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Kurzfassung

Lithium-Ionen Batterien sind aus mobilen Anwendungen nicht mehr wegzu-
denken. Als elektrochemische Energiespeicher werden sie jedoch hauptsich-
lich in Bezug auf ihre elektrochemischen Eigenschaften optimiert, wihrend das
thermische Verhalten meistens aufer Acht gelassen wird.

In den vergangenen Jahren hat sich jedoch gezeigt, dass die thermischen Gradien-
ten in Batteriezellen einen wesentlichen Einfluss auf deren Leistungsfihigkeit und
Alterungsverhalten haben. Das zunehmende Interesse am thermischen Verhalten
zeigt sich auch in der steigenden Anzahl an Publikationen, die den Wéarmetransport
in Batterien in ihren Simulationen und Experimenten betrachten. In zahlreichen
Studien wurden die thermischen Transporteigenschaften von Anoden, Kathoden
und Separatoren untersucht, die aus kommerziellen Zellen entnommen wurden.
Fiir eine Optimierung des thermischen Verhaltens der Batteriezellen ist es je-
doch erforderlich, den Einfluss der Prozessschritte der Elektrodenproduktion zu
verstehen, da diese sowohl die Mikrostruktur als auch die thermischen Trans-
porteigenschaften der einzelnen Elektroden beeinflussen konnen. Bisher ist keine
Studie bekannt, die sich in ausreichendem Umfang mit diesem Thema beschéftigt.

Die Elektrodenproduktion beginnt mit dem Trockenmischen der einzelnen Kom-
ponenten. Fiir den slurry-basierten Prozess, werden diese anschlieend in einem
Losungsmittel dispergiert und das erzeugte Slurry wird auf eine Ableiterfolie
beschichtet. Nach dem Trocknen der Beschichtung werden die Elektroden im
Prozess des Kalandrierens auf ihre finale Dicke und Porositét komprimiert. Ein al-
ternativer Prozessweg der Elektrodenproduktion besteht im Trockenprozessieren.
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Dabei wird die trockene Pulvermischung zwischen zwei erhitzten Walzen kom-
primiert und dadurch direkt und ohne den Gebrauch von Losungsmittel auf die
Ableiterfolie beschichtet.

Mit Ausnahme des Trockenmischens werden alle genannten Produktionsschritte in
der vorliegenden Arbeit behandelt und beziiglich ihres Einflusses auf die thermis-
chen Transporteigenschaften der Elektrodenbeschichtungen untersucht. Zudem
werden verschiedene Arten und Partikelgrolen des Aktivmaterials verglichen.
Die Ergebnisse zeigen keinen wesentlichen Einfluss der Produktionsparameter
beim Mischen und Trocknen auf. Eine erhohte Beschichtungsdicke weist eine
Tendenz zu einer geringeren Warmeleitfihigkeit auf, was mit der stirkeren Bin-
dermigration erkldrt werden kann. Der stirkste Einfluss auf die thermischen
Transportparameter zeigt sich beim Kalandrieren. Ein hoherer Kalandriergrad
fiihrt zu einer hoheren Wirmeleitfahigkeit der Beschichtung. Ein positiver Ein-
fluss auf die Wirmeleitfahigkeit kann auch fiir eine zunehmende Grofie der Ak-
tivmaterialpartikel beobachtet werden.

Dariiber hinaus wird in der Arbeit ein Vergleich der Laser-Flash-Analyse (LFA)
und der Zwei-Platten-Methode (engl. Guarded Hot Plate Method, GHP) durchge-
fiihrt, welche die am hiufigsten verwendeten Verfahren zur Messung der Wirmeleit-
fahigkeit von Batterieelektroden sind. Die Ergebnisse zeigen erhebliche Unter-
schiede in der Wirmeleitfahigkeit, die zudem mit dem Kalandriergrad variieren.
Die LFA weist allgemein hohere gemessene Wirmeleitfiahigkeiten auf als die
GHP Methode. Eine detaillierte Analyse moglicher Fehlerquellen beider Meth-
oden liefert Empfehlungen fiir ihre Anwendbarkeit und gibt Hinweise auf die
wahren Werte der Warmeleitfahigkeit.

Als erste umfassende Studie zu diesem Thema, bildet die vorliegende Arbeit die
Grundlage fiir die angemessene Beriicksichtigung des thermischen Verhaltens bei
der ganzheitlichen Auslegung von Batterieelektroden.
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Abstract

Lithium-ion batteries have become indispensable for mobile applications. As
electrochemical storage devices, they are primarily designed with regard to their
electrochemical properties, while the thermal behavior is usually of secondary
interest.

However, it was shown in recent years that the thermal gradients in batteries
have a significant influence on their performance and aging. Consequently, an
increasing number of research groups consider the thermal transport in their
model and experiments. There are now numerous studies that investigated the
thermal transport properties of the different battery components extracted from
commercially produced cells, including both anodes and cathodes as well as
separators. For an optimization of the thermal transport behavior of the batteries,
it is crucial to understand the impact of the process steps of electrode production
as these define the microstructure and thermal transport properties of the single
electrodes. Hitherto, there is now study known to the author that covers this topic
in an adequate manner.

The electrode production process starts with the dry mixing of the components.
For the slurry-based processing route, these are then dispersed in a solvent and
the obtained slurry is coated onto a current collector foil. After the subsequent
drying of the coating, the electrodes are compressed to their final thickness and
porosity in the so-called calendering step. An alternative processing route is the
dry manufacturing, where the dry mixture is coated onto the current collector by
compression between two heated rolls without the use of any solvent.

With the exception of the dry mixing, all the mentioned production steps are
investigated in the present work with respect to their impact on the thermal
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transport properties of the electrode coatings. Moreover, different active material
types and particle sizes are compared. The results show no significant impact
of the production parameters varied during mixing and drying. An increased
coating thickness shows a tendency towards lower thermal conductivity values,
potentially caused by binder migration. The most pronounced influence is found
for the calendering step. A higher degree of calendering results in a higher thermal
conductivity of the coating. A positive influence on the thermal conductivity can
also be seen for an increased size of the active material particles.

Furthermore, a comparison of the laser flash analysis (LFA) and the guarded hot
plate method (GHP) as most common measuring methods for the thermal trans-
port properties of battery electrodes is conducted. The results show significant
differences that vary in their extent for the differently calendered electrodes. Gen-
erally, the LFA leads to higher measured thermal conductivity values than the
GHP method. An in-depth analysis of potential error sources for both methods
provides recommendations for their applicability and gives insight on the true
values of the thermal conductivity.

Being the first of its kind, this study forms the basis for the consideration of the
thermal behavior during the holistic design of battery electrodes.

iv
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1 Introduction

Lithium-ion batteries (LIBs) have become an integral part of mobility. However,
as electrical energy storage devices they are still primarily designed with regard
to their electrochemical properties, while the thermal behavior is usually of sec-
ondary interest. This approach is already reflected in the production and analysis
of the intermediate products. Even the differently coated, dried and calendered
samples are currently only examined and optimized with regard to their electrical
and mechanical parameters.

However, in recent years it has been shown that the thermal transport parameters
and the resulting temperature gradients in batteries have a significant influence
on the performance and aging of batteries [1-9]. In this context, electrothermal
models have been developed to reproduce the thermal transport and electrochemi-
cal performance of the batteries [10—12]. Usually homogenized thermal transport
properties are used in these models. Consequently, an increasing number of
studies provide corresponding data by measuring the specific heat capacity and
thermal conductivity directly on cell level [13-23]. For an optimization, however,
the knowledge of the limiting factor for the thermal transport is crucial. Espe-
cially perpendicular to the stacked electrode layers, the component with the lowest
thermal conductivity constitutes a significant bottleneck for the thermal transport.
It is therefore important to understand the influence of the production processes
on the thermal transport parameters in order to better predict and optimize the
thermal behavior of electrodes and battery cells.

