be underestimatdthe consequences of
insufficiently determinedmnateriatspecific transport parameters amdisinterpretation are tremendous
Theyrange fromthe propagatiorof uncertaintythrough their subsequent application in (battery) modeling

to falselyassumedatlectric migration processes in the system. Thereforggdakof this Ph.D.thesis is to
develop an automated modeling workflomwgain further insight into thiefluence of geometric effects on

both the impedance and the distribution functidhis includesgaining detailed knowledge ofhe
guantitative and qualitative effedtsgatmayoccur when the impedance response signaiojectedrom a
multidimensionalto alower dimensional picture. In bBroadercontext, assigning and understanding the
behavior of structurally induced impedance signatures in the frequency or time domain can significantly
expandhe scope of IS in the field of early failure deteciioapplications

1.4.1 Realization of a Computational Modeling Work flow

Theestabliskedworkflow for systematic impedance stud@msistf three pillars, namelynodel system
and structure generatiothe actuaimpedance modelingaind automatedata screeningf computational
results.The type of model systems considered depends ajuihsgion to be answerddere,in particular,
theinfluenceof structural effects on the 1@®n to 100 nscale on the macroscopic transport quantities
and their relation tanateriatspecific parameters is investigateto this end, nany synthetic structures
have beemenerated as voxel representations using simple algorttrahare easy témplement More
complex model structures and grain geomethiage beeraccessiblaisingopen source or commercial
software such aslicroStructPyor GeoDict Theyallow the simulationof micro- andmesastructureswith
defined grain geometries, grain size distributions and volume paeasit?>! The input parameters
requiredto geneate staistical twin structuresare typically obtainedfrom focused ion beam scanning
electron microscopy image$o this end an automated segmentatipipeline has beerimplemented to
determine grain and pore size distributiéttsThe appliedtransfer learning approaaionsiss of feature
extractionusingtwo pretrained layers of eonvolutionaheural networKCNN), binarysegmentationsing

a random foreqiRF) classifier andinstancesegmentatiomsingbuilt-in functionalities of the scikitmage
library. This processnvolvesmanual segmentation of small stégions ofabouttwo training imagesnd
extractionof feature maps based on the -ma@ned CNNin order to trainthe RF classifierA detailed
descriptionof this approachcan be found elsewhef&?>® Having such asegmentation routine is
particulaty valuable when dealing wittxperimentastructual data.Thisappliesnot only to the derivation
of size distributions, but also to the automated generatiomedigital twin structures

The second pillar is the transport descriptibroughthe genesitedmodel structures There are several
ways to dothis, ranging froma physicochemical or purely electricatansportdescription to the use of
commercial or ishouse softwaren this Ph.D.thesis an electrical system descripti@ usedin a self
implemented codeSeveral eports in the literature indicate thdifferent electrode configurationare
realizedin experimentameasurementd hisincludessymmetrical arrangemeswf two identicalphysical
contacts, asymmetrical considerations of electrode sizes and arrangeemtsnicroelectrode
geometried* 105 180. 25255 Tyicqly, the effect of electrode geometrgan only beconsideredvith great
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Figure 4. Overview of the segmentation workflow implemented to determine digital twins, and ¢
pore size distributions from scanning electron microscopy imaespted witlpermissior®? Copyrigh
© 2022, Sascha Kremer.

effort and detailed knowledge of commercial softwérede)such asCOMSOL Instead, an internal
implementation offers great flexibility with respect to different contact situatindsalso thextension of
models e.g., in terms of additional microscopic procestes

An essentiatriterion inthe selectiomanddevelopmenbf modelsin generails to focus orwhat we want to
learn andwhat can be learnedrhereby, 1 is often not necessary tonsider every little detail or every
small local effectHistory shows that the best experimental or theoretical resessults are only as good

as they are presented in a genaralunderstandableyanner Phystochemical models can undoubtedly
provide deep insights into the dynamics of the system under study, bwréheften very complex and
hardto follow by (experimentgl scientistsElectric models, on the other hand, are much more descriptive
at first glance. fiey merely extend the standampedance analysjgrocedure used by experimentalists to
a more complexmnodel geometryThey rely ononly a fev microscopic materiatspecific transport
guantities but are sufficient for example to studythe impactof structural effects on the impedance
responseThis ensuredigh visibility in the scientific community

