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Abstract

This study examines the production of lithium-ion electrode suspensions, with a particular emphasis
on the intricate flow dynamics of slurries comprising of diverse material compositions and processing
techniques. Experimental series were conducted on cathodic LiFePO,4 (LFP) and anodic materials, in-
cluding graphite and SiOy, utilizing current, industrially relevant materials and equipment. The flow
behavior of slurries was demonstrated to be influenced by a number of factors, including their com-
position and the production method. The addition of dissolved polymers, macroscopic and microscopic
particles, all contributed to an increase in viscosity. Furthermore, the processing techniques employed,
in particular the choice of mixing sequence and energy input, were found to significantly affect the
slurry’s microstructure and flow properties.

On the cathodic side, the addition of conductive additives, namely carbon black (CB) and single-walled
carbon nanotubes (SW-CNTSs), resulted in the formation of strong colloidal interactions, which in turn
led to a notable alteration in the flow behavior, to a greater extent than that observed with the LFP
material. In the case of anodic slurries, carboxymethyl cellulose (CMC) proved to be a crucial factor in
modifying viscosity through adsorption on the particle, which resulted in the emergence of complex
flow behaviors, including shear thinning, Newtonian, and shear thickening. The degree of adsorption
was observed to be contingent upon the energy input during mixing, which could be optimized by
adjusting the solid content and machine parameters, like tool speed and sequence duration.

Furthermore, the study investigated the influence of mixing procedure sequencing on the mechanical
and structural properties of positive electrodes. The dry mixing of CB, active material, and binder re-
sulted in the production of a slurry with significantly reduced viscosity while maintaining a good peel
strength. It was postulated, that this is due to the dispersity of the conductive additive that not just
affected the flow behavior, but also the peel strength. This mixing method proved effective in mini-
mizing the formation of carbon agglomerates, as confirmed by scanning electron microscopy (SEM)
and energy-dispersive X-ray (EDX) mapping and required the least energy input. In addition, a proce-
dure which pre-dispersed both conductive additives prior to mixing the active material resulted in a
different state of dispersity, causing web-like structures around LFP particles, also displaying reduced
viscosity of the slurry and pronounced mechanical properties of the resulting electrode. The electro-
chemical performance of the LFP cell specimens was evaluated, with a particular focus on their C-rate
capability and cycle stability. A procedure in which the CB was dispersed first and the SW-CNTs last,
resulted in slurries with the highest viscosity and electrodes with a low peel strength. Yet, they showed
the highest C-rate performance and cyclability for approximately 2,000 cycles. Conversely, procedures
that altered the dispersion sequence of the conductive additives or applied a dry mixing sequence of
the conductive additive and active material resulted in slurries with reduced viscosity and a substan-
tially higher peel strength of the electrode. However, the originating cells did not demonstrate equiv-
alent performance, with the capacity to cycle for approximately 1,000 cycles.

This research highlights the necessity of optimizing processing methods to balance flow behavior, me-
chanical strength, and electrochemical performance. It underscores the pivotal role of mixing se-
guences and energy input in determining the quality of lithium-ion electrodes. In particular, dry mixing
techniques and optimized conductive additive dispersion represent promising avenues for enhancing
both the processability and performance of electrode slurries, particularly in roll-to-roll coating pro-
cesses for large-scale battery production.



Kurzfassung

In dieser Arbeit wird die Herstellung von Lithium-lonen-Elektrodensuspensionen untersucht, wobei
der Schwerpunkt auf dem komplexen FlieBverhalten von Slurries aus unterschiedlichen Verarbeitungs-
techniken und Materialzusammensetzungen liegt. Es wurden Versuchsreihen mit kathodischen
LiFePO4 (LFP) und anodischen Materialien, einschlieBlich Graphit und SiOx unter Verwendung aktuel-
ler, industriell relevanter Materialien und Anlagen durchgefiihrt. Es wurde demonstriert, dass das
FlieBverhalten von Slurries von einer Reihe von Faktoren beeinflusst wird, einschlieRlich ihrer Zusam-
mensetzung und der Herstellungsmethode. Die Zugabe von gelésten Polymeren, makroskopischen und
mikroskopischen Partikeln trug zu einem Anstieg der Viskositat bei. Darliber hinaus wurde festgestellt,
dass die angewandten Verarbeitungstechniken, insbesondere die Wahl der Mischsequenz und der
Energieeintrag, die Mikrostruktur und die FlieReigenschaften der Slurries erheblich beeinflussen.

In kathodischen Formulierungen fiihrte die Zugabe von Leitadditiven wie LeitruB (CB) und Single-Wal-
led Carbon Nanotubes (SW-CNTs) zur Bildung starker kolloidaler Wechselwirkungen, was das FlieRver-
halten der Slurry starker als das LFP beeinflusste. Im Fall der anodischen Slurry erwirkte die Adsorption
von Carboxymethylcellulose (CMC) signifikante Veranderungen der Viskositdt, was auch das FlieRver-
halten veranderte und zu einer komplexen Uberlagerung von scherverdiinnender, newtonscher und
scherverdickender Charakteristiken fiihrte. Es wurde festgestellt, dass der Grad der Adsorption vom
Energieeintrag wahrend des Mischens abhangt, der durch Anpassung des Feststoffgehalts und der Ma-
schinenparameter wie Werkzeuggeschwindigkeit und Sequenzdauer beeinflusst werden kann.

AuBerdem wurde der Einfluss der Mischreihenfolge auf die mechanischen und strukturellen Eigen-
schaften der positiven Elektroden untersucht. Das Trockenmischen von CB, Aktivmaterial und Binde-
mittel flihrte zur Herstellung einer Slurry mit deutlich verringerter Viskositat unter Beibehaltung einer
guten mechanischen Stabilitdt. Es wurde vermutet, dass dies auf die Dispersitdt des Leitadditivs zu-
rickzufiihren ist, was nicht nur das FlieRverhalten, sondern auch die Heftfestigkeit der Elektrode be-
einflusst. Wie die Rasterelektronenmikroskopie (SEM) und die energiedispersive Rontgenanalyse (EDX)
bestatigten, konnte mit dieser Mischmethode die Bildung von Kohlenstoffagglomeraten auf ein Mini-
mum reduziert werden und der Energieeintrag geringgehalten werden. Darliber hinaus fihrte ein Ver-
fahren, bei dem die beiden Leitadditive vor dem Mischen des Aktivmaterials dispergiert wurden, zu
einer anderen Dispersitat, welche sich durch netzartige Strukturen an dem LFP-Partikel auszeichnet,
eine geringere Viskositat der Slurry bedingt und ausgepragte mechanische Eigenschaften der resultie-
renden Elektrode aufweist.

Die elektrochemischen Charakteristiken der LFP-Zellen wurde mit besonderem Augenmerk auf ihre C-
Rate-Fahigkeit und Zyklenstabilitdt bewertet. Ein Verfahren, bei dem das CB zuerst und die SW-CNTs
zuletzt dispergiert wurden, fihrte zu Slurries mit der hochsten Viskositdt und Elektroden mit einer
geringen Schélfestigkeit. Dennoch zeigten sie die hochste C-Ratefahigkeit und Zyklierbarkeit fir etwa
2.000 Zyklen. Umgekehrt fihrten Verfahren, bei denen die Dispergierreihenfolge der Leitadditive ge-
andert oder eine trockene Mischreihenfolge von Leitadditiven und Aktivmaterial angewendet wurde,
zu Slurries mit geringerer Viskositat und einer wesentlich héheren Haftfestigkeit der Elektrode. Diese
Zellen wiesen jedoch keine gleichwertige Leistungsfahigkeit mit einer Zyklenstabilitat von etwa 1.000
Zyklen auf.

Diese Arbeit unterstreicht die Notwendigkeit die Verarbeitungsmethoden zu optimieren, um ein
Gleichgewicht zwischen FlieBverhalten, mechanischer Stabilitdt und elektrochemischer Leistung her-
zustellen. Sie hebt die zentrale Rolle der Mischsequenzen und des Energieeintrags bei der Bestimmung
der Qualitat von Lithium-lonen-Elektroden hervor. Insbesondere Trockenmischtechniken und eine op-
timierte Dispersion von leitfdhigen Additiven sind vielversprechende Wege, um sowohl die
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Verarbeitbarkeit als auch die Leistung von Elektrodenslurrys zu verbessern, vor allem bei Rolle-zu-
Rolle-Beschichtungsprozessen fiir die grofStechnische Batterieproduktion.



Abbreviations

AM Active material
BET Brunauer-Emmett-Teller
CA Conductive additive

CADB  Conductive additives dispersed in
dissolved binder sequence

CA Variations of CA-Series
CB Carbon Black
CBD Carbon-binder domain
CcC Constant current
CHs;COO- Carboxymethyl group
cMmC Carboxymethyl cellulose
CMCsgo CMC (My, = 500 kDa)
CMCsgrs CMC (M, = 875 kDa)
CNT Carbon nanotubes
cv Constant voltage
Di De Brouckere mean diameter
DM Dry mixing sequence
DMC Dimethyl carbonate
DS Degrees of substitution
e Electron
EC Ethylene carbonate
EV Electric vehicle, electric vehicle
FCC Full coin-cell
FEC Fluoroethylene carbonate
Gr Graphite
H. Hydrogen
HF Hydrofluoric acid
HSCM High solids content mixing
HSV High shear viscosity
KS Kneading sequence
KS; Variations of Kneading-Series 1
LFP Lithium iron phosphate
Li* Lithium-ion
LIC Lithium ion cell
LiCoO;, lithium cobalt oxide
LiOH Lithium hydroxid

LiPFs Lithium hexafluorophosphate
LSL Lower stability limit
LSV Low shear viscosity
NMC Lithium nickel manganese
cobalt oxide

NMP N-methyl-2-pyrrolidone
NV&YV Non-volatile and volatile
—OH hydroxyl group
OPM One-pot method sequence
P1/P2 Variations of Preliminary-Series
PFA Perfluoroalkoxy alkanes
Pi Variations of Kneading-Series 2
Plow Low energy input reference of
Kneading-Series 2

Pro; Variations of Procedure-Series
PTFE Polytetrafluoroethylene
PVDF Polyvinylidene fluoride
Qusg Theoretical specific gravimetric
capacity

SBR Styrene-butadiene rubber
SEI Solid electrolyte interface
Si Silicon
SiO, Silicon dioxide
SiOy Silicon oxide
SOC State of charge
SPC Small-format pouch cells

SPCy,  Small-format pouch cells (20 cm?)
SPCs  Small-format pouch cells (46 cm?)

SSA Specific surface area
SW-CNT Single-walled carbon nanotubes
TSGi Variations of TSC-Series
usL Upper stability limit
VC Vinylene carbonate
VCM Visco-Capillary Model
Xi TSC within HSCM of

Kneading-Series 2
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Latin Symbols

G* Dynamic gap [-]
U;. Voltage of a cell [V]
Car  Capillary number after Ruschak [-]
Acam  Cell’s cathodic surface area [cm?]

Ap Hamaker constant [J]
Ag Surface of an object [m?]
BC Blue channel [-]
c Concentration [g L]
Ca Capillary number [-]
CE Coulombic efficiency
d particle distance [nm]
e Electron charge [C]
E Energy consumption [Wh]
Eeff Effective energy input [Wh L]
Eidle Idle energy consumption [Wh L]
Esp Specific energy input [Wh L]
F Force [N]
Fpeel Peel strength [N m™]
Fiotal Measured force [N]
Gg Slot-die gap [um]
GC Green channel [-]
H. Hight of the coating [Q cm?]
H.. Hight of the current collector [Q cm?]
Hg Total thickness [um]
I Electric current [A]
Isir Discharging / charging current [A]
k Number of ion species [-]

Mcomponent ~ COMpoNent's non-volatile
mass [g]

Myiquid Liquid's mass [g]
Mgolid Solid's mass [g]
nlg Number density [mol]
NV Non-volatile [wt%]
Pq Power consumption [W]
Qs Double layer overlap [uF cm™]
r Particle radius [nm]
Reen Electronic resistivity of a
cell [Q cm?]

RC Red channel [-]
RCFA Residue occupied foil area [%]
SC Solids content [wt%]
taisp CADB sequence duration [min]
tgm Dry mixing sequence duration [min]
tx Kneadin sequence duration [min]
tseq Sequence duration [min]
TSA Total surface area [m2 g!]
TSC Total solids content [wt%]
UL Line speed [m s
\% Volume [m3]
Viiguid Liquid's volume [L]
Vseq Sequence’s occupied volume [L]
Vsolid Solid's volume [L]
w Wet film [um]
Wsample Width of the sample [m]
YC Brightness channel [-]
zk Valency of the ion [-]

Vil



Greek Symbols

gi Gravimetric loading [mg cm™?]
My Molar weight [g mol™]
Vcomponent Solid component's volume [L]

Y Deformation [-]
% Shear rate [s]
& Dielectric constant [-]
n Dynamic viscosity [Pa-s]
No Zero shear viscosity [Pa-s]
R Relative viscosity [-]
Ns Solvent viscosity [Pa-s]
Nsp Specific viscosity [-]
k1! Debye length [nm]
Pc Volume resistivity [Q cm]
pcy  Specific contact resistance [Q cm?]
o) Interface resistance [Q cm?]
0j Electrode density [g cm™]
PM Electrical resistivity [Q cm?]
o Tensile stress [Pa]
Oij Tensile stress [Pa]

T Shear stress (x-y plane) [Pa]
Ty Yield stress [Pa]
Tjj Shear stress [Pa]
(o) Solid volume fraction [-]
D, Individual volume fraction [L]
Y Interaction potential [mV]
WYphLvo DLVO interaction potential [mV]
Y Particle’s surface potential [mV]

Woaw London van der Waals force [N]
Wpan  circumferential speed pan [m s

Wiool Circumferential speed
dispersion tool [m s?]
Wy Tool speed of dry mixing

sequence [m s?]
Tool speed of CADB
Sequence [m s?]
Wwk Tool speed of dry kneadin
sequence [m s

Vil
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1 Introduction

1 Introduction

It is impossible to deny the importance of consumer electronics in our everyday lives. These caninclude
items such as mobile phones and cameras, as well as medical devices such as implantable pacemakers
or attached insulin pumps, just to mention a few examples. The operation of these devices is contin-
gent upon the availability of electrical energy, which is stored and provided by rechargeable batteries.
As the development of such devices progresses, their size often decreases and their performance in-
creases as well. This has resulted in the demand for the development of new, more adequate battery
cells, which are often smaller and possess greater electric capacity. This iterative process gives rise to
new materials that are capable of fulfilling these functions.

Lithium-ion cells (LICs) are widely used due to their lightweight nature, offering high energy densities
and a versatile range of operational conditions, which has driven the development of electric vehicles
(EVs) [1]. This field of application necessitates the development of a novel scale of LIC production ca-
pabilities, unprecedented in its scope. This is particularly the case given that numerous nations are
trying to meet EV quotas on both public and private sectors, thereby further accelerating the pace of
cell development [2]. It is evident that this initiative is driven by a desire to mitigate global warming
and curtail the consumption of fossil fuels [3, 4].

However, the creation of a product that demonstrates excellent performance requires the develop-
ment of new or adjusted manufacturing procedures for the utilization of novel materials. This is par-
ticularly crucial when developing cells from novel material compositions, as the requisite Quality Gates
are rigorously defined and the demonstration of the new composition must be conducted in a repre-
sentative manner. As the production chain of LICs comprises numerous steps, the propagation of er-
rors can have significant adverse consequences in terms of safety and key performance indicators. This
is particularly the case in the initial production phase, namely the creation of the suspension, or slurry,
which is employed in the coating and drying process to manufacture electrodes. The particle distribu-
tions created here serve as the foundation for the subsequent electrode’s microstructure, which in
turn determines the cell’s electrochemical characteristics [5].

This work is dedicated to the topic of mixing electrode suspensions, which are used for the creation of
lithium-ion electrodes, with the goal of developing a deeper understanding of the correlations be-
tween the mixing procedure and the subsequent intermediate and final products.
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This chapter sets forth the theoretical background that is necessary for the interpretation of this work.
Firstly, the fundamental principles of rheology are presented, with a particular focus on their applica-
tion to the analysis of complex fluids. Secondly, the colloidal aspects of suspensions are elucidated.
Thirdly, the engineering principles and functions of lithium-ion cells are described, with an emphasis
on the inactive, active, conductive and binding components of modern cells. In a fourth segment, the
production chain of modern lithium-ion cell electrodes is presented, with a particular focus on the
mixing and processing of electrode suspensions.

2.1. Rheology and colloids
Rheology is the scientific discipline concerned with the behavior of fluids and other viscous substances
when they are in a state of flow. By measuring parameters such as deformation and force, it is possible
to characterize a medium, thereby enabling interpretations of its structure.

In everyday life, food products such as emulsions (e.g. mayonnaise) or other products (e.g. sorbet,
yoghurt, milkshakes) are received and individually judged by consumers in terms of not only taste but
also structure. The latter is frequently characterized by its viscosity, which refers to the resistance of a
fluid to deformation. This seemingly intuitive analysis does not necessarily reflect the fact that the
structure is the result of a complex superposition of numerous interactions, involving solids, liquids or
even gases or microscopic particles, as well as dissolved polymers with diverse characteristics.

This section aims to provide an overview of the rheological and colloidal interactions that are pertinent
to this work, in a concise manner. For a more detailed explanation of the topics covered in this section
on rheology, please refer to the following sources: [6—8]. For further insight into the subject of colloids
and polymers, please refer to the following sources: [9, 10] and [11-13] respectively.

2.1.1. Rheological principles
Within the scope of this work the term rheology refers to rotational rheology, hence viscosity refers to
the dynamic viscosity of a medium or suspension.

The application of a force F to the surface of an object A, results in the generation of stress o, to be
seenin (1 ). If the stress is along an axis, it is referred to as tensile stress g;. If the stress is tangential
to the surface, it is designated as shear stress 7;;. This can be further simplified under the following
assumptions: the fluid is incompressible and Newtonian (i.e. T ~ y); with constant density; applied
pressures do not cause deformation; Z-axis influences are neutral; and opposing stresses in the plane
are equal in magnitude.

17 _ [ 52 0
o="—=|%x ‘Tyy Tyz Uyy 0 (1)
4o Tzx Ozz Oy

Thus, from a rotational rheometric point of view, the stress tensor is defined by the normal stresses
(N;, N,), the shear stress in the x-y plane 1, shown in the following two equations.

Ny = 0xx — 0yy (2)
szo-yy_o-zz (3)

In a plane, the deformation y of a volume V is equivalent to the offset dx in the direction of flow over
its height dy, as illustrated in the two-plate model in Figure 2-1. The deformation derived according to
2
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time results in the velocity gradient y of this deformation, which is also referred to as the shear rate
(4).

. ddx dy

Y= (4)

Figure 2-1: Two-plate model

The relationship between shear rate and shear stress is described by the viscosity 1 of the fluid. This is
defined as the quotient of shear stress and shear rate (5 ).

: (5)
n=-
14
n
S Binghamplastic & _____ Bingham plastic
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Figure 2-2: Categorization of different fluids and plastics in dependence of shear rate; a) shear stress
function; b) viscosity function

The aforementioned Newtonian fluid has a distinct shear stress function, which is proportional to the
shear rate, to be seen in Figure 2-2a. This implies that the viscosity is independent of the shear rate,
as illustrated in Figure 2-2b. However, the viscosity response of a fluid that experiences a shear rate is
a complex superposition of several interactions. In certain instances, the viscosity of a fluid may dimin-
ish as the shear rate rises. This phenomenon is known as shear thinning, which is observed in pseudo-
plastic fluids. In contrast, other fluids exhibit an inverse behavior, displaying shear thickening or dila-
tant characteristics. It is a fallacy to assume that all fluids are, in fact, fluids from the outset. A notable
illustration of this phenomenon can be observed in the case of ketchup, which initially remains in a
static state within a bottle but begins to flow once a force exceeding the yield stress 7, is applied.
Furthermore, the shear thinning behaviour indicates that this is a viscoplastic fluid. A fluid that lacks
the shear thinning attribute is referred to as a Bingham plastic.
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2.1.2. Colloidal principles of dispersions and suspensions

A dispersion is defined as a mixture of solid particles and a solvent. It is regarded as a disperse system,
which is defined as a two- or multi-phase system comprising insoluble or immiscible components. In
everyday life, one may encounter numerous examples of these systems in different forms, for this
work, the dispersion is of relevance. All dispersions comprise a solid, liquid, or gas phase, which is
designated the dispersed phase. The dispersed phase is constituted by particles that are dispersed in
asolid, liquid, or gas phase, which is known as the continuous phase. For this work, the dispersed phase
consists of solids dispersed in a solvent.

Dispersions are not thermodynamically stable, resulting in a tendency for the phases to separate over
time. The following section will provide a more detailed examination of suspensions. A suspension,
defined as a mixture of homogeneously dispersed solids in a solvent, will, over time, undergo a process
of aggregation and sedimentation of the continuous phase’s solid particles. In addition to the afore-
mentioned characterization of their phases, there are a number of other defining characteristics of a
suspension. To illustrate, the continuous phase is characterized by specific density, viscosity and po-
larity, whereas the dispersed phase is defined by particle size, particle shape, particle surface proper-
ties, e.g. charge, adsorbed surfactant of polymer, and density. A suspension may be described in simple
terms by the solid volume fraction @, which is the ratio of the solid’s volume Vg,;;4 to the sum of the
solid’s volume and the liquid’s volume Vj;4,,;4- When increasing the quantity of solids, the individual
volume fraction @; is calculated as the ratio of the solid component’s volume V;omponent to the volume
sum of the solid components and the liquid.

d) _ Vsolid . Vcomponent

(6)

’ i
Vsolia + Vliquid Z Vcomponent + Vliquid

In the context of the slurries presented in this work, the total solids content (TSC) is defined as the
ratio of the solid’s mass mg,;;4 to the sum of the solid’s mass and the liquid’s mass m;;4yi4- This is a
frequently employed parameter in the relevant literature.

Msolid

TSC =

Msotia T Miiquid (7)
Furthermore, the solids content (SC) can be described in two distinct ways: as the ratio of the non-
volatile (NV)) components or as the ratio of the non-volatile and volatile (NV&V) components. Conse-
quently, SCyy is defined as the ratio of a mass of non-volatile components M¢omponent divided by the
sum of the non-volatile components’ mass. Subsequently, the mass ratio of a non-volatile and volatile
component’s mass is divided by the sum of the components’ mass and the mass of the liquid, resulting
in SChvav.

mComponent
SCyy = TR (8)
Component
Mcomponent
SChyvay = (9)

Z mComponent + mliquid

In the context of engineering, it is crucial to comprehend the utilization limits of a suspension, including
its flow and stability behavior. This entails an understanding of the suspension’s response when sub-
jected to external forces. In this study, the particle size and solid volume fraction are of particular
importance. However, there are additional correlations that must be considered, including dissipative
interactions and the viscosity of the fluid, as well as the particle’s specific surface area and particle-
fluid compositions (e.g., salt, pH, etc.).
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2.1.3. Effects related to particle size

The force between particles that are capable of forming a dipole is the van der Waals force, named
after the Dutch physicist Johannes D. van der Waals. It is a non-covalent force that is always present
in aqueous colloidal suspensions and is considered an attractive interparticle force or interaction po-
tential ¥, which causes the aggregation of colloidal particles. The attractive (London) van der Waals
force ¥4 can be calculated . In the case of two identical spherical particles of radius r and particle
surface separation d, which are significantly smaller than the radius, the simplified equation is as fol-
lows: Ay, is the so-called Hamaker constant.

Ahr

7d (10)

Yyaw (d) =
In suspensions, however, these attractive forces may be counterbalanced by electrostatic or steric
forces that are repellent. An example of the latter would be that caused by adsorbed polymers. Con-
sequently, two identical particles with the same surface charge will experience a repulsive force. This
force arises when particles are surrounded by a polar solvent in the presence of ions, thereby creating
a double layer of charges surrounding them. The Poisson-Boltzmann equation describes the electric
potential around the charged surface, assuming a Boltzmann statistics for the distribution of counter
and co-ions around a single charged particle, utilizing the dielectric constant &,., the permittivity of free
space &g, the number density n'g, the valency of the ion z¥, the number of ion species k and the elec-
tron charge e.

geViW = —ez zknk (exp (_equ,/kT)) (11)
[

The derivation of the Debye-Hickel approximation, a function of the distance from the spheric parti-
cle’s surface, is achieved through the linearization of equation ( 11 ) This approximation is based on
the particle’s surface potential ¥s.

r
Y(d) = ‘Psaexp(—}c((d -7)) (12)
The Debye length k™1, also referred to as the Debye radius, represents the range of electrostatic re-
pulsion. Its value can be determined through the application of the following equation, in which n;
denotes the ion concentration.

2Yy.72n.
K = erXizin (13)
&-0kT

This permits for the expression of the electrostatic interaction potential of the double layer overlap,
as follows, in which Qg represents the surface charge of the particle:

Q% exp(2rk)
4 eqd 1+ 71K

Y. (d) = exp(—dk) (14)

The superposition of the attractive van der Waals force ( 10 ) and the repulsive electrostatic force
(14 ) is described within the DLVO theory, which provides a quantitative explanation for the aggrega-
tion and stability of a colloidal suspension.

Yoo = Poaw(d) + P (d) (15)

Figure 2-3 illustrates the DLVO theory. It shows, that that two colloid-scaled particles exert a repulsive
force on one another due to the preponderance of electrostatic repulsion at distances d > 0. However,

5



2 State-of-the-art

upon approaching one another, e.g. trough mixing, the particles overcome an energy barrier, resulting
in the ascendance of an attractive force. This phenomenon culminates in the aggregation of the col-
loids.

\ energy barrier

¥(d)

/ Yyaw (d)

d

Figure 2-3: Exemplary interaction potentials described by the DLVO theory

2.1.4. Basics of dissolved polymers

Polymers are chain-like molecules. The smallest repeating segment of a polymer is called a monomer.
The size of a polymer is described by the molar weight (My,). In everyday life, polymers are encountered
in the form of solid materials, such as plastic bags and containers. Synthetic polymers are not the only
category of polymers; natural polymers, such as polysaccharides, also exist. When dissolved in a sol-
vent, the flow behavior is affected by changing the viscosity, which for example enables the binding of
a sauce when preparing a meal. Upon drying or cooling, polymers assume a rigid form, exemplified by
the binding of a dried sauce on a plate after a meal or glue that has dried after application. This illus-
trates that polymers exhibit diverse structural characteristics contingent upon solubility in a solvent,
the latter of which is pertinent to this investigation.

At the molecular level, a polymer exhibits a three-dimensional structure. Upon dissolution in a solvent,
the structure undergoes alterations due to the influence of physical interactions with the solvent, tem-
perature, and ions and the polymer occupies a larger volume. This results in a volume fraction of a
solvent becoming immobilized within a solvent shell, as illustrated in Figure 2-4. This ultimately affects
the solution’s flow behavior.

Figure 2-4: Schematic of a poorly dissolved polymer (left) and dissolved polymer (right)

Moreover, polymers may interact with one another or with particles. The following section, 2.1.5, pro-
vides a more detailed account of the concentration-related effects and correlations of polymers.
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2.1.5. Effects related to concentration
It would appear reasonable to posit that the introduction of powder-sized solids to a liquid will result
in an increase in the viscosity of the formed suspension. This phenomenon is not exclusive to hard
particles; it also occurs with polymers.

2.1.5.1. Particle concentration
In the context of suspensions, the term relative viscosity 1y is frequently employed, representing the
ratio of the suspension’s viscosity and that of its continuous phase, described by the widely-known
Stokes-Einstein equation ( 16 ). This provides an estimation of the viscosity relative to the solvent vis-
cosity 75, designated as iy, as a function of the solid’s volume fraction. However, due to the linear
nature of this equation, its accuracy is limited to very small values of @, as will be demonstrated in the
following paragraph.

M == 1+250 (16)

Ns

As the volume fraction of solids is increased, the average separation distance between particles will
decrease. This is reflected in the relative viscosity 17y [9]. In the case of hard spheric particles with
dominant attractive forces, this may results in the formation of three distinct rheological segments
[14]. The initial segment is characterized by minimal shear rate. The second segment is characterized
by a moderate shear rate, while the third is distinguished by a high shear rate. Figure 2-5a provides an
illustrative representation of the three segments. Within segment /, the shear rates are low, hence the
viscosity is often referred to as low shear viscosity (LSV) and an increase in @ results in an increase in
Ng. This even allows the formation of microstructures that are sufficiently robust to resist any plastic
deformation, including flow, under the influence of gravity or shear stress, which is typical for suspen-
sions with dominant attractive forces. In this instance, it is not possible to ascertain the viscosity, by
definition. It is only when the critical yield stress is exceeded that the microstructure collapses, thereby
allowing flow to be determined. In segment //, the microstructure undergoes collapse as hydrodynamic
forces exert dominant influence on the microstructure’s stress with increasing shear rate, leading to a
shear thinning behavior. The value of np is higher than that of the solvent, yet not as high as in segment
I. Figure 2-5b illustrates the relationship between nrand @ at the same shear rate as that observed in
segment Il. For moderate values of @, the value of 1y in segment /Il should remain constant in com-
parison to that of segment Il. However, for high values of @, colloidal suspensions may experience an
increase in viscosity, resulting in a shear thickening behaviour. This is due to the formation of an addi-
tional structure, the hydrodynamic cluster [15]. One hypothesis posits that at exceedingly high shear
rates, particles are propelled in close proximity, whereupon lubrication hydrodynamic forces exert in-
fluence upon the colloidal system, thereby precipitating the formation of these hydroclusters [16].
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Figure 2-5: a) exemplary relative viscosity as a function of shear rate on a double-logarithmic scale for

hard sphere suspensions with increasing solid volume fraction, recreated after Laun et al [14];
b) exemplary correlation between volume fraction and relative viscosity recreated after Russel
et al [17]; c) exemplary ngp-c relation of polymer solutions on a double-logarithmic scale, dis-
playing three distinct polymer regimes, dilute (left), semi-dilute unentangled (center) and semi-
dilute entangled (right)

It should be noted that in the shear rates in segment /Il are significantly higher, hence the viscosity is
often referred to as high shear viscosity (HSV).

2.1.5.2. Polymer concentration
The concentration of a polymer solution exerts a significant influence on both pure polymer systems
and colloidal systems.