This does not only include the production itself but also involves the choice of
the used formulation like the choice in active material and binder, the content
of binder and conductive additive as well as the particle size distribution of
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the material. When these configurations are defined, the production starts with
the dry mixing of the components, which — for wet-processed electrodes — is
followed by the dispersion of the dry mixture in a solvent and the formation of a
slurry. This slurry is then applied to a metallic current collector foil during the
coating process. The subsequent drying step leads to the build-up of the porous
microstructure of the electrodes. In a last step, the so-called calendering, the
electrodes are compressed between two heated rolls to reduce the thickness and
porosity. [24]

A novel approach for electrode production is the dry manufacturing of electrodes
[25]. This way, the process chain is shortened and it only takes one or two steps
of calendering from the dry mixture to the final electrode.

The electrodes can then be cut, stacked between separator layers and eventually
enclosed in the cell housing. The filling with electrolyte and formation of the
cells — an initial charging and discharging with very low currents — leads to the
activation of the battery cells.

Hitherto, there is no study known that covers the impact of the whole electrode
production sequence on the thermal material properties and the interconnection of
the single steps in this context. Previous studies have focused on the investigation
of the thermal transport properties of electrodes extracted from commercial cells.
The studies used either the laser flash analysis (LFA) [26-37] or guarded hot
plate method (GHP) [38-44] for the determination of the thermal conductivity,
making them the two most common measuring methods in this context. However,
the results in the literature largely differ for the two methods, giving rise to the
question, which method’s results are closer to the true value.

Aim of this thesis

Against this background, the present work aims to shed light on the impact of
the different electrode production steps on the thermal transport properties of
the interim and final products. Moreover, the two most common measurement
methods for the thermal conductivity — the laser flash analysis and the guarded
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hot plate method — are applied to the differently calendered samples to narrow
down the range of the real value. The primary research questions therefore are:

How do the different production parameters influence the thermal transport in
battery electrodes?

Do production steps aimed at achieving optimal capacity and electrical transport
properties also lead to optimal thermal transport properties?

What are important effects to be considered when determining the thermal
transport properties using LFA and GHP?

The key measure herein is the effective thermal conductivity of the porous coat-
ings, which is investigated for different electrodes directly after drying or at varied
degrees of calendering.

In a first step, a thorough analysis of the state of the art is conducted to provide
a solid basis for the interpretation and discussion of the results obtained later
on. This includes a breakdown of the measuring methods most commonly used
for the determination of the thermal transport properties and an overview on the
thermal conductivity values obtained for battery electrodes available in the liter-
ature. Moreover, observations of the microstructural, mechanical and electrical
effects made in former studies are discussed to examine to what extent they are
transferable to the thermal behavior observed in the present study.

Secondly, an experimental matrix with a large parameter variation for the pro-
duced electrodes is determined. This way, potential influences of the wet mixing,
coating, drying, calendering and dry manufacturing steps are investigated for
several different active materials.

Lastly, the results of the measured thermal conductivity are discussed in consider-
ation of the known literature. The main focus herein is on the calendering process,
which is investigated in most detail and accounts for the majority of this work.
While the impact of the other production steps and influencing factors are only
measured with the LFA, the varyingly strong calendered electrodes are measured
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with both, the LFA and GHP. This allows a comparison of the two methods
with equal electrodes. The challenges and the applicability of both methods are
discussed.

Moreover, the thermal conductivity values measured with the LFA are used for
the comparison with the analytical model developed by Oehler in a previous
work [34]. The model is used for the theoretical calculation of the effective thermal
conductivity of electrode coatings. It considers the influence of the applied active
material, composition and porosity of the electrodes. Thus, the newly obtained
experimental results provide an interesting data set for the comparison with the
model.



2 State of the Art

There are various review articles and books that describe the basics of lithium- and
sodium-ion batteries in great detail. These include the design and operating prin-
ciples [45, 46] as well as comprehensive summaries of the production processes
currently used and anticipated to be implemented in the future [24, 25, 46—48].

As a consequence, this section does not seek to reproduce the fundamentals.
Instead, the focus lies on the analysis methods used to evaluate the intermediate
products of the whole electrode production chain and thus the influence of the
single production steps on the behavior of the final electrodes and cells. Therefore,
the microstructural, mechanical, electrical and thermal effects are considered.

With a general understanding of the analysis methods, the quantified influences
of the production processes are then discussed in the second part.

2.1 Electrode Analysis

To understand the impact of different production settings, a general knowledge of
the applied analysis methods is needed. These include methods for the determina-
tion of the thermal material properties as well as the microstructural, mechanical
and electrical properties. The latter give further insight into the changes obtained
by the processes and allow for a meaningful comparison with the newly obtained
thermal transport properties. For the thermal properties themselves of the differ-
ent intermediate products or samples with similarly set properties only few studies
exist so far [26, 49].
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2.1.1 Microstructural Investigations

The microstructure presents a very broad field of properties. It can stand for
the most basic descriptions of the morphology like porosity and tortuosity or
can go far into detail describing locally varying compositions and particle and
pore size distributions. In the context of battery electrodes, great emphasis is
for example also put on the distribution of the binder and the particle size and
de-agglomeration of conductive additives. The pore structure is of importance for
the electrochemical performance of the cells built from these electrodes. Often
mechanical and electrical investigations are actually used to obtain underlying
information on the microstructure and distribution of the single components,
which makes the explicit division into the different categories difficult.

The porosity ¢ as one of the most important characteristics describes the void
fraction within the electrodes and is defined according to Equation (2.1) with the
absolute volume of all pores Vp and the total volume of the electrode coating V,,
including both particles and pores. The values assigned to ¢ are in the range of 0
to 1.

o= @1

As the porosity only poses an overall mean value and gives no information about
the distribution of the pores, there are additional variables describing the local
microstructure. The tortuosity 7 describes the ratio of the effective path lengths
through the pores Lpeg to the shortest, ideal path length Lpjgea as given in
Equation (2.2). AS Lpefr > Lpigea is valid here, the tortuosity obtains values of
T>1.

Ly

T = 2.2)

Lp;deal

Owing to the scarcity of empirical methods for the direct determination of the
tortuosity, it is often calculated from the known porosity. Most common for this
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is the Bruggemann correlation as given in Equation (2.3) [50]. However, more
complex equations were developed in recent years [50] to describe the tortuosity
more accurately.

1

= 23
=8 2.3)

The tortuosity is especially relevant in the context of solvent evaporation during
drying and the lithium-ion diffusion during the operation of the batteries. In both
cases, a low tortuosity is advantageous.

Another interesting variable for the analysis of the electrodes is the knowledge of
the particle size distribution. It provides qualitative information on the number
and size of particle-particle contacts in the conduction pathways. Furthermore,
it is closely related to the pore size distribution, which defines the pathways for
ionic conduction.

In the following, several methods for the characterization of the microstructure
and an assessment of the above mentioned properties are described.