The motivation ofthe studiesconductedaddresseshallengesn SSB researcklue to todags massive
interest regarding improvement and innovations in electrical energy storage sydtsmatheless, the
conclusiongderived are general in nature when considering stéitesystems.The ultimate goal is to
understand the impedance behaviottta entire battery cell bycorrelating the impact omicroscopic
transport effectand nicro- or mesacopic structurén the systermwith signatures in thenacroscopic
impedance and distribution functiobnderstanding these correlationsll allow one touselS as a
monitoring toolfor structural changes in the systewen in operando measuremeitsweve, an SSBis
such a complexompoundwith variousoverlappingtransport and structureffects thatrying to look at
an entire batteryat onceis like running before you can walky other wordsthe behavior of individual
parts (e.g., anod&E separator, cathode) musst be identifiedand clarified before the behavior of the
entire cell can befully understoodTherefore the focus of this workwas solely on the anode sidby
consideing a ceramiqISE separatorbetween two alkali metal anodesaasiodel systemrepresenting a
symmetric haHcell electrodeconfiguration.The conducted studies targbe influence of the micraand
mesatructure of the ISE separator atte effect of thenterface morphology at the electrodes on the
impedance and distribution function.
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The transport computations wererformed usingn electric network model, based on nodal analysis. This

is a threestep process consisting of setting up the node network, defining the local transport description,
and solving thdinear system of equations. First, the generated model structures are discretized using a
voxelization routine, and the node network is dultassigning a node to the center of each v@ted.next

node netwh electric network

charge transfer

cross section

interface region

model system

| electrode {ipore  [TTTHITTHTTT voxel of {7777 grain boundary m m m m
| voxel i__ivoxel i i i _ !differentgrains - region ZElec Zet || Zrore ZBulk ZcB

Figure 5. Schematic representation of the modeling workflow implemented to compute the t
through realistic multidimensional systems. It consists of setting up a node network, defining
transport description in the electric network, and computingrdnesport by nodal analysis.

step is to identify the local transport processes that occur between two nodes and to define an appropriate
electrical transport descriptiomhe ceramic ISE materials considered are SICs, iemibdeling focuses

solely on ion transporT.hesystemstudied show a grain structure and include crystaidth ordissolution

at the electrode interfac&@hereby, morphological instabilities the interface between the metal electrode

and the ISEeparatohave been considerdd particular the formation of pores or the formation of material
phases with properties different from those of the bulk matésidt transport or charge transfer processes

are described brRGelements. The local capde# 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 conductivityigtidtperm
respectively. Local variations in themateriatspecificparameters were not considered in the computations

in order to keep the number of varialgkeantitiesto a minimum.n the final step, the electric network is
transformed into &inear system using Kirchhd# current law. This in turn is solved using a variant of the
conjugate gradient methétf: 2°A detailed description how to implement this procedure can be found
elsewhere?s 257

Note that this type of transport modeling is a continuum descrjpt@nlocal materiaspecific parameters
such as conductivities or permittivities are assigned to structural elent@mstum effects are not
explicitly consideredj.e., the charge carrier&lectrons and ionsare treated as classical partictegs°
However, quantum mechanical features may be implicitly contained in some of the microsatgyie}
specific parameters, e.g., quantum tunneling effects may contribute to the condumssatyiated with
grain boundariedn that sensehe treatmentfothe microscopic transporiereimplies that the de Broglie
wavelengtheys of the charge carrier is smaller thidne voxel resolutiom;, i.e., the smallest characteristic
length scalaused to digitalize thenicro- or mesoscopic structure of tlsample.The conditioness < d; is
always fulfilled in the case of ions as the correspondigs@re on the scale of atomic bond length, and
usually also for electrons as longdass of the order of several tens of nanometers.
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Figure 6. Schematic representation of the data screening workflowcdingutational results are mapy
to a lower dimensional space using ECM analysis. Here, the developed DRT tool supports the :
determination of the initial parameter estimate for the minimization step.

