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|. Zusammenfassung

Der Klimawandel ist eine der grof3ten Herausforderungen des Jahrhunderts. Gegenuber dem
vorindustriellen Zeitalter ist die globale Durchschnittstemperatur bereits @®ngékstiegen
(1,5°C in Deutschland). Grund fur den TemperaturanstieggisAusstol? von Treibhausgasen,

die in die Atmosphare reflektiertes Sonnenlicht in Warme umwandeln. Etwa 20% des CO
AustoRRes in Deutschland werden dem Transportsektor zugereDimEiektromobilitatstellt
dabeieinen moéglichen Losungsweg ddresen Ateil zu reduzierenZur mobilen Speicherung

von Strom aus erneuerbaren Energien werden leistungsstarke LItmnemBatterien(LIB)
bendtigt. Drei Ansatze werden im Wesentlichen verfolgt, um digistung von LIB zu
verbessern: die Entwicklung neuer Ma&en und neuer Batteriekonzeptesowie die
Optimierung existierender Systeme. Diese Arbeit verfolgt lde&zterenAnsatz, indem die
Elektrodenmorphologie mithilfeon Tomographi@bgebildet und untersucht wird. Durch eine
detaillierte morphologische Anag und Simulationen werdenikrostrukturellekinetische
Limitierungen identifiziert und mit den Ergebnissen elektrochemischer
Charakterisierungsmethoden verglichen. Im Folgenden werden die Ergebnisse der funf Kapitel
dieser kumulativen DissertaticmusammagefasstKapitel I' 3 beziehen sich dabauf die
Untersuchung von Transportlimitierungen in  FlUissigbatterien, Kapitel 4 auf
Festkorperbatterieand in Kapitel 5 wird der Rekonstruktionsansatz aufteararchisches
pordses Material angewandt.

Im ersten Kapitel werden Transportlimitierungen in einer Elektrode komparativ durch eine
RekonstruktionsSimulationsAnsatz (RS) und mittels elektrochemischer Messungen
detektiert. Ziel der Studie ist es, die ionische Tortuositat auf beiden Wegen zur iQieamtif

von Transportlimitierungen im Elektrobgefillten Porenraumeiner Flissigbatteriezu
ermitteln. Als Aktivmaterial wird Graphit gewahlt, das ein verbreitetes Anodenmaterial ist. Zur
elektrochemischen Charakterisierung werden Graphitelektroden endibkangig m
symmetrischen Aufbau mittelsldktrochemischer Impedasgektroskopie (ElIP untersucht.

Die resultierende®pektren lassen sich mithilfe désansmission Line Mdels (TLM) fitten,

das die Impedanz poragsElektroden beschreibt. Hieraus lasishseine ionische Tortuositat
von t Xfo ermitteln. Zum anderen wird eine der Graphitelektroden physikalisch mittels
Elektronenmikroskopie mit fokussiertem lonenstrahl (erfgtused iorbeam scanning
electron microscopyFIB-SEM) Tomographie Uber denegamten Querschnitt rekonstruiert.
Dazu wird der Porenraum der Elektrode mit einem Osnrbasierten Kontrastmittejefillt.

So wird der Raum, der im Batteriebetrieb vom flissigen Elektrolyten gefillt ist, direkt
abgebildet.Der Kontrastin den resultiereregh Bildernwird so erhdhtwas eine akkurate
Rekonstruktion erleichtert. Es wird einergleichendemorphologische Analyse angefertigt,
die Porositatsprofiledie geometrische Tortuositat urhe Sehnenlangenverteilung (engl.
chord length distribution CLD) der festenPhase sowiales Porenraumbeinhaltet. Alle




I. Zusammenfassung

Analysen werden richtungsabhangig durchgefilkaglurchgezeigtwird, dass diePlattchen
férmigen Graphitpartikel eine ausgepragte anisotrope Mikrostrutdtmen Dies fuhrt zu
starken Transporthinderungsankrecht zum Stromabnehmer. Eine fisitee Analyse zeigt,
dass das gewéhlte Rekonstrukgamumen repréasentativ istnd somit belastbare Efggsse
liefert. Diffusionssimulationen basierend auf einelandomwalk-Ansatz bringen einen
Tortuositatswert vort @l vhervor, der innerhalb des experimentellen Fehlersivon
liegt. Diese Studie zeigt, dass die langreichweitigen Transportsimul&imon(ohne
Bertcksichtigung der Doppelschichtbildung) und EIS in Verbindung mit dem TLM
(lonentransport in den Poren bis zur Doppelschichtbilylsetpbst fureine stark anisotrope
Mikrostruktur vergleichbare Ergebnissdiefern. EIS ist im Vergleich zu FIBSEM
Tomographiein Verbindung mit numerischen Simulationerheblich schneller, billiger und
leichter durchfuhrbar und in praktisch jedem elektrochemischen Labor verfiQar.
mikrostrukturellen Ursachen fiir sterische Transporthinderungen lassen sicheddcinch
geeignete Tomographieethoden analysiererkIS-Screenings kémen genutzt werden, um
Transportlimitierungen neu hergestellt&lektroden zu detektieren. Somit kdnnen die
Ergebnisse dieser Studie zur zukinftigen Entwicklung leistungsstarker&oB&kbeitragen.

Im zweiten Kapitel wirddie Impedanz von Elektroden miariabler Dicke fur verschiedene
Flussigéektrolytsysteme untersucht. Dafur werdennachstBatterien mit einersolvat
ionischen Flussigkeinit LiTFSI, einem konventionellen Carboradsierten Elektrolyten und
einerMischung ausonischer Flussigkeit (englbonic liquid, IL) und LiFSI zyklisiert. Aus den
Uberspannungen bei einem Ladungszustand 6% werden die flachenspezifischen
Widerstané abgeschétzt, die in der Reihenfolge Carbbaaterter Elektrolyt < IL Solvat

IL ansteigen. Die verschiedenen Elektrolytsysteme werden in Abhangigkeit von der
Elektrodendickemittels EIS charakterisiert. Ein besonderes Augenmerk wird dabei auf die
Impedanz bei 18 Hz gelegt, da diese etwa der Zeitskala typischer Zyklisierungsrateri von 1
2C entspricht. Die Impedanzen steigen zwischen den Elektrolytsystemen in derselbe
Reihenfolgean,wie esbei den Zyklisierungsexperimentbaobachtet wurdéJm die eizelnen
Impedanzbeitragefir den Carbonabasierten Elektrolyten und die SoMat naher zu
verstehen, wird das analytische ModetinvHuang und Zhang herangezogBas Modell
berechnetlie Elektrodenimpedanz unter Berticksichtigung von Salzkonzentratiansptibn

im Elektrolyt-gefillten PorenraunEs ist auf Elektrolytsysteme bestehend @seils einer
Kationer und einer Anionensortie einem Losungsmitteinwendbar. Bei 10 Hz zeigt sich

fur den Realteil und den Betrag der komplexen Impedarenur schwache Abhangigkeit von
der Elektrodendicke im Bereich voniS3®@Opum. Mithilfe des generalisierteALM werden die
Impedanzbeitrage des lonentransports und des dickenabhangidengistransfers sowie der
Festphasendiffusion aufgeschlusselt. Bef* H2 und bei Dicken zwischen 5050um ist
sowohl fur dieSolvatIL als auch fir den Carbonrbtsierten Elektrolyten die Impedanz des
lonentransports grol3er als der Beitrag aus Ladumgsfer und Festphasendiffusion, woraus




sich die geringe Dickenabhangigkeit erklart. Dies lasst den Schluss zu, dass groR3ere
Elektrodendicken als die kommerziell Ublichen B8 moglich wéaren, sofern die
morphologischen Eigenschaften tber die gesamte Etekionstant gehalten werdedinnen

Kapitel 3 untersucht den Einfluss der KohlenstBihderDomane (engl.carbon binder
domain CBD) auf den Li-Transport in der Elektrolytphasshand einefRS Ansatesund
vergleicht die Ergebnisse mit EExperimenten. Die Morphologie des mit Elektrolyten
geflllten Porenraumswird in LIBs durch die Mikrostruktur der festen Komponenten
beeinflusst. Hierzu zahlen das Aktivmaterial (AM), der Binder und LeitkohlenstafBDder

und der Leitkohlenstoff bilden eine gemeinsame nanoporose PliaseCBD. Wahrend die
pm-groRen AMPartikel leicht mittels 3D Tomographie rekonstruiert werden kdnnen, wird die
CBD aufgrund ihrer geringen Grof3e dabei haufig nicht beriicksichtigtieser Studie wird

eine LiCoQ (LCO)i Kompositkathode mittels FHSEM-Tomographie physikalisch
rekonstruiert, um die LiTransporttortuositat zu bestimmen und die CBD morphologisch zu
charakterisieren. EFgxperimente im Rahmen des TLM werden aufgenomman, die
ionische Tortuositat experimentell zu bestimmen, und mit den Ergebnissen -das&3es
verglichen. Die dreiphasige Rekonstruktion weist neben der bisher hdochsten Auflosung mit
einer VoxelgroRe von (13,913,9x 20,0)nm? ein sehr groRes Volumanit einer minimalen
Kantenlange von 20m auf, was eine reprasentative Beschreibung des Porenraums erlaubt. Es
wird eine detaillierte morphologische Analyse zur Charakterisierung des Porenraums
durchgefuhrt die eine CLD, die Bestimmung der spezifischen ef@ache, eine
Konnektivitatsanalyse und die Berechnung der geometrischen Tortuositat umfasst. Die
Ergebnisse zeigen, dass die mikrostrukturellen Eigenschaften der Kathode durch die
Anwesenheit der CBD, die den PorenraunvaisvorrenesNetzwerk durchdring beeinflusst
werden, wodurch die LiTransportpfade gewundener und verengter werden. Porenskalige
numerische Diffusionssimulationen ergebleei Bertcksichtigung der CBI2ine deutlich
hohere ionische Tortuositat von 1y@rglichen zu 1,5 ohne CBD. Der @nschied der
Tortuositaten kann dabei nicht allein auf die Porositatsunterschiede zurtickgefiihrt werden. Die
RS-Analyse unterstreicht, dass nur porenskalige Simulationen in physikalischen
Rekonstruktionen, die die CBD einschliel3en, dazu in der Lage sindiidih EISExperimente
bestimmte ionische Tortuositat zu reproduzieren.

In Kapitel 4wird die Morphologie von zwesheettype Festkdrperbatterien (engheettype
all-solid-state batteries ST-ASSBs) mit verschiedenen Festelektrolyteand]. solid
electrolytes SE9 untersuchtum mikrostrukturelle Einflisse zu identifizieren, die die Kinetik
der Batterie limitierenDer Slurrybasierte Herstellungsprozess ist vergleichbar mit dem
konventioneller LIBs und somit relevant flr eine mdgliche Massenpkbidn. Als
schwefelbasierte SEs dienbLPS (b-LisPS;) und LPSI 2 LisPSA L) imit Leitfahigkeiten von
0,2mScm? bzw. 0,8mScm?’. Wahrend b-LPS aus mesoporosen Nanopartikeln




I. Zusammenfassung

zusanmengesetzt ist, ween die LPSPartikel GroRen bis in depm-Bereich und keine
intrinsische Porositat auf. KleimroderneNMC 85|05|10 Partikedie mit LINbG; beschichtet
sind, werden als Kathodenmaterial (englcathode active aterial, CAM) eingesetzt.
Dreiphasige FIBSEM-basierte Rekonstruktionen grof3er Katbodolumina beider Proben
zeigen die Mikrostruktur deSEs, der CAMPartikel und de®orenraum#n hoher Auflésung.

Der Binder, der sich als dinne Schicht tber alle Oberflachen verteilt, kann aufgrund seiner
geringen GroRe und seines schwachen Kontrastshtniaufgelost werden. Dien den
Rekonstruktionen gefundeMolumenverteilung der einzelnen Phasen legt nahe, dass sich der
Binder beib-LPS aufgrund der hohen intrinsischen Oberflache vorwiegend innerhalb der
nanopartikularen SiPhase anreichert, wahrendsech fur LPSI auf alle Grenzflachen verteilt.
Porenraumist toter Raumin ASSBs da er Transportpfade im SE tortuoser madat
Ladungsdurchtritt an der S$EAM-Grenzflache verhindert und die volumetrische
Energiedichte der Batterie herabsenkt. BiltPS kann ein HohlraunmtAnteil von 1vol%
gefunden werden, wéahrend die LHSbbe einen Anteil von 1ol% aufweist. DieHohlrdume

in der LPSibasierten Kathodsind zudem gré3er und vallem im SE oder an der SEAM-
Grenzflache zu finden. Figlie b-LPS-basierte Kathodsind dieHohlrdumevorwiegend von
CAM umgeben. Dies erklart, dass fiit PSeine grof3ere aktive Oberflache von 87% gefunden
wird, wahrend fur LPSI 62% der CAM@berflache in direktem Kontakt zum SE stehEine
Analyse der CAMKonnektivitat zeigt, dass jeweil$99% des CAMVolumens direkt
verknupft sind, wodurch der Elektronentransport innerhalb der Kathode ungehindert stattfinden
kann. Numerische Transportsimulationeeigen,dass dieElektrolytphaseder LPSFProbe
verglichen zur b-LPSProbe eine doppelt sohohe ionische Tortuositat aufweistin
Zyklisierungsexperimenteweistdie LPSFProbehingegereine hdhere Entladekapazitat (178
mAh/g vs. 150 mAh/glindgeringere Uberspannungen afthilfe einesgeneralisierteLM
wurden die einzelnen Beitrage zur Batterieimpedanz abgeschatzt, ®uackschlisse auf
kinetische Limitierungen in den beiden Probeiehen zu k&nnenDabei kommt dem
Ladungstransfer an der BEAM-Grenzflache mit Abstander gré3te Anteil zu, wéhrend die
chemische LiDiffusion im CAM und der ionische Transport in der -BBase nur einen
vergleichbar geringen Anteil ausmachen. Aufgrundhrer ahnlichen chemischa
Zusammensetzung weisen beide Elektroiteen dhnlichen Ladungstransferwiderstand auf.
Durch die hohere effektivesSE CAM-Grenzflacheder LPSHProbe wird sclel3lich ein
geringerer effektiver Ladungsdurchtrittswiderstand erhaltemas die geringeren
Uberspannungen erklart. Insbesondered@n Absenkung der Grenzflachenimpedanz liegt
folglich noch grol3es Potential, um dRerformanz von SASSB weiter zu verbessern.

Im funften Kapitel wird die Technik der physikalischen Rekonstmktiauf hierarchische
porése Materialien (HPMs) angewandt, die ein hohes Potential fir den Einsatz im Gebiet der
Energiespeicherung undkonversion aufweisen. HPMs sind eine Klasse funktionaler
Materialien, die sich durch eine grof3e spezifische Oberflacte ainem verknipften




Porenraum mit grol3er Zuganglichkeit auszeichnen. Die Studie préasentiert eine universelle
Laserbasierte Prozedur zur Generierung metatlischer HPMs mit eindolumenkohlartigen
Morphologie. Durch die Verwendung einfanosekundenlasers ist der Herstellungsprozess
leicht zu implementieren, I6sungsmittelfrei und skalierbar. Die resultierenden hybriden Mikro
/INanostrukturen lassen sich auf einer Vielzahl von Metaltsatien Uber einen grof3en Bereich

von Schmelzpunkten eeugen. Die Morphologie der Superstrukturen kann durch eine
Variation der Laserparameter direkt kontrolliert werden. Mithilfe einer-SB/-basierten
Rekonstruktion wird der Entstehungsprozess naher untersucht. Dazu werden die
blumenkohlartigen Strukturerauf Kupfermetall erzeugt, in Epoxidharz eingebettet und
physikalisch rekonstruiert. Querschnitte der Superstrukturen zeigen einen ringartigen Aufbau,
der an Baumringe erinnert. Diese lassen sich durch Ellipsen mit konstantem Mittelpunkt und
linear ansteigaden Ellipsensehnen anpassen, was zeigt, dass die erzeugten Strukturen einem
idealen Ellipsoid ahneln. Der Abstand der einzelnen Ringe ist konstant und abhangig vom
Laserscanlinienabstand. Die Porositat steigt nach auf3en hin, was zu einer grof3en externen
Oberflache fuhrt. Es entsteht ein hierarchisches Porennetzwerk mit Durchmessern vom
Nanometer bis in den Mikrometerbereich. Bei der Erzeugung rastert der Laser linienférmig
uber die Metalloberflache, wodurch Material schmilzt und teilweise verdampft. Dedesrt

das Metall teilweise. In einem Selbstorganisationsprozess entstehen Mikrostrukturen, die,
bedingt durch den gewundenen Laserpfad, durch schrittweise Rekondensation schichtweise
wachsen. Es entsteht eine komplexe und Uber mehrere Grol3enordnefizgahsliche
Morphologie. Die ermittelte fraktale Dimension entspricht interessanterweise der von
natlrlichem Blumenkohl. Das Konzept lasst sich auf eine Vielzahl von Materialien Ubertragen,
insbesondere auch auf Ubergangsmetalle, wie sie in Kathodeimietefiir LIBs eingesetzt
werden.

Abschliel3end lasst sich zusammenfassen, dass dieserfabeiEinblicke in die Mikrostruktur

von Batterieelektroderiefert. Hierfir wird ein Protokoll zur zweiund dreiphasigen
Rekonstruktion entwickeltind auf eine Melzahl verschiedener Proben angewakatwird

gezeigt, dass nur durch eine direkte Abbildung der Morphologie sichere Riickschlisse tber den
Grund von Transportlimitierungen uniber morphologische Heterogenitat gezogen werden
konnen FIB-SEM-Tomographiast die Methode der Wahl fir physikalische Rekonstruktionen
von Elektrodenda zum einen eine ausreichend hohe Auflésung erzielt wird und zum anderen
auch leichte Elemente, wie sie beispielsweise in der CBD zu finden sind, gut abgebildet werden.
Eine Optimerung der Elektrodenmorphologie zur Reduzierung von Transportlimitierungen
wird helfen,LIB in Zukunft noch leistungsfahiger zu machen.







Il. Abstract

Climate change is one of the greatest challenges of the century. Compared tariiagtreal

era, the average global temperature has already risen by 1 °C (1.5 °C in Germany). The
temperature increase taused bythe emission of greenhouse gaswhich convert sunlight
reflected into the atmosphere into heat. Around 20%hefCO, emissions in Germany are
attributed to the transport sector. Electro mobility represents a possible solution to this problem.
Powerful lithiumion batteries(LIBs) are needed for mobile storage of electricity from
renewable eneyg Threemain approaches are being pursued to improve the performance of
LIBs: the search fornew materials the developmentf new battery concepisand the
optimization of existing systemshiE work takes thé&tterapproach by imaging and studying
theelectrode morphology using tomography. Detailed morphological analysis and simulations
are used to identify microstructur&inetic limitations. The results are compared with
electrochemical dracterization methods. In the following, the results of the five chapters

this cumulative dissertation are summariZzédapters 13 are related to the study of transport
limitations in batteriesising a liquid electrolyteChapter 4deals withall-solid-statebatteries,

and Chapter 5 applies the reconstruction approach to a hierarchical porous material.

In Chapter 1, transport limitationef an electrode are detectdny both reconstruction
simulation(RS)and electrochemical measurements, and the results of the two approaches are
compared to each othéfhe aim of the study is to determine the ionic tortuosity in both ways
to quantify transport limitations in the pore spddked by a liquid electrolyteGraphite which

is a common anode materigd chosen ashe active material. First, graphite electrodeish
different thicknesseare investigated by electrochemical impedance spectroscopy (EIS) in a
symmetricalcell setup The resulting spectrare fitted using the transmission line model
(TLM), which describes the impedance of porous tebeles. The analysis reveals an ionic
tortuosity of t X®. Second, ongraphite electrodés physically reconstructed over the
entire crossection using FIEBSEM tomography. For this purposéhe pore space of the
electrode is infiltratedy an osmiurbased contrast agenthe space which is filled by the
liquid electrolyte innormal battery operation ishus directly imaged andhé¢ contrast of the
resulting image tack is enhancegdfacilitating an accurate reconstruction. A comprehensive
morphological analysis isonductedeaturing porosity profileghe geometric tortuosity, arad
chord length distributionGLD) of the solidphaseand voidspace All analyses argerformed
with regards tdhe spatialdirection showingthat the flaky graphite particles form a dnsti
anisotropic microstructureThis leads to strong transport hindrances the direction
perpendicular to the current collect®he reconstruction vame is verified to be representative
by afinite-size analysiswhich isindispensablén order to obtain reliable result®iffusion
simulations based on a randemalk approach yield a similar tortuosity valuetof @& v
which is within the experimental error df . Consequentlythis study shows that loaginge
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transport simulations (without considering doulalger famation) and EIS combined with
TLM (ion transport in the poremnddoublelayer formation) give comparable results even for
a highly anisotropic microstructur€ompared to FIESEM tomographywlong with numerical
simulations EIS is significantly faster heaperand easier tapply,and it is available in almost
every electrochemical laboratortlowever, the underlying microstructurfgatures causing
steric transport hindrances can only be analyzed by appropriate tomography mEétBods.
screenings cahe used todetect transport limitations of ngndesignedelectrodes. Thus, the
results of this study may contribute to the future developroemore powerful electrodes.