Laser Diffraction Analysis

Two methods for the measurement of particle size distributions are considered
in this work. The first one is the laser diffraction method also known as angular
scattering. Here, the particle mixture is dispersed in a liquid, usually water. A
laser beam is expanded and passed through the suspension. The particles within
the sample diffract the light with a certain angle which depends on the size of the
particles. The smaller the particles are, the larger is the diffraction angle. On the
backside of the sample suspension, the diffracted light is focused onto a detector.
This way, the main beam of the light is focused on a point in the center of the
receiver, while the scattered light creates a diffraction pattern in the form of an
angular variation in the light intensity. This pattern only depends on the particle
size distribution and is not influenced by the particle movement. [51]
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The calculation of the size of the particles responsible for the scattering intensity
pattern can either be conducted according to the Fraunhofer diffraction theory or
the Lorenz-Mie scattering theory. The former is only valid for particles that are
significantly larger than the wavelength of the light source (d > 10\). As this is
typically between 400 nm and 700 nm, for battery electrodes including the active
material with a particle size of 1 pm to 20 pm and additives with common particle
sizes below 1 jim, the Lorenz-Mie theory is preferred. [52]

Light Extinction Method

The second method for the measurement of particle size distributions discussed
in this work is the light extinction method, sometimes also named total light
scattering. The method follows a similar set-up as the laser diffraction with a
beam of monochromatic light pointed at a particle suspension. The intensity of
the transmitted light diminishes along the thickness of the sample according to
Beer’s law. The evaluation also follows the Lorenz-Mie theory. [53]

However, for multi-material systems as present for electrode slurries, the results
have to be considered carefully as the different materials have different extinction
coefficients [54].

With both of these methods for the measurement of the particle size distribution,
diluted electrode slurries can be investigated. This gives an insight into the impact
of the mixing process and thereby the de-agglomeration of carbon black secondary
particles or the fragmentation of active material particles.

Mercury Intrusion

The mercury intrusion provides a rough estimate of the electrode’s porosity and
tortuosity. Moreover, it gives information on the pore size distribution, either
incremental or cumulative, the absolute and specific pore volume and the inner
coating surface [50].



2.1 Electrode Analysis

The measuring device consists of a penetrometer made of glass wherein a specific
pressure can be set. For the measurement, the electrodes with current collector
are cut into small pieces to fit into the sample container. The penetrometer is first
evacuated and then filled with mercury with increasing pressure.

The theory behind the mercury intrusion was first noted by Washburn in 1921
[55] as a method for determining the pore size distribution in porous materials.
Due to its non-wetting properties (contact angle § > 90°) the mercury has to be
forced into the pores with a pressure p [50]. The required pressure difference is
directly correlated to the radius 7p or diameter dp of the intruded pores according
to the Washburn equation given in Equation (2.4) [55]. Thus, the smaller the pore
size, the higher the pressure needed to intrude them.
2~ -cos(6) 4-~-cos(f)

Ap = = 2.4
P - 0 24)

A constant surface tension of v = 0.485 N-m ™~ of the intruded mercury [50] and
a contact angle of # = 140 ° independent of the surface composition are assumed
for the evaluation [50, 56]. By slowly increasing the pressure and measuring the
volume filled in each pressure range, the size of the pores and their ratio can be
detected, providing a pore size distribution.

Result of the mercury intrusion is the filled volume as a function of the applied
pressure from which the pore size distribution can be derived. The pore size
distribution may be presented either in an incremental way, featuring a maximum
at the predominant pore size, or in a cumulative way from O to the total pore
volume.

A more common approach is to plot the derivative —dV/d(dp) versus the pore
diameter dp as shown in Figure 2.1 (a). In this, the pore diameter is plotted on
a logarithmic scale and the volume is usually normalized to the sample weight
and thus given in cm3-g~! to make the results comparable [50]. This depiction
shows at least one peak (monomodal distribution), though it may also have two
(bimodal) or more peaks for battery materials. In this, the peak at higher pore
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diameters refers to the pores between the comparably large active material (AM)
particles, while the peak at smaller pore diameters is predominantly caused by the
pores in the binder phase.

The second option is to plot the pore volume distribution sum [50], which is also
plotted versus the logarithmic pore diameter as shown in Figure 2.1 (b). The
cumulative sum runs from O to the maximum value. Depending on the form
of depiction this maximum can either be the absolute pore volume in cm?, the
specific pore volume in cm?-g~! or simply 1 for the normalized case.
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Figure 2.1: Examples for (a) an incremental and (b) a cumulative pore size distribution for graphite
electrodes at different compression rates (adjusted from Froboese et al. [50], Copyright
2017, Elsevier, reproduced under the license number 6135241071637).

The sum of all pores allows the calculation of the porosity in accordance with
Equation (2.1). For the mercury intrusion the equation can be modified to Equa-
tion (2.5) with the used volume of mercury Vi, the total volume of the electrode
stack Viack consisting of coating and current collector and the current collector
volume V..
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2.1 Electrode Analysis

A general constraint of the mercury intrusion is that closed pores are not accessible
for the mercury and, thus, are not included in the recorded pores. Therefore, the
volume of the closed pores is missing for the calculation of the porosity.

Furthermore, when measuring battery electrodes, the mercury can react with the
aluminum or copper of the current collectors to amalgam [50]. This results in a
volume generation which distorts the measurement results. For aluminum this is
said to be especially important in the higher pressure range above 375 kPa [57]
which corresponds to pores < 4.0 pm.

Another concern is the choice of the maximum pore size for the evaluation of the
porosity. Choosing a value too high might include the volume between the sample
pieces [50]. However, too low values might lead to the neglection of a part of
the pore volume. Froboese et al. [S0] recommend an upper limit of 7 pm and a
lower limit of 10 nm for graphite-based battery electrodes. The choice of those
boundaries leads to a significant uncertainty in the porosity determined from the
mercury intrusion measurements. That is why the method is mostly used for
the determination of pore size distributions, but not necessarily for the absolute
porosity.

Instead or additionally, a gravimetrical determination of the porosity is reasonable.
When the densities of the current collector and the mixed solid components of
the AM coating as well as their layer thicknesses are known, the porosity can be
calculated for a sample with defined area. For a circular sample of a single-sided
coated electrode with a diameter d the calculation follows Equation (2.6).

Mestack Scc

p= 1o | e 2 ) 2.6)
d)g (ﬂ-_ii? . SCO) p Sco p‘,

Herein, myg,ck 1s the mass of the two-layer sample, s, and s.. are the thicknesses
of the AM coating and the current collector, respectively, and p; ¢, and p.. are the
mean density of the solid mixture of the coating and the density of the current
collector. The solid density of the coating is often measured with gas pycnometry.
It is possible that part of the pores are not accessible for the gas and thus the mass

11



2 State of the Art

is referred to a too large volume resulting in a slightly lower density value than in
reality.

The most important error source of the gravimetrical determination of the porosity
is the measurement of the sample thickness. Due to the generally small thickness
of the electrodes in the range of tens to hundreds of micrometers, the relative error
is highly significant here and directly impacts the uncertainty of the porosity. The
uncertainty also increases with increasing degree of calendering as the thickness
of the electrodes is reduced leading to a higher relative uncertainty with the same
absolute error of the measurement.

Scanning Electron Microscopy

The scanning electron microscopy (SEM) is used as imaging technique to get
a qualitative impression of the electrode structure. For this, a focused electron
beam scans the surface to be investigated in a raster pattern. The sample within
the device is under vacuum to prevent interactions between the electrons and gas
atoms and molecules. Depending on the interaction with the examined material
different signals are obtained. Either the electron beam shoots an electron out of
the valence bands of the atoms at the top surface of the sample. These electrons
ejected from the upper 1 nm of the surface are called secondary electrons. They
have a much lower kinetic energy compared to the beam electrons and thereby
those areas appear darker in the final image. The ejections of electrons and, thus,
the darker color in the SEM image is a sign for lower density materials. The second
form of interaction of the electron beam with the material surface are electrons
that stem from the original beam and are only reflected at the surface. These are
called backscattered electrons. The higher the density of the material that is shot
by the electron beam, the higher is the proportion of reflected electrons and the
brighter the material appears in the final image. Moreover, edges appear brighter
than smooth surfaces. SEM allows the high resolution imaging of samples in the
nm to pm range. However, it requires the material to be electrically conductive,
which is the case for battery electrodes. Otherwise this could be obtained by
sputtering the material with a thin conductive coating. [58]
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For electrodes, usually either the surface is examined with SEM or a cross section
is created by ion-etching with argon. The surface investigation gives insight
into potential depositions caused by the cycling and aging of the batteries or the
formation of cracks [59]. The cross-section views for example provide information
on particle cracks and particles that are pressed into the current collector [60].
Moreover, they give a qualitative impression of the binder distribution within the
electrodes [61].

