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Kurzfassung

Elektrochemische Energiespeichersysteme stellen eine zentrale Schlusseltechnologie flr
die globale Transformation hin zu einer nachhaltigen Energieversorgung und elektrifizier-
ten Mobilitat dar. Unter den verschiedenen Batterietechnologien dominieren derzeit Li-
thium-lonen-Batterien (LI1Bs) den Markt, was auf ihre hohe gravimetrische und volumetri-
sche Energiedichte, ihre hohe Zellspannung sowie ihre lange Lebensdauer zurtickzufiihren
ist. Die rasche Ausweitung der LIB-Produktion geht jedoch mit einer steigenden Nachfrage
nach kritischen Rohstoffen wie Lithium, Kobalt, Nickel und Graphit einher, was zu Um-
weltbedenken, Versorgungsrisiken und zunehmendem Kostendruck fiihrt.

Natrium-lonen-Batterien (SIBs) haben sich als vielversprechende komplementére Techno-
logie etabliert, da sie auf reichlich verfligbaren und breit zugénglichen Ressourcen basieren.
Trotz ihres technologischen Potenzials befindet sich die industrielle Herstellung von SIB-
Elektroden noch in einem frithen Entwicklungsstadium. Aufgrund von Ahnlichkeiten im
Zelldesign und in den Prozessrouten wird die SIB-Technologie haufig als Drop-in-Ldsung
fur bestehende L1B-Produktionslinien betrachtet. Die verwendeten Aktivmaterialien unter-
scheiden sich jedoch erheblich in ihrer chemischen Zusammensetzung sowie in ihrer spe-
zifischen Partikelmorphologie. Die Annahme einer Drop-in-Fahigkeit von SIB wurde bis-
lang nicht systematisch validiert und vernachlassigt aktivmaterialspezifische
Wechselwirkungen, die die Elektrodenherstellungsprozesse mafgeblich bestimmen. Folg-
lich sind die materialspezifischen Herausforderungen und Potenziale beim Ubergang von
LIB zu SIB bislang unzureichend verstanden.

Die Elektrodenproduktion umfasst mehrere zentrale Prozessschritte: Das Aktivmaterial
wird zusammen mit Leitadditiv, Dispersionsmittel, Binder und Ldsemittel zu einem Slurry
gemischt, auf eine metallische Stromableiterfolie aufgetragen und anschlieRend getrocknet.
Sowohl die Auswahl des Losemittels und des Bindersystems als auch der Trocknungspro-
zess sind fir das jeweilige Aktivmaterial spezifisch zu optimieren. Insbesondere die Trock-
nung ist aufgrund des industriellen Energiebedarfs ein kostenbestimmender Prozessschritt
und zusatzlich von entscheidender Bedeutung fiir die Eigenschaften der Elektroden. Hohe
Trocknungsraten, die flr eine wirtschaftliche Produktion notwendig sind, fordern die Mig-
ration des Binders. Dies fuhrt zur inhomogenen Verteilung des Binders und damit zu einer
Verschlechterung der mechanischen, elektrischen und elektrochemischen Elektrodeneigen-
schaften. Ein umfassendes mechanistisches Verstandnis der Mikrostrukturausbildung und
der Bindermigration in Abhédngigkeit unterschiedlicher Aktivmaterialien und Partikelmor-
phologien fur LIB und SIB liegt bislang nicht vor.

Vor diesem Hintergrund verfolgt die vorliegende Dissertation das Ubergeordnete Ziel, Ma-
terial-Prozess-Mikrostruktur-Eigenschaftsbeziehungen systematisch aufzuklaren und da-
mit die Drop-In Fahigkeit der SIB-Technologie fundiert zu bewerten und den aktuellen
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Kenntnisstand im Bereich der Elektrodenproduktion in Abhéngigkeit des Aktivmaterials
zu erweitern. Die zugrundeliegende Hypothese lautet, dass die Drop-in-Fahigkeit nicht
durch die nominelle Prozesskompatibilitat bestimmt wird, sondern davon abhangt, ob ma-
terialspezifische Wechselwirkungen unter identischen Prozessbedingungen zu vergleich-
barer Mikrostrukturentwicklung und Elektrodenperformance fihren. Ziel ist es, generali-
sierbare Zusammenhange abzuleiten, die sowohl fir SIB- als auch fur LIB-Materialien
gelten.

Die vergleichenden Untersuchungen erfolgen unter kontrollierten Bedingungen, ein-
schlielich identischer Elektrodenformulierungen, standardisierter Mischprozesse und
konsistenter Trocknungsbedingungen. Dartiber hinaus wird eine umfassende Datenbasis zu
Partikel- und Elektrodeneigenschaften aufgebaut, um quantitative Analysen und zukiinftige
Modellierungen zu ermdglichen. Auf Grundlage einer systematischen Auswahl relevanter
Materialsysteme werden zwei komplementare Forschungsbereiche definiert:

Forschungsbereich 1: Wasserbasierte Elektrodenverarbeitung mit CMC/SBR Bin-
dersystem und der Einfluss von Partikeleigenschaften

Ziel ist es, den Einfluss der Materialeigenschaften auf Prozessparameter und Prozessie-
rungseigenschaften, wie Slurryeigenschaften, Produktionsgeschwindigkeit, Trocknungs-
zeiten sowie den Trocknungsmechanismus und die Bindermigration zu quantifizieren und
in verallgemeinbare Zusammenhénge zu Uberfuhren. Dafiir wurde fur die LIB als Katho-
denmaterial Lithium-Eisen-Phosphat (LFP) und als Anodenmaterial Graphit (Gr) sowie fiir
die SIB als Kathodenmaterial Prussian-Blue-Analoge (PBA) und als Anodenmaterial Hard
Carbon (HC) ausgewahit.

Der mechanistische Ablauf der Mikrostrukturausbildung bei der Trocknung von Batteries-
lurry lasst sich phanomenologisch in Filmschrumpfung und Porenentleerung unterteilen.
Der Beginn der Porenentleerung bezeichnet auch den Beginn der Bindermigration. In der
Literatur wird angenommen, dass der zeitliche Ubergang zwischen diesen beiden Phasen
materialabhangig sein kann und wesentliche Auswirkungen auf die Bindermigration be-
sitzt. Zur Uberpriifung dieser Hypothese wurde ein neuartiger experimenteller Versuchs-
aufbau entwickelt, der eine simultane Messung von Filmschrumpfung und Porenentleerung
ermoglicht. Entgegen bisherigen Annahmen zeigen die Ergebnisse, dass der Beginn der
Porenentleerung unabh&ngig vom Aktivmaterial stets mit dem Ende der Filmschrumpfung
zusammenfallt. Dies definiert einen universellen Ubergangspunkt, der die Binder-Migra-
tion bestimmt und eine VVorhersage ihres Beginns fiir verschiedene Materialsysteme ermég-
licht.

Wahrend der Beginn der Binder-Migration materialunabhangig ist, hdngt deren Auspra-
gung stark vom jeweiligen Aktivmaterial ab. Eine zentrale Erkenntnis dieser Arbeit ist,
dass eine Reduzierung der PartikelgroRe des Aktivmaterials die Wechselwirkung zwischen
Partikel und Binder verstarkt und dadurch die Bindermigration unterdriickt. Zur gezielten



Kurzfassung

Analyse dieses Effekts wurde die Trocknung eines spezifischen Aktivmaterials (Hard Car-
bon) mit unterschiedlichen Partikelgréfien untersucht. Es konnte gezeigt werden, dass mit
kleineren Partikeln Elektroden mit einer Flachenkapazitit von 2.3 mAh cm™ bei einer
Trocknungszeit von nur ca. 12 s ohne negative Auswirkungen der Bindermigration auf die
Elektrodeneigenschaften hergestellt werden konnen. Im Vergleich zu einer State-of-the-
Art-Elektrodenproduktion mit ca. einer Minute Trocknungszeit bei gleicher Beladung stellt
dies eine signifikaten Beschleunigung des Trocknungsprozesses dar und eroffnet Potenzi-
ale zur Reduktion der erforderlichen Trocknerléange in zukinftigen Produktionsanlagen.

Forschungsbereich 2: Prozessierung von poros, nanostrukturierten Kathodenparti-
keln und Mechanismus der Mikrostrukturausbildung

Pords, nanostrukturierte Aktivmaterialpartikel ermdglichen eine fur den Elektrolyten offen
zugangliche Porenstruktur, wodurch Diffusionswege innerhalb des Aktivmaterials redu-
ziert, die Schnellladefahigkeit erhoht sowie die Zyklenstabilitat verbessert werden. Solche
Partikelmorphologien werden beispielsweise bei Natrium-Vanadium-Phosphat (NVP) in
SIBs eingesetzt. Zur systematischen Untersuchung des Einflusses der internen Porositat auf
das Verarbeitungsverhalten wurde Lithium-Nickel-Manganoxid (NCM) als Modellaktiv-
material ausgewahlt, da es sowohl in kompakter (kommerziell verfligbarer) als auch in mo-
difizierter, pordser Partikelmorphologie vorliegt.

Im Rahmen der Untersuchung wurde gezielt der Unterschied zwischen herkdmmlichem,
kompaktem Aktivmaterial und pords, nanostrukturiertem Aktivmaterial in der Mikrostruk-
turausbildung sowie dem Trocknungsverhalten bei schneller Trocknung herausgestellt.
Elektroden bestehend aus pords, nanostrukturiertem Aktivmaterial, die bei hohen Trock-
nungsraten hergestellt wurden, zeigen keinen negativen Einfluss auf die elektrochemischen
Eigenschaften. Der Trocknungsmechanismus wird so erklért, dass das Ldsemittel in den
Partikeln erst nach der Porenentleerung der umliegenden Mikrostruktur verdampft. Der
Binder verbleibt in den Partiklen und ist Uber den gesamten Querschnitt der Elektrode ver-
teilt, ohne die Poren zwischen den Partikeln zu blockieren. Dies verbessert die elektroche-
mische Performance, geht jedoch mit einer verringerten mechanischen Stabilitéat einher.

Zur Kombination der Vorteile beider Partikelmorphologien wurden mehrlagige Elektro-
denarchitekturen hergestellt. Es konnte gezeigt werden, dass kompakte Partikel in strom-
ableiternahen Schichten die Haftfestigkeit erhdhen, wahrend pordse Partikel in oberen
Schichten in Richtung des Separators die Schnellladefahigkeit verbessern. Damit wird ein
materialeffizientes und prozessrobustes Elektrodendesign ermaglicht.

Zusammenfassend liefert diese Dissertation erstmals einen systematischen Vergleich von
LIB- und SIB-Materialien aus Sicht der Elektrodenfertigung. Sie schafft ein mechanisti-
sches Verstandnis der Binder-Migration, quantifiziert den Einfluss der Partikelmorpholo-
gie auf das Trocknungsverhalten und stellt eine wissenschaftlich validierte Methodik zur
Bewertung der Drop-in-Féhigkeit der SIB-Technologie bereit. Die Ergebnisse zeigen, dass
eine erfolgreiche industrielle Umsetzung einen Paradigmenwechsel von chemiebasierten
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Annahmen hin zu einem materialgetriebenen Prozessdesign erfordert. Die gewonnenen Er-
kenntnisse bilden die Grundlage fir eine rationale Prozessentwicklung und tragen dazu bei,
die Licke zwischen Materialentwicklung und industriell skalierbarer Elektrodenfertigung
zu schlieRen.

Vi



Abstract

Electrochemical energy storage systems are a central enabling technology for the global
transition to sustainable energy supply and electrified mobility. Among the various battery
technologies, lithium-ion batteries (LIBs) currently dominate the market due to their high
gravimetric and volumetric energy density, high cell voltage, and long cycle life. However,
the rapid expansion of LIB production is associated with increasing demand for critical raw
materials such as lithium, cobalt, nickel and graphite, leading to environmental concerns,
supply risks, and cost pressure.

Sodium-ion batteries (SIBs) have emerged as a promising complementary technology
based on abundant and widely available resources. Despite their technological potential,
the industrial-scale manufacturing of SIB electrodes remains in an early stage. Due to sim-
ilarities in cell design and processing routes, SIB technology is frequently assumed to be a
drop-in solution for existing LIB production lines. However, the active materials used differ
considerably in their chemical composition as well as in their specific particle morphology.
The assumption of drop-in capability of SIB has not been systematically validated and ne-
glects active-material-specific interactions that governs electrode manufacturing processes.
Consequently, the material-specific challenges and opportunities associated with the tran-
sition from LIB to SIB remain insufficiently understood.

Electrode manufacturing consists of several key process steps: the active material is mixed
with conductive additive, dispersing agent, binder, and solvent to form a slurry, which is
then applied to a metallic current collector and subsequently dried. Both the choice of sol-
vent and binder system as well as the drying process itself must be optimized for the re-
spective active material. Drying is a cost-determining step due to its high energy demand
and plays a critical role in defining electrode properties. High drying rates, which are es-
sential for economically viable manufacturing, promote binder migration. This leads to an
inhomogeneous binder distribution and, thus, to deteriorated mechanical, electrical, and
electrochemical electrode properties. A comprehensive mechanistic understanding of mi-
crostructure formation and binder migration as a function of different active materials and
particle morphologies for LIB and SIB electrodes is still required.

The central objective of this dissertation is to systematically elucidate material-process-
microstructure-property relationships and thereby provide a scientifically grounded evalu-
ation of the drop-in capability of SIB technology, while also expanding the current state of
knowledge on electrode manufacturing as a function of the active material. The underlying
hypothesis is that drop-in capability is not governed by nominal process compatibility, but
by whether material-specific interactions result in comparable microstructure formation
and electrode performance under identical processing conditions. The aim is to derive gen-
eralizable correlations applicable to both SIB and LIB materials.

vii
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Comparative investigations are conducted under controlled conditions, including identical
electrode formulations, standardized mixing procedures, and identical drying conditions.
In addition, a comprehensive database of particle and electrode properties is established to
support quantitative analysis and future development. Based on a systematic selection of
relevant material systems, two complementary research areas and specific research ques-
tions are defined:

Research area 1: Water-based electrode processing using CMC/SBR binder system
and the influence of active material properties

The aim is to quantify the influence of material properties on process parameters such as
slurry characteristics, production speed, drying time, drying mechanism, and binder migra-
tion, and to translate these findings into generalizable relationships. For this purpose, lith-
ium-iron phosphate (LFP, cathode) and graphite (Gr, anode) were selected as LIB materi-
als, while Prussian-blue analogues (PBA, cathode) and hard carbon (HC, anode) were
chosen as SIB materials.

The mechanistic progression of microstructure formation during slurry drying can be phe-
nomenologically divided into film shrinkage and pore emptying. The onset of pore empty-
ing marks the beginning of binder migration. The literature assumes that the temporal tran-
sition between these phases may depend on the active material and significantly affect
binder migration. To examine this hypothesis, a novel experimental setup was developed
that enables the simultaneous measurement of film shrinkage and pore emptying. The re-
sults show, contrary to previous assumptions, that the onset of pore emptying always coin-
cides with the end of film shrinkage, independent of the active material, establishing a uni-
versal transition point governing binder migration. This allows the beginning of binder
migration to be calculated for different material systems and used for the design and opti-
mization of industrial dryers.

Furthermore, a key working hypothesis of this work states that smaller active material par-
ticles can suppress binder migration due to enhanced interaction with the binder system.
To analyze this effect, the drying behavior of a specific active material (Hard Carbon) with
different particle sizes was systematically investigated. It is demonstrated that reducing
particle size enables drying times of 12 seconds for electrodes with an areal capacity of
2.3 mAh cm without detrimental effects associated with binder migration on electrode
properties. Compared to state-of-the-art production, which requires around one minute of
drying time for the same areal loading, this represents a substantial reduction in drying
time, enabling shorter dryer length in future production facilities.

Research area 2: Influence of porous, nanostructured cathode particles on micro-
structure formation and binder migration behavior

Porous, nanostructured active-material particles offer an accessible pore structure for the
electrolyte, reducing diffusion pathways within the active material and thereby enhancing

viii
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fast-charging capability and cycling stability in both LIB and SIB systems. Such particle
morphologies are, for example, employed for Sodium-Vanadium Phosphate (NVP) in SIBs.
To systematically assess the influence of internal porosity on processing behavior, Lithium-
Nickel-Manganese Oxides (NCM) was selected as a model active material, as it is available
as compact (commercially available) and modified porous particle morphologies

The investigations highlight the differences between conventional, compact active materi-
als and porous, nanostructured materials with respect to microstructure formation and dry-
ing behavior under higher drying rates. Electrodes consisting of porous, nanostructured
particles and produced at high drying rates exhibit no deterioration in electrochemical per-
formance. The drying mechanism is governed by delayed solvent evaporation within the
particles, which occurs only after the surrounding pore network has been emptied. The
binder remains inside the particles and is distributed across the entire electrode cross-sec-
tion, without blocking the pores between the particles. This enhances electrochemical per-
formance but introduces trade-offs, including reduced adhesion strength.

To combine the advantages of both particle morphologies, a multilayer electrode architec-
ture was developed. It was demonstrated that compact particles in layers near the current
collector increase adhesion strength, while porous particles in the upper layers toward the
separator enhance fast-charging capability. This enables a material-efficient and process-
robust electrode design.

Overall, this dissertation provides the first systematic comparison of LIB and SIB materials
from an electrode manufacturing perspective. It establishes a mechanistic understanding of
binder migration, quantifies the impact of particle morphology on drying behavior, and
delivers a scientifically validated methodology for assessing the drop-in capability of SIB
technology. The results demonstrate that successful industrial implementation requires a
paradigm shift from chemistry-driven assumptions toward material-driven process design.
The insights gained provide a foundation for rational process adaptation and contribute to
bridging the gap between material development and industrial-scale electrode manufactur-

ing.
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Symbols and Abbreviations

Latin Letters

Symbol Unit

c mAh cm?  Areal capacity

C ht C rate

Cp Jkg'K?®  Heat capacity

G' Pa Storage module

G" Pa Loss module

Ah, Jkg' Enthalpy evaporation

Ky - Ackermann correction factor

Ks - Stefan correction factor

Melectrogze 9 M2 Areal mass loading; dry electrode

M, g mol* Molar mass

T gmst Specific drying rate

p; Bar Vapor pressure component i

Di Bar Partial pressure component i

p Bar Pressure

q W m? Specific heat flux

R Q Resistance

t S Drying time

Taryer °C Temperature of the gas in the dryer

Triim °C Temperature of the drying film

Ur \Y Current

Uazs \Y Voltage between two points

Vi cm? Diffusion volume

X50 pm Mean particle diameter; diameter at 50 % in cumulative
distribution

X gg? Solvent loading

XEOFs gg? Solvent loading at the end of the film shrinkage phase

Vs aryer - Molar fraction of solvent in the gas phase

Vs surface - Molar fraction of solvent at the liquid-gas surface
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Symbols and Abbreviations

Greek Letters

Symbol Unit
a W m2K?  Heat transfer coefficient
B ms? Mass transfer coefficient
6 ° Phase shift angle; Rheology
8s.g m? st Diffusion coefficient of solvent in
gas
€ - Particle or electrode porosity
n Pas Dynamic viscosity
% st Shear rate; Rheology
A W miK?  Heat conductivity
v m? st Kinematic viscosity
p kg m3 Density
o Smt Electrical resistance
T - Tortuosity
Ty N m2 Shear stress; Rheology
7 - Volume fraction
Subsricpts
active material Property related to active material
Anode Property related to anode
Cathode Property related to cathode
dry Dry film or dry electrode
dryer Property within dryer
EOFS End of film shrinkage
film Property related to film or electrode
g Property related to gas phase
i Component i related to dry electrode
j Component j related to slurry
ocv Open circuit voltage
practical Property related to practical value
S solvent
slurry Property related to the slurry
surface Property at solvent-gas phase bound-
ary
theoretical Property related to theoretical value
transport Property related to transport of ions

and electrons

XVi



Symbols and Abbreviations

Dimensionless Numbers

Ca
Le;
Nu
Pr

Re
Sc
Shj

Abbrevations

Al
BET
CMC
CRM
Cu
DMC
EC
EMC
HC
KIT
Li
LFP
LIB
LiPFs
LVE
Na
NCA
NCM
NCM111
NCM622
NFP
NMO
NMP
NVP
PBA
PVDF
SBR
SEI
SIB

Capillary number

Lewis number; component i
Nusselt number

Prandtl number

Rynolds number

Schmidt number

Sherwood number; component i

Aluminium
Brunauer-Emmett-Teller
Carboxymethyl cellulose

Critical raw materials

Copper

Dimethyl carbonate

Ethylene carbonate

Ethyl methyl carbonate

Hard Carbon

Karlsruhe Institute of Technology
Lithium

Lithium iron phosphate
Lithium-ion battery

Lithium hexafluorophosphate
Linear viscoelastic range

Sodium

Lithium nickel cobalt aluminium oxide
Lithium nickel manganese cobalt oxide
LiNio.33Mn0.33C00.3302
LiNio.6sMng2C00.202

Sodium iron phosphate

Sodium manganese oxide
N-Methyl-2-pyrrolidone

Sodium vanadium phosphate
Prussian blue analogues
Polyvinylidene difluoride
Styrene-butadiene rubber

Solid electrolyte interphase
Sodium-ion battery
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1 Introduction

Electrochemical energy storage systems are a key enabling technology for the global tran-
sition towards sustainable energy supply and electrified mobility. Among the various bat-
tery technologies, lithium-ion batteries (LIB) currently dominate the market due to their
high gravimetric and volumetric energy density, high cell voltage, and long cycle life.
These characteristics have led to their widespread application in portable electronics, elec-
tric vehicles, and stationary energy storage systems. Moreover, the versatility of LIBs al-
lows performance characteristics to be tailored to specific applications through the selection
of active materials and electrode design.'2

However, the rapid expansion of LIB production is accompanied by a growing demand for
critical raw materials such as lithium, cobalt, nickel and graphite. Their extraction and pro-
duction are often associated with environmental and social concerns and strong geograph-
ical concentration, resulting in vulnerable supply chains and increasing cost pressure for
battery manufacturers. In particular, the dominance of a small number of countries in the
mining and processing of lithium and graphite highlights the strategic risk, inherent to cur-
rent battery technologies.®®

In response to these challenges, alternative battery technologies based on abundant and
widely available elements are being intensively investigated to improve battery sustaina-
bility and reduce the use of critical raw materials.® Sodium-lon Batteries (SIB) represent a
particularly promising alternative, as they rely on the same fundamental working principles
as LIBs while utilizing sodium, one of the most abundant elements in the Earth’s crust
(2.36 Wt-% of the Earth’s crust is sodium, compared to 0.0017 wt-% for lithium)’.8 In ad-
dition, sodium carbonate (Na-COs3) is ~99 % cheaper at a price of 0.4 € compared to lithium
carbonate (Li2COg) at a price of 35.3 €, which are used for the production of active materi-
als.® Owing to their similar functional principles, cell architecture, and manufacturing, SIBs
can potentially be manufactured using existing LIB production infrastructure and equip-
ment, positioning them as a viable drop-in technology.®*

Although early SIB generations exhibited substantially lower energy densities than state-
of-the-art LIBs, recent advances in active materials and cell design have substantially nar-
rowed this gap. In particular, the practical energy densities of advanced SIB systems now
approach those of commercially relevant lithium-iron-phosphate (LFP)-based LIBs. This
development indicates that further improvements in battery performance and commercial-
ization are increasingly governed not by intrinsic electrochemical material limitations, but
by electrode architecture and industrial manufacturing processes. At the same time, the
transfer of promising material properties from laboratory-scale studies to industrial-scale
electrode manufacturing remains a critical challenge as limited understanding of electrode
processing exists, particularly with respect to particle morphology of the active material.**
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In this context, electrode processing emerges as a key factor for both battery performance
and production efficiency. The coating and drying of electrode slurries determine the for-
mation of the electrode microstructure, including porosity and spatial distribution of binder
and conductive additives. Process-induced inhomogeneities such as binder migration dur-
ing drying, can deteriorate mechanical integrity, electrical conductivity, and electrochemi-
cal performance, while simultaneously limiting production speed. Despite its industrial rel-
evance, the interplay of active material properties, such as particle size, porosity, and
chemistry, on microstructure evolution during electrode processing is not yet sufficiently
understood for either LIB or SIB systems.

This dissertation therefore aims to systematically investigate the interrelationships between
active material characteristics, electrode processing conditions, microstructure develop-
ment, and resulting electrode properties for LIB and SIB.?

1.1 Motivation

The long-term scalability and sustainability of battery technologies increasingly depend on
reducing reliance on critical raw materials while maintaining high performance and cost
efficiency. Although SIBs offer clear advantages in terms of material availability and po-
tential cost reduction, their large-scale commercialization remains limited. One major rea-
son lies in the limited availability of active materials with sufficient performance, con-
sistency, and large-scale producibility.'?*3

Another central challenge lies in transferring advances in active material development to
industrial electrode manufacturing process. While material-level performance has im-
proved significantly, the processing of these materials into electrodes with reproducible and
optimized microstructures remains insufficiently understood. This challenge is particularly
pronounced for emerging SIB materials, whose particle morphology, and surface charac-
teristics can differ substantially from established LIB materials and thus lead to distinct
processing behavior.'4

Within battery electrode production, the continuous coating and drying of slurries represent
a decisive and cost-intensive step.'>’ During drying, complex transport phenomena gov-
ern microstructure formation and binder redistribution, directly influencing electrode prop-
erties. At the same time, industrial requirements demand high drying rates to ensure eco-
nomic viability, which can induce inhomogeneities due to binder migration, resulting in

@ Main parts of this work have been performed within the Post-Lithium-Storage Cluster of Excellence (POLIS) in coop-
eration with the Institute for Applied Materials (IAM-ESS), the Institute of Production Engineering (wbk) and the Bat-
tery Technology Center at the Karlsuhe Institute of Technology (KIT). The publications as first author were generated
in the course of the project and contribute to the identification of material-process-microstructure-properties relation-
ships. As a second author, further manuscripts on the evaluation of SIB as a drop-in technology have been published.
The participation concerned the conception, experimental implementation, evaluation and interpretation of the investi-
gations.
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reduced adhesion, increased ionic and electric resistance, and degraded electrochemical
performance.181°

As a consequence, insufficient control and understanding of process-microstructure-prop-
erty relationships constitute a major bottleneck in translating promising active materials
into scalable, high-performance battery technologies. In particular, a mechanistic under-
standing of how material characteristics interact with processing parameters to determine
electrode microstructure is still lacking, especially for SIB systems.

Addressing this knowledge gap is essential for enabling the ratinal deisgn of electrode man-
ufacturing processes that simultaneously achieve high performance, reproducibility, and
cost efficiency. Providing this understanding constitutes the central motivation of the pre-
sent work.

1.2 Lithium-lon and Sodium-lon Battery

LIBs and SIBs are both based on the reversible insertion and extraction of the respective
alkali ions (Li* or Na") into and out of host structures within the active materials during
charge and discharge.?°. Despite their chemical differences, the two technologies share sim-
ilar cell architectures and operating principles, enabling a direct comparison of materials,
performance, and manufacturing processes.

The properties of the alkali ions themselves play a decisive role in battery operation, influ-
encing ion transport, electrode potentials, and achievable energy density. A detailed com-
parison of both ions is given in the Appendix 11.2. While lithium offers advantages in terms
of smaller ionic radius and higher operating voltages, sodium provides significant benefits
in terms of abundance. Through appropriate particle and electrode design, the disad-
vantages can be partially compensated, enabling competitive energy densities for SIB sys-
tems.

The following sections introduce the structure and functioning of L1B and SIB cells, discuss
transport resistances arising from electrode microstructure, and provide an overview of ac-
tive materials and achievable energy densities.

1.2.1 Structure and Functioning

As the structure, components, and charge storage mechanisms are very similar, Figure 1.1
presents a schematic representation of the structure of a L1B, accompanied by a comparison
of the similarities and differences of LIB and SIB.
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Figure 1.1:  Schematic representation of the operation of a LIB. A SIB operates on the same principle as a
LIB, with ion inter- and deintercalating into the structure of active materials. However, differ-
ent active materials are used on the anode and cathode sides, and the electrolyte composition is
adjustet. The abbreviations for the various materials are explained in Section 1.2.2. Aluminum
(Al) can also be used as a current collector on the anode side for a SIB, which reduces the costs
of the cell.

Both LIB and SIB cells consist of a cathode electrode, an anode electrode, a separator, and
an electrolyte. Each electrode consists of a metallic current collector coated with a porous
composite layer containing the active material, a polymeric binder, and conductive addi-
tives. The binder provides mechanical cohesion and adhesion to the current collector, while
the conductive additive forms an electrically percolating network, connecting active mate-
rial particles to the current collector. The anode and cathode electrodes are separated by an
electronically insulating but ion-permeable separator soaked with electrolyte. During bat-
tery operation, electrons are transported through the external circuit, while ions migrate
through the electrolyte-filled pore structure of the electrodes and separator.*

At the cell level, a key difference between LIB and SIB lies in the choice of current collector
materials. In LIBs, lithium forms an alloy with aluminum at low potentials, necessitating
the use of copper current collector on the anode side. In contrast, sodium does not alloy
with aluminum under battery operating conditions, allowing aluminum to be used as the
current collector for both electrodes in SIBs, thereby reducing cost and weight.?
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In the charged state of a LIB or SIB, the alkali ions are stored in the anode’s active material.
Once the battery is connected to a consumer, electrons flow from the anode to the cathode
through the closed external circuit. The electrodes serve as electron conductors and the
electrolyte within the pore structure and between the electrodes serves as an ion conductor.
During the discharge process, Li* or Na* ions are released (deintercalated) from the anode’s
active material to maintain charge neutrality. These ions diffusively reach the active mate-
rial of the cathode through the electrolyte and are then stored (intercalated) in the cathode
material. The reverse process occurs during charging, enabling reversible energy storage.

Transport resistances

During charging and discharging, ion and electron transport within the battery is opposed
by a series of resistances that collectively reduce usable capacity and operating cell voltage,
particularly at high current rates (C-rate). Detailed information on capacity and the impact
of transport resistances can be found in the Appendix 11.1. These transport resistances arise
from ionic diffusion in the electrolyte and solid phase, electronic conduction through the
electrode matrix, and interfacial charge-transfer processes.

The electrode microstructure plays a central role in governing theses resistances. Active
material particles size and morphology influence ion diffusion lengths and accessible sur-
face area, while the spatial distribution of binder and conductive additives determines elec-
tronic connectivity and ionic transport pathways. Inhomogeneities in microstructure, such
as binder accumulation near the electrode surface, can significantly impair transport prop-
erties. Optimizing transport resistances therefore requires a detailed understanding of how
material properites and processing conditions interact to form the final electrode micro-
structure and component distribution.

1.2.2 Active Materials and Energy Density

To enable a realistic comparison between LIBs and SIBs, this section provides an overview
of the most relevant anode and cathode active materials and their achievable energy densi-
ties. A comparison of the possibilities, developments, and current status of SIB can be
made, although not all active materials are fully covered. While the material landscape is
broader, the focus is placed on reference materials, representative of the current technolog-
ical state. Detailed material descriptions and performance data are provided in the Appen-
dix 11.2.

The specific energy density w (Wh kg™) can be calculated from the specific capacities g
(Ah kg1) and the potentials U (V) of the anode and cathode materials (Equation (1.1)).°

W= qcathode * (UCathode - UAnode)
- 14+ qcathode (1-1)
dAnode
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It is evident that high capacities of the materials combined with large potential difference
between the anode and cathode are therefore essential to achieve high energy densities.

Anode active materials

Graphite is the state-of-the-art anode material for LIBs. The intercalation of Li-ions into
the graphene layers of the graphitic structure results in a high practical capacity of
360 mAh g*.° In contrast to LIB, graphite is not suitable as an anode material for SIB,
because the formation of a Na-graphite intercalation bond is energetically unfavorable and
has a very low capacity of 35 to 130 mAh g.2%2* Instead, Hard Carbon (HC) has emerged
as the reference anode material for SIBs. Although the sodium storage mechanism in HC
is still under discussion,?® practical capacities against metallic sodium in half-cells reported
in the literature typically range from 200 to 450 mAh g, while the majority of values re-
ported average at 300 to 330 mAh g1.91

Cathode active materials

Cathode active materials for LIBs and SIBs can be grouped into layered oxides, phosphates,
and polyanion-based compounds.® Lithium-based layered oxides such as Lithium-Nickel-
Cobalt-Aluminium Oxide (NCA) and Lithium-Nickel-Manganese Oxides (NCM) domi-
nate the LIB market due to their high capacities and operating voltages.?®?" Sodium-based
layered oxides, for example Sodium-Manganese Oxide (NMO), exhibit comparable prac-
tical capacities but operate at lower voltages, resulting in reduced energy densities.

Phosphate-based cathodes represent a second important material class. Lithium-Iron-Phos-
phate (LFP) is widely used in LIBs due to its electrochemical properties, durability, safety,
and the use of non-toxic and non-critical raw materials.?2?® Sodium analogues such as So-
dium-Iron Phosphate (NFP) and Sodium-Vanadium Phosphate (NVP) show moderate ca-
pacities and voltages but are characterized by high cycle stability.'214%3 pryssian Blue
Analogues (PBA) constitute a particularly promising class for SIBs due to their three-di-
mensional lattice structure, which facilitates efficient sodium-ion transport and enables
high conductivity.®23® Although practical capacities and cycle life are still being optimized,
PBA represents a cost-effective alternative.!3

Beyond intrinsic electrochemical properties of the active materials, particle morphology
plays a decisive role. For layered oxide materials, in both LIB and SIB systems, tailored
particle architectures are used to mitigate kinetic limitations, as ion diffusion within the
solid phase is significantly slower than in the electrolyte.*® Hierarchically structured sec-
ondary particles with internal porosity enable improved electrolyte penetration and reduced
diffusion pathways.**-*> Similar strategies are applied to phosphate-based cathodes such as
LFP and NVP, where intrinsically low electronic and ionic conductivities necessitate na-
noscaling, carbon coating, and formation of nanosized primary particles into micrometer-
sized secondary particles.}'>%® PBA represents a distinct case, with a characteristic cubic
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particle morphology and challenges in terms of electronic conductivity and volumetric en-
ergy density.!1347 However, the impact of these different particle morphologies on elec-
trode manufacturing and microstructure formation it not yet fully understood.

Table 1.1 summarizes the theoretical and practical capacities, as well as average operating
potentials of the main LIB and SIB materials. Overall, LIB cathodes currently offer higher
voltages and practical capacities, whereas SIB cathodes are still under development but
show substantial potential for future applications.

Table 1.1: Overview of the cathode active materials for LIB and SIB. Theoretical and practical capac-
ities are compared, as well as the average potential.®

Qtheoretical / Opractical / Average
mAhg! mAhg! Potential /

\

NCA 279 188 3.7

LIB NCM 276 170 3.7
LFP 170 165 3.5

NMO 175 175 2.8

SIB NFP 154 152 2.7
NVP 118 112 3.4

PBA 171 149 3.0

Based on practical specific capacities of the cathode and anode materials, the corresponding
practical energy densities were calculated using Equation (1.1) and are shown in the fol-
lowing.

Energy density based on cathode active materials compared to commercial products

The calculated energy densities represent a realistic maximum achievable energy density
at the active material-level and therefore serve as a benchmark for evaluating the maturity
of current battery technologies. As these calculations exclude inactive cell components
such as binders, current collectors, electrolyte, separator, or cell housing, they systemati-
cally overestimate the energy densities achievable in practical cells.®

To place the calculated material-level energy densities into context, Figure 1.2 compares
the calculated energy densities with achieved or announced energy densities of commercial
LIB and SIB cells.
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Figure 1.2:  Calculated energy densities based on practical capacities for LIB and SIB cathode materials
(Equation (1.1)). Also data about practical energy densities from available and next generation
full cells are given for a realistic comparison.'®344! The different energy densities within a
material class also reflect the historical development. While early LIB systems exhibited rela-
tively low energy densities, decades of incremental improvements have enabled modern cells
to approach their material-level potential. The products shown are assigned to the material class
of the cathode material specified, as the exact composition is not known.

This comparison highlights the historical and technological development of LIB technol-
ogy, from early commercial cells based on lithium cobalt oxide vs. graphite with approxi-
mately 90 Wh kg (Sony in 1991) to modern NCM- and NCA-based systems reaching
energy densities between 150 and 300 Wh kg™*.3>8 More recently, LFP-based LIB cells
have achieved 140 to 160 Wh kg*, with further increases up to 195 Wh kg™ expected for
next-generation systems.103°

A similar development trend is observed for SIBs. First-generation SIB cells introduced
around 2015 from Faradion (layered oxide vs. HC) achieved energy densities of approxi-
mately 80 Wh kg*. Subsequent material and cell-level developments have increased this
value to 140 to 160 Wh kg* at 4.2 V,103640 with next-generation SIB systems from Fara-
dion projected to reach up to 190 Wh kg*.** The next-generation SIB from CATL (PBA
vs. HC) will deliver energy densities of up to 200 Wh kg*.3442

Overall, the results in Figure 1.2 demonstrate that SIB technology has rapidly narrowed the
energy density gap to LIBs, highlighting its strong potential for future energy storage ap-
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plications. Notably, the projected energy densities of next-generation SIB systems ap-
proach those of contemporary LIB technologies, indicating that the remaining performance
differences are less constrained by intrinsic material properties and increasingly driven by
electrode engineering and process design optimization. In this context, the successful com-
mercialisation of battery technologies depends critically on industrial electrode manufac-
turing, including the influence of particle morphology, electrode microstructure, and pro-
cess parameters. As battery technologies mature, the ability to reproducibly fabricate
electrodes with tailored microstructure at high throughput and low cost becomes a key de-
terminant of industrial viability.