The third pillar deals withlS data analysisThe investigation of individual structural effects and the
influence of certaimateriatspecificparameters on the impedanesults inalarge amount of data in the
form of several thousarmbmputed impedancmectraTherefae, it is reasonablat first instanceto map
the singleimpedanceto a few characteristic parametersing ECM analysisin orderto accelerate data
screening.Third-party analysis software such BelaxIS3 is only suitablefor small datasetssincethe
calculation timeéncreases exponentiallgr more compleXeCMs and large amounts of datduis motivated
the implementationf a custom fitting routineased on complex ndimear least squares minimizatioks

a result,multiple impedance spectra can be fitiedparallel on high performance computemshich
drastically reduesthe calculation time Apparently,the quality of the fitting resultvhensearching fothe
global minimum dependstronglyon the choice of the initial parametgressTheinitial parametersvere
first calculatecautomaticallyby a generic algorithrmifter the successful implementation of a custom DRT
software based on Tikhov regularizationit was replaced by the analysis result of the distribution function
(). A detailed description of the realization oih-houseDRT softwarecan be found elsewhet®.The
visualization of thederived fiting parameters allowst identification of trends an@cordstha are of
particular interestwhich can then bstudiedin more detail.

1.4.2The Effect of Microstructure and Interface Morphology

The application of the developed modeling software has resultsd jpublishedpapersup to now.The
first publication fiUnderstanding the Impact of Microstructure on Charge TranspoRadlycrystalline
Materials Through Impedance Modellihgddresses the effectstbEmicrostructure of a ceramic sample
on the impedancgseechapter 2.12° The structural data coigered reflect parts afenseceria thin films
visually examined by scanning electron microsc8pylhe computations performed assuideally-
reversibleelectrodest conform interfaces aratcount forasingle mobile charge carrier speciesy. It is
demonstrated thahe formationof percolation pathteads to structural signatures ithe impedance ah
distribution functionThesearevisually observedh the computed impedances and the corresponding DRT.
In addition,such signalsire alsaderivedanalytically based on simple twepath modelThis highlighs
the inherenproblemwith IS standardanalysisusing pattern recognitionit is a misconception thavery
impedancesontribution can be assigned to electricmigrationprocessAnother effect oimicrostructure
and resulting percolaticarequantitative constraintsnthederivedmaterial parameter§hese are usually
calculatedusinga classicalBLM approachThis includes a fitting step of the impedance with tRG-
elements connected in seri@gerethe circuit elementslescrile transport through the bulk of grains and

16



1.4 Challenges and Difficulties in Impedance Analysis of Stlide Systems

across grain boundarieShe correspondingnacroscopic parametpairs(R, C)) arethentransformed into
material parameterg((, U) by assuminga homogeneoustructure consistingf a threedimensional
arrangement of faesharing cubic grains with eonstant edge length and grain boundary layers with a
constant thickness in betweé€Frhe resulting quasbne-dimensional transport in the systemsures the
formulation ofanalyticalequationdinking the macroscopic and the microscopic lev€&he applicéion of

this procedure to synthetic IS data considergamicrostructures shows that, in particular, the calculated
grain boundary material parameters yield deviations in the order of 100% from the actual microscopic
materiatspecific quantities. This is significantly larger than the influence of inaccuracies in the
determination of structural parameters (e.g., sample thicknefs® wracroscopic transport quantities in

the ECM fitting proces'3 The estimate of the error band improves comparability between different studies
on the same materiglublished in the literature and provides useful informadibou realistic parameter
ranges.

The followup study,fAlnfluence of Microstructure othe Material Properties of LLZ@eramics Derived

by Impedance Spectroscopy and Brick Layer Model Anajysiplicitly investigategarnettype ceramics

which areconsidered agromisingcandidatefor thesolid electrolyteseparatoin SSB(seechapter 2.92%3
Interlaboratorycomparability ofreported results on garnet materiasot necessarily guaranteesince