In Chapter2, the impedance of electrodes with variable thickness is examined farediffe
liquid electrolyte systems. For this purpose, batteries are first cycled ustrgglymebased
solvate ionic liquid(IL), a conventional carbonabmsed electrolyteand a LiFSI in IL
electrolyte systenThe areaspecific resistances are estimabegded on the overvoltages at 50%
state of chargewhich increase in the ordararbonatébasecelectrolyte < IL < solvate IL. The
different electrolyte systems are characteriraded orthe electrode thickness by means of
EIS. Special attention ipaid to the impedance at 46z, since thifrequencycorresponds
approximately to the time scale typical cyclization rates ofi2 C. The impedanced the
electrolyte systemmcreasean the same order aswas observed ithe cycling experiments.
Next, the analytical model of Huang and Zhang is usedhed light onthe individual
contributions to the overall electrodmpedancedor the carbonatbased electrolyte and the
solvate IL This model calculates the electrode impedarte&ing into accountsalt
concentration polarization in the electroliiéed pore space. It is applicable to electrolyte
systems consisting of one typachof cation andanionin a solventTherefore, the LiFSI in IL
electrolytecannot be analyzed by thisodel. At 10 Hz, only a weak dependence on the
electrode thickness observedor the real part and theodulus of thecomplex impedancia

the range of 50L00pum. Using a generalizedTLM, the impedance contributions an
transport and thicknestepeneént charge tranef as well asolid phase diffusion are analyzed
separatelyThe impedance of ion transport for both the solvate IL and the carboasdd
electrolyte ishigherthan the contribution from charge transfer and solid phase diffiagion
10%Hz and for thickesses between BD50um. This explains the lowdependence on
thicknessf the impedance spectaadleads to the conclusion that greater electrode thicknesses
than theconventional 8Qum would be possible, given that the morphological properties can be
kept contant over the entire electrode.

Chapter 3 examines the influence of the catbioler domain (CBD) on Eicharge transport

in the electrolyte phase by using a RS approach and compares the results with EIS experiments.
The morphology of the electyde-filled pore space ihIBs is influenced by the microstructure

of the solid componentsctive material (AM) particles, binder, and conductive carbon. The
binder and conductive carbon form an interpenetrating nanoporous phasBLih@/hile the




pm-scded AM particles can be easily reconstructed by 3D tomography, the CBD is often not
taken into account due to its small feature size. Indh&pter a LiCoG (LCO) composite
cathode is physically reconstructed by meanEIBFfSEM tomography tadeterminethe Li*
transporttortuosity and to morphologically characterize the CHIS experiments in the
framework of the TLM are conducted to determine the ionic tortuosity experimentally and are
compared with the RS approachthe threephase reconstruction pradds both the hitherto
highest reported resolution down to a voxel size (b3.9x13.9x 20.0) nm?®, and an
unprecedented large volume with a minimum edge length gin20This enablesa
representativelescriptionof the interstitial pore spacé detailedmorphological analysis is
presented to characterize the morphology of the void $patteing CLD, specific surface area
determination, connectivity analysis, and calculation of the geometric tortuds#yresults
show that thenicrostructural propertsof the cathodare affected by the presence of the CBD
spanning the void space as a convoluted netandieading to more tortuous and constricted
Li* transporpathways. Porscalenumericaldiffusion simulations reveal a significantly higher
ionic tortuosity of 1.9 when the CBD is taken into account compared to 1.5 withoutvZiB&nh
cannotbe solely attributed to tHewer porosity.The RS analysis underscotésit only pore

scale simulations iphysicalreconstructions including the CB&an reproducexperimental
tortuosity values derived fromalS.

In Chapter 4the morphologypf two sheétype altsolid-statebattery (STASSB) cathodesvith
different solid electrolytes (SEg)investigatedo identify kinetic limitingfeatures The slurry
based marfacturing processf ST-ASSBsis comparable to that of conventional lithitiom
batteriesandis thus relevant for eventual mass productibine sulfurbased SEs afeLPS (&
LisPS) and LPSI (2LisPSA L)iwith conductivities of 0.2nScm? and 0.8mScm?,
respectively. Whilé®-LPS is composed of mesoporous nanopatrticles, the LPSI particles exhibit
sizes up to the pm range and no intrinsic porosity. Sstetlbof-the-artNMC 85|05|10 particles
coated withLiNbOs are used as cathode active material MJAThreephase FIBSEM based
reconstructions of large cathode volunresigh resolutiorreveal structurally representative
and realistic modelsf the SE, CAM particlesand void space. The binder, which is distributed
as a thin layer over all surfacesgnnot be resolved due to its small feature size and poor
contrast. The volumi&actions found in the reconstructions suggest foah-LPS, the binder
accumulates predominantly within the nanoparticulate SE phase dihe toigh intrinsic
surface aredor LPS] it is distributed over all interfaces. Void space is dead space in ASSBs
as it makes transport paths in SE more tortuous, prevents charge transfer atGAdVISE
interface and reduces the volumetric energy density of the batterytHeob-LPS-based
cathode a small void fraction of 1 vol% can be found, while LP&khibits a much higher
fraction of 11 vol%. The voids in the LR8asedcathodeare largercompared tdb-LPS and
mainly found at the SE or $SEAM interface. Forb-LPS, the voids are predominantly
surrounded by CAM. This explaitiselarger active surface area of 87% bekPS, while 62%
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of the CAM surface is in direct contact with the SELPSI. An analysis of CAM connectivity
shows that>99% of the CAM volume is dactly connected in each @smaking electron
transport within the cathodencritical Numerical transport simulations show that the ionic
tortuosity of the electrolyte phase of the LPSI sample is twice that di-tfRS sample. In
contrast, cycling expenents reveal that the LPSI sample has a higher discharge capacity
(178 mAh/g vs. 150 mAh/g) and lowesvervoltage Using ageneralTLM, the individual
contributions to the battery impedance were estimétedraw conclusions about Kinetic
limitations in the two samples. The charge transfer at theC38M interface accounts for by

far the largesimpedancewhile Li chemical diffusionn the CAMand ionic transport in the

SE phase account for only a comparably small fraction. Due to their similar chemical
composition, both electrolytes exhilatsimilar charge transfer resistanewever due to the
higher effective SECAM interface of the LPSI sample, a lower effective charge transfer
resistance is obtained, which explains the lower overvolt@gesequently, especially in
lowering the interfacial impedance, there is still great potential to further improve the
performance of SASSB.

In the fifth Chaptey the physical reconstruction technique is applied to hierarchical porous
materials (HPMs), wich have a high potential for use in the field of energy storage and
conversion. HPMs are a class of functional materials characterized by a large specific surface
area and an interconnected pore space with high accessibility. The study presents d universa
laserbased procedure for generating metal oxide HPMs with caulifliteermorphology.

Based on a facile nanosecond pulsed tasatment, the manufacturing process is easy to
implement, solvenfree, and scalable. The resultimybrid micre/nanostrutures can be
generated on a variety of metallic substrates over a wide range of melting points. The
morphology of the superstructures can be directly controlled by varying the laser parameters.
The formation process is investigated in detail by meansB¥SHM tomography. For this
purpose, the cauliflowdike structures are generated on copper metal, embedded in epoxy
resin, and physically reconstructed. Cresstions of the superstructures show a-likeg

pattern similar to tree rings. These rings barfitted by ellipses with a constant center point

and linearly rising elliptical axes, which makes the structures resemble an ideal ellipsoid. The
distance between the single rings is constant and depends on the laser scan line distance. The
porosity inceases towards the outer surface, resulting in a large external surface area. A
hierarchical network of pores with diameters from nanometer to micrometer is created. During
generation, the laser scans the metal surface in a linear pattern, causing toatesialand
partially evaporate whereby the metal partially oxidizes. In aosghHinization process,
microstructures are created which grow layer by layer through stepwise recondensation due to
the meandering laser path. A complex and over several oodlars|gnitude seiSimilar
morphology is formed. Interestingly, the determined fractal dimension corresponds to that of
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natural cauliflower. The concept can be applied to a variety of materials, especially transition
metals, such as those used as cathoderrakin LIBs.

In conclusion, this work provides new insights into the microstructure of battery electrodes. For
this purpose, a protocol for twand thregphase reconstructisis developednd applied to a
variety of differentsampleslt is shown that only direct imaging of the morphology provides
reliable conclusions about the reason for transport limitations and morphological heterogeneity.
FIB-SEM tomographyis the method of choice for physical rectvastions of electrodess it
achieves aufficiently high resolution androvides a high sensitivity towardight elements,

such as those found in the CBD. Optimization of the electrode morphology to reduce transport
limitations will help to maké.IBs even more efficient in thieiture.
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[1l. Introduction

[11.1 Motivation

Climate change threatens natural systems and the basis of life for millions of.[Jeople
Compared to the pradustrial @je, the global average temperature has already increased by
1°C (1.5°C in Germany)Consequences are already noticeable tadajuding more frequent
extreme weather events, rising sea levels due to the melting of glaciers and polar ice, and an
increasng loss of biodiversityGlobal warming is attributed tthe emissions of greenhouse
gasedike CO,, methane, nitrous gasesd fluorinated gases, which convert sunlight reflected

in the atmosphere into heat and thus warm it up. In the Paris Climater@onwe 2015 197
countries committed themselves to keep global warming significantly below 2TGe
emission of greenhouse gases has to be reduced significaatljer to achieve this goal and

to combat climate ange.

a) CO, total emission/ % b) EU28 CO, total ) Emissions
emission / Mt in Germany / %

Figure 1ll.1: a) CQ emissions by selected regions in 261&) Share of the EU28 GO
emissions in Mt (2018§! ¢) CQ: emissions in Germany by sector (20#D20% of Germany's
CO; emissions are attributed to the transport sector

Germany's C@emissions of 9.2 tons per capita in 8@te almost twice the global average.
Around 20% of Germany's G@missions are attributable to the transport sgcforFigure
l1I.1), whose emissions have evesen by 5% compared to 1980Motorized road traffic
causes94% of the transport emissiongjue to the predominance tdssil fuels There is
considerale saving potential in the transport sectBesidesa significant reductionof
individual traffic and a shift of freight traffic to rail, electromobility represents an important
technology for reducing transport emissioreking into account the preséaérmarelectricity
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mix with 42% renewable energylectric cars already cause around 2é%semissions than
conventional cars witpetrol engines(during the whole life cycldf! This reductioncan be

further improvedby increasing theshareof renewable energie3o achieve this goal, large

scale stationary energy storages are needed to compensate for fluctuations in power generation,
and highperformance mobile energy storages to furtheease the range of electoars The
lithium-ionbattey t echnol ogy is key tB8 overcome today

[ll. 2 Lithium -ion battery

[11.2.1 Principle and design

Thelithium-ion battery (LIB) changed our lives. It drlad the development towardsodern
smartphong laptops became lighter and thinnand, due to its high gravimetric and
volumetric energy densityt,is replacing more and more combustion engines by electric motors
in the transport seor.®! Due to its low reduction potential and its small weight, lithium is an
ideal candidate for batterielsiBs usually consist of a transition metal oxide as catlautiee
material(CAM), graphite as anode materiahd a separator soaked wéHiquid electolyte
preventingdirect electroniccontact (and thus a short circuit) of both electrodes. The two
electrodes are connected to each other via an external circuit, ytoeldes electronic
conduction. Theelectrolyte allows only ionic conduction of Li cations. Figure 111.2
schematically represents the setup of aflIB.

)

Al current collector W Anode active material
W Cathode active material M Cu current collector
Carbon-Binder domain

Figure Ill.2: Schematic representation ofithium-ion battery.Li* ionsintercdate the anode
active material (black)e.g., graphite flakes,when the battery is charged (red arrow).
Discharging the battery (purple arrow) leads to a deintercalatioiri @mfnsfrom the anode and
transportto the cathode where Lis inserted. The cathode is comspd of cathode active
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material (blue)e.g.,LiCoOz. Both electrodes are pervaded by a caibioder domaingrang@,
providing stability and electronic conductioAl and Cu foils serve as current collectorae
stored energy can be provided for mobile applicatierts electric scooters.

The firstrechargeable Libattery was developed in the 1970s by Stanley Wittingham, who used
TiS, as CAM and elemental lithium as anode material. Although good reversibility was
achieved, the battery suffered from the comipaely low cell voltage of <2.% anddendrite
growth® Crystalline Li depositen the ande in the form of thin needlel the dendrites reach

the cathode, a short circuit occurs, which poses enormous safety risks. Some of the cells caught
fire, makinga safe commercial operation impossible. Even todaydernLIBs still struggle

with dendrite growth, which continues to peat the use of elemental Li as anode matétial.

In the 1980s, John B. Goodenough's group worked on Li transition metal oxid=svas
Goodenough used graph#te anode materialhich solved the safety issugfidendrite growth

The redox potential of graphite iaround 0.1V vs. Li/Li* and its capacity corresponds to
372Ah kg for LiCs.®! The breakthrougbf LIB technologyfinally came withuse of layered
LiCoO, (LCO) as CAM. In practice, LCO &s an energy density of 140Ahg! and cell
voltages of up to ¥ can be achieveldl Akira Yoshino pushed the industrial production of
LIBs. Finally, in 1991, Sony launched the first commercially available LIB on the nitfket.

In 2019, the Nobel Prize inchemistrywas jointly given towittingham, Goodenoughand
Yoshing highlighting the exceptional importance of this technol&gy?

Discharging of a battery comes witikidation of the anode material due to deintercalation of
lithium (cf. Figure I11.2) At the same timel.i* is insertedto the cathode AMThe liquid or
solid electrolyte enables ion transpdttectrons travel through the external circuit from the
anode to the cathode compensate for the positive charge df MVhen charging the battery,
the process is reversdd.order to obtain large active surface areas, porous electrodes are used,
which are composed of particles of abdud pm in size.Commercial electrodesxhibit a
thickness of abou80 pm andporosities of about 2593 The liquidelectrolyte is typically a

1 m solution of LiPFk in organic carbortas like ethylene carbonate, dimethyl carbonaiel
diethyl carbonateA thin polyethylene or polypropylene film of abo2bum thickness is
usually used as porous separatdt®! Furthermore, conductive carbon and binder are cittwle
the composite electrodes. The carbon provides the electronic conduction betwéévi the
particles andhe bindemrmechanically stabilizes the electrodgonductive cartn and binder
form an interpenetratinghase, which is also known e carbon imder domain (CBD)!*326]
The morphology of the CBD and its influence on ion transpidkrbe discussed in Chapt8r

Sincecobaltis expensive and usually mined under adverse conditidms,today's LIBs Co
is substituted for the most part by Mn and Ni to form LiNMnyCo,02 (NMC).!®! Depending
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on the stoichiomey, capacitiesof about 200 mAh ¢ are achieved with NMCToday
gravimetric energy densities 250 Wh kgt and volumetric energy densitiesi650 Wh L

are reached® Compared to 1991, modern LIBs have about four times higher capacities.
However, thee increases were mainly achieved by an optimized cell désighemically,
conventional LIBs arggraduallyreaching their limits, which is why new cell concepts such as
all-solid-state batteries or, in the long term, lithium air battEfieare increasingly moving into
focus.

[11.2.2 All -solid-state batteries

In all-solid-state batterie§ASSBs) the flammable liquicelectrolyte is replaced by a solid
electrolyte(SE) thus providing a higher degree of safé¥es exhibit a negligible electronic
conductivity,so they also act as separafidie mechanical strength of S&suldhelp to inhibit
dendrite growth, which wodl allow elemental Li to be used as anode matefi&}
Especiallysulfide-based SEs have high potential dagheir high conductivitié®? of 104
102 Scm?t (approx. 102 Scm! for liquid carbonatebasedelectrolytes), their mechanical
deformability, and the weakesistive interfaceshey formto the (coated)AM.2% Typical
examples for sulfidebased SEs are amorphous 2LisPSA L i(UPSI, conductiity:

&4 0.8mScm?)?? and crystalline #-LisPS (6-LPS, 8 0.2 mScm?),?% Li10GeRS:2 (LGPS
&5 mScm?), 2124 andargyroditetype LisPSCl (& 2 mScm?). 25261

In contrast to a liquid electrolyte, which almost completely wetsAtile high mechanical
pressure is required for the operation of ASSBs to establish sufficient contact betw&kh the
and the SE. Volume expansion of #h®l can also cause cracks and voids in theaB& the
AM, which have a negative effect on cell performdtte?8! Nevertheless, ASSBs offgreat
potential due tohte possible use of Li anodes and the higher degree of sat@tsh makes
them an important field of researd’he morphologyf ASSBs using LPSI an®-LPS as SE,
will be analyzed in detail in Chapter 4.

[11.2.3 Transport in porous electrodes

When the battery is discharged; ians travel from the anode to the cathoflee movement

of charge carriers in the electric field between the two electrodes is called migragoharge
transfer reaction at the electroliy@AM interface can cause the formatiorsaftconcentration
gradients in the liquid electrolytei* ion fransportin liquid electrolyteds consequently also
affected by diffusion (in addition to migration Solid electrolytes are usually singtm
conductors. Du¢o electroneutralityconstraing, concentration gradients cannot form here, so
only migration & relevant for transport.he anodective materiabndthe CAM are blocking
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for anions After intercalation Li is transported ambipolass Li* andelectronswithin the active
material The electrons required for charge balance are provided by the arolector and
are electronically conducted through tltdAM and carboradditives The relevant transport
pathways, which are investigated in this thesis, are illustrated in Figuia dll.3

i
Li
’0
.

M Active Material []Electrolyte phase ' Carbon binder domain [l Current collector

Figure II1.3: Transport in porous electrodesldBs: a) Li" transport in the electrolyte phase
between AM particles (length scalet000nm), b) Li* transport in the electrolyte phase within
the CBD (length scales100nm), c) Ambipolar Li transport(Li* and electronsin the solid
state between and within primary AM particles (AM patrticle length scéleud), and d)
electron transport to or from the current collector via AM patrticles and the CBD.

The performance of LIBs depends on thermodynamic parani&tethecell potential as well
as kinetic limitations that contribute tioe overpotentialduring charging and discharging of the
battery cell.The kinetic limitationscan be grouped into three categories: Ohmic polarization,
activation polarizationand concenttéon polarizatiori*? The resistances of catbmponents
like the SE, theAM, the current collectgiand thewiring contribute tathe ohmic polarization.
Activation polarization is caused by an inhibited charge transfer at intergbagesy a limited
AM1 electrolyte contact are&y! Lastly, concentration polarizaticthescribesnass transport
limitations. These include diffusidmndrance®f the active species in tledectrolyte phase of
the porous electrod@® In batteries using a liquid electrolytalt concetration gradientsire
formeddue to charge transfer at the electrdl@@&M interface.Interactionsbetween the ions
lead to correlated movements, which have to be taken into adé®bihie impedancacreases
with decreasind.i* transference numbemnd decreasingnic conductivity. The influence of
kinetic limitations on battery performance will be discussed more closely in Chapters 1
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[1l. Introduction

I11.2.4 Impedance of porous electrodes

Analytical battery models can be used to describe the impedavfgeorous electrodedt all

relevant processes amonsidered by the respective model, ithedividual impedance
contributions can be quantified, which allows the identification of kinetic limitatidhs.
transmission line model (TLM}¥ an example for an 1D modevhichinterpretstransport and
electrohiemical processes terms ofdiscreteelectricalelement$!! A general TLMis given

by

—— Al OB——— 1.1
aw w

& denotesthe ion transport impedande the electrolyte phased thelocal impedance

including charge transfer at the electroly@AM interface double layer formationand Li
chemical diffusion in the CAM particles, the pore lengthandd corresponds to the surface
of the active materigbarticles per unit volume of the electrodavo limiting cases can be
defineddependingord and® .If® | & ¥ aw , the coth function becomes unity.
Theimpedance& can then be stated as

W — .2
aw
Forthecasethad L & ¥ & w ,a Taylor expansion dhe coth function results in
B B
0w —— — 1.3
aw o

ThegeneralTLM is discussed in more detail in Chapter 2 for liquid electrolytes and in Chapter
4 for ASSBs.An alternative analytical battery model is proposed by HuangZiwaag!®?

which is based on the concentrat®wiution theory and explicitly includes the formation of salt
concentration gradient®! Both models are discussed in detail in Chaptdfigure 111.4 shows
calculated impedance spectra in the framework of both models. A LCO composite cathode with
a thicknes of 50 um is assurdeising M LiPFsin carbonates as liquid electrolyBoth models

show good agreement, especially in the Higlouency range/hereion migrationin the liquid
electrolyte and charge transfer at the electroly@&M interface take placeAt lower
frequenciesli chemical diffusion in the AM andiffusion in the liquid electrolytelominate.
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[11.2 Lithium-ion battery

At very low frequencies, the chemical capacitance of the AM becogetegant,and the
imaginary part of the impedance tends towarés.

_14 T T T LI | T T
_12'_ —Huang/Zhang 1
| --general TLM

-10 b

Z" /| Qcm?

O L 1 " 1 " 1 " 1 L 1 L 1 L
0O 2 4 6 8 10 12 14
Z' ] Qem?

Figure I1l. 4: Nyquist plot of @lculatedmpedance(10°% 10 4 Hz) of a LCOcompositecathode
(thickness: 50 pmyvith 1M LiPFs in carbonateas liquid electrolyteising the model by Huang
and Zhang (red) and a general Tl(Mue)as describeth Chapter 2.

[11.2. 5 How to improve lithium -ion batteries?