Understanding and controlling electrode manufacturing and drying behavior during fast
drying therefore represents a key challenge for next-generation battery production. Conse-
quently, the following sections focus on electrode manufacturing and, in particular, on the
influence of the drying process on electrode structure and performance (Section 1.3). The
role of the active materials within this context is addressed within the overarching objec-
tives of this work (Section 1.4).

1.3 Electrode Production: Limitations and Microstructure
Formation

In addition to the comparative energy density of battery systems, cell production cost rep-
resents a decisive factor for commercial viability of current and emerging battery technol-
ogies. SIBs are frequently described as a potential drop-in technology, as their manufactur-
ing is, in principle, based on the same process chain and equipment used for LIBs. From an
industrial perspective, the incentive to transition toward novel battery chemistry, such as
SIB or innovative active material morphology, is therefore driven by reductions in the final
costs and improvements in the overall carbon footprint.!442

Battery cell manufacturing can be broadly devided into three main stages: electrode pro-
duction, cell assembly, and cell finishing. A representative breakdown of manufacturing
costs for LIBs is shown in Figure 1.3. Among these stages, electrode production constitutes
a major cost driver and plays a pivotal role in determining the final electrochemical perfor-
mance of the battery cell.
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Figure 1.3:  Distribution of the battery cell production costs for the individual process categories for LIB
cells: electrode production, cell assembly, and cell finishing.*® The present dissertation is ded-
icated to the study of electrode production, which represents a significant cost factor in the
overall process chain. The production of electrodes involves a series of operations, such as the
mixing of the slurry, the coating of the homogeneous wet film, the drying and microstructure
formation, the cutting of the electrode tracks, the calendering, and the post-drying. In terms of
cost, the coating and drying processes assume a pivotal role. Another publication on cost dis-
tribution estimates 53 % for electrode production, of which 69 % is for coating and drying.>°

The electrode manufacturing typically involves slurry preparation by mixing and dispersing
active material, conductive additive, dispersing agent, binder, and solvent, followed by
coating onto a metallic current collector foil in a roll-to-roll process. Subsequent drying
removes the solvent, after which the electrodes are calendered to adjust porosity and im-
prove electrical contact between particles and the current collector. Finally, the electrodes

are slit and further processed by stacking or winding, electrolyte filling, and cell seal-
iﬂg.1'51’52

Beyond energy and material costs, process stability and yield are critical determinants of
overall production costs. Reject or scrap rates vary significantly depending on manufac-
turer, cell design, and process maturity, typically ranging from 5 to 30 %°° and oftern
exceeding these values during production ramp-up phases®®. Advances in measurement
technology, process analytics, and quality assurance are expected to reduce scrap rates to
below 10 % by 2026, with further reductions to below 5 % considered feasible through
increased digitalization.®

However, these improvements are largely based on established LIB manufacturing pro-
cesses. When transitioning to new active materials or alternative particle morphologies,
such as those employed in SIB electrodes, existing process windows may no longer be
directly applicable. Changes in material properties can significantly affect slurry behavior,
microstructure formation, and drying behavior, thereby increasing the risk of coating de-
fects, unknown impact of binder migration, and elevated scrap rates. This uncertainty rep-
resents a major barrier for industrial adoption and contributes to manufacturers’ restraint to
implement new battery chemistries despite their potential advantages.

10
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Therefore, a central objective of this thesis is to systematically investigate electrode pro-
duction depending on the active material used. While accelerating production, particularly
by increasing drying rates, offers a direct pathway to reducing manufacturing costs, such
acceleration is fundamentally limited by drying-induced binder migration. Binder migra-
tion can compromise electrode homogeneity and deteriorate electrical and mechanical
properties, as discussed in Section 1.3.1. Since binder migration originates from micro-
structure formation during slurry drying, Section 1.3.2 focuses on elucidating the underly-
ing mechanisms governing microstructure evolution as a function of process parameters.

1.3.1 Limitation during Drying: Binder Migration

Drying the applied slurry is one of the most expensive steps in roll-to-roll electrode manu-
facturing, both in terms of investment and energy consumption. Industrial coating lines
typically comprise dryers with total lengths between 50 and 100 m, subdivided into multi-
ple segments that allow individual adjustments of drying conditions. The construction of
suitable production facilities represents a substantial investment, which may even exceed
the cost of the coating and drying equipment itself. Consequently, increasing throughput
and reducing dryer length are key levers for lowering cell manufacturing costs.® In indus-
trial practice, production speeds typically range between 50 and 100 m min, resulting in
average dwell times or drying times of about one minute (dryer length of about 50 — 100 m).
At a constant drying rate, higher production speeds directly translate into longer required
dryer lengths and thus increased investment costs. In addition, extending the dryer requires
increased control of process parameters and web tension.>! Increasing the drying rate after
coating is therefore an attractive strategy to shorten drying times or reducing dryer length
and enhance production efficiency.

However, accelerated drying is well known to promote binder migration, leading to a de-
pletion of binder near the current collector and an accumulation toward the top of the elec-
trode facing the separator (see Figure 1.4),18:455859

11
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Figure 1.4:  Cross-sectional scanning electron microscopy (SEM) images of an NCM-622 cathode pro-
duced within the context of this thesis. The images on the left and right are energy-dispersive
X-ray spectroscopy (EDS) maps that illustrate the distribution of fluorine (polyvinylidene flu-
oride, PVDF binder) within the electrode. The PVDF binder is located between the active ma-
terial particles and in conjunction with the conductive carbon. The migration of the binder dur-
ing the drying of battery slurries results in an inhomogeneous distribution of the binder. The
depletion of binder near the current collector and the increase of binder concentration in the
pore network near the separator affect the adhesion, electrical, ionic and electrochemical prop-
erties of the electrodes.

This inhomogeneous binder distribution can severely deteriorate electrode performance.*’
1960-62 Binder accumulation in the pores and on the active materials’ surfaces in the upper
electrode region increases ionic resistance,®® which in turn affects both the cycling stability
and the C-rate capability. Moreover, insufficient binder content near the current collector
reduces adhesion strength and may cause partial or complete delamination of the electrode
coating, which can result in reduced battery lifetime or high scrap rates during manufactur-
ing.>84%¢ Ensuring sufficient mechanical integrity of the dried electrode is particularly
critical, as the coating must withstand cyclic mechanical stresses induced by the expansion

and contraction of electrochemically active materials during ion intercalation "8

To ensure optimal battery electrode performance, it is imperative to minimize binder mi-
gration. Consequently, a comprehensive understanding of the underlying physical mecha-
nisms governing binder transport during drying and of how these mechanisms are influ-
enced by ative material and the process parameters must be established. The following
section will elucidate the origin of the binder migration effect.

12
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1.3.2 Microstructure Formation during Drying

The final properties of battery electrodes are strongly governed by the drying process and
the associated formation of the electrode microstructure. Drying parameters not only deter-
mine the overall drying time but also critically influence the spatial distribution of binder
and conductive additives within the dried electrode. The drying process from slurry appli-
cation to the formation of the dry electrode is schematically illustrated in Figure 1.5., fol-
lowing the conceptual framework introduced by Jaiser et al..5%6°

€ — q graphite
@Y

\a . e carbon black
A W Ppolymeric binder

. P 2 Q%‘; solvent
PR AP RS
¢ S W b

substrate substrate
(a) homogeneous (b) film (c) film shrinkage (d) pore emptying (e) dry film
wet film consolidation terminates

Figure 1.5:  The formation of microstructure occurs through a series of processes, beginning with the ho-
mogeneous wet film and continuing through the pore emptying process until the final dry film
is achieved. Reprinted from Experimental investigation into battery electrode surfaces: The
distribution of liquid at the surface and the emptying of pores during drying, 494, S. Jaier, L-
Funk, M. Baunach, P. Scharfer, W. Schabel, 22-31, © (2017).%° The film shrinks due to evap-
oration of the solvent, reaching its final thickness when the microstructure is fully formed. The
entire porosity is filled with solvent, resulting in a complete saturation of the microstrucutre.
The solvent is removed from the pores between the active material particles (pore emptying),
with the drying rate and film temperature remaining constant. If the surface of the microstruc-
ture is no longer kept wet through capillary action, the drying rate will decrease while the film
temperature reaches a maximum of that of the surrounding air temperature.

Immediately after coating, solvent evaporation leads to a reduction in wet film thickness.
After a short transient phase, a steady-state drying regime is reached, characterized by a
constant drying rate and a constant wet-bulb temperature of the slurry. During this phase,
particles approach each other as solvent evaporates, resulting in film shrinkage until the
final electrode thickness and porosity are established. Jaiser et al. demonstrated for graphite
anodes processed with a polyvinylidene fluoride (PVDF) binder and N-Methyl-2-pyrroli-
done (NMP) as a solvent that, during this film shrinkage phase, the active material particles
remain homogeneously distributed within the slurry matrix.”

Once film shrinkage is complete, a fully saturated and interconnected pore network is
formed within the electrode microstructure. As long as capillary transport is sufficient to
maintain a wet surface, the drying rate and the wet-bulb temperature remain constant. Ac-
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cording to Schliinder’s “Wet Surface Model”, maintaining wetting over as little as approx-
imately 1 % of the surface area is sufficient to sustain about 90 % of the drying rate.”"
This behavior is characteristic for many porous material systems.’*®

Capillary transport arises from the heterogeneous pore size distribution within the electrode
microstructure, which generates capillary pressure gradients.®®’%747>77 Solvent is trans-
ported through the formed pore network towards the electrode surface, where evaporation
occurs. The liquid menisci are drawn back into the pore structure until they reach the cur-
rent collector, which is known as pore breakthrough. The interconnected pores gradually
empty, starting with the larger ones. Larger pores empty out towards the current collector
foil, while smaller pores remain liquid-filled for longer time due to their higher capillary
pressure. This hierarchical pore emptying enables continued solvent supply to the surface
and sustains the drying rate.

Binder migration is instrinsically coupled to this capillary-driven solvent transport. The
binder is transportet within the liquid phase, moving ultimately towards the evaporation
front at the electrode surface. Higher drying rates intensify capillary flow and thus acceler-
ate binder migration. Opposing this transport, viscous friction within the pore network in-
duces a pressure drop, counteracting capillary driving forces.

Pore network modeling studies provide important insights into this interplay between ca-
pillary and viscous forces. Metzger et al. demonstrated through discrete pore network sim-
ulations that capillary forces generally dominate liquid transport during drying, while vis-
cous friction plays a secondary role, even at elevated viscosities, depending on pore
structure and connectivity.””’® Similarly, Lehmann et al. showed that characteristic length
scales and pore size distributions critically determine evaporative drying behavior, with
pore geometry exerting a stronger influence than liquid viscosity.”® Shokri et al. further
highlighted that layered pore structures and heterogeneities can shift the location of evap-
oration fronts, without fundamentally altering the dominance of capillary transport.°

Nevertheless, some studies suggest that pore breakthrough and the onset of capillary
transport may occur before the end of film shrinkage, depending on active material proper-
ties or increased coating thickness.5%8%82 |n these studies, drying rate measurements and
pore breakthrough observations were conducted separately, introducing uncertainty in cor-
relating the two phenomena. Consequently, the causal relationship between particle prop-
erties, pore structure, layer thickness, viscosity within the capillaries, and the timing of pore
breakthrough remains insufficiently understood. Clarifying this relationship is of decisive
importance for industrial dryer design, as an earlier or delayed onset of pore emptying could
significantly affect binder migration behavior depending on active material. One of the
central objectives of this thesis is therefore the systematic investigation of pore break-
through as a function of active material properties, with particular emphasis on its role in
governing binder migration and its implication for industrial drying process.
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If capillary effects become insufficient to maintain surface wetting, liquid menisci retract
deeper into the porous structure, resulting in a transition to a falling-rate drying regime.
This leads to a reduced drying rate due to additional mass transfer resistance, as solvent
must evaporate from isolated liquid clusters within the microstructure and must then be
transported via the gas phase.’%:/1747582

Drying Rate

The drying rate is a key parameter for comparing electrode drying across laboratory, pilot,
and industrial scales. It is defined as the mass transfer rate of solvent in the gas-phase, 1
(g m2st), and can be expressed for unilateral diffusion in a binary system as:

: . 1—Ysa
tg = Bsg - Py M- In <ﬂ> (12)

1- ys,surface

The drying rate depends on the mass transfer coefficient 5, ; (m s1), the molar density of
the gas phase g, (mol m-3), the molar mass of the solvent M, (g mol™), as well as the molar
solvent fraction in the surrounding gas phase ¥ 4y and at the gas-liquid phase boundary
of the drying film ¥, ¢, race- The mass transfer coefficient can be calculated by the Lewis

analogy and the connection to the heat transfer coefficient & in W m2K™.54 The latter de-
pends on dryer geometry, gas flow conditions, and gas temperature (drying air).8®

Accordingly, the drying rate can be controlled through temperature, airflow conditions, and
the solvent loading of the drying air. A detailed description of the methodology employed
to calculate the drying rate and the film temperature during the drying process is provided
in Section 2.3.1.

1.4 Aim of this Work

SIBs are increasingly emerging as a significant complement to the established LIBs. SIB
technology has rapidly narrowed the energy density gap to LIB, underlining its substantial
potential for future energy storage applications. The projected energy densitites of next-
generation SIB systems approach those of contemporary LIB technologies, indicating that
further performance improvements are no longer primarly constrained by the instrinsic
properties of the active materials. Despite their technological potential, the industrial-scale
manufacturing of SIBs is still in an early stage of development. One reason for the limited
industrial application of SIB could be the insufficient understanding of the manufacturabil-
ity and processing behavior of electrodes with different active materials and particle mor-
phologies.

Although the scientific literature frequently assumes that electrode processing for SIBs and
LIBs is largely analogous, leading to the notion that SIBs may serve as a drop-in technol-
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ogy, no systematic and experimentally validated comparison between the two systems ex-
isted prior to this work. As a consequence, material-specific challenges and opportunities
associated with the transition from LIB to SIB remain poorly understood. Manufacturers
therefore need to empirically investigate processing behavior of new materials and opti-
mized particle morphologies in either system and redefine process parameters, resulting in
significant development costs and substantial scrap rates. From an industrial perspective,
the successful implementation of SIB technology requires a paradigm shift away from
chemistry-based drop-in assumptions towards a material-driven process design. Conse-
quently, systematic investigations linking active material characteristics, processing condi-
tions, and resulting electrode properties therefore form the central aim of this work.

A more profound understanding of how changes in active material properties or particle
morphology affect slurry rheology, coating and drying behavior, binder migration, produc-
tion speed, and dryer design is thus of fundamental importance. This becomes even more
evident when considering that high drying rates, which are required for enhanced produc-
tion throughput, promote binder migration and thereby strongly influence electrode struc-
ture and performance. Consequently, investigating the underlying mechanisms and corre-
lations along the process chain in relation to the active materials and their particle properties
is imperative for developing robust and cost-efficient manufacturing processes for battery
electrode.

Therefore, the overarching objective of this thesis is to systematically identify active mate-
rial-process-microstructure-property relationships in order to evaluate the drop-in capabil-
ity of SIB technology. This thesis aims to provide a mechanistic basis for assessing the true
drop-in capability of SIB technology and for enabling rational, material-aware process de-
sign in industrial electrode manufacturing for LIB and SIB. Using deliberately selected
characterization methods (see Chapter 2), the influence of the active material on material
properties throughout the electrode manufacturing process is investigated (see Figure 1.6).
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Figure 1.6:  Schematic illustration of the relationships between active material, process, microstructure, and

resulting properties. To systematically investigate the influence of the active material on the
process chain, key active material properties are analyzed. The active material affects the se-
lection of both the binder system and the solvent. In order to enable a meaningful comparison
of different active materials or particle morphologies with respect to microstructure formation
and binder migration, constant mixing procedures and drying parameters are applied. The re-
sulting electrode properties are subsequently used to assess the influence of the active material
on the final product, therby closing the loop between active material-process-microstructure-
property relationships.

The aim of this work is to identify critical parameters, universally applicable correlations,
and mechanisms govering the microstructure formation and binder migration. The compar-
ative studies rely on strict process comparability by employing constant mixing procedures,
identical electrode compositions, and uniform drying conditions. In addition, this work pro-
vides a comprehensive database of particle and electrode parameters to support future re-
search.

The results from this work provide the first direct comparison between SIB and LIB active
materials from the perspective of electrode manufacturing, thereby enabling a scientifically
validated evaluation of the drop-in capability of SIBs. For this investigation of the capabil-
ity and the quantifying of the impact of particle morphology on drying mechanisms and
deeper understanding of binder migration behavior, the selection of suitable active materi-
als is essential (see Section 2.1). A systematic analysis of available material systems led to
the identification of two central research areas and specific research questions as shown in
Figure 1.7.
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Aim of this work

Identify active material-process-microstructure-property relationships

Research area 1 Research area 2
Water-based electrode processing using CMC/SBR Influence of porous, nanostructured active-material
binder system and the influence of active material particles on microstructure formation and binder
properties migration behavior

Figure 1.7:  Conceptual framework of this work illustrating the methodological approach used to establish
material-process-microstructure-property relationships in electrode manufacturing. Two com-
plementary research areas were defined to decouple and systematically assess the influence of
active material characteristics on electrode processing and structure formation. Research area 1
focuses on water-based electrode processing with a CMC/SBR binder system and investigates
process-governed phenomena, including slurry rheology, film formation, drying, and binder
migration mechanisms. Research area 2 addresses the process-structure coupling by analyzing
the resulting electrode microstructure with emphasis on pore architecture, component and
binder distribution, and a controlled comparison between compact and porous active material
particles.

Water-based electrode processing using CMC/SBR binder system and the influence
of active material properties

The objective of this research area is to elucidate how material properties influence process
dimensioning (production speed and dryer length), slurry behavior, drying mechanisms and
binder migration, and to derive generalizable active material-process-microstructure-prop-
erty relationships (see Chapter 3).

A central hypothesis is that the separation of the two phases of microstructure development,
film shrinkage and pore emptying, is active material dependent, which could influence the
binder migration behavior. To examine this, a novel experimental setup has been developed
within this thesis to simultaneously measure film shrinkage and the onset of pore emptying
as the onset of binder migration during capillary transport. The aim is to determine the onset
of binder migration as a function of particle parameters and to derive generally valid con-
clusions. Additionally, an overarching hypothesis is postulated, asserting that the particle
size in particular has a dominant influence on the interaction between the binder system
and the active material. The hypothesis is that smaller particles interact more strongly with
the binder system and, consequently, exhibit less binder migration at higher drying rates.
To isolate the effect of particle size from chemical composition of the active materials,
different particle-size fractions of a single active material are investigated (see Chapter 4).

Influence of porous, nanostructured active-material particles on microstructure for-
mation and binder migration behavior

Porous, nanostructured particle morphology for active materials represents a targeted strat-
egy for improving long-term stability and electrochemical performance of both LIB and
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SIB systems. However, their use introduces challenges, including decreased adhesion
strength to the current collector and reduced volumetric energy density.

This research area examines the processing, drying and binder migration behavior of po-
rous, nanostructured cathode particles relative to compact particles (see Chapter 5). The
solvent-based PVDF binder is being used in this investigation. It is assumed that the solvent
and binder penetrate into the particle structure during slurry production, remaining there
and thus reducing the adhesion strength of the electrodes. The central hypothesis states that
the solvent remains within the small pores of the particles for an extended time and evapo-
rates only after the surrounding pore network has been emptied. Consequently, the binder
is also retained inside the particles, resulting in a homogeneous binder distribution across
the entire cross-section of the electrode. However, the question of whether the behavior
described affects binder migration remains open.

The investigation additionally considers multilayer electrode architectures as a promising
approache for an enhanced and material-efficient electrode design and for mitigating the
drawbacks associated using porous particles (see Chapter 6). Although preliminary con-
cepts exist for both aqueous and solvent-based multilayer-electrode processing, the under-
lying mechanisms remain insufficiently understood. This work aims to close this gap by
enabling the targeted integration of such structures into production, thereby supporting
higher manufacturing throughput while improving electrode performance.

Against this background, the following sections focus on electrode manufacturing as a key
enabling factor for high-performance battery systems. Particular emphasis is placed on the
drying process and its influence on electrode properties. The role of active materials is
addressed within the overarching objectives of this work, which aim to systematically elu-
cidate active material-process-microstructure-property relationships and to provide a basis
for evaluating the drop-in capability of SIB technology. The material systems, experimental
approaches, and characterization methods employed to address the research questions and
hypotheses outlined in this thesis are descriped in detail in the following section.
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2 Materials, Methods and Characterization

In line with the aim of this work to investigate and elucidate active material-process-mi-
crostructure-property relationships during electrode processing, with a particular focus on
slurry drying using different active materials, this chapter presents the materials, experi-
mental procedures, and characterization techniques employed throughout this dissertation.

The introduction of new active materials requires a systematic investigation of their influ-
ence on quantifiable process and electrode parameters. In particular, the complex interde-
pendencies between particle properties, slurry characteristics, microstructure formation
mechanisms, and binder migration behavior must be comprehensively analyzed. Given the
large number of influencing factors and their coupled effects on processability, microstruc-
ture development, and binder redistribution, targeted experimental investigations are es-
sential to minimize confounding variables and to isolate the influence of particle-related
effects.

To address the defined aims of this work, a deliberate selection of active materials was
carried out. Based on a conceptual framework (see Figure 1.7), the overall research objec-
tive was structured into two distinct research areas. Figure 2.1 provides an overview of the
experimental matrix, illustrating the assignment of the selected active materials to the re-
spective research areas as well as to the overarching research questions.”

b At the beginning of this work (year 2019), only Hard Carbon®® could be acquired with different particle sizes as the
active material for the anode of the SIB. Other SIB materials were the subject of research or have been developed and
produced by emerging companies for their own use. It is only in recent years that materials (e.g. PBA) have become
available in smaller quantities.'*
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Research area 1 Research area 2
Binder . . ] q
system Water-based processing using CMC/SBR NMP-based processing using PVDF
Active LFP vs. PBA HC M
materials Graphite vs. HC Xs0 = [3 pm, 5 pm, Yum]
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Figure 2.1:  Structured overview of the experimental matrix and research questions addressed within the
two research areas of this work. Research area 1 focuses on water-based electrode processing
using a CMC/SBR binder system and investigates the influence of different active materials
(LFP vs. PBA; graphite vs. hard carbon) and particle size (hard carbon with varying particle
size) on slurry rheology, microstructure formation, and binder migration. Research area 2 ad-
dresses NMP-based electrode processing with PVDF and examines the influence of compact
versus porous, nanostructured active material particles on drying mechanisms, pore formation,
and the resulting electrode microstructure, including multilayer architectures as an optimization
strategy. The combined investigation enables a systematic analysis of active material-process-
microstructure-property relationships across different processing routes.

To ensure comparability between different active materials, all electrodes are manufactured
under strictly controlled and constant process conditions. This includes fixed mixing pro-
cedures, identical electrode compositions, and well-defined coating and drying parameters.
This standardized approach enables a direct comparison of material-specific effects and, in
particular, allows for an assessment of the drop-in capability of SIB electrodes within es-
tablished processing routes.

Accordingly, this chapter describes the experimental framework of the dissertation, includ-
ing the characterization methods for the active materials (Section 2.1), slurry preparation
and mixing procedures (Section 2.2), electrode compositions (Section 2.2.1) and slurry rhe-
ology (Section 2.2.4), coating and drying setups used (Section 2.3), and the applied elec-
trode characterization methods (Section 2.4). To achieve a deeper understanding of pro-
cessing behavior and microstructure evolution during drying, the systematic selection of
active materials and characterization techniques is complemented by the development and
implementation of novel experimental methods.
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On the one hand, a dedicated coating and drying setup was developed. The distinctive fea-
ture of the developed measurement setup is the in-situ determination of film shrinkage and
the onset of pore emptying, which has not been experimentally investigated simultaneously
to date (see Section 2.3.2). This approach enables a direct validation of the end-of-film
shrinkage (EOFS) by comparing the measurements with the experimentally observed be-
ginning of pore emptying for different active materials, thereby providing a more compre-
hensive understanding of battery slurry drying behavior depending on the active materials
used.

On the other hand, electrochemical impedance spectroscopy (EIS) was established as an
additional measurement method for assessing binder migration effects in water-based elec-
trodes. Its applicability was validated through comparison with the established adhesion
strength measurement (see Section 2.4.3), thereby extending the methodological toolbox
for characterizing binder redistribution in dried electrodes.

The following section outlines the selection of the active materials and the characterization
methods applied to quantify their relevant particle properties, thereby enabling the correla-
tion of processing behavior with material characteristics.

2.1 Active Material Selection and Characterization of
Particle Properties

For aqueous electrode processing using a CMC/SBR binder system within Research area 1,
the active materials lithium iron phosphate (LFP), Prussian blue analogue (PBA), graphite,
and hard carbon (HC) were selected. This material set enables the assessment of drop-in
capability using two anode and two cathode materials and allows for a systematic investi-
gation of processing behavior as a function of different active materials and particle char-
acteristics (see Chapter 3). One key hypothesis regarding water-based electrode processing
is that particle size significantly influences binder migration behavior. Thus, hard carbon
of various particle sizes was used to investigate this hypothesis in detail. Beyond the eval-
uation of drop-in capability, this selection facilitates the derivation of generalized correla-
tions between particle-related properties and processing behavior, particularly with respect
to binder migration, independent of a direct comparison between LIBs and SIBs, which
represents a central objective of this work.

Active materials such as NVP for SIB and NCM for LIB were excluded from the aqueous
processing study, as slurry preparation using water as a solvent is not readily feasible. Alt-
hough aqueous processing of NCM has been demonstrated in literature, it is typically ac-
companied by capacity losses due to water-induced side reactions and subsequent alumi-
num current collector corrosion caused by an increased slurry pH value.®* Nevertheless,
general implications regarding processing behavior as a function of active material param-
eters are discussed where appropriate throughout this work.
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Within Research area 2, the processing behavior and binder migration of porous,
nanostructured cathode particles are investigated in comparison to compact particle mor-
phologies. Porous, nanostructured active materials represent a targeted optimization strat-
egy to improve long-term stability and electrochemical performance in both LIB and SIB
systems. Such particle morphologies are, for example, employed for NVP in SIBs and are
characterized by shortened diffusion pathways within the particles. To systematically as-
sess the influence of internal porosity on processing behavior, NCM was selected as a
model active material, as it is available as compact (commercially available) and modified
porous particle morphologies.® The processing behavior of porous particles was investi-
gated using NCM111!8 and NCM622% and compared to their respective commercial coun-
terparts with compact particle morphology. It is assumed that the findings obtained for po-
rous, nanostructured NCM particles can be transferred to the processing behavior of NVP,
which has also porous and nanostructured particles. Complementary investigations on the
processing and influence of the particle structure on the electrochemical performance of
electrodes using NVP were conducted by a project partner within the Cluster of Excellence
POLIS.*

To generate porous particle morphologies, compact NCM particles were subjected to a sub-
sequent treatment process, resulting in internally porous structures. Due to the complexity
of the synthesis route and limited material availability, NCM111 was selected for funda-
mental investigations on microstructure formation and drying behavior. Details of the pro-
duction process and its impact on electrochemical performance are discussed in Chapter 5.
The subsequent optimization of electrode architectures through multilayer designs was car-
ried out using NCM622 (see Chapter 6). The fundamental effects observed for NCM111
were also reproduced for NCM622, confirming that the observed processing behavior is
predominantly governed by the internal porosity of the active material.

The experimental workflow begins with the quantitative characterization of the active ma-
terials, as particle-related properties constitute the primary input parameters for slurry prep-
aration, drying behavior, and microstructure evolution.

Characterization of active material particle properties

Active materials differ in chemical composition, particle size, particle size distribution, and
particle morphology. Identifying the critical particle parameters and understanding their
influence on slurry behavior, microstructure formation, and resulting electrode properties
is therefore essential. Accordingly, this section describes the characterization methods ap-
plied to determine the relevant particle size characteristics, specific surface area, density,
and morphological features required for the interpretation in the subsequent processing
chapter.

¢ The porous, nanostructured particles are produced by the Institute for Applied Materials.
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In the context of this work, the active materials were characterized with respect to their
particle size distribution, specific surface area, and particle density. Particle size distribu-
tions were determined by laser diffraction (Horiba LA950, Retsch Technology) after dis-
persing the powders in 2-propanol. The specific surface area was measured by nitrogen
adsorption using the Brunauer-Emmett-Teller (BET) method (Gemini VII 2390, Mi-
cromeritics). Particle densities, corresponding to the pure or true density, were obtained by
helium pycnometry (AccuPyc 1330, Porotec). In addition, scanning electron microscopy
(SEM; Zeiss Supra 55 from Carl Zeiss AG, Oberkochen, Germany) was employed to vis-
ualize and compare the characteristic particle morphologies of the investigated active ma-
terials.

To ensure comparability of the processing studies, all comparative investigations were con-
ducted using identical slurry preparation protocols, mixing procedures, and electrode pro-
cessing parameters. To systematically evaluate the influence of particle properties on elec-
trode processing, the analysis follows the electrode manufacturing process chain, starting
with the impact of particle characteristics on slurry properties. This approach enables sub-
sequent conclusions regarding drying behavior and binder migration phenomena.

2.2 Slurry Mixing and Rheology

To ensure comparability across all investigations, the slurry mixing procedures were kept
strictly constant for each experimental series. The standardized mixing protocols described
below were applied to all active materials within the respective research area. This approach
allows the influence of the selected active materials and their particle-related properties on
processing behavior to be isolated and systematically evaluated. In order to reveal material-
specific effects, the rheological behavior of the slurries was determined using identical
preparation procedures and comparable solid contents.

2.2.1 Binder Systems

A variety of binders, solvents, and additives are employed in battery electrode manufactur-
ing. Within the scope of this work, two fundamentally different slurry systems were inves-
tigated: a water-based slurry employing a two-component binder system consisting of CMC
and SBR, and an NMP-based slurry using only PVDF. PVDF fulfills a dual function, acting
both as a dispersant during slurry preparation and as a binder in the dried electrode. In
contrast, water-based slurries rely on CMC as dispersant and rheology modifier, while SBR
serves as the primary binder.

Only selected active materials are directly compatible (without using additional slurry-for-
mulation additives) with aqueous processing. Table 2.1 provides an overview of the inves-
tigated active materials and the corresponding binder-solvent systems used in this work. In
addition, the influence of the binder system on the drying behavior of hard carbon with
varying particle sizes was explicitly examined by processing HC with both CMC/SBR and
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PVDF to show the impact of the binder system on binder migration behavior as a function
of the particle size.

Table 2.1: Overview of the active materials and the binder system used.

Active Material CMC/SBR PVDF

Graphite X
HC X X

LFP X

PBA X
NCM X

For the calculation of slurry density, the composition and density of the individual compo-
nents were used according to Equation (2.1).

-1
Xj sl

Psturry = <z %) (2.1)
]

2.2.2 Water-based Slurries with CMC/SBR Binder System

Water-based slurries consist of the active material, conductive Carbon Black (CB) additive,
CMC as dispersant and thickening agent, SBR as binder, and water as solvent. Figure 2.2
illustrates the materials used for aqueous slurry preparation.

T

’ ) N
ee

Active material Imerys C-Nergy CMC Sunrose Zeon SBR-BM-
powder Super C65 MAC 500LC 4xx

Figure 2.2:  Materials used for water-based slurry preparation. Conductive carbon black is supplied as a
powder and is commonly characterized by its BET surface area (e.g., C65 corresponds to BET
surface area of 65 m? g*). CMC is supplied as powder and forms a viscous solution upon dis-
persion in water, enabling effective particle stabilization. SBR is provided as an aqueous dis-
persion with a solid content of 40 wt-% and a typical particle size of approximately 200 nm.

Since CMC only develops its dispersing and thickening properties after hydration, a CMC-
water solution was prepared prior to slurry mixing. Carbon black particles exhibit strong
agglomeration due to their small primary particle size and high surface energy. To ensure
homogeneous distribution within the slurry and to avoid coating defects caused by residual
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agglomerates, an energy-intensive dispersing step is required.!”°8 Dispersing the dry
mixture, consisting of the active material and the conductive additive, or the conductive
additive in the dispersing agent including a portion of the solvent, can be carried out. In-
creased dust formation occurs during dry mixing. In this work, Carbon Black was deag-
glomerated in a dry mixing step.

The dry mixtures and slurries containing HC (Kuranode, kuraray), graphite (SMGA, Hita-
chi Chemical Co. Ltd., Japan), PBA (Gelon LIB Co., Ltd.), and LFP (ibu-Tec, Germany)
were prepared using a dissolver (Dispermat SN-10, VMA Getzmann GmbH Verfahren-
stechnik, Germany). The slurry composition was selected such that the resulting dry elec-
trode composition corresponded to that listed in Table 2.2.

Table 2.2: Composition of dry LIB and SIB electrodes.
Composition i
ACVE e cMc SBR
Material

Dry electrode

Xidry/ Wwt-% 93.00 1.40 1.87 3.73

Carbon Black (Super C65, Imerys) and the active material were added to the container and
dispersed at 200 rpm for 10 min. A 2 wt-% CMC (Sunrose MAC500LC, Nippon Paper
Industries, Japan) solution was added to 1/3 of the mixed particles and dispersed at 500 rpm
for 10 min. The container was cooled during the dispersing process. The remaining active
material particles were added in two equal steps and further dispersed. Additional water
was added to reach the final solid content. The slurries were then mixed for 45 min at
1500 rpm. In the final step, SBR (Zeon Europe GmbH, Japan) was added and the slurry
was mixed for 10 min at 500 rpm. The container was degassed during the final mixing step.

For targeted investigations, HC electrodes were additionally prepared using PVDF as
binder and NMP as solvent, while maintaining the same overall dry electrode composition
and mixing procedure. In this case, the PVDF content corresponds to the combined mass
fraction of CMC and SBR listed in Table 2.2.

2.2.3 NMP-based Cathode Slurries with PVDF Binder

NMP-based slurries for NCM111 cathodes (NM-3100, Toda Kogyo Corp.) were prepared
in a dissolver (Dispermat SN-10, VMA Getzmann GmbH Verfahrenstechnik, Germany).
Both compact and porous NCM particle morphologies were processed with the same mix-
ing procedure. Conductive additives Carbon Black Super C65 and graphite KS6L (Imerys),
a PVDF (Solef 5130, Solvay) solvent solution (7.5 wt-% in NMP), and approximately 50
% of the required NMP (Carl Roth, Germany) were dispersed at 1000 rpm for 30 min.
Subsequently, the active material and the remaining NMP were added to adjust the solid
content to 50.5 wt-% followed by dispersion at 1000 rpm for additional 30 min.
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Table 2.3: Composition of dry electrode cathode NCM111.
MAaf;'r‘l’; ,  cB KS6L  PVDF
-0 -0 0
WE% [ wt-% [ wt-% [ wt-%
89.29 3.57 3.57 3.57

During the course of this work, the porous, nanostructuring approach was successfully
transferred to NCM622. In addition, the formulation was adjusted to reduce the content of
conductive additives and to increase the solid content. The corresponding composition is
summarized in Table 2.4. The mixing procedure remained identical to that described for
NCM111.

Table 2.4: Composition of dry electrodes with NCM622.
Active Material / CB KS6L PVDF
wt-% [ wt-% [ wt-% / wt-%
90.50 3.00 2.00 4.5

The characterization of the prepared slurries is based on their rheological behavior, while
maintaining constant electrode compositions and comparable solid contents. This approach
allows the influence of active material type and particle properties on slurry flow behavior
to be systematically evaluated.

2.2.4 Rheology

Rheological measurements represent a key link between particle-related properties and sub-
sequent processing steps, as they provide essential insight into slurry processability, slurry
structural properties, coating and drying behavior, and binder migration phenomena. In this
work, the rheological behavior of the slurries was characterized using rotational and oscil-
latory rheometry in order to capture their flow behavior and structural stability.

Rotational viscosimetry

The viscosity profile of a slurry provides valuable information on particle-particle and par-
ticle-binder system interactions as a function of shear rate. Rotational viscosity measure-
ments were carried out using a rotational viscometer (Physica MCR 101, Anton Paar, Ger-
many) equipped with a plate-plate geometry (PP25-SN30563, plate-diameter 25 mm). The
measurement gap was set to 0.5 mm (500 um). During measurement, the slurry was placed
between the stationary lower plate and the rotating upper plate, while the temperature of
the lower plate was maintained at 25 °C.
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Viscosity measurements were conducted by increasing the shear rate from 0.01 to 1,000 s°
! and the corresponding shear rate stress and viscosity were recorded. For an ideal Newto-
nian fluid, the shear stress = (Pa) is directly proportional to the applied shear rate y (s), as
described by the Newtonian shear stress law of viscosity:

T=nY (2.2)

Where 1 denotes the dynamic viscosity (proportionality factor in Pa s).8” In Newtonian
fluids, viscosity is independent of shear rate. In contrast, battery slurries typically exhibit
non-Newtonian behavior, for which the viscosity depends on the applied shear rate:

=)y (2.3)

As observed for most battery slurries and polymer-containing solutions, the viscosity de-
creases with increasing shear rate, a behavior commonly referred to as shear thinning. Sev-
eral rheological models are available to describe shear-thinning behavior. The Power-Law
model could be used as a phenomenological description:

n=rky"t (2.4)

where k represents the consistency index and n the flow behavior index. Values of n < 1
indicate shear-thinning behavior.