The viscosity of a solution is increased by the presence of a dissolved polymer, which causes an in-
crease in the immobilized solvent within the polymer’s solvent shell [18]. As the concentration ¢ of the
solution increases, the specific viscosity ngp of the solution also increases. This refers to the solvent-
specific relative change in viscosity, which in this study is defined as the zero shear viscosity 1y, which
is the viscosity value of the viscosity plateau at very low shear rates of a suspension or polymer solution
[13].
77sp=770 77$=77_0_1 (17)
Ns Ns

In general, the relationship between nsp and ¢ can be divided into distinct polymer regimes. In the
present study, this refers to the dilute and semi-dilute regimes. They describe the interaction between
the polymers. The dilute regime is a system of dissolved polymers that do not interact with each other
and are predominantly influenced by hydrodynamic interactions. In the semi-dilute regime, polymers
may interact with each other. This regime is divided into two sub-regimes: semi-dilute unentangled
and semi-dilute entangled. The critical concentration separates these two sub-regimes. In this context,
the polymers may entangle or are already entangled due to the high concentration and an appropriate
high molar weight. The resulting viscosity is higher than that observed in the dilute system. The shear
thinning behavior is more pronounced. The relationship between specific viscosity and concentration
(nsp-c) follows a polymer-specific power-law within the aforementioned regimes, as illustrated in Fig-
ure 2-5c. [19]

2.1.5.3. Adsorption
In the presence of suitable conditions, polymers are capable of adsorbing onto solid surfaces, including
particles. In the initial stages, a polymer must come into contact with the solid surface, for example,
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through Brownian motion or flow. It may occur as a result of hydrogen bonding between the polymer
and the surface. [12]

The adsorption of polymers onto colloidal systems, such as slurries [20], can give rise to a number of
effects, which can be grouped into three categories that affect the stability of the system. The interac-
tion between polymers and particles can result in bridging flocculation, whereby multi-particle-poly-
mer aggregates are bonded by the polymer, thereby accelerating the process of sedimentation. Parti-
cles undergo steric stabilization, when polymer shells overlap and the osmotic pressure pushes the
particles apart. The range of repulsion is more pronounced in cases where the molecular weight (M)
is greater and the solubility in the surrounding liquid is higher. In the presence of non-adsorbed poly-
mers, depletion flocculation may occur. This phenomenon occurs when the osmotic pressure of the
dissolved polymer is greater than the repulsion of the overlapping double layer, causing the particles
to aggregate. [10]

2.2.Rechargeable Lithium-ion cells
Battery cells can be classified into two principal categories: primary and secondary. In contrast to sec-
ondary cells, which are rechargeable, primary cells lack this property. A number of books have been
published on the subject of battery cells, providing comprehensive overviews of the topic, e.g. [21-
24]. This section will focus on secondary lithium-ion cells with applications in electric vehicles (EVs), as
well as the cell components that fall within the scope of this topic.

2.2.1. Principles and function

A lithium-ion cell represents a specific type of electrochemical energy storage device, wherein lithium-
ions (Li*) are employed as a positive charge. The cell is composed of two electrodes: a negative elec-
trode, designated the "anode," and a positive electrode, referred to as the "cathode." The two elec-
trodes are encased in an electrolyte solution comprising a salt dissolved in an organic solvent, which
facilitates the transfer of lithium-ions. The electrodes are separated from one another by a separator,
which is a membrane that permits the electrolyte to pass through it while preventing electrical contact
between the electrodes. A schematic representation of a cell is provided in Figure 2-6.
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Figure 2-6: Schematic drawing of a LIC

When the current collectors of a charged LIC are connected via an external circuit, redox reactions
occur at the electrodes. The negative electrode undergoes oxidation, whereby Li* are transported into
the electrolyte solution and electrons (e°) are released. Consequently, the cathode undergoes lithiation
by reduction of lithium, whereby the electrolyte’s Li* and e are received, as provided by the external
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circuit. The reactions occurring at the electrodes, as well as the overall reaction of the cell, are de-
scribed by the following redox equations ( 18 to 25 ). In this instance, graphite (Cs) was employed as
the anodic active material (AAM), while lithium cobalt oxide (LiCoO,) constituted the cathodic active
material (CAM).

neg. LiyCs = xLi* +xe™ + Cg (18)
pos. xLi* + xe™ + Li;_,Co0, = LiCoO, (19)
total LiCo0, + Cg = Li;_,Co0, + Li,Cq (20)

The stored energy of a LIC is defined by the quantity of free Li+, which is primarily introduced into the
cell by the CAM and to a lesser extent as a component of the electrolyte salt. During the process of
cycling from charge to discharge and vice versa, the cell’s components undergo a change in redox po-
tential. For example, a LiCoO,/Cs cell will undergo a change from [25] e.g. 3.0 to 4.2 V. This process
gives rise to a number of parasitic reactions, which ultimately result in the formation of passivating
layers, most commonly referred to as solid electrolyte interfaces (SEl). This results in the consumption
of Li* and electrolyte components, which consequently reduces the capacity of the LIC. The accompa-
nying gas formation also affects the wetting of the electrodes’ active surface. Nevertheless, despite
the deleterious effects, an intact SEl serves to safeguard the cell from the progressive formation of SEl,
thereby stabilizing the cell electrochemically and chemically. It is therefore essential that every newly
constructed cell undergoes a formation process, which allows the formation of the aforementioned
layers to occur under controlled conditions.

2.2.2. Inactive materials in LICs
As previously outlined, a LIC is a complex entity comprising a multitude of components, each of which
exerts a profound influence on the cell and its functional capabilities. Subsequently, the LIC’s inactive
materials are briefly outlined to facilitate a rapid yet comprehensive grasp of their nature and func-
tionality.

It should be noted that conductive additives and binders are also classified as inactive materials. How-
ever, they are of significant importance in this work and therefore addressed in individual subsections
2.2.4and 2.2.5.

2.2.2.1. Cellcasing

The cell is encased in a casing that serves the function of sealing the interior from the exterior. This is
of particular importance in preventing the ingress of water, whether in the form of atmospheric mois-
ture or liquid. The reactivity of water with the LIC’'s components is such that it can potentially cause
the exothermic creation of lithium hydroxide (LiOH), flammable gaseous hydrogen (H:) and the for-
mation of harmful hydrofluoric acid (HF). These reactions have the potential to result in catastrophic
events such as a thermal runaway. In addition to the electrode’s metallic current collector, the case
has the greatest impact on thermal conductivity, which is a significant driving force behind the ad-
vancement of modern fast-charge cell technology. This is due to the fact that these cells require cooling
and heating in order to maintain optimal performance. Furthermore, the case provides stability and
resistance against mechanical deformation. [26-28]

For larger LICs, there are three principal types of casing: a cylindrical metallic can, a rectangular metallic
can, and a pouch bag comprising a combination of plastic and metallic compounds. In the case of
smaller LICs, coin cells are widely used in a variety of everyday applications [29]. They are also an

10



2 State-of-the-art

excellent format for rapid material characterization in research and development contexts [22]. The
casing types under consideration in this study are coin cells and pouch cells.

2.2.2.2. Electrolyte

The liquid phase and the dissolved salts enable the movement of Li* between the positive and negative
electrodes. Lithium hexafluorophosphate (LiPFs), is one of the most commonly utilized electrolytes,
which is dissolved in a mixture of organic solvents, for example, ethylene carbonate (EC) and dimethyl
carbonate (DMC) [30, 31]. The specific composition of the electrolyte and the addition of additives,
such as vinylene carbonate (VC) and fluoroethylene carbonate (FEC), are of great consequence in
achieving optimal cell performance [32]. The advancement of active material (AM) development rep-
resents a significant driving force in the development of new electrolytes and the evolution of safety
expectations.

2.2.2.3. Separator

It is imperative that the separator physically separates the electrodes from one another, with a porous
structure that enables the migration of lithium-ions between the electrodes [33]. However, the mate-
rial must also be chemically inert and non-conductive [34]. In addition, the material must be mechan-
ically resistant to deformation during lithiation of the electrodes. The most commonly used separators
are made of polyethylene or polypropylene, or are ceramic-coated compounds. A challenge in the de-
velopment of these materials is to reduce their thickness, which affects the stack size of a cell and
therefore the energy density [35].

2.2.2.4. Current collector

The metallic foil of the electrode serves the function of a current collector, a role which is also referred
to as that of a substrate. The choice of metallic element utilized in this context is contingent upon the
particular coated electrodes under consideration. Copper is typically used for the negative electrode
and aluminum for the positive electrode, all in accordance with the galvanic potential of the AM [36].
In the case of LICs employed in high-performance applications such as electric vehicles, the current
collector is confronted with a delicate trade-off in terms of its thickness. A thick foil is beneficial for
achieving good thermal and electrical conductivity, yet a thin foil is necessary to reduce weight and
volume, both of which affect the energy density of the cell [37]. It should also be noted that the current
collector foil, in addition to the electrode coating, provides mechanical stability to the latter cell and
also contributes to the cell’s electric resistance [38].

2.2.3. Active materials in LICs
AMs represent a fundamental element of the LIC. They serve to store the electrochemical energy and
to define the behavior of the cell in terms of charge and discharge. The distinctive configuration of
these AMs permits reversible intercalation or the reversible formation of alloys. The following figure
illustrates the three most common AM structures in EVs, which are summarized in this section.

11
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Figure 2-7: Schematic drawing of; a) lithiated graphite; b) lithiated LixMO3; c) lithiated LFP; recreated
after [22, 39, 40]

2.2.3.1. Anode

With regard to the anode, the most advanced material is graphite (C; Gr), which is either naturally
occurring or produced through a synthetic process [41]. Graphite is a structured carbon, as illustrated
in Figure 2-7a, and is composed of multiple graphene layers [42], which are accompanied by excellent
electrical conductivity [43]. Due to its layered structure, the through-plane resistivity is approximately
20 to 300 mQ cm, which is higher than the in-plane resistivity, which is ca. 0.6 to 2 mQ cm [44]. The
intercalation of Li+ between these basal layers, which is the figure’s X-Y plane, results in a theoretical
specific gravimetric capacity (Qusg) of 372 mAh g™*. Due to intercalation, the distance between the lay-
ers increases, resulting in a volume change of approximately 10 % [45]. This results in an AM demon-
strating excellent, long-lasting, cycling efficiency.

Significant efforts are being made to implement silicon (Si) as an AM due to its potential for enhanced
energy density. Nevertheless, silicon and silicon-containing materials continue to encounter obstacles
in attaining stable, enduring, and cyclable performance [46]. The lithiation of silicon occurs through
the formation of a silicon-lithium alloy, which subsequently causes a change in volume [47]. The stoi-
chiometry of the alloy may permit the attainment of exceedingly high Qusg values. A fully lithiated sili-
con (LizSis) could potentially attain a Qusg of 4.200 mAh g™ [48], however, this state of lithiation is not
achievable under normal ambient temperature conditions. In the context of typical operational condi-
tions, a Qusg of 3.579 mAh g™* (Li1sSis) can be achieved, which is accompanied by a volume change of
approximately 280 % [49]. It should be noted that alloys containing less Li and Si are also possible. In
comparison to graphite, pure silicon exhibits a Qisg that is approximately 10 times higher and a 28 times
higher change in volume. The rationale behind the use of silicon as an AM is clear. The substitution of
silicon for graphite in the negative electrode results in a notable reduction in electrode weight and
height, thereby facilitating the incorporation of additional electrode layers and consequently enhanc-
ing the energy density of the battery.

Nevertheless, the utilization of Si encounters difficulties in maintaining satisfactory and efficient cycla-
bility, with the charge and discharge potential exhibiting hysteresis due to sluggish kinetics [50]. More-
over, the considerable volume alteration gives rise to particle fracturing, which in turn gives rise to the
continuous formation of the SEI [51] and the electrical isolation of electrode segments [52]. In order
to address these issues, a number of concepts are currently developed [53]. (i) The development of
nano-structured silicon attempts to accommodate the volume changes due to its specific surface area
[51, 54]. (ii) Core-shell composites adopt a strategy of embedding the "problematic" Si in materials
with superior cyclability, such as carbon, in order to mitigate the formation of cracks and the develop-
ment of the SEI [55, 56]. (iii) SiOx particles, which comprise a mixture of Si, SiO> and metastable silicon
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oxides, offer the potential for significantly less volume expansion than pure Si, at a cost of less Qisg than
that of pure Si and reduced electrical conductivity [57]. The effective Qi is situated between that of
silicon dioxide (SiO>) (1.600 mAh g*) and Si [58]. (iv) The combination of silicon materials with graphite,
which is sometimes referred to as a blend of AMs, is anticipated to offset the advantages and disad-
vantages associated with each material [59].

2.2.3.2. Cathode

One of the earliest commercially available CAMs was LiCoO»; however, its use in BEVs is limited by its
high cost, which is a consequence of its high stochiometric content of cobalt [60]. More cost-effective
alternatives include lithium nickel manganese cobalt oxide (NMC), which offers a higher energy density
and balance between performance, safety, and cost, and lithium iron phosphate (LFP), which exhibits
excellent thermal stability, cycle life, and safety [53]. In terms of electrical resistivity, it is noteworthy
that CAMs exhibit poor electrical conductivity. For instance, LiCoO, has a resistivity of approximately
1 kQ cm [61].

NMC is a layered metal oxide compound that intercalates lithium-ions on a two-dimensional plane (X-
Y). Figure 2-7b illustrates the typical crystal structure of a lithium metal oxide (LixMOz), exemplified by
NMC or LiCoO,. There are numerous varieties in regard to its stoichiometry, the most prominent of
which is NMC-111 (Qusz= 280 mAh g™) [53]. However, new cost-driven developments have introduced
higher nickel contents, such as NMC-622 and NMC-811. The current challenges are the thermal stabil-
ity and cycling performance [62]. The electrical resistivity is dependent upon the stoichiometry and the
state of lithiation, with values ranging from approximately 455 kQ cm (NMC-111) to 244 Q cm (NMC-
811) [63].

LFP is a lithium transition metal phosphate with a porous olivine structure, as illustrated in Figure 2-7c.
In this structure, Li-ion diffuse in a one-dimensional plane, aligned with the z-axis. First introduced in
1997 [40], it has been the subject of numerous research studies and is a commercially well-established
AM in EVs. Upon complete lithiation, the material exhibits a specific capacity of Qg = 170 mAh g™,
Given that the electrical resistivity of the AM particles is relatively high, at approximately 1 GQ cm [64],
the AM-particles are carbon coated in order to mitigate this issue. A recent publication by a cell man-
ufacturer [65] details a new LFP-based cell that is capable of 4C charging, which is equivalent to a 15-
minute charging time. The aforementioned cell will be employed in the context of electric vehicles.
This illustrates that, despite the considerable research and development that has been undertaken
over the past 27 years, there is still scope for enhancement in this field.

2.2.4. Conductive additives

The objective of utilizing conductive additives is to enhance the electrical conductivity throughout an
electrode, thereby increasing the conductivity of AMs towards the current collector [66]. The additives
in question are, for the most part, nanomaterials, including particulate amorphous carbons (so-called
"carbon black," or CB), carbon nanotubes or fibers, graphene, and micro-scaled graphite [67]. For a
more exhaustive overview of these additives, see Baumgartner et al [68]. The objective of these con-
ductive additives (CAs) is to establish a conductive network that percolates through the electrode and
its components, thereby establishing a connection with the external circuit. As the majority of the
electrode is the AM, the conductive additives and the binders share the same inter-(active)particle
domain. This is why some authors refer to this as the carbon-binder domain (CBD) [69-71]. In this
context is it widely differentiated between short, medium and long-range conductive networks in the
context of CAs.
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2.2.4.1. Carbon black
Due to its low cost and high availability, CB is a popular choice for the purpose of increasing the electric
conductivity of an electrode. One of CB’s most notable characteristics is its substantial Brunauer-Em-
mett-Teller (BET) specific surface area (SSA), which exerts a profound influence on the electrode in a
multitude of ways. The large SSA provides a multitude of contact points with the AM, thereby enhanc-
ing the electrical conductivity. A greater BET surface area results in a lower percolation limit, indicating
that a smaller quantity of CB is required to maintain a percolating carbon-binder domain [72]. Moreo-
ver, an increased SSA results in a greater range of pore sizes within the electrode. Moreover, a reduc-
tion in the particle size of CB is linked to an improvement in conductivity, both electrical and ionic [73].

The particulate nano-scaled particles are agglomerated by default and must be deagglomerated in or-
der to facilitate their uniform distribution throughout a slurry and, subsequently, the latter electrode
[74]. The smallest dimensions range from 10 to 100 nm, while the agglomerates can be in the microm-
eter range. Nevertheless, it is possible that a very finely dispersed CB may not be the optimal choice,
as it could potentially lead to a reduction in electrode porosity and an increase in electrode stiffness
[75].

2.2.4.2. High aspect ratio nano structures

In recent years, there has been a significant increase in interest in fibrous and tube-like nanostructures.
A defining characteristic is the high aspect ratio and a higher specific surface area (SSA) than that ob-
served for CB. The particles have a diameter of approximately a few nanometers, while their length is
on the order of micrometers [76]. Given that CB tends to form short-to-medium range conductive
networks, fibrous conductive particles offer the potential for the formation of a long-ranging conduc-
tive network [77]. Among the fibrous CAs, carbon nano fibers (BET 10 — 200 m? g™!) are the least ex-
pensive, although their cost is higher than that of CB. Multi-walled carbon nanotubes (CNT) (BET
100 — 10.000 m? g'!) are more costly than other fibrous conductive particles due to their tube-like mor-
phology and the complexity of their manufacturing process. Single-walled carbon nanotubes (SW-CNTs
; BET 300 — 10.000 m? g™!) are the most expensive of the fibrous conductive particles, due to their ad-
vanced technological capabilities. The financial implications of these materials can be a significant ob-
stacle when developing new electrode compositions, despite the relatively low concentration of fi-
brous or tubular carbon additives, which is typically less than 1 wt% of the electrode’s mass.

2.2.5. Binders

Binders are polymers that have a wide range of applications in LICs. They provide mechanical stability
of electrode coatings against both the cyclic swelling of the electrode and externally applied mechan-
ical stress on the cell, which ultimately improves the cycle life of a cell. From an analytical perspective,
this stability can be divided into two distinct categories: adhesive properties that emerge from the
particle-binder-substrate interface and cohesive properties that result from the particle-binder-parti-
cle interface [78]. As a dissolved polymer in the slurry, it determines the flow behavior of the suspen-
sion, which is crucial for processing. Its impact on viscosity also enhances the slurry’s stability, which
is vital for processing. Moreover, the binder can facilitate the dispersion of material agglomerates dur-
ing the slurry preparation process, contingent on the binder’s adsorption properties. However, binders
are inactive materials, which is why they only constitute a minor component of the electrode compo-
sition. Furthermore, binders display poor electrical and ionic conductivity, which would have a detri-
mental impact on the cell’s performance [79, 80].
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Figure 2-8: chemical structure of a) polyvinylidene fluoride; b) sodium carboxymethyl cellulose; c) sty-
rene-butadiene rubber; recreated after [81, 82]

The two main solvents used in LICs, water and NMP (N-methyl-2-pyrrolidone), give rise to three binders
that represent the economic majority within the LIC industry. The NMP-soluble polyvinylidene fluoride
(PVDF), the water-soluble sodium carboxymethyl cellulose (CMC) and the finely dispersed styrene-bu-
tadiene rubber (SBR), which is insoluble in water, yet employed in aqueous processing due to its bind-
ing properties.

2.2.5.1. Polyvinylidene fluoride
Polyvinylidene fluoride (PVDF) is a thermoplastic fluoropolymer. Its structure is illustrated in Figure
2-8a. It is a linear type synthetic semi-crystalline homopolymer. It is renowned for its non-reactivity,
as well as its thermal and electrochemical stability [81]. In the majority of LIC applications, the non-
reactivity of PVDF also precludes its use as a dispersing agent. It has an impact on the flow behavior of
the slurry and the mechanical stability of the electrodes in terms of adhesion and cohesion [83].

In conventional LIC processing, it is employed for both the cathode and anode electrodes. It is soluble
in organic solvents, including NMP. While the solubility is advantageous in preventing contamination
by water, particularly in cathodic electrode processing [84], PVDF presents certain environmental chal-
lenges. In January 2023, the European Chemical Agency proposed a ban on Perfluoroalkoxy alkanes
(PFA) [85] due to their deleterious impact on the environment. These compounds do not decay and
therefore accumulate. The production of PVDF is derived from PFA monomer, which would conse-
quently be affected by the implementation of a ban. The toxicity of NMP serves to underscore the
ecological concerns, thereby reinforcing the necessity for either the development of water-stable CAM
or an alternative binder/solvent combination in cathodic electrode processing [86]

2.2.5.2. Carboxymethyl cellulose
The sodium salt of carboxymethyl cellulose is a common form of CMC. Its chemical structure is illus-
trated in Figure 2-8b. It is a linear derivative of cellulose and is available in a range of degrees of sub-
stitution (DS), which refers to the replacement of hydroxyl groups (—OH) by carboxymethyl groups
(CH3COO-) [87]. The maximum degree of substitution is three. In the presence of water, the carbox-
ymethyl groups are dissociated, forming anionic groups that establish the solubility in water [88].
Moreover, CMC contains hydrophobic portions that permit its adsorption on hydrophobic surfaces,
such as graphite or carbon. Meanwhile, the remaining carboxylate group forms a stabilizing layer
around the particle-polymer complex. This creates a steric stabilization, acting as a dispersant [89, 90].
The molar weight of the CMC exerts a significant influence on both the slurry and the coating.

15



2 State-of-the-art

Specifically, an elevated Mw results in increased slurry viscosity, pronounced shear thinning, aug-
mented adsorption, and a more brittle and rigid coating compared to one with a lower M,,. Further-
more, an increase in DS has been shown to increase the tendency for adsorption [91].

Despite its efficacy in maintaining electrode and cell cohesion, CMC exhibits minimal elastic properties
and is brittle and rigid [92]. This is why recent developments for Si-containing electrodes are challeng-
ing the utility of CMC due to the high volume change during cycling. Potential alternatives include
polyacrylic acid [93]. Nevertheless, the reactivity of CMC towards other surfaces offers the possibility
of adapting it to new AMs, for example, by modifying the CMC’s bonding mechanisms [94].

2.2.5.3. Styrene-butadiene rubber
Styrene-butadiene rubber is a synthetic rubber and is considered an elastomeric polymer, its structure
is shown in Figure 2-8c. It is derived from the polymerization of styrene, the aromatic compound, and
butadiene. Variations in, for example, styrene or butadiene content, polymerization process or cross-
linking result in a wide range of product variations. LICs use the emulsified form, i.e. stabilized colloidal
SBR particles [95].

Used in combination with CMC, colloidally dispersed SBR is an important additive for LIC processing as
it increases the mechanical strength in both cohesion and adhesion of the electrode [96, 97], introduc-
ing a soft and deformable component alongside the brittle CMC. It has been documented that upon
curing, the material exhibits elongations in excess of 100 % and tensile moduli in excess of 1 MPa [98].
Additionally, a glass transition has been observed at approximately -40 °C. Due to its particulate na-
ture, it has little or no effect on the flow behavior of the slurries [99].

2.3. Production of liquid coated LIC electrodes

The electrode represents the point of convergence for the aforementioned components, and the pro-
cess steps involved in this production chain are illustrated in Figure 2-9. Initially, the active and inactive
components are combined with a solvent to create an electrode suspension, or slurry. This process is
frequently designated as a mixing procedure. Subsequently, the slurry is coated onto a current collec-
tor and dried. In certain instances, these stages are delineated as two discrete processes. However, on
an industrial scale, the entire process is conducted on a single machine in a roll-to-roll configuration,
with coating and drying occurring concurrently. Subsequently, the electrode is compressed using a
machine that resembles a pasta machine, which is referred to as a calender. The machine comprises
two rollers that run in opposite directions, creating a gap through which the electrodes are compressed
at a continuous line speed. Subsequently, the compressed electrode coils are subjected to a further
drying process under vacuum prior to utilization in the cell assembly process. Depending on the scale
of the production chain, the demand for coated electrodes can be so high that a single line coated
electrode foil is insufficient, necessitating the addition of further lines and the implementation of a
slitting process after the calendering. This involves the separation of a coil into numerous smaller coils.
[100]
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Figure 2-9: lllustration of a common electrode process chain

This process chain is typically conducted in a dry room atmosphere, as the presence of water can have
detrimental effects on the components involved. At the component level, this primarily affects the
CAM through redox and cation exchange reactions, as well as the participation of some binders [101].
A CAM'’s surface free lithium may undergo a reaction with gaseous atmospheric water to form lithium
hydroxide, which in turn creates hydrogen ( 21 ) Lithium hydroxide then reacts with carbon dioxide to
form lithium bicarbonate ( 22 ),which in turn facilitates the creation of lithium carbonate and water
(23 ). The aforementioned reactions are facilitated by the outward lithiation and inward protonation,
and continue until equilibrium is reached. This ultimately reduces the AMs capacity, resulting in the
formation of passivating rock salt phases [102]. The assembly of a cell contaminated with water can
result in the occurrence of additional parasitic and potentially dangerous reactions [102].

Lit + H,0 —» H + LiOH (21)
LiOH + CO, - LiHCO4 (22)
LiOH + LiHCO3 — H,0 + Li,CO, (23)

The mixing of NMP-based slurries can result in two distinct effects due to the presence of water con-
tamination, which is contingent upon the quantity of water present. The presence of water in trace
amounts may result in the formation of an alkaline environment, which in turn can facilitate the
defluorination and cross-linking of PVDF, ultimately leading to the gelation of the slurry [103]. Further-
more, the presence of an abundant water content has the effect of reducing the solubility of PVDF,
resulting in its precipitation and flocculation into an undissolved state.

Given the evident issues associated with water contamination and the high costs of drying intermedi-
ate products, research is often conducted into the development of water-based CAMs and binders
[104, 105] and the all-dry processing of electrodes [106, 107]. Furthermore, the environmental aspects
of NMP-based processing are frequently the subject of investigation. One popular method for creating
an electrode film through solvent-free means is to introduce a network by polymer fibrillation of PTFE
(polytetrafluoroethylene) [108, 109]. Although promising, the process development is difficult and the
machines needed require a lot of investment, which in terms requires materials that are demonstrat-
ing a high maturity level, which is why this research is mainly limited to the industry [110].

From a developmental standpoint, an electrode suspension is a complex composition of numerous
components, representing the initial intermediate product in the product chain of a LIC. The requisite
relationship between the coating application and product specifications is a delicate one. From a de-
sign perspective, the material composition is the result of a considered approach that takes both eco-
nomic and technical requirements into account. These may include, for example, the energy density
or charge behavior of the latter cells. Conversely, these design considerations are subject to continual
challenge as the production process matures at different levels. A pragmatic approach is to initially
develop compositions at the laboratory scale in order to precisely adjust the mass ratios. At the work-
shop or pilot line scale, the processing is then demonstrated and any necessary adjustments to the

17



2 State-of-the-art

composition are made prior to utilization on a production line, which may involve further adjustments
to the composition. However, laboratory equipment is highly versatile and adaptable, whereas indus-
trial-level machinery is not. It is therefore essential to gain a comprehensive understanding of the
slurry as an intermediate product, which is subject to a multitude of applications, in order to facilitate
the precise development of the composition.

2.3.1. Composition of a slurry

A slurry is a suspension that primarily comprises the AM and a solvent. The proportion of the latter,
however, is contingent upon the desired flow behavior. A significant proportion of technical composi-
tions exhibit a rough non-volatile content, or solids content (SC), of 90 to 95 wt% AM, with the solvent
content accounting for approximately 35 + 18 wt%. The remaining portion is then divided between
conductive additives and binders. Figure 2-10 depicts an illustrative slurry composition, showcasing
the mass ratios. In certain applications, dispersants [111, 112] of surfactants [113] are employed to
enhance processability throughout the product chain, however they hold no relevancy in this work.
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Figure 2-10: Exemplary composition of a generic electrode slurry, non-volatile composition (left), vol-
atile and non-volatile composition (right)

Typically, graphite-based slurries exhibit a total solids content (TSC) of approximately 50 to 60 wt%,
whereas cathodes with, for instance, NMC exhibit a considerably higher TSC, with values reported to
be as high as 70 to 80 wt%. These significant discrepancies can be attributed primarily to the variations
in AM density, which influences the packing density. However, additional factors such as SSA, the in-
teraction between particles and binders and the solvent also contribute to the final TSC value, as dis-
cussed in section 2.1.2.

The slurry is employed in the coating process. A flowable slurry is required for a number of reasons. In
order to prevent coating defects caused by air bubbles and to maintain a homogeneous mass loading,
a slurry must be degassed. Furthermore, the slurry has to flow in and out of pumps. Given the inherent
delicacy of the coating process, which is dependent upon the viscosity of the slurry, the ng-® correla-
tion imposes a limit on the maximum TSC, thereby influencing the design choices with respect to the
mass ratio.

In addition to the requirements of the intended application, the final product, the cell, ultimately de-
termines the composition. The mechanical stability and electric and ionic resistivities are pivotal in

identifying the composition of any electrode, which is a consequence of the conductive additives and
binder employed.

18



2 State-of-the-art

2.3.2. Mixing and dispersion of slurries

The slurry is a complex fluid, comprising a multitude of components. The objective of the mixing pro-
cedure is to combine the aforementioned components in a manner that is consistent with the desired
outcome. This requirement may present particular challenges. With regard to dispersion or deagglom-
eration, the solid fraction particles are inherently diverse. Some AMs display particle sizes with a mean
diameter D; exceeding 30 um, while others are in the nanoscale range, a phenomenon that is particu-
larly prevalent among conductive additives. Moreover, some components may display a monomodal,
bimodal, or polymodal particle size distribution. In a wet mixing procedure, dispersion is achieved pri-
marily through three comminution mechanisms, as outlined in reference [114].

1. Collision of aggregates against each other or a surface

2. Shear of aggregates against each other or a surface

3. Electrostatic or steric repulsion of the aggregate particles that
may be induced by the solvent, a dispersant or a polymer

As previously discussed in subsection 2.2.4, the carbon-binder domain must be facilitated, with the
percolation correlating to the aggregate size. Achieving this in a mixing procedure can be quite chal-
lenging when approximately 90 wt% of the solids is AM, which should be fully dispersed. Additionally,
CB should have the "right" aggregate size, as a too small size can cause the electrode to become brittle.

Binders can act as dispersants (subsection 2.2.5), but this function depends on their dissolution. The
requisite time for this process may be considerable, contingent on the solubility of the solvent in ques-
tion. Moreover, the binders may be susceptible to shear-induced mechanical degradation.

2.3.3. Sequencing of a mixing procedure in literature and motivation
Despite the absence of a consistent terminology in the existing literature, a common structure can be
identified in the description of mixing procedures. In order to avoid confusion, this work defines the
structure as follows:

The slurry is created through a mixing procedure, which is comprised of a series of se-
qguences. A sequence is defined by two key elements: material parameters and process
parameters. Material parameters indicate the specific materials and quantities being
treated in that sequence, while process parameters encompass the sequence duration,
the speed of the tool and the mixtures temperature.

The number of sequences in a procedure may vary, which can complicate the design of the procedure.
Firstly, the sequencing of the procedures is based on the constraints imposed by the utilized mixer,
such as the minimum degree of filling. Secondly, the procedure is subject to limitations in tool speed,
which may be attributed to the component’s delicate nature or the limitations of the mixing machine
itself. This ultimately restricts the range of potential operating options.