thdr polycrystalline microstructure (e.g., porosity and grain size distribution) is highly dependent on the
sintering protocolBased on machine learning assisted microstructural analysis of-ggreeteramics
synthesized with different sintering protoga@® transport computations througtultiple statistical twin
structures are performed to revise the commonly used 1D brick layer moalgbisfor interpreting
experimental impedance dafdhe computations performede based oideally-reversible electdeswith
conform interfacesand themodel structuredake into accoundifferent grain size and pore size
distributions. It is emphasized that the microstructimduced (in)accuracy of the derived transport
parameters includes not only tbenductivity 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.
particular, he interplay between the grain structure and the pore structteemines the quantitative
deviation between the true matersglecific 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 gosity on both bulk and grain boundary quantities can be even more severe.
The consideration of these effects in the analystheéxperimentalmpedanceesults indicates that the
variation of the BLMderived transport parameters is mainly due to simgjeénduced structurathange®n

the mesoscalatherthan material alteratio@verall, hefindingsin this studywill improve interlaboratory
compaability of reported results by providing a guide to the true range of transport quantities, helping
expeimentalists distinguishing between structural effects and real changes of the rsptrifit
transporiproperties.

The previous study has shown that the effect of pores in the -mac@d messtructure on the
electrochemicalransporiproperties of the system is enormolise quantitative effeatepends on the total
number of pores in the structure (i.e., the porosity), but also on their spatial distribiméoeafore, it is
difficult to quantfy in general termsghe resulting inaccuracy tfie transport quantities derived from 1D
models.Ordered mesoporous metal oxides, which are curraititigictingincreasing attention for energy
applications, are well suited fwovidean educate@stimateof the magnitudef pore effectsSurfactant
templating methods and evaporatioduced seHassembly processes lead to highly ordered operi pore
solid architectures with volurtiic porosites of over 60%#2%%2%4 Thereby the mesopores form a face
centeed cubic structure with (111) orientation relative to the plane of the suls8trata.he preservation
of symmetry in thee microstructurs provides the unique opportunityto systematicallyinvestigatethe
influence of poosity on thetransportpropertiesThus, he third studyfiUnderstanding the Impedance of
Mesoporous OxidasReliable Determination of the Materi&lpecific Conductivity, exploreshe effect of
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Figure 7. Artwork summanof the contents of the different studies in this Ph.D. thesis with focus
elucidating the effect of micrand mesostructure on the impedance, (b) estimating the inaccuracy
derived transport properties of garnet SEs, (c) reliably determitiiegmaterialspecific conductivity
mesoporous oxides, (d) revealing the effect of interface morphology on the impedance of par
anodes, (e) understanding the geometric nature of current constriction, and (f) deriving a guidelin
impedane analysis of solidtate system€&redit: Elisa Monte/JLU Giessen.

pore size irtheseorderednanocrystalhe mesoporoushin films on theimpedanceseechapter 2.32% It

is demonstrated that the impedance is determined solely by a geaugtittconstriction signal, which
arises due to the regular pore arrangentéantributionsfrom transport within nanocrystallites or across
grain boundaries cannot be resolveden in the distribution functiods aresult, ECM analysisf the
impedanceallows only the derivation of effective transport quantities using the total resistance and
capacitance together with the cell constant of the measurement Betaped theoretical analysisas
reveakd that thesysematicimpedance changes with increasing pore size can be directly related to the
increase in voluntec porosity of the mesoporous thin film$his allowsoneto derive an empirical
correction formula for the effective conductivitp reliably determire the materiakpecific electric
conductivity. The effective conductivityunderestimatethe true materiaspecific conductivity $ more
thananorder of magnitud in the case of high porosity and strong curcemistrictioneffects within the
structureFor a homogeneowspatialdistribution of pores in thgtructure with namajorcurrentconstriction
effects, the deviation increasaknostlinearly with porosity and is in the range of 1008together, he

study emphasizes the importance shfuctural analysison the micre and mesoscaldor a proper
interpretation of macroscopic (impedance) measunésnéo derive microscopic matersgpecific
parameters.