Oscillatoric viscosimetry

Oscillatory rheometry was used to characterize the viscoelastic properties and structural
stability of the battery slurries. The stability of the slurry provides information about the
interaction of the particles and the additives. In oscillatory measurements, the upper plate
is subjected to a sinusoidal deformation (periodic motion), generating non-steady shear
conditions. When a sinusoidal shear deformation is applied (maximum deformation, y,),

y(@) = ya sin (wt) (2.5)
a viscoelastic fluid responds with a shear stress that is phase-shifted (delay) by an phase-
shift angle §:

T(t) = 14 sin (wt + 6) (2.6)

Here, y, denotes the strain amplitude, 7, the shear stress amplitude, w the angular fre-
guency, and & the phase shift angle between stress and strain as a delay of the reponse of
the fluid.

The elastic contribution to the deformation behavior of the battery slurry is described by
the storage modulus G”, while the viscous contribution is represented by the loss modulus
G”". The moduli take into account the maximum deformation and the amplitude of the shear
stress as well as the phase shift angle and are calculated according to:
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y_ A
G' = — cos(6) (2.7)
Ya

n_ta
G" = — sin(9) (2.8)
Ya

The ratio of viscous to elastic bevahior is expressed by the loss factor tan(4):

Il

tan(6) = Y (2.9)

Oscillatory deformation behavior provides insight into slurry structure and stability. A
phase-shift angle & greater than 45° (tan(d) > 1) indicates predominantly liquid-like behav-
ior, whereas & values below 45° (tan(8) < 1) are characteristic for gel-like behavior. At
6 = 45° (tan(d) = 1), the storage and loss moduli are equal, corresponding to the sol-gel-
transition region.

Oscillatory measurements were performed using both amplitude and frequency sweeps.
During amplitude sweep tests, the strain amplitude was varied at a constant frequency to
determine the linear viscoelastic (LVE) range, within the internal structure of the slurry
remains intact. The resulting storage G” and loss moduli G are typically plotted as a func-
tion of deformation on a double-logarithmic scale.

If the storage modulus is located above the loss modulus, the fluid exhibits a gel-like be-
havior (G" > G™"). If the storage modulus is below the loss modulus, this indicates that the
fluid exhibits liquid-like behavior (G" < G™"). Exceeding the LVE range leads to irreversible
changes in the substance structure of the sample being tested. Up to the limit yjipic, NO
significant structural changes occur in the material during deformation. When this limit is
exceeded, the structure changes irreversibly. The limit deformation at which the LVE range
ends was used as a fixed parameter for subsequent frequency sweep measurement.

In frequency sweep tests, the frequency was varied while maintaining a constant strain am-
plitude (deformation) within the LVE range. The frequency measurements reveal the time-
dependent deformation behavior. Low frequencies describe the long-term behavior of the
sample. By examining the storage modulus at low frequencies, a statement can be made
about the stability of a measured sample. Samples with a storage modulus of approximately
10 Pa or higher exhibit stable long-term behavior, while suspensions with a storage modu-
lus below 1 Pa tend to sediment.®” The colloid network’s strength is demonstrated by an
almost constant storage modulus across the frequency range.®

The question arises as to whether, depending on the slurry behavior, there is a change in
drying behavior or a change in relation to binder migration.
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2.3 Drying Process

Following slurry preparation, the electrodes are coated and dried under well-defined and
controlled conditions. Since both microstructure formation and binder migration are gov-
erned by the complex interplay between material properties and drying kinetics, a central
hypothesis of this work is that differences in drying behavior can be primarily attributed to
active material-related parameters, provided that the external drying conditions are kept
constant.

Accordingly, all drying experiments were conducted under strictly identical boundary con-
ditions in order to isolate the influence of particle properties on microstructure evolution
and binder redistribution. This section therefore first outlines the key parameters governing
the drying process and describes the experimental framework used to ensure constant and
reproducible drying conditions.

Building on this foundation, a novel experimental approach is introduced that enables the
simultaneous in-situ determination of film shrinkage and pore emptying. This methodology
provides direct experimental access to mechanistically relevant drying phenomena and al-
lows for a quantitative evaluation of material-dependent drying mechanisms.

2.3.1 Drying Conditions

Precise control of drying conditions is essential for the reproducible fabrication of battery
electrodes and for generating reliable and comparable experimental data. As the drying
process decisively affects electrode microstructure and performance-relevant properties, a
mechanistic investigation requires a systematic separation and evaluation of all relevant
influencing parameters. The present section therefore focuses on identifying the process
parameters that fundamentally govern the drying process.

The drying rate represents a key variable, as it is directly influenced by temperature, gas-
phase conditions, and heat and mass transfer limitations (see Equation (1.2)). Its depend-
ence on these parameters can be derived analytically and thus provides a suitable basis for
controlled experimental variations.

Film Temperature and Drying Rate

The film temperature during drying is calculated as a function of the gas temperature and
the heat transfer coefficient using a steady-state enthalpy balance (adiabatic wet-bulb tem-
perature).®*® During evaporation, solvent removal occurs at the surface of the slurry, while
the film temperature remains constant.

Under steady-state conditions, the heat flux into the film ¢ (W m2) equals the enthalpy flux
associated with solvent evaporation 2 (W m?), which is determined by the mass flux of the
evaporating solvent i (g m2s) and the enthalpy of evaporation at the film temperature:
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q=nms - Ahv(Tfilm) (2-10)

The convective heat input depends on the temperature gradient between the drying air and
the film, as well as on the heat transfer coefficient, and can be described by Equation (2.11).
The Ackermann correction factor K, adjusts for the decreased heat flux into the film caused
by the heating of the evaporation mass flux to the temperature of the ambient air in the gas
phase.

Ky & (Taryer — Trim) (2.11)
= Bs,g Pg In <11_~yﬂ> Ahy (Tfiim)
ys,surface
The film temperature must be calculated implicitly (equation (2.11)), as the enthalpy of
evaporation Ah,, the gas-phase heat capacity cp o, the molar mass fraction at the phase
boundary ¥ surface; @and the Lewis number Le all depend on the film temperature. The

Lewis analogy establishes a relationship between the heat transfer coefficient and the mass
transfer coefficient:

= pgCpg Lel—n (2.12)
Bs,g
with the dimensionless Lewis number defined as:
Sc A 2.13
Le=—=—-25%_— 213)
Pr Pg Cpg 5s,g

The diffusion coefficient &, , is calculated according to Fuller et al.%° and depends on tem-
perature and pressure:

0.00143 (T +2Tmm) [(M%) < )l

= T (2.14)
pges \/_ [VS - Vgl

with the diffusions volumes of the solvent (e.g., water) Vg water = 10.7 cm?® and for air as

the gas phase vy = 19.7 cm®. The molar mass fraction of the solvent in the gas phase de-

pends on the saturated vapor pressure at the dew-point temperature and the ambient pres-
sure in the dryer:

Ss,g9

p; (Tdew point) (2-15)

y s, dryer =
pdryer

The molar mass fraction of the solvent at the phase boundary depends on the saturated
vapor pressure at the film temperature and the ambient pressure in the dryer.

3 (Triim) (2.16)

pdryer

Ys,surface =
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Figure 2.3 illustrates the relationship between drying rate and film temperature as a function
of dryer temperature for different heat transfer coefficients.

Figure 2.3:
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Dependence of drying rate and film temperature on dryer temperature for heat transfer coeffi-
cients of o =35W m? K! and o= 70 W m? K, Since the vapor pressure of the solvent in the
gas phase, and thus the molar fraction in the gas phase ¥ qryer, depend on the dew point, the
diagram is valid only for the dew point of 5 °C.

For a constant water dewpoint in the gas phase, the drying rate can be increased either by
raising the drying temperature ((A): Taryer T, Triim 1) OF by increasing the heat transfer

coefficient at constant film temperature ((B): a 1, Tr;m = const.). Conversely, the influence

of film temperature at constant drying rate can be investigated (m = const., Tg;m V). The
Figure shows that the steady-state temperature at a constant dew point does not depend on

air flow conditions.

Comparison of Water and NMP as solvents

As NMP remains state-of-the-art solvent for cathode electrode production, the drying con-
ditions of water- and NMP-based slurries is compared with respect to their film temperature
and drying rate dependence (Figure 2.4).
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Figure 2.4:  Comparison of wet-bulb temperature and drying rate as a function of the gas temperature for
water and NMP. The drying rate increases faster with increasing gas temperature of the dryer
when NMP is used as the solvent. The data applies to a dew point of 5 °C and a heat transfer
coefficient of 35 W m?2K™.

Using NMP as a solvent instead of water results in a faster increase in drying rate for in-
creasing dryer temperature. Figure 2.3 and Figure 2.4 show that the drying rate can be ad-
juste by several factors and that the wet-bulb temperature is influenced by the solvent sys-
tem used.

Previous studies have demonstrated that electrode properties differ depending on whether
the drying rate is increased by raising the gas temperature or by enhancing the heat and
mass transfer coefficients. Building on theoretical considerations, an experimental setup is
presented that enables electrode fabrication under strictly defined drying conditions. This
approach facilitates the isolation of individual process variables, thereby providing a basis
for interpreting the resulting microstructural changes, binder migration behavior and the
governing drying mechanisms.

Coating and Drying Setup — Isothermal electrode drying

The anode and cathode slurries were coated and dried using a discontinuous process, fol-
lowing the description of Baunach et al.®* with a temperature-controlled plate and an im-
pingement dryer hood (air-nozzle dryer). All experiments were conducted using isothermal
drying conditions. The isothermal drying temperature equaled steady-state temperature as
long as drying took place during the constant rate period, which was proven to be true for
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battery slurries.®®%! The drying rate was adjusted by controlling the plate and air tempera-
ture, taken the heat transfer coefficient and the dew point into account.

The temperature-controlled plate was used to attach either a 10 um copper current collector
foil (Civen Metal Material Co. Ltd., China) or a 20 pum aluminum current collector foil
(Schlenk, Germany). The anode and cathode slurries were coated using a doctor blade or
knife coater ZUA 2000.60 or ZUA 2000.100 (Screening Eagle Technologies AG, Switzer-
land). The knife coater is vertically positioned over the coating plate and the slurry is ap-
plied. Due to the substrate's movement, the slurry is uniformly coated. The thickness of the
coating, whether wet or dry, is dependent upon the slurry parameters and the height of the
blade. The desired dry or wet film thickness to be used is determined by the desired areal
mass loading or areal capacity for the battery electrode. A detailed description of the cal-
culation of the wet and dry film thickness can be found in Section 11.4.1.

The coating on the plate was periodically moved under the dryer hood to ensure uniform
drying. Due to the heat input by means of heat conduction, the coating dries quasi-isother-
mally at a temperature close to the plate temperature.

Since the wet-bulb temperature for NMP is significantly higher than that of water (see Fig-
ure 2.4), higher isothermal drying temperatures are required to achieve comparable drying
rates. This imposes stricter thermal constraints on the drying system, making its operational
limits a critical factor. For isothermal drying, the heating plate temperature is therefore
typically limited to 85 to 90 °C. Under these conditions, a maximum drying rate of up to
3.5 g m?s! can be achieved for NMP-based slurries, assuming a heat transfer coefficient
of 70 W m2K1,

In addition to the manufacturing of battery electrodes under constant drying conditions and
the investigation of the individual factors influencing binder migration, a mechanistic un-
derstanding of the microstructure formation process is required. The apparatus utilized for
the simultaneous measurement of film shrinkage and pore emptying was developed in this
dissertation and is outlined in the next section.

2.3.2 Simultaneous Measurement of Film Shrinkage and Pore
Breakthrough

Besides the drying conditions, the mechanism of microstructure formation could be a func-
tion of the particle properties of the active material. A mechanistic understanding of micro-
structure formation requires direct experimental access to film shrinkage and pore empty-
ing during drying. Under the influence of different active materials, the end of film
shrinkage and the onset of pore emptying may not coincide, which has important implica-
tions for binder migration.
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As drying proceeds, the wet film thickness decreases until a saturated pore network forms.
Equation (2.17) calculates the film shrinkage profile, which is dependent on the wet film
thickness, drying rate, and solvent density.

h(t) =hyes — V-t
Mg (2.17)

= hyet —
s

The rate at which the applied wet film hight decreases is, for example, v = 1 pm s with a
drying rate of 1 g ms™* and water as the solvent.

The final film thickness of the saturated network corresponds to the dry film thickness,
which can be calculated using equation (2.18).

1= 5=
hary = hyee— 22 (218)

Knowledge of electrode porosity enables the calculation of dry film thickness based on
solvent volume fraction after slurry preparation ¢g.-,. Estimating porosities on a theoreti-

cal basis can be challenging, as noted by Lippke et al..®? Therefore, experimentally deter-
mined porosities are needed.

Similar to the film shrinkage, the reduction in solvent loading X (t) can be calculated by
considering the initial solvent loading, drying rate, and areal mass loading of the dry elec-
trode.
Mg
X(t) :XO_d—ry.t (219)

areal

The solvent loading at the end of film shrinkage is calculated according to equation (2.20).
It can be calculated from the porosity of the dry electrode & and the ratio of the density of
the solvent p; to the average density of the dry mixture pgry mixture-

€ p psghdry
— = (2.20)

areal
The solvent mass fraction during drying x(t) can be calculated from the solvent loading

X(t) (equation (2.21)).

XEoFs = =
1-¢ Pdry mixture m

X(t)
x(t) = Tx(t) (2.21)
Figure 2.5 shows the new experimental drying setup, which enables simultaneous meas-
urement of film thickness reduction and the detection of the first pore breakthrough at the

substrate interface.
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Figure 2.5:  New experimental drying setup for simultaneous measurement of film shrinkage and pore emp-
tying during drying. At the same time, the decrease in layer thickness is measured and the first
visible pore at the bottom of the microstructure is detected. The time at which the first pore
appears is compared to the experimental determination of the end of film shrinkage. The film
is subjected to a lateral hot-air flow, resulting in initially position-dependent local heat and
mass transfer coefficients due to boundary layer development. Beyond the entrance region, this
dependence becomes negligible and quasi-constant coefficients are established. Measurements
were therefore carried out at a position where both coefficients are approximately constant.

The slurry is exposed to lateral flow of drying air, which initially can lead to spatial varia-
tions in the local heat and mass transfer coefficients along the flow direction (moving dry-
ing front) due to the development of thermal and concentration boundary layers. With in-
creasing downstream distance (entrance or start-up region), this dependence gradually
diminishes, and the local heat and mass transfer coefficients approach quasi-constant val-
ues. To minimize the influence of these entrance effects, measurements were deliberately
conducted at a position where both coefficients can be considered approximately constant.
A detailed analytical evaluation of this behavior is provided in the Appendix 11.3.

The film thickness reduction is measured through distance measurement, and the point at
which the film stops shrinking is determined by the intersection of the linear regression of
the film shrinkage and constant film thickness. The appearance of the first pore, which
breaks through to the glass substrate, is detected using a microscope from underneath (un-
derside of the electrode). The point in time at which the first pore becomes visible during
the drying process can be determined by observing the underside of the applied wet film
(tist pore), @nd the point in time at which the shrinkage is complete is determined from the
measurement of the film shrinkage (teors). Furthermore, the film shrinkage curve allows
for the calculation of the drying rate. The drying rate is determined by the withdrawal speed
of the film surface and the density of the solvent 1 im shrinkage = ¥ Psolvent-
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In order to investigate the influence of microstructure formation and drying conditions on
binder migration as a function of the active material, the resulting electrode properties must
be systematically characterized.

2.4  Electrode Characterization

The characterization methods were selected to identify the influence of particle properties,
material systems, and process conditions on the electrode microstructure and the distribu-
tion of binder during the drying process of LIB and SIB slurries. Particular emphasis is
placed on methods that enable conclusions about binder migration during drying. Depend-
ing on the choice of active material, it may be necessary to use a specific measurement
method or to combine different measurement methods.

As direct imaging techniques for analyzing binder distribution are only limitedly applicable
to electrodes using the CMC/SBR binder system, the development and validation of indi-
rect measurement methods are required to enable conclusions about the component distri-
bution as a function of process conditions. A key approach for indirectly determining the
binder distribution is the measurement of the adhesion strength between the active layer
and the current collector. In addition, structural properties of the electrodes, such as poros-
ity, are determined to show the influence of different active materials on the microstructure.

Electrochemical impedance spectroscopy under blocking conditions also represents an in-
direct evaluation method for binder migration and has already been successfully applied to
electrodes with inhomogeneous PVDF binder distributions. In the present work, the results
obtained from this method for CMC/SBR electrodes are compared with adhesion strength
measurements in order to evaluate the validity of both approaches for assessing binder mi-
gration.

Furthermore, electrochemical characterization is conducted for selected cathode materials
in order to investigate potential effects of the microstructure, particularly in the case of
nanoporous particles, on electrochemical performance.

2.4.1 Adhesion Strength

The adhesion strength between the active layer and the current collector represents an es-
tablished method for indirectly assessing binder migration. During the drying process,
binder may migrate from the vicinity of the current collector towardss the electrode surface,
which results in a reduced binder concentration at the interface between the active layer
and the current collector. This decrease in binder concentration leads to weaker mechanical
adhesion of the coating to the current collector. Consequently, the measured adhesion
strength can be interpreted as an indicator of the binder distribution within the electrode.
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The adhesion strength was determined using a 90° peel test. For this purpose, a universal
testing machine (AMETEK LS1, Lloyd Instruments Ltd., UK) equipped with a 10 N load
cell was used (Figure 2.6).

Figure 2.6:  Adhesion strength measurement via 90° peel test using an AMETEK LS1 universal testing
maschine a). Electrode during adhesion strength measurement b).

The dried electrodes were all cut to a width of 30 mm and attached with the coated side to
an adhesive tape. To ensure uniform contact between the coating and the adhesive tape, a
weight of 10 kg was applied prior to the measurement. Subsequently, the coating was
peeled from the current collector at a constant speed and at an angle of 90°, while the re-
sulting force was recorded.

The investigated NCM electrodes were analyzed at the Institute for Applied Materials
(IAM-ESS) using specialized safety procedures for material analysis. In this case, a univer-
sal testing machine from Zwick was used. Electrodes with a width of 17 mm were cut and
pressed onto an adhesive strip with a weight of 200 kg using a hand press (MP150D, Maas-
sen). The coating was then peeled off the current collector foil at a constant speed of 600
mm mint and at a 90° angle using the testing machine. The resulting pull-off force was
measured and divided by the sample width to obtain a line adhesion force.

Besides adhesion strength, the porosity of the dried electrodes represents an important
structural parameter.

2.4.2 Porosity and Tortuosity

The porosity characterizes the electrode microstructure and was calculated from the areal
mass loading divided by the dry coating thickness and the density of the dry mixture of the
components.

-1 Melectrode
e=1- , 5 (2.22)
pdry mixture 'tdry

39



2 Materials, Methods and Characterization

The electrode thickness was measured using a thickness gauge (ID-H0530, Mitutoyo)
equipped with a flat measuring head. The density of the dry mixture is given by the mass
fractions in the dry electrode and the density of all solid materials.

Xiel ae) *
Pdry mixture = (Z »e (:.tro 6> (2-23)
i

The geometric tortuosity can be calculated using the electrodes’ porosity according to the
empirical correlations from Bruggeman (equation (2.24))% or Zehner-Bauer-Schliinder
(equation (2.25))%"%,

— =05
Tgeometric,Bruggeman — € (2-24)

&
Tgeometric, ZBS — 1 — (1 _ 8)_1'5 (2.25)

In this case, tortuosity describes the actual path length [.., divided by the ideal path length
ligea) through an electrode.

l
_real (2.26)
lideal

As shown in Figure 2.7, geometric tortuosity describes the elongation of the effective
transport pathway within the porous microstructure compared to the ideal straight path
through the electrode.

Tgeometric —

NCM cathode cross section

Current collector

Figure 2.7:  Illustration of the geometric tortuosity. The ideal path corresponds to the electrode thickness.
The real path describes the path between the particles and through the network of conductive
additives.

The ideal path corresponds to the electrode thickness, whereas the real transport path fol-
lows the interconnected network between active material particles and conductive addi-
tives.
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The shown relationship between the length of a real path and an ideal path (electrode thick-
ness) can be used to describe the heat transfer®® or mass transfer in the gas phase of the
microstructure of an electrode®%. However, experimental studies have shown that ionic
transport in real electrodes is additionally influenced by the distribution of binder.%%1% This
was also confirmed in a joint publication with the Institute for Applied Materials
(KIT IAM-ESS).*® As a result, the actual transport tortuosity for a given species (e.g. liquid
or gaseous solvent, ion) can deviate significantly from the purely geometric estimate.

2.4.3 Impedance Spectroscopy Measurements (lonic Resistance)

To experimentally determine the ionic transport resistance within the electrode microstruc-
ture, electrochemical impedance spectroscopy (EIS) under blocking conditions was ap-
plied. Analogous to the concept of geometric tortuosity, electrical tortuosity is defined as a
ratio of the effective conductivity k.¢rective (that is, the ionic conductivity in a porous elec-
trode structure) and the unaffected conductivity of the electrolyte x (equation (2.27)).%*

K

Telectrical — € (2-27)
Keffective

The ionic transport resistance within the electrode microstructure in the electrolyte is
strongly influenced by the amount, type, and spatial distribution of the binder. Changes in
these parameters therefore affect the ion transport resistance or the distribution of ion
transport resistances within the electrode.%319101 Considering the electrode geometry, the
electrical tortuosity can be calculated from measured ionic resistance R;p,.
Rion A K €
Telectrical = 2 hdry (2.28)

If only porosity is used to estimate electrical tortuosity, it will be greatly underestimated.
Section 11.5.6 provides a more detailed explanation of this when examining HC electrodes.

lonic resistance R;,,, was measured in a symmetric cell configuration in which two identical
electrodes were separated by glass fiber separators. The setup was implemented in CR2032
coin cells. Two glass fiber separators (GF/C, Whatman) were placed between the elec-
trodes. The electrodes and separators were punched to a diameter of 1.6 cm, corresponding
to an electrode area of A =2.01 cm2. Cell assembly was performed in a glove box.

As electrolyte, 200 pL of 10 mM tetrabutylammonium perchlorate (TBACIO4) in EC:DMC
(1:1 by volume) was added. The conductivity of this electrolyte is ¥ = 0.3505 + 0.0011
mS cm. Electrodes and separators were punched out with a diameter of 1.6 cm corre-
sponding to an area A = 2.01 cm?. EIS measurements were performed in a temperature-
controlled chamber (BTZ-175, Espec) at 25 °C using a coin cell holder (Dual CR2032 Coin
Cell Holder, Gamry Instruments) with a potentiostat (VSP-300, Biologic). The measuring
parameters were 10 mV perturbation and a frequency range from 200 kHz to 100 mHz. The
resulting impedance spectra were fitted using the EIS software RelaxIS 3 (rhd instruments)
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with a transmission line model (TLM) in order to determine the ionic transport re-
sistance R;,,. The electrical tortuosity was calculated by equation (2.28) with the dry film
thickness and the porosity of the electrode as described by Landesfeind et al.*%t. The results
obtained from the EIS measurements under blocking conditions will be used to compare
them against the adhesion strength measurements in order to evaluate the method for as-
sessing binder migration.

As mentioned earlier, the choice of active material may limit the use of certain measure-
ment methods. Particularly when using nanoporous, structured active materials, it has been
shown that using the adhesion strength to interpret drying effects could be insufficient, as
the absolute adhesion strength is very low. For this reason, and to gain a deeper understand-
ing of the drying behavior and binder distribution, parameters such as electrical resistivity
or electrochemical performance can be determined.

2.4.4 Electrical Resistivity and Electrochemical Characterization of
NCM Cathode Electrodes

Electrical and electrochemical analyses were performed on selected NCM cathodes. These
investigations were conducted at the Institute for Applied Materials (IAM-ESS) under spe-
cialized safety conditions for material analysis.

The electrical through-plane resistance of the electrodes was measured between cylindrical
copper electrodes using an onmmeter (RM3544, HIOKI E.E. Corp.). For this purpose, cir-
cular electrode samples were placed between polished copper cylinders with a diameter of
14 mm and compressed with a force of 9.81 N. The measured resistance was used to cal-
culate the specific electrical resistivity of the electrode, taking into account the electrode
area and thickness.

Electrochemical characterization of the cathodes was carried out in coin cells against a
lithium-metal counter electrode. The electrolyte used was 200 pL LP30 (BASF) with the
conductive salt 1M LiPF6 in an EC/DMC (1:1) mixture. The separator was a glass micro-
fiber fleece (GF/C, Whatman) with a diameter of 16 mm. Cell assembly was performed in
a glove box, and the cells were sealed using a crimping press (MSK-11, MTI, KJ Group)
at a pressure of 750 psi. The cycling was carried out in a BT2000 battery cycler from Arbin
Instruments in constant current mode in a voltage window of 3 to 4.3 V. Identical C-rates
were used for charging and discharging. After two formation cycles at a C-rate of C/20, the
C-rate was gradually increased to 5C. Two more steps were carried out, at C/2 and 1C.
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3 Drop-In Capability: Material-Dependent
Electrode Manufacturing of LIB vs. SIB

The electrode manufacturing of SIBs is frequently regarded as being largely analogous to
that of LIBs, leading to the widespread assumption that SIBs may be implemented as a
potential drop-in technology. Despite this perception, systematic and experimentally vali-
dated studies comparing the manufacturing behavior of SIB and LIB electrodes have been
lacking. Consequently, the extent to which differences in active material properties and
particle charactersitics affect electrode processing and microstructure formation has re-
mained unclear.

A comprehensive understanding of how active material properties and particle characteris-
tics influence electrode processing is of fundamental importance. In particular, the imple-
mentation of new battery materials or particle morphologies requires the identification of
their impact on slurry behavior, drying process design, and electrode microstructure for-
mation mechanism, based on quantifiable material and process parameters. This need be-
comes even more critical under high drying rates, which are essential for economically
viable production throughput but simultaneously promote binder migration, thereby
strongly influencing electrode microstructure and performance.

Consequently, the results presented in this chapter focus on elucidating the mechanisms
governing microstructure formation along the electrode manufacturing process chain, with
particular emphasis on the role of active material properties. The overarching objective of
this thesis is to identify material-process-microstructure-property relationships that allow
for an evaluation of the drop-in capability of SIB technology.

The results presented here constitue the first direct, manufacturing-oriented comparison of
SIB and LIB active materials. Based on a systematic screening of available material sys-
tems, this chapter focuses on water-based electrode processing using the CMC/SBR binder
system. The influence of active material properties on slurry behavior, process dimension-
ing (i.e., production speed and dryer length), drying mechanism, and binder migration is
systematically examined with the aim of deriving generalizable material-process-micro-
structure-property relationships that are applicable across battery chemistries.®

d The results and discussion in this chapter are part from the following publication by the author:4

J. Klemens, A. Wurba, D. Burger, M. Miller, W. Bauer, S. Biichele, O. Leonet, J.A. Blazquez, 1. Boyano, E. Ayerbe,
H. Ehrenberg, J. Fleischer, A. Smith, P. Scharfer, W. Schabel, Challenges and Opportunities for Large-Scale Electrode
Processing for Sodium-Ton and Lithium-Ion Battery, Batteries & Supercaps (2023).
https://doi.org/10.1002/batt.202300291.
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To place the investigation of the active-material-dependent drop-in capability, drying
mechanisms, and binder migration into the context of electrode manufacturing, the follow-
ing section outlines the motivation of this chapter and reviews the current state of the art.

3.1 Motivation and State of the Art

To evaluate the drop-in capability of SIBs in comparison to LIBs, it is first necessary to
outline the machine- and process-relevant parameters of industrial LIB electrode manufac-
turing reported in the literature. Key indicators for industrial electrode production are pro-
duction speed and plant footprint, which is largely determined by the length of the drying
section.

Reported production speeds for industrial LIB electrode manufacturing, including coating
and drying machines, typically range from approximately 25 to 50 m min* >, with upper
values of up to 80 to 100 m min™1.1>19219 Dryer lengths are commonly reported to be be-
tween 10 and 20 m, but may reach up to 100 m, particularly for electrodes with high areal
loadings and/or higher production speeds. With increasing machine length, however, the
complexity of web handling and the control of individual dryer zones increases signifi-
cantly.>! The values reported in the literature vary widely depending on production scale
and are therefore used in this work primarily to estimate realistic drying times. Assuming
a production speed of 60 m min*! and a dryer length of 60 m, an effective drying time of
one minute can be derived. The drying time, production speed and dryer length are depend-
ent on the areal loading or areal capacity of the electrode to be produced and the drying
rate.

Against this background, a comparison of drying times as a function of areal capacity and
drying rate is particularly suitable for analyzing differences between LIB and SIB anode
and cathode electrodes. Such a comparison is therefore investigated in the subsequent re-
sults section of this study.

Enhancing the efficiency of industrial electrode manufacturing fundamentally requires
strategies that enable accelerated drying in order to either increase production throughput
or reduce the required dryer length.>” Numerous studies have shown, however, that fast
drying promotes binder migration, which in turn negatively affects electrode mechanical
and electrochemical properties. In industrial practice, this trade-off results either in the need
for slower drying process or in a targeted adaption of individual drying zones to the under-
lying mechanisms of microstructure formation.

The mechanistic development of electrode microstructure formation during slurry drying
can be phenomenological divided into two phases: film shrinkage and pore emptying. After
slurry application, solvent evaporation leads to a reduction in wet film thickness, causing
particles to approach each other until the final electrode thickness and porosity are reached.
At the end of film shrinkage, a fully saturated microstructure with a complex network of

44



3 Drop-In Capability: Material-Dependent Electrode Manufacturing of LIB vs. SIB

solvent-filled pores or capillaries is formed. Due to the heterogeneous pore size distribu-
tion, capillary pressure gradients arise, inducing capillary transport of the solvent towards
the electrode surface, where evaporation occurs.®® 07577 As the liquid menisci retreat
through the pore structure towards the current collector, pore breakthrough occurs, marking
the onset of pore emptying and the beginning of binder migration.

The literature suggests that the temporal transition between film shrinkage and pore emp-
tying depend on the active material and has a decisive influence on binder migration.5°8!
Indications exist that, depending on particle properties, viscosity in the pore network, dry-
ing rate or coating thickness, pore breakthrough may occur before the end of film shrinkage,
which has the potential to impact the binder migration process.®? Since drying rates and
pore breakthrough have typically been investigated separately, the causal relationship be-
tween active material properties, early pore breakthrough, and binder migration remains
unclear.

For a reliable evaluation of the drop-in capability of SIBs relative to LIBs, it is therefore
essential to quantify the influence of different active materials on drying behavior, micro-
structure formation, and binder migration. This approach is crucial for deriving reliable
conclusions regarding process design, acceptable drying rates, and their impact on electrode
properties.

This chapter addresses this research gap through a systematic investigation of the drying
process LIB vs. SIB with particular emphasis on material-dependent effects. The objective
is to identify the relevant influencing parameters and to derive generalizable material-pro-
cess-microstructure-property relationships that enable an assessment of the industrial trans-
ferability of SIB electrode manufacturing process and thereby provide a key contribution
to the evaluation of their drop-in capability. The results contribute to an improved under-
standing of drying process design and electrode microstructure formation, thereby advanc-
ing the current state of the art in battery electrode manufacturing.

3.2 Results and Discussion

To enable a systematic comparison between SIB and LIB electrode manufacturing, all com-
parative investigations presented in this chapter were conducted under strictly controlled
and identical processing conditions. Constant mixing procedures, identical electrode com-
positions, and uniform drying parameters were applied throughout the study to ensure the
process comparability. This experimental approach provides the basis for identification of
universally valid correlations as well as material-specific effects. The comparative results
are structured along four central aspects of electrode manufacturing. First, the influence of
active material properties on process dimensioning is analyzed, with particular emphasis
on drying time, production speed, and dryer length. Second, differences in slurry viscosity
behavior are examined and related to particle characteristics. Third, the drying-induced mi-
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crostructure evolution is investigated through a phenomenological analysis of film shrink-
age, including the relationship between the end of film shrinkage and the onset of pore
breakthrough. Finally, electrode adhesion strength and binder migration behavior are eval-
uated in the context of material-dependent drying mechanisms.

Since the processing behavior and drying response of electrodes are intrinsically linked to
the properties of the active materials, this chapter builds upon a systematic characterization
of the selected materials. The relevant particle properties are introduced first and subse-
quently correlated with the observed processing behavior, microstructure formation and
binder migration. This structure enables a coherent interpretation of the comparative results
and supports the derivation of material-process-microstructure-property relationships
across both battery chemistries.

3.2.1 Active Materials and Particle Properties

For the comparative investigation of LIB and SIB electrode processing and manufacturing
parameters, graphite and hard carbon were selected as anode materials, while LFP and a
PBA were used as cathode materials. All selected active materials are compatible with wa-
ter-based electrode processing using CMC/SBR binder system, thereby ensuring process
comparability between LIB and SIB electrodes. In addition, it is evident that nowadays the
practical energy densities of SIB using PBA can compete with LIB using LFP (see Sec-
tion 1.2.2).

To provide a qualitative impression of the active materials, Figure 3.1 presents scanning
electron microscopy images of the particle powders employed for slurry preparation and
drying experiments.
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(Graphite /' il Hard Carboriy
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Figure 3.1:  SEM images of the investigated active materials: Graphite particles exhibit a plate-like mor-
phology, whereas HC shows an irregular, granular to angular shape. LFP particles are predom-
inantly spherical and contain conductive carbon incorporated to enhance electrical conductiv-
ity. In contrast, PBA particles display a characteristic cubic morphology.

The anode and cathode active materials for LIB and SIB investigated in this section differ
significantly in terms of particle morphology. Graphite particles show a plate-like shape,
whereas HC particles display an irregular, granular, or angular morphology. Among the
cathode materials, LFP particles predominantly exhibit a spherical shape and possess an
internal pore structure that is not visible in the SEM images. In addition, the particle frame-
work is modified by the incorporation of conductive carbon to enhance electrical conduc-
tivity. In contrast, PBA particles exhibit a well-defined cubic morphology, which is char-
acteristic for this class of cathode materials.

A quantitative overview of the active materials investigated in this chapter is given in Table
3.1, which summarizes the particle characterization of the median particle size, BET sur-
face area, and particle density of the anode and cathode materials.
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Table 3.1: Overview of the characteristic particle properties of the anode and cathode active materials
investigated in this study. Density values correspond to the true density determined by gas
pycnometry. The hard carbon powder used in this study is identical to the material employed
in the subsequent particle-size investigation and is denoted as HC-C therein (see Sec-

tion 4.2.1).

Anodeor LIBorSIB Name Median BET Density /

Cathode / - /- particle / m? gt kgm?3

/- size Xso /
um

A LIB LFP 13 24.0 3350

Cathode SIB PBA 12 1.0 2049

Anode LIB Graphite 18 2.7 2260

SIB HC 9 3.5 2062

The mean particle diameter of graphite is about two-times higher than for HC. LFP and
PBA show almost the same measured mean particle diameter.

The BET surface area describes specific surface area of the particles as the ratio of the
particle surface area to the particle volume. For non-porous spherical particles, it is in-
versely proportional to the characteristic particle diameter. However, the comparison of the
four active materials investigated here shows that the idealized relationship between parti-
cle size and BET surface area is not strictly consistent. In particular, the LFP particles ex-
hibit a comparatively high BET surface area due to their composite structure, which in-
cludes carbon and open porosity, thereby providing additional accessible surface area
beyond geometric scaling.

In addition to these particle-related properties, the active materials differ in their specific
capacities, as discussed in Section 1.2.2. For the comparison of the calculated areal mass
loading, drying time, and production speed, literature values of the specific capacities are
used in order to provide practically relevant reference data. These values are summarized
in Table 3.2.

Table 3.2: Overview of the specific capacities considered from the literature for the calculation of the
areal mass loading and drying time of anode and cathode materials for LIB and SIB.

LFP PBA Graphite HC
165 149 360 300

Spec. capacity /
mAh g

The results about the particle and active material characteristics form the basis for the sub-
sequent process-related analysis.
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3.2.2 Process Dimensioning (Drying Time, Production Speed, Dryer
Length)

To evaluate the drop-in capability of SIBs in comparison to LIBs, the required drying times,
production speeds, and dryer lengths for anode and cathode electrodes are calculated in the
following. The objective is to identify critical active material and process parameters and
to derive preliminary estimates of their influence on industrial electrode manufacturing.

The drying time is calculated according to Equation (3.1) as the ratio of the areal solvent
mass loading in the slurry to the applied drying rate.
(=M (3D
T
The areal solvent mass loading mg in g m2 is determined using Equation (3.2).
Xs (3.2)

Mg = Mejectrode 1 —x = Meiectrode X
s

For all water-based slurries, a solvent content of 57 wt-% is assumed, corresponding to a
solvent loading X = 1.33 in gsolvent ggrly clectrode- 1Ne areal mass loading of the dry electrode
Merectroae (9 M) is calculated according to Equation (3.3) based on the target areal capac-
ity Careqr (MAD cm), the specific capacity g (mAh g?) of the active material, and active
material fraction in the dry electrode x4y crectrode (K9 Kgsaiiq)- FOr all investigated water-
based slurries an active material content in the dry electrode of 93 wt-% was used.