Energy Dispersive X-ray Spectroscopy

In combination with the SEM, the energy dispersive x-ray spectroscopy (EDX)
— sometimes termed EDS is the literature — can be used to obtain insights into
the elements present in the sample and their concentration. For this, electron
beams with a very high voltage of several kV are shot onto the sample. This
way, electrons from further inside of the sample are ejected. The evaluation
of the received intensity vs. energy spectra of the electron beams with their
element specific peaks provides information of the present elements and their
concentration. The energy of the electron depends on the shell of the atom it was
removed from. [58, 62]

In the context of the electrode production, EDX is often used to investigate
the distribution of the polyvinylidene fluoride binder by measuring the fluorine
concentration [63, 64].

Laser-induced Breakdown Spectroscopy

An alternative to EDX is the laser-induced breakdown spectroscopy (LIBS). It
exhibits a direct method for the determination of the element distribution within
electrodes. Here, a laser is shot onto the electrode surface and a thin layer of
material is transformed into a plasma. The plasma is analyzed regarding its
composition and delivers information of the binder concentration in that area.
Applying more and more shots on the exact same spot of the electrode, they cut
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deeper and deeper into the material. This way, the concentration at different
thickness coordinates can be analyzed, delivering an impression of the binder
distribution along the thickness of the electrode. [64]

Profilometer

Measurements with an optical or stylus profilometer are used to estimate the sur-
face roughness and differences in height of electrodes. They provide a meaningful
addition to the SEM images of the electrode surface. The optical profilometer uses
the interference patterns of light to scan the electrode surface without physically
touching it. In the stylus profilometer, a stylus with a tip radius usually in the
range of 100 nm to 20 pm scans the sample surface. A slight weight of a few mg
is applied to the stylus. While it is moved along the surface with a constant speed
in horizontal direction, the vertical deflection of the stylus is recorded. [65]

2.1.2 Mechanical Investigations

Investigations of the microstructure and mechanical properties are often closely
connected. This section focuses on the stability of the electrode layer and structure
analyses that are obtained by mechanical measurements such as adhesion strength
measurements and deformation energy measurements.

Adhesion Strength Measurements

The adhesion strength is considered an important parameter for the early pre-
diction of the quality and lifetime of the battery cells built from the considered
electrodes. A higher adhesion strength between the electrode coating and the
current collector indicates a better long time performance of the batteries. [66]

Moreover, the adhesion strength is used as a measure for the amount of binder at
the coating-current collector interface and the consequential binder distribution.

14



2.1 Electrode Analysis

The testing methods for the adhesion strength can be divided into pull-off tests
and peel tests. As the former refers to the areal removal of the electrode coating
while the latter means the one-dimensional removal with a line load, a quantitative
comparison between the two methods is not possible. However, it can be assumed
that the same qualitative effects are found with both methods. Both tests are
conducted with single-sided coated electrodes.

The pull-off test was introduced for the use on battery electrodes by Haselrieder
et al. [66]. In this, a rectangular or circular sample with a defined area is fixed to
both base plates of a uni-axial material testing machine with double-sided adhesive
tape. The electrode is compressed in a defined manner to create a reproducible
bond towards the adhesive. Haselrieder et al. [66] recommend a pressure of
0.6 N-mm~2, a time of 7 s for the pressure build-up and a hold time of 30 s. The
pressure used is substantially lower than the one applied during calendering and
is too low to cause a significant plastic deformation of the electrode. Therefore,
the measurement procedure is also applicable for uncalendered samples.

Subsequently, the actual pull-off test is conducted by moving the base plates in
opposite directions at a defined velocity while measuring the tensile strength. The
adhesion strength o is in this case defined as the maximum tensile force Fimax
divided by the area of the sample A as described in Equation (2.7) and, thus, is
given in Pa.

Y max
= —— 2.
o 1 2.7)

Furthermore, three different failure mechanisms are distinguished: adhesion fail-
ure, cohesion failure and failure of the adhesive, which are schematically shown in
Figure 2.2. The adhesion failure that is desired during the measurement describes
the breakage of the interface between coating and current collector. In the case
of a cohesion failure or a failure of the adhesive, no exact value of the adhesion
strength is measurable. It is only shown that the adhesion strength is higher than
the strain measured for the failure occurred. Thus, if the quality of the interface
is of interest for the investigations, only the results of the real adhesion failures
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may be considered and an optical breakage analysis after the pull-off test needs to
be conducted.

current
collector
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@ load cell load cell
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particulate
coating

Figure 2.2: Schematic depiction of (a) the pull-off test and (b) possible failure mechanisms: (1)
adhesion failure, (2) cohesion failure and (3) failure of the adhesive (adjusted from
Haselrieder et al. [66], Copyright 2015, Elsevier, reproduced under the license number
6135250046122).

The second, commonly used method to determine the adhesion between electrode
coating and current collector is the peel test. For this, electrode strips with a defined
width usually between 5 mm and 30 mm [67-75] are cut and the coated side is
fixed to the base plate of the measurement device with double-sided adhesive
tape. The sample is pressed on with a defined force to ensure a uniform contact
towards the adhesive tape [74] and subsequently the current collector is peeled off
with an angle of either 90 ° [71-74] or 180 ° [67-70, 75]. The velocity should be
kept constant while the used force is recorded. Usual values for the velocity in
literature vary strongly between 6 mm - min~—! and 600 mm - min—?! [70, 71, 75].
The adhesion strength is defined as the maximum tensile force divided by the

width of the sample and, therefore, poses a line load with the unit N - m—1L.

Deformation Energy Measurements

Another method to draw conclusions about the binder distribution in the coating
is the measurement of the elastic and plastic deformation energy. This approach is
based on the investigations of carbon coatings with nanoindentation by Bartali et
al. [76]. At this, an indenter with a defined tip is pressed into the coating surface
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with increasing force and then retracted. The force P and indentation depth
h are recorded during loading and unloading and may be plotted according to
Figure 2.3. The occurrence of plastic deformation provokes a hysteresis between
the two curves.

&

Figure 2.3: Connection between the force P during loading and unloading and the indentation depth
h. The areas under the curves represent the total (W), plastic (W}) and elastic (We) in-
dentation work (reproduced from Bartali et al. [76], Copyright 2010, Elsevier, reproduced
under the license number 6135250724496).

The total deformation work W, is defined as the area under the loading curve and
the elastic deformation work W is defined as the area under the unloading curve.
As a result, the plastic deformation work W), is equivalent to the difference of
Wy — W, [76].

Tran et al. [77], Westphal and Kwade [64] and Scheffler et al. [78] used the
nanoindentation method for the investigation of the production processes for
batteries. They all recommended a circular flat punch indenter but used different
procedures. Westphal and Kwade [64] applied a maximum indentation depth of
10 % of the electrode thickness which is approached with a defined velocity. This
way, the force varies between different samples. Tran et al. [77], however, applied
a defined maximum force of 8 mN, so that the indentation depth is varied instead.
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Although both approaches allow similar statements about the investigated sample,
a comparison among each other is difficult. For a good comparability between the
measurements, they should be conducted at a defined temperature with the same
indenter geometry as well as indentation speed and the same approach of path- or
force-controlled indentation.