Threedifferent strategies are generally being pursteednprove LIBs:the search for new
materials (like Nirich NMC or new SESs), the development of new battery concepts (like
ASSBs or LiAir batteries), and theoptimization of existing systemsThe latter offers
considerable potentiab boost battery performandg tuning theelectrodemicrostructure to
minimize kinetic limitationg**! A detailed understanding dffie Li* transport is essentito
improvethe cell design of LIBandto reduce ovgrotentials Transport irLIBs occurs on quite
different length scalesnesopores in th8EI[% pores <10 nm within the CBDnetwork!=€!
pores<1000nm between the AM particleand withn the AM, whose patrticles aré3.um in
sizel®® The performance of LIBs is therefore affected by many differenspart processes,
which extend over several orders of magnitude from the mesopore scale up to the um range.
The large range ia great challenge for an accurate descriptibthe relevant processeas
batteriesf the individual microstructures are considd

The solid componentf or m t he el ectrode6s microstructu
preparationElectrodes are usually produced using a slurry coating techriiquais endthe
solid components are mixed in a solvent to form a slurry and appliéé current collector as
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a film. The porosity is then adjusted by calendantifayiousparameters determine the resulting
microstructuré®”! These arefor example the solvent content and composition of the solid
components of the slurry, the choice of binder and conductive additives, the particle sizes of
the AM (and SE), the electrode thickness, the drying time and temperaturignallydthe

speed, temperatuyrand pressure during calendaring. A variation of single parameters has a
direct influence on morphological propertigsich as phase distribution, porosity, pore size or
electrode thickne$sand thus ultimately on battery performandéis complex interplay
emphasizeshe need fora meaningfulrepresentatiorof the resulting microstructurfor an
accurate and detailed morphological analysise physical reconstructiaechniquedirectly
images a porous microstructure andhtsoducedn the following sectn.

[ll. 3 Physicalreconstruction

To investigate theelationship ofpreparation and microstructural propertaes well asthe
morphological interplay of the single battery componeattequateharacterizatiomethods
arenecessaryo directly image the 3D morpholod¥! A reliable geometrical modebf the
batterymicrostructure enables to identify critical bottleneftksion transport, chae transfer,
and electron transporThe relevant batteryength scales range froatomic resolution (for
characterizing charge transfer processpsp 100 um(for imaging electrode microstructures)
Generally suitable methods for 3D imaging @aem probe microscopy (APT),scanning
transmissiorelectron microscopy (STEM), focused idmeam scanning electron microscopy
(FIB-SEM), and Xray tomography (XRT¥? APT and STEM areapableto image features
<10nmandarepredominantlyused to characteriZAM.[*%4! Forimagingthe interstitial pore
spaceand theCAM particles FIB-SEM and XRT are best suited.

XRT is a noninvasive imaging methodased on thabsorption of xays It can image large
sample volumes with edge lengths up to 1000 um in operando. This allows large representative
volumes to be imaged over the entire electrode thickness. However, the resolth®sulb

pum range is limited and materials with light atomic nuclei such as those found in the CBD can
only be resolved inadequaté®y*? 44 FIB-SEM, on the other hand, offers a high resolution of

5 nm, edge lengths up tb00um, and can also resolve light elementsh sufficient contrast

It usesfocusedons (mostly Gg to remove materidtom the sample sliecby-slice. The SEM

signal is usedetween slicingo image the crossectional surfacedowever, the method is
destructive,time-consuming,and therefore expensive. It is limited to solid materials and
interactions betweetheion bean andthe sample can distort the ima&*? However, due to

the very high resolution and good interpretability of the resulting SEM image$SEWBIs the
method of choice taccurately represent the morphologybafteryelectrodes from the nm
scale up to the um scale. For this rea$dB-SEM tomography was used in this work for 3D
reconstuctions of battery electrodes.
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[11.3 Physical reconstruction

FIB-SEM tomography is widely used in materials sciese biology to reconstruet variety

of porous media. For example, chromatographic beds of silica particles can be reconstructed
for ultra-high performance liquid chromatography (UHPLiG)analyze particle packing and
the influence of wall effect® Silica monoliths which are also used for separation and
catalysis, can also be reconstructed well using &/ and benefit from the good contrast
properties and high resolution of electron microsdéff{f! In electrochemistry, FIBBEM is

used for the reconstruction of LIBs amtlid oxide fuel cell$®%0 |n LIBs, FIB-SEM
tomography accurately image# relevant components likeathodd!>5%%4 separatql®® and
anodd® In addition to conventional LIBs based on the use of a liquid electrolyte, the
reconstruction technique is also increasingly appliedvo Imattery concepts like ASSB7 >

In the following the technique is presentedmore detail.

[11.3.1 Scanning electron microscopy

SEM benefits from smallde Broglie wavelengths of electrons of <l1nm, whiskrongly
increases the resolutiomth a high depth of fieldompared to light microscopBesideshe

high resolution down to 1 m, SEM isan ideal tool for imagingas the resultinglata is
comparatively easy to interpret and contains morphological as well as chemical information.
SEM can easily be combined with other spectroscopic methodenlégy-dispersive Xray
spectroscopyEDX) or structuring methods like FIB. This makes SEM a higidysatile
method that is widely used in scieraewell asndustry and goes far beyond the mere imaging

of material surface”!

Several steps are involved in creating an imAgéirst, primary electrons (PEs) are generated

in the electron gun with an acceleration voltagei&®kV. Modern SEMs usually use field
emission guns as electron source. The entire setup is kept under vacuum to avoid scattering of
the electron beam. Electromagnetic lerese$ condenser lensase used to bundle the electrons

into a fine beamThe aperture adrols the number of electrons and the convergence angle.
Finally, an objective lens focuses the beam onto the sample sasfadine spat & nm). The

beam is scanned over the sample surfaca rectangular rasteEach point on the grid
correspondsat a pixel in the resulting image. When the electron beam hits the sample, a
multitude of interactions occsiwhich can cause the emission ledickscattered electrons
(BSEs),secondary electrons €6Es), and Xrays When the electron beam enters the sample,
somePEs are elastically scattered by atomic nuclei. This deflects the electrons in a new
direction without losing their kinetic energy. Some of these electrons leave the sample at its
surface aBSEs which can be detected. The larger the atomic nucléh@fsample to be
examined, the more likelwill be the formation of BSEThus,BSE create a clear material
contrast in the resulting image. The second important typeeaies$Es can knock out weakly
bound electrons from the outer shells of the santpl@s These have much lower energies of
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<50eV compared to BSEs. For this reason, only 1se@aface 8dEs canleave the sample.
SecE are formed close to the entry point of the electron beam and enablesogition
imaging. Since &&s exit near the surface, thgiye a strondopographicontrasi®

The volume in which interactions between beam and sample @gasircalled interaction
volume. It is teasshaped and depends on the material and the selected acceleration voltage of
the PES®! For highresolution images, the interaction volume should be kept small in order to
obtain information as close to the surface as posgtbletomography, the interaction volume

has to be smhdr than the slice thickneddowever, decreasing the beam energy leads to a larger
spot sizd®’l These opposing effects must be taken atoount;hence experience is required

to find optimal image setting$he investigation of multiphase samples is challenging because
the electron beam interacts differently with each of the ph@ikesdeteadsignal is assigned

to a gray value, usually between 0 and 255, representinyitifgness of theespective pixel.

The resulting images can be manipulated by mathematical operations, for example for contrast
optimization*°!

[11.3.2 Focused ionbeam

FIB can be used for both imaging and milling of solid materidis.ion source is usually liquid

Ga, which is charderized by a low melting poii80 °C) and dow volatility. The ion beam is
generated by electrospray ionizatiora liquidmetal ion sourceFor this purpose, @ngsten

needle is attached below a texhGa reservoir. By applying a high voltage, an electric field is
generated which causes the liquid métal to the tipforming a Taylor coneThe liquid metal

is ejectedfrom the cone tip in a thin stream. The electric field ionizes theTGa.ions a
accelerated at typically 30 kV towards electrostatic lenses that focus the beam on the sample.
When entering the sample, the ions hit atomic nuclei and thus trigger collision cascades. The
resulting ®ds and BSEscan be detected for imaging. If the tshation energy exceeds the
displacement energy of an atom, it can be knocked out of the sample. This sputtering effect can
be used fomicromachining for example in FIBSEM tomography?®626]

[11.3.3 FIB -SEM tomography and physical reconstruction

Dualbeam devices combine the versatiigh-resolutionimaging modes of SEM with the
precisemicromachiningof FIB. The ion beam is orientgeerpendiculato the sample surface
while the SEM beam iarranged at an angle ofi54°. Both beams cross at the eucentric point
on the sample. FESEM tomographyis bagd on alternating cutting and imaging of the
s a mp ¢rasssection. The volume can be reconstrucfidrwardsrom the resulting image
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[11.3 Physical reconstrction

stack by threalimensional interpolatioli*! Figure 11 5illustrates the reconstruction workflow
from sample preparation to 3D visualization.

Sample FIB-SEM Image :
preparation tomography I processing ——DSegmentatmn-

1. Image alignment
SEM 2. SEM angle compensation

) . Resm Volume of 3. Curtaining correction
o infiltration interest 4. Intensity gradient elimination
5. Noise reduction
6. Contrast intensification
Porous Color threshold
electrode

Figure 1ll. 5. Overview of the physical reconstruction workflow. First, the sample is cut and
prepared for FIBSEM tomography. A resin infiltrates the pore space to prevent charging and
shinethrough artifacts. In the next step, a volume of interest is defined anubsdigrimagd

by SEM and milled by FIB. The resulting image stack is processed by eliminating artifacts.
Next, a contrasbased segmentation assigns all voxels to the distinct phase. The segmented
stack serves as input for the morphological anglyssescale simulations, and the 3D
visualization.

The definition of thevolume of interest (VOI) and thenage parameteris one of the most
critical stepsas it is always a tradeoff between acquisition time and resoldthm selected
volumehas to baepreentative Furthermore, theize and shape @il relevantfeatureshave

to be accurately characterizddhpedingfinite-size effects requires reconstructivolumes
with edge lengths on the order of ~25 times the morphological featur&°siFlee smallest
features have to be imaged with sufficient resolut{8il0 slicesper featurg®® These
prerequisits usually produce large amounts of data tieate to be processed in the later image
processing step.

A few preparation steps armecessaryrior to the automated sliGandview procedurelt is
recommended tmfiltrate the pore space with a resithis way,the resin preventsharging at
theedges of theoids and shinghrough artifact§”! of deeper layersMoreover the contrast to
other phasesan be improved (by active stainif§)which facilitatesthe segmentation in the
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reconstruction procedurélhe VOI shouldbe protected against unwanted sputtering by
depositing a Por C protective layer onts surface A smooth edgdurthermorereduces the
formation of curtaimg artifacts, which are often caused &y unevencrosssectionl®®!
Curtainingoccussin the form of stypes on the resulting SEM images, which impsirtbsequent
imageinterpretationA U-shaped trench is cut around the \éDH its crossection is polished
The trench reduces shadoywstensity gradientspn the crossectional surface and collects
sputtere material, thus avoiding deposition on the sample.

A largestack of images is obtained from the@amated sliceandview procesgup to >1000
images) Each voxetepresents a color valaed 3D coordinategieight and width of the voxel

are defined by the SEM image resolution whsalepthcorresponds tthe FIB slice thickness.

The goal of the subsequent image restoration is to remove image artifacts bypasee!
mathematical operations in order to llesthe subsequent segmentation of the different phases.
This typically includes image alignment, correction of the SEM incident angle, removal of
curtaining effectas well agntensity gradients, noise reductj@md contrast enhancemésee

Figure 1115).% Afterwards, a color value range is assigned to each material phase, whereby
the grayscale images are segmented. Besidesimple contrasbased segmentation, more
advanced approaches also include the resgestdxel environmerit®! Modern machine
learning approaches use neural networks, which are trained by means of supervised learning to
distinguish between individual phaskés.

Thereconstructed microstructuediows for a detailed morphological analyss characterize
its morphology This includes the recording of chord length distributions (CEBJY the
determination of volume fractions, surfaé@s,contact aread? the calculation of the
geometric/geodetic tortuositif! the fractal dimensidff! as well as the connectivit{! and
distribution of the individual phases. Furthermadhe, reconstructioservesas input for realistic
porescale simulation8%74781 The reconstructidrsimulation (RS) approach enables to
guantify rate capability limitation®of LIBs and to link the results of electrochemical
measurements with microstructural featurgShapters 1 and i% feature physical
reconstructiongndprovide more details omorphological analysiand the RS approach.
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Abstract

The performance of a composite battery electrode depends strongly on the morphology of its
liquid electrolytefilled pore space, where ion transport takes place. lon transport limitations
within the pore space are quantified by the tortuosity, which can eexdeed from diffusion
simulations in the reconstructed pore space or through electrochemical impedance spectroscopy
(EIS) using, for example, the transmission line model. Although rarely directly compared, the
tortuosities determined by the two approachage so far been lacking in agreement, raising
doubts about the validity of each method. In this study, we use a graphite composite electrode
to demonstrate that the two methods deliver comparable tortuosity values under two conditions:
(i) The pore spaces reconstructed by focused im@am scanning electron microscopy using

an osmiurdbased contrast agent for positive staining. (ii) The dimensions of the reconstructed
volume are sufficient to represent the electrode microstructure and to prevertiZimigdfects

in the diffusion simulations. Fulfilment of these conditions is proven by a comprehensive
morphological analysis, comprising porosity profiles, chord length distributions of solid phase
and pore space, and the geometrical tortuosity. Our sesarfirm EIS as a reliable method for
assessing the ion transport tortuosity of battery electrodes.
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1.1 Introduction

Lithium ion batteries (LIBs) have become the most important storage medium for electrical
energy in mobile devices. The growingportance of electromobility raises the demand for
LIBs with high energy density, which are characterized by small internal resistances at high
charge/discharge raté$Apart from evaluating new battery materials, improving the existing
components is wehwhile to get to more efficient LIBs. The porous electrodes in particular
have considerable optimization potential. Composite battery electrodes contain active material
particles for Li storage, binders, and conductive additives; the solid componé€iris de
porous microstructure that is filled by the liquid electrolyte. The pore space morphology
determines the Lion transport pathways and thus the ion transport resistance of the eléctrode.
The effective ionic resistance, in turn, contributes todherall internal impedance of the
battery and thus influences its power dens$ifjhe electrode microstructure depends on
properties of the active material particles, principally their shape and size distribution.
Commercial battery electrodes are gengrddbricated from irregularly shaped particles,
including those with a decided anisotropyThis carries the risk of transferring the particle
anisotropy to the formed microstructure and engendering a pore space with long and tortuous
pathways, which igven observed for virtually spherical particteBhe formed anisotropic
microstructures usually result in high ion transport resistances and the diffusive ion transport
tortuosity is a global measure to assess morphological transport limitations in bleitéodes.

Two approaches are currently used to determine the ion transport tortuosity of battery
electrodes: electrochemical impedance spectroscopy (EIS) and direct numerical simulations in
the reconstructed por e s p anulationpRS). Althoughlbahc t r o d «
methods work under iehlocking conditions at the electrolyte / active material interface, there

are often discrepancies between the obtained tortuosity VaittE&ctrochemical impedance

spectra are analyzed in the framekof the transmission line model (TLM) to derive the

effective ion transport resistance of the composite electRgheé?** The TLM describes the
impedance of straight, cylindrical pores filled with liquid electrolyte. The electronic resistance

of theactive material particles is assumed as zero. The effective ion transport resistance is then
used to calculate the El®erived tortuosity according %°

) ’ 1.1
T (11)

0]

Here, Uouik and et denote the bulk ionic conductivity of the pure electrolyte and the effective
ionic conductivity of the electrolyte in the composite electrolyte, respectively, Whileand
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A are the volume fraction of the electrolyte in the composite electrode, tk@ebs of the
electrode, and the area of the electrode, respectively. EIS is a fast way to determine the ion
transport tortuosity with a simple experimental setup available in many industrial and academic
laboratories. An increasing number of studiié® reports ElSderived tortuosity values,
although the TLM has not yet been validated by an independent microscopic method employing
a realistic morphology of the pore space.

The reconstructidrsimulation (RS) approach has been around longer than ElSrfoogiy
determinations, but requires considerably more time and specialized equipment to obtain the
required 3D reconstruction of the electrode microstructifi@he diffusion process in the
pores can be simulated by a random walk method, wherelpaninert tracers are randomly
distributed in the void space. A random displacement is determined for all tracers at each time
step. From the tracer displacements, aitependent diffusion coefficient is calculated, which
gives the effective diffusion efficient Deft in the asymptotic (longime) limit. The diffusive
tortuosity(ksis the ratio of bulk diffusion coefficiem@puk andDes:

(@]

T o (1.2)
The accuracy of the diffusion simulations and thus of the obtajaadilue depends entirely
on the quality of the reconstruction, that is, its resolution and volume. For battery electrodes,
focused ioAbeam scanning electron microscopy (FBBM) and Xray tomography are the two
reconstruction methoesf-choice. Both techniques resolve the void space between micremeter
sized particles with a resolution down torifd 1’ Unlike X-ray tomography, FIBSEM serial
sectioning requires filled pores to enhancedbetrast and to prevent shitteough artefacts.
X-ray tomography detects the solid phase, whereasSHM offers the possibility of staining
the solid phase or the void space. Irrespective of the technique used, the reconstruction has to
be large enouglotbe representative of the entire electrode microstructure and to prevent finite
size effects in the diffusion simulations.

Although both approaches should come to the same result, this corroboration has so far not
been observed in practiéé® Landesfeid et al*' compared EISand RSderived ion transport
tortuosity values of battery electrodes whose microstructure was reconstructedagy X
tomography. They found about twofold lower values for thede®ved tortuosities and
attributed this discrepancty an inadequate reconstruction of the pore spacayXomography

did not recognize the binder as part of the solid phase, so that in simulations diffusion extended
into parts of the electrode that are effectively blocked by the binder in the real séhgpeby,
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the diffusion paths became less obstructed and the porosity increased, leading to underestimated
tortuosity values in the simulations. The equality of EIS and the RS approach for the tortuosity
determination of battery electrodes remains tohmave.

In this work, we attempt to validate the Ed&sed tortuosity determination of porous battery
electrodes through the RS approach. To this end, we used graphite as the most widespread
anode material for LIB& The chosen graphite flakes, which hal@aeen used already in

other studie®!®2% form an anisotropic microstructure, which poses a particular challenge with
regard to the reconstruction and the choice of adequate analysis methods. We intentionally
selected FIBSEM as the tomography techog since it allows a direct staining of the pore
space. An osmiurbased contrast agent has access to the entire pore space including the cusp
regions between graphite flakes and small pores. Thus, we image the same space that the liquid
electrolyte peneattes under conventional operating conditions of the battery. The electrode is
reconstructed over the entire crasstion, i.e., from current collector to the top, to monitor
possible porosity variations introduced by the doeblade manufacturing procesBrior to
simulations of diffusion in the reconstructed pore space, the reconstruction is critically
evaluated to ensure the absence of fisite effect§' and extract important morphological
information in the form of porosity profiles, chord lengttdbutions (CLDs) of solid phase

and void space, and geometrical tortuosity values.

1.2 Experimental

1.2.1Electrode preparation

The nonporous graphite flakes used for electrode preparation had a mean length (long side) of
4.73+ 1.81um, a mearheight (perpendicular to the long side) of 2£7/B.16um, and a mean
thickness of 0.47& 0.156um. Graphite electrodes with varied thickness were prepared from

an aqueous slurry of 90t% of GNERGY KS6L synthetic graphite (Timcal, Bodio,
Switzerland),5 wt% of GNERGY SUPER (&5 carbon black (Timcal), andva% Walocel

CRT 2000 PA sodium carboxymethggllulose (Biogrund, Hinstetten, Germany), following a
similar procedure as reported in Balabajew et @riefly, the slurry was applied to an
aluminumfoil, whereby the thickness of the slurry application was adjusted using a ZAA 2300
automatic film applicator (Zehntner, Sissach, Switzerland), and dried overnight at room
temperature. From the dried slurries, discs with a radius and.@ere cut out. Npressure

was applied for secondary consolidation so that all electrodes should have similar porosity. To
determine the mass of the electrodes, the discs were weighed on an analytical balance and the
mean weight of the aluminum current collector was sutech
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1.2.2Electrochemical impedance spectroscopy (EIS) measurements

EIS was performed in a TSC battery cell (rhd instruments, Darmstadt, Germany) using a
symmetrical tweelectrode setup. The cells were assembled in an dittgmhglove box. Two
graphite electrodes with minimal weight differencéd(88mg) were separated by four layers

of Whatman GF/A glass microfiber filters (GE Healthcare, Buckinghamshire, United
Kingdom). The separators were soaked with gR@f liquid LP30 electrolyte (Merck
Darmstadt, Germany) consisting of a 1/1 (v/v) mixture of ethylene carbonate and dimethyl
carbonate containingrhol I'* LiPFs. Cells were equilibrated over night at room temperature.
Impedance measurements were performed betwd#dzland 0.1Hz with anAC amplitude

of 12.5mV at the open circuit potential using a Zennium electrochemical workstation (Zahner
Schiller, KronachGundelsdorf, Germany). Impedance spectra were analyzed using the
software RelaxIS 3 (rhd instruments).

1.2.3Determination of the dectrode thickness

The precise determination of the electrode thickness is critical, as the parameter affects the
accuracy of the calculatedis (Eq. 1.1). After the EIS experiments, the electrodes were
embedded in epoxy resin. To this end, a 5/2 (w/wume of SpeciFix Resin and SpeciHg

Curing Agent (Struers, Ballerup, Denmark) was used. After curing fdn 24 room
temperature, the embedded electrodes were cut and thesembss was examined with a
DM2700 M optical microscope (Leica MicrosystenWetzlar, Germany) equipped with an N
PLAN EPI 50x/0.75 BD objective (Leica) and a MC190 HD camera (Leica). The electrode
thickness was determined with the help of?FijnageJ image processing software from 100
values estimated along the entire crssstion.