< (3.3)
q XaM,electrode
According to Equation (3.4), the drying time scales proportionally with the areal mass load-

ing and thus the required areal capacity t ~ Meectroqe ~ Careal @nd inversely with the applied
drying rate t ~ g1,

Melectrode =

m 1 (3.4)
t = ;z = Metectrode X Ks
c 1
_ X —

a q XaM,electrode Ths
Figure 3.2 shows the linear relationship of the required areal mass loading of the dry elec-

trodes and the drying time for a constant drying rate as a function of the areal capacity for
all investigated materials. The constant drying rate of 1.5 g ms™ is considered industrially
relevant and is therefore used as a reference for comparison.>#
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Figure 3.2:  Linear relationship of the required areal mass loading of the dry electrodes and the drying time
for a constant drying rate as a function of the areal capacity for all investigated materials. The
constant drying rate of 1.5 g m?st is considered industrially relevant and is therefore used as a
reference for comparison.-8 The areal mass loading and drying time were calculated based on
the areal capacity for identical proportion of active material in the dry electrode of 93 wt-%
identical proportion of solvent in the slurry of 57 wt-%.

Due to their lower specific capacities, cathode materials exhibit a higher mass loading than
anode materials at identical areal capacity. Furthermore, as the areal capacity increases, the
absolute difference in areal mass loading between LIB and SIB materials increases for both
anodes and cathodes, which affects the drying time. Consistent with the differences in areal
mass loading, cathode materials exhibit longer drying times than anode materials due to
their lower specific capacities. Moreover, at identical areal capacity and slurry composition,
SIB active materials require longer drying times than their LIB counterparts. This effect
becomes more pronounced at higher areal capacities, as the absolute differences in areal
mass loading increases accordingly.

It should be noted that the desired areal mass loading determines the required wet film
thickness during coating. A comparison of the necessary wet film thickness is therefore
provided in Appendix 11.4.1. While the relationship between areal capacity and wet film
thickness remains linear, the differences between materials become more pronounced com-
pared to the areal mass loading. This is attributed to the dependence of wet film thickness
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on slurry density, which is influenced by the density of the active material.® The role of
active material density is further discussed in the context of slurry viscosity in Section 3.2.3.

To highlight the influence of drying rate on the comparison between LIB and SIB elec-
trodes, Figure 3.3 shows the drying time as a function of drying rate for anodes and cath-
odes at an identical areal capacity of 2 mAh cm™.

250 4 2mAhcm? || APBA
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Calculated drying time as a function of the drying rate for 2 mAh cm2. The difference in drying
time between LIB and SIB materials becomes smaller as the drying rate increases.

Figure 3.3:

For all investigated materials, higher drying rates significantly reduce drying time. While
the relative differences in drying time between LIB and SIB materials remain constant
across different drying rates, the absolute differences decrease at higher drying rates and
are reduced to only a few seconds. Consequently, achieving comparable drying times for
LIB and SIB electrodes requires higher drying rates for SIB materials. Under the given
boundary conditions, SIB electrodes can only reach drying times equal to or shorter than
those of LIB electrodes if higher drying rates are applied.

Although the absolute differences in drying time appear small at a drying rate of 3 g m?s,
they translate into substantial differences in production speed or required dryer length. To
provide a practically relevant comparison, the maximum achievable production speed for

¢ Higher wet film thickness may require additional investment in larger mixers, feed tanks, and pumping system. If a
production line has been configured for high-capacity electrodes, producing larger volumes or pumping higher volume
flows should not be a challenge. In general, a reduction in wet film thickness for the same areal mass loading of the
electrode can be achieved by increasing the active material content, solid content, specific capacity, or density of the
active material.
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a fixed dryer length and, conversely, the minimum required dryer length for a target pro-
duction speed are evaluated for all materials. Table 3.3 compares the production speed
achievable with a dryer length of 60 m and the required dryer length at a production speed
of 60 m min™,

Table 3.3: Overview of two case studies for electrodes with an areal capacity of 2 mAh cm and dried
at a constant drying rate of 3 g m2s? for Graphite vs. HC and LFP vs. PBA: Electrodes’
manufacturing speed for a fixed dryer length of 60 m or, on the other hand, expected dryer
length for a fixed production speed of 60 m min.

Graphite HC LFP PBA
Max. production speed / m min’*
@ fixed dryer length of 60 m 136 114 63 56
Min. dryer length / m
@ fixed production speed of 60 m 26 32 58 64

mint

At a production speed of 60 m min, a difference of one second in drying time corresponds
to a difference of one meter in dryer length. Conversely, at a fixed dryer length, small dif-
ferences in drying time lead to significant variations in achievable production speed.

Overall, the results show that drying times, production speeds or dryer lengths for LIB and
SIB electrodes at the same areal capacity and slurry composition can only be achieved if
the applied drying rate for SIB is increased relative to that of LIB. The required increase in
drying rate is directly proportional to the ratio of specific capacities. In the present case, the
specific capacity of LFP is approximately 1.2 times higher than that of PBA, and the spe-
cific capacity of graphite is approximately 1.1 times higher than that of HC. Accordingly,
the drying rate for SIB materials must be increased by these factors to achieve comparable
production speeds or dryer lengths.

An alternative approach to compensate for the longer drying times associated with SIB
electrodes is to increase the solid content of the slurry, as indicated by Equation (3.4). While
this strategy effectively reduces the solvent load, consequently, the required drying time, it
directly affects slurry viscosity. As a result, the apparent mitigation of drying related limi-
tations is accompanied by additional process constraints, particularly with respect to slurry
processability. Both strategies discussed, higher drying rates and increased solid contents,
therefore necessitate non-trivial adjustments to the established LIB manufacturing process
window. In this context, slurry viscosity emerges as a critical parameter that governs the
feasibility of these process adaptions.

Slurry viscosity is strongly influenced by the intrinsic properties of the active material.
Consequently, the following section systematically examines the influence of active mate-
rial properties on slurry viscosity behavior to assess their implications for process design
and the drop-in capability of SIB electrode manufacturing.
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3.2.3 Slurry Viscosity

To isolate the influence of the active material and to enable a direct comparison between
LIB and SIB on processing behavior, slurries were prepared with identical solid contents
and processed using the same mixing procedure. Despite these strictly controlled condi-
tions, pronounced differences in viscosity behavior are expected among the investigated
slurries, as particle size, particle size distribution, and particle morphology are known to
strongly influence slurry rheology, particularly at lower shear rates.®’

Figure 3.4 presents the viscosity profiles as a function of shear rate in a double logarithmic
scale.

Viscosity / Pa s

01 L |||\|||I |||||||I L |||||||I Lo
0.1 1 10 100 1000

Shear rate / s’!

Figure 3.4:  The viscosity profiles of the anode and cathode slurries for LIB and SIB were measured as a
function of shear rate. The slurries had identical water-based compositions, mixing procedures,
and solid contents. At low shear rates, the viscosity of the anode and cathode slurries of SIB is
found to be higher than that of LIB slurries. The increase in viscosity in the low shear rate
region is a result of the increase in particle interactions.

At low shear rates (0.1 — 10 s%), both SIB anode and cathode slurries exhibit higher viscos-
ities than their LIB counterparts. For the anode materials, this behavior can be illustrated
by the comparison of HC and graphite. HC is characterized by a smaller particle size and a
higher specific surface area than graphite, which promotes stronger particle-particle and
particle-binder interactions and consequently results in an increased viscosity at lower shear
rates. 887

A similar trend is observed for the cathode materials. Particle morphology plays an addi-
tional role: spherical particles tend to slide past each other more easily, whereas irregular
shaped particles promote mechanical interlocking.®” Accordingly, the spherical LFP parti-
cles exhibit lower viscosity at low shear rates than the cubic PBA particles. %
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To further rationalize the observed viscosity differences, the volume fraction of the active
material in the slurry is considered. Equation (3.5) defines the relationship between particle
density and volume fraction, indicating that a lower particle density results in a higher ac-

tive material volume fraction in the slurry (@5~ pat).

dry
X
slurry _ “AM .pslurry (35)

AM- Pam
As summarized in Table 3.4, the lower densities of the SIB active materials lead to higher
volume fractions compared to the LIB materials at identical solid contents. This increased
volume fraction raises flow resistance within the slurry and contributes to the higher vis-
cosity observed for the SIB systems, particularly at low shear rates.

Table 3.4: Overview of the volume fraction of the active material in the slurry.

Volume fraction active material / %
Name

(m® m=)
Graphite 23
HC 25
LFP 17
PBA 25

It is important to note that the viscosity profiles reflect a superposition of several contrib-
uting factors, including, particle size, morphology, surface area, and density. Consequently,
the viscosity measurements alone do not allow a direct attribution of the LIB-SIB differ-
ences to a single parameter. For this reason, Section 4.2.2 provides a more detailed inves-
tigation of the influence of particle size on viscosity behavior and its implications for elec-
trode drying.

From a processing perspective, an elevated viscosity at low shear rates is not inherently
detrimental. On the contrary, higher low-shear viscosity limits particle movement and
thereby lowers the susceptibility to sedimentation. At higher shear rates (> 10 s1), the vis-
cosities of all investigated slurries converge and exhibit pronounced shear-thinning behav-
ior. This indicates that both LIB and SIB slurries are, in principle, equally suitable for es-
tablished coating technologies such as slot-die coating.'>% Moreover, shear-thinning
slurries with higher low-shear viscosity are known to reduce edge elevation during elec-
trode manufacturing and therefore minimize scrap rates.*>105-107

However, the viscosity results also highlight important challenges with respect to the drop-
in capability of SIB technology. As discussed previously, longer drying times off SIB elec-
trodes may be compensated by increasing the solid content of the slurry. The present vis-
cosity analysis demonstrates that such an approach inevitably leads to a further increase in
viscosity, particularly at low shear rates. Excessively high viscosities can pose challenges
for slurry pumping and complicate air bubble removal, which causes negative effects on
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coating quality. This can also affect the design of the coating equipment for homogeneous
distribution of the slurry on the current collector and may result in the need for new coating
equipment.1® These effects may require adjustments to coating equipment or process pa-
rameters and thus represent a deviation from a true drop-in implementation.

In summary, while SIB slurries remain compatible with established coating technologies,
their distinct viscosity behavior requires material-specific process adjustments. Moreover,
slurry viscosity behavior defines the initial conditions for subsequent drying and thus could
directly influence pore network development and the onset of pore breakthrough. The fol-
lowing section therefore examines the drying behavior of LIB and SIB electrodes, with
particular emphasis on elucidating how active material properties govern microstrucutre
formation and pore breakthrough and their implications for binder migration.

3.2.4 Pore Breakthrough Depending on Active Material

The drying-induced formation of electrode microstructure is commonly described as a se-
guence of film shrinkage followed by pore emptying. While solvent evaporation initially
leads to particle consolidation and macroscopic shrinkage, the establishment of a continu-
ous pore network enables capillary transport, marking the onset of pore emptying and ini-
tiating binder migration.

Based on previous studies in the literature, it has been assumed that the temporal relation-
ship between these two phases depends on active material properties, viscosity in the pore
network, drying rate, and electrode characteristics, potentially leading to early or delayed
pore breakthrough and altered binder migration behavior (see Section 1.3.2). However, ex-
perimental validation of this assumption has been limited, as drying kinetics and pore
breakthrough have predominantly been investigated separately. Therefore, the causal rela-
tionships and the underlying mechanisms remain insufficiently understood. The present
work directly addresses this gap to identify critical parameters.

This section therefore examines the influence of active material on microstructure for-
mation. A novel experimental approach is employed that allows simultaneous measurement
of film shrinkage and pore breakthrough, enabling the identification of parameters govern-
ing the onset of pore emptying.

As presented in Section 3.1, pore emptying is influenced by a multitude of interacting pa-
rameters, including the active material influence, complex three-dimensional pore network,
slurry viscosity, and potential superposition of effects. This complexity complicates the
formulation of clear a priori hypotheses. Nevertheless, it could be expected that an in-
creased viscosity at the end of film shrinkage would lead to higher friction losses and thus
delay pore emptying.

To quantify this effect, a methodology for estimating the viscosity of the CMC solution
within the pore structure at the end of film shrinkage is developed and presented in the
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Appendix 11.4.3. It is shown that the end of film shrinkage varies with active material
density and microstructure porosity, resulting in different solvent contents and conse-
quently, significantly different viscosities within the pore network. The viscosity in the pore
network at the end of film shrinkage is, for example, higher for electrodes with LFP than
with Graphite. A comparatively higher viscosity of the liquid in the capillary network could
increase the flow resistance.” However, these considerations are predominantly based on
idealized pore network structures and therefore do not capture the superposition of effects
that occur in real electrode microstructures. Based on the examination of the viscosity of
the CMC-water solutions at the end of film shrinkage, this could mean that the pore break-
through for slurries containing LFP occurs with a delay than for slurries containing graph-
ite.

To this end, the influence of the active material on the onset of pore emptying and thus the
initiation of binder migration is examined in the following. The onset of pore breakthrough
is determined by observing the underside of the applied wet film and identifying the time
at which the first pore becomes visible (tistpore). The end of film shrinkage (teors) is ob-
tained from film shrinkage measurements, which also allow calculation of the drying rate
(described in 2.3.2). Figure 3.5 shows the ratio tist pore teors™ for a dry film thickness of
approximately 100 pm for the different material systems.

f Similarly, a relatively large coating thickness as well as a narrow pore size distribution have been reported to promote
a later onset of pore emptying (see Section 1.3.2).
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Figure 3.5:  Ratio of the time of first visible pore emptying on the underside of the wet film (t1st pore) to the
time at which film shrinkage is completed (teors) for a dry film thickness of approximately
100 pm for the different active material systems. The drying rate was approximately 1 g m2s
for all experiments presented.®" For all investigated active materials, pore breakthrough coin-
cides with the end of film shrinkage (tist pore = teors), demonstrating that the pore breakthrough
is independent of material system and slurry viscosity.

For all investigated material systems, the first pore becomes visible precisely at the end of
film shrinkage. This demonstrates that pore breakthrough and the completion of film
shrinkage occur simultaneously, independent of the active material system. Consequently,
the onset of capillary transport during drying coincides with the end of film shrinkage,
allowing a clear separation of the drying process into film shrinkage and pore emptying
phases.

These findings challenge the assumption from the literature that slurry viscosity plays a
decisive role in determining pore breakthrough timing during the drying of water-based
electrodes. These findings indicate that capillary forces dominate the drying process and
effectively overcome viscous resistance within the pore network. This interpretation is sup-
ported by literature about drying in porous media.”’”® Metzger et al. demonstrate through
simulations that, depending on the pore size distribution, capillary forces can significantly

9 The PBA electrodes tend to develop cracks on the surface of the electrode structure. The cracks appeared at the time
of the end of film shrinkage.

h Additional results obtained at different drying rates and dry film thicknesses are provided in the Appendix 11.4.4. In
all cases, the same relationship as discussed here was consistently observed.
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dominate over liquid friction, which means that a higher viscosity in the pore network does
not play a significant role.’

As a direct consequence of the results shown in Figure 3.5, a material-dependent shift in
the onset of pore breakthrough and the associated onset of binder migration can be ex-
cluded. The subsequent analysis thus focuses on quantifying binder migration for different
active materials, evaluated via adhesion strength measurements as a function of drying rate.

3.2.5 Adhesion and Binder Migration

To investigate the influence of different active materials on binder migration and to derive
material-process-microstrucutre-property relationships, the adhesion strength of the elec-
trodes is examined in the following. Adhesion strength is defined as the force required to
induce failure at the interface between the first particle layers and the substrate, and can be
used as an indirect measure of binder migration.*"1%818291 By decoupling absolute adhesion
strength from drying-rate-induced changes, material-dependent binder migration mecha-
nisms can be systematically evaluated.

It can be hypothesized that a correlation exists between the absolute adhesion strength and
the sensitivity to binder migration at increased drying rates. A higher absolute adhesion
strength could mean better fixation and thus a lower sensitivity to binder migration. To test
this assumption, adhesion strength is first evluated at a constant low drying rate, followed
by systematic variation of the drying rates.

Figure 3.6 presents the adhesion strength of LIB and SIB anode and cathode electrodes
with an areal capacity of 2 mAh cm?, manufactured at a constant drying rate of
0.75gm?3s™,
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Figure 3.6:  Adhesion strength of water-based processed electrodes with LFP, PBA, Graphite, and HC as
active material, measured for electrodes with an areal capacity of 2 mAh cm. LFP electrodes
exhibit the highest adhesion strength, whereas PBA electrodes show the lowest values. This
trend is consistent across different areal capacities (see Appendix 11.4.6). All electrodes were
manufactured using identical slurry mixing procedure, a constant drying rate of 0.75 g m2s?,
and identical dry electrode compositions. Note that PBA electrodes show initial cracking and
that absolute adhesion strength is only directly comparable between HC and LFP due to differ-
ent current collector materials.

Significant differences in adhesion strength are observed among the investigated active
material systems. LFP exhibits the highest adhesion strength, whereas PBA electrodes
show the lowest adhesion values. This trend is consistent for electrodes with different areal
capacities (see Appendix 11.4.6). However, PBA electrodes display initial cracking, indi-
cating cohesion-related issues and limiting the direct comparability of adhesion strength
values. In addition, only HC and LFP electrodes can be directly compared in terms of ab-
solute adhesion strength, as graphite electrodes are coated on copper substrate rather than
aluminum.

A direct correlation between adhesion strength and particle ize cannot be consistently iden-
tified across all investigated materials. While a particle size dependence may be present
within the anode materials, particularly between HC and graphite, this trend does not extend
to the cathode materials. The influence of particle size on electrode processing is further
addressed in Chapter 4.

When considering the specific surface area, an apparent correlation with adhesion strength
emerges, with lower BET values corresponding to lower adhesion and vice versa. However,
this relationship is not physically robust. In the case of LFP, the high BET surface area is
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party attributed to internal porosity, which does not necessarily contribute to binder acces-
sible surface area. As a result, the BET value may overestimate the effective interfacial area
relevant for adhesion. That high BET surface area does not necessarily result in increased
adhesion is also shown in the literature and in Chapter 5 using NCM active material with
high porosity of the particles and the binder PVDF.181%9

In this context, a more plausible explanation is given by an additional superposition effect
arises from differences in particle density. Due to its higher particle density, LFP exhibits
an increased SBR volume fraction compared to the other materials, which have similar
densities and thus more comparable binder volume fractions (see Table 3.5).

Table 3.5: Overview of the SBR volume fraction in the dry electrode for the investigated active mate-
rial systems. Since adhesion strength is primarily governed by the SBR binder, the corre-
sponding binder volume fraction reported to enable a direct comparison between materials.
Differences in active material density result in notable variations of the SBR volume frac-
tion in the dry electrode.

Name Volume fraction SBR binder / % (m® m)

LFP 11
PBA 7
Graphite 8
HC 7

This increased binder availability likely contributes to the higher adhesion strength of LFP
and may additionally reduce the sensitivity to binder migration during drying. In the context
of industrial electrode production, where high drying rates are required (see Section 3.2), it
is therefore essential to distinguish between material-independent and material-specific ef-
fects on binder migration. In particular, the identification of relevant particle properties
governing these effects remains a key objective.

Figure 3.7 shows the normalized adhesion strength as a function of drying rate for elec-
trodes with fixed areal capacity. Normalization is based on the reference adhesion strength
shown in Figure 3.6 to isolate the effect of binder migration.
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Figure 3.7:  Normalized adhesion strength for electrodes containing different active materials and increas-
ing drying rate. The drying rate was adjusted by varying the temperature of the heated plate
and the drying air, while maintaining a constant heat-transfer coefficient of the slot nozzle
dryer. The impact of binder migration varies depending on the material system used. Graphite
shows the often observed phenomenon of decreasing adhesion strength with increasing drying
rate (binder migration). In particular, electrodes with HC as the active material do not show
decreasing adhesion strength with increasing drying rate.

When increasing the drying rate, the material-dependent nature of binder migration be-
comes evident. For graphite and LFP electrodes, increasing drying rates result in a pro-
nounced reduction in adhesion strength, indicating significant binder migration. In contrast,
HC electrodes do not exhibit a reduction in adhesion strength, despite having a lower ab-
solute adhesion strength than LFP (see Figure 3.6). This demonstrates that absolute adhe-
sion strength alone is not a sufficient indicator of binder fixation. Furthermore, HC and
graphite exhibit similar SBR volume fractions, yet show markedly different behavior with
respect to binder migration, indicating that the influence of binder volume fraction can be
considered negligible in this context.

In addition, for LFP electrodes binder migration occurs once a critical drying rate is ex-
ceeded, suggesting that capillary forces must surpass a threshold to overcome binder fixa-
tion. These findings emphasize that binder migration sensitivity is governed by the balance
between capillary transport and binder fixation rather than by adhesion strength alone. This
supports the hypothesis that affinity between binder and active material plays a decisive
role in determining binder migration sensitivity.

Furthermore, the results suggest a particle-size-dependent mechanism. The smaller particle
size of HC compared to LFP and graphite appears to reduce sensitivity to binder migration,
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requiring higher drying rates to induce binder transport. This result leads to the hypothesis
that decreasing particle size increases the resistance of binder transport. To investigate this
effect systematically, HC electrodes with particle size variations are examined in the sub-
sequent Chapter 4. This approach additionally ensures that superimposed effects arising
from differences in active material density are excluded.

3.3 Conclusion

This chapter systematically evaluates the extent to which SIBs can be regarded as a drop-
in technology relative to LIBs under realistic manufacturing conditions. The focus is on
manufacturing-oriented analysis that examines the role of active material properties along
the electrode production chain. The objective is to identify material-dependent process lim-
itations and to consolidate them into consistent active material-process-microstructure-
property relationships.

Starting from industrial LIB electrode manufacturing practice, it is shown that key perfor-
mance indicators such as production speed, drying time, and plant footprint are largely
limited by the drying process. Even small differences in required drying time directly trans-
late into significant changes in dryer length or achievable line speed. Against this back-
ground, the widely held assumption that LIB process conditions can be directly transferred
to SIB electrode manufacturing is critically assessed.

The comparative analysis is based on strictly controlled and identical processing conditions
for LIB and SIB electrodes. Graphite and hard carbon are investigated as anode materials,
while LFP and a PBA are studied as cathode materials, all processed using a water-based
CMC/SBR binder system. This systematic approach ensures that observed differences can
be unambiguously attributed to intrinsic active material properties.

One central finding is that the specific capacity of the active materials constitutes a domi-
nant process parameter. Due to their lower specific capacities, the investigated SIB materi-
als require higher areal mass loadings at identical areal capacities, which inevitably results
in longer drying times. This relationship is fundamental and independent of the applied
drying rate. Although higher drying rates reduce absolute differences in drying time, the
material-related process disadvantage of SIB electrodes persists. From an industrial per-
spective, this necessitates either higher drying rates or longer dryers, thereby challenging
the notion of true drop-in capability already at the level of process dimensioning.

Increasing the solid content of the slurry is discussed as an alternative strategy to compen-
sate for longer drying times, as it reduces solvent loading. However, this approach directly
increases slurry viscosity, highlighting slurry rheology as a critical link between active ma-
terial properties and process feasibility. Despite identical solid contents, SIB slurries exhibit
significantly higher viscosities at low shear rates than their LIB counterparts. These differ-
ences are attributed to a combination of lower particle density, smaller particle size, higher
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specific surface area, and less favorable particle morphology, all of which increase the ac-
tive material volume fraction and flow resistance.

From a processing perspective, these viscosity differences are ambivalent. On the one hand,
all investigated slurries remain processable due to pronounced shear-thinning behavior. On
the other hand, elevated low-shear viscosities restrict pumpability, degassing, and process
stability, potentially requiring adaptations in equipment design or operating conditions.
Consequently, even seemingly straightforward process adjustments intended to mitigate
drying-related limitations introduce additional manufacturing constraints.

With regard to drying-induced microstructure evolution, the chapter provides a key gener-
alizable result: for all investigated material systems, pore breakthrough occurs exactly at
the end of film shrinkage. Despite pronounced differences in solvent content and pore-
network viscosity at the end of film shrinkage, no material-dependent temporal shift in the
onset of pore breakthrough is observed. This demonstrates that capillary forces dominate
over viscous resistance during drying, and that the initiation of binder migration is not gov-
erned by slurry or pore-network viscosity. This finding experimentally challenges a com-
mon assumption in the literature.

While the onset of binder migration is thus shown to be material-independent, the extent of
binder migration is strongly material-dependent. Adhesion strength measurements reveal
that absolute adhesion strength alone is not a reliable indicator of binder migration sensi-
tivity. LFP electrodes, despite exhibiting high adhesion strength, show pronounced binder
migration once a critical drying rate is exceeded, whereas hard carbon electrodes display
little sensitivity to increased drying rates. Since differences in binder volume fraction can-
not explain this behavior, binder-active material affinity and particle size are identified as
decisive parameters. This insight provides the conceptual basis for the systematic investi-
gation of particle size effects presented in the subsequent chapter.

In summary, this chapter demonstrates that the drop-in capability of SIB electrode manu-
facturing is not limited by individual process parameters, but by interconnected active ma-
terial-process-microstructure-property relationships. Due to their intrinsic material proper-
ties, SIB electrodes require adapted process strategies, and a direct transfer of established
LIB manufacturing conditions under drying-limited regimes is not feasible.

The findings of this chapter clearly indicate that the industrial implementation of SIB tech-
nology is less a question of machine compatibility than of material-specific process design.
Future work should therefore focus on developing process windows that explicitly account
for active-material-dependent constraints rather than pursuing a uniform transfer of LIB
manufacturing strategies.
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A key lever lies in the targeted modification of particle properties, particularly particle size,
to reduce sensitivity to binder migration without excessively compromising slurry pro-
cessability. This represents a promising design space at the interface between active mate-
rial engineering and process optimization.

In the long term, the active material-process-microstructure-property relationships identi-
fied in this chapter extend beyond LIB and SIB systems. For future post-lithium battery
technologies characterized by lower specific capacities and increasingly complex particle
architectures, the coupled design of active materials and manufacturing processes will be-
come a decisive competitive factor. The framework established here provides a robust con-
ceptual foundation for such developments.

The subsequent chapter builds directly on these insights by systematically isolating and
varying individual material parameters, most notably particle size, and investigating their
specific impact on drying behavior, binder migration, and resulting electrode properties.
This marks the transition from comparative analysis towards targeted material and process
optimization.
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on Binder Migration

Enhancing the efficiency of industrial electrode manufacturing requires strategies that en-
able accelerated drying, thereby increasing production throughput or reducing the neces-
sary dryer length. However, existing literature demonstrates that fast drying can induce
binder migration, which in turn leads to degradation of electrode properties (see Section
1.3.1). As a result, either slower drying must be employed, or the individual drying zones
must be specifically adapted to the mechanisms governing microstructure formation.

The preceding sections have shown that the intensity of binder migration is not universal
but strongly depends on the active material used. In particular, the investigations conducted
in Section 3.2.5 indicate that particle size exerts a key role. Nevertheless, this phenomenon
may additionally be affected by other material-specific factors, such as chemical composi-
tion or particle morphology. It is evident that further systematic research is required in order
to establish a more comprehensive understanding of the interrelations between active ma-
terial properties, process conditions, and resulting electrode microstructure and properties.

Given this background, the objective of this section is to analyze the correlation between
particle size and binder migration under fast drying conditions for water-based slurries with
the CMC/SBR binder system. To isolate the particle-size effect and mitigate influences
from differing active materials or particle morphologies, the investigation focuses exclu-
sively on HC as active material. The broader applicability of the identified particle-size
effects is further demonstrated for LFP in the Appendix 11.6. This targeted approach ena-
bles a deeper understanding of the complex interplay between material, process conditions,
and the resulting microstructure formation and binder migration. The findings provide
novel insights into the drying mechanism as a function of the particle size, drying condi-
tions, and particle-binder interactions, thereby extending the current state of knowledge.
Moreover, this work presents the first systematic comparison of ionic resistance and adhe-
sion strength as a function of drying rate for water-based electrodes.’

i The results and discussion in this chapter are part from the following publication by the author:'* Klemens, J.; Schnei-
der, L.; Burger, D.; Zimmerer, N.; Miiller, M.; Bauer, W.; Ehrenberg, H.; Scharfer, P.; Schabel, W. (2023): Process and
Drying Behavior Toward Higher Drying Rates of Hard Carbon Anodes for Sodium-lon Batteries with Different Particle
Sizes: An Experimental Study in Comparison to Graphite for Lithium-lon-Batteries. In: Energy Technol., DOI:
10.1002/ente.202300338.

65



4 Influence of Particle Size and Fast Drying on Binder Migration

4.1 Motivation and State of the Art

The existing literature identifies a range of potential factors that may affect binder migra-
tion as a function of active-material properties. Reported influences include changes in
pore-emptying behavior, variations in particle shape and size, and the complex interactions
between CMC, SBR, and the particles present in the slurry. However, it is important to note
that previous studies often involve and discuss multiple overlapping effects, making it dif-
ficult to isolate the contribution of individual parameters.

Therefore, the aim of this chapter is to investigate the influence of particle size in an isolated
manner and thereby identify a key mechanism underlying binder migration. A particularly
promising hypothesis attributes the material-dependent migration behavior to variations in
the interactions between CMC and SBR, which therefore serve as the conceptual founda-
tion of the following analysis.

To develop a mechanistic understanding, this chapter first examines the interactions be-
tween CMC and SBR in the absence of additional particles, with particular emphasis on the
relevance of the CMC overlap concentration. The overlap concentration describes the crit-
ical polymer concentration at which a polymer solution begins to form an interconnected
network. Below this threshold, polymer chains behave largely independently in the dilute
regime, whereas above the overlap concentration significant chain entanglement and coop-
erative interactions occurs, leading to pronounced changes in rheological and transport
properties.

Subsequently, the analysis demonstrates how the introduction of active-material particles
modifies these interactions and how particle-binder interactions influence binder migration.
This systematic approach highlights the scientific importance of the investigations pre-
sented in this work.

Interaction between CMC and SBR and the significance of CMC-overlap concentra-
tion

The use of the multicomponent binder system consisting of CMC and SBR significantly
increases the complexity of slurry interactions compared with the single-component PVDF
binder, as both CMC and SBR can move independently and exhibit distinct interaction
mechanisms. A key contribution to the fundamental understanding of these processes is
provided by Lim et al.*°, who investigated the drying of CMC-water solutions while var-
ying the CMC concentration and adding SBR-like latex particles (without active material).

To assess the potential accumulation of latex particles before the end of film shrinkage, the
authors employed the dimensionless Peclet number as well as the sedimentation number.
The Peclet number, calculated using the Stokes-Einstein relation®'?, estimates particle dif-
fusivity in liquids.t*2-114 However, this approach is only valid for highly dilute polymer
solutions and fails at higher polymer concentrations due to macromolecular effects such as
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chain entanglement. While an accumulation of latex at the film surface was shown to be
theoretically possible, experimental observations revealed that this behavior strongly de-
pends on the CMC concentration. Once the overlap concentration is exceeded, entangle-
ment of the CMC chains leads to immobilization of the latex particles, indicating strong
interactions between CMC and latex.

In the context of battery-electrode slurries, however, the inherent capillary network formed
by the active material must also be considered. Lim et al. demonstrated therefore that the
addition of graphite particles and the resulting porous microstructure induce latex migration
even when the CMC-water solution is above the overlap concentration. Although the binder
is immobilized by CMC-polymer entanglement, it can become remobilized through capil-
lary-driven flow within the porous network. Whether CMC itself undergoes significant
movement in drying slurries remains an open question.!*®

In this context, the following section examines how binder migration can be suppressed
despite capillary flow and clarifies the role of CMC-active material interactions in this pro-
cess.

Suppressed binder migration by binder-system and particle interactions

One possible explanation for the resistance to binder migration in water-based electrode
formulations is the specific interaction of CMC under the influence of active material par-
ticles. Studies on the microstructure formation of graphite anodes demonstrate that poly-
meric CMC forms a network within the dried electrode, and that its immobilization is
strongly affected by the surface chemistry of the active material.}”*161" Chang et al.*'®
showed that CMC can be immobilized depending on the surface properties, suggesting that
functional groups of the polymer form specific bonds with the particle surface during
drying.118

Rheological investigations of graphite slurries further indicate that increasing the CMC
concentration enhances the amount of CMC adsorbed onto graphite particles.!*® Factors
influencing this adsorption include the degree of substitution of hydrogen in the hydroxyl
groups by carboxymethyl groups and the molecular weight of the polymer.'?° Cryogenic
broad ion beam scanning electron microscopy (cryo BIB SEM) images consistently show
that CMC adsorbs onto active material surfaces and simultaneously SBR binder adheres to
the fixated CMC.?° These findings align with the results of Lim et al.1*°, who demonstrated
that latex particles can be immobilized within the CMC network depending on the polymer
concentration.

In the context of binder migration in battery slurries, additional studies investigated the
drying behavior of graphite slurries with varying particle morphologies and mixing inten-
sities.” These studies revealed that spherical, comparatively smaller particles as well as
intensively mixed slurries (e.g., prepared with a kneader) exhibit reduced binder migration
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as the drying rate increases. Proposed explanations include stronger particle-CMC interac-
tions and a higher number of particle contacts, both of which increase the potential bonding
sites between the CMC/SBR network and the active material. Thus, resulting in less pro-
nounced SBR binder migration during drying.}” However, these studies did not allow for
universal conclusions, as several influencing factors, such as particle morphology, mixing
procedures, and material properties, were superimposed.

Building on the limitations identified in previous studies, particularly the overlap of multi-
ple influencing factors, the present work aims to isolate the specific effect of particle size
on binder migration in water-based systems. For this purpose, Hard Carbon from the same
manufacturer was selected in distinct particle size classes, ensuring a controlled comparison
without material-specific variability. Electrode fabrication was carried out using identical
slurry formulations, consistent mixing procedures, controlled drying conditions, and stand-
ardized characterization methods to eliminate additional sources of variation.

To further substantiate that the observed phenomena arise from the synergistic behavior of
the CMC/SBR binder system, complementary drying experiments were conducted using
PVDF as a reference binder (see Appendix 11.5.5). This reference system offers a crucial
benchmark for differentiating between particle-size-driven effects and binder-chemistry-
driven mechanisms.

The following section presents results of these systematically designed experiments and
discusses how particle size governs rheological behavior, binder migration, adhesion
strength, and ionic resistance under well-defined drying conditions. Additionally, the in-
vestigation extends to the exploration of whether the sensitivity to binder migration can be
influenced by the particle size of the material system utilized. The study will examine
whether the use of smaller particle sizes of the active material can shift the threshold of
drying rate that is needed to move the binder. These findings would imply a substantial role
for particle size. The following section presents the experimental methodology and results
that form the basis for evaluating this hypothesis.

4.2 Results and Discussion

The processing of HC active material with systematically varied particle sizes is investi-
gated. The central objective is to determine how different particle sizes influences electrode
processing, from rheological behavior to microstructure formation and binder migration
during fast drying.

To address this question, rheological investigation is complemented by stability measure-
ments, enabling a quantitative correlation between slurry properties and binder migration
behavior. To facilitate a more comprehensive comparison, measurements of the rheological
behavior of graphite slurry and the adhesion strength of graphite electrodes at increasing
drying rates are also included. This methodological approach allows a comparative analysis
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of the influence under identical electrode compositions, solid contents, and drying condi-
tions. The combined evaluation of rheological, stability, and adhesion strength data pro-
vides the basis for identifying correlations and facilitate predictive trends for binder migra-
tion behavior.

To further elucidate the relationship between particle characteristics, slurry flow behavior,
and binder migration, a detailed analysis of the active material particle properties is pre-
sented in the following section. An analysis of graphite particles and a comparison with HC
particles has already been prodived in Chapter 3.

4.2.1 Particle Properties

For the comparative investigation of different particle sizes on electrode processing and
binder migration behavior, HC active materials were obtained from the same manufacturer
and differ primarily in their particle size and size distribution. The SEM images below
illustrate the variation in particle size.

X &

HC-A (x50 =3.7 pm) HC-B (X50=5.0 pm) HC-C (x50 =9.4 um)

Figure 4.1: SEM images of three HC active material powders with systematically varied particle sizes.®
All HC materials exhibit an irregular, granular particle morphology. The corresponding particle
size distributions are shown in Appendix 11.5.1.

The HC particles have an irregular, granular shape and differ in particle size. The particle
size, the specific surface area, and the density (measured by gas pycnometry) of the parti-
cles are shown in Table 4.1. The specific surface area decreases as the particle diameter
increases. In addition to electrode processing and binder migration, the size and specific
surface area of the particles have a significant impact on the electrochemical performance.)

I The influence of SEI formation on the electrochemical performance for graphite with different particle sizes is dis-
cussed in the literature. Due to a higher active surface area, the performance of the cell is affected by a non-reversible
lithium-loss during the formation of the Solid Electrolyte Interphase (SEI).*2* The smaller particle size of HC-A parti-
cles leads as well to a higher capacity loss due to SEI formation compared to HC-C particles (see Appendix 11.5.9). In
turn, the larger particles show a higher overpotential. More detail on the influence of particle size on the voltage profile
during charging and discharging of HC electrodes in half cells against sodium metal can be found in the Appendix
11.5.9.
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Table 4.1: Overview of the particle properties of the investigated HC materials. The distribution of particle size is
illustrated in the Appendix 11.5.1.