As a result of the measurements, Westphal and Kwade [64] and Scheffler et
al. [78] mapped the cumulative distribution curves of the total, plastic and elastic
deformation work from 80 measurements. Opposed to using just the mean val-
ues of the measurements, the distribution curves give insight into an increasing
inhomogeneity in the electrode in the form of a lower slope and wider curve.

The ratio of elastic deformation gives indications on the binder fraction in the
upper part of the electrode coating. Moreover, insight into the elastic deformation
process might be interesting for understanding and optimizing the calendering of
different electrode compositions as a highly elastic behavior suggests a stronger
springback after releasing the calendering force again.

2.1.3 Electrical Investigations

This section aims at explaining the basics of the measurement of the electrical,
ionic and electrochemical properties of electrodes and cells.

Electrical Resistance Measurements

On electrode level, the electrical resistance is often measured as first indicator of
the electrical and electrochemical performance. However, investigations into this
topic in the literature often focus on different variables. Some studies present
the absolute resistance in ) [79, 80], others the resistivity — or alternatively
termed volume resistance — in 2-m [61, 72, 81], and some even the specific
electrical conductivity in S-m ™! [82, 83] which is the reciprocal of the resistivity.
Additionally, the interface resistance in 2-cm? was investigated in some studies
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[84, 85], giving an insight into the quality of the electrical contact between coating
and current collector.

The most common approach for the measurement of the electrical resistance of
thin layers is the current transit method [79, 86]. It uses four measuring tips
arranged along a line. A defined current applied between the outer two tips while
the voltage drop along the conduction path is measured at the inner tips [8§7]. More
novel methods use higher numbers of probes and include a numerical simulation
of the voltage distribution during the evaluation for a more precise analysis of the
resistivity and interface resistance [61, 81, 88].

The electrical conductivity is not the only criterion for the electrochemical perfor-
mance. The ionic conductivity is inversely impacted by changes in the microstruc-
ture and is thus often investigated as well. While the reduction of the electrode
porosity generally results in an enhancement of the electrical conductivity, it leads
to a reduction in the ionic conductivity [82].

Cell Tests

Another important investigation of the produced electrodes is the measurement
of the available discharge capacity at different C-rates. These measurements are
often simply termed cell tests. However, some researchers use the term cell test
in a much wider range for measurements of the open-circuit voltage (OCV) or the
entropy coefficient among other forms.

The C-rate in h~! is a normalized current and describes the reciprocal of the time
it takes to fully charge or discharge the cell. It is usually referred to the nominal
capacity of the cell. A C-rate of 1C, for example, means that the cell is fully
charged or discharged within one hour. Thus, the applied current is equal to the
nominal capacity per hour. Higher C-rates, thus, mean that higher currents are
applied and a shorter time is needed for the charging or discharging process.

Cell tests can be conducted with either half cells, where the anode or cathode
is measured against lithium metal, or full cells consisting of anode and cathode.
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In case of full cells, the tested setup can vary depending on the focus of the
investigation. For the analysis of the impact of different production parameters,
experimental coin cells are usually used with electrode discs of 18 mm in diameter.

However, equivalent tests and especially the aging tests can also be conducted on
pouch cell level [89].

The cell tests give insight into the usable capacity at different currents applied.
In general, the discharge capacity drops with increasing C-rate [90] due to the
rising overvoltage which results in a faster reaching of the voltage limit. In a
comparison of different production parameters, the absolute capacity values define
the quality of the electrodes. The extent of the capacity drop with increasing C-
rate decides on the applicability of the electrodes for high-power applications.
An exemplary depiction of the discharge capacity in dependence on the C-rate is
given in Figure 2.4 (a).
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Figure 2.4: Capacity retention of a full cell: (a) percentage of the usable discharge capacity at
different C-rates referred to the capacity at C/10 and (b) percentual capacity retention of
different cells after cyclization with 1C (adjusted from Bockholt et al. [80], Copyright
2016, Elsevier, reproduced under the license number 6135251325427).

Another common approach for the quality assessment of novel materials or process
routes is to increase the C-rate in the first few cycles and to run five to ten cycles
per C-rate. Common C-rates here range from C/20 to 5C [71, 72, 83, 91, 92].
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To analyze the long-term stability of cells and electrodes, aging tests with an
increased number of cycles are conducted. At this, the remaining discharge
capacity is depicted against the cycle number as shown in Figure 2.4 (b). In case
the aging is conducted with a depth of discharge (DOD) < 1 — meaning that the
cell is not discharged to 0 % SOC and/or not charged up to 100 % SOC — the data
is generally plotted against equivalent full cycles (EFCs).

2.1.4 Thermal Investigations

There are different approaches for the measurement of the thermal transport
properties of battery components, which are mainly performed on electrodes
extracted from commercial lithium-ion batteries.

Generally, a distinction must be made between methods for the direct determina-
tion of the thermal conductivity and measurements of the thermal diffusivity. The
latter require the knowledge of the mean density p and specific heat capacity ¢,
of the sample for a subsequent calculation of the thermal conductivity. Therefore,
additional measurements are necessary, which cause an increased uncertainty by
error propagation. The density and specific heat capacity are both interesting
to determine for different battery electrodes. However, they are only influenced
by the specified composition and not by the microstructure formed by different
production processes and, thus, are not of interest for comparing the impact of
different processes.

Furthermore, the methods can be divided into stationary and transient methods.
For stationary methods, the thermal gradient over the sample is measured in a
steady state. Here, the sample is cooled from one side and heated from the other,
provoking a heat flow through the sample. For transient methods, the sample is
heated by a pulse for a very short time. The heat is conducted through the material
and the temperature response on the backside of the sample over time is used to
determine the thermal transport properties.
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Both approaches have not only been applied on the electrode level, but have also
been used for the determination of the effective thermal transport properties of
pouch cells [13—15, 21, 22] as well as prismatic and cylindrical hard-case cells
[18-20]. However, the present work focuses on dry battery electrodes and, thus,
the application for whole cells is not discussed further.

The most common measuring methods for dry battery components that allow
the subsequent calculation of the thermal conductivity are the stationary, contact-
based guarded hot plate method (GHP) [38—44] and the transient, optical laser
flash analysis (LFA) [26-35, 37]. So far, no use of those methods for the inves-
tigation of specifically the impact of the production steps or even a comparison
of the two methods in view of this specific application is known. Both are used
and compared in this work and shall be explained in detail. The following sec-
tion gives a summary on the literature on this matter and is based on the former
publication by Gandert et al. [93].

Guarded Hot Plate Method

The guarded hot plate method — also known as the 1D thermal conductivity meter
or the constant heat flux method — was introduced for the first time at the beginning
of the 20" century [94, 95]. It was applied to fuel cell and battery components in
several studies within the last two decades [39, 41-44, 96].

The general setup of the GHP rig is depicted in Figure 2.5. Here, the sample is
clamped between two metallic pistons with a known thermal conductivity which
are often made of stainless steel. The sample can consist of one or multiple layers.
While the top of the upper piston is heated, the bottom of the lower piston is cooled
which provokes a heat flux through the sample. Along the height, thermocouples
are incorporated into the pistons at defined positions with constant distances. As
the steel exhibits a comparably low thermal conductivity, the thermal gradients
within the pistons adopt quantifiable values that enable the calculation of the heat
flow through the setup. The pistons are encased in an insulation tube to minimize
parasitic heat flows. [96]
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Figure 2.5: Schematic depiction of the measurement device used for the guarded hot plate method
(reproduced from Gandert et al. [93], Creative Commons Attribution 4.0 License CC BY).