A relatively straightforward approach to mixing would be to combine all the slurry’s components
within a single sequence, which could be described as a ‘one-pot method’ (OPM). An alternative ap-
proach would be to disperse each component in a designated sequence, whereby one component is
dispersed in the first sequence, another is added and dispersed in a subsequent sequence, and so on.
A number of academic publications have compared slurries and electrodes produced by different mix-
ing procedures. The distinguishing factor between these studies is the addition, removal, or alteration
of specific sequences. In the context of the present study, three sequences merit particular attention.
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1. The preliminary dry mixing (DM) of the components’ powders is employed with the ob-
jective of expeditiously deagglomerating conductive and active materials within a single
sequence.

2. Subsequently, a dedicated dispersion of conductive additives within a dissolved binder
that is employed as a continuous phase (CADB) is prepared, followed by the incorporation
of active materials and additional components.

3. The dispersion of the AM within a so-called kneading sequence (KS) is a common subse-
quent sequence following a CADB sequence. This process entails the creation of a mixture
with minimal solvent content, resulting in the dispersion of a viscous or non-flowable plas-
tic mass.

The following table, Table 2-1, provides an overview of some literature on the effect of mixing se-
guences. The publications are categorized according to the mixing sequences utilized within a given
procedure, the machines employed, and the active material and solvent used, followed by a simplified
summery of the key findings relevant for this work. It should be noted that the KS sequence in the
tables does not always refer to the kneading character of a non-flowable mass. Rather, it refers to the
dispersion of AM and CB under conditions of high enough solvent content, which results in a flowable
mass.

It is evident that there is a substantial body of literature that addresses the topic of mixing procedures
in this field of study, which has been in existence for over three decades and concerns the creation of
slurry in a laboratory setting and beyond. Nevertheless, comparisons are frequently made between
procedures that exhibit significant differences in their design. For example, one might undertake a
comparison between different mixers or contrast sophisticated procedures with simple and crude
ones. In essence, alterations to the microstructure were instigated, which inevitably influence the me-
chanical, electronic and electrochemical characteristics of the resulting electrodes. Given the scientific
nature of the subject matter, it is to be expected that significant contrasts are being displayed in order
to investigate a phenomenon. However, the specific characteristics of mixing procedures, such as the
variation of tool speeds and component concentrations, are particularly relevant in the context of in-
dustrial applications. Consequently, the impact of such changes on technical compositions is often the
subject of debate and remains unresolved. It is important to note that the investigation of the impact
of procedures is a time-consuming endeavor, given the number of variables that must be considered.
This is due to the fact that the analysis of mixing procedures can only be conducted by modifying a
single parameter at a time. Moreover, the aforementioned variations have an impact on the entirety
of the powder-to-cell product chain, which must remain constant in order to obtain quantitative re-
sults. Furthermore, the extensive range of globally available electrode components, which are subject
to their own inherent limitations, may require the performance of a multitude of tests.
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Table 2-1: Selected overview of publications that are addressing the effects of different mixing pro-

cedures
Author, — Sequences / procedure variations Simplified key finding / conclusion
AM,sol- o Equipment
vent
Bauer et al. - DM & subsequent wet mixing Intensive dry mixing facilitated the coating of CB on the AM’s par-
[115], - KS & subsequent wet mixing ticles, thereby lowering viscosities in slurries and lower resistivi-
NMC, o DM in high shear powder mixer ties in electrodes. In contrast, liquid processing did not achieve
NMP o Slurry dispersion via dispersion disc this level of dispersion. The lower resistivity had a positive effect
on cell performance.
Park et al. - CADB & subsequent KS / wet mixing The sequencing of a procedure significantly affected the adsorp-
[116], —  KS of AM and Binder subsequent wet mixing tion of CMC on both, CB and Graphite, leading to different dis-
Graphite, —  OPM & subsequent wet mixing persibility and flow behavior. Enabling a selectivity of CMC- ad-
Water ° Ultra-turrax; Anchor type stirrer sorption between the two carbon materials.
Lietal.[90], —  OPM with preliminary SBR addition Itis essential to design the utilization moment within a mixing pro-
LFP, - OPM with a subsequent SBR addition cedure, taking into account the varying interaction and adsorp-
Water o Slurry dispersion via ball milling tion priorities of the binder. This design choice has been demon-
strated to exert an influence on the microstructure of the slurry
and the subsequent cell performance.
Liu et al. - DM of CB & subsequent wet mixing Similar flow behaviors were created by both dry mixing sequences
[117], - CADB via diverse sequences and all liquid processing, indicating that rheological results are
NMC, & subsequent KS not exclusive to one mixing machine or procedure.
NMP o Slurry dispersion via ball milling
o Slurry dispersion in a custom-built mixer using
several dispersion tools
Nakajima et - DM & subsequent wet mixing at different en- Utilized dry mixing procedures of moderate energy input dis-
al. [118], ergy input levels played most performant cycling behavior and ideal resistivities,
LiCoO., OPM & subsequent wet mixing which was reasoned by microstructural differences regarding
NMP o DMinaball mill the dispersion state of CB.
o Slurry dispersion via magnetic mixer
Kim et al. - DM & subsequent wet mixing The employment of a dry mixing sequence of AM and CB, in con-
[119], — CADB & subsequent KS / wet mixing junction with a pre-dissolved binder, has been demonstrated to
LiCoO,, - KS of AM and Binder subsequent wet mixing yield optimal results at the cell level.
NMP OPM & subsequent wet mixing
o Machinery not disclosed
Wang et al. — DM & subsequent KS / wet mixing In the course of the comparison, slurries with gel-like properties
[120], - CADB & subsequent KS / wet mixing were created by the CADB procedure, in contrast to the DM pro-
NMC, o Slurry dispersion via planetary mixer cedure, which demonstrated superior peel strength, but inferior
NMP ionic and electronic conductivity. The CADB procedure exhibited
superior c-rate capabilities, emphasizing the significance of ionic
conductivity as a result of the mixing procedure.
Tang et al. - CADB and alternations in sequence TSC, tool As the energy input in mixing procedures is increased, there is a
[121], speed and duration concomitant decrease in slurry viscosity. Tool speed variations
NMC, o Planetary centrifugal mixer demonstrated the greatest effect on this behavior.
NMP
Takenoetal. — DM & subsequent KS / wet mixing The utilization of a dry mixing sequence yielded superior elec-
[122], - CADB & subsequent KS / wet mixing tronic resistances and impacted the viscoelastic behavior of the
LiCoO, o  Planetary mixer slurry.
NMP
Kuratani et - OPM An increase in mixing intensity affects the CA dispersion, leading
al. [123], - KS of AM and Binder subsequent wet mixing to electrode microstructures with a dispersion state of highly ag-
LiCoO,, - KS of AM and Binder subsequent wet mixing gregated CA at low energy input and vice versa finely dispersed
NMP at higher shear rate at high energy input. The results indicate that an optimal state
o Planetary centrifugal mixer of dispersion is achieved at moderate energy input.
Huber et al. - CADB & subsequent KS / wet mixing It was demonstrated that an elevated sequence TSC resulted in
[124], - KS of AM and Binder subsequent wet mixing enhanced energy input, leading to diminished slurry viscosity
Graphite, —  CADB & subsequent KS / wet mixing with dif- and a less homogeneous pore structure. This led to an augmen-
Water ferent degrees of CADB premix transfer in the tation in the electrode’s tortuosity, thereby facilitating lithium
subsequent sequences at varying TSC plating.
o Planetary mixer
o Slurry dispersion via dispersion disc
Kondaetaal. —  CADB & subsequent KS / wet mixing The utilization of a DM sequence resulted in a superior electrode,
[125], - DM & subsequent KS / wet mixing as evidenced by its enhanced c-rate performance, resistivity,
LFP, o Slurry dispersion via dispersion disc peel strength, and particle size distribution. Furthermore, its
NMP o DM of CB and AM in a ball mill slurry viscosity was found to be significantly reduced.
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3 Hypothesis, goals, and limitations of this work

The objective of this dissertation is to gain insight into the topic of mixing electrode suspensions and
the procedure’s impact on the slurry, which represents an intermediate product in a production chain.
In order to achieve this, commercially available electrode materials are employed and subjected to
mixing machinery that is intended for industrial use. This approach allows for the derivation of conclu-
sions applicable to process development and for optimized LIC production, which can be applied to
the same mixing machinery.

As has been demonstrated in numerous publications, significant alterations to the mixing procedure
have a profound impact on the resulting slurry’s microstructure, which in turn affects subsequent cell
performance. In the present work, the overarching hypothesis is that minor procedure variations, such
as tool speed, sequence duration and the TSC of a sequence, have a considerable effect on both the
product itself and the production chain. This is particularly relevant for industrial equipment, given
that their capabilities are constrained.

In order to remain consistent with the prevailing trends in component development, the anodic com-
positions employ a combination of graphite and SiOx as anodic active material. Conversely, the ca-
thodic compositions utilize single-walled carbon nanotubes as a conductive additive and LFP as a ca-
thodic active material. The following list outlines the structure of the result-bearing chapters in this
work, which address different topics:

Chapter 5 The interaction of the active material (LFP) and conductive additives (CB and SW-CNT) is
investigated through the application of a unimodal and bimodal content variation of the
latter. This is followed by an investigation of mixing procedure’s sequence variations of a
selected composition.

Chapter 6 The influence of process parameters, specifically tool speed and sequence duration, on the
resulting slurry of graphite and SiO,, dispersed with a high molar weight binder are exam-
ined. Two distinct mixing procedures were designed, and the parameters were varied in
order to ascertain the impact of these variables on flow behavior and cell performance.

Chapter 7 The impact of the total solids content and energy input is being investigated by varying the
sequence’s water content. This variation was applied to two anodic compositions: one com-
prising a pure graphite slurry with a low molar weight binder and the composition utilized
in the previous chapter.
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4.1. Intensive mixer

The principal instrument employed for the dispersion of a slurry in this study is an intensive mixer,
manufactured by Maschinenfabrik Gustav Eirich GmbH & Co KG, Germany. An illustration of the mixer
can be observed in Figure 4-1a, while the schematic drawing of the interior is presented in Figure 4-1b.
The machine’s defining characteristics are the relatively large dispersion tool and the rotating batch
vessel, which is referred to as the pan. The rotating pan makes the machine particularly suited to the
processing of highly viscous and amorphous masses, such as high solids content suspensions, i.e. slur-
ries. During the processing stage, the pan rotates with a circumferential speed of w4y, thereby setting
the mixer’s content in motion. The scraper then directs the mass towards the center of the pan. The
tool is positioned slightly off-center, with a circumferential speed of w;,,;, which ensures a uniform
energy input and prevents the formation of pockets of untreated material. The bottom of the pan may
become visible, depending on the degree of filling and the viscosity of the processed bulk. In this study,
two versions of the intensive mixer were employed: a one-litre model (EL1) and a five-litre model (C5),
revering to the useable volume. It should be noted that the nominal volume exceeds the useable vol-
ume.

Dispersion tool

Scraper

Slurry

Pan

Bottom of the pan

b)
Figure 4-1: a) image of an Intensive mixer “EL1”; b) schematic drawing of the intensive mixers interior
while processing a slurry

The production of each slurry is the consequence of a meticulously devised mixing procedure. This
procedure commences with the mise en place, whereby the components are weighed and the binder
is pre-dissolved overnight. Subsequently, the pre-weighed components were introduced into the mixer
in bulk. Each sequence is characterized by specific machine settings, including w;,,; and sequence
duration tg.,, as well as process parameters such as the sequence’s material ratios (TCS) and the de-
gree of filling, which was calculated using the component’s density values and their mass. In this study,
the data is presented in two figures: a procedure diagram (Figure 4-3a) and a procedure sequence
diagram (Figure 4-3b).

The procedure diagram presents the sequence titles on the x-axis and the TSC, the degree of filling,
Weoo1and tgeq ON the y-axis. The procedure sequence diagram illustrates the sequence names and the
components that are introduced.
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4.2. Experimental series
This section describes the various procedures employed in the work, including the experimental series
components, compositions, and the sequencing of the procedures.

4.2.1. Cathodic compositions
Two cathodic experimental series are employed to pursue the subject matter of Chapter 5. In both
series, a slurry is prepared using the components enumerated in Table 4-1.

Table 4-1: Component details of cathodic slurry

Component Designation, manufacturer, country Properties*

Lithium iron phosphate  A19, Aleees Eco Ark (Ningbo) Co., Ltd., Tai- Dsp=12 um

(LFP) wan BETSSA=7.40m?2g™
Carbon black (CB) LITX® HP, CABOT Corporation, USA BETSSA=45.5m?g™?
Single walled carbon TUBALL®, OCSiAl, Luxembourg BET SSA =400 m? g?
nanotubes (SW-CNT)

Polyvinylidene fluoride  Solef® 5140; Solvay Specialty Polymers Mw = 1.300 kDa
(PVDF) Germany GmbH, Germany

N-methyl-2-Pyrrolidone  Battery grade, BASF SE, Germany -

(NMP)

* According to the manufacturer

4.2.1.1. CA-Series

The compositions of the CA-Series exhibit considerable variation, with the components of Table 4-1
being employed in each case. All slurries have a total solids content (TSC) of 45 wt% and a total of
5 wt% binder (non-volatile). Nevertheless, the content of CA ultimately determines the CAM content.
Figure 4-2 provides an overview of the CA-Series variation, which comprises a total of nine slurries.
Four of the compositions are produced by varying the carbon black content, which ranges from 0 to
2.5 wt%. These are designated as CB;. A further four can be identified by the variation in CNT content,
ranging from 0 to 0.12 wt%, designated as CNT:. The cross-over of both designations is referred to as
CA.i, which is also labelled as CB;.s or CNTo0s, depending on the context of the comparison, whether it
is a uni- or bimodal investigation. Slurry CAopt is another variation that represents a smaller concentra-
tion of both CAs of CA,i. Slurry CAM..t refers to the sample with no conductive additives.
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! (&)
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CB content / wt%
Figure 4-2: variation matrix of the CA-Series’ conductive additive variation
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The composition of CA, is presented in Table 4-2. The CA-Series alternations of CA; represent varia-
tions of CA that affect the CAM content of the slurry. The PVDF content was maintained at a constant
level. It should be noted that the SW-CNT was employed as a pre-prepared product; it is a single-wall
carbon nanotube dispersion with PVDF used as a kinetic stabilization agent. The values presented in
the table for the PVDF content represent the sum of the added PVDF and the PVDF present in the SW-
CNT dispersion.

Table 4-2: Composition of slurry CAa

Components SCwnv / Wt% SCnvav / Wt% ®; [ vol%
LFP 93.42 42.04 17,71
CB 1.50 0,68 0,66
SW-CNT 0.08 0.04 0,03
PVDF 5.00 2.25 2,88
NMP - *65.00 **78,72

*1-TSC; **1 - @,

The methodology employed to create the series’ slurries is illustrated in Figure 4-3, wherein panel a)
depicts the sequence-dependent TSC, degree of filling, tool speed and duration. Figure 4-3b presents
a procedure sequence diagram, indicating the sequence in which each component was utilized. It
should be noted that the other variations of the CA-Series are not shown, as the changes are too minor
to be discernible in this form. The rationale behind this procedure is that, in the initial sequence, the
carbon black is dispersed before the kneading phase of the added CAM. Given that the SW-CNTs are
already pre-dispersed, there is no necessity for a high TSC, and thus a high energy input, dispersion.
This is why they are added after the suspension has been diluted.

140 |- [—m—Total solids content o 18
I— -
130 | |—O— Degree of filling o 100
120 [ |—*— Tool speed 120 16 1-CB dispersion & L:XPD Fr
110 | [—©— Step duration
100 80 ™
© [ 2 - Kneading ] [ AM H m ]
X 90 %-15'7‘,)-12C
= oo 60= ElpE :
o 70k ) =2 1 % [ 3 - Dilution ] [ NMP ]—-[ ]
(%] = 2 ]
~ 60 T 10 248 ~ 1
50 140 e [4—CNTdispersion] [ SW-CNT H ]
40 [
30 F 45 14
-2
10 -
0 ! ! ! ! o Jo o
CB Dispersion Kneading Dilution CNT dispersion
a) b)

Figure 4-3: Procedure details of slurry CA.i; a) procedure diagram displaying TSC, degree of filling, tool
speed and sequence duration b) procedures sequence diagram;

The procedure demonstrates that the initial sequence facilitates the dispersion of CB in a dissolved
PVDF/NMP solution. The dispersion occurs within the sequence at a TSC of 9 wt% and a degree of
filling of 49 vol%, with w;y; set to 10 m s™ circumferential speed for a ts., of 10 minutes. In the
subsequent kneading sequence, the AM (LFP) is introduced, resulting in an increased TSC of 61 wt%
and a modified filling of 69 vol%. The kneading process is conducted at a tool speed of 7 m s™* for a
duration of 10 minutes. In the dilution sequence, NMP is added, resulting in a change to the sequence’s
TSC to 47 wt% at a filling of 105 vol%, which exceeds of the mixer’s useable volume but lies within the
nominal volume. The sequence then proceeds to homogenize the mixture for a period of 4 minutes at
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a speed of 5 m s™L. The final sequence disperses the SW-CNT, finishing the slurry, with a TSC of 45 wt%
and a filling of 109 vol%. This is achieved through a nine-minute mixing period at a speed of 5m s,

4.2.1.2.

Procedure-Series

The second series of cathodic compositions examines the impact of varying specific mixing procedure
sequences utilizing the components outlined in Table 4-1. In this instance, the composition of slurry
CAt is employed, with detailed specifications presented in Table 4-3. The distinguishing factor be-
tween CAopt and CAart is the reduction of CB and SW-CNT.

Table 4-3: Composition of slurry CAopt and the procedure variations Pro;

Components SCnv / Wt% SChvav / Wt% ®; [ vol%
LFP 94.46 42.51 17.95
CB 0.50 0,23 0.22
SW-CNT 0.04 0.02 0.01
PVDF 5.00 2.25 2.89
NMP - *65.00 **78,92

*1-TSC; **1 - @,
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Figure 4-4: Procedure details of slurry Proce-cnt: @) procedure diagram displaying TSC, degree of filling,
tool speed and sequence duration b) procedures sequence diagram; Procedure details of slurry
Procnt-ce: ) procedure diagram displaying TSC, degree of filling, tool speed and sequence dura-

tion d) procedures sequence diagram
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The procedure variations are designated as Pro; and are described in the following manner. The desig-
nation "Progyt" is used to refer to a slurry that has been prepared in accordance with the procedure
outlined in Figure 4-3, whereby CB is dispersed in the initial stage and SW-CNTs in the final stage. The
slurry Procscnr is the result of a procedure that involves the dispersion of CNTs in sequence two, sub-
sequent to a prior dispersion of CB in the first sequence. The details of this procedure are illustrated
in Figure 4-4a and b. The slurry Procnr.cs is created by first dispersing SW-CNTs, followed by the disper-
sion of CB. The details of this procedure can be seen in Figure 4-4c and d.

The Slurry Propwm ac procedure commences with a dry mixing sequence, whereby LFP is combined with
CB. This is followed by a kneading sequence, during which the dissolved binder is applied. The full
procedure is illustrated in Figure 4-5a and b. Furthermore, the slurry Propm a-c.e employs a dry mixing
sequence, whereby the dry binder powder is combined with LFP and CB, followed by a kneading se-
guence in which the solvent is introduced. This is illustrated in Figure 4-5c and d.
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Figure 4-5: Procedure details of slurry Propm a-c: @) procedure diagram displaying TSC, degree of filling,
tool speed and sequence duration b) procedures sequence diagram; Procedure details of slurry
Propma-c-s: ¢) procedure diagram displaying TSC, degree of filling, tool speed and sequence du-
ration d) procedures sequence diagram

4.2.2. Anodic compositions
In contrast to the cathodic compositions, the research subjects of the anodic compositions demon-
strate a high TSC and a subsequently high @, as well as an adsorbable binder, the CMC. A total of five
anodic experimental series were conducted in order to pursue the subject matter of Chapters 6 and 7.
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The series originate from three slurry compositions, namely an all-graphite slurry that utilizes a CMC
binder, a graphite-SiOx blended slurry that utilizes a CMC binder with slightly higher M,,. The third
slurry employs the same components as the blended slurry, however SiOx is not utilized. This compo-
sition is exclusive for the preliminary test series. The remaining components of the remaining compo-
sitions were maintained at the same levels. The specific components are listed in the following three

tables.

The components of the all-graphite slurry with the low molar weight CMC are shown in Table 4-4.

Table 4-4: Component details of the all-graphite slurry

Component Designation, manufacturer, country Properties*
Artificial graphite Not to be disclosed Dsp=15.3 um
(Graphite) BETSSA=1.7m?g

Carbon black (CB)

sodium carboxyme-
thyl cellulose (CMCsgo)

Styrene-butadiene
rubber emulsion (SBR)
Deionized water

C-NERGY SUPER C45, Imerys Graphite &
Carbon, Switzerland

TEXTURECEL™ 2000 PA, DDP Specialty
Products Germany GmbH & Co. KG, Ger-
many

BM-451, Zeon Europe GmbH, Germany

In-house

SSA=455m?g*

Mw =500 kDa
DS=0.9

TSC =40 wt%

* According to the manufacturer

The components of the graphite-SiOx blended slurry are presented in Table 4-5. The slurry comprises
two blended AMs, with a smaller Dsp and higher molar weight.

Table 4-5: Component details of graphite-SiOy slurry

Component Designation, manufacturer, country Properties*
Artificial graphite SCMG-CD-C, Showa Denko Materials (Eu- Dso=6.2 um
(Graphite) rope) GmbH, Germany BETSSA=3.5m?g™!
Silicon containing ac-  H80; Daejoo Electronic Materials Co. Ltd. Dsp=5.5 um

tive material (SiOy)
Carbon black (CB)

sodium carboxyme-
thyl cellulose (CMCgys)

Styrene-butadiene
rubber emulsion (SBR)
Deionized water

Republic of Korea

C-NERGY SUPER C45, Imerys Graphite &
Carbon, Switzerland

WALOCEL CRT 30.000 P BA, DDP Specialty
Products Germany GmbH & Co. KG, Ger-
many

BM-451, Zeon Europe GmbH, Germany

In-house

BETSSA=8.0m2g™!
SSA=455m?g!

Mw = 875 kDa
DS=0.9

TSC =40 wt%

* According to the manufacturer

The second all-graphite slurry is employed exclusively in the Preliminary-Series. Its components are

delineated in Table 4-6.
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The Parameter-Series is a dedicated investigation into the subject matter of Chapter 6. It utilizes the
graphite-SiOx composition, which is produced through a range of mixing procedures at varying tool
speeds and durations. Chapter 7 addresses the issue of composition concentrations, with a particular
focus on the TSC of a sequence, and employs a number of experimental series. The Preliminary-Series
displays two distinct techniques for dispersing a slurry are employed, following the graphite-SiOx
blend. Secondly, the variation of a slurry’s TSC was investigated within a series designated as TSC-
Series, following a variety of pure graphite slurry compositions. This resulted in the emergence of two
additional series, designated as Kneading-Series 1 and Kneading-Series 2. The initial series of kneading
variations employs an exclusively graphite composition and a low molar weight binder, and utilizes
two procedures of different process parameters, each of which varies the TSC within the kneading
sequence. The Kneading Series 2 employs a graphite-SiOx blend composition and a high molar weight
binder and modifies the procedure’s kneading sequence’s TSC.

The experimental series are outlined in the following paragraphs, with a description of the component
ratios and procedure details.

Table 4-6: Component details of the all-graphite C slurry, employed in the Preliminary-Series

Component Designation, manufacturer, country Properties*
Artificial graphite SCMG-CD-C, Showa Denko Materials (Eu- Dsp=6.2 um
(Graphite) rope) GmbH, Germany BETSSA=3.5m?g™!
Carbon black (CB) C-NERGY SUPER €45, Imerys Graphite & Car- SSA =45.5m?g™

bon, Switzerland
sodium carboxymethyl WALOCEL CRT 30.000 P BA, DDP Specialty Mw = 875 kDa

cellulose (CMCgys) Products Germany GmbH & Co. KG, Ger- DS=0.9
many

Styrene-butadiene BM-451, Zeon Europe GmbH, Germany TSC = 40 wt%

rubber emulsion (SBR)

Deionized water In-house -

* According to the manufacturer

4.2.2.1. Preliminary-Series
The preliminary tests demonstrate the impact of the mixing technique on the slurry’s flow behavior.
The tests were conducted using the preliminary graphite slurry composition, as detailed in Table 4-7.
The component ratios are presented in Table 4-6.

Table 4-7: Composition of the preliminary test

Components SCnv / Wt% SCwvav / Wt% ®; [ vol%
Graphite 96.20 48.10 29.49
CB 2.00 1.00 0.91
CMC 0.90 0.45 0.60
SBR 0.90 0.45 0.42
Water - *50.00 **68.57

*1-TSC; **1 -3, &,

The slurry composition was employed in two distinct mixing procedures, designated as P1 and P2. The
two procedures differed in that P1 was predominantly mixed by hand using a stainless-steel spatula to
knead the solid components into a smooth paste prior to the fine dispersion using a dispersion disc
mixer (Dispermat, LC disperser series, VMA-Getzmann GmbH, Germany). This was followed by the ad-
dition of SBR and water. In the case of P2, the mixing process was conducted using an intensive mixer
(EL1, Maschinenfabrik Gustav Eirich GmbH & Co KG, Germany). This involved the kneading and
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dispersion of all the solids with a CMC solution, followed by the addition of SBR and water to achieve
the final TSC.

4.2.2.2. TSC-Series
The present experimental series is designed to investigate the correlation between TSC and flow be-
havior. To this end, a number of graphite slurries, comprising the components listed in Table 4-4 and
following the composition set out in Table 4-8, were prepared. The TSC-Series was developed with the
objective of creating slurries with a range of final TSC values, and the solvent content of this series was
therefore adjusted to achieve the desired range of 33.5 to 46.0 wt%.

Table 4-8: Composition of the TSC-Serie’s slurry - TSC;

Components SCnv / Wt% SCnvav / Wt% ®; [ vol%
Graphite 94.5 51.03-62.84 32.14-43.71
CB 2.0 1.08-1.33 1.01-1.38
CMC 1.0 0.54 -0.67 0.74-1.02
SBR 2.5 1.35-1.66 1.31-1.78
Water - *46.00 — 33.50 **64.80 —52.12

*1-T5C **1-3 &;

The creation of a slurry with a specific TSC inevitably affects the individual sequence’s TSC, given that
no solvent can be removed from the mixing procedure. This ultimately constrains the design consider-
ations that can be made with regard to the sequence’s degree of filling, which is of particular im-
portance in the context of the dispersion tool, given that it must be immersed in order to operate as
intended. The TSC-Series procedures’ process parameters and sequence diagram are illustrated in Fig-
ure 4-6. Six slurries with a TSC ranging from 54 to 69 wt% in increments of 3 wt% were prepared. The
slurries are designated as TSC;, where the index number represents the slurry TSC. In this procedure,
the machine parameters were maintained at a constant level, while the total amount of water was
adjusted in order to achieve the desired final slurry TSC. It should be noted that slurry TSCeo was pro-
duced in accordance with the aforementioned figure; however, the resulting slurry was not flowable,
which is why this slurry was diluted to a TSC of 66.5 wt% after mixing.
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Figure 4-6: Procedure details of the TSC-Series: a) procedure diagram displaying TSC, degree of filling,
tool speed and sequence duration, b) procedures sequence diagram
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4.2.2.3. Kneading-Series 1

The objective of this series of experiments is to investigate the effect of the TSC within the mixing
procedure’s kneading sequence on a slurry and the subsequent electrode. For this purpose, a pure
graphite slurry composition with a TSC of 60 wt% and a low molar weight CMC was used. The details
of this composition can be found in the following table. The slurry’s components are listed in Table 4-4.

Table 4-9: Composition of Kneading-Series 1

Components SCnv / Wt% SCnvav / Wt% ®; [ vol%
Graphite 94.5 56.70 37.41%

CB 2.0 1.20 1.18%
CMC 1.0 0.60 0.87%
SBR 2.5 1.50 1.52%
Water - *40.00 **59.03%
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The series is distinguished by a series of gradual alterations to the TSC concentration, ranging from 61
to 70 wt%. The slurries are designated as "KS;", where "i" represents the TSC of the kneading sequence
and "j" denotes the procedure from which it originates. The sequence variations were conducted using
two distinct mixing procedures. One procedure is characterized by low energy input, with low tool
speeds and a short sequence duration (see Figure 4-7a and b). This results in the slurry designation
ending in "L". The alternative mixing procedure employs higher tool speeds and longer sequence du-
rations, as illustrated in Figure 4-7c and d. This results in a slurry designation with an "H" ending. The
low-energy input procedures set of slurries was produced in three individual kneading sequences, each
with a distinct w¢go; and ts.q. Subsequently, they were diluted before the finalisation with the SBR
emulsion. The high-energy input procedure employed two kneading sequences, utilising a high w,0;
for an extended t,q, before dilution and SBR addition.

4.2.2.4. Parameter-Series
The investigation of the mixing procedure’s machine parameters was conducted on the basis of the
composition of the following table. The slurry comprises two AMs (artificial graphite and SiO,), as well
as the high molar weight CMCg;s. The component details are provided in Table 4-5.