1.2.4 Focused iofbeam scanning electron microscopy (FIESEM) serial sectioning

For positive staining with Os3*?° one of the prepared electrodes was placed on top of an
upturned snagap vial in a roundbottomed flask filled with 1.8l of 4% aqueous Os© The
electrode was moistened with one drop @faecene (Sigma Aldrich, St. Louis, MO) to fill

the pore space. The flask was then closed and kept in darkness for six weeks. During this resting
time, the Os®@ solution partially evaporated and penetrated the pore space of the electrode,
where formation of solid osmic esters with the alkene took place. The sample was then
embedded in epoxy resin, using a 5/2 (w/w) mixture of SpeciFix Resin and Sp&CIEixing

Agent (Struers), and cured for 24 hours at room temperature.
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FIB-SEM serial sectioning was performed on a Strata 400Sbd@ehFIB system (FEI,
Hillsboro, OR) at the Karlsruhe Nano Micro Facility, Karlsruhe Institute of Technology
(Karlsruhe, Germany). e SEM unit was operated at an acceleration voltage of 5 kV. A
protective Pt layer (~fim) was deposited at the region of interest (ROI) to reduce curtaining
effects. A focused Gdbeam (3KkV, 6.5nA) served to create a trench around the ROI to prevent
re-deposition onto the surface and to expose the sample volume for slicingk\AG&' ion
beam with a current of 612A was then used to create an image stack from the ROI using the
Slice&View package of the instrument software. The FIB slicing directigines they-
direction. The final image stack contained 1065 images of BikElsx 1852pixels with
(14.2nmYy pixel size and 30.am spacing in milling directiony{direction). This yields a
reconstructed electrode volume of 52.82.0x 26.3um? (x x y x 2).

1.2.5 Physical reconstruction

Image restoration and processing was realized witf® FifiageJ image processing software

and Visual C# scripts using Visual Studio Community 2017 (Microsoft Corporation, Redmond,
WA). Images were contaminated by esdall effects from redeposition of sputtered material.

The artifacts were removed using the Stripe Filter of the Xlib Fiji pléfyDrifts between

images were corrected by anhouse script written in Matlab R2014b (The MathWorks, Inc.,
Natick, MA). The FIB cutting procedure causes small stage drifts between the SEM images that
are not fully corrected by the Slice&View software. Hence, the algorithm displaces the
subsequent image relative to the previous one. For each shift between successive images the
algorithm takes overlapping parts of both images and computes a normalizecbcreksgion,

which is essentially the correlation coefficient if pixel values are treated as random data. Finally,
the subsequent image is shifted so that maximum-carsdation between the two images is
achieved. This procedure is repeated for the entire image $taeknclined viewing angle of

the SEM detector was corrected by scaling alongztleis using Fiji. The slight tilt of the
sample was corrected using the AsrmJ plugirt’ Intensity gradients within and between
images were normalized to avoid errors in the thresholding step. A Gaussiarni fil2y \Was

applied to remove noise. The image contrast was enhanced and a global threshold was defined
to binarizethe images. Binary and raw images were visually compared to find an optimal
threshold. The binder and carbon black are actually not distinguishable from the graphite flakes
in the final reconstruction. In evaluating the reconstruction, we noted that soteeopthe

pore space were not completely filled with contrast agent and were thus incorrectly assigned as
solid phase. These parts were semanually corrected using the 3D watershed segmentation

of the MorphoLibJ plugiff to identify these holes. Theswting 8bit binary image stack was
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used as input for further analysis. Figarg provides a brief overview of the reconstruction
steps and shows a 3D visualization of the reconstructed microstructure of the graphite electrode.

TEIeclrolyle

%, | Electrode

A > J, Current
? Ml Graphite 52.8 pm X W collector

Figure 1.1: Reconstruction procedure spanning from the prepared vetdsimeerest (red) for
FIB-SEM serial sectioning analysis to the 3D visualization of the reconstructed volume. The
image stack, acquired via Slice&View tomography, was processed and binarizedlidto
phase (white) and void space (black). In the final visualization, the graphite flakes are displayed
in black.

1.2.6 Chord length distribution (CLD) analysis

A simple and widely applicable approach to characterize the shape and size of arbitrary
geonetrical structures is the use of CLDs. Since CLD analysis does not require any assumptions
about the size and shape of a solid, liquid, or void phase, it is virtually applicable to all
multiphase materials and has been used to describe packed beds ofatgeszed particles,

the macropore space, skeleton, and mesopore space of silica monoliths, the formation of porous
glasses, to study crystallisation, &dn general, chords are used to scan a geometry by
measuring the distances between two interfagdsch are set apart by a homogenous
phas€®3! The recorded CLD is abstract but accurate in describing the phase distribution,
eliminating the need to define limits for individual pores or their geometric form (as required,
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for example, in a porometraharacterization to derive a pore size distribdfpiICLD analysis

for the solid phase and void space of the reconstructed electrode microstructure proceeds along
the following steps: (i) 10seed points are randomly distributed within each phaserdii) f

each seed point, six vectors in total are projected alangjy:tand £ until they hit the solid

void interface (the three spatial directions are orthogonal axes according to the designation in
Figure 1.1); (iii) chord lengths are extracted as the sointhe absolute lengths of a pair of
opposed vector&panning the distance between two interfaces while traversing the material)
and stored unlessvector projects out of the reconstruction boundaries, in which case the chord

is discardedThe resultinchistogram (theCLD) and its analysis are valuable to describe the
solid phase and void space inside the battery electrode prepared from the flaky shaped particles,
where defining individual pore limits would be difficult and possibly arbitrary. This agpro

is furthermore applied in a straightforward manner to other electrode morphologies, thereby
aiding in the establishment and comparison of quantitative morphgeggrmance
relationships.

1.2.7 Calculation of the geometric tortuosity

The geometric tauosity was determined from the topological skeleton of the reconstructed
pore space. For this purpose, the Fiji Skeletonize3D plugin was applied to the binary image
stack to obtain a representation of the void space where pores are reduced to cesfterimes
voxel thickness (brantimode network). This skeletonization procedure reduces the pore space
to a medial axis under conservation of the topological and geometrical information. To calculate
the geometric tortuositigeomin -, y-, andz-direction (the three spatial directions are again the
orthogonal axes according to the designation in Figiurg a cuboid with a surface of 1000 x
1000voxels and maximum depth in the respective direction (that is, alongr z) was cut

from the toplogical skeleton to reduce calculation times. For example, to caltidaten the
z-direction the cuboid had dimensions of 14.2 x 14.2 x 26.3(umy x 2). The branchnode
network covered by the cuboid was then examined using the AnalyzeSképbigim in Fiji

and the corresponding Abranch informationo
as input for the subsequent calculation§&f, The geometric tortuosityepresents the shortest
possible distance (along the branches of the biarocle network) between two nodes with
respect to the Euclidean distance between these points. To arrive atldiabalues for the

pore space ir-, y-, andz-direction of the reconstruction the Euclidean distances between point
pairs (in the respeete direction) were increased and the corresponding shortest distances along
the topological skeleton recorded. In particular, about 200 nodes lying on one of the faces of a
cuboid were defined as start points to project straight lines (representing Buaid&ances)

along the monitoreg, y-, orz-direction. The nearest node from each end of a line was assigned
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as end point. The ratio of the shortest distance between start and end point along tfie branch
node network and the Euclidean distance corresptmthe geometric tortuosity. By stefise
increasing the length of the 200 lines (shifting their end points) an asymptotic value is attained
for Qeom This value is the global (asymptotic) geometric tortuosity in a particular direction of
the electrodeeconstruction. A Visual C# application was written to calculate the shortest
distances along the skeleton branches between correspondingerfdfapoint pairs using
Dijkstra's algorithn#*3%

1.2.8 Porescale diffusion simulations

Diffusion in thevoid space of the reconstructed electrode was simulated by a ramalem
particletracking techniqué® A large numbeN = 10’ of passive, poinlike tracer particles were
randomly distributed in the reconstructed void space. During each timeqstep the
simulation, the random displacememqt of every tracer due to molecular diffusion was
calculated as

Y g0 Yo (1.3)

whereDyuik is the tracer diffusion coefficient in the open spacelansl a vector with random
orientation in space and a length governed by a Gaussian distribution with zero mean and unity
standard deviation. The valueagifwas adjusted such that the mean diffasiisplacement did

not exceedd/10 (wheregh = 14.2 nm is the pixel size of the FEBEM images used for the
electrode reconstruction). To restrict diffusion to the void space, a mukjeletion boundary
conditior’” was implemented at the sdligbid interface: If at the current time iteration a tracer
crossed the solidioid interface, this displacement was rejected and recalculated until the tracer
position was in the void space. At the external faces of the reconstructed domain, a mirror
boundary condibn was imposed, that is, if at the current iteration a tracer hit an external face,
it was mirrorreflected from that face, but the total length of the displacement (with reflection)
was equal tay. During the simulation, the displacements of every tratengx-, y-, andz-
direction were monitored, which allowed us to determine-tiiegendent diffusion coefficients
along each directiopaccording té®
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00 ——., Yi 0 (14)

wherej denotesx, y, or z, andqgij(t) is the accumulated displacement of itietracer along
directionj after timet.

A decrease oDj(t)/Dpu With time (i.e., the number of iterations) from the initial value of 1
results from interactions of tracers with the solid phase. At short times, only a small fraction of
the tracers experiences geometric confinement during their random walk. At losg tth@e
transient diffusion coefficients approach asymptotic values, with superimposed stochastic noise
inherent to random processes. These Jiimg asymptotic values correspond to effective
diffusion coefficientsDettj, which characterize steadyate aisotropic diffusion in the void

space of the reconstructed electrode in the specified direction. Then, the corresponding value
of the diffusive tortuosityks; can be determined according to EQ.

1.3 Results and discussion

1.3.1 Tortuosity determination by the electrochemical impedance spectroscopy (EIS)
approach

EIS measurements were performed using a symmetrical cell setup (graphite electrode |
electrolyte | graphite electrode) assembled from two electrodes of similar weight (weight
difference <0.08 mg)1**®Using a conventional battery cell with a cathode and an anode in a
two-electrode setup would result in a mixed impedance to which both electrodes contribute. A
threeelectrode setup has challenging demands concerning the correct position of the reference
electrode to prevent artifad® The symmetrical cell setup was chosen to ensure that the
received structural information only refers to the investigated sort of electrode. Because the
electrode contains conductive carbon, the electronic resistancdiggsbtegmall and not taken

into account in formulating the TLM. Under blockhetectrode conditions, only double layer
formation but no charge transfer reaction takes place at the interface between liquid electrolyte
and graphite flakes. In the followintle interfacial double layer capacitance is denoteCdpy
Microscopic roughness of the pore walls and deviations from cylindrical pore geometry could
influence the shape of the impedance spéétfaA constant phase element (CPE) was
introduced to aamunt for deviations from ideal capacitive behavitt The impedancé for

the TLM under blocking conditions (0% staiEcharge) can be expressed as
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with the effective ion transport resistariRen, the CPEcoefficientQp. and its exponeril, the
imaginary numbey, and the angular frequengy®

To determineRon, impedance spectra of four electrode pairs with varying thickthegsre

collected and fitted to EQ.5. Figurel.2a shows Nyquist plots of the spectra and the fits to the
TLM; the values received from the fits for the parameRuyis QoL, andUfor each electrode

pair are listed in Tabl&.l. The sl ope of the Nyquist plots
8 5 A a8ladwArequencies, which correspondsitealues that deviate only slightly from unity
U=0.94 0.97) .
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Figure 1.2: (a) Nyquist plot of the impedance acquired for symmetrical graphite cells with
varying electrode thickness (symbols), together witheftisording to EqL.5 (solid lines). EIS
experiments were performed in a tetectrode setup under idocking conditions at the
active material particle / electrolyte interface. For a better comparison of the ion transport
resistance in the composite @®des, the resistance of the liquid electrolyte in the separator
was subtracted. The fitting results for the paraméRersQor, andUare listed in Table 1. (b)
Tortuosity determination from plots oRg AA A vs. the electrode pair thickneds The
thickness of one electroddé/2, was determined using an optical microscope, after electrodes
had been resiembedded and cuitis was calculated from the slope of the linear fit to the data
and the electrolyte bulk conductivity (cf. EQl).
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Table 1.1:Parameters derived from fitting the EIS data to the TLM (E%).2

Ron AA / Y 2 QoLAAY/ pF ftem'? U b
13.89 £ 0.22 252.3+£0.37 0.959
20.90 £ 0.09 416.8+ 0.56 0.961
36.19 £ 0.13 727.6£ 3.74 0.968
43.93 £ 0.27 1013+ 1.04 0.941

@ The effective ion transport resistané®, and the constasghase elemen

coefficientQpL have been normalized by the electrode &ea

The calculation of¢is according to EqL.1 requires knowledge of the electrqaosityU The
porosity was determined from the magghe area, and the thicknessof the electrode pairs
and the mass density of graphite, the main component of the solid phase,pas -

dj 00T . Mass and thickness of the electrode pairs aesllia Tablel.2; for convenience,

the mass is given normalized by the area of two circular electrodes with a radius of(B.6 cm
= 2.26 cm). For the graphite density, we assumed a valye=of2.1+ 0.2)g cm'3 based on

the range of data given in théeliature!* The resulting porosities of the electrode pairs were
between 39.7% and 46.5% (Tahl®), yielding an average porosity Of (43.6 +2.6)%. The
stated errors of the porosity values in TahRresult mainly from uncertainties in the density
of graphite. For the tortuosity determination according to Efj, we plot Ron AAAJ vs.
electrode thicknes®8A linear fit to the data (Figurg2 b)) returned a sl ope
Multiplying this slope with the measured bulk conductivity of the usdelctrolyte
(Gouk = 0.85( g M)t 25°C) resulted in a Elglerived tortuosity ofdis = 7.3+ 0.9.

Table 1.2:Massm (normalized by area), thickness, and porosityJof the electrode pairs.

mAA1/ mg cni? d/um U b

7.329+ 0.01 65.20 +4.84 0.465+ 0.056
12.46%+ 0.01 98.46 + 6.26 0.397+ 0.045
22.39+ 0.01 183.3+7.14 0.418+0.043
23.80+ 0.01 211.2+11.3 0.464+ 0.051
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The calculateddsv al ue reflects highly tortuous i on
porosity ratio corresponds to a McMullin number N = 0= 16.8. Landesfeind et &l.

reported very similar McMullin numbers@f8 19 f or el ectrodes manuf
type ofgraphite flakes as used in this study.

1.3.2Tortuosity determination by the reconstructioni simulation (RS) approach

The RS approach for tortuosity determination relies on the accurate reconstruction of a
representative volume of the electrode pgpace. Thus, the reconstructed volume was first
critically evaluated (i) to extract valuable morphological information about the microstructure
of the porous electrode, and (ii) to ensure that the reconstructed volume satisfied the criteria for
obtaining satistically relevant information from the diffusion simulations.

Morphological analysis

First, the porosity was determined as the fraction of void voxels in the reconstruction (the ratio
between black (void) voxels and the sum of white (solid) and black voxels in the binarized
image stack). This was done for the entire reconstructed volurdetéomine the global
porosity and then along each of the three spatial planes to monitor porosity fluctuakgns in
y- andz-direction (Figurel.3). For example, the porosity plot for tkalirection (blue curve)
summarizes the sligey-slice mean poraty in theyzplane of the reconstruction. The global
porosity was determined d$= 42.6%, which is in excellent agreement with the average
porosity value of (43.& 2.6)% estimated from mass and dimension for the four electrode pairs
(Tablel.2). In eachspatial direction, the porosity fluctuates randomly around the global value,
without indication of a trend, reflecting a microstructure with a uniform and isotropic porosity
distribution.
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Figure 1.3. Directiondependent porosity profiles determined thee reconstruction. The
porosity fluctuates around the global averag&o{0.426+ 0.03)%.

Next, the reconstructed volume was subjected to CLD analysis to determine the geometric
properties of void space and solid ph&¥.In CLD analysis, the investigated space is probed

by chords of variable length, eliminating the need to assume a specific geometric shape for the
investigated space, e.g., a cylindrical pore model conveniently applied in the derivation of a
pore size distbution based on porometric d&faOnce a statistically significant number of
chords has been collected, they are displayed in a histogram. For highly ordered, crystalline
structures the CLD exhibits a muitiodal pattern, whereas materials with Debyelcanness

(e.g., Vycor glass, cement, sand) show a CLD that follows an exponential decay féhction.
Most interesting is the occurrence of correlated disorder, as found in randomly packed
particulate beds or hard and soft matigre monoliths. For those neaials it has been shown

that the CLD is well describeuy thek-Gamma functiof? (which can belso motivated from

a statistical mechanics appro&dh

0 & L0
"Qd YD(D—Q—A D0 (16)

with the scaling paramet& the chord length, the form parametek, the gamma functiod,
and the mean chord length The chord lengths analyse microstructure on a local scale, i.e.,
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the majority of the chords probe a single pore, with some chords also exploring adjacent pores.
The CLDs therefore r@al information about the local (pore level) and shange (few pores)
heterogeneity® In this regard, the firshoment parametegr in Eq. 1.6 is a measure of the
average feature size (e.g., the lateral pore extension or solid thickness, represtraeddan

chord length), whereas the secandment parametdr= u%/d? is a measure of microstructural
homogeneity {f is the standard deviation of the CLD). Higteralues (narrower CLDs with
respect tqu) indicate a higher degree of homogeneity, i.e. oaenhomogeneous morphology
over a length scale of a few porés2One of the strengths of the CLD approach is the ability

to compare fundamentally different morphologies (e.g., with continuous or discontinuous solid
phase), regardless of material prepare history, in a simple, accurate, and quantitative
manner®

To honor the anisotropic microstructure of the graphite electrode, CLD analysis was performed
for each spatial direction individually. Figutel shows a schematic illustration of chord
generdion in the void space of the electrode and the CLDs obtained for void space and solid
phase including the respective fits to E@. The parameters derived from fits of the CLDs to
Eq.1.6 are listed in Tablé.3 The CLDs reflect the arrangement of traphite flakes in the
electrode and the consequences for the pore space. For void space and solid phase, the average
feature sizeu in z-direction is about half of the average feature size endy-direction. For

the solid phase, this indicates thatshof the graphite flakes are layered in xigelane. This
arrangement has been attributed to gravitational forces during the drying of the>slurry.
Compared to the graphite flake dimensigmss smaller inx- andy-direction and larger ia-
direction. This could reflect a tilted orientation of the flakes, which is supported by visual
inspection of the reconstructed volume (Figud. On the other hand, the graphite flakes are

not isolated entities in the reconstruction. The reconstructed solid phesepmasses also
binder and conductive carbon, so that flakes can appear connected. Chords spanning over
several flakes would increagen z-direction compared with the flake thickness. The layered
arrangement of the graphite flakes shapes the pore spaeesimilar arrangement; as the mean
feature sizes in the three spatial directions indicate, the free diffusion path of an ion is about
twice longer in thexy-plane than perpendicular to it. Thus, the patlz-direction, that is,
perpendicular to the current collector, is highly obstructed, which explains the high tortuosity
value of(is = 7.3+ 0.9 determined by EIS.
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Figure 1.4: Schematic 3D illustratiorof chord generation for directiesiependent CLD
analysis in the void space of the reconstruction (left panel). Diredgpendent CLDs obtained
for (a) void space and (b) solid phase along with the respective fits kekGhenma function
(Eg.1.6). The CIDs reflect the anisotropy of the microstructurezdirection, caused by the
preferential layering of graphite flakes in theplane, an arrangement visible in the SEM image
(see inset in panel b).

Table 1.3:Parameters derived from fitting the CLDs to kk&amma function (EdL.6).2

Void space Solid phase
Direction p/pm k/ t p/pm  k/
X 1.314 1.942 1,997 1.678
y 1.326 2.117 2.044 1.788
z 0.722 2.235 0.954 2.160

aThe coefficient of determination w& >0.99 for all fits; the
scaling parameteSin Eq. 1.6 was0.09 for the void spac

and0.12 for the solid phase.

Analysis of finitesize effects

To ensure the absence of fingze effects, theeconstructed volume was stepwise reduced by
decreasing its edge lengths. CLD analysis was performed for each subvolume in all three spatial
directions. Figurd..5 shows thg andk values obtained from the void space of the subvolumes
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for thex- andz-direction. (Values obtained for tlyedirection were highly similar to those for

the x-direction and thus omitted from the figure for clarity.) If the volume is too small, long
chords are underrepresented, resulting in too gmailues and compromisddvalues?! The

form parametek and the mean chord lengtitend to constant values at ~60% of the full edge
lengths, which corresponds to 3um in x-direction and 15.8m in z-direction. The mean
chord length it = 1.31um in x-direction andp = 0.722um in z-direction, that is,
representative values for the morphological parameters are reached at edge lengths
corresponding to 24in x-direction and to 22 in z-direction. The findings confirm the results

of a former study! which investigated finitaize dfects in the reconstruction of an organic
polymer monolith and gave the minimum edge length to extract representative morphological
data from t he r dimesthsaveragefeatue sizeas 20 25

391 mx -3
Z
K~
24 L -2
¢ g @ g 0 °® e ¢ o o o ¢ o]
£
= X
-S-. A A A A a4 A & 4 4 4 &
1 2e u 1
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Fraction of full edge lengths

Figure 1.5:CLD analysis of the void spacexnandz-direction (blue and yellow, respectively)

for subvolumes of the entire reconstruction. Subvolumes were generated by decreasing the edge
lengths of the reconstructed volume (Figlr® in each spatial direction e same factor.
Finite-size effects disappear at 60% of the full edge lengths.