For the determination of the effective thermal conductivity of the sample, the con-
stant areal heat flux through the pistons, the sample thickness and the temperature
difference along the sample are needed. The sample thickness during clamping
is measured by one or two micrometers. The areal heat flux can be calculated
from the temperatures within the piston according to Equations (2.8) to (2.10)
with Apison being the thermal conductivity of the piston.
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Gsample = w (2.10)

The numerical indices refer to the thermocouples as specified in Figure 2.5. The
underlying assumption of a linear temperature profile is only valid for a sufficient
insulation to the environment. Thus, even though the evacuated glass tube provides
a fairly good insulation, a mean value of the heat flux in the upper and lower piston
should be used [96] to minimize errors from potential heat losses.
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The temperature gradient within the sample is equated with the temperature
difference between 7} and T} at the tip of the pistons. This is justified by the use
of highly conducting plates made of aluminum at the surface of the pistons [96].
The total resistance of the sample including all the contact resistances — towards
the apparatus and between the single stacked layers — results from Equation (2.11)
[96].

Ty —Ts

Rl = (2.11)

(sample

Assuming the contact resistances between the different layers of one sample are
negligible as stated by Burheim et al. [39, 97], the total resistance can also be
described as the sum of the thermal resistance of the sample itself Rgmple and
the contact resistances towards the aluminum plates of the apparatus Ra.sample a$
shown in Equation (2.12).

Riga = Rsample +2- RAl—sample (212)

The thermal conductivity of the sample Agmple = Astack then follows from the
thermal resistance and the thickness of the sample according to Equation (2.13).

ASC‘ 1
Astack = )\sample = (213)

Rsample
The stacking of multiple layers and measuring of numerous samples results in a
linear system of equations which enables the calculation of the thermal conduc-

tivity of the electrode stack Agpck-

Opposed to the LFA, the GHP method has the significant advantage that no
knowledge of the mean density and specific heat capacity of the electrode material
is required for the calculation of the thermal conductivity [96]. However, the
samples need to be stacked and clamped in the apparatus which results in a
number of contact resistances between the single layers and components [39]. For
a realistic value of the sample’s thermal conductivity, these contact resistances
need to be quantified or minimized down to a negligible level.
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Laser Flash Analysis

Due to the seemingly simple application of the commercially available measur-
ing devices, the LFA found use for the determination of the thermal transport
properties of electrodes in recent years [26-35, 37].

However, the general principle behind the LFA was already introduced in 1961
by Parker et al. [98]. In most applications a xenon lamp — as opposed to the laser
giving the method its name — shoots a light pulse onto one side of the sample
for a short amount of time in the ps-range. Thereby, the surface of the formerly
tempered sample heats up and the heat is conducted through the material driven by
the now existing temperature gradient. An infrared sensor detects the temperature
change on the backside of the sample over the course of time. A schematic of the
measurement setup is given in Figure 2.6 (a) beside an exemplary progression of
the voltage signal of the detector in Figure 2.6 (b). Herein, the voltage is directly
proportional to the temperature change on the backside of the sample.
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Figure 2.6: Schematic depiction of the laser flash method (a, reproduced from Gandert et al. [93],
Creative Commons Attribution 4.0 License CC BY) and exemplary voltage profile which
is directly proportional to the temperature change on the backside of the sample (b).
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With the derived temperature profile and the known sample thickness, the effec-
tive thermal diffusivity  of the sample can be calculated using Equation (2.14)
according to Parker et al. [98].

=85 52 (2.14)

Tty

In this, s describes the thickness of the sample and ¢, 5 stands for the half time
of the heat-up on the backside of the sample, which is equivalent to the time
passed until half of the maximum temperature rise is reached [98]. The half time
is derived from the function T'(t) that is fitted to the experimental data. There
are several approaches for the fit function for 7. The most basic approach was
developed by Parker et al. [98] for adiabatic conditions. Within the consecutive
years, it was extended to account for the impact of convective and radiative
heat losses [99, 100]. Further advancements in the 1990s also considered the
duration and shape of the light pulse [101], radiative heat transfer in transparent
or translucent samples [102] and the light penetration into porous samples [103].
In the latter case, the heat is not absorbed exclusively at the surface but in part also
within the material. This kind of absorption entails a non-uniform temperature
profile at the start and is also expected for the measurement of battery components
like the electrodes or the separator due to their porous character.

Regardless of the model applied for the evaluation of the thermal diffusivity, the
effective thermal conductivity A can be calculated according to Equation (2.15).
For this, the mean specific heat capacity c, and the mean density p of the material
need to be known.

A=K-p-¢ (2.15)

An adjusted form of this approach for the application on one-sided coated elec-
trodes is given in Equation (2.16).

Sstack — Scc Sce
—¢)- Zstack 7 Fec Pec  Cpee - —— | (2.16)

)\stack = Kstack * | Ps,co * Cp,s,co : (1
Sstack Sstack
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It considers the porosity and the more complex geometry of the two-layer sample
consisting of different materials. For better understanding, a one-sided coated
electrode is schematically depicted in Figure 2.7. In the present case, the pore
volume was neglected in the calculation of the mean volumetric heat capacity p-c,
within the square brackets, which is valid for dry electrode samples due to the
low density of the gas phase within the pores. Here, the index ’co’ describes the
coating, "cc’ the current collector, ’stack’ the combination of those two and ’s’ the
solid material. The symbol s stands for the thickness of the different components.

Solid Pore volume

Sstack

Figure 2.7: Schematic depiction of a one-sided coated electrode consisting of the active material
coating and the current collector.

From this, the effective thermal conductivity of the coating A, of a one-sided
coated electrode can be calculated according to Equation (2.17). It is based on
a serial connection of the thermal resistances under neglection of the thermal
contact resistance between coating and current collector. Equation (2.17) is also
applicable for the calculation of the coating thermal conductivity from the stack
thermal conductivity obtained with the GHP method.

Mg = ——0 2.17)

Sstack Sce

)\s‘ack )\cc

Differential Scanning Calorimetry

As mentioned above, the mean specific heat capacity and density of the electrode
material are needed to enable the use of the LFA for the determination of the
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thermal conductivity of the electrodes. A common method for the measurement
of the specific heat capacity is the differential scanning calorimetry (DSC). The
method discussed in the following is the so-called heat flux DSC [104].

The general setup of the measuring chamber is given in Figure 2.8. The measure-
ment chamber has two platforms which carry a sample crucible filled with the
material to be investigated and an empty reference crucible. Both crucibles are
connected to the heating block denoted as base [104]. Inside the chamber there

is an inert atmosphere, usually realized with nitrogen.

Furnace

Reference

—

AQ
AT

Base

Figure 2.8: Schematic depiction of the DSC setup and operating principle (inspired by NETZSCH-
Geritebau GmbH [105]).

Area thermocouples within the platforms measure the temperature of the sample
(Tsample) and the reference (7i.r), while a third thermocouple measures the temper-
ature at the base (1},). Both crucibles are heated with the same heat flux. However,
due to its lower heat capacity, the reference crucible heats up faster which results
in a temperature gradient between the sample and the reference. This temperature
difference leads to a balancing heat flow between the two crucibles. This heat
flow can be calculated according to Equation (2.18). [104]

Tsample - Tref

. B n
AQ = — + (Tv, — Tsample) - (refsamPIE)
R, Ry - Rsample (2.18)
dT sampte d (Tsampte — Tre
+ (Crer = Campie) - TPI — Cref - %
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In this, Rsampte and Ry describe the thermal resistances between the furnace and
the sample crucible or the furnace and the reference crucible, respectively. Cgumple
and Clr describe the absolute heat capacity of the sample and reference crucible,
respectively. [104]

The crucibles are identical within the scope of the manufacturing variability. Thus,
the difference in the heat capacity stems only from the sample. The calculation of
the specific heat capacity of the material follows Equation (2.19) with the sample
mass Mgmple, the heating rate 3 and the balancing heat flow AQ. [106]

L a0

_— (2.19)
Msample B

Cp sample —

Gas Pycnometry

The gas pycnometry is often used for the indirect determination of the solid density
of powdery materials. In this case, indirect means that the method itself allows
the measurement of the volume of a sample under deduction of the cavity volume
[107], which in combination with the known mass of the sample delivers the solid
density of the powder. The mass is usually determined with a high-precision
scale.