Name Median particle size  Specific surface area Material density

Xs0 / pm BET /m?g* / kgm3
HC-A 3.7 9.83+0.12 1949 + 3
HC-B 5.0 4.99 £+ 0.05 2069 + 2
HC-C 9.4 3.46 + 0.04 2062 + 2

These morphological differences form the basis for the particle size—dependent rheological
behavior discussed in the following section, and, given the comparable particle shape and
density of the three HC materials, the rheological investigation is designed to isolate parti-
cle size effects.

4.2.2 Slurry Viscosity Profile and Slurry Stability

The influence of HC particle size on rheology was systematically investigated using slurries
with identical solid content, electrode composition, manufacturing procedures, and mixing
parameters. This approach ensured that observed differences in rheology, electrode micro-
structure, and binder migration could be attributed primarily to particle size effects.

Viscosity profile

Figure 4.2 presents the viscosity of HC slurries containing different HC particle sizes as a
function of shear rate in a double logarithmic plot, along with a graphite slurry as a refer-
ence.
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Figure 4.2:  Viscosity as a function of shear rate for HC slurries with different mean particle sizes (HC-A:
Xs0 = 3.7 um, HC-B: Xs0 = 5.0 um, HC-C: Xs0 = 9.4 um) and a graphite slurry (xso = 18.4 um),
prepared with identical dry composition, water content, and mixing procedure. Smaller particle
sizes lead to higher viscosities at low shear rates (0.1 s%), while the viscosities of all slurries
converge and become nearly identical at higher shear rates (> 50 s), indicating a negligible
influence of particle size in this regime.

Distinct differences are evident in the low shear-rate regime, where the HC-A slurry exhib-
its the highest viscosity, followed by HC-B and HC-C. The increased viscosity of HC-A
can be attributed to its smaller particle size and correspondingly higher specific surface
area, which intensifies particle-particle and particle-polymer interactions.®’

In contrast, the lower viscosity of the HC-C slurry at low shear rates is likely related not
only to its larger particle size but also to its broader particle size distribution, which likely
facilitates more efficient particle packing and contributes to the lower viscosity observed
at low shear rates. At shear rates above 50 s, the viscosities of all HC slurries and the
graphite slurry converge, indicating shear-induced structure breakdown and reflecting the
identical solid content and CMC concentration.

A further distinction between HC-A and HC-B in comparison to HC-C and graphite may
relate to the stability behavior of the slurries, which can subsequently affect viscosity. This
has been investigated by frequency sweep measurements.

Slurry stability

To further assess slurry stability, oscillatory rheological measurements were conduced.
These analyses were conducted to evaluate the tendency for sedimentation and to charac-
terize the slurry's structural strength. The objective of this analysis is to illustrate the impact
of varying particle sizes on the polymer-particle network that is formed in water-based
CMC/SBR electrode slurries, which could be particularly relevant for evaluating binder
migration effects.
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Prior to the frequency sweeps, amplitude sweeps at an angular frequency of 1 s were per-
formed to determine the linear viscoelastic range. Based on these results, an appropriate
deformation amplitude was selected. During the frequency sweep, the loss modulus G*
and the storage modulus G were determined. The phase shift angle as a function of fre-
quency is presented in Figure 4.3.
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Figure 4.3:  Phase angle as a function of frequency measured at a deformation of 1 % for all investigated
slurries (Graphite, HC-A, HC-B, HC-C). The phase angle derived from the ratio of storage and
loss moduls is used to classify the rheological behavior as gel-like (phase angle <45°) and lig-
uid-like (phase angle >45°).

The rheological characterization reveals a clear distinction between the investigated slur-
ries. HC-A and HC-B slurries exhibit gel-like behavior, while HC-C and graphite slurries
show predominantly liquid-like characteristics. The gel-like behavior of HC-A and HC-B
is accompanied by increased viscosity at low shear rates and lower phase angles. This be-
havior is attributed to pronounced particle-particle interactions and an increased number
between CMC-polymer and the active material particles.

The observed particle-size-dependent trend for HC slurries is consistent across both vis-
cosity and phase angle analysis. Smaller particles promote the formation of a more inter-
connected polymer-particle network, which suggests enhanced bridging of the CMC be-
tween neighboring particles within the slurry. In contrast, larger particles reduce the nuber
ob available interaction sites per unit volume, resulting in a weaker network structure and
a more liquid-like response.

From a drying perspective, such an enhanced bridging of the CMC network may limit the
mobility of the SBR binder, assuming attractive interactions between CMC and SBR. As a
result, capillary-driven binder migration during drying is expected to be suppressed for
slurries exhibiting more gel-like behavior, particularly in the case of HC-A and HC-B. This
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discussion will be expanded upon in Section 4.2.4 within the context of binder migration
investigation.

In assessing binder migration as a function of mean particle size, it is first necessary to
determine whether an increase in drying rate induce changes in electrode microstructure.
Very high drying rates intensify the driving forces during solvent evaporation and micro-
structure formation and could potentially alter pore network formation and pore-size distri-
bution.

4.2.3 Electrode Microstructure: Influence of Particle Size and Drying
Rate

To characterize the microstructure in this section and binder migration during fast drying
in Section 4.2.4, the HC electrodes were produced under identical processing conditions.
The drying rate during electrode manufacturing was systematically varied between 0.75
and 9 g ms%, For an average areal mass loading of about 81 g m for the dry HC electrodes
(see Table 4.2), the drying time can be reduced from 142 s to only 12 s in the drying rate
range investigated. This represents a reduction in drying time of more than 90 %, highlight-
ing the substantial potential for increasing production throughput, as long as the electrode
properties remain unaffected.

The present investigation addresses two central aspects: the influence of particle size and
the effect of very high drying rate on the resulting electrode microstructure. Theoretical
considerations for monodisperse spherical packings suggest that macroscopic structural pa-
rameters such as porosity are independent of particle size. However, real electrode systems
deviate from this idealization due to particle-size distribution, irregular particle shapes and
interparticle interactions (e.g., agglomeration). Consequently, no general prediction of po-
rosity as a function of particle size can be made.

Table 4.2 summarizes the dry film thickness, areal mass loading, and electrode porosity of
HC electrodes. The geometric porosity was calculated from the areal mass loading, the
density of the dry mixture, and dry film thickness and was validated by mercury intrusion
porosimetry (Appendix 11.5.3). The values listed in Table 4.2 represent the mean values
derived from all electrodes produced across the investigated drying-rate range. As shown
in Appendix 11.5.3, the porosity of the electrodes and the pore-size distribution do not
change by drying with increasing drying rate.

k The data reveals a significant deviation, which can be attributed to the presence of closed pores in the active mate-
rial.122 These findings are further supported by the observation of SEM cross-sectional images (see Appendix 11.5.3).
I'In the context of monodisperse spherical packings, it can be deduced from geometric principles that porosity is inde-
pendent of particle size. The ratio of sphere volume to intersphere space remains constant when the sizes of the spheres
are scaled.
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Table 4.2: Dry film thickness, areal mass loading, and electrode porosity of non-calendered HC elec-
trodes. The electrode thickness was kept approximately constant to exclude thickness ef-
fects on binder migration.8%% Values represent averages over all electrodes produced at
drying rates of 0.75to 9 g m2s%.

Name  Dry film thickness/  Areal mass loading/  Electrode porosity /

pm gm? %
HC-A 93+1 84+1 52+1
HC-B 93+1 80+1 56+1
HC-C 94+1 7941 5811

In contrast, the results in Table 4.2 reveal a clear increase in electrode porosity with in-
creasing particle size. SEM cross-sectional images of the HC electrodes (Figure 4.4) further
issultrate these differences: HC-A forms a dense packing with small pores, whereas the
larger particles of HC-B and HC-C lead to increasingly larger pores and higher porosity.

HC-A (X5 =3.7 um) HC-B (X5 = 5.0 um) HC-C (x5 =9.4 um)

Figure 4.4:  SEM cross-sectional images of HC-A, HC-B, and HC-C elelctrodes prepared with systemati-
cally increasing active material particle size under otherwise identical processing conditions.
All electrodes were fabricated using the same electrode composition, solid content, and mixing
procedure. The images illustrate the effect of systematically increasing particle size on elec-
trode microstructure. While HC-A forms a dense packing with small pores, HC-B and HC-C
exhibit increasingly larger pores and higher porosity. The pore size distribution is given in
Appendix 11.5.3.

The microstructural analysis confirms that the electrode microstructure is primarily gov-
erned byparticle morphology, while the drying rate does not lead to significant structural
changes in porosity or pore-size distribution.

Previous studies have suggested that variations in porosity or pore size of battery electrodes
influence the onset of pore emptying and thus the extent of binder migration during dry-
ing.5%8 However, the results presented in Section 3.2.4 demonstrate that this hypothesis
cannot be generalized across different active material systems. The pore-breakthrough pro-
cess was shown to occur simultaneously with the end of film shrinkage and to be independ-

ent of the active material used.
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This finding is corroborated by the comparative evaluation of HC electrodes with different
particle sizes presented in the Appendix 11.5.4. Although pronounced differences in mi-
crostructure are observed, no corresponding shift in pore-emptying behavior is detected.

Consequently, these results indicate that particle size-induced microstructural differences
do not directly control the onset of pore emptying and therefore cannot fully account for
binder migration effects. This separation of microstructural and transport-related phanom-
ena enables a focused investigation of binder migration depending on particle size of the
active material, which is given in the following section.

4.2.4 Binder Migration: Influence of Particle Size, Drying Rate and
Film Temperature

In this section, binder migration is analyzed using adhesion strength measurements, which
provide a quantitative measure of particle-size-dependent binder redistribution in the dried
electrodes.®%%>°! The objective is to evaluate the sensitivity of different active material sys-
tems to binder migration as a function of drying rate and particle size, and to establish a
link to the previously discussed rheological behavior.

Previous investigations (Section 3.2.5) indicated that HC-C electrodes did not exhibit de-
tectable binder migration within a limited drying-rate range. This observation led to the
hypothesis that a reduced sensitivity to binder migration reflects stronger binder fixation
within the evolving electrode microstructure. If this assumption holds, substantially higher
drying rates should be required to overcome this binder immobilization and induce migra-
tion. Therefore, HC-based slurries are dried at significantly increased drying rates in the
present study.

The drying conditions were precisely controlled to enable a systematic investigation of
drying-rate effects. The drying rate was adjusted by varying the temperature of the heated
plate and the drying air, while maintaining a constant heat-transfer coefficient of the slot
nozzle dryer. The dew point of the drying air was monitored to ensure comparable drying
conditions across all experiments. An overview of the applied drying rates and correspond-
ing drying temperatures is provided in Table 4.3. Further experimental details on the drying
setup are given in Section 2.3.1.
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Table 4.3: Overview of the applied drying rates and corresponding drying temperatues at a constant
heat-transfer coefficient of 35 W m2K%. The dew point of the supplied air ranged from 9
to 13 °C and was taken into account when setting the drying temperature for each electrode

fabrication.
Drying rate / g m?s Film temperature / °C
0.75 31
1.5 40
3 51
6 63
9 70

The analysis of the adhesion strength depending on the drying rate first focuses on HC-C
electrodes, with graphite electrodes included for comparison (Figure 4.5). Adhesion
strength values are normalized to reference values of 9 N m™ for HC-C and 14 N m™ for
graphite®,

120% —+ AHCC

- X é ; Graphite

100% + &

80% A
60% A
40%

20% +

Normalized adhesion strength / -

0% e  —

Drying rate / g m? s!

Figure 4.5:  Normalized adhesion strength as a function of drying rate for HC-C and graphite electrodes at
a constant heat transfer coefficients of 35 W m2K-1, The drying rate was varied by adjusting
the isothermal drying temperature. Graphite electrode data is taken from the literature.®* Both
graphite and HC-C electrodes exhibit a decrease in adhesion strength with increasing drying
rate, indicating binder migration under accelerated drying conditions. HC-C electrodes show a
delayed onset of adhesion degradation, indicating a moderate resistance to binder migration
compared to graphite.

Both graphite and HC-C electrodes show a decrease in adhesion strength with increasing
drying rate, indicating the occurrence of binder migration under accelerated drying condi-
tions. For graphite electrodes, this reduction occurs already at comparatively low drying
rates, reflecting a high sensitivity to capillary-driven binder transport. At higher drying
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rates, the decline in adhesion strength becomes less pronounced, suggesting that a fraction
of the binder remains immobilized and cannot be detached by further increases in capillary
transport. This behavior can be interpreted as an effective depletion of mobile binder in the
lower regions of the electrode, such that further increases in drying rate no longer lead to
additional binder redistribution. Consequently, the system approaches a limiting state in
which the remaining binder is either immobilized within the network structure or has al-
ready been transported away from the substrate-near region.

In contrast, HC-C electrodes exhibit a delayed onset of adhesion strength degradation, with
binder migration occuring only at higher drying rates. For moderate drying rates up to ap-
proximately 3 g m?s, no negative influence on the adhesion strength can be observed.
Only at higher drying rates does capillary transport become sufficient to mobilize the SBR
binder. Despite the liquid-like rhelogical behavior of HC-C slurry, this response indicates
a moderate resistance to binder migration compared to graphite, likely arising from differ-
ences in particle size and binder-particle interactions.

Subsequently, the influence of particle size is examined by comparing HC-A, HC-B, and
HC-C electrodes. Figure 4.6 shows the adhesion strength as a function of drying rate for all
HC variants and graphite®’. Adhesion strength values are normalized to reference values of
9 N m? for all HC electrodes and 14 N m™ for graphite®. The absolute adhesion strength
of the HC electrodes shows no dependence on particle size.
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Figure 4.6:  Normalized adhesion strength as a function of drying rate for graphite and HC-based electrodes
at a constant heat transfer coefficients of 35 W m2K-1, The drying rate was varied by adjusting
the isothermal drying temperature. Graphite electrode data are taken from the literature.®* HC-A
and HC-B electrodes exhibit no reduction in adhesion strength over the investigated drying-
rate range, demonstrating that a reduction in active material particle size effectively suppressed
binder migration and shifts its onset to higher drying rates.
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A fundamentally different behavior is observed for HC-A and HC-B electrodes. Despite
increasing drying rates, no reduction in adhesion strength is detected. This confirms the
hypothesis that reducing particle size suppresses binder migration and shifts its onset to
significantly higher drying rates.

This finding is consistent with the gel-like rheological behavior observed for HC-A and
HC-B slurries. Smaller partilce sizes promote the formation of a highly interconnected
CMC network through increased particle-polymer contact points, resulting in enhanced
polymer bridging and mechanical stabilization of the binder phase. Consequently, capil-
lary-driven binder transport during drying is effectively restricted, even at elevated drying
rates, enabling a broader drying process window without compromising adhesion strength.

Active material particle morphology governs slurry rheology and network formation, which
in turn determine the sensitivity of the electrode to drying-induced capillary transport and
binder migration. While gel-like rheology is an indicator of structural stabilization, the re-
sults also show that rheological descriptors alone cannot predict binder migration at a given
drying rate, as they compete with the magnitude of capillary forces induced during drying.

Additional experiments shown in Appendix 11.5.5 using PVDF as binder demonstrate that
binder migration occurs for both HC-A and HC-C at increased drying rates, confirming that
the suppression of binder migration observed for HC-A (and HC-B) is specific to the water-
based CMC/SBR binder system. This highlights the critical role of the combined interac-
tion between drying rate, particle size, CMC, and SBR in stabilizing and suppression of
binder migration.

As dicussed previously, adhesion strength measurements provide a quantitative measure of
binder redistribution in dried electrodes. To further substantate these findings, impedance
measurements under blocking conditions were performed. The impedance results confirm
the trends observed in the adhesion strength measurements (see Appendix 11.5.7). Changes
in ionic transport resistance reflect changes in the binder distribution associated with the
presence or suppression of binder migration. The combined analysis of adhesion strength
and impedance measurements establishes, for the first time, a direct correlation between
mechanical adhesion and ionic resistance for water-based-processed electrodes as a func-
tion of drying rate. This correlation provides independent evidence for drying-induced
binder migration or its suppression and highlights impedance spectroscopy as a comple-
mentary tool for assessing microstructural changes induced during electrode drying. Be-
yond binder migration, the impedance spectroscopy results also reveal a particle-size-de-
pendent effect on ionic transport. Electrodes based on smaller particles exhibit lower ionic
resistance, which can be attributed to an increased number of pores and available ion
transport pathways. However, the higher specific surface area generally also promotes ir-
reversible ion consumption during SEI formation.= Accordingly, HC-A electrodes with
smaller particle size exhibit a higher capacity loss during formation compared to HC-C
electrodes (see Appendix 11.5.9). To exploit the advantages of reduced binder migration in
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CMC/SBR-based electrodes and improved fast drying capability while mitigating the ad-
verse effects of increased surface area, processing of HC multilayer electrode architecturs
were investigated (see Appendix 11.5.8). This approach reduces the overall active material
surface area while preserving the favorable drying behavior and suppressing binder migra-
tion under elevated drying rates.

In summary, the overall findings establish a comprehensive material-microstructure-pro-
cess-property relationship for water-based electrode processing. This highlights the im-
portance of tailoring active material properties and electrode architecture for achieving ro-
bust, high-throughput electrode fabrication under fast-drying conditions.

Notably, HC-A and HC-B electrodes show in Figure 4.6 an increase in adhesion strength
with increasing drying rate, indicating an additional mechanism related to film temperature
during drying. Higher drying rates are accompanied by elevated film temperatures (see Ta-
ble 4.3), which may enhance the interaction between CMC and the active material during
the drying process'’, and potentially also affect the interaction with the SBR binder. The
following section focuses on the role of film temperature during drying depending on the
active material particle size.

Influence of Film Temperature During Drying

Previous studies on graphite anodes have shown that higher temperatures and low heat
transfer coefficient during isothermal drying can have positive effect on adhesion
strength.8991:121 This effect has not previously been reported for electrodes exhibiting sup-
pressed binder migration and is therefore investigated. The film temperature of the drying
slurry was systematically adjusted by varying the heat and mass transfer coefficients, while
maintaining the same overall drying rate. Figure 4.7 shows the different temperatures as a
function of the drying rate for different applied heat transfer coefficients.
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Figure 4.7:  Overview of the applied drying rates and corresponding drying temperatures for constant heat
transfer coefficients of 35 W m2K-* and 80 W m2K-1. The dew point of the supplied drying air
ranged from 9 to 13 °C and was considered when adjusting the drying temperatures for each
electrode fabrication.

The figure indicates a variation in film temperature of more than 10 °C at identical drying
rates. Figure 4.8 shows the effect of changing film temperature at identical drying rates on
adhesion strength, comparing HC-A, HC-C and graphite electrodes®.
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Figure 4.8:  Effect of film temperature on adhesion strength at identical drying rates for graphite®* and HC
electrodes. A systematic reduction in adhesion strength is observed at lower film temperatures
for all electrodes. Notably, HC-C electrodes no longer exhibit the previously observed suppres-
sion of binder migration at reduced film temperatures, with adhesion strength decreasing al-
ready at moderate drying rates. This demonstrates that binder migration resistance is not solely
governed by drying rate and active material particle characteristics, but is strongly influenced
by film temperature during drying.

A systematic reduction in adhesion strength is observed at lower film temperatures for all
electrodes. Particularly noteworthy is the behavior of HC-C electrodes, which no longer
exhibit the previously observed suppression of binder migration when dried at compara-
tively lower film temperatures within the investigated drying-rate range. Under these con-
ditions, a decrease in adhesion strength occurs already at moderate drying rates, indicating
that the resistance to binder migration is not exclusively governed by drying rate and the
influence of the particle system or particle morphology on the interaction with the binder
system, but is strongly influenced by film temperature. This finding emphasizes the role of
temperature-dependent interactions in controlling binder fixation during electrode drying.

To exclude annealing effects as a potential cause of the increased adhesion strength ob-
served at higher film temperatures, HC-A and HC-C electrodes were subjected to post-
drying annealing at different temperatures and subsequently characterized (Appendix
11.5.4). These results demonstrate that the observed increase in adhesion strength cannot
be attributed to annealing.

Consequently, the results in Figure 4.8 demonstrate that the film temperature during drying
represents an independent and critical process parameter. In addition to capillary transport
induced by drying rate, temperature-dependent interactions during drying significantly in-
fluence binder mobility and adhesion development. Importantly, these temperature effects
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are observed regardless of whether binder migration occurs or is suppressed, highlighting
the distinct and yet complementary roles of drying rate and film temperature in electrode
processing.

4.3 Conclusion

The electrode processing of HC particles with different particle sizes was systematically
investigated at varying drying rates and comparatively analyzed with graphite electrodes
reported in the literature under comparable conditions, including electrode compositions,
slurry preparations, electrode fabrication, and drying conditions.

The results demonstrate that binder migration during electrode drying is governed by a
coupled material-microstructure-process-property relationship. Adhesion strength meas-
urements reveal that graphite electrodes are highly sensitive to drying-rate-induced binder
migration, while HC-C electrodes exhibit a delayed onset of adhesion loss, indicating a
moderate resistance to capillary-driven binder transport. In contrast, HC-A and HC-B elec-
trodes show no degradation in adhesion strength over a wide range of drying rates, demon-
strating that binder migration can be effectively suppressed by reducing active material
particle size for CMC/SBR-based electrodes. This behavior is directly linked to the gel-like
rheology of the corresponding slurries, which arises from enhanced particle-polymer inter-
actions and the formation of a highly interconnected CMC network in the water-based
CMC/SBR binder system.

However, the study also shows that rheological descriptors alone are insufficient to predict
binder migration at a given drying rate. Binder transport results from the competition be-
tween the drying-rate-induced capillary driving force and binder immobilization within the
evolving microstructure.

In addition to drying rate, the film temperature during drying was identified as a key process
parameter. Independent of material system and particle size, higher film temperatures lead
to increased adhesion strength at identical drying rates. This effect may be attributed to
improved binder fixation to both the active material and the current collector and is not
related to annealing phenomena. These findings suggest that temperature-controlled drying
strategies may provide an additional lever to enhance electrode adhesion without promoting
binder migration.

Impedance measurements under blocking conditions further confirm the trends observed
by adhesion strength results. Variations in ionic transport resistance or electrical tortuosity
reflect the presence or suppression of binder migration. For the first time, a direct correla-
tion between adhesion strength and ionic resistance during the processing of water-based
slurry as a function of drying rate could be demonstrated.

Overall, the results of this work show that tailoring active material particle size and binder-
particle interactions enables a significant extension of the drying process window without

82



4 Influence of Particle Size and Fast Drying on Binder Migration

compromising adhesion strength. These findings provide a mechanistic basis for the robust
processing of water-based battery electrodes under fast-drying conditions and highlight the
importance of integrating material design with process optimization.

Future investigations should focus on quantitatively linking the relationship between CMC
network formation and SBR affinity to this network to enable predictive descriptions of
binder migration. In addition, it is also recommended to investigate radiation-based drying
methods to achieve higher film temperatures during drying and further enhance electrode
adhesion in industrial roll-to-roll production.
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Microstructure Development

Post-lithium batteries are attracting increasing interest as low-cost and sustainable alterna-
tives to LIBs and represent a promising application field for porous, nanostructured, and
hierarchically structured active materials. Due to the larger ionic radii of post-lithium
charge carriers, intercalation and deintercalation processes induce increased mechanical
stresses within the active material. In addition, multivalent ions typically exhibit low diffu-
sion coefficients, limiting their penetration depth into bulk materials. Consequently, na-
noscale and hierarchically structured particles are required to achieve high energy densities
and sufficient cycle life, thereby representing a viable pathway towards the commercial
implementation of postl-lithium systems.*?

Porous, nanostructured particle morphologies are therefore a targeted strategy to enhance
the long-term stability and electrochemical performance of both LIB and SIB systems.
However, these morphologies introduces new challenges at the electrode level, most nota-
bly reduced adhesion strength to the current collector and a decrease in volumetric energy
density. 1%

Nanostructured particles with accessible porosity have been shown to significantly enhance
both durability and fast-charging capability. Accordingly, such morphologies are widely
employed not only in LIB cathode materials, such as NCM and LFP, but especially in post-
lithium battery systems, including SIB cathodes based on NVP or layered oxides. The per-
formance enhancement is primarly attributed to an enlarged electrolyte-active material in-
terface and shortened diffusion paths within the particles. Furthermore, the porous structure
architecture reduces mechanical stresses during intercalation and deintercalation, thereby
improving cycle stability.'?

Despite these advantages, the electrode processing of porous active materials differs from
that of compact particles, particularly when using PVDF as binder and NMP as solvent. A
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systematic understanding of the resulting processing-related effects is therefore essential
for the successful implementation of porous particles in practical battery electrodes.™

To exploit the full potential of porous particles for SIBs and other post-lithium batteries, it
is therefore necessary to systematically investigate their processing behavior and to under-
stand component redistribution during drying in comparison to compact particles. In this
work, the relationship between drying conditions and binder distribution is analyzed by
combining adhesion strength measurements, component distribution characterization, and
electrochemical testing. Based on these results, the existing understanding of electrode dry-
ing mechanisms is extended to explicitly account for the influence of porous active mate-
rials and summarized in the form of a sequential drying mechanism.

5.1 Motivation and State of the Art

Unlike compact particles, porous active materials enable ion transport not only via solid-
state diffusion within the active material but also through the electrolyte-filled pore network
inside the particles. This distinction is partciluarly relevant when considering diffusion ki-
netics. For example, lithium-ion diffusion in NCM occurs at diffusion coefficients on the
order of 1020 - 1011 ¢m? s1,45123 whereas ion transport in typical battery electrolytes such
as LP30 reaches approximately 10 cm? s 124125 The presence of electrolyte-filled pores
therefore significantly enhances effective ion transport within porous particles.

Porous particle morphologies can be generated either by top-down or bottom-up ap-
proaches. Using a top-down strategy, Wagner et al.** optimized NCM111 by milling the
compact material to a primary particles size of approximately 450 nm, followed by spray
drying and calcination to form porous secondary particles. By tailoring the particle mor-
phology, the fast-charging capability was increased from 20 mAh g* for the original active
material to 100 mAh g* at a C-rate of 5C.

™ The results and discussion in this chapter are part from the following publication by the author:*®

Klemens, J.; Schneider, L.; Herbst, E. C.; Bohn, N.; Miiller, M.; Bauer, W.; Scharfer, P.; Schabel, W. Drying of NCM
Cathode Electrodes with Porous, Nanostructured Particles Versus Compact Solid Particles: Comparative Study of
Binder Migration as a Function of Drying Conditions. Energy Technology 2022, 2100985.
https://doi.org/10.1002/ente.202100985.

" A collaborative publication followed, investigating the ionic transport properties:*

Schneider, L.; Klemens, J.; Herbst, E. C.; Miller, M.; Scharfer, P.; Schabel, W.; Bauer, W.; Ehrenberg, H. Transport
Properties in Electrodes for Lithium-lon Batteries: Comparison of Compact versus Porous NCM Particles. J. Electro-
chem. Soc. 2022, 169 (10), 100553. https://doi.org/10.1149/1945-7111/ac9c37.

° Results on material production, electrode processing, characterization and an outlook on post-lithium systems were
summarized in an article:*

Bauer, W.; Miiller, M.; Schneider, L.; Haringer, M.; Bohn, N.; Binder, J. R.; Klemens, J.; Scharfer, P.; Schabel, W.;
Ehrenberg, H. Using Hierarchically Structured, Nanoporous Particles as Building Blocks for NCM111 Cathodes. Nano-
materials 2024, 14 (2), 134. https://doi.org/10.3390/nan014020134.
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While the electrochemical benefits of porous particles are well reported in the literature,
their impact on electrode processing has received considerably less attention. Muller et
al.1® demonstrated that electrodes composed of porous NCM exhibit significantly reduced
adhesion strength. This reduction was attributed to the penetration of binder into the porous
secondary particles. As a result, the binder is no longer fully available for adhesion at the
electrode-current collector interface. It has been demonstrated that adhesion strength can
be increased by increasing the binder content and calendering the electrodes. The binder
that infiltrated the particles holds them together, even if cracks form in the porous second-
ary particles during calendering. Therefore, the particles exhibit quasi-plastic deformation
behavior.*®

Despite these observations, the effect of binder penetration during slurry production and
the resulting drying behavior and component redistribution have not been systematically
investigated.!®

Within the POL.S research cluster, these findings motivated the investigation of SIB cath-
ode materials with optimized particle morphologies. In particular, NVP exhibits low intrin-
sic electronic conductivity, requiring either particle size reduction or the incorporation of
conductive carbon networks within the particle structure. Hierarchically structured particles
provide a promising route to combine both strategies within a single material system. Due
to ongoing optimization of NVP synthesis and limited material availability, NCM was se-
lected as a model system in this thesis, enabling a direct and controlled comparison between
compact and porous particle morphologies.

This work therefore focuses on the processing, drying, and binder migration behavior of
porous, nanostructured cathode particles relative to compact particles. A solvent-based
PVDF binder system is employed throughout the study. It is hypothesized that during slurry
preparation, both the solvent and the dissolved binder infiltrate the internal pore structure
of the porous particles and remain there during drying. As a consequence, the effective
binder concentration near the electrode—current collector interface is reduced, leading to
decreased adhesion strength and fundamentally altered drying behavior.

Prior to the author's study, it was unknown how particle morphology and the penetration of
the solvent-binder solution into the particles affect the processing of slurry and drying be-
havior at higher drying rates. The aim of this investigation is to determine the differences
in processing between the use of compact and porous particles and to expand the mecha-
nism of drying and microstructure formation taking into account particle morphology.

5.2 Results and Discussion

The comparative investigations presented in this chapter were conducted under strictly con-
trolled and identical processing conditions to isolate the influence of particle morphology.
Mixing procedures, electrode compositions, and drying parameters were kept constant
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throughout the investigations. This experimental approach enables the identification of both
universal correlations and material-specific effects. The comparative results are structured
along four central aspects of electrode manufacturing. First aim is the investigation of the
two different particle structures to link the particle properties with the latter processing and
drying behavior. Second, the influence of the open porosity of the active material on slurry
viscosity behavior is examined. Third, the binder migration behavior is investigated using
adhesion strength, electrical resistivity, electrochemical tests, and visualization method to
show the effect of binder redistribution during drying. Fourth, the investigations are sum-
mariezed and implement an additional understanding of material-dependent drying mech-
anisms. This structure enables a coherent interpretation of the comparative results and sup-
ports the derivation of material-process-microstructure-property relationships.

5.2.1 Particle Properties

For the systematic comparison of compact and porous, nanostructured particles with re-
spect to electrode processing and binder migration behavior, NCM111 was selected as cath-
ode material. A porous, nanostructured variant NCM-porous was derived from the compact
reference material NCM-compact in order to isolate the influence of particle morphology
while maintaining identical chemical composition.

The porous NCM111 particles were prepared by the Institute for Applied Materials at the
KIT following a top-down approach as described by Wagner et al.**. The compact starting
material was first milled in a stirred ball mill to achieve an average primary particle size of
approximately 297 nm. The resulting suspension was subsequently processed by spray dry-
ing to form spherical secondary particles. To enhance mechanical stability and establish a
defined internal pore structure, the spray-dried particles were calcined in hot air at 850 °C
for 5 h, during which partial sintering of the primary particles occurred.

Figure 5.1 illustrates the morphological differences between compact and porous NCM111
particles.
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Figure 5.1:  SEM images of the secondary particles of the compact NCM (A, B) and the porous NCM (C,
D). For the compact NCM, the secondary particles are granular and have a rough surface. In
addition, they show a compact structure in which the primary particles (crystal grains) are
hardly recognizable. The porous NCM shows an internally accessible porosity and the particles
have a rounded shape due to the spray drying process.

While both particle systems exhibit comparable secondary particle sizes and similar parti-
cle densities, the internal structure differs fundamentally. The porous secondary particles
exhibit an open internal pore network with an intraparticle porosity of approximately 48 %.
This internal porosity leads to a substantial increase in the specific surface area from
0.4 m2 g for NCM-compact to 2.9 m? g2, corresponding to an increase by a factor of 7.25.
Despite this pronounced difference in internal structure, the particle density determined by
gas pycnometry remains within the same order of magnitude for both materials, indicating
that the post-treatment primarily affects the internal microstructure rather than the macro-
scopic particle dimensions. An overview of the relevant particle parameters is provided in
Table 5.1.

Table 5.1: Overview of the particle parameters of NCM111 with compact or porous particles.
Mean particle BET surface Density / Secondary par-
diameter / area/ m? gt kg m? ticle porosity /
pm %
NCM111 7 0.4 4520 -
compact
NCM111 10 2.9 4700 48
porous
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The comparable particle size and density ensure that differences observed during slurry
preparation, drying, and electrode performance can be attributed predominantly to the pres-
ence of intraparticle porosity rather than to geometric or compositional effects.

To enable interpretation of the subsequent drying behavior and binder migration results, it
is essential to consider the implications of this internal porosity for slurry processing. If the
solvent penetrates into the intraparticle pore network during slurry preparation, the effec-
tive free solvent volume in the surrounding slurry phase is reduced. Consequently, the ef-
fective solids volume fraction increases, which is expected to directly affect slurry viscosity
and flow behavior. Moreover, since the PVDF binder is dissolved in the solvent, binder
infiltration into the porous particles is inherently coupled to solvent penetration. This effect
forms the basis for the hypotheses regarding altered drying behavior and binder immobili-
zation discussed in the following sections.

The internal porosity and surface characteristics of the particles are expected to directly
influence slurry rheology through solvent uptake and increased particle—particle interac-
tions. Therefore, the effect of particle morphology on slurry viscosity is examined in the
following section.

5.2.2 Slurry Viscosity Profile

To assess the influence of particle morphology on slurry processing, cathode slurries con-
taining either compact (NCM-C) or porous (NCM-P) active material particles were pre-
pared using identical compositions, mixing procedures, and solid contents of 51 wt-%. The
rheological behavior of the slurries was characterized over a wide shear rate range in order
to identify morphology-induced differences relevant for coating and drying (see Figure
5.2).

89



5 Porous, Nanostructured Cathodes: Microstructure Development

1000 4

100 +

10 +

Viscosity / Pa s

0.01 0.1 1 10 100 1000

Shear rate / s!

Figure 5.2:  Viscosity profile as a function of the shear rate for NCM-C with compact particles and NCM-P
slurry with porous nanostructured particles. Due to the morphology of the NCM-P particles,
the viscosity increases throughout the entire range of shear rate.

Both slurries exhibit pronounced shear-thinning behavior, which is characteristic for bat-
tery slurries. At low shear rates (0.01 s1), the viscosity of the slurry containing porous
particles is significantly higher (2203 * 54 Pa s) than that of the slurry with compact parti-
cles (1060 * 8 Pa s). With increasing shear rate, the viscosities of both systems decrease
and approach each other; however, even at high shear rates of 1000 s™!, the viscosity of the
NCM-P slurry remains approximately 30 % higher.

Since the particle size distributions and solid contents are comparable, the observed viscos-
ity increase must originate from differences in particle morphology. The porous NCM-P
particles possess a substantially larger specific surface area and an internal pore volume of
approximately 47 %, which enables capillary infiltration of the solvent during slurry prep-
aration. As a consequence, part of the solvent is immobilized within the intraparticle pores,
effectively increasing the solids volume fraction in the surrounding slurry phase. Due to
the porosity of the particles of almost 50 %, the relevant volume fraction of the active ma-
terial in the slurry increases by a factor of about two. This leads to enhanced particle-parti-
cle interactions and increased internal friction, thereby increasing slurry viscosity across
the entire shear rate range.

SEM cross-sectional images of dried electrodes further confirm the presence of PVDF-
binder bridges within the porous secondary particles, supporting that the solvent-binder
solution penetrates the intraparticle pore network during slurry preparation (see Figure 5.3).
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Figure 5.3:  SEM cross-sectional image of a NCM-P particle in a dried electrode. PVDF fibers and bridges
between the primary particles are visible. The binder causes additional crosslinking between
the primary particles.

Since the binder is dissolved in the solvent, it is also assumed that the binder concentration
in the pores of the particles and in the pore network between the particles is the same at the
beginning of drying and corresponds to the initial slurry concentration.

To get an impression of the different porosity areas in electrodes containing porous particles
and to link the electrode properties with the binder migration behavior, the following sec-
tion investigates the differences in electrode microstructure between NCM-C and NCM-P
electrodes.

5.2.3 Electrode Microstructure

To investigate the influence of particle morphology on electrode microstructure formation
during drying, electrodes containing either NCM-C or NCM-P particles were prepared un-
der identical processing conditions. The drying rate was systematically varied in the range
between 0.75 and 3.5 g m?s™? using isothermal drying conditions. In order to achieve a
maximum drying rate (see Section 2.3.1), the investigations were carried out at a heat trans-
fer coefficient of 80 W m2K™,

Table 5.2 shows the characteristics of electrodes containing either compact particles or po-

rous particles as active material.

Table 5.2: Dry film thickness, areal mass loading, and electrode porosity of non-calendered NCM
electrodes made with compact (NCM-C) or porous (NCM-P) particles.

Name  Dry film thickness/ Areal mass loading  Electrode porosity

um /gm? | %
NCM-C 78+1 154 + 4 51+1
NCM-P 80 + 3 105+ 4 68+ 1
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Electrodes containing porous particles exhibit a significantly higher overall porosity com-
pared to those with compact particles, which negatively affects volumetric energy density.
This topic is addressed in Chapter 6 and optimized through the use of multilayer architec-
tures.