Analysis of geometric tortuosity

The geometric tortuositideom was determined to check if the assumed voxel depty in
direction is correct. The voxel depthyitirection orresponds to the spacing between the SEM
images, which is determined by the cutting width of the ion beam and is thus an input parameter
for serial sectioning. Because the graphite flakes are randomly orientedndy-direction,
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the geometric tortuotsi should lead to very similar values in tkeplane, if the cutting width

of the ion beam was chosen correctly. In the literature, the geometric tortuosity is often
determined to characterize porous mefli@though its significance is limited. It is fireed as

the shortest possible path between two points in a porous medium divided by the Euclidean
distance between these points. The shortest possible path is not necessarily the path with the
smallest transport resistance. Bottlenecks or other consmsctiave no influence dgeom

whereas diffusing species deviate from the ideal route, as the direction of Brownian motion is
random and, more importantly, solutes are sensitive to constrictions in their diffusion path.
Hence, the geometiyased tortuosit is always lower than the actual mass transpased
tortuosity1647:54

For calculation ofjeom the distances were determined along the branches of the 3D topological
skeleton (branch node networ k; red Figurees in
1.6). The topological skeleton represents the pores as centerlines while retaining the topology

of the pore spac®. Figurel.6 shows the evolution of the geometric tortuosity value with
increasing Euclidean distance in the three directions. Tbe adecreases for longer Euclidean
distances andjecom approaches constant values. The asymptotic values of the geometric
tortuosity are@eomy = 1.62+ 0.06, Jeomy = 1.57+ 0.09, andeom; = 2.67+ 0.12. The results

reflect the anisotropic microstructure of the graphite electrode and confirm the assumed voxel
depth iny-direction as correct.

104

©
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Figure 1.6. Evolution of the directiomdependent geometric tortuosity with increasing
Euclidean d@tance. Tortuosity values were determined from the 3D topological skeleton

48



1.3 Results and discussion

(branch node network) of the reconstructed pore space. One point in the graph represents
contributions from more than 200 node pairs with similar Euclidean distance. The insst show
a schematic 2D representation of the topological skeleton (solid phase: white, void space: black,
skeleton: red).

Diffusion simulations

Figure 1.7 shows the evolution of the simulated transient diffusion coeffici@py,
normalized byDwuk, With inaeasing number of iterations. For all three directions asymptotic
values were reached, yielding tortuositieddaf = 2.62,(ksy = 2.48, andis; = 6.55 (Table

1.4). The most important result is the good agreement between the simulated tortuosity value
for the zdirection and the EMpased tortuosity value (which measures the tortuosity
perpendicular to the current collector, that isz-tirection). The values detmined forlks;

and s agree within the experimental error in the determinatioktdef validating the EIS
approach for the tortuosity determination of the porous graphite electrodes.

Table 1.4:Synopsis of the determined tortuosity values.

Direction is?/ b ke / b l:éeomC / b

X b 2.62 1.62+0.06
y b 2.48 1.57+0.09
z 7.3+0.9 6.55 2.67+0.12

aDetermined from electrochemical impedance spectroscopy measuret
b from diffusion simulations in the reconstructed pore spademm the

topological skeleton of the reconstructed pore space.
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Figure 1.7: Evolution of the directiomdependent transient diffusion coefficienB;(t),
normalized by the diffusivity in the bulk liqui@®oux), with the number of iteration®j(t)
values were obtained from diffusion simulations in the reconstructed pore spackr.ettion
dependentortuosity (ks; is determined fronDerj, the asymptotic value obj(t) in the long
time limit (cf. Eq.1.2).

Finally, we revisit the relation between microstructure and tortuosity. The anisotropy in the
electrode microstructure introduced by thelayered arrangement of the graphite flakes is
reflected in the CLDs (Figur&.4) and in the directiodependent geoetric and diffusive
tortuosity values (Figurek6 andl.7, respectively). The geometric tortuosity is-firides larger

in z-direction than irx- andy-direction, but the diffusioisimulation based tortuosity is already
2.7-times larger irg-direction thann x- andy-direction (Tablel.4). This synopsis shows that

from structure to ideal (geometric) pathways to real (Arassport relevant) pathways, the
anisotropy is amplified. Isotropic structures should therefore be an immediate goal for the
design oftomposite battery electrodes. But even aside from the anisotropy, the microstructure
of graphite electrodes leaves much room for improvement, as the comparison with computer
generated packings shows. Willsxyd 2. 55, the tort uadsinthelesof t he
obstructed directions is still Xt8nes higher than the tortuosity of ~1.4 found for computer
generated sphere packings with similar porosity as the investigated eleét§des.
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1.4 Conclusions

In this study, we have shown that EIS meaments of porous graphite electrodes and
numerical simulations of diffusion in the reconstructed pore space of such a graphite electrode
lead to similar tortuosity values. The valueldd, = 6.55 determined by the RS approach was
within the experimental error of the Etftermined tortuosity (fs=7.3+0.9). The
experimental error dfts is mainly caused by the uncertainty in the porosity estimation. Apart
from uncertainties in the detaination of experimental parameters, differences betwgen
and(s can originate in deviations of the real pore space from the idealized cylindrical pore of
the TLM. As more reconstructions of porous electrodes become available, the TLM could be
refined in the future to consider the actual shape, connectivity, and surface roughness of the
pores rather than a generic pore model.

To make progress in this direction, accurate and representative reconstructions of porous
electrodes are required. We havewh several criteria for obtaining such a reconstruction: 1.
Using FIB-SEM as imaging method together with positive staining of the pore space allows to
reconstruct directly the space that is penetrated by the electrolyte in the battery electrode. 2.
The prosity of the reconstructed volume must meet the experimentally determined porosity of
the electrodes to be representative. 3. The reconstructed volume must be sufficiently large to
prevent finitesize effects and deliver statistically meaningful resultsthe diffusion
simulations. This criterion is met when for each spatial direction the edge length of the
reconstr uct itomesthe average featute GizedfRhe pore space in this direction.

FIB-SEM reconstructions and numerical simulations arealuable to understand the
consequences of a given microstructure for the transport properties of battery electrodes, as we
have shown here. As a routine method for the tortuosity determination of battery electrodes, the
RS approach is too complex, exgeve, and timeonsuming, whereas EIS is fast and easily
applicable. By demonstrating through the RS approach that EIS measurements and the TLM
yield reliable tortuosity values even for an anisotropic microstructure with highly tortuous
diffusion pathwaysthis study contributes to the validation of EIS as a routine method for the
tortuosity determination of porous battery electrodes. Thus, asd&&®ning of newly designed

LIB electrodes for morphologgaused ion transport limitations could help towanagroving

battery performance in the future.

51



Chapter 1: ReconstructioS8imulation Approach Verifies Impedanderived lon Transport

Tortuosity of a Graphite Battery Electrode

1.5References

1.

2.

10.

11.

12.

13.

14.

15.

16.

S. Passerini and B. Scrosdtiterface,25,85 (2016).
A. Manthiram,ACS Cent. Sci3, 1063 (2017).

D. R. Rolison, J. W. Long, J. C. Lytle, A. E. Fischer, C. P. Rhodes, T. M. McEdy,
Bourg, and A. M. LubersChem. Soc. Re\88,226 (2009).

D. Pritzl, J. Landesfeind, S. Solchenbach, and H. A. GastdigelectrochemSoc, 165
A2145 (2018).

M. Ender, J. Joos, T. Carraro, and E. IVEIf§e, J. Electrochem. Sod59,A972 (2012).

Z. Liu, Y.-C. K. ChenWiegart, J. Wang, S. A. Barnett, and K. T. Fabdicrosc.
Microanal.,22,140 (2016).

J. Gelb, D. P. Finegan, D. J. L. Brett, and P.SRearingJ. Power Sources357,77
(2017).

M. Ebner, D:W. Chung, R. E. Garcia, and V. Wodkv. Energy Mater.4, 1301278
(2014).

J. Landesfeind, J. Hattendorff, A. Ehrl, W. A. Wall, and H. A. Gasteilgé&ilectrochem.
Soc.,163,A1373 (2016)

G. Inoue and M. Kawasé, Power Source842,476 (2017).

J. Landesfeind, M. Ebner, A. Eldiven, V. Wood, and H. A. Gastelydf]ectrochem.
Soc.,165,A469 (2018).

R. de Levie, inAdvances in Electrochemistry and Electrochemical EngingerP.
Delahay, Editor, p. 329, Interscience, New York (1967).

N. Ogihara, S. Kawauchi, C. Okuda, Y. Itou, Y. Takeuchi, and Y. UkyB|ectrochem.
Soc.,159,A1034 (2012).

N. Ogihara, Y. Itou, T. Sasaki, and Y. TakeuchiPhys. Chem. ,19,4612 (2015).
D. Cericola and M. E. Spalt]ectrochim. Actal91,558 (2016).

B. Tjaden, D. J. L. Brett, and P. R. Shearimg, Mat. Rev.63,47 (2018).

52



1.5 References

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

A. P. Cocco, G. J. Nelson, W. M. Harris, A. Nakajo, T. D. Myles, A. M. Kiss, J. J.
Lombardo, and W. K. S. Chihys. Chem. Chem. Phy%5,16377 (2013).

M. Yoshio, Lithium-lon Batteries: Science and Technologi&pringer, New York
(2009).

T. Packe, O. Fromm, S. F. Lux, P. Bieker, S. RothermeMHMeyer, S. Passerini, and
M. Winter, J. Electrochem. Socl59,A1755 (2012).

M. Ebner and V. Wood]. Electrochem. Sgcl62, A3064 (2015).
T. Mullner, A. Zankel, F. Svec, and U. Tallarékater. Today,17,404 (2014).
M. Balabajew, T. Kranz, and B. RolinGhemElectroChen®, 1991 (2015).

J. Schindelin, I. Argand&arreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S.
PreibischC. Rueden, S. Saalfeld, B. SchmidyJ.Tinevez, D. J. White, V. Hartenstein,
K. Eliceiri, P. Tomancak, and A. Cardomat. Methods9, 676 (2012).

K. N. Dalby, R. P. Harti, H. O. Sgrensen, and S. L. S. Skpprosc. Microanal.,21,
631 (2015).

M. F. Lagadec, M. Ebner, R. Zahn, and V. Wobd lectrochem. Sod 63,A992 (2016).
B. Mlnch, P. Trtik, F. Marone, and M. Stampan@yt. Expressl7,8567 (2009).

E. H.W. Meijering, W. J. Niessen, and M. A. ViergeWwed. Image Anal5, 111 (2001).
D. Legland, I. Argand&arreras, and P. AndreBjoinformatics,32,3532 (2016).

T. Mullner, K. K. Unger, and U. Tallarellew J. Chem40, 3993 (2016).

S. Torquato and B. LiPhys. Rev. &47,2950 (1993).

B. Lu and S. Torquat J. Chem. Phys98,6472 (1993).

K. A. Cychosz, R. GuilleNicolas, J. GarciéMartinez, and M. Thomme§hem. Soc.
Rev.,46,389 (2017).

I. ArgandaCarreras, R. Fernand&wonzélez, A. MufoBarrutia, and C. OrtiDe-
SolorzanoMicrosc.Res. Teh., 73,1019 (2010).

53



Chapter 1: Reconstructio8imulation Approach Verifies ImpedanBerived lon Transport

Tortuosity of a Graphite Battery Electrode

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

M. BursteinDi j k st r a ¢hatps@ditlyulo.con/mbunst/dijkstradgorithm (2013).
E. W. Dijkstra,Numer. Math.1, 269 (1959).

F. Delay, P. Ackerer, and C. DanquigMadose Zone J4, 360 (2005).

P. Szymczak and A. J. C. Ladehys.Rev. E£68,036704 (2003).

H. BrennerPhil. Trans.R. SocLond. A,297,81 (1980).

C. H. Chen, J. Liu, and K. Aminé, Power Source$6, 321 (2001).

M. Balabajew and B. Rolindgslectrochim. Actal76,907 (2015).

S. J. Cooper, A. Bertei, D. P. Finegan, and N. P. Brargectrochim. Acta251,681
(2017).

H. Keiser, K. D. Beccu, and M. A. Gutjalttlectrochim. Acta21,539 (1976).

V. F. Lvovich,Impedance Spectroscopy: Applications to Electrochemical and Dielectric
Phenomenayiley, Hoboken (2012).

D. R. Lide,CRC Handbook of Chemistry and Phys€RC Press, Boca Raton (2003).

A. Cecen, E. A. Wargo, A. C. Hanna, D. M. Turner, S. R. Katig and E. C. Kumbur,
J.  Electrochem. Soc159,B299 (2012).

T. Millner, A. Zankel, Y. Lv, F. Svec, A. Holtzel, and U. Tallarakly. Mater.27,6009
(2015).

K. Hormann, V. Baranau, D. Hlushkou, A. Holtzel, and U. TallaMdy J. Chem40,
4187 (2016).

D. Hlushkou, A. E. Reising, N. Kaiser, S. Spannenberger, S. Schlabach, Y. Kato, B.
Roling, and U. Tallarek]. Power Source896,363 (2018).

T. Aste and T. Di Matted?hys. Rev. E{/7,021309 (2008).
S. Bruns, T. Hara, B. M. Smarsly, and U. TallatkkKz;hromatogr. A1218,5187 (2011).

K. Hormann, T. Mullner, S. Bruns, A. Hdltzel, and U. Tallar&kChromatogr. A1222,
46 (2012).

54



1.5 References

52.

53.

4.

55.

56.

S57.

58.

D. Stoeckel, C. Kubel, M. O. Loeh, B. M. Smarsly, and U.arak,Langmuir,31, 7391

(2015).

M. Ebner, D-W. Chung, R. E. Garcia, and V. Wodkllv. Energy Mater.4, 1301278

(2014).

S-J. Reich, A. Svidrytski, D. Hlushkou, D. Stoeckel, C. Kiubel, A. Hoéltzel, and U.
Tallarek, Ind. Eng.Chem. Res57,3031(2018).

T. C. Lee, R. L. Kashyap, and-8. Chu,CVGIP: Graphical Models Image Processt,

462 (1994).

S. Khirevich, A. Holtzel, A. Daneyko, A. Seidslorgenstern, and U. TallareK.

Chromatogr. A1218,6489 (2011).

H. Liasneuski, D. Hlshkou, S. Khirevich, A. Holtzel, U. Tallarek, and S. Torquato,

Appl. Phys.116,034904 (2014).

D. Hlushkou, H. Liasneuski, U. Tallarek, and S. Torquatdppl. Phys.118,124901

(2015).

55






Chapter 2: Thicknessdependent Impedance of Composite Battery

Electrodes containing lonic Liquid-based Electrolytes

Authors

Marvin Cronau;, Moritz Kroll,” Marvin Szabo, Falin Salzer, and Bernhard Roling*

"These authors contributed equally to this work.

State ofpublication

Published)2 March 2020n Batteries & Supercapd/ol. 3, pp.1i 9.
DOI: 10.1002/batt.202000023

Abstract

Lithium-ion battery models often neglect the salt concentration polarization inside the
electrolytefilled pores of the compositelectrodes. However, this concentration polarization
causes a significant impedance, in particular in the case of electrolytes with bankference
numbers. Here, we analyze in detail measured and calculated impedance spectra of composite
electrodes containing a solvate ionic licindsed electrolyte and an ionic ligthdsed
electrolyte, respectively, in comparison to a conventiondvareatebased electrolyte. For
calculating spectra, we use a recently published model by Huang and Zhang. We find that the
impedance at 1OHz, which is relevant for battery cycling rates arour@ tb 2C, increases

in the order carbonateased electrolg < ionic liquidbased electrolyte < solvate ionic liquid

based electrolytes, but exhibits a remarkably weak thickness dependence, when the electrode
thickness exceeds 850 um. This suggests that electrodes considerably thicker than the
conventional 80 p can be used in batteries without significantly deteriorating battery power.
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Liquid-based Electrolytes

2.1 Introduction

In stateof-the-art lithiumrion batteries (LIBS), the liquid electrolyte is based on volatile organic
carbonates. Due to the high vapor pressure, the eleetriglfitammable, leading to serious
safety concerng:? Consequently, a lot of current research is devoted to the study of alternative
electrolytes with low vapor pressure and high thermal and electrochemical stability. These are
e.g. solvate ionic liquisl®® solventin-salt electrolyte§; 1% and ionic liquid/Li salt
mixturest!*13 The Li* ion transport in these alternative electrolytes is, however, slower than in
the carbonatdased electrolytes. Therefore, it is important to carry out comprelkestsidies

of the ion transport properties of these electrolytes and to use the results for assessing the
influence of the electrolyte on the battery impedance. Here, the impedance of the composite
electrodes is particularly relevant, since the electrodescansiderably thicker (typically
around 80 um) than the electrohfiked separator (typically around 20 pum). During stationary
battery cycling, a salt concentration gradient is formed inside the electfitgdeoores of the
composite electrode leamj to anion blocking and stationary lidon transport. The impedance

due to this salt concentration polarization increases with decreasing ionic conductivity and
decreasing Litransference number of the electroljftéConsequently, the salt concentratio
polarization impedance in the case of solvate ionic lidpaisled electrolytes, solveint-salt
electrolytes, and ionic liquidased electrolytes is expected to be higher than in the case of
carbonatébased electrolytesHowever, this concentration poization impedance is often not
explicitly taken into account in battery impedance models, see e.gi*Refvhich may be
acceptable for carbonabased electrolytes, but is problematic for alternative electrolytes with
slower Li ion transport Recently,Huang and Zhang published an analytical model for the
impedance of composite electrodes explicitly taking into account the salt concentration
polarization inside the electrolyfiled pores of the composite electrods.

In this paper, we analyze iretil measured and calculated impedance spectra of composite
cathodes containing three different classes of electrolytes: (i) A solvate ionic liquid consisting
of a 50:50 molar ratio of tetraglyme (G4) with LiTFSI; (ii) a conventional carberaded
electolyte, 1 M LiPF in EC/EMC 50:50; (iii) a mixture of the ionic liquid-methytN-propyt
pyrrolidinium bis(fluorosulfonyl)imide (PyigFSI) with the Li salt LiFSI in a molar ratio of
60:40. This molar ratio was chosen, since this mixture exhibits the idestransport
properties!’”! The chemical structures of theseotlelytes is illustrated in Figur@.1. For
calculating the impedance spectra, we use the model by Huang'®tVele compare
experimental and model spectra of composite electrodes witibleathickness, but constant
porosity, and we analyze in detail the different contributions to the electrode impedance in
dependence of the thickness. We note that the impedance spectra of composite electrodes up to
50 um thickness containing a standaadoonatebased electrolyte have been analyzed recently
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2.2 Experimental

by Gruet et aft® Here, we consider also thicker electrodes up to abouR0BQm, and we

pay special attention to the electrode impedance at a frequency Bz 1@hich is relevant for
battery cgling with rates around € to 2C. We find that this impedance depends on the type

of electrolyte, but exhibits a remarkably weak thickness dependence, when the electrode
thickness exceeds S0 um. To our knowledge, this weak thickness dependence hgstno

been reported and discussed in the literature.
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Figure 2.1:Chemical structures of the studied solvate ionic lichaded electrolyte, carbonate
based electrolyte, and ionic liquixhsed electrolyte.

2.2 Experimental

2.2.1Preparation of electrolytes

The conventional carbonabased electrolyte was purchased from Sigma Aldrich (Steinheim,
Germany). The solvate ionic liquids were prepared by dissolving LiTFSI (Sigma Aldrich,
Steinheim, Germany, 99.95%) in tetraglyme (Sigma Aldrich, Steimh@&ermany, >99%) at
room temperature. The ionic liquid / lithium salt mixtures were prepared by dissolving LiFSI
(TClI GmbH, Zwijndrecht, Belgium, 98.00%) in PyfSI (Fluorochem Ltd., Derbyshire,
United Kingdom, battery grade) at room temperature.

2.2.2Electrode preparation

LiCoO2 (LCO) composite electrodes with variable thickness were prepared frdlMaathyl-
2-pyrrolidonebased (NMP 99.5%, Alfa Aesar, Thermo Fischer GmbH, Kandel, Germany)
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slurry of 90 wt% LCO (97%, Alfa Aesar), 5 wt%-KNERGY SUPER C65 carbon black
(Timcal, Bodio, Switzerland), and 5 wt% polyvinylidene fluoride (PVDF, Solvay GmbH,
Hannover). To this end, the binder was dissolved in NMP at 40 °C, and LCO particles and
carbon black were added gradually. The slurry was mixed by means 2% disperser (IKA,
Staufen, Germany) and then casted onto an aluminum foil, whereby the thickness of the
resulting films was adjusted by means of a ZAA 2300 automatic film applicator (Zehntner,
Sissach, Switzerland). The foils were dried for 24 hou8®aC under air atmosphere and then
transferred into an argefiled glovebox (UniLab, MBraun, Germanysio< 1 ppm,Xo2 < 1

ppm). The porosity of the composite electrodes was determined from the mass, the area and the
thickness of the electrodes, tafimto account the densities of the electrode components. In
order to adjust the porosity of the electrodes to a value of 35%, the films were compacted by
using a hot rolling press (MSKRP-01, MTI Corporation, Richmond, USA). Discs with a
diameter of 12 mm were then cut out of the resulting films. The thickness and weight of each
disc electrode including the current collector was determined to calculate the porosity. To this
end, a micrometer screw (IP65, Mitutoyo Deutschland GmbH, Neuss) with an estbpof

was used. To determine the weight, we used an analytical balance inside afillacjon
glovebox. To calculate the porosity of each electrode, the mean weight and height of the
aluminum current collector was subtracted. To this end, the weight &ichdbs of 50
aluminum discs with the same diameter were measured. This leads to a mean weighOdf 9.3

mg and a mean thickness of 32.8.3 um.

2.2.3Battery cycling

Battery cycling was performed in a TSC battery cell (rhd instrumBatsnstadt, Germany),

using a Multi Autolab/M101 (Metrohm Autolab BV, Utrecht, Netherlands). The cells were
assembled in an argdifled glovebox (UniLab, MBraun, Germanyrxo < 1 ppm, %2< 1

ppm). The battery cycling was carried out in a thelsetrodesetup with the LCO composite
electrode as working electrode and Li metal foil (Albemarle, Germany) as counter and quasi
reference electrode. Working and counter electrodes were separated by 8 layers of Whatman
GF/A glass microfiber filters (GE HealthcarBuckinghamshire, United Kingdom). The
separators were soaked with 240 pl of the respective electrolyte. The cells were equilibrated
over night at room temperature before starting the cycling.