A schematic of the general operating principle is given in Figure 2.9. The setup
consists of two well-defined volumes of the measurement chamber V¢ and an
added volume Vj. Prior to the measurement, the whole setup — thus, both V¢
and V), — is evacuated. The measurement is conducted with inert gas to avoid
adsorption [108]. Usually nitrogen or helium are applied for this.

First, the gas is injected through the valve V1 until the desired pressure p; is set.
After closing V1, the second valve V2 is opened and the gas can expand into the
added volume. The occurring pressure ps can then be measured and allows the
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Measurement Added
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Figure 2.9: Schematic depiction of the setup and operating principle of the gas pycnometry (inspired
by Lowell et al. [108].

calculation of the sample volume. For the evaluation, the inert gas is treated as
ideal gas, so that the sample volume Viymple follows Equation (2.20) [108].

Va

1— bk
P2

‘/sample = VC + (220)

The solid density of the sample then results from Equation (2.21) with the knowl-
edge of the sample mass Mmgample-

Mg, 1
Ps,sample = Vbd‘mip ° (2.2] )

sample

It should be noted that closed pores within the material are not detected by this
method and might lead to minor errors. That is why the powdery sample should
not be compressed within the sample holder. [107]

The Different Methods and Conditions in the Literature

A number of analyses of the data for the thermal conductivity of battery electrodes
available in the literature have been conducted by several working groups [32,
44, 109-111]. However, the comparability of the values obtained by different
measurement methods still poses a large uncertainty. To the best knowledge
of the author, no electrode was investigated with more than one measurement
method in a comparable way. The only known study using two different methods
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for determining the thermal conductivity of battery electrodes is the one by Koo
et al. [28]. Here, the LFA technique was used to determine the through-plane
value and the "hot disk" method was used to measure the in-plane value. As
battery electrodes coated on metallic current collectors show a highly anisotropic
behavior, those measurements do not provide meaningful data for the comparison
of the measurement methods.

To give a basis for the analysis conducted in the present study, an overview of
the literature data shall be given. As the LFA is in the focus of this work and
compared to the GHP as alternative method, particularly values obtained by those
two methods were gathered for the comparison. In case several data points were
available from one source, values at room temperature of 20°C to 25°C and a
state of charge (SOC) of 0 % were preferred. The samples were assumed to be at
beginning of life (BOL) if not stated otherwise, as they were either taken from new
commercial cells or directly from the production line. Furthermore, only values
obtained for dry electrodes were used and the effective thermal conductivity of
the AM coatings was compared. If only the through-plane thermal conductivity
for the electrode stack with the current collector was given, the coating value
was calculated assuming a serial connection of the resistances and a thermal
conductivity of the current collector foil of 236 W-m~'-K~! for aluminum and
400 W-m~!-K~! for copper.

The collected data are depicted in Figure 2.10, divided by the AMs used in
the electrode coatings [26, 30-34, 39, 4144, 110, 112, 113]. At this, it is
distinguished between lithium cobalt oxide (LCO) and lithium nickel-manganese-
cobalt oxide (NMC) as cathode AMs and graphite (Gr) as anode AM. NMC
summarizes different compositions like NMC111 and NMC622. The single data
points used and their individual references are given in the Tables A.1, A.2 and
A.3 in the Appendix.

The evaluation shows a tendency towards higher values obtained with the LFA in
comparison to the GHP method. However, the strong scattering of the literature
data makes a sound statement difficult. In general, it can be assumed that the
employed additives, the present particle size distribution and electrode porosity
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Figure 2.10: Literature data for the thermal conductivity of the dry electrode coating of battery
electrodes measured with LFA, GHP and photothermal deflection spectroscopy [26, 30—
34,39, 4144, 110, 112, 113] (reproduced from Gandert et al. [93], Creative Commons
Attribution 4.0 License CC BY).

have a stronger impact on the effective thermal conductivity than the AM itself.
This information is, however, often not known for the literature data.

For the LFA samples a porosity range of 19 % to 46 % can be assumed from the
few known values [31, 33]. This already strong variation is further enhanced
by the large uncertainty of porosity values in battery research as discussed in
Section 2.1.1.

Furthermore, the composition is unknown for most of the electrode samples.
Thus, it is unclear if the tendency in Figure 2.10 stems from the differences in the
measurement methods or rather the variation in the samples. This question shall
be elucidated within this thesis.

Additionally, Figure 2.10 shows an especially strong scattering for the values ob-
tained by LFA. Some authors questioned the validity of LFA measurements of
electrode materials [39, 114]. However, it is yet to be clarified, if the possible
errors just originated from the stacking of the different materials or if the LFA
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measurements in general lead to unrealistic values for the porous battery compo-
nents. Thus, this study aims at giving a better insight into the application of the
LFA for the investigation of battery components.

In addition to the discussed impact of the measurement method, the pore-filling
fluid has a significant influence on the measured thermal conductivity. Several
authors compared the thermal conductivity of dry and soaked electrodes extracted
from the same cell [39, 41-44]. Electrolyte or just the electrolyte solvent within
the pores leads to higher values than a gaseous phase in general. The data from
the literature for electrode coatings is depicted in Figure 2.11. A breakdown of
the single data points and references is given in Table A.2 in the Appendix.

M ‘ ‘
- 4 Guarded hot plate method, dry
g Guarded hot plate method, soaked
- 151
z
~
5
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B A '
k3]
'g Y
g 0s) s .
S
E ¢ - $ ¢
= 0
= LCO NMC LFP Gr HC

Figure 2.11: Literature data for the thermal conductivity of the dry and soaked electrode coating of
battery electrodes measured with the GHP [39, 41-44].

Here, only data measured with the GHP method were chosen, as it was shown
above that the measurement method might have a significant impact on the ob-
tained results and the most data is available for GHP. Wherever possible the
values for electrodes at BOL and an SOC of 0 % were used in compliance with the
analysis above. The publications provide data for LCO, NMC, and lithium iron
phosphate (LFP) as cathode active materials.Figure 2.11 shows that the measured
thermal conductivity of soaked electrodes is generally higher than that of the dry
electrodes. This is also true for all the single values from the mentioned studies
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[39, 41-44]. In extreme cases the values of the soaked electrodes are a factor of 6
higher than the dry values for cathodes. This maximum factor is 4.3 for anodes.
The same influence was investigated by Bazinski et al. [15] on cell level, which
showed the same effect of a higher effective thermal conductivity with electrolyte
in comparison to the dry state.

Furthermore, in various studies the pressure applied to the electrodes during
thermal conductivity measurements with the GHP method was varied [41, 42, 44].
In this, both dry and soaked electrodes were compared. The collected data is
shown in Figure 2.12. The single data points and according references are given
in Table A.4 and Table A.5 in the Appendix.