SEM cross-sectional images of electrodes with either compact or porous active material
particles are shown in Figure 5.4.

SE2 EH02-6 kal_80_TR-1
WD = 5.0mm Photo No. = 114897 Mag= 100kx |AM-ESS/KERAMIK

10 pm EHT = 3.00 kV Signal A = SE2 EHNP15 TR=0.75 IM
WD = 6.0mm Photo No. = 116223 Mag= 150KX |AM-ESS/KERAMIK

Figure 5.4:  SEM cross-sectional image of dry electrodes with compact (upper image) or porous, nanostruc-
tured (lower image) particles.

Cross-sectional SEM images reveal that the porous particles form a highly open micro-
structure with both interparticle pores and intraparticle pores contributing to the total po-
rosity. Given the pronounced differences in pore structure and solvent retention, the pres-
ence of intraparticle porosity is expected to alter binder mobility during drying. The
following section therefore focuses on binder migration as a function of particle morphol-
ogy and drying rate.
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5.2.4 Binder Migration

Binder migration during the drying process was investigated using a combination of adhe-
sion strength measurements, electrical resistivity analysis, and electrochemical characteri-
zation. In addition, visualization of the fluorine distribution as a marker for the PVDF
binder enables a direct assessment of the spatially resolved component distribution. The
objective of these investigations is to establish a relationship between the previously dis-
cussed penetration of solvent and binder into the particles and binder migration as a func-
tion of the drying rate.

The drying conditions were systematically varied to investigate the influence of the drying
rate in a controlled manner. The drying rate was adjusted by modifying the temperature of
the heated plate and the drying air, while maintaining a constant heat-transfer coefficient
of the slot nozzle dryer. As discussed in the experimental section, the use of NMP as a
solvent resulted in different drying temperatures compared to water-based slurries. An
overview of the applied drying rates and corresponding drying temperatures is provided in
Table 5.3, and further details on the experimental setup are given in Section 2.3.1.

Table 5.3: Overview of the applied drying rates and corresponding drying temperatues at a constant
heat-transfer coefficient of 80 W m2K-.,

Drying rate / g m2s* Film temperature / °C
0.75 61
1.50 73
1.70 75
2.00 79
3.50 85

Figure 5.5 shows the relationship between adhesion strength and drying rate for electrodes
composed of either porous or compact particles.
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Figure 5.5:  Adhesion strength as a function of the drying rate for NCM-C and NCM-P electrodes. As ex-
pected, NCM-C electrodes show a decrease in adhesion strength with increasing drying rate,
indicating binder migration. NCM-P electrodes show rather low adhesion strength and, surpris-
ingly, no further decrease for higher drying rates. The particle morphology influences the
binder migration behavior.

For electrodes containing compact particles, adhesion strength decreases strongly with in-
creasing drying rate, with an overall reduction of approximately 72 % over the investigated
range. This behavior is consistent with drying-rate-induced binder migration towards the
electrode surface, resulting in binder depletion near the current collector. In contrast, elec-
trodes containing porous particles exhibit a significantly lower adhesion strength overall,
but show only a weak dependence on drying rate. This indicates that a substantial fraction
of the binder is immobilized within the intraparticle pores and does not participate in capil-
lary-driven transport during drying.

The nearly constant adhesion strength across the investigated drying rates indicates altered
binder mobility. One fraction of the binder appears to be permanently immobilized within
the porous particles and is not transported even at higher drying rates, while another fraction
is located in the interparticle pore network and is, in principle, available for capillary-driven
transport. However, due to the overall low adhesion strength, it is assumed that the absolute
binder mass in the interparticle pore space is too small for possible migration effets to be
sensitively detected by adhesion strength measurements. Thus, the sensitivity of this
method may be insufficient to identify binder migration in electrodes containing porous,
nanostructured particles.

An alternative approach for detecting inhomogeneities is the measurement of the electrical
resistivity of the electrodes. Electrical resistivity is influenced by the conductivity of the
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active and inactive components as well as by their spatial distribution and contact re-
sistances. An increase in resistivity often indicates increasing inhomogeneity in the distri-
bution of conductive additives or binder within the electrode microstructure. Figure 5.6
shows the electrical resistivity as a function of drying rate.
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Figure 5.6:  Electrical resistivity as a function of the drying rate for NCM-C and NCM-P electrodes. NCM-
C and NCM-P electrodes show an increase in resistivity with increasing drying rate.

Due to their higher porosity and lower adhesion (low contacting) to the current collector,
NCM-P electrodes exhibit higher absolute resistivity values which is consistent with find-
ings in the literature.®® For both electrode types, resistivity increases with increasing drying
rate. However, the relative increase is significantly smaller for NCM-P electrodes than for
NCM-C electrodes. This suggests that although some degree of component redistribution
occurs in both systems, electrodes with porous particles are less sensitive to high drying
rates.

The observed increase in resistivity for NCM-P electrodes was initially unexpected, as ad-
hesion strength measurements did not indicate negative effects associated with binder mi-
gration. This supports the assumption that adhesion strength measurements lack sufficient
sensitivity in this case. The stronger increase in resistivity observed for NCM-C electrodes
suggests more pronounced binder and/or additive gradients at higher drying rates. How-
ever, electrical resistivity measurements alone do not allow a clear distinction between
binder migration and conductive additive migration.>%5°

To further quantify the measured influences of electrode properties behavior as a function
of drying rate and to get a better insight into the underlying drying mechanism, energy-
dispersive X-ray spectroscopy (EDS) analyses were carried out. EDS analyses enable a
direct visualization of the spatial distribution of binder and conductive additives across the
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electrode cross-section, with fluorine serving as a marker for the PVDF binder. This ap-
proach allows the influence of particle morphology on binder migration as a function of
drying rate to be examined. Figure 5.7 shows the distributions of active material, conduc-
tive carbon additive, and fluorine in cross sections of NCM-C electrodes at the lowest and
the highest drying rate investigated.

25 pm
j————

Figure 5.7:  Carbon (A, C) and fluorine (B, D) EDS mapping of NCM-C electrodes for drying rates of
0.75gm3st (A, B) and 3.5 gm%s (C, D). For the lower drying rate, the binder and conductive
additives are located together in the pores between the active material particles. By drying at a
higher rate, a binder gradient has been developed in the electrode. There is no evidence of
migration of the conductive additives during faster drying.

The active material is composed of lithium, nickel, manganese, cobalt, and oxygen, without
any presence of carbon or fluorine. The active material is represented by dark areas and is
surrounded by the conductive additives and the PVDF binder in the interparticle pores. The
fluorine distribution indicates that fluorine is also present in the compact particles. How-
ever, the reason for this is an overlay of EDS spectra of fluorine with manganese and cobalt,
resulting in a virtually high fluorine concentration (so-called "fluorine noise").*810

At low drying rates, a homogeneous distribution of all components is observed. The fluo-
rine concentration is primarily located together with the conductive additives due to the
high specific surface area.!%%126.127 At high drying rates, however, a depletion of the PVDF
binder near the substrate and enrichment in the upper region of the electrode are evident,
which can be attributed to increased capillary suction. A possible migration of conductive
additives cannot be confirmed based on these EDS images by simple optical observation.
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This shows that PVDF binder is transported separately in the electrode structure during
drying.

Figure 5.8 shows the distribution of carbon additive and binder in electrodes containing
porous particles.

Figure 5.8:  Carbon (A, C) and fluorine (B, D) EDS mapping of NCM-P electrodes for drying rates of
0.75gm? st (A, B)and 3.5 g m?s? (C, D). The binder is located within the active material
particles, resulting in homogeneous binder distribution over the electrode cross-section. During
faster drying, the binder is evenly distributed with slighty accumulation at the top side of the
electrode.

Carbon is located in the interparticle pores between the clearly identifiable active material
particles. Idependent of the drying rate, a homogeneous carbon distribution is observed
within the interparticle pore space. The binder distribution, however, differs markedly from
that observed in electrodes containing compact particles. Individual active material parti-
cles are barely distinguishable due to the accumulation of binder within the intraparticle
pores of the porous secondary particles. This results in a homogeneous binder distribution
throughout the entire electrode cross-section without significant accumulation in the in-
terparticle pore space. Consequently, the pores between particles remain open, facilitating
ion transport and leading to significant performance advantages. Even at high drying rates,
the binder distribution remains largely homogeneous, although a slight enrichment in the
upper region of the electrode is observed. The binder is present with the conductive additive
and may therefore be misleading in appearance. However, a slightly binder redistribution
would be consistent with the electrical resistivity measurements.
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The measured increase in electrical resistivity for electrodes with porous particles raises
the question of whether this increase is electrochemically relevant. To address this, half-
cells containing electrodes composed of compact or porous particles were tested at different

C-rates (Figure 5.9).
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Figure 5.9:  Comparison of the specific discharge capacity for cathodes with either NCM-C or NCM-P
particles dried at lower and higher drying rate. For electrodes with compact particles, the ex-
pected behavior of decreasing C-rate capability due to binder migration is observed. In any
case, electrodes with porous particles have a higher C-rate capability than electrodes with com-
pact particles. In addition, it can be seen that there is no reduction in C-rate capability for elec-
trodes manufactured with a higher drying rate.

For NCM-C cathodes, increasesing the drying rate leads to a pronounced reduction in C-
rate capability. At a C-rate of 5C, the discharge capacity decreases by approximately 63 %.
The pronounced binder concentration gradient observed with increasing drying rate has led
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to an increase in resistivities, resulting in a reduction in C-rate capability. The accumulation
of binder between particles has caused the pores to become clogged. The binder on the
surface of the active material in the upper region of the electrode may increase the charge
transfer resistance and enlarge the ion transport tortuosity for the lithium ions within the
electrode porosity due to a reduced active exchange surface. These resistances increase the
overpotential within the cell, the cut-off voltage is reached earlier, resulting in a lower dis-
charge capacity.

In contrast, electrodes containing porous particles exhibit only a weak dependence of C-
rate capability on drying rate. Even at the highest drying rate, a capacity of approximately
85 mAh gt is achieved at 5C, corresponding to a 133 % higher capacity compared to NCM-
C electrodes under the same conditions. The increased electrical resistivity does not result
in performance limitations in this case, likely due to additional ionic transport pathways
within the porous particles and the absence of binder-induced pore clogging in the interpar-
ticle pore network.

In summary, the results along the entire process chain demonstrate that the use of porous,
nanostructured particles leads to a fundamentally different drying mechanism compared to
conventional compact particles. The combined observations from adhesion strength meas-
urements, electrical resistivity analysis, electrochemical characterization, and component
distribution analyses cannot be fully explained by established drying models. These find-
ings are consolidated into a sequential drying mechanism, which is presented and discussed
in detail in the following section.

5.2.5 Sequential Drying Mechanism

Based on the experimental observations, a sequential drying mechanism is proposed for
electrodes containing porous active material particles and using solvent-based binder as
PVDF. During the slurry preparation process, the intraparticle pores of the active material
are infiltrated with the solvent and dissolved PVDF binder by the capillary action of the
small pore size within the particles. During the entire drying process, the conductive addi-
tives are located exclusively between the active material particles. Since no migration of
conductive additives was detected, they are ignored in the visualization.

At the onset of drying, both the intraparticle and interparticle pore networks are fully satu-
rated with solvent. As solvent evaporation proceeds, the wet film shrinkgs until particle
rearrangement is no longer possible and the final film thickness is reached. This initial
situation and the drying progress are shown in Figure 5.10.
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Figure 5.10: After film shrinkage, the capillary network between the active material particles (interparticle
pores) empties. The active material pores remain filled due to capillary action. Emptying of
porous particles starts when surrounding interparticle pores are emptied. Otherwise, the amount
of evaporating solvent would be balanced by further uptake of solvent from another pore. Due
to the immobilization of the solvent and binder in the small pores of the active material, the
binder distribution over the electrode cross section is homogeneously distributed.

Subsequently, emptying of the interparticle capillary network begins. Larger capillaries
empty first, while smaller capillaries remain filled and maintain a wet electrode surface.
During this stage, binder can be transported towards the electrode surface by capillary lig-
uid flow. However, the intraparticle pores remain filled due to their significantly higher
capillary pressure, immobilizing a substantial fraction of the binder. The immobilized part
of the binder and solvent does not take part in the emptying of the interparticle capillary
network.

Solvent removal from the intraparticle pores can only occur once the connection to the
surrounding solvent-filled pore netwok is lost. Otherwise, the amount of evaporating sol-
vent would be balanced by further uptake of solvent from another pore. At this stage, sol-
vent evaporates at the pore surface of the porous particles and is transported through the
interparticle pores in the gas phase. This leads to a resistance within the electrode micro-
structure in addition to the resistance in the gas phase outside the electrode. This mechanism
thus corresponds to a second drying stage with a reduced drying rate.

5.3 Conclusion

This chapter provides a comprehensive analysis of how porous, nanostructured cathode
particles influence the entire electrode manufacturing chain for LIBs, ranging from slurry
preparation and drying behavior to the resulting microstructure and electrochemical perfor-
mance. Against the backdrop of emerging post-lithium battery systems, which increasingly
rely on hierarchically structured and nanoscale active materials, this work addresses the
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role of particle morphology as a unifying link between material design, process control,
and electrode functionality.

By employing a strictly comparative experimental approach using compact and porous
NCM111 particles of identical chemical composition, morphology-induced effects could
be clearly isolated. The high intraparticle porosity and strongly increased specific surface
area of the porous particles act as the initiator for a series of coupled effects that propagate
consistently along the entire electrode manufacturing chain. Already at the slurry level, it
becomes evident that porous particles fundamentally alter rheological behavior. Capillary
uptake of solvent and dissolved binder into intraparticle pores reduces the amount of freely
available liquid, effectively increases the solids volume fraction, and leads to a pronounced
increase in viscosity over the entire shear-rate range. This shows a clear active-material-
process relationship, and demonstrates that porous active materials cannot be regarded as a
purely geometric modification, but instead fundamentally changes the physical basis of
slurry processing.

This early interaction between particle morphology, binder, and solvent decisively governs
microstructure evolution during drying. While in electrodes composed of compact particles
the binder predominantly resides within the interparticle pore network, a substantial frac-
tion of the binder in electrodes containing porous particles becomes immobilized within
intraparticle pores. This immobilization results in reduced effective binder availability at
the current collector interface and consequently lower adhesion strength.

Adhesion strength measurements reveal a strong sensitivity to drying rate for electrodes
containing compact particles, which can be attributed to capillary-driven binder transport
and binder depletion in the current-collector region. In contrast, electrodes with porous par-
ticles exhibit nearly constant adhesion strength across a wide processing window, even
though at a lower absolute level. At the same time, these results indicate that adhesion
strength alone is not a sufficiently sensitive measure for detecting binder redistribution in
electrodes using porous, nanostructured particles. Electrical resistivity measurements pro-
vide a more sensitive measure and demonstrate that electrodes with porous particles show
binder migration. EDS analyses show that electrodes containing porous particles maintain
a largely homogeneous binder distribution, whereas electrodes with compact particles de-
velop pronounced concentration gradients.

The infiltration and immobilization of binder within porous particles lead to reduced adhe-
sion strength and a higher electrical resistivity compared to electrodes containing compact
particles. However, this immobilization leads to homogeneous binder distribution, less
clogging of interparticle pores, and significantly improved C-rate capability, even at higher
drying rates.

Based on these experimental findings, a sequential, particle-morphology-dependent drying
mechanism is proposed. In an initial stage, drying is dominated by capillary-driven empty-
ing of the interparticle pore network, while intraparticle pores remain filled due to their
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significantly higher capillary pressure, thereby effectively immobilizing binder wihtin the
porous particles. Only in a subsequent stage does solvent removal from the intraparticle
pores occur via evaporation at the particle surface and gas-phase transport through the in-
terparticle pores. This extended model builds upon established drying mechanisms by ex-
plicitly accounting for the presence of porous active materials and provides a consistent
mechanistic explanation for the observed differences in binder distribution and electrode
performance.

In summary, this chapter demonstrates that porous, nanostructured active materials exert
an influence far beyond their electrochemical function and fundamentally redefine the pro-
cess-microstructure-property relationships in battery electrode manufacturing. The mor-
phology of the particles is identified as a pivotal design parameter that exerts a significant
influence on various parameters, including processability, drying mechanism, binder dis-
tribution, and the properties of electrodes. These findings underscore that the realization of
high-performance and robust electrode manufacturing for future battery generations re-
quires a strategic integration of active material development and process engineering.

Despite the demonstrated electrochemical advantages, the reduced adhesion strength and
lower volumetric energy density of electrodes containing porous particles remain key chal-
lenges. A promising strategy to address these limitations is the construction of hirarchical
multilayer electrode architectures, in which compact particles are employed near the cur-
rent collector to enhance adhesion, while porous particles are used near the separator to
maximize electrochemical performance.

The processing and drying behavior of such multilayer systems, particularly when using
PVDF/NMP-based slurries and particles with different morphologies, is not yet understood.
The following chapter builds upon the findings from this section by investigating multilayer
electrodes in detail, thereby extending the identified active material-process-microstruc-
ture-property relationships to more complex electrode architectures, focusing on binder mi-
gration behavior and their implications for electrode performance.
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As demonstrated in the previous chapter, the use of porous, nanostructured active material
particles provides significant performance advantages, particularly with respect to rate ca-
pability. The penetration and fixation of the binder within the porous particle structure re-
duces pore clogging within the electrode pore network, thereby enabling a stable C-rate
performance even at elevated drying rates during electrode manufacturing. Despite these
advantages, electrodes containing porous NCM particles exhibit a pronounced drawback
compared to conventional electrodes based on compact NCM, namely a reduced adhesion
strength to the current collector. This trade-off between electrochemical performance and
mechanical integrity represents a critical limitation for the industrial applicability of porous
active materials.

A promising strategy to overcome this limitation is the use of multilayer electrode archi-
tectures with tailored formulations and particle morphologies in the individual lay-
ers.1719.128-132 By gpatially separating functional requirements, multilayer electrodes offer
the potential to combine the high volumetric energy density and adhesion strength of com-
pact particles with the superior C-rate capability of porous particles.”

The objective of this chapter is to elucidate how multilayer electrode architectures can be
used to tailor active material-process-microstructure-property relationships in order to
overcome the inherent trade-off between electrochemical performance and mechanical in-
tegrity in electrodes containing porous, nanostructured active materials. In particular, this
chapter investigates whether simultaneously coated multilayer electrodes can mitigate the
reduced adhesion strength associated with porous NCM particles while preserving or en-
hancing their superior rate capability.

6.1 Motivation and State of the Art

Previous studies on multilayer coatings employing aqueous, two-component binder sys-
tems based on CMC/SBR have shown a linear dependence of the adhesion strength on the
binder content in the bottom layer. In this case, the binder responsible for adhesion (SBR)
can only be used in the bottom layer and completely reduced in the top player. It is assumed

P The results and discussion in this chapter are part from the following publication by the author:52

Klemens, J.; Burger, D.; Schneider, L.; Spiegel, S.; Miller, M.; Bohn, N.; Bauer, W.; Ehrenberg, H.; Scharfer, P;
Schabel, W. Drying of Compact and Porous NCM Cathode Electrodes in Different Multilayer Architectures: Influence
of Layer Configuration and Drying Rate on Electrode Properties. Energy Technology 2023, 2300267.
https://doi.org/10.1002/ente.202300267.
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that the drying process and migration of the binder will result in a quasi-homogeneous dis-
tribution of the binder throughout the layer thickness (assuming that the slurry is prone to
binder migration).*

Comparable multilayer concepts have been investigated for cathodes using the one-com-
ponent binder PVDF in the solvent NMP.**! In these studies, the binder content in the top
layer could not be reduced to zero, as PVDF also stabilizes the slurry and a minimum binder
concentration is required to ensure sufficient slurry processability and guarantee the flow-
ability of the suspension. Contrary to expectations, the authors found that the adhesion
strength was lower than anticipated by intended layer-wise binder distribution. Notably, the
specific influence of the thickness ratio between the top and bottom layers on binder mi-
gration has not yet been systematically clarified.

Importantly, it remains unclear how porous particle morphologies interact within simulta-
neously coated multilayer electrodes during drying depending on layer thickness ratio,
overall binder contents, drying rates, and how this interaction affects binder redistribution,
microstructure formation, and ultimately electrode properties.

The objective of the present chapter is to extend the current understanding of multilayer
electrode processing and to systematically investigate the drying-induced binder migration
in simultaneously coated multilayer electrodes as a function of particle morphology, layer
thickness ratio, total binder content, and drying rate. The central hypothesis is that a delib-
erate combination of compact and porous particles in a multilayer architecture enables the
formation of microstructural gradients that maximize adhesion strength at the current col-
lector while preserving or enhancing the rate capability associated with porous particles.
By testing these hypotheses experimentally, this chapter aims to provide mechanistic in-
sight into how active material-process-microstructure-property relationships can be engi-
neered to meet competing electrochemical and mechanical requirements in battery elec-
trodes. To this end, compact particles with higher volumetric energy density are combined
with porous particles exhibiting superior C-rate capability within a multilayer architecture
for an efficient active material use.

6.2 Results and Discussion

The comparative investigations presented in this chapter were conducted under strictly con-
trolled and identical processing conditions to isolate the influence of multilayer architecture
on drying behavior, binder migration, and the resulting electrode properties. Mixing proce-
dures, solid contents, and drying conditions were kept constant throughout all experiments.
This approach ensures that observed differences can be attributed to particle morphology,
layer configuration, and overall binder content rather than to variations in processing.
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A particular focus of this chapter is on elucidating how multilayer electrode designs influ-
ence material-process-microstructure-property relationships when porous, nanostructured
particles are combined with compact particles within one electrode architecture.

6.2.1 Particle Properties

Porous, nanostructured NCM622 particles were produced following the same manufactur-
ing procedure as described in the literature and in Section 5.2.1 by the Insistute for Applied
Materials at the KIT. Compact NCM622 particles were used as a reference material. An
overview of the relevant particle properties is given in Table 6.1.

Table 6.1: Overview of the particle parameters of NCM622 with compact and porous particles.

Mean particle BET surface Density Secondary par-

diameter / area / kgm? ticle porosity /

pm /m?g? %
NCM622

compact 95 0.7 4640 -
particles
NCM622

porous 8.4 3.5 4560 33
particles

The significant higher BET surface area and the internal porosity of the porous particles
are very similar to the investigated NCM111 particles in Chapter 5 and are expected to
strongly influence slurry rheology, microstructure formation during drying, and binder mi-
gration.

6.2.2 Slurry Viscosity Profile

As shown in the previous chapter and in Appendix 11.8.1, slurries containing porous,
nanostructured particles exhibit elevated viscosities compared to slurries based on compact
particles. This behavior arises from the penetration of P\VDF binder and NMP solvent into
the internal pore structure of the porous particles during slurry preparation, which effec-
tively increases the solid volume fraction.

During simultaneous coating of multilayer electrodes, a viscosity mismatch between the
two slurries can result in displacement or intermixing of the layers.'3* To prevent this, the
viscosity of the slurry containing porous particles was adjusted by reducing the PVDF con-
tent. The bottom layer slurry containing compact particles was prepared with 4.5 wt-%
PVDF, while the top layer slurry containing porous particles was prepared with a reduced
PVDF content of 3.0 wt-%. Both slurries were prepared with the same solid content of 55
wt-% and identical mixing procedures.
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The compositions of the dry electrodes with compact and porous particles are summarized
in Table 6.2.

Table 6.2: Composition of dry electrodes with compact and porous NCM622 particles.

NCM CB KS6L PVDF Solids
Name [ wt- [ wt- [ wt- [ wt- [ wt-
% % % % %
NCM-C  90.5 3.0 2.0 45 55
NCM-P 92.0 3.0 2.0 3.0 55

The resulting slurry flow curves as a function of shear rate are shown in Figure 6.1.
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Figure 6.1:  Viscosity profile as a function of shear rate for slurries containing compact or porous NCM622
particles. The slurry with porous particles exhibits a reduced binder content to adjust viscosity
and to reduce the binder content in the multilayer electrodes compared to the single-layer elec-
trode with only compact particles.

The viscosity of the slurry with porous particles was adjusted to be in the range and below
the viscosity curve of the slurry with compact particles (see Appendix 11.8.1). With this
flow behavior of the two slurries, intermixing of the two slurries during simultaneously
coating is not expected.

This rheological adjustment not only enables stable multilayer coating, but also introduces
a defined binder gradient and different overall binder contents, which must be considered
in the interpretation of the subsequent results. The total binder content is adjusted by dif-
ferent layer thicknesses of the bottom and top layer (see Section 6.2.3 and 6.2.4).
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6.2.3 Electrode Microstructure

To investigate the influence of particle morphology and multilayer configuration on micro-
structure formation during drying, electrodes containing either compact or porous NCM622
particles were prepared under identical processing conditions in single-layer and multilayer
configurations.

In all multilayer electrodes, the lower layer adjacent to the current collector consists of
compact particles, while the upper layer adjacent to the separator consists of porous parti-
cles. Layer configurations with different proportions of compact and porous layers were
produced. Two multilayer configurations were realized: one with a higher fraction of com-
pact particles (ML 1/3 porous particles) and one with a higher fraction of porous particles
(ML 2/3 porous particles).

Representative cross sections of single-layer and multilayer electrodes are shown in Figure
6.2.

N | 23

SL compact particles

Figure 6.2:  Cross-sectional images of single-layer electrodes with compact and porous particles (left) and
a composite multilayer architecture (ML 2/3 porous particles) with porous particles near the
separator and compact particles near the current collector (right).

The cross-sectional analysis confirms that adjusting the slurry viscosity prevents intermix-
ing of the layers during simultaneous coating. A sharp interface between the layers is ob-
served, along with good layer conformity and no evidence of cohesion failure.

Since coating thickness influences both drying behavior and adhesion strength, all elec-
trodes were manufactured with comparable dry film thicknesses. Two drying rates were
investigated: a lower drying rate of 0.75 g ms™ at an isothermal drying temperature of
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61 °C and a three times higher drying rate of 2.25 g ms* at an isothermal drying temper-
ature of 81 °C. All drying experiments were carried out at a heat transfer coefficient of
80 W mK* using isothermal drying conditions (see Section 2.3.1).

An overview of the dry film thickness, areal mass loading, electrode porosity, and interpar-
ticle porosity of the single- and multilayer electrodes is given in Table 6.3. Given the areal
mass loading and the solids content of 55 wt%, the drying rate increase results in a reduction
of drying time from 207 £ 33st069 + 11 s.

Table 6.3: Dry film thickness, areal mass loading, electrode porosity, and interparticle porosity of sin-
gle- and multilayer electrodes. The porosity of the porous particles is &yorous particies =
33 %.
Name Dry film Areal mass  Electrode po- Interparticle
thickness / loading rosity porosity
pm /gm? | % ! %
SL compact 94+1 220+ 4 48t1
SL porous 97 + 2 160 + 4 60 + 1 4x1
ML 1/3 porous 101 + 2 201 +1 51+ 1 46+ 1
ML 2/3 porous 102 + 2 189 +1 55+ 1 4x1

The areal mass loading of the multilayer electrodes is increased due to the combination
with the compact particles. The open porosity of the porous particles &,orous particles =
33 % results in an increased electrode porosity of the single-layer (SL porous particles) and
the multilayer electrodes in comparison to the single layer with compact particles (SL com-
pact particles). When accounting for the internal porosity of the porous particles, the in-
terparticle porosity is comparable for all electrodes, indicating that differences in perfor-
mance are primarily governed by particle morphology and binder distribution during drying
rather than interparticle-porosity variations.

6.2.4 Binder Migration: Influence of Overall Binder Content and
Drying Rate

The influence of multilayer architecture and overall binder content on drying-induced
binder migration was assessed using adhesion strength measurements, which serve as a
sensitive indicator of binder redistribution towards or away from the current collector (Fig-
ure 6.3).
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Figure 6.3:  Adhesion strength measurements of single-layer electrodes (SL compact particles, SL porous
particles) and multilayer electrodes (ML 1/3 porous particles, ML 2/3 porous particles) at a
lower drying rate of 0.75 g m?s? (61 °C isothermal drying temperature) and a higher drying
rate of 2.25 g m?s! (81 °C isothermal drying temperature).

As expected from the previous chapter, single-layer electrodes containing porous particles
exhibit very low adhesion strengths of 2.55 + 0.45 N m™, whereas single-layer electrodes
containing compact particles show significantly higher values. Introducing a multilayer ar-
chitecture with compact particles near the current collector leads to pronounced increase in
adhesion strengths compared to single-layer electrodes containing only porous particles.
The increase in adhesion strength is up to approximately 16-fold higher at lower drying rate
and 10-fold higher at increased drying rate.

Although the multilayer electrodes show substantially improved adhesion compared to the
single-layer electrodes with porous particles, their adhesion strength remains below that of
the single-layer electrodes with compact particles. Since intermixing of the layers can be
excluded based on microstructural analysis, it can be hypothesized that this discrepancy
must be attributed to differences in overall binder content.

To quantify this effect, the adhesion strength is plotted as a function of total binder content
in Figure 6.4. The overall binder content can be quantified by calculating the mass ratio
and the binder content of each layer.
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Figure 6.4:  Adhesion strength of single-layer and multilayer electrodes as a function of overall binder con-
tent and drying rate.

The total binder content strongly affects adhesion strength. From a conceptual standpoint,
it could have been expected that adhesion strength to be largely independent of electrode
thickness, as a sufficiently high overall binder content should ensure adequade interfacial
bonding regardless of the internal distribution. In this idealized scenario, a single-layer
electrode composed of compact particles would exhibit similarly high adhesion strength as
multilayer architecture. However, the experimental results indicate that this expection is
not fully met. The results suggest that, despite the imposed binder gradient in multilayer
electrodes, diffusive equilibration of PVDF concentration in NMP occurs prior to capillary-
driven transport during drying.

Such diffusive homogenization is consistent with polymer film shrinkage governed by sol-
vent diffusion.®*!% This finding is of particular relevance for the processing of
PVDF/NMP-based multilayer coatings, as it fundamentally differs from the behavior re-
ported in the literature for aqueous multilayer coatings employing CMC/SBR binder sys-
tem. In CMC/SBR-based electrodes, the adhesion strength of multilayer architectures is
predominantly governed by the properties of the layer adjacent to the current collector,
indicating that diffusive equilibration of the binder concentration across the electrode thick-
ness does not play a decisive role in determining the final electrode properties.

Since the adhesion strength as a function of the overall binder content exhibits an exponen-
tial behavior, the increasing interactions of the binder with the particles and the current
collector may play a significant role. As the drying rate increases, the exponential relation-
ship between adhesion strength and overall binder content shifts to lower values. While the
adhesion strength of the single layer with compact particles (4.5 wt-% PVDF) decreases by
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approximately 30 %, the multilayers with lower binder contents show reductions of up to
62 % (3.5 wt-% overall binder content). This trend indicates that reduced binder-particle
and binder-current collector interactions at lower binder contents facilitate binder transport
away from the current collector during capillary transport.

The results of the adhesion tests have shown that binder migration is enhanced for multi-
layer electrodes dried at a higher drying rate. It is therefore to be expected that the C-rate
capability of multilayer electrodes also depends on the drying rate.

The influence of the multilayer construction and higher drying rates on cell performance is
investigated by coin-cell tests with increasing C-rate. It is expected that the use of porous
particles in the vicinity of the separator will have a positive effect on the C-rate capability
and that also multilayer electrodes show an influence of the higher applied drying rate.
Figure 6.5 shows the specific discharge capacity of the single- and multilayer electrodes
dried at the lower drying rate and the higher drying rate.
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Figure 6.5:  Specific discharge capacity of single-layer and multilayer electrodes dried at a lower and a
higher drying rate as a function of the C-rate.

At elevated C-rates, the single- and multilayer electrodes with porous particles are shown
to have higher specific discharge capacities than the single layer with compact particles.
Remarkably, even a relatively small fraction of porous particles in the multilayer
(ML 1/3 porous particles) results in a substantial increase in C-rate capability.

At 3C and low drying rate, the discharge capacity of the single-layer electrode with porous
particles is approximately 118 % higher than that of the single-layer electrode with compact
particles. The multilayer electrodes with 2/3 and 1/3 porous particles show increases of
approximately 101 % and 88 %, respectively.
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Impedance measurements (Appendix 11.8.2) indicate that the use of porous particles and
reduced binder content lowers ionic resistance, while multilayer electrodes additionally
benefit from reduced electrical resistivity (Appendix 11.8.3) compared to single-layer elec-
trodes containing porous particles. Control experiments confirm that a reduction of binder
content in electrodes with compact particles does not yield comparable improvements in
C-rate capability (Appendix 11.8.4), demonstrating that the observed performance en-
hancement is intrinsically linked to particle morphology.

Figure 6.5 also shows the discharge capacities for the electrodes produced at a higher drying
rate. The C-rate capability can be improved by using only porous particles or the multilayer
architectures. The multilayer ML 2/3 porous provides an 88 % increase over the SL com-
pact, but has a lower specific discharge capacity than the SL porous due to the binder mi-
gration. With a 67 % increase at 3C compared to the single layer with compact particles,
the multilayer ML 1/3 porous shows a lower increase in C-rate capability than the ML 2/3
porous. This could be related to the lower proportion of porous particles.

Multilayer electrodes combine the advantages of both particle types: improved adhesion
due to compact particles in the current-collector region and enhanced electrochemical per-
formance due to porous particles in the upper electrode layers. At a discharge rate of 3C,
multilayer cathodes outperform compact single-layer electrodes.

6.3 Conclusion

Multilayer electrodes were constructed in such a way that compact particles are present at
the interface to the current collector foil and porous particles are present at the interface to
the separator. Thus, the properties of both particles are successfully implemented in a mul-
tilayer. Furthermore, the influence of drying on the production of multilayer electrodes with
the binder PVDF was investigated in order to improve the understanding of the microstruc-
ture formation.

The results show that a significant increase in adhesion strength compared to a single layer
with porous particles and an increase in C-rate capability compared to a single layer with
compact particles could be achieved by the multilayer structure.

Due to the simultaneous wet-on-wet application, a concentration compensation of the
binder takes place during the drying process, so that the adhesion strength of the electrodes
mainly depends on the total binder content. As the binder content increases, the adhesion
increases exponentially, indicating that the interaction of the binder with the components
in the slurry increases more than proportionally. Electrodes with a higher binder content
show that less binder migration occurs during production at higher drying rates than elec-
trodes with a lower binder content. This is also indicated by the fact that with a higher
binder content the binder interactions are more pronounced and therefore less free binder
could be transported by capillary transport and more binder could be fixated.
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Half-cell tests have shown that despite binder migration during drying at the higher drying
rate, the C-rate capability of the multilayer electrode with porous particles is increased.
Compared to the single-layer electrode with compact particles, a higher proportion of po-
rous particles shows an increase in specific discharge capacity.

Overall, the results demonstrate that multilayer electrode architecture enable a targeted tun-
ing of active material-process-microstructrue-property relationships. This chapter high-
lights the strong interdependence of binder distribution, particle morphology, and process
parameters, and provides clear optimization strategies for industrial implementation of po-
rous, nanostructured battery active materials and in general multilayer electrodes.

The main advantage of the presented multilayer architecture results from the fact that the
electrodes have compact and porous particles in a suitable combination. The adjusted
binder gradient did not show the desired improvement with simultaneous multilayer coat-
ing. There was a compensation of the concentration gradient. In order to counteract this
effect, the concept of sequential multilayer production for the optimization of electrodes
with PVDF binder should be addressed in future work. The idea would be to coat and dry
a first layer with a higher binder content. This fixes the binder, which determines the adhe-
sion of the multilayer. A second coating with reduced binder content could be applied to
reduce the overall binder content and maximize the overall electrode performance. An ex-
treme case of this method would be the production of a very thin primer layer containing
only binder and conductivity additive.
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The overarching objective of this thesis is to elucidate the relationships between active
materials, binder systems, varying drying process conditions, microstructure formation,
multilayer architectures, and resulting electrode properties. The outcomes achieved repre-
sent a significant advancement in understanding the processing of active materials for LIB
and SIB systems.

The results demonstrate that the drop-in capability of SIB electrode manufacturing is not
primarily constrained by machine compatibility, but by the interplay of material-specific
properties and process conditions. A key lever for process optimization lies in the targeted
design of particle properties, particularly particle size and internal structure. In summary,
this dissertation provides the first systematic comparison of LIB and SIB materials from an
electrode manufacturing perspective. It establishes a mechanistic understanding of binder
migration, quantifies the impact of particle morphology on drying behavior, and delivers a
scientifically validated methodology for assessing the drop-in capability of SIB technology.
The insights gained in this work provide a foundation for rational process adaptation in
emerging battery technologies and thereby bridging the gap between material development
and industrially viable electrode manufacturing.

The conceptual framework of this work, as introduced in the Aim of this Work (Sec-
tion 1.4), is structured along two complementary research areas that systematically address
these interdependencies using distinct material systems and processing routes.

Research area 1 focuses on water-based processing using the CMC/SBR binder system and
investigates both LIB- and SIB-relevant materials, including LFP, graphite, and hard car-
bon with defined particle sizes. Within this approach, key aspects such as the identification
of critical active material parameters, the role of particle size, and the influence of drying
conditions on microstructure formation and binder migration are examined.

Research area 2 extends this approach to NMP-based processing using PVDF and focuses
on NCM as a model system. Here, the influence of particle morphology (compact vs. po-
rous) and advanced electrode designs, such as multilayer architectures, on drying mecha-
nisms and binder redistribution is analyzed.