2.2.4Electrochemical impedance spectroscopy

The electrochemid¢aimpedance measurements were carried out by means of a Multi
Autolab/M101 equipped with a FRA32 M impedance modul (Metrohm Autolab BV, Utrecht,
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Netherlands) in a threelectrode setup. The spectra were taken at 50% of the maximum
discharge capacity achied with the respective electrolyte. The frequency range extended from

1 MHz to 10* Hz with an applied AC voltage amplitude of 10 mV at the egiecuit potential

of the respective charge state. Impedance spectra were analyzed using the software RelaxIS 3
(rhd instruments, Darmstadt, Germany).

2.2.5Calculation of impedance spectra

The complex impedance of the composite LCO cathodes was calculated using the model
published by Huang and Zhdtf§ To this end, the model was implemented as a Visual C#
plugin to the RelaxIS Circuit Simulator (rhd instruments, Darmstadt, Germany). The input
parameters are listed in Table 2.1. The mean radius of the active material pRepcles
deternined from an SEM image (FigugS1). The surface of the active materiattpes was

then estimated by assuming spherical particles with the mean radius. The ion transport
tortuosity (b, was determined from EIS measurements undeblocking conditions at the
electrolyte / LCO particle interface based on the conventionatrtriasion line model (see
Supporting Information for more detailS¥?! In order to assess the dependence of the electrode
potential on the Li concentration in the active material particles, the charge/discharge potentials
of a thin electrode with high posity (resulting in low overpotentials) was plotted e Li
concentration (Figur@.S3). At the end of the charging process, the stoichiometry of LCO is
LiosCoQ. The derivative d/dcs was determined from the slope at 50% state of charge
(Lio.7sC00y). The electronic resistance was assumed to be negligible due to the usage of a
conductive carbon additive.
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Table 2.1: Parameters for the calculation of impedance spectra using the model of Huang and
Zhand'®! for LCO composite cathodes containing G4/LiTFSI 50:50 or 1 M 4iP& carbonate

mixture as electrolyte.

Parameter  Physical meaning Value
1 M LiPFein
G4/LIiTFSI 50: 50
carbonates
Uion lonic conductivity 0.152 S mt [24] 1S mtia
Dsatt Salt diffusion coefficient 6.96A101?m? g1 [221 3 Alpgsgia
% Thermodynamic factor 307 204
o) Mobility -based Li 0.45171 0.35122
transference number of the
electrolyte
Csalt Salt concentration 2640 mol 23 1000 mol n?
jo Exchange current density for 1 A m? 0.124 A m?
cathode active material
particles
T Temperature 303.15K
Map Active material weight per ~ 0.3115 kg
electrode thickness
Rap Radius of the active material 1 . 7 *@A 10
particles
Jap Active material mass density 5060 kg m?
V! Electrode porosity 0.35
Gbn lonic tortuosity 2.7
du/dcs Dependence dflectrode T 6. 68VAmdbd
potential on LT concentration
in the active material particle:
CoL Double layer capacitance 5 AF a1d
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Ds Li chemical diffusion 1A B st
coefficient in active material

particle

2.3 Results andliscussion

In Fig. 2.2, we compare the galvanostatic charge/discharge curves of LCO composite cathodes
with a thickness of 667 pum containing one of the three electrolytes. The discharge capacity

of commercial LCO is typically in the range of 1600 mAhg'.?®l In the case of the
carbonateébased electrolyte 1 M LiRRn EC/EMC 50:50, this typical discharge capacity is
achieved. In contrast, with the two alternative electrolytes, lower discharge capacities are
observed, namely about 80Ah g in the casef the G4/LiTFSI 50:50 and about 85 m4h

in the case of Pyr#s=SI/LiFSI 60:40. In order to estimate the aspecific effective resistances

during galvanostatic cycling, the charge and discharge overpotential at SOC50 was taken, since
the impedance spta were also taken at this SOC. The difference between the charge and
discharge potential at SOC50 was identified with the sum of the charge and the discharge
overpotential. By taking into account the current density, the followingsgreeific effectie
resistances wer e eanintheadsea G4/L{TFS) 50:80 (@) @dout 303 0 Y
Y cn? in the case of 1 MLIPFi n EC/ EMC 50: 50 gn?ipithe cage o bo u't
PyrrsFSI/LIFSI 60:40.
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Figure 2.2: First galvanostatic cycle of LCO composite electrodes with a thickness@f 66
pum containing different electrolytes. The electrodes were cycled with a C rate of 0.26
(44 mA g?b).

In Fig. 2.3 (a)}(c) we show measured impedance spectra taken for campmsctrodes of
variable thickness containing one of the three electrolytes. The insets show zooms intc the high
frequency regime of the spectra. We note that all spectra exhibit drégitency resistance,
which is caused by the electrohfited sepaator between the composite LCO working
electrode and the quasference electrode. In Fi@.3, this highfrequency resistance is
subtracted in order to show exclusively the impedance of the LCO composite electrode. The
high-frequency impedance of thisroposite electrode down to about 1 Hz is characterized by

a transmissiofline-type impedance caused by the ion migration resistance of the composite
electrodesRon, and the charge transfer resistafefor Li* ions at the electrolyte/active
material inerface?’! At frequencies below 1 Hz, a Warbuigpe impedance is detected. In all
spectra, the impedance measured at the lowest frequency* #z1& indicated, since this
impedance is relevant for typical battery cycling rates arou@d- 2 C. This gcling rate
implies a cycling time scale &E 1 hour = 3600 s, corresponding to a frequengfof* t

T P 1 ( U Since our lowest measurement frequency of B is close topf ¢* 1, the
impedance at this frequency should be similar to the effectsistaace of the composite
electrode during 1 €2 C cycling. For the electrode thicknesses in the range @&76gm, we

obtain the following order ad p 1 ( Uvalues: G4/LiTFFSI 50:50 > PyeFSI/LiFSI 60:40
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> 1 M LiPR in EC/EMC 50:50. This is the sameder as obtained for the effective resistances
from the galvanostatic charge/discharge curves shown 2 2ig.
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Figure 2.3: Impedance spectra (Frequency range® H@ to 10* Hz) of LCO composite
electrodes with varying thicknesses. a) G4/LiTFSI B0tBicknesses between 33 um and 116
pum. b)l M LiPRs in EC/EMC 50:50, thicknesses between 67 pum and 65 c)
PyrrisFSI/LIFSI 60:40, thickness of 67 um. The insets show zooms into thefrieighency

range.
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In Fig. 24 a) and b) we show in comparison atdated impedance spectra for composite
electrodes containing the two electrolytes G4/LiTFSI 50:50 and 1 MeliiiPE carbonate
mixture. The verslow-frequency spikes due to the chemical capacitance of the active material
particles are shown in Fig.S4.The spectra were calculated by means of the impedance model
by Huang and Zhat§!, which is only applicable to electrolytes containing a single type of
cations and a single type of anions. Consequently, it cannot be used for calculating impedance
spectraof the ionic liquidbased electrolyte PyaFSI/LiFSI containing three types of ions. The
high-frequency semicircle is due to ion migration resistance and the charge transfer resistance,
while the lowfrequency semicircle is caused by the salt conceotrgilarization impedance

(see Figur@.S5). The model spectra are similar to the measured spectra, not only with regard
to the spectral shape, which will be discussed later in more detail, but also regarding the
dependence of the impedance on the eleettbatkness. In the case of G4/LITFSI 50:50, we
observe a decrease @f p m ( Uwith increasing thickness of the electrode, see ER)ja)

and Fig.2.4 a). In the case of 1 M LiRin EC/EMC/PC, the real part of the impedance &t 10

Hz, & p 1 ( U, degends only weakly on the thickness of the composite electrode, see Fig.
24 (b). This weak dependence is also observed in the experimental spectrid B)g.

T T I 1 T I 50 T T T T
120} a) G4/LiTFSI ] b) LiPF4 in
] carbonate ]
100k 10* Hz 1 40p ]
& 80f ] “E 30} ]
§ ] 6%
{1 G
S eof 1=
iy 1 N 20} ]
| ]
40} |
33 um 1 10k 10% Hz -66 ym ]
20} -66 um ] =116 pm
=116 ym 1 =165 ym
O i PIR T S S T U T [ T SN TR N T S T N S U T ' i O PR PR | | A S S T T [ S S T N N S R S
0 20 40 60 80 100 120 0 10 20 30 40 50
Z |/ Qcm? Z 1 Qcm?

Figure 2.4: a) Calculated impedance spectra of a LCO composite cathode with a) G4/LiTFSI
5050 and b) LiPFin carbonate as electrolyte.

In Fig.2.5, we consider the thickness dependence of the calculated electrode resistances in more
detail. We compare the electrode resistance in the limit of zero fregiYency ' © 1 with
the real part anche modulus of the impedance at*19z, % p 1 ( Uandssp 1 ( U At
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low electrode thicknesse¥, decreases with increasing thickness. With further increasing
thickness'Y goes through a minimum and then increases. In contiagt, m ( U and

s p 11 (U decrease essentially with increasing thickness, but beyond@d p m ( U
andgs p 1 ( Uexhibit only a very weak thickness dependence.

110 ———————————————————— 1-10% ————r— .
F a) G4/LiTFSI ] F b) LiPFin -Z'(10* Hz)
- ] F carbonate -|Z|(10™* Hz)
i ~Ry = Z'(v—0)
§1'103. 51.103_ i
c ; c
° P Yecreasing
Q Q R local
c c 2f
s ) i
? 1-102} 2 1-102f increasing __
[ F P 3 R, ]
F =Z'(10* Hz) > ]
L =Z|(10* Hz) _/"“.
L =Ry = Z'(v—0)
110" e 110
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Il pm I/ ym

Figure 2.5: Dependence of the zefrequency electrode resistari¥e and of the real part and
the modulus of the impedance at*Hz,z6 ¢ HzQ andxs p © ( Uon electrode thickness
when using af54/LITFSI 50:50 and b) LiPfin carbonate as electrolyte.

In thefollowing, we discuss the origin of these thickness dependences. In a recent paper, we
showed that lowrequency impedance spectra of a porous electrode in the framework of the
Huang and Zhang model can be approximated by a modified transrdiagsiomodé
expressiont”]

A —Cb Al OB—— © 3 (2.1)
w - = .
oy LIS

Here,, =g Q,  isthe effective ionic conductivity of the composite electrode under

anionblocking conditions,, is the effective ionic conductivity of the composite

electrode without salt concentration polarization, and is the Li" ion transference number
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under aniorblocking conditions. The pore length is denoteddby aOf , anddd ——

corresponds to the surface of the active material particles per unit volume of the el@tteode.
local impedancé> is given by:

s

AY
W Y = W Qo
(2.2)
with
Y O A InE
® O ‘rrE (2.3)
@ OAInE m
and
Qy
- 24
m o (24)
Y — is the arespecific charge transfer resistance at the electrode / active material

particle interface. The other parameters arelagxgd in Tab. 1. Eq. (1) describes the
impedance under the assumption that the salt concentration polarization in the elddtealyte
pores of the electrode is complete (complete anion blocking), but thehémical diffusion
inside the active matetiparticles still takes place. A zefeequency Taylor expansion of Eq.

(1) results in the following expression for the real part of the electrode impedance in the zero
frequency limit,Y :

v a Y Y AY
s, " ®a v Aw (25)
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The first term in the middle part of Eq. (5) describes tHeidn transport limitations due to
concentration polarization and anibfocking and is in the following denoted By . The

second term accounts for the chargedfanat the electrolyte / LCO interface and the third
term for the resistance due to Li chemical diffusion into the active material particles. The second
and the third term arise from the local impedance given in Eq¢4)2J herefore, the sum of

the seond and of the third term is denoted in the followingYy . While the ion transport

resistanceY increases with the electrode thicknasthe local resistancy decreases
with & For thin electrodesy dominates and leads to a decreas® ofwith increasingx

At thick electrodesy dominates and leads to an increase& ofwith increasingy see Fig.
25.

In order to elucidate the origin of the weak thickness dependence pfrt ( U and
s p ™ Od, we approximate the impedance by a more general transmissotype
equation:

& - Al OB——— (2.6)
a o w
with
3 a o a OAIng
(4] 2.7
- T m (2.7)
and
.
m < 28)

Eq. (6) takes into account the frequency dependence dias described by Egs. (7) and (8),
while Eg. (1) contains only the zefiequency limit of®d . These equations are basedaon
generalized transmission line model (TLM). TLMs are widely used in the literature to describe
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the response of porous electes#® In Ref. 28l the TLM with operopen condition and with

Zc =0 leads to Eq. (6). Eq. (7) is derived from the equations for the ion transport impedance
between planar electrodes under ardtwcking conditions?!! and is only modified for porous
electrodes by replacing the ionic conductivities by effective ionic conductivities according to
the porosity and tortuosity of the electrode.

Two limiting cases of Eq. (6) can be considered: @If | @ 7 & b , the coth function

becomes unjt and the impedance is given Gy 3 . This impedance is
independent of electrode thickness. (iidf ¥ &« Jov | & , the coth(x) function can be
Taylor expandeZw oifo. This results inid = Fadd @ 7¥o. In this

case, the impedance does depend on thickness. &in#ed 30 and® exhibit distinct
frequency dependences, the ratio of these two impedance is fregiepeaydent.

In Fig. 2.6, we plot the modulus o 7 & Jv and of® versus the frequency for a
composite electrode containing the electroly@dsLiTFSI 50:50 and. M LiPFsin a carbonate
mixture, respectively. Three different electrode thicknesses, 50 pm, 100 pm, and 150 um are
considered. In the case of the electrolyte G4/LiTFSI 50:50, we findithat & 7 & 3o

for all thicknesses and over the entire freaey range, see Fi@.6 a). Consequently, the

0
0]

impedance can be well approximatediby . At a frequency of 16 Hz,

the modulus 06> is in the range of TOY cn? and depends only weakly on thickness, while
the modulus ofd ¥ & Qb is in the range of 4 2 cn? and decreases with increasing

thickness. Since in this cade is the geometrical average®f andw ¥ & Jo

its modulus should & in the range of 162 0 0  ?Yamdnshould decrease slightly with
increasing thickness. AsshowninFipa),spm (Ui s indeed in t2he ran
and decreases slightly with increasing thickness. Thus, the origin of this slight decrease is the
decreasingo 7 a 30 due to an increasing interfacial area between electrolyte and LCO
particles. In the case of the electrolyte 1 M LgRir a carbonate mixture, the modulus of

@ T a 3O isinasimilar range, see Fig)6 b). At 10*Hz we also haved >¢& T & 3D

and consequently the impedanee should become virtually independent of thickness

at 10* Hz. As shown in Fig2 5 b),Zz6 ¢ Hzpandxs p 1t ( Ufor the electrolyte 1 M LiP§E
in a carbonate mixture demkimdeed very weakly on thickness, when the thickness exceeds
about 50 pm.
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Figure 2.6: Frequency dependence of the ion transport impedanceand of the local
impedanced ¥ & Jo for different electrode thicknesses when using4jLiTFSI 50:50
and b) 1 M LiPkin carbonate as electrolyte.

Thus,we can state that for both electrolytes, the thickness dependerée oft Hzpand of

s p 1 ( Uis much weaker than the thickness dependence of theregueency limit'Y

given in Eq. (5). This suggests that it should be possible to use battery electrodes considerably
thicker than the conventional 80 um without significantly deteriorating lygiterver at cycling

rates around 1C 2C. A prerequisite is, however, that the composite electrode morphology can
be held constant over the entire thickness range. In this context, it is worth noting that recently
Gao et al. reported an increasingly slugdis" ion transport when increasing the thickness of
Ni-Mn-Co oxide (NMC) composite electrodes above 20033hOur results suggest that this
sluggish Li transport is caused by morphological changes when increasing electrode thickness

and isnotan intrnsic feature of thick electrodes.

2.4 Conclusions

We have analyzed experimental and simulated impedance spectra of composite LCO electrodes
containing the electrolytes G4/LiTFSI 50:50 and P§®I/LIFSI 60:40 in comparison to
electrodescontaining the conventional electrolyte 1 M LiHR EC/EMC 50:50. The results
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show that the electrode impedance increases in the order 1 M inAFC/EMC 50:50 <
PyrrisFSI/LIFS] 60:40 < G4/LITFSI 50:50. This is due to the lower ionic conductivity andrlow

Li* ion transference number of the ionic liqiidsed and the solvate ionic ligthdsed
electrolytes. We focused in particular on the impedance “4tHr0, since this frequency is
relevant for battery cycling at@ - 2 C. Remarkably, the real and mdds of this impedance,

Z6 ¢ Hzpands p 1t ( U, depend much more weakly on the electrode thickness than the
zerofrequency limit of the electrode impedancé, & ' © 1. In the framework of a
transmissiorine approach, we showed that for thick eledes 100 umand at a frequency

of 10% Hz, the ion transport resistang®@ becomes larger than the local impedance

@ ¥ & 3o for charge transfer and solsdate diffusion. In this case, the composite electrode
impedance is given, to a good appmoation, by the geometrical average @f and

@ ¥ & 3w and therefore depends only weakly on thickness. This geometrical impedance
averaging results also in an electrode impedance ‘AtHO when using the alternative
electrolytes, which is only actor of 35 higher than for the conventional carborbésed
electrolyte. Thus, battery cycling with the alternative electrolytes should be considerably faster
than expected from the zefiequency limiftY @& ’ © 1. Furthermore, the weak thickness
depadence o6 ¢ Hzpandxs p 1 ( Usuggests that it should be possible to use battery
electrodes considerably thicker than the conventional 80 um, provided that the morphological
features of the electrodes can be held constant over thethitimess range.
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2.5Supporting Information

Figure 2.S1:Scanning electron microscopy image of the Licp@rticles. The mean particle
diameter was determined to be (3.4 = 1u@).

2.5.1Determination of ion transport tortuosity

The ion transport ttwmosity of the composite electrodes was determined using electrochemical
impedance spectroscopy on symmetrical cells at 0% state of charge (SOC). The obtained
spectra were analyzed in the framework of a transmission line model (TLM) describing ion
migration in the electrolytdilled pores and double layer formation at the active material /
electrolyte interfac&®?% The electronic resistance of the active material was assumed to be
negligible due to the presence of conductive carbon, and the charge transfer resistance was
assumed to be infinity at 0% SOC.

The TLM measurements were performed in a TSC battery tellifistruments, Darmstadt,
Germany) using a symmetrical tvetectrode setup. The cells were assembled in an ditbgzh

glove box. Two LCO composite electrodes with a maximum porosity differencd%f and
thicknesses between 145 um and 180 pum were agguhby three layers of Whatman GF/A
glass microfiber filters (GE Healthcare, Buckinghamshire, United Kingdom). The separators
were soaked with 120 pl of a commercial battery grade 50:50 mixture of ethylene carbonate
(EC), ethytmethyl carbonate (EMC) camihing 1 mol # LiPFs (Sigma Aldrich, Merck,
Darmstadt, Germany). The cells were equilibrated over night at room temperature. Impedance
measurements were performed in a range from 1 MHz to 0.1 mHz with an AC amplitude of 10
mV at the open circuit potentiaising a Multi Autolab/M101 equipped with a FRA32 M
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impedance module (Metrohm Autolab BV, Utrecht, Netherlands). Impedance spectra were
analyzed using the software RelaxIS 3 (rhd instruments, Darmstadt, Germany).

Figure2.S1a shows the resulting impedarspectra for different porosities. The spectra were
fitted by the following TLM expressiof?2d

AN R 251
& = o Al O D ‘Q (2.81)

with the effective ion transport resistariRe, the constanphase element coefficie@QbL, the
exponent, the imaginary number and the angular frequengy The constanphase element
describes notideal double layer formation.

The ion transport tortuosity is then given!by:

foon Y O (2.52)
ca

Here,Obui is bulk conductiity of the electrolyteA is the area of the electrodg stands for the
porosity, and is the electrode thickness.

A tortuosity vs. porosity plot is shown in Fige&2 b). The data were fitted by a power law,
leading to a Bruggeman exponentlb 0.49. For a porosity dii= 0.35, a tortuosity value of
T 2.7 was obtained.
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Figure 2.S2: Tortuosity determination by means of electrochemical impedance spectroscopy
in a symmetrical tweelectrode setup using two identical LCO composite electratdis SOC.

a) Nyquist plot of the impedance spectra for electrodes with different porosities. The spectra
were fitted to Eq. (S1) to determine the ionic resistd&ze b) Tortuosity vs. porosity plot for

LCO composite electrodes. The data were fittethéoBruggeman relation.

2.5.2Dependence of the electrode potential on the Leconcentration
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Figure 2.S3:Estimation of the equilibrium cathode potential vs. on thieancentration in the
LCO patrticles from a charge/discharge curve of a thinu(®%and highly porous (4%0)
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electrode (resulting in low overpotentials). The equilibrium potential was approximated by the
mean potential of charging and discharging.

2.5.3Calculated impedance spectra of composite electrodes
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Figure 2.S4:a) Calculated irpedance spectra of LCO composite cathodes with G4/LiTFSI
50:50 as electrolyte. b) Calculated impedance spectra of a LCO composite cathode with LiPF
in carbonate as electrolyte. Both spectra show-i@wfrequency spikes due to the chemical
capacitance ahe active material particles.