Table 4-10: Slurry composition of Parameter-Series and Kneading-Series 2

Components SCw / Wt% SCwvav / Wt% ®; [ vol%
Graphite 86.58 51.95 34.25
SiOy 9.62 5.77 4.24
CB 2.00 1.22 1.20
CMC 0.90 0.54 0.77
SBR 0.90 0.54 0.55
Water - *40.00 **58.99

*1-TSC; **1 - @,

In this series of experiments, the parameters of the intensive mixer were varied on the basis of the
procedures designated as "Ref. 1" and "Ref. 2". The procedure and sequence diagram are illustrated
in the following figure. The procedure outlined in Ref. 1 (see Figure 4-8 a and b) comprises a dry mixing
sequence, followed by a kneading sequence, and then the SBR addition and dilution. The variation
affected the tool speed w and the sequence duration t of the dry mixing sequence (w,, and t4,,) , as
well as the kneading sequence (w,,; and t;). The procedure designated as Ref 2 (Figure 4-8 c and d)
commences with the utilization of a carbon black dispersion sequence, wherein the tool speed and the
sequence duration (wygisp and tg;sp) are subjected to variation. The subsequent sequences are the
kneading, SBR addition and dilution sequences. The sequence variations were conducted in a one-
factor-at-a-time approach, with each sequence resulting in an individual slurry. The series’ parameter
variations of the dispersion tool and the duration can be seen in Table 4-11, in which the baseline
setting is listed in brackets, hence the value of the variation is added on top.
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Table 4-11: Variation of the Parameter-Series’ parameters

Sequence Parameter Parameter Unit Procedure
(standard) variation

Kneading duration t,(10) +5; +10 min Ref. 1

Kneading speed wwi(10)  +5; +10 ms™? Ref. 1

Dry mixing duration tam(1) +5; +10 min Ref. 1

Dry mixing speed wy,,(10) +5; +10 ms? Ref. 1 (t4,=10)

Carbon Black disper- taisp(10)  +5;+10 min Ref. 2

sion duration

Carbon Black disper- Wyaisp(10)  +5; +10 ms™? Ref. 2

sion speed
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Figure 4-8: Procedure details of the Parameter-Series; Ref. 1: a) procedure diagram displaying TSC,
degree of filling, tool speed and sequence duration b) procedures sequence diagram; Procedure
details of slurry Ref. 2: c) procedure diagram displaying TSC, degree of filling, tool speed and
sequence duration d) procedures sequence diagram; Procedure details of slurry

4.2.2.5. Kneading-Series 2
The second series of kneading variations employs the same slurry composition as that of the parameter
series. For further details, please refer to Table 4-10 and Table 4-5. In contrast to the other kneading
series, this second series utilizes a blend of AMs with a lower Dsg, a high molar weight CMC and an
overall low concentration of CMC and SBR. The procedure details and sequence diagram for the second
kneading series are presented in Figure 4-9. The majority of sequences have two distinct settings: a
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"slow" and a "fast" setting. The "slow" setting involves a brief sequence with a low w;,,;, Which serves
to prevent splashing or the formation of dusk clouds. This is followed by a sequence with a higher w;,,;
and a longer t,.4. The samples exhibit variations in an incremental change of the kneading sequence’s
TSC (xi) , designated as high solids content mixing (HSCM), with TSC values ranging from 60 to 69 wt%,
varying in increments of 3 wt%. This resulted in the creation of four distinct procedures, which were
labelled Pgo to Peo.
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Figure 4-9: Procedure details of the Kneading-Series 2: a) procedure diagram displaying TSC, degree of
filling, tool speed and sequence duration b) procedures sequence diagram; H,O0* and H,O**
represents the adjusted amount of solvent to create the desired TSC of that sequence depending
on the sample; ¥ slow tool speed prior to the sequences faster tool speed

In addition to the series’ four samples, a low Es, reference, designated Pi,w, was produced following
the same composition and components. The procedure details and sequence diagram are presented
in Figure 4-10. The TSC of this mixing procedure’s kneading sequence was maintained at 60 wt%, how-

ever, there are four kneading sequences with a very low w;,,; of 3 ms™.
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Figure 4-10: Procedure details of low-energy reference procedure of the Kneading-Series 2: a) proce-
dure diagram displaying TSC, degree of filling, tool speed and sequence duration b) procedures

sequence diagram
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4.3.Slurry characterization and treating

4.3.1. Rheometry
Rheological measurements were conducted utilizing a rotational rheometer (MCR 302e, Anton Paar
Germany GmbH, Germany). A plate—plate configuration with a diameter of 50 mm and a gap height of
0.3 mm was employed as the measurement geometry. The temperature was maintained at 25 degrees
Celsius.

Shear-rate-controlled measurements were conducted using a logarithmic shear rate ramp, spanning a
range of ¥ = 0.05 to 1000 s, with a corresponding measurement duration varying from 80 seconds at
the lowest shear rate to 2 seconds at the highest shear rate. In the case of stress-controlled measure-
ments, the shear stress T was increased logarithmically, from 0.01 to 1000 Pa, with a measurement
time of 18 seconds for each stress value.

4.3.2. Coating experiment
In order to analyze the coating experiments, it was necessary to calculate the shear rate within the
coating layer. This was achieved by dividing the line speed, U;, by the slot-die gap, Gs, which is the
distance between the slot-die lips and the substrate. Please refer to Figure 4-11.for further details.

oy

V= (24)

The dynamic viscosity 11 was calculated by interpolating the experimental data for viscosity versus

shear rate.

In order to establish the relationship between surface tension o, 7, and U}, the dimensionless capillary
number Ca was calculated as follows, in accordance with the methodology set forth by [126, 127].

n-Up
o

Ca = (25)

The surface tension of the slurry was set equal to that of pure water at 22 °C, 0 = 72.3 mN m™1 [128],
which was deemed a reasonable approximation for this quantity, given that no surface-active ingredi-
ents were added during the preparation of the slurry.

The viscosity data employed to calculate Ca were obtained at 25 °C; as the slot-die coating was con-
ducted at 22 °C, this results in a minor systematic discrepancy. Given that the temperature depend-
ence of slurry viscosity is essentially determined by that of water , which constitutes the main ingredi-
ent of the slurry’s dispersed phase [9], it can be estimated that this error is smaller than 7 %.

The dynamic gap G* was calculated as the ratio of the slot-die gap G and the height of the wet film W/,
as illustrated in Figure 4-11. The value of G is determined by the dimensions and configuration of the
coating apparatus itself. In contrast, the value of W was calculated using the electrode loading, the
TSC slurry concentration, and the slurry density, resulting in a value of W = 87.6 um.
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(26)

Figure 4-11: Schematic drawing of a slot-die, including flow pattern within the coating bead.

The coating trials of the Kneading-Series 2 were conducted utilizing a roll-to-roll coater, manufactured
by Mathis AG (Switzerland). The slot-die apparatus was installed with a 300 um thick shim sheet S and
a slot width of 50 mm. The slurry was supplied by a progressing cavity pump. Prior to the commence-
ment of the trials, the coater pump was calibrated at the highest stable G* for each speed of the test
run, thereby ensuring a constant capacity loading of 3.3 mAh cm™ at each speed. This was achieved
by coating, drying and weighing cut coins at line speeds ranging from 2 to 10 m per minute, with an
increment of 2 m per minute. The experiments were conducted in a dry room (dew point < -45 °C) at
a temperature of 22 °C.

Two coating defects, namely air entrainment and widening of the coating, were monitored visually as
stability criteria. In this context, the upper stability limit (USL) represents the highest values of G*
where no air entrainment was observed, while the lower stability limit (LSL) denotes the lowest value
of G* where no increase in coating width was recorded. Figure 4-12a illustrates the occurrence of air
entrainment, following the exceedance of the USL. Conversely, the widening of the coating after the
exceedance of the LSL was quantified by the coater’s camera measurement system. Figure 4-12b de-
picts the uniformity and absence of coating defects within the stability limits.

| —

a) b)
Figure 4-12: Inline photographs of the roll-to-roll coating experiments, web’s direction from bottom
to top; a) coating outside stable operating window with visible air entrainment; b) coating within
the stable operating window.

In order to estimate the USL, the visco-capillary model (VCM) proposed by Ruschak was employed, and
the critical capillary number Cag was calculated with a numerical prefactor of 0.65 [126, 129].

N W

Cag = 0.65 (ﬁ) (27)
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4.3.3. Energy input
The power consumption P,; of the rotor of the dispersing tools was monitored by the machine and
integrated over time, t, resulting in the energy consumption of the rotor, E.

E=fPeldt (28)

The specific energy input E,, was calculated by subtracting the idle energy consumption Ej4;, from
the rotor energy consumption E. This effective energy input E, s was then divided by the sample
volume occupied during the mixing sequence V., thus yielding E,,.

_E—-Eige Eefy

Eg, = = (29)
° Vseq Vseq

The relative specific energy input E,, ,- is the ratio between a procedure and another procedure.

4.3.4. Centrifugal treatment of the slurry
To gain further insight into the integrity and quantity of the binders of a slurry, the slurry was subjected
to centrifugation (2366, Hermle Labortechnik GmbH, Germany) for 12 hours at a relative centrifugal
force of 6300, with the objective of separating the solid fraction from the liquid fraction. The resulting
supernatant was then analyzed by rheological measurement.

4.4, Electrode characterization and treating

4.4.1. Peel-Test

The peel strength was determined utilizing a ZwickiLine Zo.5 (ZwickRoell GmbH & Co. KG, Germany)
and a 90° peel-test configuration. The electrodes were cut into strips 30 mm in width, with a total
substrate length of 200 mm and a coating length of 120 mm. Following calendering, the electrode sam-
ples were affixed to the setup with double-sided adhesive tape (Tesa 05696, Tesa SE, Germany) using
a silicone roller to laminate the electrode foil onto the tape. The force measuring probe was attached
to the electrodes’ current collector, and the machine measured the force required to peel the sub-
strate from the coating at a speed of 5 mm s™*. The peel strength Fpeer Was calculated by dividing the
measured force Fyy¢q;) by the width of the sample W1 Figure 4-13 shows a schematic drawing of
the tests.

Ftotal
F o, =—2%
peel w. (30)

sample
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Figure 4-13: Schematic drawing of the peel-test

4.4.2. Post-Peel-Test Analysis
The microscopic examination of the electrode was conducted on a top light microscope (VHX 7000,
Keyence Deutschland GmbH, Germany). For this, the post-peel-test current collector foils were
punched into coins with a 14 mm diameter and images of the coins peeled surface were taken under
constant conditions of lens distance, magnification, and lighting. The images were then analyzed using
a raster graphics editor (GNU Image Manipulation Program, Spencer Kimball, Peter Mattis and GIMP
Development Team, USA). An exemplary microscope image is shown in Figure 4-14a, a dark residue
can be seen on the aluminum current collector foil. To determine the coating-residue’s area that oc-
cupies the foil, the histogram of the images RGB-color-spectrum was analyzed. This spectrum defines
a color by assigning a value of 0 to 255 to each of the three color channels: red (RC), green (GC) and
blue (BC). In order to set a threshold value, the brightness channel (YC) is be calculated. This channel
is the sum of the weighted channel values of RC, GC and BC, according to the following equation [130].

YC = 0.02126 - RC+ 0.7152 - GC + 0.072 - BC (31)

To separate the black residue’s area from the current collector it was assumed that every color equal
to or lower in value than 80 (YC) is considered residue, meaning every pixel higher in value is consid-
ered foil. The threshold-value’s color can be seen in the bottom right corner of Figure 4-14a. The im-
age’s smallest areal unit is a pixel. The images pixel count, divided into the RGB-channel and the bright-
ness channel can be seen in Figure 4-14b. The integral of the YC-channels curve from channel value 0
to 80 represents the occupied area (dark), the remainder of the YC integral is the foils unoccupied area.
It should be noted that these areas are assumed to be the projected area.

3x10° T
2.5x10°

2x10°

1.5x10°

Pixel count / -

1x10°

5x10*

0
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Channel value / -
a) b) c)
Figure 4-14: a) original top light microscope image of a post-peel-test current collector foil, RGB-thresh-
old bottom right corner; b) pixel count as a function of channel value; c) black (YC:0) and white
(YC:255) recolored image — O(YC) < 80(YC) < 255(YC), RGB-threshold after conversion
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When applying this threshold onto the original image, it can be recolored white (YC:255) for every
original pixel with a value greater than YC:80 and black (YC:0) for every other pixel’s YC-value, see
Figure 4-14c. The ratio of the black pixels and the total amount of pixels gives the percentage of residue
occupied foil area (ROFA). In this exemplary case it is roughly 61.8 % (bottom right box excluded).

4.4.3. Electrode resistivity

The resistivity of the electrodes was measured using an electrode resistance measuring system
(RM2610, Hioki E.E. Corporation, Japan). The system presses a 46-pin probe head against the surface
of the electrode and measures two resistances: the volume resistivity p. in the units of Q cm, repre-
senting the resistivity of the electrode layer, and the interface resistance p; in the units of Q cm?, rep-
resenting the resistivity of the interface between the coating and the substrate. Figure 4-15 illustrates
an electrode with the location of the named resistivities and its measuring principle. The system ap-
plies a constant current onto the electrode sheet and measures the potential-distribution throughout
the pin-head. By generating a digital model of the electrode sheet, the resistances are computed by
adjusting the model to fit the measured values. Essential for this numeric approach is the specific elec-
trical resistivity of the current collector, copper foil (py; = 1.68- uQ cm), aluminum foil ((pp = 2.69
pQ cm) and the height of the coating H, as well as the height of the current collector H,....

Figure 4-15: Schematic drawing of the electrode resistance measurements principle;
recreated after [131]

Assuming that electron flow in the electrode is perpendicular to the current collector surface, the spe-
cific contact resistance py is given by the product of p. and H..

Pcn = pc - He (32)

4.4.4. Manufacturing of electrodes

The electrode coatings were manufactured using a table coater. The slurries were degassed at
100 mbar for a period of two minutes, following which they were cast using a porous vacuum table
(510XL, Erichsen GmbH & Co. KG, Germany) and a fixed film applicator frame (BYK-Gardner GmbH,
Geretsried, Germany). The gap of the doctor blade was dependent on the targeted mass loading and
the viscosity of the slurry. Electrodes with a loading of 3.3 mAh cm~2 were produced. The correspond-
ing positive electrode had a loading of 3.0 mAh cm™2, a mass loading of 16 mg cm~2 and a compressed
electrode thickness of approximately 49 um. The positive electrode contains an AM content of 94.5
wt% NCM 811. The LFP positive electrodes followed the same metrics.
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4.4.5. Compression of electrodes

The dried electrodes were compressed using a laboratory calender (Ingecal SAS, Chassieu, France) op-
erating at 0.8 kN mm™. For compression, the electrodes are cut into strips of a variable width, depend-
ent on the intended subsequent use and cell format. The intensity of compression was controlled by
adjusting the roll gap distance. The electrodes were characterized in terms of current collector thick-
ness and total thickness Hg, with the difference between the two representing the thickness of the
coating. Given the gravimetric loading g; of the coating, the electrode density g; can be calculated
using the following formula.

9i

:—HE_HC (33)

0i
The electrodes were cut into stripes with a width of 70 mm (30 mm for peel-tests) and subsequently
compressed using a laboratory calender (Ingecal SAS, France). Prior to calendering, the electrodes
were heated to 80 °C and the machine’s desired gap, defined as the distance between the two com-
pressing rolls, was set. The gap height was dependent upon the mass loading of the electrode and the
desired coating density. Subsequent to compression, the electrodes were cut to the dimensions of the
latter cell. Prior to the assembly of the cut electrodes to the cells, the electrodes underwent a drying
process for a period of 12 hours under a vacuum (60 to 120 mbar absolute pressure) at a temperature
of 80 °C.

4.4.6. SEM and EDX
The topographical and cross-sectional images of the electrodes were obtained using a scanning elec-
tron microscope (SEM; MIRA3, Tescan Orsay Holding a.s., Brno, Czech Republic). The electrode coins
were stamped with a diameter of 15 mm and bisected. For the cross-sectional images, the straight-cut
edge was then treated using an ion milling system (IM4000PIlus, Hitachi High-Tech Europe GmbH, Kre-
feld, Germany). The topographical images originate from the same electrode’s surface.

The SEM is also furnished with an energy-dispersive X-ray (EDX) module, thereby enabling EDX-map-
ping. The fundamental tenets of this methodology are as follows. A beam of electrons is emitted onto
a sample. The electrons interact with the sample material at the atomic level, thereby emitting an
electromagnetic radiation that is characteristic of the atomic structure of the sample material. By an-
alyzing the intensity and the number of counts in the emission spectrum, an investigated segment of
the sample can be mapped in terms of atomic integrity.

4.5. Cell manufacturing
For electrochemical testing, cells in different formats were constructed. The following subsections will
describe the various cell formats. In order to achieve optimal cell performance while maintaining a
high degree of safety, the ratio of positive to negative capacity (P:N) was set to 1.1. This means that
the negative electrode has a 10% larger capacity than the positive electrode. Additionally, the negative
electrode always has a slightly larger surface area than the positive electrode.

4.5.1. Coin-cell assembly
The full coin-cells (FCC) were assembled in an argon-filled glovebox atmosphere with less than 0.1 ppm
0Oz and 0.1 ppm H;O, utilizing single-sided electrodes. The positive electrode was positioned in the
lower portion of the coin-cell casing, followed by a 21 um thick ceramic separator (Enpass D22AEGK,
SK innovation Co., Ltd., Korea), the negative electrode, a stainless-steel spacer coin, a spring, and the
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upper section of the coin-cell casing. A total of 100 pl of electrolyte, comprising LiPFs and a carbonate-
solvent mixture with additives, was employed. Thereafter, the coins were sealed using an electric
crimper (MSK-160E, MTI Corporation, USA) at a force of 1 kN.

4.5.2. Small format pouch cell assembly
Two distinct types of small-format pouch cells (SPC) " were built in this study. The primary distinction
between the two types is the dimensions of the positive electrode, which differs by 26 cm?2. To enhance
clarity, the format types are labelled according to their positive electrode dimensions, designated as
"SPCzo" and "SPC45" ",

4.5.2.1. SPC20

The positive electrode of this format has dimensions of 25 mm by 40 mm. Two single-sided negative
electrodes and one double-sided positive electrode were employed. The negative electrode exhibits a
slight increase in dimensions when compared to the positive electrode, with a size of 27 mm by 42 mm.
The cells were filled with 0.4 ml of an electrolyte solution containing LiPFs (carbonate solvent mixture
and additive, Soulbrain, Northville Township, MI, USA). The same 21 um-thick separator as that used
for the coin cells was employed. The assembly of the cells was conducted in a dry room (dew point
< -45 °C), and the electrolyte was filled in an argon-filled glovebox atmosphere with less than 0.1 ppm
0Oz and 0.1 ppm H>0. The pouches were evacuated and sealed in the same glovebox.

4.5.2.2. SPC46
The dimensions of the positive electrode are 48 mm x 48 mm, while the negative electrode has dimen-
sions of 50 mm x 50 mm. In this format, 0.7 ml of electrolyte, which is the same as in the other formats,
was utilized. The assembly occurred in the same dry room as the other format, and the filling occurred
in the glove box in the same manner. All SPCs were placed between two acrylic plastic plates and
pressed tight by using clamps to guarantee a uniform pressure.

4.6. Electrochemical characterization
The cells were characterized using a CTS (Basytec GmbH, Germany). The coin-cells were subjected to
cycling under room temperature conditions (22.5 °C), while the SPCs were held in a climate chamber
at a constant temperature of 25 °C. The full cell’s cut-off potential was set to 2.8 and 4.2 V for the NCM
containing cells and 2.5 and 3.7 V for the LFP containing cells. Each electrode sample was characterized
by cycling multiple cells, with a minimum of three per variation.

4.6.1. Formation
A formation plan was implemented for each cell in this study. This entails multiple cycles of charging
and discharging at a low C-rate subsequent to a CCCV regime. The C-rate is reversed to a charge rate
that represents a percentage of the cell’s capacity. For example, 2C holds a current that is sufficient to
charge or discharge the cell within half an hour, whereas a C-rate of 0.5C would take two hours to
charge or discharge. In contrast, CCCV reverses to a cycling regime with an initial constant current (CC)
until the cut-off potential is reached, subsequently continuing in a constant voltage (CV) phase. This
maintains the cut-off potential by adjusting the current down to a minimum of 10 % of the last C-rate.

The NMC containing cells were subjected to the cycling regimen depicted in Table 4-12, the LFP con-
taining cells have adjusted voltage ranges. In the initial two cycles, the cells were charged at 0.1C until
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they reached the cancellation criteria of 4.2 V, as specified in the CC step. Subsequently, a CV) regime
was initiated, maintaining a potential of 4.2 V by adjusting the current until the cancellation criteria of
0.01C was reached. Subsequently, a discharge was conducted with a CC regime and a cancelation cri-
teria of 2.8 V. The subsequent two steps were cycled at 0.2C, with cycles 5-7 at 0.33C, in accordance
with the aforementioned methodology. Finally, the cells were charged to 30% state of charge (SOC).
At the conclusion of each charge and discharge step, a 10-minute interval was incorporated.

Table 4-12: Formation plan of Parameter-Series 1

Cycles C-rate Regime Cancel criteria

1-2 +0.1C ccC/cv  4.2v/0.01C
-0.1C CC 2.8V

3-4 +0.2C CC/cv  4.2Vv/0.01C
-0.2C CC 2.8V

5-7 +033C CC/cv  4.2v/0.01C
-0.33C¢ ccC 2.8V

8 +0.33C CC 0.3s0C

4.6.2. C-Rate

The C-Rate testing plan has been devised with the objective of evaluating the C-Rate capability of a
cell. In order to achieve this, a series of cycles with an increasing C-Rate is applied to the cell. The
testing plan comprises six 0.33C check-up cycles, two of which are conducted prior to the C-Rate vari-
ation of the discharge step, two prior to the C-Rate variation of the charge step and two more at the
conclusion of the test. This examination provides an assessment of the cell’s condition subsequent to
a constant current charging (CCCV) regimen. The discharge C-rate is varied in increments of 0.5C, rang-
ing from 0.5C to 5.0C, following a constant current (CC) regime. Each C-rate step comprises three cy-
cles, with each charging occurring at 0.33C. Moreover, a 10-minute interval of rest is included between
each stage of the procedure. Similarly, the charging C-rate variation is conducted in a comparable man-
ner. The charging C-rate is varied in increments of 0.5C, ranging from 0.5C to 5.0C. The complete plan
is presented in Table 4-13.

Table 4-13: C-rate plan of Parameter-Series 1

Cycles C-rate Regime Cancel criteria
1-2 +0.33C cc/cv 4.2v/0.01C
“Check-Up” -0.33C cC 2.8V
3-32 +0.33 CcC 42V
(3 cycles per 0.5C step) -0.5Cto5.0C CC 2.8V
33-34 +0.33C cc/cv 4.2v/0.01C
“Check-Up” -0.33C CcC 2.8V
35-64 +0.5Cto5.0C CC 42V
(3 cycles per 0.5C step) -0.33C cC 2.8V
65— 66 +0.33C cc/cv 4.2v/0.01C
“Check-Up” -0.33C CcC 2.8V

It should be noted that this table refers to the C-rate test of the Kneading-Series 2. It is possible that
other tests may have been altered with a view to focusing on either the cell’s cathode or anode, for
reasons of time-saving. The adjustments can be seen in the test figures.
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4.6.3. Endless cycling

The LFP-containing cells were subjected to an endless cycling test. A CCCV regime at 0.3C was applied
every 50 cycles. The cycles between the aforementioned check-up cycles were conducted using a
1C/1C charge and discharge CCCV regime, with a constant voltage (CV) phase of 5% of the previous C-
rate.

4.6.4. Cell resistivity

The resistivity of a cell R..;; was calculated using two distinct methods: the simplified DCIR method
and the DCIR method [132]. The simplified DCIR is based on Ohm’s law, which states that resistance is
the ratio between voltage U and current I . This methodology was subsequently applied to the cyclic
voltammetry data set, with an illustrative example provided in Figure 4-16a. The data set demonstrates
a 10-minute pause step and the subsequent decline in cell potential following the CV step. The poten-
tial recorded at the conclusion of the pause step is designated U;. Upon commencing the CC step, a
current I is applied to the cell. In response, the measured voltage declines immediately. A second
voltage reading U, was then obtained 250 ms later, and the voltage drop across the resistances AU
was calculated by subtracting U, from U, . Subsequently, the voltage drop was divided by the current
and multiplied by the cathodic area of the cells A4y , resulting in R.y;.

U1 - U2 AU
Reen = T Acam = T Acam (34)
SIR SIR
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Figure 4-16: Cyclic voltammetry data of a cell showcasing the voltage response after applying a current
to calculate R_;; @) using the simplified DCIR method b) using the DCIR method

The DCIR method is illustrated in Figure 4-16b. Similar to the simplified method, the voltage difference
is calculated from the average relaxation voltage of U; and Uz and the peak value of U,. The full pulse
was measured for 10 seconds and was taken at a 25% state of charge.
U, +U

Acam = I_ * Acam (35)
SIR

Reey = I
SIR
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5 Conductive additive’s concentration and mixing procedure

In order to gain a deeper insight into the interrelationship between active material (AM), conductive
additives (CA), and Binder, two experimental series were conducted in this chapter. In subsection 5.1,
a series of slurries were prepared in which the AM content was substituted by a range of CA variations
addressing the carbon black (CB) and single-walled carbon nanotubes (SW-CNT) content, both uni-
modal and bimodal, as illustrated in Figure 5-1. The binder content was maintained at a constant level.
Electrodes were made and their characteristics were determined in order to obtain a well-suited can-
didate for the following procedure variation.
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Figure 5-1: lllustration of the CA-Series’ composition variations

Once a preferred composition had been identified, the sequencing of the mixing procedure used to
create the slurry was varied in order to gain a deeper understanding of the impact of the mixing pro-
cedure on not just the slurry, but also on the electrode and, finally, the cell (subsection 5.2). The fol-
lowing figure outlines the key differences between the investigated procedures in a simplified way.
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Figure 5-2: lllustration of the Procedure-Series’ variations

44



5 Conductive additive’s concentration and mixing procedure

5.1. CA-Series
The following subsection investigates the effects correlating with the change of conductive additive
while keeping the binder constant and adjusting the active material content. The components used
are that of Table 4-1 the ratio of one slurry and its variations is listed in and the applied mixing proce-
dure in detail is shown in Table 4-2 and Figure 4-2. The mixing procedure by which the components
were processed is shown in Figure 4-3.

5.1.1. Unimodal CA variation
The following two figures illustrate the viscosity function of the CB; and the CNT; variation. It is im-
portant to note that all CB-containing slurries (CBo.o to CB2.s) have a non-volatile SW-CNT solid content
of 0.08 wt%, while all CNT-containing slurries (CNTo.00 to CNTo.12) have a CB solid content of 1.5 wt%
and slurry CAM,f has no CA at all. The designation’s index represents its SCyy.
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Figure 5-3: Viscosity function of the CA-Series’ including CAM¢ and a PVDF solution of 2.25 wt%,; a)
CB; variation; b) CNT; variation

Figure 5-3a and b illustrate that CAM¢ exhibits the lowest viscosity across all shear rates. It is a sus-
pension of LFP in a dissolved PVDF matrix. It is notable that the viscosity of the suspension exhibits
minimal variation within the shear rate range of 0.1 to 100 s™%. This observation suggests that the in-
teraction between particles is relatively weak, given that no interaction such as adsorption between
PVDF and the slurry components occurs [83]. The suspension has a volume fraction of approximately
16.5 vol% of LFP, the particle is of a spherical, polycrystalline, form and the Dso of it is 12 um
(Dgo = 33 um; D10 = 3 um). It can be reasonably assumed that no strong colloidal interactions are to be
expected among the CAM. The relative viscosity of CAM,.¢ is roughly 22 times that of its PVDF solution,
which can be explained by the LFP acting as hard spheres, however the particles deviate from a perfect
spherical form, thus leading to such an increase in viscosity. This implies that the flow behavior of the
suspension CAM,e is largely determined by the PVDF network and the containing particles. The viscos-
ity function of a dilution row of PVDF solutions can be seen in the appendix, A 9-1a. To display the
reproducibility of the procedure, slurry CB1s (“CAar”) and its reproduction is displayed in the appendix
A 9-1b. At a shear rate of roughly 0.1 s the viscosity of two slurries lies between 61 and 73 Pa-s at an
average value of 67 Pa-s, indicating a systemic error of roughly + 9% between slurries. It should be
noted that this is a very simplified estimation.
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5 Conductive additive’s concentration and mixing procedure

As the concentration of CB and SW-CNT is increased, the viscosity of the slurry rises. This rise also
affects the shear-thinning behavior. It can be seen, that an increase in the CB content gives rise to a
more pronounced monotonic shear thinning behavior, a phenomenon that is similarly evident upon
the addition of SW-CNTs. This phenomenon can be attributed to the interaction between CB and CNT
colloidal particles, leading to the formation of a network-like structure. This, in turn, strengthens the
slurry’s structure in addition to the PVDF network. This leads to an increase in low shear viscosity (LSV),
which is ultimately dominated by hydrodynamic forces as the shear rate increases, causing the struc-
ture to collapse and resulting in shear thinning behavior. However, the viscosity-increase of the CNT
containing slurries is stronger, considering comparable small solids contents next to that of CB. At
shear rates beyond 100 s all viscosity curves superimpose irrespective of the CA content as no colloi-
dal structure is maintained.

Figure 5-4 illustrates the LSV at a shear rate of 0.1 s7* for both variations. It should be noted that the
slurry designated CB. is the alternative designation of CBgs and CNTgs.
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Figure 5-4: Low shear viscosity at a shear rate of 0.1 s™* as a function of the CA-Series’ variations in
a) CBi and b) CNT;

The slurry devoid of CB content (CBo,) exhibits an LSV of approximately 25.6 Pa's the highest viscosity
value is 130 Pa-s at a CB-SC of 2.5 wt%. An increase in CB-SC results in an exponential increase in LSV.
A comparable trend is evident in the CNT variation. The LSV of the sample devoid of SW-CNT (CNTo.00)
is approximately 24.1 Pa-s, whereas an increase in the concentration of SW-CNT to 0.12 wt% results in
an LSV of 105.8 Pa:s. As previously stated, the increase in LSV is more pronounced for the SW-CNT.
This can be explained by the aspect ratio of the CNTs in comparison to the CB, as well as the high SSA.
It is anticipated that the dimensions of the CNTs and their high specific surface area (approximately
400 m? g™1) will result in a lower (electronic) percolation threshold, thereby facilitating a greater in-
crease in viscosity. However, the fiber-typical stronger shear thinning behavior due to particle orien-
tation cannot be observed, which is most likely due to its small SC.

Electrodes with a capacity loading of 2.85 mAh cm™ were manufactured via table coating using the
CA-Series’ slurries. The electrodes were calendered using three different calender gap sizes. The non-
calendered electrode was incorporated into a set of four distinct electrode densities g; for each slurry,
roughly referring to 1.7, 2.1 and 2.2 g cm™3, in addition to the native density of ca. 1.1 g cm™.

Figure 5-5 shows the peel strength (Fpee) Of the CA-Series electrodes in dependence of the electrode
density. Figure 5-5a illustrates the variation in CB content. Prior to compression, the peel strength of
all CB variations falls within the range of 7.5 to 14.5 N m™. The initial compression density of approxi-
mately 0;=1.7 g cm~ exhibited a modest enhancement in peel strength, with CB2s exhibiting the most
pronounced increase from 14.5 to 20 N m™*. However, as the compression increases, the peel strength
decreases. This resulted in an overall reduction in Fpeel for all CB-containing samples, with CB1 s exhib-
iting the lowest peel strength (5.4 + 0.5 N m™) among the samples. The behavior of electrodes devoid
of carbon black was somewhat distinct. The CAM.r electrode contains no CA. The peel strength in-
creased from 7.6 +0.7 N m™ at the lowest density to 16.6 + 1.1 Nm™ at the highest. Additionally,
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Sample CBoo does not contain any carbon black, but it does contain 0.08 wt% of non-volatile solids
content SW-CNT. No notable alteration in peel strength was discerned for this electrode.