Together, the research areas follow a consistent analytical approach based on active mate-
rial-process-microstructure-property relationships. This structure enables both a compara-
tive and a mechanistic understanding of how material properties and process parameters
interact across different electrode systems.

Given this structured approach, the present chapter is organized into corresponding sub-
chapters. Each subchapter provides a dedicated summary and outlook, in which the key
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findings of the respective research focus are synthesized and critically discussed in the con-
text of process design and future research directions. To avoid redundancy, the following
sections deliberately focus on the consolidation and interpretation of results rather than
repeating detailed discussions from the individual chapters.

7.1 Drop-In Capability: Material-Dependent Electrode
Manufacturing of LIB vs. SIB

This chapter systematically investigates the extent to which SIBs can be regarded as a drop-
in technology relative to established LIBs under realistic manufacturing conditions. The
focus is not on a purely electrochemical comparison of cell chemistries, but rather on a
manufacturing-oriented analysis that examines the role of active material properties along
the electrode production chain. The objective was to illustrate the challenges and opportu-
nities associated with processing SIB-active materials in comparison to LIB-active materi-
als. It was demonstrated that all production processes for the manufacture of LIB electrodes
can be applied to the production of SIB electrodes. However, the properties of the active
material used affects the potential production speeds, drying process, adhesion properties,
and, most importantly, binder migration during the drying process.

This thesis chapter provides a systematic, manufacturing-oriented assessment of the drop-
in capability of SIB electrode manufacturing to established LIB technology. By applying
strictly identical processing conditions across all investigated systems, the study isolates
material-specific effects and identifies the governing active-material-process-microstruc-
ture-property relationships along the electrode manufacturing chain.

The results demonstrate that SIB electrode manufacturing cannot be regarded as a true
drop-in replacement for LIB manufacturing. Although similar electrode architectures can
be produced, the feasibility of direct transfer is fundamentally constrained by intrinsic dif-
ferences in active material properties rather than by transferable process parameters alone.

At the process-dimensioning level, lower specific capacities of SIB active materials require
higher areal mass loadings at identical areal capacity, resulting in systematically longer
drying times. While increased drying rates can reduce absolute time differences, they do
not eliminate the underlying material-induced constraints. Even minor differences in drying
time translate into substantial variations in required dryer length or achievable production
speed, highlighting the industrial relevance of material-dependent drying behavior.

Attempts to compensate for longer drying times through increased slurry solid content re-
veal slurry viscosity as a critical bottleneck. Despite identical solid contents and mixing
procedures, SIB slurries exhibit significantly higher low-shear viscosities than LIB slurries
due to smaller particle sizes, irregular morphologies, and lower particle densities, which
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increase the active material volume fraction. These rheological differences constrain pump-
ability and air bubble removal, thereby necessitating process or equipment adaptions and
further limiting true drop-in capability.

With respect to drying-induced microstructure formation, simultaneous measurements of
film shrinkage and pore breakthrough reveal a material-invariant behavior: pore break-
through consistently coincides with the end of film shrinkage for all investigated active
material systems, drying rates and electrode thicknesses. This finding demonstrates that
capillary forces dominate over viscous resistance during drying of water-based battery
slurry and that the onset of pore breakthrough and binder migration is independent of active
material properties. Consequently, material-dependent differences in binder redistribution
must arise from mechanisms beyond the timing of pore breakthrough.

In contrast, the extent of binder migration is strongly material-dependent. Adhesion
strength measurements reveal that absolute adhesion strength alone is not a reliable indica-
tor of binder fixation. Graphite electrodes show pronounced binder migration with increas-
ing drying rate, whereas hard carbon electrodes exhibit higher resistance. For LFP elec-
trodes, binder migration occurs only once a critical drying-rate-induced capillary driving
force is exceeded. These results indicate that binder migration is governed by the balance
between capillary transport and binder fixation, which is controlled by binder-active mate-
rial affinity and particle size rather than by adhesion strength alone.

Overall, this chapter establishes that the drop-in capability of SIB electrode manufacturing
is fundamentally limited by interconnected active material-process-microstructure-prop-
erty relationships. As a result, SIB electrode manufacturing requires a material-specific
process design rather than a direct transfer of LIB manufacturing strategies.

The findings highlight several critical directions for future research and industrial imple-
mentation. First, the demonstrated particle-size-dependent resistance to binder migration
indicates that particle engineering represents a promising lever for expanding the process
window at high drying rates. Systematic variations of particle size within a single active
material system, as initiated in the subsequent chapter, is essential to decouple particle-size
effects from density or chemistry-related superposition effects and to derive quantitative
design rules for binder migration.

Second, the strong influence of binder-active material affinity on binder migration sensi-
tivity suggests that binder chemistry and surface functionalization strategies offer signifi-
cant potential for mitigating drying-induced binder inhomogeneities. Future work should
therefore focus on tailoring binder systems to surface modifications to enhance binder fix-
ation without compromising slurry processability.

Third, while this study focuses on water-based CMC/SBR binder system, the identified
active material and process dimensioning relationships are expected to be transferable to
other binder systems and solvents. Extending the investigation of active material-process-
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microstructure-property relationships to alternative binder chemistries and solvent systems
would enable a broader generalization to the derived principles.

From an industrial perspective, the results underline that the successful implementation of
SIB technology requires a paradigm shift from chemistry-based drop-in assumptions to-
wards active material-based process design. Future work should therefore integrate the
identified active material-process-microstructure-property relationships into scale-up mod-
els to quantitatively evaluate trade-offs between drying rate, slurry formulation, equipment
design, and electrode performance.

Ultimately, the insights gained in this work provide a framework for rational process adap-
tions in emerging battery technologies and contribute to bridging the gap between material
development and industrially viable electrode manufacturing.

7.2 Influence of Particle Size and Fast Drying on Binder
Migration

This chapter systematically investigates the electrode processing of HC particles with dif-
ferent particle sizes at varying drying rates and comparatively analyzed with graphite elec-
trodes reported in the literature under comparable conditions, including electrode compo-
sitions, slurry preparations, electrode fabrication, and drying conditions.

The results demonstrate that binder migration during the drying of water-based battery elec-
trodes is governed by a coupled material-microstructure-process-property relationship. A
key finding of this work is that binder migration can be effectively suppressed by reducing
active material particle size. This enables fast drying of electrodes with state-of-the-art
loadings within a few seconds, representing a substantial reduction in drying time and a
significant increase in potential production speed.

The suppression of binder migration correlates with the gel-like rheological behavior of the
corresponding slurries, which originates from enhanced particle-polymer interactions and
the formation of a stabilized CMC network in the water-based CMC/SBR binder system.
However, the results also show that rheological descriptors alone are insufficient to predict
binder migration at a given drying rate. Binder transport arises from the competition be-
tween drying-rate-induced capillary transport and binder immobilization within the evolv-
ing microstructure. The size of the particles affects the immobilization or fixation of the
binder.

Particle size plays a decisive role in this balance by influencing the degree of binder immo-
bilization. Smaller particles promote stronger fixation of the binder, thereby increasing re-
sistance to disruptive capillary transport. Nevertheless, even immobilized binder can be-
come detached if the capillary driving force induced by the drying rate becomes sufficiently
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large. This behavior highlights the complex interplay between CMC-particle interactions
and SBR-CMC and SBR-particle interactions.

In addition to drying rate and particle size, film temperature during drying is identified as
a parameter for increasing adhesion strength, regardless of material system or active mate-
rial particle size.

Complementary impedance measurements confirm that binder migration and its suppres-
sion are also reflected in ionic transport properties. Variations in ionic resistance and tortu-
osity establish a direct link between adhesion strength and ionic transport during electrode
processing.

Overall, this work provides a mechanistic foundation for controlling binder migration
through targeted material design and process optimization, enabling robust fast-drying
strategies for the manufacturing of water-based battery electrodes.

To predict binder migration behavior, a comprehensive mechanistic understanding must be
developed. This requires quantitative validation of the interaction between binder system,
active material, and other slurry additives. In particular, the interactions between CMC and
the active material, as well as between SBR, CMC, and the active material, must be con-
sidered to describe the resistance to capillary transport. Such an understanding may enable
future material and formulation design in which binder migration is prevented by targeted
fixation and may further allow a simplification of process settings in multistage drying
systems.

7.3 Porous, Nanostructured Cathodes: Microstructure
Development

This chapter systematically investigates the influence of porous, nanostructured cathode
particles on processing behavior, microstructure development, and electrochemical perfor-
mance of LIB electrodes, and derives an extended drying model based on the experimental
findings. The chapter addresses the critical yet previously underexplored question of how
particle morphology affects slurry behavior, drying, binder migration, and the resulting
electrode properties.

A strictly comparative experimental approach was employed using compact and porous
NCM111 particles with identical chemical composition, comparable particle size, and sim-
ilar density, ensuring that observed differences can be unequivocally attributed to intra-
particle porosity. The porous secondary particles exhibit an intraparticle porosity of ap-
proximately 48 % and a more than sevenfold increase in specific surface area. These
structural characteristics initiate a cascade of coupled effects along the entire electrode
manufacturing process chain.
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Already during slurry preparation, particle morphology exerts a pronounced influence on
rheological behavior. Capillary infiltration of solvent and dissolved PVDF binder into the
intraparticle pores of the porous particles reduces the volume of freely available solvent in
the slurry phase. As a consequence, the effective solids volume fraction increases substan-
tially, leading to elevated slurry viscosity over the entire shear-rate range. This observation
constitutes a direct active material-process relationship and clearly demonstrates that po-
rous particles cannot be treated purely as a geometric modification, but fundamentally alter
slurry viscosity behavior.

The binder and solvent infiltration initiated during slurry preparation decisively governs
subsequent microstructure formation during drying. In contrast to electrodes composed of
compact particles, where the binder is predominantly located within the interparticle pore
network, a significant fraction of the binder in electrodes with porous particles becomes
immobilized within the intraparticle pores. This immobilization reduces the effective
binder availability at the electrode—current collector interface, resulting in significantly
lower adhesion strength.

Adhesion strength measurements reveal a strong decrease with increasing drying rate for
electrodes containing compact particles, consistent with capillary-driven binder transport
towards the electrode surface and binder depletion near the current collector. In contrast,
electrodes containing porous particles exhibit nearly constant adhesion strength over a wide
range of drying rates, although at a lower absolute level. This behavior indicates fundamen-
tally altered binder mobility and, at the same time, highlights the limited sensitivity of ad-
hesion measurements for detecting slight binder redistribution in electrodes containing po-
rous particles.

Electrical resistivity measurements provide a more sensitive tool for microstructural inho-
mogeneities. While both electrode types exhibit increasing resistivity with increasing dry-
ing rate, the relative increase is significantly smaller for electrodes containing porous par-
ticles. In combination with EDS analyses, these results demonstrate that pronounced binder
concentration gradients form in electrodes with compact particles, whereas a largely homo-
geneous binder distribution is maintained in electrodes with porous particles. The intra-
particle accumulation of binder prevents clogging of the interparticle pore network and
preserves open ionic transport pathways.

These microstructural differences translate directly into electrochemical performance.
Electrodes containing compact particles exhibit a significant reduction in C-rate capability
at high drying rates, which is attributed to increased resistivity, hindered ion transport, and
elevated charge-transfer resistance caused by binder accumulation and pore blockage. In
contrast, electrodes containing porous particles retain high rate capability even at elevated
drying rates. Additional ionic transport pathways within the porous particles and open in-
terparticle pores compensate for the increased electrical resistivity and enable superior
high-rate performance.
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Based on the experimental observations, a sequential, active material-particle-morphology-
dependent drying mechanism is proposed. Initially, binder transport is governed by capil-
lary-driven emptying of the interparticle pore network, while intraparticle pores remain
filled due to their significantly higher capillary pressure, immobilizing a substantial fraction
of the binder. Only in a subsequent drying stage does solvent removal from intraparticle
pores occur via evaporation at the particle surface and gas-phase transport through the in-
terparticle pores, introducing an additional internal drying resistance. This model extends
established drying concepts by explicitly incorporating the role of porous active materials.

Overall, this chapter consistently demonstrates that porous, nanostructured active materials
do not solely influence electrochemical performance but fundamentally influence the entire
process-microstructure-property chain. Particle morphology emerges as a central design
parameter governing slurry behavior, drying mechanism, binder distribution, and ulti-
mately functional electrode properties.

The findings of this chapter highlight that porous active materials offer substantial perfor-
mance advantages for cathode electrodes but simultaneously introduce new processing-re-
lated challenges. In particular, reduced adhesion strength and lower volumetric energy den-
sity represent critical trade-offs that currently limit straightforward industrial
implementation.

A promising strategy to mitigate these limitations is the development of hierarchical mul-
tilayer electrode architectures, in which compact particles are placed near the current col-
lector to enhance adhesion, while porous particles are employed in separator-near region to
maximize electrochemical performance. However, the mechanisms identified in this chap-
ter suggest that drying and binder migration in such heterogeneous systems will be consid-
erably more complex than in single-layer electrodes.

Beyond LIB, the insights gained here are directly transferable to post-lithium systems such
as SIB, where porous and hierarchically structured particles are even more critical. In this
context, the coupling of active material design with process engineering will be a key ena-
bler for the next generation of high-performance, sustainable battery technologies.

7.4 Porous, Nanostructured Cathodes: Impact of Multilayer
Architecture

This dissertation chapter systematically investigates the potential of multilayer electrode
architectures to overcome the inherent trade-off between electrochemical performance and
mechanical integrity in battery cathodes containing porous, nanostructured active materi-
als. By combining compact and porous NCM622 particles within a simultaneously coated
multilayer architecture, the study aimed to elucidate how active material morphology, pro-
cessing conditions, and drying behavior jointly govern electrode microstructure formation
and, ultimately, electrode properties.
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A central outcome of this work is the demonstration that multilayer electrode architectures
enable a targeted tuning of active material-process-microstructure-property relationships.
Porous particles provide pronounced advantages in terms of C-rate capability due to their
internal pore structure, enhanced binder penetration, and improved pore-network accessi-
bility. However, these benefits are intrinsically accompanied by a significant reduction in
adhesion strength when porous particles are used in single-layer electrodes. This limitation
represents a critical obstacle for the industrial implementation of porous active materials.

By spatially separating functional requirements within the electrode thickness, multilayer
architectures were shown to effectively mitigate this limitation. Positioning compact parti-
cles with higher intrinsic adhesion strength adjacent to the current collector significantly
improves the mechanical integrity of the electrode, while porous particles in the upper elec-
trode layers preserve or enhance electrochemical performance. Importantly, even a rela-
tively small fraction of porous particles in the multilayer architecture was sufficient to in-
duce a substantial improvement in C-rate capability, highlighting the dominant role of
particle morphology for electrode properties.

A key mechanistic insight gained from this work concerns the role of drying-induced binder
migration in PVDF/NMP-based multilayer electrodes. Adhesion strength measurements
revealed an exponential dependence on the overall binder content, with electrodes contain-
ing lower binder fractions being particularly sensitive to increased drying rates. Despite the
deliberate imposition of a binder gradient through multilayer coating, the results indicate
that diffusive equilibration of PVDF concentration in NMP occurs prior to capillary-driven
binder transport during drying. As a consequence, the final adhesion strength is governed
primarily by the total binder content rather than by the local binder concentration in the
bottom layer alone.

This behavior fundamentally distinguishes PVDF/NMP-based multilayer systems from
aqueous multilayer coatings employing CMC/SBR binder systems, for which literature re-
ports suggest that binder gradients can be preserved and adhesion is predominantly con-
trolled by the layer adjacent to the current collector. The present findings therefore high-
light the strong binder-system-specific nature of multilayer electrode processing and
underline the necessity of considering solvent-binder interactions when transferring multi-
layer concepts between different formulation chemistries.

Electrochemical characterization further demonstrated that multilayer electrodes retain a
clear performance advantage over single-layer electrodes with compact particles, even un-
der elevated drying rates that promote binder migration. While higher fractions of porous
particles lead to superior rate capability, multilayer architectures provide a favorable com-
promise between electrochemical performance and mechanical robustness. Impedance and
resistivity measurements confirm that this performance enhancement arises from a com-
bined reduction in ionic and electronic transport resistances, which cannot be achieved by
binder reduction alone in electrodes with compact particles.
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Overall, this chapter establishes multilayer electrode architectures as an effective strategy
to reconcile competing functional requirements in battery electrodes. The results provide
mechanistic insight into how particle morphology, binder system, drying conditions, and
electrode architecture interact to define the final electrode properties.

The findings of this work open several promising directions for future research and indus-
trial application. From a scientific perspective, further studies are required to quantitatively
resolve the individual contributions of diffusive and capillary transport mechanisms during
drying in PVDF/NMP-based multilayer systems. Advanced in-situ or operando character-
ization techniques, such as spatially resolved spectroscopy could provide direct insight into
transient binder concentration profiles and microstructure evolution during drying. Cou-
pling experimental studies with physics-based drying and transport models could enable
predictive process design and facilitate the identification of robust processing windows for
multilayer electrodes.

From a materials perspective, the multilayer concept offers substantial flexibility for inte-
grating additional functional gradients into electrode architectures. Beyond the combina-
tion of compact and porous active materials, future work may explore graded conductive
additive distributions, hybrid binder systems, or particle-size gradients to further optimize
transport pathways and mechanical stability. In particular, the use of mixed or dual binder
systems may provide additional degrees of freedom to control binder mobility and mitigate
diffusive equilibration effects observed for PVDF/NMP.

Another approach involves the use of very thin primer coatings as the initial layer. The
specific challenge in the production of primers is the requirement for a thin layer with a
thickness of less than 3 um. To create this layer using a slot-die coating process, a wet film
of at least 50 um is necessary, which implies a high proportion of solvents in the slurry.
This leads to a series of new questions regarding the optimization of primer coatings. At
the same time, there are challenges in the areas of formulation optimization, understanding
the suitability of such systems for coating, and the development of optimized drying strat-
egies.

The insights gained in this dissertation are also highly relevant for emerging battery tech-
nologies beyond conventional lithium-ion systems. SIBs and other post-lithium technolo-
gies often rely on similar electrode processing routes and face comparable trade-offs be-
tween performance and mechanical integrity. Multilayer and functionally graded electrode
designs may therefore represent a broadly applicable strategy to enhance the performance
and manufacturability of next-generation battery electrodes.

In summary, this dissertation chapter contributes fundamental understanding of multilayer
electrode processing and provides a framework for engineering active material-process-
microstructure-property relationships. The presented results highlight multilayer architec-
tures as a powerful and versatile tool for overcoming intrinsic material limitations and pave
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7 Summary and Outlook

the way toward more robust, high-performance battery electrodes suitable for industrial
implementation.
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11 Appendix

11.1 Capacity and Transport Resistances in Electrodes
Capacity

The specific theoretical capacity g in Ah kg™ of an active material is calculated using equa-
tion (11.1) by taking into account the number of transferred charges per ion z, the Faraday
constant F (96485 C mol™ = 96485 - 3600t Ah mol™), and the molar mass M of the active
material. For both lithium and sodium, the number of transferred charges per ion is identical
(z=1,1-e7).1%¢

z - F

Qtheoretical = 7 (11'1)

The ion transfer rate through the electrode and electrolyte is limited by diffusion at higher
currents. Diffusion limitations caused by higher currents can lead to reversible capacity
losses during insertion of ions into or out of the active material or electrodes. If not all ions
are de- or intercalated from or into the active material within a certain voltage range, the
actual capacity qpractical does not match the theroretical capacity.® The practical capacity
(equation (11.2)) depends on the current I (Ampere, A), the charging or discharging time t
(hour, h), and the mass of active material (kg).

I -t

Qpractical =
active material (11 2)

I

S C- Mactive material
In the context of investigating the fast-charging capabilities of materials and the resistances

of electrodes, the C rate is typically used. The C rate is the inverse of the charging and
discharging times. A C rate of 1C means that the discharge current is chosen to fully dis-
charge the cell within one hour. In addition, irreversible capacity losses can occur due to
side reactions or changes in electrode volume.?°

Transport resistances in electrodes

The potential between the two electrodes (AE® = EQ th0de — Eanode) drives the electro-
chemical reaction process and is referred to as the Open Circuit Voltage (OCV) at an infin-
itesimally small current I. It arises from the different electrochemical potentials of lithium
or sodium in the active material of the cathode and anode. The difference in the chemical
potential of lithium or sodium between the anode and cathode is expressed as the difference
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in free enthalpy A,.G. In contrast to the electrochemical series, in LIB and SIB, the respec-
tive metal serves as the reference state for the chemical potential. Equation (11.3) shows
the OCV.

A.G
Uocv = _ZTA—F = Egathode - EAOnode (11.3)
Since the chemical potential of lithium or sodium in the anode and cathode is dependent on
the concentration, the cell voltage also varies according to the State of Charge (SoC) of the
cell. This dependence is represented by charge and discharge curves. This potential curve
depends on the active materials used, transport properties in the electrode and the applied
current.

The following section will initially examine the impact of the resistances on the potential
curve. An exemplary discharge curve, i.e. the voltage over the capacity, as a function of the
set current or C-rate is shown in Figure 11.1. Subsequently, a comprehensive analysis of
the underlying causes will be conducted (Figure 11.2). The acquired knowledge can be
employed to enhance the performance of active materials and electrodes. Furthermore, the
impact of inhomogeneous component distributions resulting from electrode fabrication can
be investigated.

Spannung / V

Capacity-Rate”
Abschaltspannung Effekt

Kapazitat / mAh g™

Figure 11.1: Potential-capacity curve for a NCM cathode against metallic lithium. Depending on the applied
current, the cut-off voltage is reached early and the discharge capacity is lower. This overpo-
tential can be more pronounced for an inhomogeneous binder distribution. The figure was taken
from a student thesis related to this dissertation (see Chapter 14). The figure is based on the
illustrations found in the literature.*%

During the charging and discharching, the electrode’s microstructure, binder, network of
conductive additive, active material, and particle design create an internal cell resistance R
to ions and charge carriers. Accordingly, this resistance can be considered to be the sum of
individual resistances. According to Ohm’s Law, an potential result as a kinetic phenomena
from the resistances multiplied by the corresponding current (Utrgnspore = R - I). Due to
resistances, the actual cell voltage differs from the U, (equation (11.3)) as current flows.
The overpotential represent a voltage difference between potential profiles of different C-
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rates. It increases with increasing current and with increasing electrical and ionic re-
sistances. At high C-rates, a voltage limit is reached at a lower capacity during charging
(U = Upcy + Utranspore) OF discharging (U = Upcy — Ugransport)- A cell with low capac-
ity loss during fast discharge exhibits high C-rate stability or capability.

The transport of ions and electrons is opposed by individual resistances that depend on the
current or C-rate and the state of charge. Figure 11.2 shows an electrode and the individual
transport resistances as an overview.

Separator

Li-Metall

Figure 11.2: Schematic representation of ion and electron transport through an electrode in a half cell con-
figuration (cathode against Li-metal). During battery operation, multiple resistances occur that
affect the potential or overpotential. Processing affects these resistances and must be optimized
to achieve the best possible performance of the active material. The figure was taken from a
student thesis related to this dissertation (see Chapter 14). The figure is based on the illustra-
tions found in the literature.®

The overpotentials result from the transition of ions from the electrolyte to the active ma-
terial (charge transfer), the ohmic resistance during the transport of charge carriers (ohmic
resistance), and a concentration gradient during the diffusive transport of ions in the elec-
trolyte and the diffusion within the active material (concentration overpotential):

e Charge transfer overpotential: lon transfer from the electrolyte into the active material

e Concentration overpotential: Compensation of the lithium or sodium concentration in
the electrolyte and in the active material occurs by diffusion

e Ohmic resistance during the transport of charge carriers

11.2 LIB and SIB Active Materials

Table 11.1 compares the properties. Both ions belong to the first group of the periodic table
and have a weakly bound electron in their outermost electron shell.
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Table 11.1: Comparison of the properties of lithium and sodium and their corresponding ions (Li*,
Na*).5 The cost of lithium carbonate (Li,COs3) and sodium carbonat (Na2COs), which are utilized
as raw materials in the production of active materials, is also provided.

Lithium Sodium

/Li* / Na*

Atomic mass / g mol™ 6.94 23.00
lonic radius? / A 0.76 1.02

E° (vs. RHE" / V = W/A -3.04 -2.71

Theoretical capacity of metal 3861 1166
electrode / mAh gt
Occurrence in the earth's crust / 17 23600

ppm
Cost of alkali carbonate / € kgt 35.3 0.4

Na-ions have one more electron shell than Li-ions, they are 34 % larger and more than three
times as heavy as Li-ions. The larger size of the ions results in increased stresses in the
material during intercalation and deintercalation. This necessitates the development of new
materials and particle morphologies. In addition, sodium also has a lower electrochemical
standard potential E°, resulting in a lower energy density compared to lithium.>**° The dif-
ference is more pronounced when referring to the pure element than when referring to the
respective active material.

Anode material

On the anode side, Graphite for LIB is compared to Hard Carbon (HC) for SIB, as both are
considered state-of-the-art materials. Graphite is the most commonly used anode material
for LIB. The intercalation of Li-ions into the graphene layers of the graphitic structure
causes an increase in the volume of the active material particles by ~ 10 %.1*° The specific
capacity can be calculated from the molar mass (72 g mol™)'#! to 372 mAh g.%3¢ During
the first subsequent deintercalation process, up to ~ 95 % of the Li-ions are recovered, while
the remaining amount is irreversibly reacted. This is caused by the formation of a so-called
SEI (Solid Electrolyte Interface) layer. The SEI acts as a passivation layer for the graphite
anode and is permeable to Li-ions, allowing for the reversible operation of a LIB by pre-
venting further reactions with the electrolyte.*? After the formation of the SEI, there are
no further capacity losses at the graphite electrode when the battery is operated.**® The
literature reports a practical capacity of 360 mAh g*.°

In contrast to LIB, graphite is not suitable as an anode material for SIB, because the for-
mation of a Na-graphite intercalation bond is energetically unfavorable and has a very low
capacity of 35 - 130 mAh g1.222* Instead, HC (Hard Carbon) can be used and is currently
considered as a reference material for SIB in terms of energy density. It is mainly produced
through the pyrolysis (e.g. temperatures of 500 - 1500 °C) of oxygen-rich precursors such

11 A=10"m=0.0001 um
" Reference hydrogen electrode (RHE)
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as biomass or synthetic organic materials.*1143-146 In contrast to graphite, the carbon struc-
ture in HC is disordered and exhibits randomly oriented graphitic domains. The structure
and properties of HC are influenced by the precursor used and the chosen manufacturing
conditions. The different structures allow for the intercalation of Na-ions. For instance, ion
storage can occur between the graphene layers in the graphite-like domains or in the mi-
cropores. However, the mechanism of Na-ion insertion into HC is still a topic of discus-
sion.?® A high capacity loss in the first cycles remains a challenge. The side reactions and
formation of the SEI layer are still under investigation.1147:148

Practically measured capacities for HC are typically evaluated against metallic sodium in
half-cells and range from 200 to 450 mAh g*. The majority of values reported in the liter-
ature average at 300-330 mAh g1.914

Cathode materials

Lithium layered transition metal oxides are the largest and most successful group of cathode
materials for commercial LIB. An important representative is Lithium-Nickel-Cobalt-Alu-
minium Oxide (NCA), with high practical capacity of 188 mAh g* and a high potential of
3.7 V. It is used from Panasonic for the Tesla Model S (2017) with an energy density of
260 Wh kg™.*> Another important representatives in this material class are the Lithium-
Nickel-Manganese Oxides (LiNixCoyMn;O2, NCM). The numerical sequence of the corre-
sponding material is indicated depending on the stoichiometric ratio of Ni, Mn, and Co.
Two examples are the materials LiNio.33Mno.33C00.3302 (NCM111) and LiNio.sMno.2C00.202
(NCM622), with a high potential of 3.7 V. The included Mn stabilizes the crystal lattice,
while Co improves the electrical conductivity and thus the cell performance, and Ni in-
creases the capacity.?® The market trend is moving towards nickel-rich material composi-
tions to increase energy density.?” With the molar mass of 96.4 g mol* (NCM111)*° a
theoretical capacity of 278 mAh g is obtained. However, due to structural instabilities,
only ~ 66 % of the available lithium can deintercalate, resulting in a practical specific ca-
pacity of ~ 150 - 160 mAh g1.%% To enhance the performance of NCM cells, particle
morphology can be optimized. This work investigates hierarchically structured particles
that allow electrolyte penetration into their pore structure. For example, a comparison of
ion diffusion in the active material and diffusion in the electrolyte indicates that the diffu-
sion coefficients are much higher in the electrolytic phase (LP30, e.g. 10® cm? s?) than in
the solid phase NCM with ~ 10°° cm? s,

Layered oxides are used as cathode material for SIB, for example by the company Faradion
(United Kingdom) or HiNa Battery Technology Co., Ltd. (China). An example of a layered
oxide as a cathode material for SIB that does not contain cobalt is P2-Nag.s7MnO2 (NMO).
The practical capacity of this material class is with 175 mAh g* similar to that of layered
oxide for LIB. However, due to the lower cell voltage (2.8 V), the specific energy is lower.
Higher capacities and potentials can be achieved by optimizing material compositions.®
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Lithium-Iron-Phosphate (LiFePO4 or LFP) is considered one of the cathode materials for
the next generation of LIB due to its electrochemical properties, durability, safety, and the
fact that it is made from non-toxic and non-critical raw materials.?®?® According to the
literature, Tesla has switched to LFP batteries for the Model 3 and Model Y since 2021.
Similarly, the Volkswagen Group and Ford Group have gradually incorporated LFP batter-
ies into their electric vehicles (EV).2° LFP exhibits high cycle stability due to the low vol-
ume expansion of the active material during battery operation.! One challenge in using LFP
as a cathode material is its low electronic and ionic conductivity. To increase electronic
conductivity, a carbon coating is applied to the LFP particles. To enhance ion conductivity
within the LFP active material particles, LFP is produced as primary particles with a diam-
eter of 200 nm and agglomerated into secondary particles (hierarchically structured parti-
cles) with a particle size of ~ 5-10 um. By this special particle design a capacity of ~ 165
mAh g at a potential of ~ 3.5 V can be achieved in practical operation. This corresponds
to 97 % of the theoretical capacity of 170 mAh g1.! Similar to LFP, there is also Sodium-
Iron-Phosphat (NaFePOas, NFP), which however has a low potential (~2.7 V) and lower
practical capacity of 152 mAh g?l. Another representative of phosphates for SIB is
NasV2(POa4)3 (NVP), which belongs to the NASICON (sodium(NA) Super lonic CONduc-
tors) structures. It is characterized by excellent cycle stability and rate capability at higher
currents, as well as a high voltage of 3.4 V.12 The theoretical capacity is 118 mAh g, while
its practical capacity is around 112 mAh g1.14%31 The theoretical and practical capacity
can be increased by integrating fluorine to 134 mAh g. Similar to LFP, NVP also exhibits
low electrical conductivity. Therefore, a special particle design is required for optimal per-
formance, which includes nanostrucutring as well as carbon to enable the electrolyte filling
up to the core of the material.

Prussian Blue Analogues (PBA) are also polyanion types and promising candidates as cath-
ode materials for SIB, due to promising capacity, discharge potential (2.9-3.5 V) and pro-
duction with available, low-cost raw materials (e.g. CATL, Natron Energy, Altris).323 The
robust three-dimensional lattice structure allows for high conductivity of the alkali ions,
making PBA particularly suitable for high-performance applications. However, their low
electric conductivity and the low cycle stability still limits their further application and
needs adjustment.’® Depending on the exact composition of the material, practical values
of for example 103 - 170 mAhg? can be achieved.*'* Prussian White (PW)
NazFe[Fe(CN)e] has a theoretical capacity of 171 mAh g.3? Because of the low density,
only a lower volumetric energy density can be achieved.!**" A special characteristic is that
the active material particles have a cubic shape.

11.3 Local Heat and Mass Transfer

A new experimental drying setup for simultaneous measurement of film shrinkage and pore
emptying during drying was developed. During drying, the film is subjected to a lateral hot-
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air flow, resulting in initially position-dependent local heat and mass transfer coefficients
due to boundary layer development.

The local mass transfer coefficient (85 g10ca1) depending on the overflow length x is calcu-
lated using the local Sherwood-number (Shy, equations (11.4) and (11.5)).

X
Sh, = ﬁs@’% =0.332-./Re, - VSc (11.4)
S8

The Schmidt number Sc and the Reynolds number Re are calculated using the kinematic
viscosity v, the air velocity u and the diffusion coefficient D, ,. Note that the Schmidt
number is independent of the overflow length.

v 4 _ux
Sc = 5o and Rey, = - (11.5)

The Lewis analogy can be used to calculate the heat transfer coefficient from the mass
transfer coefficient (equation (2.12) and (2.13)). The course of the heat and mass transfer
coefficient is shown in Figure 11.3.
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Figure 11.3: Local heat transfer coefficient depending on the overflow length. It is assumed that the thermal
and mass boundary layers begin at the same position.

After an initial distance (start-up phase), the dependence of the heat transfer coefficient on
the distance (direction of air flow) decreases. The measurement is made at a point where
the heat and mass transfer coefficient is approximately constant.
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11.4 Drop-In Capability: Material-Dependent Electrode
Manufacturing of LIB vs. SIB

11.4.1 Wet Film Thickness

The aim is to describe the course of the film drying process (film shrinkage profile) as it
depends on the material system and to identify the parameters that are crucial. A compre-
hensive understanding for the application of a process control for an industrial drying pro-
cess based on the material properties of the active material is to be achieved.

The production of electrodes requires consideration of several parameters, including the
necessary wet film thickness, which depends on the areal mass loading of the required dry
electrode. The wet film thickness can be calculated by the desired areal mass loading di-
vided by the solid content of the slurry and the density of the slurry, as shown in equation
(11.6).

dry
m 1
1
hyer = —2real . (11.6)
Xsolids pslurry

Figure 11.4 shows the wet film thickness of coated slurries for LIB and SIB anode and
cathode electrodes as a function of the areal capacity.
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Figure 11.4: The wet film thickness is calculated as a function of areal capacity. As the areal capacity in-
creases, the difference in wet film thickness between LIB and SIB increases. In addition to the
capacity and electrode composition, the wet film thickness is also dependent on the density of
the active material. For different areal capacity, the wet film thickness of SIB anodes is about
23% higher and of SIB cathodes about 22 % higher than for LIB.

The necessary thickness of the wet coating to achieve a specified areal mass loading is
directly proportional to the required areal capacity (hwet ~ Carea). FOr all areal capacities, the
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wet coating thickness is 22-23% higher for SIB cathodes and anodes than for LIB ones.
However, the absolute differences in wet coating thickness increase as the areal capacities
become higher. It is noteworthy that the wet film thicknesses of PBA and LFP are more
different from each other than would be suggested by the required areal mass loading. Com-
pared to the areal mass loading shown in Figure 3.2, differences between the materials are
more pronounced as the wet film thickness depends on the volume fraction and, conse-
quently, on the density of the active material.

The difference in particle density affects not only the slurry viscosity but also the required
coating thickness. Higher areal mass loadings or wet film thicknesses may require addi-
tional investment in larger mixers, feed tanks, and pumping system. If a production line has
been configured for high-capacity electrodes, producing larger volumes or pumping higher
volume flows should not be a challenge. In general, a reduction in wet film thickness for
the same areal mass loading of the electrode can be achieved by increasing the active ma-
terial content, solid content, specific capacity, or density of the active material.

11.4.2 End of Film Shrinkage

To illustrate the relationship of film shrinkage and solvent mass fraction for all material
systems used, Figure 11.5 shows the normalized decrease in film thickness during drying.
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Figure 11.5: Drying progress: Reduction in film thickness as a function of the solvent content for water-
based slurry drying depending on different active materials. The end of film shrinkage termi-

nates for anodes and for cathodes at different level of solvent content. Lower solvent contents
appear for lower electrode porosity and/or higher density (cathodes) of the active material.

Two regimes appear, one for the anodes and one for the cathodes. It can be seen that the
solvent content at the end of film shrinkage is different for all material systems. The solvent
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content at the end of film shrinkage for Graphite and HC ranges from 39 wt-% to 41 wt-%.
For LFP, this value of about 32 wt-% is considerably lower due to the higher density of the
dry mixture. With regard to the cathode, NCM (e.g. NCM622, 4.6 g cm~)®2 represents an
example of an active material with an even higher density compared to LFP. The solvent
mass fraction at the end of film shrinkage is only about 17 wt-% (assumed same electrode
composition as for LFP and an electrode porosity of 45 %°%?).

With the knowledge of the end of film shrinkage for the different active material systems,
the CMC concentration at the beginning of the pore emptying can be calculated (see Section
11.4.3).

11.4.3 CMC-Concentration Depending on End Film Shrinkage

To assess the viscosity conditions within the actual pore structures investigated in this
work, calculations of the end of film shrinkage and the viscosity of the CMC solution within
the pores are provided in this section. These results are incorporated into the subsequent
discussion of the experimental findings on pore emptying.

In order to develop a hypothesis regarding the onset of pore emptying and to gain insight
into the conditions that prevail during this process, the concentration of the CMC solution
within the pores at the end of the film shrinkage is examined. This is done on the basis of
the data presented in Figure 11.5, which illustrates the solvent content at the end of the film
shrinkage.