In order to illustrate that the model by Huang et al. takes into account salt concentration
polarization, we calculated model impedance spectra for the carbuassd electrolyte (1 M

LiPFe in carbonates). The electrode thickness was $et i®0um. The simulation parameters

were taken from Tab. 1, expect for the Li diffusion coefficient in the active material particles
Ds, which was increased by 10 orders of magnitude, andUddcg which was set to zero
(infinite chemical capacitance of the active material particles). In this case, the impedance due
to Li chemical diffusion in the active material particles is negligible, and the impedance spectra
are governed by ion transport iretblectrolytefilled pores, see Fi2.S5. The higkfrequency
semicircle is due to ion migration resistance and the charge transfer resistance, while the low
frequency semicircle represents the concentration polarization impedance, which depends on
the Li" transference number.
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Figure 2.S5:Calculated impedance spectra of LCO composite cathode with G4/LiTFSI 50:50
as electrolyte from 1 MHz to IHz. Ds was set to 1®m? s, dU/dcs to zero, the electrode
thickness to 10Qum, while the other parameters neg¢aken from Tab. 1.
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Abstract

The morphology of the electrolyfdled pore space in lithiuron batteries is determined by

the solid microstructure formed by psized active material particles and the smdbatured
carbonbinder domain (CBD). Tomographic reconstructions have largely neglected the CBD,
resulting in inadequately defined pore space morphologies at odds with experimental ionic
tortuosity values. We present a thyggase reconstruction of a LiCe@omposite catbde by
focused iorbeam scanning electron microscopy tomography. Morphological anplygsies

that the reconstruction, which combines anprecedentedolume @0 pum minimum edge
length) withthe hitherto highest resolutiod3.9x 13.9x 20 nm® voxel sizg, represents the
cathodebs por e s paledffusion sinpulatohsslgwy consileration of the
resolved CBD as indispensable to reproduce ionic tortuosity values from electrochemical
impedance spectroscopy. Our results reveal the CBD asvalaoted network that dominates

the pore space morphology and limit$ transport through tortuous and constricted diffusion
pathways.
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3.1 Introduction

Against the rising demand for more efficient and -@i#ctive lithiuntion batteries (LIBs), the
reearch and development of new materials and battery systems has led to significant progress
in recent years:? Additionally, the established battery systems offer considerable optimization
potential, particularly regarding the morphology of the poroesteddes, which should
combine high capacity for Lstorage in the active material (AM) with fast tiansport kinetics

in the electrolytdilled pore spacé’

Conventional composite electrodes of LIBs are composed of an AM such as:L(IC0), a
carbanatebased liquid electrolyte, and electrochemically inactive carbon binder additives. The
carbonés task is to guarantee electronic con
disconnected from the rest of the network due to volume changes duargg/discharge, and
between AM patrticles and the current colleétbFhe binder connects the different components
and mechanically stabilizes the electr&i&lectrodes typically contain 995wt% AM and

5i 10 wt% carbon bind&" and are obtained from a slurepating procedure. A thin slurry

film of AM and carbon particles added to a solution of the binder in an organic solvent is applied
to the current collector by doctor blading. When the slurry dries, the binder adheres to the
surface of the conductive carb8hforming an interpenetrating porous phase, the cattiaer
domain (CBD). Crossectional scanning electron microscopy (SEM) images revealed that the
CBD partially fills the interstitial space between the AM partieled spreads over the entire
electrodé?®1% Electrochemical investigations have qualitatively shown that chemical
composition and volume fraction of the CBD directly influence charge transport in the porous
electrode and the cycling performance of tlatdry!*''5 However, detailed quantitative
descriptions of CBD morphology and spatial CBD distribution in electrodes as well as the
expected impact on ionic transport and overall battery performance are st far&!

The microstructure formedylthe solid components is the negative of the liquid electrolyte
filled pore space, in which Litransport takes place. AM particles are usuail§ Am sized,
whereas the size of the conductive carbon particles is up to two orders of magnitude smaller, at
80i 100 nm. Consequently, the distance between the AM particles is in thang®, but the

pore space becomes much smaller in regions pervaded by the CBD. The tortuous nature of the
pathways for ion transport is described by the ionic tortudisitywhich is primarily dependent

on the porosity] but also influenced by constrictivities such as bottlenecks aneesheks> 2!

The ionic tortuosityt  quantifies the dependence of the ion transport on the pore space
morphology and can be determined elecoc hemi cal |y or through a 1
(RS) approach, where peseale diffusion simulations are performed in physically
reconstructed electrode structutég®!
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The accuracy of an R&erived tortuosity value depends critically on the duand resolution

of the reconstruction, which should cover a representative volume of the electrode and resolve
each phase adequately. Reconstructions of electrode structures can be obtainedayom X
tomography (XRT) or focused idmeam scanning electro microscopy (FIBSEM)
tomography. In XRT, large sample volumes (>10,006)uzan be imaged nedestructively in

a short time, but the resolution remains in the hundoéamnometers range. As XRT is based

on the absorption of Xays, the method is suitéor heavy elements, such as found in the AM
particles, but insensitive to light elements, such as present in the?€8DFIB-SEM
tomography uses ions (mostly Gt remove material from the sample sllmeslice (milling).
Between slicing the SEM aagl is used to image the cressctional surface. Alternate milling

and imaging steps are repeated hundreds of times to produce an image stack, from which a
representation of the microstructure of the investigated volume can be obtained by 3D
interpolation®%32 Volumes with edge lengths of up to 100 pm can be reconstructed by FIB
SEM tomography, but the slicing becomes very time consuming for edge lengths >10 um. The
main advantages of FIBEM tomography are its high resolution, down to <I*flrand tte
availability of all imaging modes of modern electron microscopy.

Studies that compared Rigrived tortuosity values with those obtained from electrochemical
impedance spectroscopy (EIS) experiments often found the RS approach to underestimate the
ionic tortuosity?®*4 The difference between experimental and simulated tortuosity values was
particularly large for XRT reconstructions, although the AM phase was accurately represented,
which lead to the conclusion that the deviation was due to the ineafficresolved CBI?*

The size difference between the fiieatured CBD and the AM phase poses a particular
challenge to threphase reconstructions of electrodes, which have been pursued-SEMB
tomography/:*"-182%and by a combination of tomaphy and stochastic modellifig?-33 8l

The latter approach requires numerous assumptions and is thus subject to uncertainties, which
explains why the assumed microstructure and porosity of the CBD differ significantly between
the studie$®3"! Direct imaging by FIBSEM tomography is the best approach to obtain an
accurate description of the CBD, because the method provides the necessary resolution and
allows the straightforward, contrasased interpretation of SEM images that enables a robust
segmerdtion of the different phases. But imaging large volumes at high resolution by FIB
SEM tomography requires long measurement times and produces correspondingly large
amounts of raw data that have to be processed and analyzed. Hutzenl&i5%pedseted a
threephase, FIBSEM tomographbased reconstruction including the CBD and compared the
calculated ionic tortuosity values with electrochemical experiments. The resolution of their
reconstruction was, however, too low to resolve CBD porosity, sohiadhegative) impact of

the CBD on LT transport was overestimated. Liuet'dlf i | | ed the electrodeb

83



Chapter 3: Thre®hase Reconstruction Reveals How the Microscopic Structure of the

CarbonBinder Domain Affects lon Transport in Lithiuion Batteries

a siliconebased resin and obtained good contrast between the individual phases (without
resolving the CBD microstructure and its@sity). Almar et al’l succeeded in direct imaging

of all three phasesbhy FIBEM t omogr aphy over a | arge vol ume
was too close to the feature size of the CBD branches to fully capture the microstructural
information.

In this study we attempt a thrpdase reconstruction that combines a sufficiently large volume
with sufficiently high resolution to obtain an adequate representation of the pore space
morphology of an LCO cathode. Assuming the preparation conditions to dhetymbre space
morphology, we prepare a set of LCO cathodes samples using thecslatinyg technique. One
sample is investigated by the RS approach, the other samples by EIS. We present our strategy
for FIB-SEM tomography and a procedure to obtain aisadte, multiphase reconstruction of

the cathode sample from the image data. A detailed morphological analysis of the void space is
carried out to ascertain that the reconstructed volume is representative of the electrode structure
and to obtain a quanttiteae description of the pore space morphology. Paade diffusion
simulations performed in the reconstructed volume deliver a tortuosity value for comparison
with the ionic tortuosity determined by EIS from the other cathode samples. The goal of the
study is to shed light on the influence of the CBD microstructure otransport in LIBs.

3.2 Results

3.2.1Cathode preparation and electrochemical characterization

Using the slurrnycoating technique we prepared LCO cathode samples at a typical composition
of 90 wt% AM, 5 wt% carbon, and 5 wt% bindBisc electrodes were cut from the calendared

film whose porosity had been adjustedléo 4.\ @orosity of about 40%vas confirmed for

all punched electrodes from their respective weight and thickness, which shows that cathodes
with reproducible properties were obtained from the fldime cathode sample was cycled using
lithium metal as counter electrode to demonstthée the electrode works properly (Figure
3.S1). After 3.25 cycles, the cathode was removed and prepared f@ERNBiomography (see
section3.2.2). The other samples were used to determine the ionic tortuosityf the
electrolytefilled void space byEIS within the framework of the transmission line model
(TLM).

The TLM describes the impedance of a straight, cylindrical pore considering ion migration in

the electrolytéf i | | ed pore space and double I er f ol
Previous studies have shown the applicability of the TLM to porous electfddésThrough

the use of a relatively large amount of conductive carbani¥®) the electronic resistance of
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the cathode can be assumed as neglighbbe. 0% or 100% statef-chage (ionblocking
conditions), the charge transfer resistance is approximately infinite. The impetitorcine
TLM can then be stated &3

Y e e .
o —AITOEY 0 (3.1)
VIO

where'Y s the effective ion transport resistance, is the constant phase element (CPE)
coefficient with its exponerft (to account for deviations from ideal capacitive behavjag),
the imaginary number and the angular frequency. From , an effective coductivity for
t he el ectr o,d«dnde cplalated. heienic ®rtuosity then results from the
ratio of the el ect,r o%7A98neSam! fobtheligkid eeotmigtaiused)i v i t vy
and, multiplied with the porosity) Using a symmetrical cell setup to acquire EIS spectra
ensures that the obtaingd values refer only to the pore space of the investigated LCO
electrodes*! For a symmetrical cell setup, can be calculated accordind*th

Y 0

to—— - o (32)

whereA andd denote the mean area and thickness of the electrodes, respectively.

For EIS measurements, six LCO electrodes were combined into three pairs (for the syahmetric
cell setup). Figur8.1 shows the Nyquist plot acquired for the three electrode pairs. As intended
by the preparation protocol, the three electrode pairs showed very similar impedance behavior.
Equation3.1 was fitted to the spectra to derive values.t values (Table8.1) were then
calculated using equation 2 from tWe values and the values for area, thickness, and porosity
determined for the electrodes (TaBl&). Averaging over the individudl values yielded a

mean ionic tortuosity of = 2.31+ 0.20 (standard deviation). The high standard deviation of

t reflects uncertainties in the experimental determination of the parameters fromtwhich

is calculated, but also hidden variatidmstween the samples, such as small fluctuations in
electrode or current collector thickness or slight deteriorations sustained during cell assembly.
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~80 e "

7"/ Qem’

Figure 3.1: Nyquist plot acquired for symmetrical cells under-lacking conditions. The

data for thethree LCO cathode pairs (noi 3) are plotted in the third dimension for better
visibility. The resistance of the liquid electrolyte in the separator was subtracted for better
comparability of the impedance spectra. As intended, the EIS spectra of dbsahmgw very
similar impedances. The TLM (lines) was fitted to the spectra to deteftnine

Table 3.1: Experimental data for the three electrode paised for calculation of

No. Porosity( Thicknessd / pm Y o/ YZ ¢

1 40.5% 288 36.5 2.03
2 41.3% 250 36.6 2.39
3 39.5% 238 38.1 2.50

aData reflect the average value from the two electrodes of a pair.

b porositiedwere determined from the weight of the electrodes and densities of the solid compéiiéutsifrs
for LCO 1 1.88g cn for PVDF[*¢l and 1.60g cm® for carbon black).
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3.2.2 Tomography and physical reconstruction

Figure3.2 illustrates the workflow from cycling to phase segmentation for the cathode sample
selected for the RS approach. After cycling, the cathode sample was prepared&&NFIB
tomography by filling the pore space with a lewgcosity silicone resin, whosgEM contrast

lies between the higbontrast AM particles and the legontrast CBD branche3he resin

filling performs two important tasks: it increases the contrast between the different’phases
and prevents shirgarough artifacts from deeper layéd Vacuum was applied to completely

fill even narrow pores within the CBD; unfilled pores were not observed in the tomographic
images afterwards. After curing, the sample was embedded in epoxy resin and cut orthogonal
to the current collector. The samplewva® unt ed so t hat -sechoaewas!| ectr
facing upwards. A bulk section from the center of the electrode was selected as theafelume
interest.

Electrochemical Silicone resin FIB-SEM Image .
characterization infiltration tomography processing » Segmentation
Al "ﬂ‘ SEM 1. Image alignment
Cathode g’é@ h 2. SEM angle compensation
oo 5 mbar 3. Curtaining correction
Separator j\\ ¢ 4. Intensity gradient elimination
Li anode [ 5. Noise reduction
6. Contrast intensification
_ Cathode
41
>
>k
S 3_gf<
g
937

20 60 100
Specific capacity / mAh g’

Figure 3.2: Overview of the workflow from cycling to phase segmentation. One cathode
sample was imgrated into a battery, using Li metal as anode, and subjected to cycling
experiments. After disassembly of the battery, the cathode sample was infiltrated by a low
viscosity silicone resin to enhance the SEM contrast between the different phases, embedded
in epoxy resin, and cut to probe the crssstion by FIBSEM tomography. The resulting image

stack was processed following a mugtep routine and segmented into the three different
phases: solid AM, solid CBD, and void space.

The volumeof-interest andhe resolution (slice thickness) are critical to the success of the RS
approach in terms of delivering reliable and representative tortuosity values. The edge length

of a reconstructed volume must be -@Dter@sb t i me
(here the electrolytsoaked pore space or void phase) to guarantee the absence GiZanite
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effects*® At the same time, the smallest feature (pores within the CBD) has to be covered by

at least 810 voxels in each direction to capture its morpholégy¥rom SEM images, the AM

particle size was estimated as ~3.5 pm and the carbon particle sizZe1l28 8@ (cf. Figure

3.S2). Due to the adhering binder, the solid CBD branches are thicker than the carbon particles.
Based on these discriminative feature sizes for the solid components, we estimated an average
feature size of ~um for the pore space. Theredor edge | engths of 20 2!
for the volumeof-interest, and a slice thickness of 20 nm was chosen for the resolution.

High-resolution imaging was achieved by using the threthhgHens detector (TLD) of the FIB

SEM instrument. This detectoras used in backscatter electron mode (AREE) as the
backscattered electrons carry chemical information that can be used to further enhance the
contrast (Z or compositional contrast) between the different pRdsadow voltage of 2 kV

was applied fora small interaction volume between electron beam and the sample. The
information depth of the electron beam was kept small compared to the slice thickness to
achieve the highest possible resolution.

After image acquisition, the subsequent image restoragoroved artifacts to enable the
contrastbased segmentation of the individual phases. Image reconstruction relied heavily on
softwaresupported automation, as the data amount was much too large for an individual post
processing of single images. Typicalrections included in the restoration process were the
alignment of the image stack (985 slices) and the compensation of brightness gradients, local
charging, and noise. Curtaining artifacts, which are caused by unevenness on tbeatiosal
surfacd®t were a major issue. Each material interacts differently with the ion beam leading to
individual sputter rates. The examined composite electrode exhibits numerous material
interfaces between solid AM, solid CBD, and silicone resin, thus leading tocloeages of

beam milling. Curtaining produces stripes that run like a waterfall from top to bottom of an
image, becoming more pronounced towards the bottom. The stripes had to be carefully
corrected to prevent a considerable loss of resolution. The reSEIB8-SEM tomography and
image restoration are shown in Figure 3a for the complete reconstructed vol2é& »f24.5

x 19.7umd,
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Figure 3.3: a) 3D representation of the total reconstructed volume of a bulk section of the LCO
cathode (solid AM, soli€CBD, and void phase in blue, orange, and transparent, respectively).
For morphological analysis, this representation is referred to as casepigsentation of the
reconstructed volume in which solid CBD voxels were replaced by void voxels to sithelate
results of imaging without resolution of the CBD (case Il)Exfracted section from the
reconstructed volume completely filled by the porous CBD (case llI).

3.2.3 Morphological Analysis

The threephasephysical reconstructionf the LCO cathode sample shown in Figure 3a is
direct i mage of the cathodeds morphol ogy wi
microstructural properties of the electrolyiked pore space (void space) correspondeal

bulk conditions (as probed by Elfisofar as the reconstruction is accurate and representative.

In the following morphological analysis, this representation is referred to as$. @d#eough

the reconstruction process itself is quite complex, #mults can be easily manipulated
afterwards to create or isolate structures inaccessible to experifakitsy advantage of this
possibility, we reassigned voxels belonging to the solid CBD as void voxels to simulate the
results of a twephase reconstruction where the CBD was not taken into account (Figure 3b,
casell). This representation serves as refeeeiocevaluate the contribution of the CBD to the
overall morphology and transport properties of the electrode. Theotuime shown in Figure

3c corresponds to the largest section occupied by the porous CBD in the reconstructed volume.
Analysis of this sutvyolume (casdll) focuses on the morphology of the CBD. The selected
subvolume represents CBD porosity and feature size, as ascertained by probing the (smaller)
porous CBD subsections in the reconstructed volume.
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3.2.3.1 Evaluation of Phase Fractions

Prior to deriving values for morphological descriptors, we assess whether theliasse
reconstruction (casB recovers the composition of the cathode sample. TaBldists the
different volume fractions in the reconstruction, determined as the ratiedrethe number of
voxels assigned to a particular phase or feature and the total number of voxels in the
reconstruction. Multiplication with the respective density converts the volume fractions of the
solid components into weight fractions. The reconsimnederived weight fractions for the

solid AM and CBD phases closely approach the respective weight fractions of the solid
components used in cathode preparation. The porosity of the cathode satipld008%,
experimentally determined as for the cathogshmples used for EIS (Tab®l), is also
recovered by the void voxel fraction of the reconstructed volumé%#0

Table 3.2: Reconstructiorderived volume fractions vs cathode sample composition.

Phase Reconstruction Cathode sample
Solid AM 48.5 vol%(92.0 wt%} 90.0 wt%

Solid CBD 11.5 vol% (8.0 wt%6) 10.0 wt%

Total void 40.0 vol% 40.8%

Void inside CBD 17.5 vol% T

Void outside CDB 22.5 vol% T

Porous CBD (solid and void) 29.0vol% |

2\Wit% calculated from vol% by multiplication with tlrespective densitieg(79g cnve for LCO*¥ 1.88g cn®
for PVDF[*® and 1.60y cm® for carbon black).

Having ascertained that casescovers the phase fractions of the cathode sample, we next look
at casdll. The CBDpervaded sulvolume consists of 39.7 vol% solid phase and 60.3 vol%
void space. Assuming calk as representative of the CBD porosity, the space occupied by the
porousCBD in casd must have the same ratio of solid to void ssmasdll . From this ratio

the void space within the CBD calculates to 17.5 vol% of the reconstruction, which leaves 22.5
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vol% of the reconstructed volume to the void space outside the Gibpdrous CBD (solid

and void voxels together) then occupiesO2®1% of the reconstructed volume. That nearly
half of the total pore space (43.8%) is confined within the CBD underscores the high impact of
the CBD microstructure on the pore space morgiolo

With 60.3% the CBD porosity is considerably above the 47% estimated by Zielké%foal.

the CBD porosity in an LCO cathode. To which extent this divergence reflects differences in
electrode preparation conditions that could affect the CBD porasitpdvances in the
reconstruction process that improve the accuracy of the results (enhanced SEM image quality
from resinfilling of the pore space, larger sample volume), is impossible to tell at this point.

3.2.3.2 Void Space Distribution

The voidspace distribution in the electrode is determined by the distribution of the two solid
components, which differ considerably in morphology. The high degree of connectivity and the
complex geometry of the void space preclude a division into individual.pdieslescribe the

void space distribution through chord length distributions (CLDs), which is an automatable
method that does not rely on assumptions about the void space geometry and can in principle
be applied to any porous medili#®@ Thevoidspace s scanned up to the s
by chords of variable length; collecting and sorting the chords according to their length in a
histogram vyields the CLD. The mean chord lengtbf the CLD is a measure of the average

pore size. Figur&d.4 shows the void space CLDs obtained for casdk. The mean chord

lengtha derived from each CLD is listed in Tal8e.
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Figure 3.4: CLDs obtained from different representations of the aysreconstruction
describe the void space distribution as defined by solid AM and CBD phaseb (satid AM
phase (casB), and solidCBD phase (case IlI).

Table 3.3: Morphological parameters obtained by the RS approach.

Casel Casell Case
PorosityU 40.0% 51.5% 60.3
CLD mean chord length / pm 1.04 4.46 0.44
CLD median / pm 0.64 3.73 0.37
CLD mode / um 0.28 2.02 0.28
Fraction of thredoranch connections 74.0% 91.0% 77.5
Fraction of fourbranch connections 16.1% 7.2% 15.6
Fraction of highebranch connections 9.8% 1.8% 7.0%
Average connectivity 3.36 3.11 3.30
T 1.89 1.47 1.96

The CLDs are used first to check whether the resolution limits of the reconstruction were chosen
correctly at both boundaries. According to the CLD for dagbe average pore size in the
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cathode isx = 1.04um, which agrees with our estimate of 1.0 fonthe discriminate feature

size in the void phase on which the edge lengths for the reconstructed volume had been based.
According to the CLD for caskl, the average pore size within the CBDiss 0.44pum and

thus 22times the tomographic slicethimess of 20 nm. The reconstr
thus conform to the requisites for an accur a

The void space CLDs for the three cases are very different from each other. Close inspection
of the void spee CLD for casé reveals a shoulder to the right ¢at 0.6 um), congruent with

a bimodal distribution caused by the size difference between pores witlpo@sdutside the

CBD. The void space CLD for cafecovers, as expected, much larger chord lengths than the
CLD for casd, which is also reflected inraean chord length @f = 4.46 um, about fodtimes

the average pore size @= 1.04 um in the threphase reconstruction. Comparison of the void
space CLDs for casésindll visualizes that the presence of the CBD reduces the global average
pore sie significantly. The void space CLD for cdslecontains chord lengths up to Jubn

and exhibits a mode of 0.28n and a median of 0.3¥m. Interestingly, the void space CLDs

for cased andlll share the same mode (i.e., the most frequent chord letigghypid space

CLD for caselll, however,containsa considerablyarger amount o$hort chordsnd features
adecidedly smaller mean chord lengéh= 0.44 and 1.04 urfor casslll and | respectively).