The peel strength of the CNT; samples (Figure 5-5b) exhibits a comparable trend, indicating that the
incorporation of CNTs enhances peel strength under slight compression. For samples with a density
exceeding 2 g cm3, the peel strength was determined to be either equivalent to that of the uncalen-
dared electrode or lower. The sample comprising no CNTs but containing a non-volatile SC of 1.5 wt%
carbon black (CNTo.q0) exhibits a similar behavior to the other CNT-containing electrodes. A comparison
of this observation with that of the viscosity function indicates that the CA-Binder microstructure col-
lapses during compression, resulting in a weaker peel strength.
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Figure 5-5: Peel strength in dependence of electrode density of the CA-Series electrodes;
variations in a) CB content and b) CNT content

The peel-test is a methodical process that measures the force present during delamination of coating
and carrier foil. Such a collapse may occur either within the coating itself or at the interface between
the coating and the current collector. In the event of an interfacial collapse, the measurement can be
attributed to an adhesive failure mode. Conversely, in the case of an intra-coating collapse, it can be
considered a cohesive failure mode. Subsequent to the completion of the measurements, an investi-
gation was conducted on the samples’ substrate. It was observed that some samples exhibited a neat
peeling action, while others left a residual coating on the substrate. The subsequent table presents the
post-measurement images of the current collector foil of sample CBo,, which is of particular interest
since it demonstrates a constant Fpeel regardless of the electrode’s density. Please refer to Table A 9-7
for better visibility.

It can be observed that the remaining coating on the foil varies in accordance with the electrode den-
sity. The electrodes of the neat density of roughly 1.1 g cm™ and the compressed density of 1.7 g cm™
exhibit a considerable quantity of remaining material, in contrast to the electrodes with a density of
2.1and 2.2 gcm™3, where the remaining material appears to be distributed in a fine film on the surface.
The second row displays the YC channel spectrum of the microscope images captured of the post-
peeled foils. It is notable that the two electrodes with the lowest density exhibit a distinct peak, while
the other densities display a less pronounced peak, which is likely attributed to the finely dispersed
residue. Row "iii" presents the top light microscope images of the previous row’s YC spectrum. Here,
the threshold condition of subsegment 4.4.2 was applied, resulting in a conversion to a black and white
image. It can be validated that electrodes o¢p,, = 2.1 and 2.2 exhibit a fine dispersion of residue on
the foil surface, in contrast to the other electrodes, which display clusters of remnants. The data in
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row “ROFA” represents the calculated area of residue on the foil surface, expressed as a percentage
of the total image area. The electrodes with densities of roughly 1.1 and 1.7 g cm™ exhibited a calcu-
lated ROFA of 72.0 and 70.7%, respectively. The ROFA for densities 2.1 and 2.2 g cm™ is significantly
lower, at 59.1% and 56.4%, respectively.

Table 5-1: Post-measurement images of electrode CBo.o; 0¢p, ,— electrode’s approximate density;
i —image of current collector with the coating’s remainder; ii — color value spectrum of the
original microscope image; iii — top light microscope images after threshold filter application;
ROFA - percentage of the remainder’s occupied area (YC-range 0-80)

0cB, o, 1.1 1.7 2.1 22

Pixel count (YC) / -

ROFA 72.0% ” 70.7 % 59.1%  56.4%

Assuming that a ROFA of more than 60 % can be interpret as an cohesive peel strength failure. The
electrodes of CBoo with a density of 1.1 and 1.7 g cm™ have a predominantly mechanical cohesive fail-
ure mode, whereas the other densities have a predominantly adhesive failure mode. While the failure
mode varies with density, the peel strength of CBoo does not appear to exhibit a strong dependence
on density, displaying instead a relatively constant value. A similar behavior is observed when compar-
ing the other unimodal variations of CB; and CNT;, whereby the measured peel strength is found to
depend on the calendered density.

The subsequent Figure 5-6a illustrates the ROFA in relation to the electrode’s density. While the indi-
vidual values of the samples vary throughout the series, all CA-containing samples exhibit a similar
behavior in that, with increasing electrode density, the ROFA decreases, as indicated by the dashed
line. This demonstrates that the failure mode undergoes a significant transformation at varying rates
of compression, exhibiting independence from the compositions of CA content, whether CB or SW-
CNTs. At the outset, all electrodes with a neat density of approximately 1.1 g cm™ exhibit a predomi-
nantly cohesive failure mode, indicating that the adhesive forces at the interfacial layer, between the
substrate and the coating, are more pronounced than the coating’s cohesive forces. This phenomenon
can be observed up to a density of approximately 1.7 g cm™. Nevertheless, further compression of the
coating results in a predominantly adhesive failure, indicating that the structure providing the cohesive
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strength becomes stronger. Figure 5-6b illustrates the peel strength as a function of CA content, cate-
gorized according to the series’ approximate electrode densities. The data demonstrate that the high-
est measured peel force is observed in all variations at a density of approximately 1.7 g cm™3. The high-
est density is associated with the weakest Fyeel, and the slightly less compressed electrode density of
2.1 g cm™3 exhibits reduced peel strength in respect to the others.
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Figure 5-6: a) Residue occupied foil area (ROFA) after peel strength measurement of the CA-Serie’s
electrodes in dependence of density, dashed line to guide the eye; b) Peel strength in depend-
ence of approximate electrode density of the CA-Serie’s variations in CA

One potential explanation for the aforementioned behavior is as follows. The mechanical strength of
the electrode is primarily determined by the PVDF. The polymer, is distributed throughout the coating,
and may partially or fully encapsulate the CAM, the CA, and void spaces. The electrode’s compression
causes deformation of the coating, which increases the packing density of its components. This results
in the polymer domain encapsulating and binding a greater area of particle surface, thereby enhancing
the mechanical strength of both the coating and the interfacial layer between the coating and the
current collector. Nevertheless, as the deformation persists, an increasing portion of the polymer net-
work approaches must exceed its elastic stage and approach the stage of plastic deformation, which
results in a reduction in the structure’s mechanical strength. The coating used for the electrodes was
applied on one side only. It is possible that the compression resulted in a lack of uniformity in the
deformation, leading to a deformation along the foil’s plane. It is possible that this deformation could
be compensated within the three-dimensional coating, however, it is also conceivable that portions of
the relatively two-dimensional polymer layer situated between the coating and the foil may have de-
laminated partially, which would ultimately result in a weakening of its mechanical structure. Conse-
quently, the initial compression enhances the structural integrity of both the coating and the interface,
leading to an increase in Fpeel. Further compression serves to reinforce the coating, but simultaneously
compromises the integrity of the interfacial layer. This transition to an adhesive failure mode and a
concomitant reduction in peel strength are the inevitable consequences of such compression.

In addition to the preceding theory, it should be noted that electrodes approaching peak compression
tend to deform within the foil’s plane, which can result in a wider coating. Furthermore, the thickness
of the foil may also be affected, resulting in planar deformation. In both instances, the weight of the
electrode and the foil is reduced. Neither of these changes was observed in the electrodes of this se-
ries.
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The volume resistivity of the series’ CB; and CNT; variations are illustrated in Figure 5-7a and b respec-
tively. It can be observed that as the CA increases, the value of p. decreases, indicating an increase in
conductivity. However, an increase in compression results in a reduction in volume resistivity. As the
name suggest, an increase of the conductive additives exerts the most significant influence on the
reduction in resistivity. Nevertheless, the discernible compression dependence suggests that the per-
colation of the carbon binder domain (CBD) is being enhanced. Furthermore, an improvement in con-
ductivity is evident in higher densities of 2.1 and 2.2 g cm™. In light of these observations, it can be
postulated that progressing compression enhances the CBD percolation in terms of conductivity, how-
ever the peel strength data suggest that the polymer network is partially weakened.
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Figure 5-7: Volume resistivity (o) of the CB; (a) and CNT; (b) variations

The following two figures illustrate the total electrode resistivity, which can be expressed as the sum
of the interface resistance (p;) and the specific contact resistance (pcy), the latter of which is the vol-
ume resistivity normalised by the coating height (32 ).
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Figure 5-8: Total resistance of the CB; (a) and CNT; (b) variations; total resistance divided into specific
contact resistance p.y and interface resistance p;

As anticipated, the sample devoid of a conductive additive exhibits the highest total resistance. Upon
the introduction of CA, the resistance markedly decreases. The largest contribution to the total re-
sistance is that of the interface resistance, with the specific contact resistance accounting for approxi-
mately 10 to 20 % of the total resistance. The compression of the electrode resulted in an improve-
ment in conductivity, manifested as a reduction in total resistance. This effect was more pronounced
in electrodes with minimal CA and diminished with increasing CA. The addition of a high concentration
of conductive additive had a negligible impact on the conductivity of the electrodes when subjected to
compression. It seems plausible to suggest that this is due to the fact that the CBD’s percolation thresh-
old has already been exceeded, which consequently results in only a minor improvement when further
compression is applied. The same reasoning can be applied to explain the minimal change in interfacial
resistance at higher densities.

5.1.2. Bimodal CA variation
The variation observed in both CB and CNT within the CA-Series resulted in slight differences in behav-
ior in the slurry and the subsequent electrode. Figure 5-9a illustrates the viscosity function of the bi-

modal variation of CA. It was determined by the ambition to reduce CA.
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Figure 5-9: a) Viscosity function of the CA-series’ bimodal CA-variation (the content of CB and SW-CNT
listed for transparency; b) LSV at 0.1 s as a function of the solid’s (CAM, CB and SW-CNT) total
surface area (TSA)

The CA content of slurries CAopt and CA,i is @ mixture of CBos and CNTo.04, and CBo.o and CNTo.00, Which
are considered to be complementary compositions. A comparison of the viscosity functions of slurries
CAopt and CA,ie with those of the CB; and CNT; variations suggests that the CAopt viscosity function may
lie between that of CAM., representing no CA, and CBo.s and CNTg 4. The viscosity value of the slurry
CA,it is higher than that of either CBo.o or CNTo.00. The specific surface area of the CA has an impact on
the CBD percolation threshold. It can be assumed that the higher the total surface area (TSA) of the
CA, the greater the effect on the viscosity of the slurry. Figure 5-9b illustrates the low shear viscosity
at ashearrate of 0.1 s in relation to the solid’s total surface area (TSA). The reference sample without
CA (CAM.ef) has a total surface area (TSA) of approximately 5.060 m? g™, provided by the CAM. The
addition of CA resulted in a decrease in the CAM’s TSA contribution, but the TSA was ultimately in-
creased due to the high specific surface area (SSA) of the CA substitution. It can be observed that the
variation in CB content results in a linear increase in LSV within the CBo, to CB,.s range in the semi-log
plot, which corresponds to an exponential relationship. However, the data points for CBopt and CAM s
do not align with this linear prediction. Upon analysis of the varying contents of the SW-CNTs, it was
observed that each LSV value exhibited a linear correlation. This suggests that within this bimodal CA
variation, the SW-CNT predominantly determines the flow behavior of the slurry, likely due to its high
aspect ratio and SSA. This non-linearity may also introduce another microstructure.

Figure 5-10a shows the peel strength of the electrodes represented in the preceding figure’s slurry.
Upon analysis of the peel strength, it was observed that the CAq: variation of the neat electrode ex-
hibited a Fpeel value of approximately 13.8 £ 0.8 N m™, which was found to be lower than that of CBos
and CNTga. Furthermore, this finding differs from the previously observed trend. It was observed that
the initial compression to a density of 1.7 g cm™ did not result in an increase in Fpeel. Further compres-
sion to approximately 2.1 g cm™ resulted in a reduction in the electrode’s peel strength value, while
the highest compression led to an improvement in this parameter. The structural composition that
provides mechanical resistance appears to be distinct from that observed in the other electrodes. How-
ever, the failure mode of CA.: is analogous to that observed in the previously studied electrodes, as
illustrated in Figure 5-10b. It is possible that this peel strength behavior is not distinct from that ob-
served in the other electrodes, but the minimal and maximal peel strength values are not presented
in this series of experiments, as the structure’s maximum might be observed at a different point, for
example, at 1.4 g cm™.
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It can be hypothesized that the significantly reduced CA content of CAopt may result in a more extensive
PVDF network, given that less total surface area must be encompassed by the polymer. Consequently,
the compression’s deformation enhances the peel strength. Furthermore, additional compression re-
sults in a reduction in structural integrity, ultimately leading to the formation of a new structure that
strengthens again.
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Figure 5-10: a) Peel strength in dependence of electrode density of the CA-Series’ bimodal CA variation;
b) residue occupied foil area (ROFA) after peel strength measurement of the CA-Serie’s elec-
trodes in dependence of density, dashed line to guide the eye

Figure 5-11a illustrates the volume resistivity of CAqpe and CA,i, Which is presented in the context of
the preceding discussion on electrical resistances. The electrode designated CAM..s, which lacks CA,
exhibits the highest volume resistivity. As compression increases, conductivity improves. The elec-
trode’s CA content is illustrated in Figure 4-2 (p. 24). The CAqp electrodes exhibited a resistivity of
greater than 10 Q cm, while the respective complementary electrodes, CNTo04 and CBos, demon-
strated a resistivity slightly lower than 10 Q cm. It is to be expected that the complementary electrodes
will exhibit superior conductivity, given that they contain a greater quantity of conductive additives
than CAqpt. The electrodes of CA,: were found to have a resistance of approximately 6 Q cm, while their
complementary electrodes, CNTo.00 and CBo., exhibited a resistance greater than 14 Q cm. A compara-
ble trend was observed in the analysis of the specific contact resistance and interface resistance, as
illustrated in Figure 5-11b. CAop: demonstrated a slightly higher total resistance than CNTg 4 and CBgs,
while CA,: exhibited the lowest total resistance.
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Afurther analysis of the electrode structure was conducted using mercury intrusion, with the objective
of gaining insights into the pore structure of the electrode. The results of this analysis are presented
in Figure 5-12. The electrodes of CAqpt and CA,ic are shown, both with a respective density of approxi-
mately 1.1 and 2.2 g cm™3. The full set of samples is shown in A 9-2
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Figure 5-12: HG-porosimetry data of electrodes CAqp: and CA,y, calendered (cal.) and native (uncom-
pressed; nat.); a) pore size distribution; b) accumulated volume
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The native electrodes exhibit two peaks at approximately 0.2 and 3.7 um, as illustrated in Figure 5-12a.
These peaks accommodate the largest pore-volume fraction of the electrode, which is approximately
40 and 60 vol%, respectively (Figure 5-12b). The pore size distribution is highly comparable between
the two materials, however the pore volume of CAq: is significantly lower than that of CA,x. It is coun-
terintuitive that CAopt has lower pore volume than CAa, given that it has a less CA. However, the PVDF
binder may encapsulate more particles and voids, which could affect the pore volume. This is reflected
in the previously introduced theory regarding the mechanical strength and the CBD distribution. It
might be attributed to the differences in CA. The calendered electrodes only showed one peak for both
electrodes at a pore diameter of approximately 0.1 um. Furthermore, CA.i: exhibited less specific infil-
trated mercury.

This discrepancy is likely attributable to the inherent differences in CA. The calendered electrodes ex-
hibited a single peak for both electrodes at a pore diameter of approximately 0.1 um. Once more, the
CA.: measurement exhibited a diminished degree of infiltrated mercury.

In light of the peel strength data pertaining to the bimodal variations, it can be posited that CA,: rep-
resents an adequate compromise between acceptable mechanical strength and equally acceptable
electronic resistivity. This conclusion is particularly supported by the fact that the electrode contains
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only 0.04 wt% SW-CNT, which is half that of the CA, electrode. Furthermore, this results in the com-
position having the highest CAM content of all the electrodes. Both of these factors represent signifi-
cant economic incentives that cannot be overlooked. Consequently, the composition of CAqpt Will be
employed in the subsequent Procedure Series.

5.2. Procedure-Series

The procedure for producing CA.pt and CAay is identical. It begins with the dispersion of CB in a binder
solution, followed by the addition of CAM, and concludes with the incorporation of SW-CNT. The re-
maining four variations are as follows: Procs.cnt represents the initial dispersion of CB in a binder solu-
tion, followed by the addition of SW-CNTs and subsequent components. Procnt.cs represents a varia-
tion in which the CB dispersion sequence has been swapped with that of the SW-CNT. The Propm a-c
procedure commences with the dry mixing of the CAM and CB, followed by their dispersion in a binder
solution, which is then completed with the addition of SW-CNTs. The Propma-cs procedure, on the
other hand, begins with the dispersion of the CAM, CB, and undissolved binder powder, which is then
completed with the addition of SW-CNTs. The aforementioned procedures are meticulously delineated
in subsection 4.2.1, Figure 4-4 and Figure 4-5.

Figure 5-13a illustrates the viscosity function of the series’ slurries. The alteration of the mixing se-
guence results in notable discrepancies in the viscosity function of the slurry, with the exception of
CA.i and CAM,ef, which remain consistent across all compositions. The variations of the CA sequencing
(Proce-cnt and Procnr-ces) exhibit slightly lower low shear viscosity at 0.1 s than CAopt and the slurries
of the dry mixing variation (Propm a-c and Propm a-c-s), Which in turn exhibit even lower values. However,
these values are not as low as those observed for the no-CA reference (CAM.¢f). This suggests that
there is a reduction in colloidal interaction, resulting in a structure that is less resilient to deformation
than CAopt. Furthermore, as LSV decreases, the shear thinning behavior becomes less evident. In con-
trast to the CA series, the alterations in viscosity are not confined to the low shear viscosity at 0.1 s™%.
The magnification demonstrates that the high shear viscosity of the procedure variations at 1000 s™* is
not aligned with that of CAqp: (0.73 Pa-s) and, for instance, 0.57 Pa-s of Propm a-c. This may be indicative
of a change in the polymer’s structure; however, the changes in value are relatively minor, suggesting
that no significant mechanical degradation of the PVDF has occurred.
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Figure 5-13: a) Viscosity function of the Procedure-Series’ variations; b) energy input of the Procedure-
Series mixing procedure sequences
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The mixing procedures exhibit disparate sequences and, consequently, disparate TSC and degrees of
filling per sequence. The details are presented in subsection 4.2.1. Nevertheless, the fundamental el-
ements of the procedure can be classified into four distinct sequences. The four principal stages of the
procedure are the dispersion of CB, the dispersion of CNT, kneading and dilution. Figure 5-13b illus-
trates the specific energy input of each mixing procedure, classified according to the four aforemen-
tioned sequences. In general, the energy input required for the production of CAopt and CA,c was com-
parable, with a value of approximately 54 and 57 Wh dm™3, respectively. Furthermore, the individual
sequences exhibited a high degree of similarity. The remaining procedures exhibit a lower energy in-
put. The energy input of the Procs.cnt and Procyr.cs procedures was found to be 40 and 39 Wh dm™,
respectively. The Propm ac and Propm a-c.s procedures exhibited energy inputs of 33 and 34 Wh dm™3,

It can be observed that, within the CA sequence variations, the Procnr-cs procedure requires less energy
input when dispersing CB and CNT than the Proce.cnt procedure. This is likely due to the fact that the
CB dispersion sequence has a higher TSC in the Procs.cxr procedure than in the Procnr.cs procedure,
which results in a higher viscosity and subsequently a higher energy input due to the constant tool
speed of the aforementioned procedures. The same rationale can be extended to the kneading se-
quence. Both procedures exhibit a TSC of approximately 59 wt%, while CAoptand CAa: demonstrate a
TSC of 60.4 and 60.8 wt%, respectively.

It should be noted that the procedures Propm a-c and Propwm a-c.s are somewhat distinct from the others.
These procedures have the lowest viscosity and the lowest energy input while kneading, with a signif-
icantly lower energy input than CA,pt, although they have the same TSC in the kneading sequence. Itis
established that dry mixing alters the morphology of the mixture, by coating the CAM with CB [133,
134]. This subsequently establishes a lower viscosity due to the fact that the less voluminous carbon
black is present in the continuous phase, and consequently, there are fewer colloidal particle interac-
tions [115]. This also explains why Propm a-cs is slightly higher in viscosity than Propwm a<, as the dry
binder was initially coated with CB, and following its dissolution, the fraction of CB in the continuous
phase is larger than that of Propwm ac, which results in a slightly higher viscosity.

Figure 5-14: SEM Images of the Procedure-Series’ electrodes at a density of roughly 2.2 g cm™; a) CAax
b) CAopt €) Procs.cnr d) Procnr.cs €) Proom ac f) Propm ace
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The morphology of the slurries’ electrodes was characterized via scanning electron microscopy (SEM).
Figure 5-14 illustrates the surface images of the electrodes with a density of approximately 2.2 g cm™,
As illustrated in Figure a), the surface of CA,i exhibits a notable difference in grain border sharpness
when compared to the other surface images. The LFP particle, which is a polycrystalline particle with
a Dsp of 12 um, displays a less defined grain border than the other images. This can be attributed to
the markedly elevated proportion of conductive additives incorporated into this particular composi-
tion. In terms of particle size distribution, it appears that CA.i exhibits larger particle aggregates on the
surface than the other electrodes. The particle size distribution of CAopt (b), which is produced using
the same mixing procedure but with a reduced CA content, is comparable. On the surface of the Pro;
electrodes (c-f), the presence of particles below 10 um is evident. It is probable that the distribution
of CAis finer and more homogeneous than in the CA; electrodes, which allows for a more precise op-
tical recognition.

The topographically emphasized images of the surface are illustrated in Figure 5-15. The figure’s first
Column, designated as "1," illustrates the magnification of an electrode segment. This magnification is
further enhanced in the second column. Column 3 illustrates the formation of conductive aggregates,
while column 4 presents the same segment at a higher magnification. No image indicated the for-
mation of fissures in the particles as a result of compression. The magnification of CA.: (al) reveals
structures that are likely to be smaller LFP particles. However, as with the overview images, the borders
are not sharp, and further magnification does not alter this effect. It is possible that a combination of
single crystals may have chipped off the polycrystalline LFP particles distributed with carbon black in
the cavities between the particles. Ultimately, the electrode’s slurry underwent the greatest energy
input and exhibited the highest viscosity, which may facilitate the grinding of a limited quantity of CAM
at the dispersion tool. With regard to the conductive additive, it can be observed that some of the
particles with a diameter of less than 10 um are embedded in the CA compound of carbon black (a4)
and SW-CNTs (red arrows: a3 and a4). It should be noted that single SW-CNTs have dimensions smaller
than the resolution of the scanning electron microscope can detect. It can thus be concluded that these
must be bundle-like aggregates, which appears to be a plausible conclusion, since the stabilization of
the CNT dispersion is of a kinetic nature and not steric. Therefore, it is possible that a portion of the
SW-CNT particles may coagulate once they are introduced into a slurry. The electrode CAq: displays a
more acute appearance, with discernible clusters of carbon black (red arrow bl and image b4) and
smaller LFP particles. Additionally, SW-CNT bundles (red arrow b2) are evident. Once more, some areas
display the presence of CA compounds (b3). The images in rows c) and d) illustrate the Procs-cnt and
Procntcs electrodes, respectively. The two samples exhibit a striking resemblance in their visual ap-
pearance (c1 and d1). Of particular note is the observation of a web-like structure in the electrodes of
both procedures, as indicated by the marking in c2 and d2. Given that the polymer binder is not visible
using this SEM, it is reasonable to conclude that it is a cluster of a finely percolating CB and SW-CNT
network. The presence of CA agglomerates on the surface is apparent in images c3 and d3. These ag-
glomerates are composed of CB and CNT, as illustrated in images c4 and d4. The images in rows e) and
f) depict the Propm ac and Propwm ac-s electrodes, respectively. No notable differences are perceptible
between the two (el and f1). The CAM demonstrates that no damage was incurred as a consequence
of the mixing sequence. In addition to some fiber-like structures, which are presumed to be bundles
of SW-CNT (f2), there are also CA compounds of CB (e3 and f3) and SW-CNT (red arrows: e4 and f4)
visible. It is important to note that the magnification in question does not disprove the previously
mentioned effect of a dry mixing sequence on the coating of carbon black, given that only 0.5 wt% of
CB was used in these compositions, which resembles a significantly smaller volume than that of the
LFP.
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Figure 5-15: SEM Images of the Procedure-Series’ electrodes at a density of roughly 2.2 g cm™; a) CAai
b) CAopt €) Proce-cnt d) Procnt-ce €) Prooma-c f) Proowm a-cs

Figure 5-16 presents an EDX mapping of the electrode surface, which reveals the presence of carbon
signals. It is noteworthy that a substantial area is encompassed by these images.
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b) d) f)
Figure 5-16: Carbon-signal EDX mapping of the Procedure-Series electrodes at a density of roughly
228 cm‘3; a) CAaie b) CAopt C) Procs-cnt d) Procnr-ce E) Propm ac f) Proom a-c-8

It is evident that CAar (a) exhibits the highest number of carbon signals in this comparison, given that
it possessed the highest CA content. The CA. electrode (b) displays both aggregates of CA, which
appear as bright clusters, and more finely dispersed carbon, which manifest as small bright dots. The
sequence variations Procs.cnt (€) and Procnrcs (d) exhibit a single bright agglomerate in each image,
accompanied by several faint clusters. It is reasonable to hypothesize that this is in accordance with
the CB agglomerates and web-like structure of the electrodes (Figure 5-15 c2 and d2), but on a larger
scale. However, the mapping of the signals between the clusters is minimal. It can be assumed, that
the initial mixing of both CA leads to the formation of larger CA clusters that distribute a few mm apart
and finely dispersed CA, which is to be found in voids between the CAM. The mapping of the dry mixing
electrodes Propwm ac (€) and Propwm acs (f) reveals the presence of many small clusters, displayed as nu-
merous dots. It appears that the carbon black was dispersed in the finest manner due to the dry mixing
sequence. However, the number of signals observed is less than that of the CA.: electrode. As the
majority of electrodes exhibit a similar CA content, the carbon counts observed in this EDX mapping
must be consistent. It is possible that a volume fraction of the CB is so finely dispersed that it is not
detected by EDX, perhaps hidden within the polycrystal LFP particle structure, indistinguishable from
the carbon coating of the LFP or simply too small for the method to detect.

Figure 5-17a illustrates the outcomes of the peel strength measurements for the various procedure
variations of the series. In the preceding CA-Series, the CA content was modified, resulting in a peel
strength variation within the range of 5 to 15 N m™. In this Procedure-Series, it has been demonstrated
that the variation of the mixing procedure has a significant impact on the peel strength. The CAqpt
electrodes demonstrate a peel strength of approximately 15 N m™, while the procedure variations ex-
hibit peel strength values ranging from 50 to 93 N m™. In view of the peel test results for the anode,
as presented subsequently in subsection 7.2, these values appear to be relatively elevated. Neverthe-
less, it should be noted that these values are actually lower than those reported in other publications
[120, 135]. It is noticeable, that the Procedure-Series’ neat electrodes were measured at slightly ele-
vated densities of roughly 1.3 g cm™ (CA-Series ca. 1.1 g cm™3). The aforementioned absence or smaller
concentrations of CA in the voids between the CAM may result in the formation of a more robust PVDF
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percolation, which in turn is likely to exhibit significantly enhanced strength compared to previously
observed values, parallel to a higher neat packing density.
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Figure 5-17: a) Peel strength in dependence of electrode density of the Procedure-Series variation and
selected CA-Series electrodes; b) residue occupied foil area (ROFA) after peel strength measure-
ment of the CA-Serie’s electrodes in dependence of density, dashed line to guide the eye (black
— CA-Series; pink — Procedure-Series)

The residue occupied foil area of the peeled current collector is presented in Figure 5-17b, which vali-
dates the significant changes in peel strength. The behavior of an initial decrease in ROFA followed by
an increase can be observed in a manner similar to that observed in the CA-Series (transparent data
point). However, the ROFA value is significantly higher than that observed in the CA-Series, indicating
that all failure modes are predominantly cohesive in nature and that the structure must therefore be
stronger. This observation may prove useful in optimizing the mixing procedure for electrode compo-
sitions that exhibit difficulties with mechanical stability.
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Figure 5-18: a) Pore size distribution of the Procedure-Series variation and selected CA-Series com-
pressed electrodes measured by mercury intrusion

With regard to pore size distribution, only minor differences are evident, as illustrated in Figure 5-18.
All electrodes exhibit a peak in the compression distribution at approximately 0.1 um, which appears
to be independent of CA content and mixing procedure. This is evidenced by the similarity of the peak
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observed in CA,: to those observed in Procs.cnt and Propmac. It can be observed that the specific intru-
sion volume of CApt is comparable to that of Procnrce and Propwm acs. It is possible that the electrodes’
densities may fluctuate to some extent, which could account for these observed differences. However,
there is no significant discrepancy beyond that of the aforementioned intrusion volume. Consequently,
it can be assumed that the microstructure, in terms of pore size distribution, is consistent across all
samples.

Figure 5-19a illustrates the correlation between electrode volume resistivity and density. In contrast
to the CA Series, an increase in compression does not result in a corresponding decrease in resistivity.
All procedural variations demonstrate an increase in resistivity as the density increases. A comparison
of the resistivity values reveals that CA,i exhibits the lowest resistivity, which can be attributed to its
higher CA content. The electrodes of Procnr-cs exhibit a markedly elevated resistivity, with a maximum
value of 20 £ 0.1 Q cm. No significant differences are evident for the remainder of the series.
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Figure 5-19: Resistances of Procedure-Series’ variation; a) volume resistivity p.; b) total resistance di-
vided into specific contact resistance p.y and interface resistance p;
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The total resistance can be observed in Figure 5-19b, wherein the Pro; variation’s specific contact re-
sistance appears to be unchanging. By normalizing by height, the increase in resistance is offset, re-
sulting in a pcy-value that remains approximately constant. With regard to the interface resistance, it
is observed that as the density increases, this resistance also decreases. At their respective highest
densities, Procnt.ce and CAopt €xhibit approximately the same total resistance of 0.53 Q cm? (horizontal
line), while the other variations display lower total resistance. For instance, Procs.cnt Was measured at
0.32+0.01 Qcm?

On basis of this chapters rheological, mechanical, and electrical data, three types of microstructures
are postulated and displayed in Figure 5-20, the illustration of the PVDF network is inspired of that of
a thin film coating [136, 137]. It is shown, that electrodes produced via the CA-Series’ procedure (e.g.
CA.i) exhibit inferior peel strength in comparison to those produced via the Procedure-Series’ proce-
dure. Consequently, it is hypothesized that the mechanical strength of the PVDF network may be com-
promised. Figure 5-20a provides an illustrative representation of this microstructure, showing that car-
bonous aggregates interrupt the binder percolation, which leads to voids of PVDF and a significantly
lower peel strength. This also provides an explanation for the slightly higher low shear viscosity of CA,,
as the aggregates initially resist deformation under shear rates, up to a point at which they collapse
due to hydrodynamic forces. Given the higher peel strength of Pro; electrodes and significantly less
residue on the substrate after peeling, it can be assumed that the PVDF network strength of proce-
dures Procs-cnt and Procnr-cs is superior to that of CAop:. Furthermore, the SEM imagery revealed the
presence of web-like structures on the LFP particles, illustrated as a less dense CA aggregate in Figure
5-20b. Its EDX mapping indicated the presence of carbonaceous clusters on a larger scale, although
there are noticeable voids of carbonaceous material between those clusters, which should be predom-
inantly CB. The third microstructure is illustrated in Figure 5-20c and demonstrates the electrode struc-
ture that arises from Propm ac and Propm ac.s. Here no web-like structures could be seen, and the EDX-
mapping data indicated that the carbon signals are more finely dispersed, resulting in a reduction in
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the number of CB clusters observed compared to the other procedures. Given the markedly lower
viscosity value, it can be postulated that the carbon black is predominantly located on the surface of
the particles, which would explain this behavior. In a manner similar to the other Pro; procedures, the
CA-dispersion appears to be more advanced than that of CAq. As stated, this postulation is the con-
clusion of several results of different methods. However, the findings and interpretation is supported
by similar publications, although the graphical illustration may differ [97, 118, 121, 123, 138].