Viscosity of CMC-solution

Figure 11.6 illustrates how the viscosity of CMC-water solutions changes depending on
the concentration of CMC. Furthermore, the figure illustrates the calculated concentra-
tions of the CMC-water solutions at the end of film shrinkage, which are dependent on
the active material.
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Figure 11.6: Viscosity of CMC-water solutions with increasing CMC concentration. Two distinct regions
are observed, wherein the viscosity exhibits an exponential increase with concentration. At a
specific concentration, referred to as the overlap concentration, there is an entanglement of the
polymer chains, which has a notable impact on the viscosity of the system. The CMC-water
solution used has an overlap concentration of 0.4 wt-%. The initial concentration of the CMC
in the slurries is 1.3 wt-%, based on the water content. This means that the CMC is already
entangled at the beginning of the drying process, which will be discussed further in Section
3.2.5. The calculated CMC concentrations are given for LFP and Graphite at the time of the
end of film shrinkage, assuming a fully saturated pore network.

The relationship between the concentration and the viscosity of the CMC solution is expo-
nential. The viscosity increase slope seems to change at a concentration of 0.4 wt-%, which
is known as the overlap concentration. At the beginning of the drying process, the concen-
tration of CMC in all slurries is 1.3 wt-% (based on the water content), which exceeds the
overlap concentration. Section 3.2.5 will provide a more detailed examination of the rela-
tionship between this phenomenon and the migration of binders.

The CMC concentration for HC and Graphite is about 2.4 - 2.7 wt-%, while for LFP and
PBA itis 3.9 - 5.2 wt-%. It needs to be investigated whether this affects the capillary pore
emptying mechanism. A comparatively higher viscosity of the liquid in the capillary net-
work could increase the flow resistance. Based on the examination of the viscosity of the
CMC-water solutions, this could mean that the pore breakthrough for slurries containing
LFP as an active material, for example, occurs with a delay than for slurries containing
graphite.
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11.4.4 Pore Breakthrough Depending on Drying Rate and Electrode
Thickness

The end of film shrinkage is measured experimentally, simultaneously with the beginning
of pore emptying to show potential effects of the active material and drying conditions on
the pore breakthrough. The results are summarized in Figure 11.7 as the measured ratio of
the time of first visible pore emptying on the underside of the wet film (tist pore) to the time
at which film shrinkage is completed (teors) for a dry film thickness of approximately 100
pum for the different material systems.
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Figure 11.7: Ratio of the time of first visible pore emptying on the underside of the wet film (tist pore) to the
time at which film shrinkage is completed (teors) for different active material systems and dry-
ing rates. For all investigated active materials and drying rates, pore breakthrough coincides
with the end of film shrinkage (tistpore = teors), demonstrating the onset of pore emptying is
independent of material system and drying rate.

For all investigated active material systems and drying rates, pore breakthrough consist-
ently occurs at the completion of film shrinkage (tistpore = teors), indicating that the onset
of pore emptying is independent of both the material system and the applied drying condi-
tions.

It could be also assumed that with thicker electrodes, the pore breakthrough occurs with a
delay, because increasing the distance between the electrode surface and the bottom of the
electrode results in a compensation of capillary forces by higher friction losses and retard
the pores from breaking through. In contrast, the experimental examination of pore break-
through for thick graphite anodes in high-energy applications suggested that a breakthrough
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can occur before the theoretical end of film shrinkage= but the drying experiment to deter-
mine the drying rate and the observation pore breakthrough were conducted in separate
experiments, which introduces the possibility of errors.

LFP and HC electrodes with approximately double the thickness of the layer show simul-
taneous onset of pore breakthrough with the end of film shrinkage at a drying rate of 1 g m-
25’1, For HC, a mean time ratio of 0.99 is obtained at a mean layer thickness of ~200 pum.
LFP also shows a mean time ratio of 1.01 at a layer thickness of ~180 um. This holds even
for an extreme case with a layer thickness of ~350 um examined for LFP, with a time ratio
of 1.00 determined. Thus, the occurrence of pore breakthrough before the end of film
shrinkage cannot be confirmed.

11.4.5 Electrode Characterization

Dry film thickness, areal mass loading, and electrode porosity of non-calendered graphite
electrodes for a target areal capacity of 1, 2 and 3 mAh cm™. Values represent averages
over all electrodes produced at drying rates of 0.75 to 3 g m2s™,

Table 11.2: Dry film thickness, areal mass loading, and electrode porosity of non-calendered graphite
electrodes for a target areal capacity of 1, 2 and 3 mAh cm2. Values represent averages
over all electrodes produced at drying rates of 0.75 to 3 g m2s™.

Gr HC LFP PBA
Areal capacity
) 1 2 3 1 2 3 1 2 3 1 2 3
/mAh em™
Dry coating
143 + 104 + 152 + 2+ 128 + 162 +
thickness 36+3 6713 101 +3 36+5 93+1 T0+4
4 2 5 2 7
/ pm
Areal mass
118 + %t 130 + 200 + 77+ 155+ 210 +
loading 29+1 60+ 1 91+1 40+2 T6+1
2 9 2 2 1 3 4
/gm?
Density dry
mixture 2136 1970 2992 1959
/ kg m*
Electrode a4
porosity 62+ 1 5842 37T+1 64 +1 58+1 5841 | 6242 38+1 56+1 l_ 38+1 3342
/%
Solvent loading
Xeors 0.77 0.64 0.63 0.88 0.70 0.70 0.55 0.46 0.43 0.44 0.31 025
fggt

11.4.6 Adhesion Strength Depending on Areal Mass Loading

Figure 11.8 shows the adhesion force for increasing areal capacity. The anode ad cathode
electrodes were manufactured using the same drying rate (0.75 g m2s™).
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Figure 11.8: Adhesion strength (90° peel test) as a function of areal capacity for LIB and SIB anodes
and cathodes manufactured at a low drying rate of 0.75 g m2s™.

The results demonstrate that electrodes with lower areal mass loading exhibit superior ad-
hesion strength compared to electrodes with higher areal mass loading. Increasing the layer
thickness appears to cause the failure mechanism at the interface to the current collector
foil to occur at lower force. There may be an effect due to pore emptying and binder mi-
gration. It is possible that the capillary action within the network increases due to the higher
layer thickness, resulting in more binder being carried away. However, differentiation is
required with regard to the course of adhesion strength in relation to increasing areal mass
loading. The adhesion strength decreases approximately linearly for Graphite and PBA.
When comparing the adhesion strength curves of LFP and HC electrodes, an increase in
areal capacity results in a plateau formation in both cases. It may indicate that the binder is
better fixed for HC and LFP electrodes, as further increasing the layer thickness does not
lead to a further decrease in adhesion strength. It could be hypothesized that LFP and HC
electrodes exhibit better fixation compared to Graphite, resulting in a lower decrease in
adhesion strength with increasing drying rate. In other words, based on the results, it could
be assumed that binder migration is reduced when using LFP and HC compared to Graph-
ite.
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11.5 Hard Carbon Electrodes

11.5.1 Particle Size Distribution

The particle size was determined by laser diffraction (Horiba LA950, Retsch Technology).
For this purpose, the active materials are dispersed in 2-propanol.
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Figure 11.9: Particle size distribution of the different HC investigated.

11.5.2 Adhesion

It is assumed that the course of the adhesion strength is also influenced by the current col-
lector. There are hardly any studies on this in the current literature, although an influence
of the surface energy is suspected.’®! Therefore, it is assumed that the adhesion strength
profiles of the electrodes made from different materials and coated on the same current
collector are highly comparable.

Figure 11.10 shows the reference adhesion strength of Graphite, HC-A, and HC-C elec-
trodes coated on copper current collector foil and dried with a drying rate of 0.75 g m2s™.
The data is compared to HC-A and HC-C electrodes on an aluminum current collector foil.
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Figure 11.10:  Reference adhesion strength of Graphite, HC-A and HC-C electrodes coated on the same
copper current collector with the areal capacity of about 2.2-2.3 mAh cm. The electrodes
consisting of HC-A and HC-C active material exhibit the same adhesion strength on copper
current collectors. However, on aluminum current collectors, HC-C electrodes show an in-
creased adhesion strength.

The comparison of the adhesive strength values of HC-A and HC-C on the aluminum cur-
rent collector shows a significant influence on the absolute adhesion strength.

11.5.3 Porosity and Pore Size Distribution Depending on Drying Rate

The HC slurries were dried at different drying rates and geometric porosity was determined
from the dry electrodes by area weight and film thickness (see Figure 11.11).
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Figure 11.11:  Porosity of HC-A, HC-B, and HC-C electrodes dried at different drying rates.

The porosity of the electrodes is observed to remain approximately constant, despite their
fabrication being conducted at significantly different drying rates.
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Figure 11.12 shows the pore size distribution for electrodes made with HC-A, HC-B, and
HC-C to show the influence of the particle size on the pore size. The figure also shows the
pore size distribution of HC-A and HC-C electrodes which were produced using different
drying rates.

Relative pore volume / %
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Figure 11.12:  Pore size distribution measured by mercury intrusion for HC-A, HC-B, and HC-C elec-
trodes. The HC-A electrodes are dominated by pores at 0.6 um, HC-B at 1.1 um, and HC-C
at 2 um. The pore size distribution for HC-A and HC-C electrodes which are dried at three
different drying rates is also shown. The pore size distribution is not influenced by the dry-
ing rate.

The pore size distribution remains unchanged with increasing drying rate. As particle size
increases, the dominant pore size of the electrodes also increases (HC-A Xso = 3.7 um cor-
responds to dpore,peak = 0.6 um and HC-C Xso = 9.4 um t0 dpore,peak = 2 Um).

shows an overview of the geometric porosity by determining the areal mass loading and
the electrode thickness as well as the porosity from Hg-porosimetry.
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Table 11.3: Overview of the geometric porosity and porosity measured by Hg-intrusion.
Name Geometric po- Porosity (Hg-intru-
rosity sion)
| % | %
HC-A 52.0+ 0.3 43.0
HC-B 56.8 £ 0.3 46.6
HC-C 575+ 0.6 47.1

The porosity determined by the mercury intrusion method is lower than the geometrically
calculated porosity for all electrodes, since the measurement is incapable of determining
closed pores.'?> The SEM cross-sectional image of an HC-C electrode (Figure 11.13)
demonstrates the presence of closed pores within the active material, thereby supporting
the hypothesis derived from existing literature on the subject.

Figure 11.13:  SEM cross-sectional image of an HC-C electrode. The pores present in the active material
particles are indicated by the red circles.

A cross-sectional image of a graphite electrode with a non-spherical graphite (SMGA, Hi-
tachi Chemical Co. Ltd., Japan) with a particle size of xso = 18.4 um is shown in Figure 1
to facilitate comparison of the particles and microstructure between graphite and hard car-

bon.

Figure 11.14:  SEM cross-sectional image of a graphite anode with non-spherical SMGA particles with a
particle diameter of Xso = 18.4 pm.
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The fabrication of this electrode was conducted in accordance with the identical procedures
and electrode composition as the HC electrodes examined in this study. A significant dif-
ference in the morphology of the particles and the size of the pores is evident when com-
pared to the HC electrodes examined (see Figure 4.4).

11.5.4 Pore Breakthrough Depending on Particle Size

The end of film shrinkage is measured experimentally, simultaneously with the beginning
of pore emptying to show potential effects of the active material and drying conditions on
the pore breakthrough. The results are summarized in Figure 11.15 as the measured time
ratio tyst pore tzors depending on the active materials.

0.8 +

0.4 +

Time ratio t; poe trops™'/ -

HC-A HC-C

Figure 11.15:  The first pore appears at the bottom of the microstructure coincides with the end of film
shrinkage the material systems investigated. A time range is specified to account for accu-
racy in determining the end of film shrinkage and the beginning of pore emptying.

The first pore is visible on the bottom of the substrate, if the film shrinkage is finished
(teors = tistpore) FOr HC-Aand HC-C. Thus, the onset of capillary transport during drying
coincides with the end of film shrinkage.

Further investigations using simulations of pore emptying showed that the pore size or the
behavior of pore emptying is only influenced by the pore size if the viscosity of the liquid
in the pores is greatly reduced. If the viscosity of the liquid in the pore spaces is reduced,
emptying occurs as a liquid front. No pore breakthrough to the lower end of the electrode
structure can be observed.!>
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11.5.5 Binder Migration: Influence of Binder System

The aim of the following investigations is to examine whether the observed differences in
the drying behavior of electrodes with different particle sizes depend primarily on the
binder system used. For this purpose, electrodes based on two hard carbon materials with
different mean particle sizes (HC-A and HC-C) were prepared using the binder PVDF.
NMP was used as the solvent. The adhesion strength of the electrodes was investigated as
a function of the drying rate (see Figure 11.16).
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Figure 11.16: Normalized adhesion strength of HC-A and HC-C electrodes with increasing drying rate. The
slurry composition is shown in. The dry film thickness of the electrodes is 94.3 + 4.0 um. The
adhesion strength of the PVDF-based electrodes are normalized to 5.1 + 0.2 N m* (HC-A)
and 13.1 + 0.3 N mt (HC-C). With increasing drying rate, the same trend towards lower adhe-
sion strength is obtained for both particle sizes.

The results show that the adhesion strength decreases with increasing drying rate for elec-
trodes with both smaller and larger particle sizes. The relative reduction in adhesion
strength is comparable for both electrodes. This indicates that, when using the PVDF/NMP
binder system, binder migration is mainly governed by the drying rate and is less influenced
by structural parameters such as pore size or porosity of the electrode.

The capillary suction, which is strongly affected by the drying rate due to mass conserva-
tion, is therefore similar for both electrodes. Consequently, the transport of the mobile
binder fraction is also comparable. In contrast, water-based HC-A and HC-C electrodes
using the CMC/SBR binder system (see Figure 4.5) exhibit suppressed binder migration,
which can be attributed to specific interactions between the binder system and the particle
surfaces.
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The adhesion strength for both particle sizes decreases with increasing drying rate, resulting
in equal percentage changes. This indicates that the binder migration depends on the drying
rate in particular and less on the pore size or porosity for electrodes with PVDF/NMP. The
capillary suction, which is determined especially by the drying rate due to mass conserva-
tion, appears to be the same for both electrodes, and thus, the transport of the mobile binder
fraction. Thus, for water-based HC-A and HC-C electrodes using the bindersystem
CMC/SBR in Figure x, the suppression of binder migration must have resulted from inter-
action with the binder system with the particles.

11.5.6 Annealing

The present study investigates the influence of an annealing step subsequent to the drying
process. To this end, samples were placed between two metal plates to avoid bending and
ensure a homogenous heat input. The samples were transferred into a preheated vacuum
furnace and subjected to annealing conditions for 10 min at 10 mbar and at varying anneal-
ing temperatures. This procedures aligns with the methods outlined in the extant literature
for water-based graphite anodes.®® The dried HC-A and HC-C electrodes were subse-
quently subjected to an annealing process, after which the adhesion strength was measured
(see Figure 11.17).
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Figure 11.17: Normalized adhesion strength as a function of annealing temperature for HC-A, HC-C, and
graphite electrodes. The electrodes were dried at a drying rate of 0.75 g m?s with a heat trans-
fer coefficient of 80 W m2K-* and then undergo a 10 min annealing process at the appropriate
temperature. The data for graphite have been obtained from existing literature.®* Annealing has
been shown to increase of the adhesion strength, with an observed increase starting from 70 °C
for HC-C and graphite electrodes, and from 100 — 120 °C for HC-A electrodes.

The study found that HC-C electrodes exhibit an approximate 29% increase in adhesion
strength at an annealing temperature of 140 °C, while the HC-A electrodes demonstrate an

171



11 Appendix

approximately 8% increase. The effect of annealing on adhesion strength is only observable
at annealing temperatures of 70 °C (HC-C) or 100 - 120 °C (HC-A). In the drying tests
carried out in this study for water-based HC anodes, a maximum isothermal drying temper-
ature of approximately 70 °C was established. Consequently, an increase in adhesion
strength with increasing temperature cannot be ascribed to an annealing effect. However,
with increasing annealing temperature, the adhesion strength of all electrodes nevertheless
increases, indicating the effectiveness for post-treatment of electrodes.

11.5.7 Binder Migration and lonic Transport Resistance

The adhesion strength of electrodes represents an indirect measure of binder migration.
However, it provides information only about the binder distribution in the vicinity of the
current collector. For a more comprehensive analysis of binder distribution after the drying
process, impedance spectroscopy under blocking conditions is particularly suitable. While
this approach has already been applied in the literature to investigate binder migration in
PVDF-based electrodes, no corresponding studies exist for water-based binder systems
such as CMC/SBR. In the corresponding publication by the author, this relationship is
demonstrated and published experimentally for the first time.®

To investigate the influence of binder migration on ionic transport resistance and the re-
sulting electrical tortuosity, impedance measurements under blocking conditions were car-
ried out on hard carbon electrodes. An electrolyte was used that does not contain any ions
capable of intercalating into the active material, ensuring that only ionic transport through
the electrolyte within the electrode pore structure is probed.

Since HC-A and HC-C electrodes exhibit opposite trends in adhesion strength as a function
of drying rate, a corresponding inverse behavior is expected for the ionic transport re-
sistance and the electrical tortuosity. The impedance spectra were analyzed using a trans-
mission line model (TLM), which describes ion transport in the electrolyte within the po-
rous electrode structure. From the fitted spectra, the ionic transport resistance Rion was
extracted.

Figure 11.18 shows exemplarily the Nyquist plots for HC-A and HC-C produced with the
lowest and highest drying rates investigated.
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Figure 11.18: Nyquist plots of HC-A and HC-C electrodes produced with lowest drying rate (LDR
0.75 g m?s?) and the highest drying rate (HDR 9 g m's™) investigated. The ionic transport
resistance of the HC-C electrode is higher than that of the HC-A electrode. As the drying rate
increases, the HC-C electrode’s ionic transport resistance also increases, indicating a change in
binder distribution.

Independent of the drying rate, HC-A electrodes exhibit a lower ionic transport resistance
than HC-C electrodes. This behavior can be attributed to the higher number of pores and,
consequently, a larger number of possible ion transport pathways through the electrode.
The ionic transport resistance of HC-A electrodes remains nearly constant over the inves-
tigated drying rates, ranging from 268 to 249 Ohm. Since no increase in resistance is ob-
served with increasing drying rate, these results confirm the conclusions drawn from the
adhesion strength measurements, indicating a suppression of binder migration in HC-A
electrodes.

In contrast, HC-C electrodes exhibit a significantly higher ionic transport resistance, which
increases from 605 Q at low drying rates to 802 Q at high drying rates, corresponding to an
increase of approximately 33%. Literature reports on graphite anodes with PVDF binder
show that enhanced binder migration and an inhomogeneous binder distribution lead to an
increase in ionic resistance. Consistent with these findings, an extension of the mid-fre-
quency region in the impedance spectra is observed for HC-C electrodes at higher drying
rates. This behavior suggests the formation of a binder gradient, characterized by a reduced
binder content near the current collector and an increased binder content toward the sepa-
rator.

To directly correlate impedance spectroscopy with the adhesion strength measurements
shown in Figure 4.6, the ionic transport resistances of HC-A and HC-C electrodes were
determined over the entire range of investigated drying rates and converted into electrical

173



11 Appendix

tortuosity values using Equation (2.28). Figure 11.19 compares the electrical tortuosity as
a function of drying rate with the corresponding adhesion strength.
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Figure 11.19: Adhesion strength and electrical tortuosity from impedance spectroscopy measurements of HC-
A (left) and HC-C (right) electrodes as a function of the drying rate. The tortuosity curve shows
an inverse trend to the adhesion strength for both HC active materials.

For both material systems, the electrical tortuosity values are significantly higher than
those estimated from heat or mass transport measurements or from analytical models for
geometrical tortuosity, such as the Bruggeman (t = ey with y = 0.5)% relation or the
Zehner—Bauer—Schliinder (t = £/ (1-(1-¢)-1.5))*"%® model. The calculated geometrical
tortuosity is in the range between 1.5 to 1.7 for the two different analytical models used.

The substantially higher electrical tortuosity values indicate that the resistance encountered
by ions during transport through the electrolyte within the microstructure is considerably
greater than would be expected based solely on geometric effects. The magnitude of the
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electrical tortuosity determined for both hard carbon electrodes is consistent with values
reported in the literature for graphite anodes with CMC/SBR binder obtained by impedance
spectroscopy. °°With increasing drying rate, an inverse correlation between adhesion
strength and electrical tortuosity is observed for both material systems. This demonstrates
that adhesion strength measurements and impedance spectroscopy provide equivalent in-
formation regarding binder migration.

In order to improve ionic transport properties and reduce electrical tortuosity, a reduction
in binder content is generally recommended. However, this approach adversely affects elec-
trode adhesion. To reduce the binder content without compromising adhesion strength,
multilayer electrodes can be employed, in which the binder distribution is deliberately tai-
lored. Nevertheless, little is currently known about the influence of different particle sizes
in a multilayer architecture on microstructure formation, pore emptying, and binder migra-
tion.

A highly promising strategy for optimizing electrode properties is therefore the fabrication
of multilayer electrodes using at least two different slurries. These slurries may differ in
binder content or particle size. This approach enables a reduction in overall binder content
or the creation of an optimized pore size distribution, thereby decreasing ionic resistance
without sacrificing adhesion strength. However, only limited data are available in the liter-
ature on the processing and effects of binder migration in multilayer electrodes with varying
binder contents or pore gradients employing different particle sizes in each layer.

11.5.8 Hierarchically Structured Multilayer Electrodes and
Manipulation of Pore Breakthrough

The fabrication of multilayer electrodes with intentionally designed gradients in binder
content and porosity offers significant potential for enhancing electrode properties. In ad-
dition to improving adhesion strength and electrochemical performance, such architectures
can also increase manufacturing productivity.>"134153 previous studies on water-based,
simultaneously coated electrodes with different binder contents have shown, for example,
that adhesion strength is primarily determined by the binder content in the bottom layer
adjacent to the current collector. A nearly linear relationship between the binder content in
the bottom layer and the adhesion force measured by a 90° peel test has been reported.
Importantly, the binder gradient between a bottom layer with high binder content and a top
layer with reduced binder content is not fully equalized during drying and can therefore be
exploited to improve electrode performance. It is hypothesized that binder from the lower
layer is partially transported during pore emptying without completely leveling the gradi-
ent.!® For graphite anodes, it is further well established that multilayer concepts employing
different particle morphologies can be used to create a porosity gradient that influences the
drying mechanism. However, for water-based systems combining different particle sizes
with an additional binder gradient, a comprehensive understanding of binder migration and
the resulting microstructure formation is still lacking.’
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A key objective of this section is therefore to elucidate the pore emptying behavior of hier-
archically structured electrodes featuring a pore size gradient. In particular, it aims to clarify
the consequences for the emptying process when either smaller pores or larger pores are
located in the lower region of the electrode, i.e., in the vicinity of the current collector.

The multilayer architecture enables a targeted investigation of the pore emptying behavior
of a capillary system with a pore size gradient. Multilayer electrodes were analyzed in
which either smaller particles (corresponding to smaller capillaries) or larger particles were
positioned near the current collector (see Figure 11.20).

Figure 11.20: SEM of multilayer structured electrodes with smaller particles near the current collector or
bigger particles near the current collector. A multilayer with 1/3 of the film thickness with
smaller particles in the bottom layer and with 1/3 larger particles in the bottom layer is shown.

The influence of the pore gradient on pore breakthrough behavior was examined by simul-
taneously measuring film shrinkage, determined from the reduction in layer thickness from
the wet to the dry film, and the onset of pore emptying from the bottom side of the electrode.
The latter was identified by coating the electrode onto a glass substrate. Figure 11.21 com-
pares the time of pore breakthrough with the end of film shrinkage.
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Figure 11.21: Investigation of the pore breakthrough of multilayer electrodes with either smaller pores or
larger pores in the vicincy of the current collector. Smaller pores at the bottom of the micro-
structure leads to a delay in the breakthrough of the pores.

When smaller pores are present in the bottom layer of the multilayer electrode, the solvent
is retained within the electrode for a longer period. This behavior can be attributed to the
fact that the solvent remains trapped in the smaller capillaries until the pore system above,
consisting of larger pores, has been nearly completely emptied. Nevertheless, pore empty-
ing still follows the principle of capillary emptying rather than that of a continuously ad-
vancing drying front. This sequential emptying of the capillary system is referred to as
“moving pore emptying”. This behavior is consistent with findinds in the literature about
pore network modeling in structures with pore size gradient.®

A hypothesis proposed in the literature, suggesting that a layer of smaller particles (often
referred to as a consolidation layer) in the upper region of the electrode could induce earlier
pore breakthrough, was disproven in this work. The presence of smaller particles or smaller
pores in the upper region of the microstructure did not lead to an earlier pore breakthrough.

Figure 11.22 schematically illustrates the pore breakthrough behavior of multilayer elec-
trodes with different pore size gradients.
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Figure 11.22: Schematic illustration of the pore breakthrough of multilayer electrodes with different pore size
gradients. The multilayer architecture comprises either smaller pores or larger pores in the rea-
gion near to the current collector. When smaller pores are present in the first layer at the current
collector side, a temporal delay in pore breakthrough is observed. The smaller pores act as a
capillary barrier, thereby hindering solvent emptying and delaying the breakthrough process.

If the multilayer electrode contains smaller pores in the bottom layer near to the current
collector, a temporal delay in pore breakthrough is observed. The smaller pores act as a
capillary barrier, thereby delaying the emptying process.

It remains to be investigated whether the altered pore emptying behavior observed in mul-
tilayer electrodes affects binder migration at higher drying rates.

For this purpose, adhesion strength measurements of multilayer electrodes are presented
for comparison (see Figure 11.23). The multilayer systems comprise either small or large
particles in the bottom layer near to the current collector. For each configuration, the adhe-
sion strength is shown for both a lower (0.75 g ms™) and a higher drying rate (6 g m2s).
In addition, reference data from previous chapters for single-layer electrodes with small
(HC-A) and large (HC-C) particles, respectively, are included for comparison.
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Figure 11.23: Normalized adhesion strength as a function of drying rate for single-layer and multilayer elec-
trodes. Single-layer HC-A and HC-C electrodes are included as reference. All electrodes were
fabricated at a constant heat transfer coefficients of 35 W m2K-%, while the drying rate was
varied by adjusting the isothermal drying temperature. Both single-layer and multilayer elec-
trodes exhibit the same trend in adhesion strength with increasing drying rate. No additional
effect on adhesion strength is observed for the multilayer electrode containing HC-A particles
in the bottom layer, despite the delayed pore breakthrough.

Based on the findings established in Chapters 3 and 4 of this work, no significant influence
of a modified pore emptying behavior on binder migration at higher drying rates is ex-
pected. It has been demonstrated that smaller hard carbon particles effectively suppress
binder migration, which was attributed to enhanced interactions between the active material
particles and the binder system.

For multilayer architectures with smaller particles in the bottom layer, a delayed pore break-
through toward the current collector has been observed. It may therefore be hypothesized
that this delayed pore breakthrough also postpones binder transport in the lower layer, po-
tentially leading to a further reduction in binder migration. However, since the system with
smaller particles already exhibits strongly suppressed binder migration, the delayed pore
breakthrough is not expected to result in any additional beneficial effects with respect to
binder migration.

11.5.9 Half Cell Test

The anodes (13 mm) were electrochemically examined in CR2032 coin cells against so-
dium-metal (16 mm) counter electrodes. NaClO4 in EC:DMC 1:1 with 2% FEC (100 pL)
is used as the electrolyte. As separator a glass-microfiber fleece (GF/C, Whatman) with a
diameter of 16 mm is used. The half-cells were assembled in an argon filled glovebox and
sealed with a MSK-11 press (MTI, KJ Group) and 750 psi. The cycling was carried out in
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a BT2000 battery cycler (Arbin Instruments) in constant current mode inside a voltage
range of 0 Vto 1.5 V.

Identical current density is used for charging and discharging. The current density for the
two cycles (Figure S7) was 5 mA g*. Figure 11.24 shows the voltage profiles of the first
charging and discharging cycle of electrodes with the different particles (HC-A and HC-C).

« HC-A #1
+ HC-C #1

—_
W

1.3

1.0

08 r

0.5

Potential / V vs. Na™/Na

03

0.0 1 L 1 L
0 50 100 150 200 250 300 350

Spec. capacity / mAh g

Figure 11.24: Comparison of voltage profiles of the first charge and discharge step of two different HC at a
current density of 5 mA g,

The voltage profile of HC-A is at higher voltages than for HC-C. HC-C half-cell show a
higher over-potential. The maximum in charge capacity for HC-A is at ~ 330 mAh g and
for HC-C at ~ 325 mAh g. The discharge capacity is at ~ 255 mAh g* (HC-A) and at
~ 270 mAh g (HC-C).

Figure 11.25 shows a comparison of HC-A and HC-C half-cells for the first and second
cycle.
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Figure 11.25: Comparison of voltage profiles of the first and second charge and discharge step of two differ-
ent HC at a current density of 5 mA g
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The voltage profile of the second charging cycle is at lower potential in comparison to the
first cycle. This can be attributed to the SEI building in the first charging cycle.
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11.6 LFP Electrodes: Influence of Particle Size on Binder
Migration Behavior

To evaluate the general applicability of particle size effects on binder migration, LFP with
different particle sizes was investigated as an active material. The mean particle diameter
of LFP200 is 6 um and of LFP400 is 11 um. To isolate particle size as the sole variable,
LFP from a single manufacturer was used and provided in two distinct particle size frac-
tions.

Slurry viscosity and stability

The influence of particle size on the viscosity behavior of the slurries was investigated.
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Figure 11.26: Viscosity as a function of increasing shear rate depending on the active material and, respec-
tively, the particle size. LFP200, exhibiting a comparatively smaller particle size, results in a
slightly increased viscosity at low shear rates. With increasing shear rate, the viscosity profiles
of both slurries converge.

The results indicate that a comparatively smaller particle size leads to an increased viscosity
in the low shear rate regime. With increasing shear rate, the viscosity curves of the slurries
containing different particle sizes converge. This behavior is consistent with previous ob-
servations reported for various material systems (see Section 3.2.3) and was also observed
for the same material system (HC) when different particle sizes were employed (see Section
4.2.2). The increased viscosity at low shear rates can be attributed to enhanced particle-
particle interactions and a higher effective surface area associated with smaller particles.
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Figure 11.27: Stability behavior of LFP slurries with different particle sizes. Slurries containing smaller par-
ticles exhibit a gel-like character.

The stability measurements further demonstrate that the use of active materials with smaller
particle sizes promotes a gel-like behavior of the slurry. This tendency is indicative of the
formation of a percolated particle network, which contributes to enhanced structural stabil-
ity and reduced sedimentation.

Electrode microstructure

To investigate binder migration behavior, electrodes were produced from both active ma-
terials at different drying rates. The resulting electrode properties in terms of dry film
thickness, areal mass loading, and porosity are summarized in Table 11.4.

Table 11.4: Dry film thickness, areal mass loading, and electrode porosity of non-calendered LFP elec-
trodes with different particle sizes. Values represent averages over all electrodes produced at dry-
ing rates between 0.5 - 2 g m?s%,

Name Dry film  Areal mass load-  Electrode po-

thickness / ing rosity

pm /gm? | %
LFP200 98 £5 133+ 7 55+1
LFP400 102 +3 126 + 6 59+3

Similar to the behavior observed for HC electrodes with different particle sizes, LFP elec-
trodes prepared with smaller particles exhibit a reduced electrode porosity. This can be
attributed to the more efficient packing of smaller particles.

Binder migration behavior
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Binder migration was assessed by adhesion strength measurements of electrodes dried at
different drying rates.
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Figure 11.28: Adhesion strength as a function of drying rate and particle size of the employed active material.
The results reveal that, also for LFP electrodes, the use of smaller particle sizes leads to a
suppression of binder migration. Consequently, particle size emerges as a key parameter

linking active material properties, slurry rheology, microstructure evolution, and final elec-
trode adhesion behavior.
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11.7 NCM111 Electrodes

11.7.1 Particle Size Distribution

The particle size distribution of the investigated NCM111 with either compact or porous,
nanostructured particles is shown in Figure 11.29.
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Figure 11.29: Particle size distribution of the investigated NCM111 with either compact (NCM-C) or porous,
nanostructured (NCM-P) particles.

The particle size distributions of the two particle systems differ only in a shift of the mean
particle diameter due to the processing of the nanoporous structured particles.
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11.8 NCM622 Electrodes

11.8.1 Viscosity Profiles

The flow behavior of the slurries with compact particles and porous particles with the same
and reduced binder content is shown in Figure 11.30.
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Figure 11.30: Viscosity of NCM622-compact (green triangles), NCM622-porous with 4.5 wt-% PVDF (red
dots) and NCM-622-porous with reduced binder content of 3 wt-% (red rhombus) as a function
of shear rate at 25 °C.

11.8.2 Binder Migration and Overall Binder Content

To verify that the results discussed in Section 6.2.4 originate from the overall binder content
rather than from the multilayer architecture itself, a multilayer electrode composed exclu-
sively of slurries containing compact active material particles was fabricated. This ap-
proach enables a systematic investigation of binder migration as a function of total binder
content and drying rate.
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Figure 11.31: Binder migration as a function of the overall binder content and the drying rate for single-layer
and a multilayer electrode fabricated with only compact active material particles. The single-
layer and multilayer electrodes with an overall binder content of 3.75 wt-% show the same
adhesion strength and binder migration behavior, demonstrating the overall binder content as
governing parameter for simultaneously coated multilayer electrodes with PVDF/NMP.

The comparison demonstrates that a simultaneously coated multilayer electrode processed
with the PVDF binder and NMP solvent exhibits the same binder migration behavior as a
single-layer electrode when the overall binder content is identical. This finding confirms
that, under the investigated conditions, the overall binder content is the governing parame-
ter for binder redistribution, independent of whether the electrode is structured as a single
layer or as a simultaneously coated multilayer.

For further optimization, wet-on-dry coating strategies should be investigated. Such ap-
proaches may suppress diffusive equilibration of binder concentration by utilizing of the
already dried bottom layer, potentially leading to increased adhesion strength. However, it
remains to be clarified whether wet-on-dry coating induces partial redissolution of the un-
derlying dried layer, which could in turn affect binder migration and adhesion behavior.

11.8.3 Resistivity

Resistivity measurements were carried out to investigate the influence of the coating con-
figuration on the electrical conductivity as a function of the drying rate. The resistivity for
the single- and multilayer electrodes with increasing drying rate is shown in Figure 11.32.
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Figure 11.32: Resistivity as a function of the drying rate for single- and multilayer electrodes with compact
and porous particles in different layer configurations.

For all electrodes, the electrical resistivity increases with increasing drying rate, which
could be related to the binder migration in all layers. The resistivity is significantly higher
for the porous single layers, which is consistent with the literature and Chapter 5.

The measured resistivity for the multilayer electrodes is more oriented towards the resis-
tivity of the single layer with compact particles. The resistivity increases by 26% for the
single-layer electrode SL compact particles (4.5 wt-% PVDF), 88% for multilayer ML 1/3
porous particles (4 wt-% PVDF), and 160% for multilayer ML 2/3 porous particles (3.5 wt-
% PVDF).

11.8.4 Reduced Binder Content with NCM622-Compact Particles

The influence of binder content of the single-layer with compact particles on the cell per-
formance is shown in Figure 11.33 for the lower drying rate. The electrode SL compact
particles with reduced binder content has a PVDF content of 3 wt-% and about the same
film thickness of 95 um and an areal mass loading of 220 g m™.
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Figure 11.33: Specific discharge capacities of half cells with non-calendered SL compact (4.5 wt-% PVDF)

and SL compact reduced binder (3 wt-% PVDF) at the lower drying rate (0.75 g m2s™).
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Eike Christian Herbst: Investigation of the drying behaviour of battery slurries with
nano pouros particles for cathodes of Li-ion batteries (2022, Master's Thesis)

Chaima Hamrita: Electrochemical investigation of hard carbon as active material of the
anode for the sodium ion battery (2021, Masterarbeit)

Nadine Zimmerer: Investigation of the drying behaviour and the formation of the mi-
crostructure of anodes for sodium ion batteries (2020, Master's Thesis)

Jara Abu Tayeh: Investigation of the influence of slurry formulation and process con-
ditions on the production of hirarchically structured electrodes for sodium-ion-batteries
(2021, Master's Thesis)

Stefan Wacker: Investigation of material properties of the anode of sodium-ion-batter-
ies with variation of solid content and additive fraction (2020, Bachelor's Thesis)
Ziying Wen: Investigation and comparison of active components of the anode of lith-
ium-ion and sodium-ion-batteries with regard to their processing (2020, Bachelor's
Thesis)

Second Supervisor:

1.

Yasmin Gribbel: Investigation of the influence of the formulation and drying parame-
ters on the thermal conductivity of porous electrodes (2024, Bachelor's Thesis)

Niklas Konnecke: Investigating the influence of particle morphology of LFP cathode
materials for lithium-ion batteries on processing and electrode properties (2023, Mas-
ter's Thesis)

Julian Borho: Investigation of the influence of process and material parameters during
the drying of battery electrodes of different material systems with radiation-based en-
ergy input (2022, Master's Thesis)

Wenhan Deng: Investigation of the slot coating of simultaneous multilayers for lithium-
ion batteries (2021, Master's Thesis)
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14 Supervised Student Work

5. August Gladik: Investigation of different dispersing systems for the pro-duction of na-
noparticle-based coating inks for fuel cells (2020, Bachelor's Thesis)
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