Pores are not only found in the bulk of a sample, but ialsgell-definedarranggmentsat solidsolid
interfacesTherefore theother articleaddress thanfluenceof theinterfacemorphologybetweerelectrode
andsampleon the impedance respon3ée unique challenges of interfaces and surfaces are well known,
asalreadyWolfgang Pauli (1900 1958) used to safizod made the bulk; the surface was invented by the
devil 0. The electrode surface in liquid or hybrid systems is usually fully wetted and tlaaidésl| contact
between the twoomponentérom a structural point of viewrhis is not guaranteddr solid-statesystems
due todifferentmechanicaproperties Such situationareobservedfor example in SSB researcbn the
anodesidebetweerthealkali metal andhel SEseparatarContamination or passivation layensthe metal
surface,pore formation during el assembly or operation, amdhemical instabilitiegesulting in SEI
formation reduce the physical contaateabetweenthe metal andthe SE separatarleading to non
conformal interfacesThisin turnresulsin an increase inesistancewhich cansignificantly compromise
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the performancenf an SSBcell. For a long timethe origin of the resistanagas falsely attributedolelyto
the charge transfer reaction at the interf&acently Krauskopf et alshowedn an experimentdl study
that the increase itmpedancds not necessarily an intrinsic material propehyt also theresult of a
forming current constriction effet. This phenomenoris a well-established concept in the physics of
electric contact$®2’° But up to now, ithas notreceived much attention inSSB researchdespite its
tremendoudmpact onthe commercidtation of reversiblemetal anode A quote fromProf. Matthew
McDowell during his talk at the symposium bithium Metal Anodes and Their Application in Batteries
in 2022shows thathe concepts starting to getmore attention in th&€SBcommunity fié constriction
resistanceé youcannot understand the interface without4t! It emphasizethe need foa fundamental
understanding of this phenomenon and its dependence on geometric and material parameters.

Thefourth study,filnterplay of Dynami€onstriction and Interface Morphology between Reversible Metal
Anode and Solid Electrolyte in Solid State Battéiaesldressethe origin of the constriction effect in the
impedance anits dependence on interfac®rphology(seechapter 2.%4272Thereby the simplest possible
model systenis consideredgonsisting of a singlerystalline SEseparatorsandwiched between two
homogenous metal electrodd@fie degradationfdhe interface at the working electroidedescribed by a
separatdayer consisting of aubic contactspotof variable size surrounded by a pore phagematerial
parameterare assumed to smilar to those of garnettype SE andhe metal|SE interfade considered

to behighly conductive with zero polarization resistan€he findings highlight theneed fora semantic
distinction betweencontactandelectrode aredn a macroscopitransportdescription in addition tothe
necessityo categorizeéhe constriction effect intogtaticand adynamiccaseThe former is thevell-known
situation ecounteredor a confornal contactwhen the electrodareais smaller thamhat ofthe sample?®®
270This leads to a bottleneck at tinerfaceand currenpenetratiorinto the bulk, ensiimg that the sample
volume under the neoontacted surface also contribsite the overall transport.The static conceptis
extendedwith the introdudion of the dynamic constrictiomotation which refers to norrconformal
interface contactsThis is requiredwhen consideringalternating electric fields, since the conductive
behavior ofpores for examplechanges with frequency from dielectrically conductive at high frequencies
to electrically insulating in the direct current rangleis can give risé a separate semicircle in the Nyquist
representation of the impedance, resulting in a fingerprint that resembles a microscopic electric migration
process However,this is nota selfcontained type ofransportprocess in the strict sendeis rathera
global geometric effect, whichasicallyinvolves all the different microscopimigration processeshat
occur at the interface and adjacent regidfisally, the effect ofdifferent interface morphologs is
investigated. Ishows that theconstrictionresistance decreases with a finer contact area distribution and
that theconstrictioncapacitance istronglyinfluenced by the pore depth and permittivithe stay as a
whole demonstratethe importance of dielectric transport behaviorha interpretation of IS resujtbut

also that impedance data bear valuable informat@rexample on pore formation and dynamics at the
metal anode interface.

In the followrup studyfi3D Impedance Modeling of Metal Anodes in S8tdte Batteries Incompatibility

of Pore Formation and Constriction Effect in Physi@alsed 1D Circuit Modefs the previous workis
extendedo realistic cases typical for anodes in S$&sechapter 2.52”® The model system considered
consiss of an SEseparatowith alayered grairstructure sandwiched between two metatteteles. The
interface morphology at the working electraslagain described by a single cubic contact spot surrounded
by a pore phase. Estudyaddressethe interplay betweetihe dynamic constriction effectesistivecharge
transfer at porous interfaces, and transport across grain bounidaridgcrystalline SE The comparison