PVDF film
——=—=SW-CNT bundle
SW-CNT

. Polycrystaline LFP particle

e ~ . Carbon black aggregates
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c)
Figure 5-20: lllustration of the three main microstructures of LFP electrodes in this work respectively
originating from different procedures; a) procedure CA,i and CAopt; b) procedure Procs-cnt and
Procnr.cs; ) procedure Propm a-c and Proom a-c-

Single-layer pouch cells (SPCs6) were constructed and subjected to electrochemical characterization.
The initial phase of formation is illustrated in Figure 5-21a, wherein the most efficacious cells were
selected for analysis. A comparison of the cells reveals no discernible differences in the voltage profile
during charging and discharging. The only notable discrepancies are observed at the cut-off voltages,
which are 2.5 and 3.7 V, respectively. Despite exhibiting a lower total resistance of the dry electrode,
the cell of CAar (Q = 150 mAh g™) reaches a lower capacity than CAot (Q = 155 mAh g™1). The variations
of Pro; were measured in between. However, the initial cycle loss of CAai (13 mAh g™1) is less than that
of CAopt (Q = 18 mAh g™) in terms of first cycle efficiency.

The C-rate test yielded some notable discrepancies, as illustrated in Figure 5-21b. Initially, all the cells
exhibited a similar specific gravimetric capacity, with a mean value of 132 + 4 mAh g%, As the C-rate
increases, the discrepancies become apparent. At the highest C-rate, 5C, CA,i exhibited the highest
stable value of 70 + 0.8 mAh g™, while Procr.cs demonstrated the poorest performance with
58. + 1.2 mAh g Cells with the CA.,: electrode variation exhibited a stable value of 66 + 1.0 mAh g™%.
The check-up cycles at 54 and 55 cycle-count exhibited a high degree of similarity to the initial cycles
of the test, with an average Qgqis of 129 + 3.5 mAh g™. The results of this test indicate that, in terms of
C-rate capability, the CA.i electrode exhibits superior performance compared to the CA,: electrode.
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This finding is corroborated by the measured total resistance of the dry electrodes.
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Figure 5-21: a) charge and discharge curves of Procedure-Series cells; b) C-Rate test of the Procedure-

Series cells

Furthermore, a cyclability test was conducted and the results are displayed in Figure 5-22a. It should
be noted that over the course of several months, some test data was lost due to a global system failure
which affected numerous computers. The missing data points are indicated by gaps in the plot. Fol-
lowing this event, some cells exhibited altered behavior, resulting in the average values no longer re-
flecting the previously observed trends. Consequently, only the most performing cell of each variation
is presented, with the complete data set available in A 9-6. At 50-cycle intervals, a discharge and charge
cycle of 0.33C was conducted as a quality control measure.

Despite the uniformity in component composition across all samples, with the exception of CA,i, which
exhibited a higher CA content, the cyclability test revealed notable differences in capacity loss across
the various samples. The cyclability behavior of CA,it and CAopt is more superior than that of Proi. Ini-
tially, all cells exhibit a Qqs of approximately 135 + 1 mAh g™. However, with the progression of the
cycle count, the cells derived from Pro; demonstrate a pronounced capacity retention in comparison
to the other two. The examination cycle at 600 cycles of the Pro; procedures yielded a measurement
of approximately 113+2.0mAhg™, while CAa:x and CA,x exhibited a measurement of
121 + 0.5 mAh g™. The capacity retention remains consistent as the cycle count progresses. It may be
postulated that the capacity retention of CAp: is less pronounced than that of CA,i, which could ulti-
mately result in a higher cycle count. Though it must be noted, that one of the CAq: cells failed at cycle
652. The 80% capacity barrier (SOHso) was predicted for CA,i and CAqpt by means of linear regression.
In order to ascertain this, four assessment cycles of all cells were employed, as illustrated in Figure
5-22b. It should be noted that in the case of CA,: the last four check-up cycles of all three cells were
used. The prediction indicates that, although CA.: initially exhibited inferior performance relative to
CA.u, its composition not only utilizes less CA, but also promises a more durable cell in terms of cycla-
bility. The anticipated SOHsy of CAopt is estimated to be 2020 cycles, while that of CA, is projected to
be 1750 cycles. The variations of Pro; did not perform as well, with a SOHgo ranging from 901 to 1051 cy-
cles.

In order to validate the previously measured total dry electrode resistance, the cell resistance was
determined using the DCIR method ( 35 ). The results are presented in Figure 5-23. With respect to the
cell failure and data loss, the cycle count was limited as shown.
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Figure 5-22: a) full cyclability test of the sets’ best performing cell including 1C cycling and 0.33C check-
up every 50 cycles; b) cyclability test of the sets displaying the average capacity retention of the
0.33C check-up every 50 cycles; the lines represent the cycling prediction by means of linear
regression

The majority of cells can be readily distinguished from one another. However, this is not the case for
Proce.cnt and Propmac.s. The lowest Ree was observed in cells derived from CAai: electrodes, with a value
of approximately 24 Q cm?. The cells of CA.pt exhibited the highest cell resistance, with values of ap-
proximately 32 + 1.2 Q cm? and 34 + 2.5 Q cm?, respectively, at the initial and final cycles. The varia-
tions observed in Pro; are situated between the values recorded for CA,i: and CAopt. It can be postulated
that the superior cycling behavior observed in CAqp: is attributable to a microstructure that enhances
cyclability. It may be the case that this is due to the measured lower pore volume, which results in
fewer parasitic reactions and a greater capacity for the cathodes. Nevertheless, the remaining elec-
trodes exhibit a comparable pore size distribution, with some displaying a volume identical to that of
CAopt.
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Figure 5-23: Calculated cell resistance using DCIR method of Procedure-Series’ cells
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It must be acknowledged that the conclusions presented here are contingent upon the limitations of
the experimental design. The cells were balanced at a P:N ratio of approximately 1.1 with the opposing
electrodes. This provides a plausible explanation for the observed low discharge capacity of approxi-
mately 135 mAh g%, which is below the manufacturer’s stated value. However, the systematic error is
identical for all cells. Consequently, this experimental series effectively demonstrates not only the rhe-
ological and physical distinctions between the slurries and their subsequent electrodes, but also the
electrochemical variations.
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5.3.Summary and conclusion

This chapter presents a number of design considerations pertaining to the development of electrodes.
Initially, the impact of conductive additives on rheological properties, mechanical strength, and failure
mechanisms, as well as the electrical properties of dry electrodes was addressed by creating slurries
of different CA content (CA-Series) by an unchanged mixing procedure sequencing. It was demon-
strated that the utilized LFP with a Dso value of 12 um affects the flow behavior of a PVDF/NMP solu-
tion. However, it was observed that the conductive additives exert a more pronounced effect on this
behavior due to the percolation of the carbon and binder domain, which underlies stronger colloidal
interactions than those exhibited by the LFP. This behavior had previously been observed [139]. The
peel strength of the table-coated electrodes exhibited variability in dependence on the CA content,
yet no discernible trend was evident, which contradicts the sometimes stated correlation between the
utilized CA’s specific surface area and mechanical strength [78, 140, 141]. The density variation of the
aforementioned electrodes affected the peel strength, and it was observed that the mechanical failure
mode changed from a cohesive failure to a more adhesive failure in electrodes subjected to a 90° peel-
test as the electrode density increased. It was demonstrated that the compression of an electrode
initially enhances the peel strength by improving both the adhesive and cohesive forces. However,
additional compression appears to have a detrimental effect on the mechanical integrity of the elec-
trodes. This outcome is counterintuitive, as an increase in density is typically associated with an en-
hancement in peel strength [142, 143]. It was speculated that the calendering caused a deformation
along the foil-coating-plain, weakening the peel strength. The enhancement in conductivity arising
from an increase in CA content was measured by determining the dry electrode resistances, thus vali-
dating the differences in effectiveness of CB and SW-CNT [122, 131, 144]. A relatively modest increase
in single-walled carbon nanotubes yielded outcomes comparable to those of a substantially larger in-
crease in carbon black content. The second subsegment of the chapter demonstrated a bimodal vari-
ation of CB and SW-CNTs, indicating that SW-CNTs exert a greater influence on the slurry’s flow behav-
ior than carbon black, in accordance with the literature [143, 145], This phenomenon can be attributed
to the significantly larger specific surface area of SW-CNTs. The mechanical strength of the electrode
exhibited a trend analogous to that observed in the unimodal variation and the electrical resistances.
On the basis of these observations, a composition was selected for utilization in the third subsegment’s
mixing procedure variation.

The Procedure-Series demonstrated that the sequencing of the mixing procedure exerts a significant
influence on the characteristics of the slurry and its subsequent products. This was demonstrated by
four "alternative" mixing procedures next to the aforementioned "original" procedure. The original
slurry, which was produced by an initial dispersion of carbon black in a dissolved binder, followed by
CAM, followed by dilution with a solvent, and finally by the dispersion of SW-CNTs, exhibited the high-
est viscosity value and the most pronounced shear thinning behavior. The slurries in which the con-
ductive additives were dispersed in the initial and subsequent sequences exhibited a slightly reduced
viscosity value and a less pronounced shear thinning behavior. The slurries that dispersed the conduc-
tive additives in the initial and subsequent sequences exhibited a slightly reduced viscosity value and
a less pronounced shear thinning behavior. The slurries resulting from the dry mixing of CB, CAM and
PVDF exhibited an even lower viscosity value and subsequent shear thinning behavior. It is suspected
that this change in behavior is a consequence of the sequencing of the mixing procedure, rather than
a result of the specific energy input, as the energy input must be interpreted with the sequence con-
ditions. The employment of a dry mixing sequence has been shown to facilitate the fine dispersion of
CB, and potentially the coating of the larger CAM particles [115, 133, 141], which consequently results
in a reduction in colloidal interaction within the slurry’s continuous phase, thereby lowering the vis-
cosity. The SEM analysis of the electrodes has revealed structural differences that can be attributed to
the mixing procedure. When the CAs, CB and SW-CNT, were mixed prior to the remaining components,
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web-like structures were observed to cover LFP particles and a finer CA distribution than the original
mixing procedure was shown. The application of dry mixing resulted in the most finely distributed CA.
It is notable that the peel strength of the electrodes produced using the alternative procedures was
approximately five times greater than that of the CA-Series’ original mixing procedure. This can be
reasoned by differences in the microstructure, addressing the carbon binder domain as a consequence
of the mixing procedure’s sequencing [125, 145]. Hence, three different microstructures were postu-
lated: The original mixing procedure resulted in an electrode that shows more CA aggregates, which
must cause a structural disruption of the binder, inhibiting the networks percolation and therefore its
mechanical strength, causing significantly lower peel strength than the following procedures. In con-
trast, the alternative procedures involving all-liquid sequences led to a reduction in CA aggregates
within the electrode, resulting in the formation of web-like structures of CA and only a few larger clus-
ters of CA. This approach established a microstructure that lay between the original procedure and the
dry mixing procedures, with reduced CA aggregates between the AM [121, 123, 146]. Notably, the dry
mixing procedures yielded electrodes that exhibited the least detectable CA aggregates between the
AM particles.

The pore size distribution of the compressed electrodes exhibited notable similarity, although some
electrodes demonstrated a lower specific pore volume than others. It is documented that differences
in microstructure resulting from variations in the mixing procedure can affect the pore size distribution
[124, 133, 141], however, no variations of significance were observed in this study. The variation in
electronic resistances indicated a trend of rising volume resistivity with increasing density, which was
not observed in the CA-Series. Pouch cells were constructed and characterized, revealing a high degree
of similarity in the formation throughout the cells. The C-rate capability test demonstrated that the
original mixing procedure of the CA-Series exhibited superior performance, a trend that was also ob-
served in the cyclability tests. It was predicted that cells of the CA-Series mixing procedure would reach
an SOHgo at approximately 1,750 to 2,020 cycles. In contrast, the alternative Procedure-Series cells
were predicted to last for approximately 900 and 1,050 cycles. The CA-Series procedure exhibited the
highest cell resistance and demonstrated the most stable cyclability, with its C-rate performance being
surpassed only by another electrode composition with a higher CA content, prepared using the same
procedure. This latter composition exhibited the highest conductivity. The Procedure-Series exhibited
a cell resistance value intermediate to the aforementioned electrodes, indicating that the procedure
affected the carbon binder domain. The relevance of the mixing procedure is often stated to affect the
cyclability of the latter cells [123, 124, 133, 135], concluding that superior cycle behavior comes from
superior conductivity, which may also come with a weakened peel strength. Nevertheless, the data in
this series indicates that, for the materials selected in this study, the overall conductivity is sufficient.
It is plausible that other factors, such as tortuosity [120, 147], contribute to the performance of the
cells with both the highest and the lowest resistance, which surpass the performance of cells derived
from alternative mixing procedures.

This chapter’s results illustrate the broad range of effects of CA, encompassing carbon black and single-
walled carbon nanotubes. These effects surround not only rheological and electronic aspects of sub-
sequent slurry products but also mechanical properties. The outcomes of variation in the mixing pro-
cedure are particularly encouraging, as they suggest the potential for developing new, more sophisti-
cated mixing procedures to address specific challenges. Compositions exhibiting elevated low shear
viscosity may benefit from a dry mixing sequence to mitigate viscosity-related issues, for instance,
when using slot dies. However, it is imperative to consider mixing the CA in portions or well-considered
mixing sequences to maintain optimal electronic and potentially ionic performance. The findings fur-
ther suggest that electrodes with inadequate mechanical strength can be enhanced through the design
of a mixing procedure that incorporates a more focused CA dispersion, e.g. via a dry mixing sequence
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and a partial CA-addition, to achieve a balance between mechanical strength and electrochemical per-
formance.
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6 Influence of the mixing procedures parameters

To gain insight into the influence of the mixer’s parameters — specifically, the mixing time and speed —
a series of experiments were conducted, in which the durations (t;) and speeds (w;) of the sequences
were varied. The following figure provides a simplified illustration of the mixing procedure and its var-
iations applied in this series.
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Figure 6-1: lllustration of the Parameters-Series’ procedure variations

The composition employed in this study is that of Table 4-5. Two procedures were employed: Ref. 1
(Figure 4-8a), in which the dry mixing sequence and the kneading sequence were varied, and Ref. 2
(Figure 4-8b), in which the carbon black dispersion sequence was varied. The parameter values that
were varied can be seen in Table 4-11.

6.1. Characterization of Slurries
To address the topic of reproducibility, two slurries origination of the Ref 1 procedure are displayed in
the appendix A 9-1b. At a shear rate of roughly 0.15 s the viscosity of two slurries lies between 66 and
86 Pa-s at an average value of 76 Pa's, meaning the simplified reproducibility error lies roughly within
+13%.

For enhanced visualization, the variations in tool speed and sequence duration are categorized into
three sets in accordance with the dry mixing sequence, the kneading sequence, and the dispersion of
CB in dissolved binder. Figure 6-2a illustrates the viscosity function of slurry Ref. 1. The variations in
procedures within the dry mixing sequence, dry mixing duration (t,,,) and tool speed (w,, ). An increase
in the duration of the dry mixing sequence, by 5 and 10 minutes, resulted in a low shear viscosity (LSV)
reduction of roughly 19 and 23 % at a shear rate of 0.15 s™. This suggests that a subtle change in the
particle-particle structure may have occurred, leading to a decrease in viscosity. However, maintaining
the dry mixing duration at 11 minutes and increasing the tool speed resulted in an increase of roughly
22 to 30 % in LSV. Subsequently, the shear thinning flow behavior was also observed to increase, yet
both variations resulted in slurries that exhibited a similar flow behavior and high shear viscosity (HSV)
at 1,000 s. In conclusion, the dry mixing sequence resulted in a reduction in the total specific energy
input of the mixing procedure when compared to the Ref. 1, which can be seen in Figure 6-2d, which
illustrates the relative specific energy input (Esy ), which is relative to procedure Ref. 1. This is most
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evident in the variation of t4,,, which has resulted in a reduction in energy input of approximately 17 %
in comparison to Ref. 1 (Es, = 35 Wh dm™3). Although no definitive trend can be discerned, it is evident
that the implementation of a dry mixing sequence has a mitigating effect on the total energy input of
the subsequent procedure, due to the energy-efficient dispersion of agglomerates. Nevertheless, an
extension of t ,,, not only results in a reduction in Es, for the procedure, but also a slight decrease in
slurry viscosity.

Figure 6-2b illustrates the viscosity function of the kneading sequence’s parameter variation. The ex-
tension of the sequence duration, in conjunction with the tool speed, resulted in a reduction of the
overall viscosity value and a notable increase in energy input. This behavior is most evident in the LSV
(28 to 46%), but it can also be observed in the HSV. A comprehensive investigation of its underlying
causes will be presented in subsection 7.1.2.1. The third set of parameter variations, illustrated in Fig-
ure 6-2¢, demonstrates that a modification within the carbon black dispersion of this mixing sequence
results in a slight increase in viscosity. However, the magnitude of this change is the smallest among
the series, and therefore, it is not further analyzed.

An overview of the parameter-series viscosity function is presented in Figure 6-3a. It can be stated that
the selection of machine parameters does affect the viscosity function of the latter slurries, however,
the magnitude of these changes is rather small. Among the tested variations, the alteration of the
kneading time (t;) and the tool speed (w,,;) resulted in the most notable changes in viscosity and flow
behaviour. A distinctive feature of the kneading sequence is its high TSC, which is observed during the
mixing of the AM, CA, and binder with a solvent, resulting in a considerable energy input.
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the kneading sequence of Ref. 1; c) variation within the carbon black dispersion sequence of
Ref. 2; d) specific energy input of mixing procedures
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Since the tool speed and sequence duration showed little effect here, there might be instances in
which a procedure needs adjustment in these metrics, which can easily be done without affection the
slurry in a significant way.
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Figure 6-3: Viscosity function of the parameter series’ variations

6.2. Electrode morphology
The five electrode variations of the Parameter-Series were chosen for further analysis: Ref. 1 and Ref. 2
and samples tx +10, tam +10 w,, +10 and w,,; +10, as they show the biggest differences in viscosity
from their respective references. The slurries were table coated and dried at room temperature. To
investigate differences in microstructure that are suggested by the differences in viscosity, cross sec-
tion SEM-images of the samples were made, to be seen in Figure 6-4 and Figure 6-5, respectively rep-
resenting the overview and the magnification of agglomerates. The overview images were taken by a
back scattered electron (BSE) detector. Here, the bright particles are those of the SiOy, the dark parti-
cles are those of the Graphite — all electrodes show a homogeneous distribution of the two AM. It
should be noted that the bright white residue is suspected to be debris from the current collector,
caused by the ion polishing treatment. A larger magnification is displayed in Figure 6-5, a magnified
view of the largest observed CB agglomerates is presented. A discernible variation in aggregate size is
noticeable, with the range extending from 5 to 20 um. Given the disparate energy inputs associated
with the mixing procedures, it is reasonable to posit that the particles’ health may be compromised.
However, no evidence of cracking or a discernible reduction in particle size distribution was observed.
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Figure 6-4: SEM images overview of electrode cross sections; a) Ref. 1; b) w,, +10; c) tc +10; d) Ref. 2;
e) w,, +10; images were taken via backscattered electron detector

&

Assuming that the mixing procedure Ref. 1 represents the baseline of the series’ energy input a higher
energy input caused by prolonged duration of faster tool seeds should decrease that agglomerate size
[148]. Therefore, it is assumed that the agglomerate size of tx +10 (Figure 6-5b) must be smaller than
Ref. 1, hence the shown image must be a statistic outlier and the agglomerate size is significantly lower
than Ref. 1.
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e)
Figure 6-5: SEM images of electrode cross sections - CB agglomerate; a) Ref.1; b) w,; +10;
c) t +10; d) Ref. 2; e) w,, +10; images were taken via secondary electron detector

In regard of the porosity of the electrodes, it is feasible to assume a different degree in deagglomera-
tion and differences in viscosity come along with changes of the electrode’s pore structure. The histo-
gram of the pore-volume distribution can be seen in Figure 6-6, here two differences among the sam-
ples can be observed: Ref. 1 has significant peak at roughly 1.2 um at 0.7 cm® g and sample w,,; +10
has less pore volume per mass than the remaining samples at roughly 0.6 to 0.7 um. Smaller pores in
the 100 nm range are shown in the magnification, although small quantities are measured, the varia-
tions of Ref. 1 showed an increase in pore volume per mass by one order of magnitude. However, the
largest differences are rather focused on the large macro pore sizes in the range of 0.5 to 2.0 um.
Comparing these results with the SEM images, the roughly 1 um pore size seems plausible. In the cell
data it will be shown, that although there are measurable differences in porosity, no trend can be
drawn between the porosity of the samples and the C-rate capability.
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Figure 6-6: Mercury porosimetry histogram, selected samples of Parameter-Series

6.3. Characterization of cells
Full coin-cells were built out of the five selected Parameter-Series variations and cycled by applying a
preliminary formation and C-rate testing plan on them.

The voltage profile of the first charge and discharge cycle of a representative FCC of Ref. 1 is displayed
in Figure 6-7a. Here, the first charge cycle reaches a capacity of 221 mAh g™ after applying a CCCV
regime, the corresponding discharge cycles capacity reaches 184 mAh g™* resulting in a first cycle effi-
ciency of roughly 83.26 %. The voltage profile of cycle 6 changes in accordance with the change in C-
rate and the capacity loss due to parasitic effects such as the SEI formation. The charge capacity
reaches ca. 169 mAh g™, the discharge capacity lies at roughly 167 mAh g™* (coulombic efficiency
98.82 %). This very similar behavior can be observed for all cells, only displaying minor differences, see
Figure 6-7b. All cells of the Parameter-Series run at comparable capacity level during Formation, small
differences can be seen, e.g. samples w,,; +10 run at slightly higher capacity than samples t; +10,
however, the standard deviations overlap, therefore the samples cannot be deducted as significantly
different in terms of specific gravimetric capacity.

The cell resistance (Rcen) was calculated by the simplified DCIR method, after the resting phase was
applied, additionally the voltage and current profile as a function of time can be seen in Figure 6-7c as
well. The cells show a Ree of 13 to 21 Q cm?, the procedures that introduced higher energy input into
the slurry (w,,, +10 and t; +10) have a lower Rcei than the Ref. 1 and 2 and the cells of w,,; +10 have
the lowest resistance of roughly 17.5 Q cm? at cycle 6.

The C-rate tests of the parameter series are illustrated in Figure 6-8a. The cells commence at a capacity
of approximately 167 mAh g%, with the check-up cycle occurring 33 cycles after the discharge C-rate
segment. This demonstrates average capacities of approximately 159 mAh g%, while the check-up at
cycle 65 after the charge C-rate segment exhibits a capacity of approximately 152 mAh g™*. This indi-
cates that a decline in capacity is evident, although the extent of this decline is consistent across the
cells. This indicates that the AAMs were not subjected to any significant damage, for instance, as a
result of an excessive energy input. In the event of significant damage, the observed fading would be
more pronounced following the stress of the C-rate test. When discharging at 5C, the highest average
capacity of 104 + 10 mAh g™ was observed in sample w,,; +10, while the lowest average capacity was
90 + 4 mAh g* of the t;, +10 cells. When charging at 5C, the highest average capacity 41 +5 mAh g™*
was observed in cells w,,; +10, while the lowest average capacity was 30 + 6 mAh g™t in cells t; +10.
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Despite exhibiting similar cycle behaviour during formation and C-rate testing, sample w,,, +10
demonstrated a slightly higher C-rate capability than the other samples.
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Figure 6-7: a) Charge and discharge curves of a FCC of Ref. 1 of the Parameter-Series; b) average Ca-
pacity of the Parameter-Series’ FCCs during formation; c) Voltage and current profile of selected
FCCs of the Parameter Series with the calculated cell resistance using simplified DCIR method

In Terms of Cell resistance, the trend of the formation progresses throughout the C-rate test, Figure
6-8b. Although the resistance of t; +10 is among the smallest measured Rce, the rate capability is not
among the highest. Furthermore, Ref. 2 has the highest Rce of the series, yet it shows better rate ca-
pabilities than sample t;, +10 and has less fading at the test’s final check-up. It must be noted that this
DCIR based cell resistance does not cover all the complex resistances. It is measured within the first
20 ms after the pause step, so it is reasonable to assume that only the ohmic resistance, which in this
case is a superposition of all the electronic resistances and the bulk electrolyte ionic resistance of the
cell, is being measured here. Other resistances such as double layer capacitances, ionic resistance of
the electrolyte, charge transfer resistances and polarization resistance would only contribute the
pulses measurement if the pulse would be significantly longer [149]. Therefore, it could be speculated
that there are other resistances at work, reducing the C-rate capability of sample t; +10.
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Figure 6-8: a) C-rate test of the Parameter-Series’ FCCs; b) Cell resistance measured using the simpli-
fied DCIR Method

6.4. Summary conclusion

The objective of this chapter is to investigate the impact of variations in mixing parameters within a
single slurry composition, establishing a baseline by analyzing two mixing procedures. One of the pro-
cedures entails a dry mixing sequence and the other a carbon black dispersion sequence. To investigate
the impact of variations in tool speed and sequence duration, one procedure parameter was varied at
a time. The variations affected the dry mixing sequence, the kneading sequence, and the sequence
used to disperse CB in dissolved binder. It was established that the investigated selection of parameter
values does affect the slurry’s flow behavior, though in a minor magnitude. Given that all variations,
which increased the parameter of question, resulted in increased energy input throughout the series,
it can be deduced that a finer dispersion must occur within the carbon binder domain [123, 148]. How-
ever, the flow behavior itself is insufficient to determine the degree of dispersity [150], and the SEM
images do not suffice to quantitatively evaluate this matter. The mercury porosimetry did demonstrate
some differences, yet literature values indicate that the differences are negligible [124, 151].

The full coin cells exhibited discrepancies in C-rate capability and cell resistance. The C-rate perfor-
mance of all cells exhibited minimal variation. However, cells originating from higher tool speed pro-
cedure during kneading demonstrated slightly superior C-rate performance although this was not re-
flected in capacity retention, yet the differences are comparable modest [121].

In light of the findings presented in Chapter 5, it can be assumed that the enhanced C-rate capability
correlates with a reduced cyclability. These findings substantiate the constraints of the experimental
series, which was characterized by a not-extreme variation in machine parameters, tool speed and
sequence duration. It is plausible that more pronounced alterations may impact the slurry and its sub-
sequent products in a more pronounced manner. These findings illustrate that the design considera-
tions of mixing procedures should be oriented towards the selection of beneficial sequences, rather
than the pursuit of an optimal tool speed or duration. In particular, when considering production scale,
variations within the scope of this series can be conducted without undue risk to a product or schedule.
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7 Impact of composition-ratios within mixing procedures

The manner in which the processing is conducted, including the tools employed and the ratios of ma-
terials utilized within a given mixing sequence, can have a significant influence on the flow behavior of
the resulting slurry. Figure 7-1 illustrates the viscosity function of four slurries of identical composition,
as detailed in Table 4-6 and Table 4-7. The slurries were prepared according to the same sequences;
however, in Procedure P1, the kneading sequence was conducted manually using a spatula and two
different TSC. In the latter stage of Procedure P1, a dispersion disc was employed. In Procedure P2, the
kneading occurred at two different TSC, and an intensive mixer was utilized in this procedure.
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Figure 7-1: Viscosity function of four slurries; procedure P1: manually kneaded and mixed with disper-
sion disc; procedure P2: mixed with intensive mixer; variations in TSC while kneading

It is evident that the slurry originating from procedure P1 exhibits a higher viscosity, while the slurry
derived from procedure P2 displays a lower viscosity. These two types of slurry exhibit a notable dis-
parity in their low shear viscosity, with a difference exceeding two orders of magnitude. The slurry P1A
was kneaded at a TSC of 63 wt%, exhibiting a slightly elevated low shear viscosity in comparison to
P1B, which was kneaded at a TSC of 67 wt%. A similar trend is observed in slurries P2A and P2B, which
were mixed at 63 and 69 wt%, respectively. This comparison indicates that the material ratios, specif-
ically the TSC while kneading, and the mixing tools, such as kneading with a spatula or using an inten-
sive mixer, have a significant impact on the flow behavior and, consequently, the microstructure of a
slurry composition. It is apparent that the manual kneading of the slurries introduces a considerably
lower energy input than the use of an electric mixer. Consequently, as the TSC is increased, the energy
input also rises. The objective of this chapter is to investigate the effects of modifying the material
ratios within the mixing procedure. For this purpose several experimental series were conducted.

7.1. Rheological characterization, interpretation and application
The following subsections present the rheological findings of the two series, Kneading-Series 1 and
Kneading-Series 2, and offer an interpretation in the context of CMC adsorption and coating applica-
tion.

7.1.1. Flow behavior of anodic lithium-ion slurries
As previously outlined in section 2.1.4, the total solids content of a pure solid/solvent suspension has
a predictable impact on the suspension’s viscosity. Figure 7-2a illustrates the TSC-Series’ six slurries of
identical non-volatile solids content (see Table 4-9). However, their TSC ranges from 54 to 66.5 wt%. It
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should be noted that the 66.5 wt% sample was created by making a 69 wt% TSC slurry, but the resulting
slurry was not flowable and was diluted.
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Figure 7-2: Rheological data of the TSC-Series; a) Viscosity as a function of shear rate of slurries with
six individual TSC ranging from 54 to 66.5 wt%; b) low and high shear viscosity of the six slurries

It is obvious that the overall viscosity rises in conjunction with an increase in slurry TSC. The shear
thinning behavior of slurries TSCs4 to TSCes is less pronounced in shear rates from 0.1to 7 s than it is
at higher shear rates. Furthermore, no purely linear behavior is observed. However, samples 66 and
66.5 wt% display a linear, monotonous shear thinning behavior throughout the full shear rate spec-
trum. However, the overall increase is not linear. This is evident when comparing the low and high
shear viscosity as a function of the slurry’s TSC (Figure 7-2b). When the TSC is increased from 54 to
63 wt%, both the low and high shear viscosity change in a linear logarithmic trend, according to a single
exponential increase. However, greater TSC values diverge from this trend and are significantly higher
in viscosity.