This comparison shows that sneaifpores are foushmostlywithin the CBD wherethe average

pore size is less than half of the global average pore size.

3.2.3.3 Surface Area of and Contact Area between AM and CBD Phase

The CBDO6s role in the el ectr od eprovide eléecmonict abi |
conduction between the AM particles. Contact between AM particlethar@BD is therefore
necessanut also reduces the active surface area of the AM patrticles, whetekge transfer

takes place. The thrgghase reconstruction als a precise calculation of the surface area of

the solid phases as well as of the contact area between them. The surface areas of solid AM,
solid CBD, and both solid phases together were calculated from the full reconstruction volume
using the marchingube algorithrit¥ (seeref. 54and the Computational Methods section for
more details). Calculation directly from the cuboid voxels overestimates the surface area of
curved object® The marching cube algorithm approximates the curved surface areiady us
triangles to interpolate the cubewdxel based surface area. The voluspecific surface area

was obtained by normalizing all received values to the reconstructed volume. The calculation
yielded surface areas of =1.02um?%,6 =3.96um?* ado ; =4.78um™ These

data show that most of the sofpthase surface area in the electrode stems from the CBD.
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The AM voi d i n'tcheangd tarsfer,takew place, is definied as the active surface
whose area is calculated from theolume specific surface areas of solid AM, solid CBD,
and both solid phases together:

0 0

all ko)

0 0 0 i (3.3)

0 is 0.92um™, which corresponds to 90.2% o6f . Consequently, the contact area
between AM and solid CBD 8.10 umt (10% of the AM surface area). The 10% blockage of
the AM surface area by the solid CBD apparently suffices for mechanical stability of the
electrode. This leaves 90% of the AM surface in contact with the liquid electrolyte and thus
available forcharge transfer reactions, which exclupgeer accessibility of the electrolyt&M
interface as a limiting factor to battery operation.

3.2.3.4 Void Space Connectivity

The connectivity of the pore sp&tewas analyzed through skeletonizatithh Figure 3.53

shows a 2D representation of the skeleton lines in the void space. The analysis was performed
in 3D. Skeletonization reduces the amount of data, but conserves topological properties of the
pore space, such as branch lengths, curvature, connedivityjeaeends. The nodes in the
skeleton are sorted according to how many branches (three, four, or more than four) converge
there, whereby a thre@anch node represents the minimum degree of connectivity. The
connectivity of the pore space is then ddsami by the fraction of threefour-, and higher

branch nodes and by the average conneci#/dgiculated from these fractions.

The connectivity analysis for the thrphase reconstruction (caleyields a surprisingly high
fraction of fourbranch and fgher nodes (~25%}esulting in an average connectivity &

3.36 (Table3.3). Similar connectivity values have been found for the macropore space of silica
monoliths, whose pore space interconnectivity is one of their main advantages as support
structues for chromatographic separations and heterogeneous cdtaRfs@omparisorwith

the results of the connectivity analysis for caflesnd Ill clearly shows that the high
connectivity of the electrodebs qlarlyshaped ac e
AM particles form large pores with few interconnections. The void space between the AM
particles (casél) cont ai ns -ramch or(higr@rapdest resulting in a low average
connectivity ofZ = 3.11. This contrasts with the CBD (cd#lg, for which the connectivity
analysis returns a considerable fraction of fotanch and higher nodes (~23%), yielding an
average connectivity oZ = 3.30. These data reveal the CBD as a complex, strongly
interconnected pore network that dominatestrexall pore space morphology of the electrode.
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For those interested in morphological analysis tools, an analysis of the pore tortuousness based
on the skeleton lines is providéd the Supporting Information (Section S&he skeleton

based analysis canintake constrictivities into account, which is why the resulting geometric
tortuosity values for casdslll do not reflect the transport properties of the respective pore
spa@s. The acurate characterization of transport properties requoesscale diffusion
simulations, as shown in the next section.

3.2.4 Porescale Diffusion Simulations

Diffusion in the void space of casédll was numerically simulated using a randaalk

particle tracking techniqlf (seeref. 28for further detas), where passive, poitike tracers

are randomly distributed in the void space. All tracers execute random jumps at each time step.
The random displacement of each tracer is recorded and-dé¢jpemdent diffusion coefficient

D(t) calculated from the indidual tracer displacements. The transient diffusion coeffiéént
eventually reaches its asymptotic, letimge limit O (Figure 3.S5). The ratio of the bulk
diffusion coefficientO  andO is the diffusive tortuosity, designatedfs to indicate its
derivation by the RS approach. reflects the complete morphology, including constrictivities,

of the pore space.

The diffusion simulations deliver a valueiof =1.89 for the thre@phase reconstruction (case

I) compared with onlyf = 1.47 for casél (Table3.3). The large tortuosity difference cannot

be solely attributed to the ~10% porosity difference between tasésl. Such a large impact

of the porosity on the tortuosity is not supported by tortubgayosity correlationgor the
interstitial pore space in consolidated particulate m&fteFhe large tortuosity of cadeis

mainly caused by the increased microstructural heterogeneity of the pore space, which comes
mostly from the CBD. This becomes clear from considerasgit! . Although a high porosity

of 60% is reached within the CBD, the tortuosity exhibits a high valuge of 1.96. The
complex meandering pore network inside the CBiBxluding constrictivities significantly
hinders diffusive transport, because theh surface area translates into more wall contacts.
The CBD contribution is critical to the overall ionic tortuosity of the electrode as 43.8% of the
global porosity are located withthe CBD. Ths analysis demonstrates thrainsport properties

of the electrolytefilled pore space in battery electrodes cannot be correctly assessed without
explicit consideration of the CBD morphology.
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3.3 Discussion

The tortuosity obtained for the thrplase reconstruction (case 1) from the RS approbch (

= 1.89) dffers by a factor of 1.2 from the electrochemically determined tortudsity £ 2.31).

The tortuosity value for case It ( = 1.47) deviates from the electrochemically determined
tortuosity by a factor of 1.6. This emphasizes that only thhase reonstructions with a
sufficiently high resolution of the CBD adequately represent the transport properties of the
porous electrode. Still, EIS experiments in the framework of the TLM better reflect the actual
conditions in the electrode. Since the measergmare conducted under blocking conditions
(100% statenf-charge), no charge transfer occurs at the interface between the AM patrticles and
electrolyte. lons migrate in the electrolyte and a double layer is formed at the surface of the
electronically condcting particles; both processes are considered in the TLM. The fact that
t approacheg (case I) quite closely may originate in the actual electrode morphology. A
relatively loose packing of the AM patrticles generates a highly interconnected interparticle void
space (cf. Tabl8.3). As has been shown by Nguyen ef®8lwhen pore networkare highly
percolated and contain a small fraction of dead pores (as for the void space between loosely
packed particles), the latter have a negligible effect on the tortuosity when EIS measurements
are considered, which will provide good agreemertt tattuosities from diffusion studies. The
remaining difference betwedn andt from the thregphase reconstruction can have several
origins. One possible source are the different comparison volumes. The RS approach
investigates a representative wole taken from the bulk section of the electrode, whereas EIS
measurements probe the entire electrode including its edge regions and, therefore, possible
porosity gradients across the electrode formed during slurry drying. Another possible source
lies in the applicability of the TLM (which assumes straight, cylindrical pores) to the complex
pore network found in electrodes. Therefore-d8ved as well as Et8erived tortuosity
values could reflect the limitations of each method to an extent that isilfificestimate.

The results of this study show the decisive influence of the CBD morphology on the overall
void space distribution in and thus the transport properties of the porous electrode. Commercial
battery electrodes have much lower porositie$ 2Z%) than the invegated cathode sample
(40.8%."1 Assuming the CBD is not much compacted by calendaring, commercial electrodes
can thus be expected to contain a larger fraction of the total porosity inside the CBD than the
investigated sample. The infloce of the CBD morphology on the transport properties of
porous electrodes is therefore possibly still underestimated by the investigated sample. Even
for electrodes that contain a smaller CBD volume fraction than the investigated sample, a
significant irfluence of the CBD microstructure on overall ion transport is highly probable.

Explicit consideration of the CBD morphology is indispensable to capture the traredpoent
microstructural properties of porous electrodes. The ionic tortuosity of bateémtyodeghen
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shouldbe determined over a wide porosity range by EIS and the RS approach to eventually
arrive at a more accur at e p ohowetctrode formaatidnu os i t
impacts CBD porosity and the overall ionic tortuosity.a first step, thevalues found to
characteriz&CBD morphology may serve as input parameters for studiesntt@poratethe

actual electrode manufacturing pro¢&sand,in a secod stepthe entire reconstruction could

be used as realistic geome#di model in fullcycle simulations, including charge transfer
reactions at the electrolyt&M interface, to investigate the influence of the CBD on the overall
battery performance

3.4 Conclusion

This study contains the first higlesolution, physical reconstruction of a morphologically
representative volume of an LCO cathode with resolved porous CBD. The reconstruction shows
that the porous CBD spans much of the space between the AM particlect@etween solid

CBD and AM patrticles blocks 10% of the AM surface, which excludes charge transfer as a
limiting factor to battery operation. The porous CBD occupies a much smaller volume fraction
than the AM phase (29.0% vs 48.5%, respectively), butom43.8% of the total pore space.

The presence of the CBD decreases the average pore size and increases tortuosity significantly.
This means that Litransport in the electrolyifilled pore space of the electrode is limited by

the morphology of the porous CBD. The tortuosity value obtained fromspaie diffusion
simulations in the threphase reconstruction of the cathode approaches the tortuakigs
determined for comparable cathode samples by EIS experiments in the framework of the TLM.
This proves that resolving the porous CDB within a representative reconstructed volume of the
electrode is necessary to reproduce experimentally determirtadsity values and thus to
obtain transportelevant morphological information about porous electrodes by the RS
approach.

3.5 Experimental Section

CathodeMaterials: LiCoO2 (LCO) was purchased from Alfa Aesar (Kandel, Germany), Super
C65 carbon black firm Timcal (Bodio, Switzerland), polyvinylidene fluoride (PVDF) binder
from Solvay (Hanover, Germany), andl-Methyl-2-pyrrolidone (NMP) from Alfa Aesar.
Whatman GF/A glass microfiber filters (GE Healthcare, Buckinghamshire, United Kingdom)
were used as sepdors. Lithium metal foil was received from Albemarle (Frankfurt, Germany).
The liquid electrolyte EC/EMC 50:50 + 1 M LiRE; = 7.93 mSm?!) was purchased from
Sigmd Aldrich (Steinheim, Germany).
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CathodePreparation: For a slurry with 60% solid céent consisting of 90/5/5 (w/w/w) AM/
carbon black/binder, the binder was first dissolved in NMP at 40 °C before LCO particles and
carbon black were added gradually. The slurry was mixed with a T 25 disperser (IKA, Staufen,
Germany) and applied to an alumam foil using a ZAA 2300 automatic film applicator
(Zehntner, Sissach, Switzerland). The gap height of the applicator wagl86tjim. The film

was dried ovenight at 80 °C. The film was calendared at80using a hot rolling press (MTI,
Richmond, CA)o adjust the porosity to 40%. Disc electrodes with a radius of 0.6 cm were cut
from the calendared film for EIS measurements, battery cy@mtj FIBSEM tomography.

Electrochemicalmpedance [gectroscopyElectrodes were measured in a symmetricalipet

at 100% stat®f-charge using a TSC battery cell (rhd instruments, Darmstadt, Germany). The
electrodes were spaced by three separators and soaked withel@€@trolyte. The cells were
equilibrated over ght at room temperature. Measurements were performed in@ésiwode

setup by using a Multi Autolab/M101 equipped with a FRA32M impedance m¢iMdaohm

Autolab BV, Utrecht, Théletherlands) in a range from18z to 10! Hz with an AC amplitude

of 10mV. The resistance of the liquid electrolyte was subtracted for better comparability of the
impedance spectra. The TLM was fitted to the spectra using the analysis software RelaxIS 3.0
(rhd instruments).

BatteryCycling: The battery cycling was performeding a TSC battery cell (rhd instruments).
The LCO cathode exhibited a loading of 34.0 eng? and a height of 13Qm. The cell (LCO
cathode | separators soaked with electrolyte | Li) was assembled in atfilledayiove box
(UniLab, MBraun, Germany2o < 1 ppmxXo2 < 1 ppm). Galvanostatic cycling was performed
in a twoelectrode setup using a Multi Autolab M101 (Metroliibderstadt, Germany) with a
C-rate of 0.1C between 3.& and 4.0V (Figure3.S1).

FIB-SEMSerial Sectioning:First, the void spacef the cathode was filled by a twaart silicone

resin (Elastosil RT 604, Wacker, Munich, Germany). Three drops of the resin were applied to
the sample under vacuum & mbar) followed by exposure t@acuum for another hour. After
curing for 24 h, theaample was embedded in epoxy resin using a 5/2 (w/w) mixture of SpeciFix
Resin and SpeciFH#0 Curing Agent (Struers, Ballerup, Denmark) and cured for another 24 h
at room temperature. The embedded sample was cut, its criea petished with sandpaper

and then sputtered with gold for 30at 30mA.

A Strata 400S duddeam FIBSEM system (FEI/ThermoFisher Scientific, Hilsboro, OR) was
used for sample preparation and serial sectioning afterwards. The voltinterest was
defined in the midsection of tleectrode to reconstruct bulk properties and exclude boundary
effects in later analyses. A protective platinum layer was deposited on top of the sadlume
interest to reduce curtaining effects. The focuseth®am was operated at B? with a current
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of 21 nA to create a kshaped trench around the volwafeinterest and a current of 6.5 nA for
slicing. The image stack was acquired using the Slice&View package of the instrument
software. For this purpose, SEM images were takerk¥tdllecting backscatted electrons
(BSE) with the througtthelens detector (TLD) in immersion mode (a higher resolution mode
of the instrument). The finalBit image stack (file size: 5GB) containe®85 slices at a pixel

size 0f13.9x 13.9 nn? and 20.0nm spacing in millig direction.

5.6 Computational Methods

PhysicalReconstructionFirst, the slices were aligned by means of the StadkRptugin in

ImageJ Fijil¥? The inclined SEM viewing angle of 52° was corrected in Fiji by rescaling the
voxels. Intensity gradients from shadowing were normalized in the three spatial directions by
using Visual C# scripts. Shadowing is caused by the trench around the vaflimezest and

by redeposited material that accumulates during the experiment and blocks electrons on their
way to the detector. Curtaining artifacts were removed using the w#&laer filter approach
proposed in Miinch et & For the wavelet decompositi, a Daubechies 8 wavéfétwas

used. The decomposition level was choseh a$ and the damping coefficient was set to
0=10. A Gaussian filter was applied for noise removal and the contrast was enhanced using
Fiji. As the curtaining was more seveénethe bottom part of the image, the image quality in

this region remained reduced even after application of the decurtaining filter, resulting in a loss
of contrast between the different phases in this area. This made segmentation with global or
local cobr threshold values difficult, so that we relied on a machine learning approach for this
critical step of the reconstruction process. We used the software Zeiss ZEN Intellesis
(Oberkochen, Germany), which is based on trainable -Eseping algorithms. The
segmentation algorithm yielded good results, which were first evaluated by visual comparison.
Charging effects within the silicone resin resulted in some void voxels being wrongly assigned
to the AM phase, which was corrected semainually using the 3D wershed segmentatiari

the MorphoLibJ plugii® to identify these areas. The resultingpiBimage stack constituted
casel. Casdl was derived from cadethrough reassigning solid CBD voxels as void voxels.

For caselll, we visually identified the |gest section of porous CBD in the reconstructed
volume and extracted the maximum possible cuboid from this section.

ChordLengthDistribution: A statistically significant number of §8eed points was randomly
distributed in the void space of cadefll. From each seed point, 26 vectors tpainted in
directions induced by the 26 neighbourhood in the voxel lattice were projected until the vectors

hit the solid void interface. Opposing vecto
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of the reconstretion were discarded. Valid chords were collected and sorted by length into a
histogram.

Calculation ofthe Surface Area: The marching cube algoritd?d considers the surroundings

of the voxels and approxi mates the area at t
assesses a set of eight voxels at a time, whereby each voxel is considered a cube vertex. The
color value of the voxel determines @ther the vertex belongs to the solid phase or to the void
spaceresulting in 15 different cube configurations. The cube configuration in turn results in a
certain triangle configuration of up to four triangles per cube. The areas of the triangles are
sunmed up into the total area. A C++ implementdffdf the algorithm was adapted for the
analysis. The resulting surface area was divided k& wblume of the reconstruction

(1.3x 10* pm®) to obtain the volumspecific surface area.

ConnectivityAnalysis The skeletonization of the void space was executed in Fiji using the
ASkel etoni ze3D0 pl ug iZwascalchlaed bydeternangngthemombere c t i
of branches meeting at each node. Dead nodes connected to only one branch were not
consicered. The average connectiviiywas calculated as the sum of the weighted ratios of the
number of thredranch nodes , four-branch nodes , and highetevel branch nodes to

the total number of nodes:!*
® 0‘8_ T— U (34)

Diffusion Smulation: Diffusion in the void space of casédll was numerially simulated
using the randorwalk particletracking (RWPT) technique®®"%l 1¢f inert (non-reactiveand
nonadsorbing tracers were randomly distributed in the void spabte. fRndom displacement
g of all tracers by molecular diffusion was calculated for each time step:

Y 90 Yo (35)

Here represents a spatial vector a@d the tracer diffusion coefficient. Orientation and

length of are random, determindxy a Gaussian function. The time steps were chosen such

t hat t he mean diffusi ve hdliOs p(livadehetime tiget pixel e ma i n
resolution of 13.9 nm)Jlumps leading out of the reconstruction volume were treated by mirror
boundaryconditions, whereby tracers continue their path mirrored in the original d&fain.

The interaction with the samuliipkrejeaiantoundary er f a c
condition(®¥ whereby when a tracer crosses the boundary during a jumjurtigss discarded

and recalculated until a valid jump is made. Time-dependent diffusion coefficiei@ 6 was

calculated as

100



5.6 Computational Methods

~ s PA o
whereYi ¢ is the displacement of theh tracer at timé(Figure3.S5). The effective dfusion
coefficientDesf was taken from the asymptotic, letigne limit of D(t) and the ionic tortuosity
T, scalculated as
O

T o (3.7)
The accuracy of this modeling approach has been confirmed by companglues
simulated in regular (simple cubic and fammtered cubic) arrays of sphéfé&’ with values
calculated using the analytical approdéhAmong the advantages of the gioyed RWPT
technique are conservation of mass, absence of numerical dispersion, simplicity of program
realization, and straightforward parallelization. Consequently, the program realization of the
RWPT algorithm was implemented as parallel code in C lapgusing the Message Passing
Interface (MPI) standard on a supercomputing platform. All numerical codes and their
description can be found in the Supporting Information of ref. 68.
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3.7 Supporting Information
3.S1 Cycling of the LCO cathode
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Figure 3.S1: Galvanostatic charge and discharge curves (red and blue, respectivelyj)aea C

of 0.1C. To treat the cathode as gently as possible, a comparatively small voltage window was
chosen, resulting in a reduced discharge capacity. After thodescyhe battery was charged

to 50% statef-charge (orange), disassembled, and the cathode prepared #SQEMB
tomography.
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3.S2 SEM images of carbon black

a)ﬁ- v". ":. ‘-“‘ .-..-

Figure 3.52: SEM image of carbon black (conductive carbon, without binder). The binder
mainly alheres to the highurfacearea carbon, so that the CBD morphology is essentially
determined by the morphology of the conductive carbon.

3.S3 Skeletonization of the void space

Figure 3.S3:2 D visualization of the skebetdoni ddc\
skel eton red) . Ivhoex ecd e nti edrel ibmreasn cfho rnno dae onreet w
and geometric tortuosity analysis were carried out in 3D.
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3.54 Geometrical tortuosity

The Dijkstra singlesource shortegtath algorithri¥52 was mplemented to calculate the
geometric tortuosityr . The ABranch informationo output
was used to import the vertices and edges of the graplvet@x pairs were formed, each
representing the start and end vertex. @iistance value of the start vertex was set to zero,
while all remaining vertices were set to infinity. The algorithm determines the distance to all
connected vertices beginning at the start vertex. The distance value of the connected vertices is
updated. Mw the algorithm continues with the unhandled vertex with the smallest distance
value managed by a mijwriority-queudS? The length to all connected vertices is determined

by adding the edge length to the distance value. If the calculated distancéles $raa the
previous value, it is overwritten. This is repeated for all remaining vertices until the min
priority-queue returns the end vertex. The shortest path is found. The determined shortest paths
of all pairs are plotted against their Euclideanatise. The geometrical tortuosity results from

the slope (Figur8.S4).

Figure 3.54: Geometric dstance along the skeleton the corresponding Euclidean distance.
The slope gives the geometric tortuosityt . Cases illll correspond to different
representations of the physical reconstruction deisgrthe void space distribution as defined
by solid AM and CBD phases (caBe solid AM phase (cask), and solidCBD phase (case

).
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