of results ofthe multidimensional electric network modeling with the predictionspifysicatbasedone
dimensionaklectriccircuit modelexplicitly showsthat the standard impedance analysis procedurarails
the case of porous interface morphologi€ke usually successful approach of correlating components of
ECMs with single microscopic transport processasnot fully grab the nelocality of the dynamic
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constriction effectTherefore,a fit circuit modelis proposd and the dependencies of the macroscopic
transport parameters dime microscopic material parameters, #mlcontact area between metal elsaér

and SEseparatoare studiedlt is demonstrated that the shape of the impedance spectrum, the size of the
fitting parameters, and thus the interpretation of the measured data slépendarge extent on the
magnitude of the constriction time constafibe latterserves as a descriptor for thBevitch between
dielectric and insulating behavior of the pores at the interface, indicating a significant change in transport
pathways through the SfeparatarTheoveralldiscussiomeveatthat the analysis and interpretation $f

data ischallenging without an explicit theoretical model that accounts for structural properties on the
microscopicandmesoscopic scale.

Thetwo previous studiesonsidereanly simplified model systems in teswf SEseparatomicrostructure

and interfae morphology, whichn turnis sufficient topoint out thdundamentalsf the constriction effect.

The sixth study,iGuidelines for Impedance Analysis of Parent Metal Anodes in-Stdig Batteries and

the Role of Current Constriction at Interface Voids, Heterogeneities and, $Etges the gap and
demonstratethe validity ofthe prior conclusionsalsofor disordered microstructures of the SE separator
andinhomogeneoumterfacemorphologiegseechapter 2.5?”# These are based @nVoronoi algorithm

and a multiscale, timedependent, 3D contact mogedspectively?’® It is shownthat not only a pore depth
distributionbut also an inhomogeneous interface motpdy with a broad pore size distributiteads to a
distorted constriction impedancentribution Thishas als@ecentlybeenobserved irexperimental IS data
onreversiblemetal anode$'®?’” Anotherchallenge irinterpretingthe interface impedands that various
processes, such as charge transfer, morphological and chemical instabilities due to pores or SE| formation
and passivation layersncontributeto the signalThe identification othe dominat effect, howeveris
crucial for the development oftrategies to improvéhe performance oén SSB Therefore, this study
providesa universal recipe in the form @fhierarchical scheme to assign tieracteristics of interface
signals to chemical and structural propert@ sl microscopic or mesoscopic transport processes across the
interface.lt is basedon a thorough theoretical analysis of the dependence of the interface impedance
contributionsasa functionof the physical contact area and temperatitssapplicabilityis demonstrateih

an experimentatase studgonsideringheimpedance dataf a Li|Lis 257l 0.29-a3Zr2012|Li sSymmetrichalf-

cell. It clearly demonstratehat the interface properties are dominated by geometric current constriction.
Therefore, charge transfer driven morphological instabilities during cyclifgnder the successful
commercializatiorof reversible metal anodes and need to be overcome.

1.5 Conclusions and Outlook

Impedance spectroscos/undeniably a powerfubol for material characterizatioand system control.
However, he discussiogin this Ph.D.thesisdemonstrate that the analysis and interpretatid® data is
challenging without an explicit theoretical model, whéattounts fostructural propertieatthe micro- or
mesoscopic scal@he successful approach for liquids using pattern recognitioassuing a onto-one
correlation between individualrcuit elements irsimpleECMswith microscopic transport processes may
fail in the caseof solid-statesystems|S analysisonsidering soliestate system®quiresadditional degrees

of freedom to account faeffectssuch asmicrostructure andnterface morphologyGeometry induced
signals inthe impedance and distribution function exhibit signatures comparable to those of electric
migration processeghis is not yewidely known amongcientistsalthough therbave beemitial studies

on the subjectfor more than twenty yeard'he danger ofmisinterpretationof IS datawas recently
demonstrated in the development of reversible parent (lithium) metal anodes foitS&Bhelievedfor

many years that an inherently high charge transfer resistance at the interface between alkali metal and SE
prevens a successful implenmmgation of this concept However, thiswas wrong.nsteagd morphological
instabilities during operation dominate the interface behdabtween lithium and garnétpe SEsThis
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makes a big difference ithe required optimization strategies and highlights the need for reliable
identification of the actual underlying interface effect§herefore it is necessaryo establish careful
correlationsof impedancevith the actual sample structure to avoid false conclusions from the IS analysis.