The slurry was produced on an individual basis, with the same mixing parameters applied in each case.
These parameters included speed and sequence duration. In order to achieve the differences in TSC,
the quantity of water in the sequence was varied. This also affected the degree of filling. Details of the
procedure are provided in Figure 4-6. The differences in these parameters result in differences in the
overall energy input and therefore the specific energy input.

The specific energy input (Esp) of each sequence is illustrated in Figure 7-3a, while the accumulated Es,
is depicted in Figure 7-3b. In terms of the overall process, the CB-Dispersion and the water addition
account for a relatively small proportion of the total energy input. The most substantial contribution
is derived from the kneading sequence. The lowest accumulated energy input was observed for Slurry
TSCss, at approximately 30 Wh dm™3, while the highest was recorded for Sample TSCes, at around
58 Wh dm™. Despite TSCgo exhibiting the highest TSC, which would be expected to result in the highest
viscosity and Esp, the Es, of the kneading sequence was found to be approximately 36 Wh dm™3, which
is comparable to that of TSCs;. This can be attributed to the fact that no flowable mass was formed;
rather, a plastic mass was created that sporadically made contact with the dispersion tool. This re-
sulted in fluctuations in the rotors’ power consumption, which in turn led to a reduction in the energy
input.
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Figure 7-3: a) sequential specific energy input of TSC-Series; b) total specific and specific energy input
of the kneading sequence of TSC-Series

Figure 7-3b illustrates a linear correlation between the specific energy input and the TSC of slurry sam-
ples TSCs4 to TSCeo. However, samples with a higher TSC deviate from this trend. The variations TSCe;
and TSCes demonstrate a comparable energy input within the kneading sequence of approximately 69
Wh dm™ and a relatively consistent total energy input as well. Given that both samples underwent a
procedure with 66 and 72 Wh dm=3, it may be assumed that both viscosity functions exhibit a similar
flow behavior. However, the difference in LSV and HSV is greater than that observed in the other 3 wt%
increments. By correlating the differences in mass ratios and the change in flow behavior, it is possible
to deduce a threshold of TSC somewhere between the procedures of samples 60 and 63 wt% TSC. This
results in a change of microstructure and therefore a different flow behavior.

On basis of the previous chapter and this chapters results, it can be assumed that the kneading se-
qguence affects the slurry’s later flow behavior. The mass ratio in this sequence plays a significant role
if the procedure parameters are unchanged since this then correlates with the energy input which
affects the later microstructure [116, 124, 147, 148].

7.1.2. TSC as design considerations of mixing procedure sequences
As has been demonstrated previously, the total solids content has a pronounced effect on the flow
behavior of a slurry. The following two subsections investigate the effects resulting from the total sol-
ids content (TSC) utilized in mixing procedures, with a particular focus on the adsorption behavior of
CMC with a My, of 875 and 500 kDa on carbonous particles, which mainly is graphite, that will be shown
to result from that procedural design element.

7.1.2.1. Adsorption related flow behavior of aqueous anodic slurries utiliz-

ing low molar weight Carboxymethyl cellulose
The objective of the Kneading-Series 1 is to gain a deeper comprehension of the impact of kneading
procedures on the flow behavior of slurries, the following figure illustrates the procedure variations of
said series in a simplified manner.
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Figure 7-4: lllustration of the Kneading-Series 1 procedure variations

This is achieved by employing two distinct procedures, characterized by varying energy inputs, as a
consequence of differing tool speeds and kneading durations. The variations are labelled according to
the TSC of the kneading sequence, e.g. KSgon. Consequently, ‘H’ denotes the high energy input proce-
dure and ‘L’ denotes the low energy input procedure. The components of the slurries are listed in Table
4-4, the composition is listed in Table 4-9, and the procedure details are shown in Figure 4-7.

Table 7-1 shows the specific energy input of the procedures. As anticipated, the procedure utilizing the
lower tool speed during the kneading sequences results in a reduction in total Es,. The largest contrib-
utor to this reduction is the kneading sequences themselves. Moreover, as evidenced in the TSC-Series,
an increase in TSC within the kneading sequence is accompanied by a corresponding rise in energy
input. However, this phenomenon is only observable in the slurries KSe1, KSe2 and KSe7, L and H respec-
tively. The slurries with a kneading TSC of 70 wt% were produced with a markedly reduced energy
input. Figure 7-5a illustrates the procedures, total energy input and accumulated specific energy input
of the kneading sequence, ordered in ascending order. It is noteworthy that a number of slurries were
produced with comparable specific energy inputs. Two pairs were identified in the course of this ex-
periment: KS7o. & KSear and KSe7. & KSou. The pair KS7o. & KSeay is of particular interest, as both slurries
were manufactured with identical tool speed and sequence duration, yet with variations in TSC within
the kneading sequences. The second pair, KSe7. & KS7on, Was produced with disparate tool speed and
sequence duration, and distinct TSC within the kneading sequences.

Table 7-1: Specific energy input of the Kneading-Series 1

Eg, (Total procedure) E, (accumulated kneading se-
/Wh dm™3 quences) /Wh dm™
Procedure L Procedure H Procedure L Procedure H
KSe1 18.6 22.7 14.7 19.6
KSea 26.6 354 23.9 32.9
KSe7 53.9 77.1 51.8 75.4
KS70 25.6 56.9 22.9 54.9

The viscosity function of the slurry is illustrated in Figure 7-5b, which depicts the Kneading-Series 1.
The slurries originating from procedure L typically exhibit higher viscosity values than those derived
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from procedure H. Additionally, variations in TSC within the kneading sequence have been observed
to influence both the viscosity value and the flow behavior. Both KSe; slurries demonstrate slight alter-
ations in their shear thinning behavior. In contrast, the slurries of KSe¢; exhibit a complex shift in flow
behavior, encompassing a shear thinning segment between 0,1 -1 s, a plateau segment between
3-15s" and a subsequent shear thinning segment between 30 — 1000 s™X. However, KSy exhibits a
distinct deviation from the observed trend of declining viscosity values and altered flow behavior with
elevated TSC levels within the kneading sequence.
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Figure 7-5: a) Specific energy input of the Kneading-Series procedures, sorted in an ascending manner;
highlighted samples with similar Esp; b) Viscosity function of the Kneading-Series slurries, the
slurries’ compositions are identical

Figure 7-6 illustrates the previously identified pairs KSzo. & KSea. and KSe7. & KS70n with the addition of
lines for enhanced visual clarity. While the energy input per pair is relatively similar, there are notable
differences in the viscosity values and flow behavior. Slurry KS;o. can be characterized by a low shear
viscosity of approximately 20 Pa-s at0.1 s™%, a high shear viscosity of approximately 0.8 Pa's at
1,000 s7%, and a relatively linear shear thinning behavior within the log-log plot. In contrast, slurry KSea
exhibits an LSV of approximately 10 Pa-s, an HSV value of approximately 0.8 Pa:s, and a non-linear
shear thinning behavior with two changes in slope at approximately 1 and 10 s™%. Despite differing in
viscosity value, the same behavior is evident in the pair KS¢7. & KS704. The Slurry KS;on exhibits a LSV of
approximately 15 Pa-s, a HSV of approximately 0.5 Pa-s, and a linear shear thinning behavior. The slurry
KSe7. displays a LSV of approximately 5 Pa-s, a HSV of approximately 0.5 Pa's, and a non-linear shear
thinning behavior at 1 and 10 s7%.

It is evident that augmenting the kneading sequences TSC results in an escalation of Eg; a similar out-
come is observed with the enhancement of tool speed. It is less obvious that the viscosity of a slurry
composition can be reduced in both low and high shear viscosity scenarios by modifying the water
content within a mixing procedure sequence. Moreover, the flow behavior can be influenced. This can
be achieved by modifying the tool speed, as demonstrated in samples KSe1. and KSe1n, or by modifying
the energy input by increasing the kneading sequences TSC. However, this is only the case for a range
of TSCs. If the TSC is too high and a non-flowable mass is formed during kneading, the energy input
decreases, and the resulting slurry displays rather linear shear thinning behavior. As the volume ratio
of the Kneading-Series solids remains unchanged, it can be inferred that this is caused by a change in
the solvable polymer’s microstructure, specifically the CMC.
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Figure 7-6: Viscosity function of the Kneading-Series 1 slurries, the slurries’ compositions are identical

CMC has been demonstrated to exhibit adsorption behavior on graphite surfaces [91].To gain a deeper
insight, it is essential to investigate the flow behavior of the CMC. Figure 7-7a illustrates the flow be-
havior of a range of CMC solutions (M., = 500 kDa) with concentrations spanning from 30.9to 0.5 g L.
Consequently, an increase in concentration results in a corresponding rise in the characteristic zero-
shear viscosity (1y). Moreover, the degree of shear thinning diminishes with declining concentration
as the solution approaches the viscosity of the solvent (water), which is a Newtonian fluid. The specific
viscosity (nsp) was calculated using equation ( 17 ) with the values of ny from Figure 7-7a, and plotted
as a function of the CMC concentration in Figure 7-7b. The slurry concentration of CMC in the Knead-
ing-Series 1is 15 g L™,

A correlation between concentration and nsp was analysed, and it was found that there are two linear
regions in the log-log plot. Region one has a slope of approximately 1.06 and ranges from approxi-
mately 0.5 to 7 g L™%. Region two has a slope of approximately 3.94 and ranges from approximately
10.1to 30.9 g L% As is typical for polymer solutions, these regions correspond to the dilute and semi-
dilute polymer regimes [152]. In dilute polymer solutions, the polymers are present in low concentra-
tion and do not interact with each other. In contrast, semi-dilute solutions have a higher concentration
of polymers, allowing for overlap of the polymers.

The slurries of the Kneading-Series were subjected to centrifugation, and the viscosity function of the
resulting supernatant is illustrated in Figure 7-8a. Additionally, several CMC solutions functions are
plotted, with concentrations ranging from 30.9to 0.5 g L.
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Figure 7-7: a) Viscosity function of individual CMC-solutions (500 kDa) with concentrations ranging
from 30.9to 0.5 g L™}, lines to guide the eye; b) Specific viscosity as a function of concentration

As with the slurry, the supernatant demonstrates a decrease in viscosity with an increase in energy
input. This phenomenon can be observed in both procedures (L and H), in samples KSe1, KSes and KSe;.
In samples KS7o. and KSyo4 this behavior is even more extreme. The viscosity of the supernatant is pri-
marily determined by the concentration of dissolved CMC. However, there is a significant discrepancy
in the viscosity of the supernatant samples, with a difference of approximately two orders of magni-
tude, indicating a change in CMC concentration.
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Figure 7-8: a) Viscosity function of individual CMC-solutions (M, = 500 kDa; ¢ = 2.5, 1.5, 0.7, 0.3,
0.05 g L%, from top to bottom respectively) next to the supernatants of the series’ slurries; b)
Viscosity at a shear rate of 1,000 s™* as a function of concentration and 1, values of the series’
slurry supernatants

It should be noted that not all of the supernatants displayed a clear zero-shear plateau (e.g. KSe1),
which precludes the accurate determination of the zero-shear viscosity (1,). This may be attributed to
the fact that the supernatants TSC ranges from approximately 3.5 up to 8.3 wt% (see A 9-3), which has
the potential to cause particle-particle interactions that ultimately influence the flow behavior. This

results in the absence of a zero shear plateau, and instead, a constant shear thinning behavior is
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observed. It was assumed that the microstructure of the CMCsoo remained unaltered, for example, due
to mechanical degradation. The high shear viscosity at a shear rate of 1,000 s™* was determined by
linear interpolation for each supernatant and CMC solution. This viscosity was plotted as a function of
CMC concentration in Figure 7-8b. A comparable pattern to that observed in Figure 7-7b is evident,
resulting in two discernible regimes, delineated by the dotted lines at the same concentrations as pre-
viously. The supernatant viscosity is evident in both regime segments, KSg1. and KSg14, within the range
of the semi-diluted system. The remaining supernatants are either low in concentration, correlating to
the dilute regime, or situated between the crossover points of the two regimes. The sample correlating
viscosity and concentration values of Figure 7-8b are listed in the following table.

Table 7-2: Viscosity and CMC concentration of the Kneading-
Series supernatants

Supernatant 17()'/ = 1035‘1) C Polymer regime
of / Pa's /gLl

KSe1L 0.079 135 Semi-dilute
KSeaL 0,041 9.9 -

KSe7 0.016 3.5 Dilute

KS7oL 0.039 9.5 -

KSe1n 0.065 12.4 Semi-dilute
KSean 0.026 6.4 -

KSé7n 0.008 1.7 Dilute

KS704 0.006 1.1 Dilute

The initial concentration of the CMC in the Kneading-Series 1 solution is 15 g L. Following Table 7-2,
the CMC concentrations was roughly determined to be between 1.1 and 13.5 g L'}, indicating that ap-
proximately 10 to 93 wt% of the CMC was absorbed, contingent on the mixing procedure employed. A
comparison of the two procedures, designated as L and H, revealed that the slurries resulting from
procedure L exhibited reduced adsorption due to the lower energy input. However, in contrast to pro-
cedure H, the degree of adsorption does not invariably increase in procedure L. Sample KSs. exhibited
a higher supernatant concentration than KSez, while the corresponding supernatant KSson displayed
the lowest concentration of all the samples. This may be attributed to the observation that the super-
natant viscosity of KSyou exhibits minimal shear thinning behavior, which suggest a mechanical degra-
dation of the CMC. However, with a viscosity that closely approximates that of water and a shear thin-
ning behavior that is indistinguishable between 100 and 1,000 s}, it is challenging to ascertain whether
mechanical degradation did indeed occur.
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7.1.2.2. Adsorption related flow behavior of agueous anodic slurries utiliz-

ing high molar weight Carboxymethyl cellulose
To further investigate on the mechanical degradation parallel to polymer adsorption, another series of
slurries was created, the “Kneading-Series 2”. The following figure illustrates the series’ procedure and
its variations in a simplified way.
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Figure 7-9: lllustration of the variations of Kneading-Series 2 and the low energy input reference

More detailed information can be seen in subsection 4.2.2.5. The components are listed in Table 4-5,
the procedure and its details are shown in Figure 4-9. Characteristic for this series is that all the com-
positions final mass ratios are the same, to be seen in Table 4-10, and a CMC with a molar weight of
875 kDa. Two AM are present in this slurry composition, an artificial graphite, and a silicon-oxide. As
with the previous segments Kneading-Series, the samples differ by the TSC of the mixing procedures
kneading sequence “xi”, the here called high solids content mixing — HSCM. The TSC within that HSCM
varied from 60 to 69 wt% in four sequences, thus four different procedures — Pso to Pes. In addition to
the variations in x;, a low-energy input reference, Piow, was produced as well, it follows the composition,
but another procedure, see Figure 4-10. The power consumption of the mixing procedures was moni-
tored and is presented in Figure 7-10. It should be noted that only the solvent-containing sequences
are presented here; these are sequences 2 to 4.

The power consumption profile observed during the processing of Pgg is consistent with that typically
observed for mixing suspensions [153]. This profile is most evident during the rapid HSCM sequence.
At the outset of the process, the bulk mass underwent a transformation into a plastic mass, resulting
in a peak in rotor power. As the wetting and dispersion of the particles progresses, the plastic mass
transitions to a viscous suspension, accompanied by a reduction in power consumption, which ulti-
mately reaches a constant level. It is evident that as x; increases, there is a significant change in the
total power consumption. While Ps3 and Pgs exhibit a comparable power consumption pattern to that
observed in Pgo, the power consumption of procedure Pgs undergoes a significant alteration, thereby
resulting in a substantial change in the energy input. In this instance, the HSCM sequence does not
result in the production of a fluid suspension; instead, a plastic mass is formed. This mass moves
through the mixer and intermittently makes contact with the rotor, leading to the generation of a
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constant series of power peaks rather than a steady mass flow that eventually reaches a steady power
level. Consequently, the duration of the HSCM sequence in procedure Pgy has been extended by two
minutes to accommodate the initial period of no mixing.
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Figure 7-10: a) Rotor power consumption of the mixing procedure of Kneading-Series 2; high solids
content mixing (HSCM) occurred at a) 60, b) 63, c) 66 and d) 69 wt% TSC; the legend refer to the
mixing sequence as described in Figure 4-9

The accumulated specific energy input, as calculated using equation ( 29 ), is presented in Table 7-3. It
can be observed that an increase in x; results in a higher energy input. A comparison of the two most
extreme variations, Pgo and Pss, reveals a factor of approximately three between them. Consequently,
it may be anticipated that a more pronounced deagglomeration will occur with increasing x;. It is no-
table that the HSCM sequence represents the primary source of energy input, although the SBR addi-
tion sequence also makes a considerable contribution in the case of Pgs. A comparison of Pgo and Py
reveals a specific energy input for this sequence that differs by a factor of approximately 11. The H,O
addition fast sequence demonstrates comparable energy inputs for all slurries (see Figure 7-10), with
an average value of 2.5 Wh dm™. This could lead to the erroneous assumption that all slurries exhibit
analogous flow behavior. With regard to the low-energy reference, Piow exhibited an energy input of
approximately one-third that of Pg. The detailed consumption data are presented in A 9-4.
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Table 7-3 Specific energy input of all mixing procedure variations P; originating from the change in x;;
total amount of specific energy input and specific energy input of sequence 3, the dispersion of

SBR.
Specific Energy Input Pgo Pg3 Peo Pgo PLow
Egp/Wh dm™ 29.1 45.0 59.0 85.9 11.5
Eg, of sequence 3 (SBR)/Wh dm™3 3.0 4.1 7.7 31.9 0.6

To gain a more detailed understanding of the flow behavior, the flow curves of the Kneading-Series 2
five slurries as well as a CMC (M, = 875 kDa) solution with a concentration of 13.5 g L™, which corre-
sponds to the nominal CMC concentration in the slurry’s continuous phase, are presented in Figure
7-11. Despite identical composition and TSC, the slurries exhibit markedly disparate flow behavior. In
general, as x; and, consequently, the energy input increase, the low shear viscosity of the slurries de-
creases by up to two orders of magnitude, despite their identical composition. In accordance with
Stokes’ law, it may be anticipated that slurries exhibiting reduced low shear viscosity will undergo sed-
imentation at a faster rate, resulting in a concomitant reduction in stability. In small batches, this may
not be a significant issue. However, on an industrial scale, it could lead to stability problems when
using the slurry over an extended period of time without stirring.

Slurry Piow, Which was produced at low energy input, demonstrates the highest viscosity values and
exhibits uniform, power-law-type shear thinning behavior. Furthermore, slurries Pgo and Pe3 also ex-
hibit monotonic shear thinning behavior, albeit with lower absolute viscosity values and a less pro-
nounced degree of shear thinning than that observed in Piow. Additionally, the absolute viscosity values
decrease with an increase in TSC or energy input during the HSCM mixing sequence. Moreover, slurries
Pss and Psy do not exhibit strict shear thinning behavior. Slurry Pes displays weak shear thinning behav-
ior exclusively at low shear rates, reaching a plateau between approximately 10 and 200 s, and sub-
sequently exhibiting a decline in viscosity at higher shear rates. Slurry Pgo displays shear thickening
behavior between 10 and 200 s™%, which is followed by a shear thinning regime at higher y.
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Figure 7-11: Slurries’ viscosity function of the Kneading-Series 2; All compositions are identical, but
mixed at different TSC during HSCM; TSC = 60 (black), 63 (red), 66 (blue), 69 wt% (green) and
the low energy input reference slurry (orange). The CMC-solution (Mw = 875 kDa; open symbols)
with the same concentration every slurry holds by composition (13.5 g L™2).
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These significant discrepancies in the behavior of slurries with an identical composition provide com-
pelling evidence of disparate particle interactions and, consequently, distinct microstructures resulting
from disparate slurry treatments, specifically varying energy inputs during mixing. One potential ex-
planation for these alterations in flow behavior is a discrepancy in particle deagglomeration and the
presence of particle clusters that capture a significant portion of the solvent, consequently resulting in
an elevated effective particle volume fraction at low energy input. Nevertheless, all slurries exhibited
satisfactory dispersion, and scanning electron microscopy images of the corresponding dry samples
did not reveal the presence of residual particle clusters. It can be reasonably assumed that mechanical
destruction of the solid fraction and a corresponding change in particle size distribution will not affect
slurry viscosity, given that the overall particle loading of approximately 40 vol% is insufficient to do so.
Furthermore, SEM images of corresponding dry samples do not provide experimental evidence to sug-
gest that this is occurring. Ultimately, the flow behavior of suspensions is contingent upon the colloidal
interactions among the suspended particles, in addition to the rheological properties of the solvent
[9]. For the slurries under investigation, these phenomena are closely related to the adsorption of CMC
on solid particle surfaces [91] and the mechanical degradation of CMC [154, 155] during slurry prepa-
ration. The relevance of CMC adsorption and degradation is already evident when comparing the low
shear viscosity of slurries Pgs and Pgo to that of the CMC solution representing the disperse phase of
these slurries. The low absolute viscosity values of slurries Pss and Pgg can only be rationalized by taking
into account the aforementioned adsorption and degradation phenomena, which will be discussed in
more detail below.

The pronounced shear thickening of sample Psy can be attributed to the formation of hydrodynamic
clusters. The formation of such clusters is contingent upon the absence or presence of weak, short-
range repulsive interactions amongst the particles in question [9]. This phenomenon also results in low
viscosity at low shear rates, as observed in the case of Pgs. In this instance, the steric repulsion derived
from the adsorbed CMC layer appears to serve only to offset the constant van der Waals attraction. In
contrast, the latter appears to be the dominant phenomenon in the shear-thinning samples Pgo, Ps3
and, in particular, Pow. It is evident that the energy input during the HSCM mixing sequence has a
considerable influence on the adsorption of CMC. Moreover, the mechanical degradation of CMC must
be considered, as it affects both the viscosity of the solvent and the strength and range of the steric
repulsion provided by the CMC adsorbed on the active particle surface. The reference sample Piow,
which was prepared using a different mixing procedure that resulted in a low energy input, exhibits
the highest viscosity level and the strongest degree of shear thinning, which clearly indicates that at-
tractive particle interactions are dominant in this slurry.

The slurries were centrifuged and the supernatants were analyzed. Figure 7-12a shows the flow curves
for the Kneading-Series 2 supernatants. It should be noted that the supernatant of the slurry P, was
diluted with deionized water in a ratio of 1:26 (supernatant/water) due to its high viscosity, which did
not allow the determination of the zero shear viscosity; therefore, the dilution is denoted as Piow. The
viscosity functions of these supernatants are essentially determined by the concentrations and molec-
ular weights of the dissolved CMC; the contribution of suspended SBR particles or residual active ma-
terial is negligible, see A 9-5. The absolute viscosity values differ by about an order of magnitude, indi-
cating that the amount of CMC removed from the disperse phase by adsorption on the active particles
is strongly influenced by the slurry preparation procedure. The sample that underwent the greatest
energy input during the HSCM mixing sequence exhibited the lowest disperse phase viscosity, indicat-
ing that a greater proportion of CMC was adsorbed on the particles in this instance. Moreover, the
supernatants Pso, Pe3 and the diluted supernatant Piw display shear thinning behavior, whereas sam-
ples Pss and Pgo exhibit Newtonian flow behavior. This provides further insight into the processes of
mechanically induced adsorption and degradation of CMC in these slurries. Highly dilute CMC solutions
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exhibit Newtonian flow behavior and solutions of different molecular weights and concentrations can
have the same absolute viscosity value. However, solutions of greater concentration demonstrate
shear thinning, and the absolute value of zero shear viscosity, along with the shape of the flow curve,
constitute a distinctive signature of a solution at a given molecular weight and CMC concentration [11].

Figure 7-12a depicts the flow curves of CMC solutions with M,, = 875 kDa and M, = 500 kDa, which
correspond to the zero shear viscosity of the supernatants Pgo and P, respectively. It is evident that
the lower molecular weight CMC solution necessitates a higher concentration to attain the same zero
shear viscosity as the higher molecular weight CMC solution. Moreover, the higher molecular weight
CMC solution displays a markedly pronounced shear thinning behavior. The CMCsys solution with ¢y
=0.3 gLt almost corresponds to the flow curve of the diluted supernatant Piow. Its slightly more pro-
nounced shear thinning indicates that some mechanical degradation also occurred in this case but is
neglected for the sake of simplicity. Accordingly, the discrepancy between this concentration and the
initial concentration of 13.5 g L™ (see Table 4-10 and Figure 7-11) directly correlates with the quantity
of CMC adsorbed onto the particles. In contrast, the behavior of the supernatant Pg is distinct from
that of the CMCg7s (My = 875 kDa) solution of 1.4 g L™%, which exhibits similar zero shear viscosity, but
displays a more pronounced shear thinning behavior. This provides clear evidence that the CMC mol-
ecules underwent degradation during the mixing process. In fact, the CMCsgg solution with ccpc = 5.8
g Lt demonstrates a high degree of similarity in terms of both absolute values and the shape of the
flow curve across the entire range of shear rates investigated. It can be concluded that the CMC has
undergone mechanical degradation at approximately this average molecular weight. Consequently,
the amount of CMC adsorbed can be calculated as the difference between the original concentration
and the concentration of this CMCsgo solution.
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Figure 7-12: a) Viscosity as a function of shear rate for supernatants of the Kneading-Series 2; TSC = 60
(black), 63 (red), 66 (blue), 69 wt% (green) for the procedures HSCM sequence and low energy
input reference slurry TSC = 60 wt% (orange); CMC solution (875 kDa; circle) with 1.4 (black) and
0.3 (orange) g L™t and CMC solution (500 kDa; triangle) with 2.3 (black) and 5.8 (orange) g L™%; b)
7o as a function of concentration of CMC solutions (875 kDa - circle; 500 kDa - triangle); dotted
lines represent the 7, value of the series’ supernatants

It can be concluded that for Pso, approximately 57 wt% of the added CMC was adsorbed on the surface
of the active particles. When taking the dilution of P, into account, the corresponding concentration
is calculated to be ¢y = 7.83 g L%, meaning that approximately 42 wt% was adsorbed. The superna-
tants Pgs and Pgy display Newtonian flow behavior, and it is not possible to assign the measured viscos-
ity unambiguously to a specific My and concentration of the dissolved CMC. It may be assumed that,
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with increasing energy input, no further degradation of molecular weight takes place. Consequently,
the CMC concentration in the supernatant can be determined from the data for a series of CMC solu-
tions with My, = 500 kDa, shown in Figure 7.10b, which relate the zero shear viscosity to the CMC
concentration. Thus, it can be concluded that the proportion of adsorbed CMC increases with rising
energy input. In the case of slurry Peg, nearly all the CMC is adsorbed onto the particles. This is con-
sistent with the observed changes in the flow behavior of the corresponding slurries, which can be
rationalized assuming a stronger steric repulsion for Pgg, which ultimately balances the attractive van
der Waals force. Conversely, should further degradation in the CMC chains occur in conjunction with
a rise in energy input, the observed supernatant viscosity curves would indicate that a smaller propor-
tion of shorter CMC chains was absorbed onto the active material particles. This is contrary to the
observed reduction in slurry viscosity, which lends support to the assumption that no further mechan-
ical degradation of CMC occurred in the slurries prepared with a higher energy input than that of Pe.
Furthermore, the CMC of the slurries Pgo to Pgg is well within the dilute polymer regime of CMCsgo.
However, the CMC concentration of Py lies within the semi-dilute system of CMCgys, indicating that
the energy input during the mixing process influences the polymer regime.

A similar effect of mechanical energy input on CMC adsorption was recently published by Park et al.
[156]. However, the group did not consider mechanical degradation as they already used a low molec-
ular weight CMC. Weber at al. [141] investigated the impact of dry mixing CB and Gr as a preliminary
sequence before mixing it with the solvent in an extruder. Varying the tip speed during dry mixing
resulted in different flow behavior in the final slurries, ranging from a rather monotonous shear thin-
ning behavior to a discrete plateau. Perhaps the pretreatment of the powder resulted in different sur-
face availability or different energy input during extrusion, resulting in a varying degree of polymer
adsorption and degradation, finally changing particle-particle interactions and thus flow behavior as
discussed above.

7.1.3. Coating considerations of slurries with complex flow behavior

In order to analyze the suitability of coating for slurries exhibiting considerable differences in flow be-
havior, slurries Pso and Pgs of the Kneading-Series 2 were coated on a roll-to-toll coater utilizing a slot-
die. The two slurries were coated at varying line speeds, with the maximum and minimum G values
ascertained for the upper and lower stability limits, respectively. The results are presented in Figure
7-13a, which depicts the dynamic gap G* of both stability limits as a function of line speed U;. For
slurry Pso, the upper stability limit (USL) exhibited a slight decrease with increasing line speed, with a
dynamic gap range of 1.9 to 1.7. As the line speed (U}) increases from 2 to 10 m min™%, the difference
between the upper and lower stability limits (AG*) increases, reaching a value of approximately 0.3.
The stability limits of slurry Pss exhibit a more pronounced shift. The initially high upper stability limit
(USL) of approximately G* = 2.5 at a line speed of 2 m min~! decreases to G* = 1.4 at 10 m min™. The
corresponding lower stability limit (LSL) decreases in a similar manner; however, at 10 m min~?, the
lower limit approaches the upper limit, with G* = 1.3. In contrast to Peo, which demonstrates a broad
corridor of stable operation limits in this coater setup, Pes displays a rather narrow window of stable
operating parameters. The narrow window of stable operating parameters makes the coating of Peg
challenging, particularly at higher speeds.
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Figure 7-13: Stability map for slot-die coating of slurries Pgo (black) and Pgs (green); USL—square sym-
bol; LSL—triangle symbol; a) dynamic gap as a function of line speed; b) capillary number as a
function of dynamic gap, including the VCM of Ruschak 1976 [129] (Eq. 27, line)

In order to facilitate a comparison between the results presented here and the visco-capillary model
of Ruschak [129], a stability map was plotted in the Ca -G* plane (Equations ( 25 ) and ( 26 )), as illus-
trated in Figure 7-13b. It is important to note that the visco-capillary model (VCM) of Ruschak [28] was
developed on the basis of Newtonian fluids. At the upper limit of 2 m min™2, slurry Peo could be coated
with G* = 1.9 at Ca = 1.6, while at 10 m min™?, a stable coating was achieved with G* = 1.7 at Ca = 4.1.
This upper stability limit (USL) border is in close proximity to that which was predicted by Ruschak;
however, the decline in Ca with increasing shear rate is more pronounced. In contrast, slurry Pgo
demonstrated the ability to maintain an USL at 2 m min™ with G* = 2.5 at Ca = 0.8 and at 10 m min™!
with G* = 1.4 at Ca = 2.4. In this instance, only for a very high G* value of 2.5 is the VCM prediction
approached. This comparison indicates that the coating behaviour of monotonically shear thinning
slurries such as P60 can be predicted with respect to line speed and gap height settings. However,
more complex slurries such as the shear thickening Pes are not represented by the model.