Wolfgang Pauli (1900 1958) once saidf the efforsand results of scientific resear¢it he best that most

of us can hope to achieve in physics is simplyriderstand at a deeper lewelThis Ph.D. project has
certainly improvedhe understanding of the impedance response of -stédithsystems, and the vieof
interfaces and microstructural effectsshould be emphasizethowever,that the developedmodeling
workflow offers many additional possibilitiesto perform even more advanced anddepth studies
Nonethelessheory alone can only point out qualitative trends arising from changes of material parameters
or certainmorphological change A combined analysigvith experimentin contrastwill provide more
valuable informationfor example on the correlation between pore formation and dynamics at the metal
anode interface of SSBs the identification ofailure and degradation effectstiann asolid. Thisapproach

may have the potential for targeted monitoring of hideemphological or microstructural changes at the
micro- or mesoscopic level and, thus fostateof-healthcontrol system in application§he development

of sucha tool howeveryrequires more systematic combined experimental and theoretical studies on model
systems with a high degree of control over the intenfasrphologyand microstructure

Theconductednvestigationsarejusta fewof numerous cases thaiuldhave been studied in more detail.
There are many other possible applications for the modeling concept and its exténsietailed
discussion, hoever,would gofar beyond the scope of thehapter To bringthis Ph.D.thesisfull circle

with its original motivation forthe needor advancednergy storagéechndogies openquestions in the

field of SSB are addressedhhomogeneous metal depositisna major challeng in addition to contact

loss on the anodade. This leadgo filament or dendritpenetratiorinto the SE, representingrmesoscopic
failure mechanism of SSBIn this context, ithaybe interesting to see to what extent pgriscessnfluences

the impedance and whettaartainsignature®f dendrite growth and filament deposition candentified
Possible applications would be early detection systempeetentcomplete cell failureAnotherissuethat

has not yet been addressed is that many (battery) materials conduct multiple chizggpeaiesand not

just one type ait is the caséor ISEs. Establishing an appropriate transport descriptiam be considered

asa starting pointfor detailed stuigs of cathode andcomposiés The IS analysis for these materials is
usuallybased ormacroscopicTLMs consisting of a fewonedimensionakransport channels coupled in
parallel to account for the interactions between thEnms wellestablished concept is suitable for fitting
the impelance response, batjain neglectthe structurageometryof thereal system It is expected that

the projection of the multidimensional systento a lowerdimensional TLM will lead to the derivation of
inaccuratanateriatspecifictransport quantities and misinterpretation of structatated features, similar

to the studieperformedon thebrick layer modellnitial attemptsto adapt the trangpt description in the
electric network modehay consist ofsimply using modified versions of TL®as local equivalent circuit
elementswvithin the node networkdowever, one must take into account the length scales at which transport
is modeled and the structural resolution of the systemaizes,di. A diffusive description of ion transport

is valid for voxel sizes down to nanometers, but for electron trangpslis onlypossiblefor voxel sizes
larger than several tens of nanometers. In other words, there is a nonzero probability that quantum effects
influence theelectron transporbehavior Therefore, it will be necessary in the future to develop new
coneepts to extend the (electron) transport description to the microscopic level (i.e., the nanometer scale).

These are all exciting research tofhesednthe implemented modeling workflothat can make a small
contribution to the hopefullguccessful development of S$Bnceps and thus to the realization of the
energy transitionl would like to concludemy Ph.D.thesiswith an appropriate quotation from Justus
Freiherr von Liebigwhich | believeshould be paid more attention to in thebulent times we are living
in today.
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fiThe progress of mankind is due exclusively to the progress of natural sciences, not to
morals, religion or philosophg

T Justus Freiherr von Liebig (1803L873)
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Abstract

Charge transport in polycrystalline electronic or ionic conductors is usually analyzed by serial macroscopic
equivalentircuits, 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 ndtwowdel 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, whiebtél reflboth

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 usyatlone 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%rms 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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microstructure is highly idealized and usually not representative of the actual microstructure. Here, we use a network model
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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
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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
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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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