Upon exceeding the upper stability border, air entrainment was noted, which is indicative of the up-
stream meniscus’s failure. In the case of Pgg, this may be attributed to its comparatively lower viscosity.
The resulting capillary number is significantly lower than that of Pg, indicating that the viscous forces
are less pronounced. This ultimately results in the upstream meniscus closing towards the coating bead
and the entrainment of air occurring at a lower G* than it would with Pg. Given the narrow stability
window of Pgg, coating at higher speeds may prove challenging. In such cases, the installation of a
vacuum box upstream could prove beneficial.

Despite the significant differences between the two slurries, the coating process was successfully com-
pleted by modifying the setup parameters. Nevertheless, it is crucial to underscore the fact that the
electrodes ultimately manufactured are destined for integration within cells. It should be noted that
the quality criteria of an electrode extend beyond the ability to coat, encompassing mechanical prop-
erties and electrical resistance. These aspects were not investigated in the context of the coating ex-
periment.
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7.2. Characterization of electrodes Kneading-Series 2
The table-coated electrodes, originating from the Kneading-Series 2, were characterized with a loading
of 3.3 mAh cm™ and an average compressed density of 1.2 g cm™. The electrodes, were subjected to
analysis using a scanning electron microscope equipped with a backscattered electron (BSE) detector.
The resulting images are presented in Figure 7-14 and Figure 7-15.

b d)
Figure 7-14: SEM cross-section of investigated compressed electrodes; a) Peo; b) Pes; ¢) Pss; d) Pes

Given the differences in the mixing procedures’ Eg,,, it is reasonable to hypothesise that particle deag-
glomeration, particularly of carbon black, may be influenced. Nevertheless, the overall distribution of
the active material is found to be homogeneous. However, the Pg electrodes (Figure 7-15b) display a
greater prevalence of larger CB aggregates than the P electrodes (Figure 7-15d).

Besides the progressing deagglomeration of CB, no noticeable degree of particle destruction was
found. It should be noted that the bright white residue is suspected to be debris from the current
collector, which is believed to have been caused by the ion polishing treatment.

Figure 7-16a illustrates the impact of dispersed CB on total electrode resistivity, which is divided into
p; and pcy, €q. (32 ). The resistivity is observed to decrease with increasing energy input, from a total
of approximately 4 + 0.4 to 2.5 + 0.2 mQ cm?. This trend is observable in both the coating and the in-
terface. However, the most notable distinction in this series is the interfacial resistance, which exhibits
a significant reduction: p;,p, = 3.0 £ 0.1 and p;;p,,= 1.7 £ 0.2 mQ cm?’. One potential explanation for
this reduction in interfacial resistivity is that as the energy input increases, a greater proportion of CMC
is adsorbed onto the active material particles, as previously discussed in the rheology section. Conse-
quently, a reduction in CMC at the coating/substrate interface results in a decrease in interfacial resis-
tivity. Conversely, the resistivity of the coating layer itself remains relatively constant pcy;p, = 1+ 0.27
and pcy;p,,= 0.8 £ 0.03 mQ cm?. Despite the reduction in CB agglomerate size with increasing x;, this
appears to have a minimal impact on the coating layer resistivity in these graphite-based electrodes.
W

90



7 Impact of composition-ratios within mixing procedures

Figure 7-15: SEM cross-section of investigated compressed electrodes; a) Peo; b) Pes; ) Pss; d) Peo

The adhesion between the electrode and the current collector was characterized by a 90° peel-test,
with the corresponding data for Pg to Pgs presented in Figure 7-16b. While electrodes P to Pgs exhibit
a comparable peel strength of approximately 4.4 N m™, sample Pes displays a notable decline in adhe-
sion, exhibiting a peel strength value of approximately 1.3 N m™. The low adhesion observed in sample
Pss may present a challenge for automated processes within cell assembly, potentially leading to

6 6 T T T

-PCN
-P| i

e
12
W3 1
- 2- T
]

63 66 69 60 63 66 69
P /- P,/-

I
a) b)
Figure 7-16: Characterization of compressed electrodes originating from Kneading-Series 2; a) total
resistance divided into specific contact resistance pcy and interface resistance p;; b) peel
strength of compressed electrode coatings
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delamination of the coating. The adhesion is primarily provided by the added SBR [43]. The high energy
input in sequence 2 (HSCM) of the procedure has a notable impact on SBR distribution, with a consid-
erably lower SBR fraction at the current collector interface for Pgs. This may be attributed to shear-
induced agglomeration of SBR particles.

7.3. Characterization of cells
The following subsections present the electrochemical results of the two series, Kneading-Series 1 and
Kneading-Series 2, in terms of C-rate capability and cell resistivity.

7.3.1. Kneading-Series 1

Full pouch cells (SPCas) of the Kneading-Series 1’s electrodes where electrochemically characterized by
applying a formation and a C-rate test plan on them, described in section 4.6 . Six cells were used per
variation.
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Figure 7-17: a) Voltage profile of KSem; b) average Capacity of the Kneading-Series 1 FPC during for-
mation; c) Voltage and current profile of a FPCs of Kneading 67H of the Kneading-Series 1 with
the calculated cell resistance using simplified DCIR method (34)

92



7 Impact of composition-ratios within mixing procedures

Figure 7-17a illustrates the voltage profile of a representative cell derived from KSgzs. In the initial
cycle, the value of Qena is 220 mAh g™, while Qgis is approximately 199 mAh g™ This results in a net loss
of approximately 21 mAh g, leading to an estimated first-cycle efficiency (FCE) of 90.1 %. The other
cells in the series demonstrate a relatively high standard deviation in FCE during the initial cycle, as
illustrated in Figure 7-17b. It seems probable that this is the consequence of a lack of uniformity in the
wetting of the FPCs electrodes by the electrolyte. This effect appears to diminish as the cycle count
increases. This also elucidates the discrepancies observed between the samples during the initial four
cycles. As the formation plan progresses, the cells exhibit a heightened degree of stability in their cy-
cling behavior, particularly in cycles five and six. The initial cycle of KSe7n exhibited a Qgis value of
198 + 0.4 mAh g and a coulombic efficiency (CE) of approximately 90 %. The lowest Qgis value ob-
served in KSen cells was 180 + 8.9 mAh g™, accompanied by a CE of approximately 70 %. By the sixth
cycle, the discrepancies are less pronounced. In this instance, the KSe7 cells exhibited a Qgis 0f 192 £ 0.4
mAh g and a CE of approximately 99.8%, while the KSen cells demonstrated a Qgis of
187 + 2.3 mAh gt and a CE of approximately 92.8 %. The formation results suggest that the mixing
procedure, which involved a higher energy input and a TSC of 67 wt% within the kneading sequence,
resulted in the creation of a cell that exhibits the highest Qqis and high CE. Nevertheless, an examination
of the cells’ resistance via the simplified DCIR method (Figure 7-17c) reveals that the cells belonging to
the KSe1. variation exhibit a markedly lower Ree value of 6.1 + 0.8 Q cm? in comparison to the other
samples, such as those belonging to the KSezn procedure, which displays an Rcen value of
8.5+ 0.9 Q cm?. This can be attributed to the formation’s characteristic low current and constant cur-
rent voltage (CCV) regimes, as indicated by Rcei, Which predominantly represents the electric resistance
of the cell and has a minimal impact on the formation’s Qgjs.

As illustrated in Figure 7-18a, the series cells operate at a rate of approximately 186 to 193 mAh g-1
during the initial two cycles of the C-rate test. The KSezn configuration continues to demonstrate the
highest Qqis, as previously observed. As the C-rate is increased, the overall Qqis value is observed to
decrease. From 0.5C to 3.0C, the KSg7. configuration exhibits the highest Qqis. At the commencement
of 3.5C, the cells originating from procedure KSe¢14 are more dominant in terms of discharge capacity.
This is illustrated in the figure’s inlay. The Quis values of the KSein and KSezw are both 150 mAh g-1.
Furthermore, a slight degree of fading is discernible, indicated by a reduction in Qgis within each step
of constant C-rate. This behavior can be observed in both low and high energy input procedures of
KSe7. This may be indicative of lithium plating due to elevated ionic resistances. At the subsequent C-
rate step, 4.0C, the remaining samples also exhibited capacity fading. At the final check-up cycle (33
and 34), the cells KSe1. exhibited the highest Qg value of 180 mAh g2, while the KS¢7v demonstrated
the lowest value of 165 mAh g™*. All electrodes and cells within this series were treated in an identical
manner. The cell resistance data is shown in Figure 7-18b, it is eminent that cells of KSe¢1 hold the
lowest cell resistance, this corresponds well with its higher performance level within the C-rate test.

It must be proposed that the disparate outcomes observed in these cells are a consequence of the
differing mixing procedures employed. Consequently, the mixing procedure with a low TSC while
kneading and a low tool speed, which consequently results in a reduced energy input, is beneficial in
these pure graphite anodic electrodes. This results in an enhanced C-rate capability, discharge capacity
and a reduction in capacity fading.
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Figure 7-18: Cell data of Kneading-Series 1; a) C-rate test b) calculated cell resistance using simplified
DCIR method ( 34)

7.3.2. Kneading-Series 2

The electrodes of the Kneading-Series 2, procedures Pg to Pss, were employed in the construction of
SPCy full pouch cells, four cells per variation. The voltage profile of the most effective cell of the two-
cell variations, Pso and Peg, are illustrated in Figure 7-19a. Cell Pg exhibits a slightly higher Qe, than cell
Peo (228 vs 225 mAh g™). The Quis of cell Pgo was measured at 193 mAh g™t and cell Pgsat 188 mAh g™
Consequently, the first cycle efficiency was calculated to be approximately 84.7 % for cell Ps and
83.5 % for cell Pgo. Given the use of silicon in the anodic electrodes employed here, the aforementioned
first cycle efficiency appears to be reasonable. In addition to the minor fluctuations resulting from the
diminished Quis, no notable discrepancies in the voltage profile are discernible between the two sam-
ples. The subsequent formation capacities (Figure 7-19b) of the series’ cells exhibit a comparable trend
in terms of Qqis and coulomb efficiency. At the sixth cycle, the highest average Qqis was observed for
cells Pes, at approximately 171.2 mAh g%, while the lowest was observed for cells Pgo, at 168.1 mAh g2
The cells exhibited a CE of 98.3 + 0.4% for both.

The simplified DCIR method was employed to calculate the cell resistance, the results of which are
presented in Figure 7-19c. The series Rceiwas calculated to be between 6 and 11 Q cm?. At the seventh
cycle, cells Pgs exhibited the highest calculated Rcei, with an average of 9.8 + 3.2 Q cm?, while cells Pgo
exhibited an average of 7.3+ 2.1 Q cm?.

Figure 7-20a illustrates the C-rate test of the series’ cells. In the initial segment of the test, a notable
decline in discharge C-rate is evident, accompanied by a discernible reduction in capacity during the
cathode lithiation phase. This may be attributed to ionic resistances associated with the cathode. This
irreversible capacity loss results in a relatively low check-up cycle (cycles 33 and 34).
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Figure 7-19: a) charge and discharge curves of a FPC of Kneading 67H of the Kneading-Series 2; b)
average Capacity of the Kneading-Series 2 FPC during formation; c) Voltage and current profile
of a FPCs of Kneading 67H of the Kneading-Series 2 with the calculated cell resistance using
simplified DCIR method

In this instance, cells Peo are operating at the highest Qqis of 126.4 + 0.8 mAh g™ while cells Pgo are
operating at 119.9 + 0.8 mAh g1, At 0.5C, the cells Qg follow the same trend as the electrode re-
sistance measurement of Figure 7-19a, although the cells’ resistivity measurements of Figure 7-19¢
indicate that the anodic electrode’s contribution is three orders of magnitude smaller than that of the
Reei, and therefore the cells resistance does not follow the same trend as the electrodes p. At higher
C-rates, e.g. 4.0C cells of cells Psy exhibit the highest average Qgis (66.3 + 1.4 mAh g1), yet the standard
deviation of the other cells, e.g. Pes (65.2 £ 11.8 mAh g™), is too high to allow for a meaningful com-
parison. In the final assessment conducted at cycles 65 and 66, cells Pg exhibited the highest average

Quis, reaching approximately 128.8+0.3 mAhg™?, while cells Ps demonstrated a value of
121.2+0.9 mAh g™
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Figure 7-20: a) C-rate test of the FPCs of Kneading-Series 2 ; b) calculated cell resistance using simplified
DCIR method

7.4. Summary and conclusion
This chapter examined the effects and consequences associated with a change in TSC and the subse-
quent alterations in energy input. In pursuit of this objective, a series of experimental studies were
conducted.

The initial series demonstrated that a slurry of the same final composition can be produced by either
manual or mechanical mixing. The resulting slurries display markedly disparate viscosity profiles. The
slurry produced by the machine exhibits a markedly lower viscosity, by a factor of several orders of
magnitude. Moreover, the kneading sequence’s TSC content was observed to influence latter slurry’s
viscosity function as well, as an increase in TSC resulted in a notably lower viscosity.

The apparent importance of TSC was further investigated by producing a series of slurries with a wide
range of final solids content. As anticipated, the successive increase in slurry-TSC resulted in elevated
slurry viscosity [14, 17]. The variation in TSC, was created by individual mixing procedures, hence the
procedure’s sequence TSC incrementally changed as well. The resulting slurries exhibited a segment
of exponential low and high shear viscosity as a function of slurry TSC. However, in contrast to slurries
that are created by dilution of a stock [157], a change in flow behavior was observed, once changed,
the exponential correlation changed as well. As the procedures specific energy input did not increase
in the same way the viscosity did, it was concluded that a different microstructure is formed as a con-
sequence of the higher TSC values in both the procedure’s sequences and the final TSC. In order to
establish a relationship between TSC and energy input, the same material composition was used in
another series of experiments.

Within this Kneading-Series 1, two procedures were investigated, one with short sequences and slow
dispersion tool speeds and one with longer sequences and faster tool speeds, representing a low and
high energy input procedure, while keeping the final composition of the slurry constant. The procedure
variation concerned the kneading sequence’s TSC and was carried out in four increments per proce-
dure. It was shown that the low energy input procedure produced slurries of higher viscosity than the
high energy input procedure. As for the changes in kneading sequence TSC, a decrease in viscosity was
observed with increasing TSC. However, the increment with the highest TSC (70 wt%) in the kneading
sequence did not follow this trend as their viscosity was elevated. It was assumed that the high TSC
created a not flowable mass, hence no adsorption related change in flow behavior was observed. The
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slurries were treated in a centrifuge and the supernatant, which theoretically consists of a negligible
proportion of solids and dissolved CMC within the continuous phase of the slurries, was compared
with a range of CMC solutions. It was found that although the default concentration is high enough to
be considered a semi-dilute polymer solution, most of the slurries’ supernatants had a CMC concen-
tration low enough to be considered a dilute polymer regime. This effect was attributed to the effect
of polymer adsorption and occurred to varying degrees. Assuming no mechanical degradation oc-
curred, it was found that as the energy input increased, so did the amount of CMC adsorption. Fur-
thermore, it was theorized that very a high sequence TSC cause the mass to become non-flowable,
resulting in an unexpected low energy input, causing less CMC adsorption, meaning the polymer re-
gime stayed semi-dilute and did not change into a dilute one. It is well established that the adsorption
of CMC on graphite-based slurries is contingent upon the ratio of polymer and graphite [91, 116, 158,
159] until a saturation limit was reached. These results suggest that the degree of adsorption is af-
fectable by the mixing procedure’s energy input.

Electrodes from the slurries with the highest and lowest viscosity, from both procedures, were used in
full pouch cells. During the formation process, the cells originating from the high energy input process
demonstrated superior coulombic efficiency in comparison to those from the low energy input proce-
dure; however, the measured capacity of the cell was found to be very similar in both cases. The ma-
jority of the cells exhibited comparable cell resistance, yet the cells from the lowest energy input pro-
cedure exhibited significantly lower resistance. The charge-specific C-rate test demonstrated that the
cells exhibited comparable performance up to a rate of 3.5C. However, increasing the C-rate resulted
in significantly less charged capacity, with the cells exhibiting the lowest cell resistance demonstrating
this behavior at 4.0C and to a lesser extent than the others. Subsequent to the C-rate variations, the
cells subjected to the lower kneading TSC procedures exhibited a higher capacity within the check-up
cycle, suggesting that the cells exposed to the higher kneading TSC procedures experienced a consid-
erable permanent capacity loss. It is therefore reasonable to predict a reduction in cycle life.

With regard to the second series of kneading sequence variations, the same blend of graphite and SiOx
as that used in the Parameter Series was employed. In contrast to the initial kneading series, an alter-
native type of CMC was employed, distinguished by a markedly higher molar weight and an identical
degree of substitution. The procedure Kneading-Series 2 was varied in four increments of TSC during
the kneading sequence. To facilitate a more comprehensive interpretation of the procedure, a low-
energy reference procedure was also employed. It is demonstrated that the combination of compo-
nents and procedure settings is highly dependent on the TSC present within the kneading sequence. A
change from approximately 60 to 69 wt% within the kneading sequence resulted in an increase of the
energy input and a reduction in the low shear viscosity of the later slurry by an order of magnitude, as
well as a change in its flow behavior. The initial linear shear thinning flow behavior underwent a trans-
formation, giving way to an initial shear thinning trend at low shear rates, followed by a brief period
of Newtonian behavior. This was succeeded by a shear thickening segment, which ultimately exhibited
shear thinning behavior at high shear rates, dominated by hydrodynamic forces.

As with the first kneading series, the intricate alteration in flow behavior was postulated to be the
consequence of extensive CMC adsorption. The supernatant from the slurry was investigated and com-
pared to two series of CMC dilutions: the original high-molecular-weight CMC (875 kDa) and a low-
molecular-weight CMC (500 kDa). It was demonstrated that as the concentration of TSC in the knead-
ing sequence increased, both the degree of adsorption and the degree of mechanical degradation in-
creased concomitantly. This was evidenced by the supernatant viscosity function, which exhibited a
profile analogous to that of the low molar weight CMC, despite the slurry’s composition being based
on a high molar weight CMC. Mechanical degradation of polymers itself is no new observation, how-
ever, this topic and its consequences is rarely discussed in literature addressing LICs. The two slurries
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that exhibited the most pronounced differences in flow behavior were selected for examination on a
pilot line scale roll-to-roll slot die coater. The stability limits of the coating process were determined
and mapped for a broad range of machine settings, resulting in a map of the upper and lower stability
limits. It was shown that, despite the significant differences in rheological behavior, both slurries were
capable of being coated. However, the common linear shear thinning slurry displayed a wide range of
stable settings, thereby allowing a corresponding freedom of process settings. In contrast, the slurry
with the complex flow behavior demonstrated a narrow band of process settings that led to a stable
coating. It was hypothesized that higher line speeds might not be feasible due to the slurry’s complex
flow behavior. Despite the fact that both slurries were coated without any defects, the visco-capillary
model [129] was only able to predict the behavior of the linear shear thinning slurry, validating that
the model does not cover every application case within electrode coatings [126]. The tailoring of slurry
viscosities by changing the procedure parameters like the kneading sequence’s TSC could serve as a
potent method to lower low shear viscosities to a moderate extent, thereby mitigating coating defects
believed to be induced by elevated viscosities [126, 160].

The subsequent electrodes demonstrated no damage at the level of the active material particles. It
was demonstrated that the deagglomeration of the carbon black conductive additive increased in ac-
cordance with the increase in kneading sequences TSC, which corresponded to the energy input of the
procedure. This incremental change in dispersion was also reflected in the electronic conductivity of
the dry electrodes. The peel strength of the electrodes was found to be comparable for three out of
the four variations. However, the procedure with the highest energy input resulted in electrodes that
exhibited significantly reduced peel strength. This finding was attributed to the SBR dispersion se-
quence employed during the mixing procedure, which involved a substantially higher energy input
compared to the other procedures. It was proposed that this phenomenon may be attributed to the
agglomeration of SBR particles as they flocculated in their emulsified form as a consequence of the
high shear forces. The formation of the full pouch cells in the series demonstrated minimal variation.
The trend observed in the dry electrode resistance did not manifest at the cell level. The C-rate test
demonstrated that the discharge rate is solely influenced by the paired anode at exceedingly high C-
rates. The charge segment demonstrated differences. At low charge rates, an improve of the rate ca-
pability correlated with an increase of procedure energy input. However, at high C-rates, this trend
could not be observed any more. In contrast to the cell formation, the C-rate tests final check-up cycle
showed a trend whereby the higher the mixing procedure’s energy input, the higher the discharge
capacity.

The cell performance of the two kneading-series evidently demonstrates that there is no simple for-
mula for designing a mixing procedure, and that fine-tuning is invariably a reciprocal process. On the
one hand, the all-graphite electrode, originating from the low energy input procedure, exhibited supe-
rior C rate capabilities; on the other hand, the silicon-containing electrodes, originating from the high
energy input procedures, also demonstrated beneficial capabilities. This finding underlines the exist-
ence of an optimal degree of conductive additive dispersity [75, 123]. Conversely, graphite-containing
anodes typically exhibit excellent conductivity, and there have been instances that demonstrate an
extensive mixing procedure might be harmful to tortuosity [124]. However, the majority of publica-
tions address cathodic mixing procedures (see Table 2-1), which use a less conductive active material
and a different binder (PVDF), which typically does not adsorb on the particle surfaces [83]. This chap-
ter therefore provides valuable insights into the design considerations of the compositional ratios
within a mixing process dedicated to the production of anodic graphite-based electrode slurries. It
highlights the rheological consequences of these and the impact on the electrode and subsequent cell.
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8.1. Summary
In this work, the topic of producing lithium-ion electrode suspensions was investigated in a number of
experimental series. To gain a broad understanding of the topic, different material compositions were
investigated, utilizing compositions of both cathodic LFP and anodic graphite and SiOx. The materials
and machines utilized were chosen in accordance with current trends and applicational relevancy. It
has been shown that the electrode suspensions, known as slurries, exhibit complex flow behavior as a
result of a number of circumstances.

From a compositional standpoint, it was shown that the flow behavior is a superposition of viscous
influences, originating from the solvent, the dissolved polymer, the sur-micrometer and the sub-mi-
crometer particle fractions. However, the flow behavior of a slurry is not solely contingent on the in-
trinsic properties of its constituent materials, but also on the manner in which they have been pro-
cessed and the subsequent microstructure that emerges. The cathodic experiments conducted in this
work revealed that conductive additives, specifically particulate carbon black and single-walled carbon
nanotubes, demonstrated a notable enhanced colloidal impact on flow behavior compared to the in-
vestigated LFP active material. This notable difference significantly influenced the slurry’s flow behav-
ior. On the anodic side, the interaction between the binder and the composition’s components was of
particular interest due to the considerable interaction between them. It was evidenced that carbox-
ymethyl cellulose interacts with the components by adsorption, which not only reduces the viscosity
of the slurry, but also alters its flow behavior. In extreme cases, this behavior changed from monoto-
nous shear thinning to a multi-segment viscosity function that displayed shear thinning, plateau and
shear thickening behavior throughout the spectrum of investigated shear rates. This behavior was at-
tributed to the steric isolation of the particles by the adsorption of carboxymethyl cellulose, which
either neutralized the Van der Waals forces that are always present or promoted a slightly repulsive
particle-particle interaction. It was hypothesized that this would facilitate the formation of hydrody-
namic clusters, which are associated with the shear thickening behavior. The investigation revealed,
that the degree of adsorption is primarily influenced by the energy input associated with the mixing
procedure. This was regulated by adjusting the total solids content of dedicated procedure sequences.
This design consideration has been demonstrated to exert control over the degree of adsorption, to
the extent that it even changed the polymer regime of the suspension’s continuous phase from semi-
dilute to dilute.

Further experiments have shown that rheological changes can be achieved by modifying the proce-
dure’s machine parameter, the dispersion tool’s speed and the sequence duration. However, this was
largely contingent on the sequence in which they were varied. E.g. a modification of machine param-
eters within a dry mixing sequence did not result in a notable impact on the flow behavior of the sub-
sequent slurry when conducted on anodic compositions. The same results were observed for a se-
guence that disperses carbon black in a dissolved binder. Nevertheless, within the kneading sequence,
alterations to the tool speed and, most notably, the sequence duration resulted in a change in slurry
viscosity. This was due to the fact that these modifications led to a markedly higher energy input com-
pared to the other parameter variations. This behavior was examined in two anodic compositions with
distinct active materials and carboxymethyl celluloses and was associated with adsorption behavior
and mechanical degradation of the carboxymethyl cellulose. At the micro structural level, variations in
pore size distribution and in carbon black deagglomeration were observed. In terms of cell resistance
and C-rate capabilities, discrete differences were observed, however, within the investigated anodic
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compositions the differences were rather small, underlining that the choice of machine-parameters
should not be the highest priority, but the choice of sequencing, as will be explained later.

The complexity of the anodic slurries’ flow behavior potentially presents a challenge when coating the
slurries. On a larger scale, the processability of slurries exhibiting both typical and complex flow be-
havior was demonstrated on a roll-to-roll slot die setup. However, this was contingent upon the reqg-
uisite adjustment of machine parameters. The mapping of settings that resulted in a set of stable coat-
ing windows indicated that it is possible to predict stable processing conditions of typical monotonous
shear thinning slurries by using Ruschak’s Visco-capillary model, despite its initial design for Newtonian
liquids. Nevertheless, the results also suggested that there may be a limit in terms of line speed to the
processability of slurries with complex flow behaviors, despite the ability to coat them in this experi-
ment.

The cathodic LFP compositions also exhibited alterations in their flow behavior as a consequence of
variations in the mixing procedures employed. The dispersion of carbon black as an initial sequence,
followed by the active material and finished with a carbon nanotube dispersion, exhibited the highest
viscosity values, indicating that attractive interactions are stronger than in other procedure variations.
The subsequent electrode coatings exhibited markedly reduced mechanical resistance. Subsequently,
microstructural changes were put forth as a potential explanation for this behavior. It was hypothe-
sized that the weak mechanical strength is the result of a less pronounced dispersion of the conductive
additives, which creates disruptions to the binder’s network and thereby reduces the mechanical
strength of the electrode. The pre-dispersion of both conductive additives prior to the active material
resulted in a higher degree of dispersity and in the formation of web-like carbonous structures on the
surface of the active particles. These electrodes display robust mechanical strength. The third proce-
dure variation employed a dry mixing sequence comprising carbon black, the active material and a dry
binder. This resulted in a slurry with markedly reduced viscosity compared to other procedures of the
same composition, yet the peel strength was found to be comparable to that of the aforementioned
procedure. The EDX-mapping results revealed that the electrode exhibited the highest degree of car-
bon dispersity across its entire surface. In accordance with the rheological data, it was postulated that
this phenomenon is due to a sequence-induced carbon black coating onto the LFP particles. The ab-
sence of voluminous carbon black in the continuous phase resulted in lower viscosity values. Further-
more, the utilization of a dry mixing sequence resulted in the lowest specific energy input of the pro-
cedures.

Cell specimens derived from the aforementioned variations in the LFP mixing procedures were sub-
jected to electrochemical testing. In the formation process, minor discrepancies in the initial cycle ef-
ficiency were discernible. However, more pronounced variations were evident in the C-rate capability
tests. The procedure variations of the conductive additive sequences and the dry mixing sequence
exhibited markedly inferior C-rate capability compared to the procedure that initially dispersed carbon
black and added the carbon nanotubes in the final sequence. In addition, it was demonstrated that
cells originating from the procedure variations were measured with a cyclability of roughly 1,000 cy-
cles, whereas the procedure that first dispersed carbon black and lastly mixed in carbon nanotubes
was calculated to reach the same capacity retention at approximately 2,000 cycles.

8.2. Outlook
In this study, a variety of experimental series comprising diverse compositions were employed to gain
a comprehensive understanding of the correlation between the mixing procedure and the subsequent
products, namely the slurry, the electrode, and the cell. Given the considerable time investment
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required for a single-factor analysis, there are numerous additional effects that warrant further inves-
tigation.

One of the current trends in the industry is the reduction of energy consumption throughout the pro-
duction chain. One significant opportunity for improvement is the utilization of dry mixing sequences
prior to a wet procedure. This work demonstrated that the energy consumption of the mixing proce-
dure can be reduced, which provides a promising indication for further investigations. This was
achieved using an industrially scalable mixer that is capable of providing the necessary shear force for
this sequence in both wet and dry conditions. However, the scope for variation was limited, encom-
passing not only the machine parameters but also the compositions under investigation. Furthermore,
it is well established that the utilization of a vacuum atmosphere within a dry mixing procedure mark-
edly increases the particle-particle collision rate, thereby enhancing the effectiveness. Future studies
should address these considerations when designing studies on this topic.

Given that the objective of this investigation was to establish a baseline and to gain insight into this
topic, the variation in sequencing was largely limited to a relatively straightforward design of mixing
procedure sequences, comprising primarily four sequences. This work revealed correlations between
the anodic and cathodic compositions that have yet to be fully investigated. The high-energy input
procedure resulted in the formation of anodes with markedly inferior peel strength. It is established
practice to treat the SBR binder with care when mixing, yet there are white sport in literature in form
of a comprehensive explanation for this behavior. With regard to the cathode, four of the five investi-
gated mixing procedures exhibited remarkable mechanical strength, although the cell performance
was deemed to be inferior to that of the procedure’s cells with the weaker mechanical strength. The
combination of design considerations, for example the mixing of half of the conductive additives prior
to finalization, could result in hybrid-like electrodes that exhibit both features. Also, it is unclear
whether a similar behavior will be observed when utilizing different active materials, such as NMC or
LMNO.

The variation of total solids content in this study was primarily focused on the limits of specific mixing
procedure sequences. Nevertheless, the total solids content of the slurry may prove useful when con-
fronted with unforeseen challenges. For instance, it is anticipated that the total solids content of the
LFP slurries under investigation is sufficiently low to potentially cause issues such as drying-induced
cracking of the coating on an industrial scale line speed. This may be mitigated by increasing the total
solids content of the slurry, although this may have implications for the microstructure and the subse-
qguent cell characteristics.

A significant corpus of research has been devoted to the dispersion of particular carbon blacks. In con-
trast, there is a paucity of literature addressing the dispersion of carbon nanotubes within a slurry. In
this instance, a pre-dispersed product was employed. Nevertheless, the dispersion of dry carbon nano-
tubes offers tremendous economic benefits, while also presenting a number of challenging academic
questions. It would be beneficial to examine the impact of utilizing dry mixing sequences that employ
not only carbon nanotubes but also carbon nanofibers and graphene.

With regard to the subject of binders and mixing, numerous publications address the utilization of
innovative polymers in lithium-ion cells. Nevertheless, there is a notable absence of dedicated research
investigating the intricate nature of these molecules throughout the product-chain. The binder is sub-
jected to intensive shear (mixing), then heat (drying), then deformation (calendering) and finally the
potential difference within a potentiostatic cycling. It is evident that these subjects are addressed, al-
beit often in isolation and rarely in the context of technically relevant formulations and equipment.
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The results and observations presented in this work may prove to be a useful collection of design con-
siderations when designing electrodes out of novel materials.
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