In accordance with Figure 2.11 the soaked electrodes have significantly higher
absolute values of the thermal conductivity as demonstrated in Figure 2.12 (a)
and (c). Therelative evolution of the thermal conductivity with increasing pressure
normalized to the thermal conductivity at the lowest available pressure of 2 bar
or 2.3 bar, respectively, is given in Figure 2.12 (b) and (d). Especially the
normalized plot suggests an increase of the thermal conductivity with increasing
pressure for both the dry and soaked electrodes. However, the relative increase
in thermal conductivity is significantly higher for the dry electrodes with up to
100 % increase between 2 bar and 11.5 bar for graphite in comparison to only up
to 55 % increase for the soaked electrodes. From the depiction it is evident that the
better conducting materials — namely graphite and LCO — in general experience a
stronger relative increase in thermal conductivity.

The significance of the electrolyte for the thermal conductivity is made clear
in Figure 2.13, which exhibits the relative increase in thermal conductivity by
adding electrolyte solvent for different active materials and at different pressures.
It should be noted that all soaked measurements have been conducted with the
GHP method and that the comparison is only valid for this method.
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Figure 2.13: Thermal conductivity factor of the electrodes measured with the GHP method in the
literature describing the ratio of the thermal conductivity of the electrodes soaked with
electrolyte solvent to the thermal conductivity of the dry electrodes Acosoaked / Aco,dry-

2.2 Electrode Production

The following section will provide an overview on the production steps from the
raw materials to the final electrode. There are multiple review papers on the
production steps themselves and possible developments in the future [25, 47, 48],
however, in this work not only the state-of-the-art materials and process parameters
shall be considered, but also their impact on the final electrode in view of their
thermal transport properties. This includes the investigation of the microstructure
as well as mechanical and electrical properties of the electrodes presented in the
previous section, as those represent the microstructural changes in the material
that occur during the process and might explain the thermal behavior as well.
Furthermore, the few known approaches to describe the impact of the production
steps on the thermal conductivity are discussed.

The sequence of the single steps of electrode production is given in Figure 2.14.
Before the actual production, the formulation needs to be specified. This includes
the selection of the AM, the binder system and the conductive additive, as well
as the definition of the target composition and solvent amount and potentially the
choice of a specific mean particle size of the AM. The production is started with
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Figure 2.14: Schematic depiction of the sequence of the processes used for electrode production.
Left: wet processing route. Right: dry manufacturing.
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the mixing of the dry components. For the conventional electrode production, the
dry mixture is then dissolved in a solvent, which in some cases already contains
the polymeric binder. The slurry obtained from the wet mixing process is then
coated onto an aluminum or copper foil. During the drying, the porous electrode
structure is formed and the AM particles are fixated by the binder phase. After
the drying, the electrodes still have a relatively high thickness and porosity. To
increase the energy density of the electrodes, the dried electrodes are subsequently
compressed in the calendering step, reducing both, the thickness and porosity of
the electrodes.

An alternative processing route is the dry manufacturing of the electrodes. In this
case, the dry mixture is directly coated onto the current collector without adding
any solvent. This work only considers dry manufacturing approaches using a
calender.

As some process steps influence each other and are investigated in combination
in some sources, it is in parts difficult to discuss them individually. E. g. an effect
can originate from the formulation but its influence is only truly reflected in a
later step. In these cases, the influencing factors are explained later on.

2.2.1 Formulation

Although the formulation does not constitute an actual production step, the regula-
tion of the slurry composition has a significant impact on the properties of the final
electrode. In the following, common constituents of lithium-ion battery (LIB) and
sodium-ion battery (SIB) electrodes are introduced and their impact on the mi-
crostructure and mechanical, electrical and thermal properties of the electrodes is
discussed.

The anodes of LIBs are usually made of graphite as AM. Here, a distinction is
made between natural and synthetic graphite [115]. While both types of graphite
generally consist of polycrystalline particles, the single crystals in natural graphite
show an orientation in a particular direction while those in synthetic graphite are
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more randomly oriented [115]. The properties and advantages of both forms are
discussed in detail in the study by Gottschalk et al. [116].

The composition applied in commercial batteries is slowly transforming from pure
graphite anodes to silicon-graphite (Si-C) electrodes, with a low, but in recent
years increasing fraction of silicon added to the graphite to increase the capacity
[78]. However, due to its huge volume expansion during cycling [117, 118] and
the consequential fracture of the active material particles [119] and capacity fade
[120], Si still poses challenges for industrial and long-term use.

In the case of stationary applications or very strict safety requirements, lithium
titanium oxide (LTO) is more often used as anode active material due to its higher
intrinsic safety [24]. LTO, however, has only approx. half the theoretical specific
capacity of the commonly used graphite [121].

Another anode material, that has been applied for both, LIB and SIB applications,
is hard carbon. For LIBs it is generally coated on a copper current collector,
while for SIBs it is coated on aluminum. In comparison to the layered structure of
graphite, hard carbon has a highly disordered structure of graphene layers, which
results in a higher theoretical capacity [122]. Hybrid anodes made of graphite
and hard carbon showed a potential for high-power applications due to their great
long-term cycling performance during fast-charging [123].

Standard active materials of LIB cathodes are lithium metal oxides. Those include
lithium cobalt oxide (LCO), lithium manganese oxide (LMO), lithium nickel-
manganese oxide (LNMO), lithium nickel-manganese-cobalt oxide (NMC), and
lithium nickel-cobalt-aluminum oxide (NCA) as well as blends of the different
materials. Due to the resource scarcity — mainly concerning cobalt [124, 125]
— and the inferior performance of LMO in terms of capacity [126] and lifetime
[127], the trend is going towards nickel-rich cathode materials. This leads to a
change in composition from NMC111 over NMC532 and NMC622 to NMC811
and beyond with the numbers describing the molar fractions of the single metal
oxide components. Furthermore, lithium iron phosphate (LFP) is experiencing a
comeback as cobalt-free AM [128, 129]. While it has a significantly lower energy
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density than the layered oxides, it shows advantages with a good rate capability
and a much better material availability [129].

The fraction of the AM within the coating usually makes up between 80 wt.%
and 96 wt.% depending on the AM itself, the used production processes and the
intended application [47, 48]. The highest fractions are achieved with commercial
electrodes, while electrodes produced on lab-scale often have lower AM fractions.
The additional share is taken up by the binder, possibly in combination with a
thickener, and conductive additives. Industrial production generally works with
AM fractions in the upper range.

The most common binder for water-based electrode slurries is styrene-butadiene-
rubber (SBR) in combination with the thickener carboxymethyl cellulose (CMC),
which is mainly used for anode materials like graphite, Si-C and hard carbon
[73, 78, 130]. The processing of many cathode active materials with water still
poses challenges like the corrosion of the aluminum current collector foil due to
the high pH of the slurries [131-135]. Although pH-control during water-based
processing of nickel-based cathodes led to promising results [131, 134, 135], a
combination of N-Methyl-2-pyrrolidone (NMP) as solvent with polyvinylidene
fluoride (PVDF) as binder still constitutes the default processing route.

To enhance the electrical conduction through the otherwise fairly insulating binder
phase, conductive additives are added to the slurry. The most important and
widely spread additive is carbon black (CB), which exists in many different
forms [136]. The significantly smaller particle size in comparison to the active
material particles allows the formation of good particle-particle contacts and
the establishment of new pores in the order of 40 nm to 300 nm depending
on the degree of dispersion of the carbon black agglomerates [80]. Especially
for cathodes, e. g. NMC as AM, carbon black is sometimes complemented by
conductive graphite (CG) [61, 80, 137, 138]. Due to its larger particle size in
comparison to CB [61, 130, 137], it helps to build long-range pathways and thereby
enhances the electrical conductivity of the electrodes [138].

As binder and conductive additives constitute electrochemically inactive mate-
rial (IM) and thus reduce the capacity and energy content of the electrode and
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thus the whole battery cell, the fraction of those components should ideally be
low. However, they are indispensable to reach a decent mechanical stability, elec-
trochemical performance and thus a good long-term stability of the electrodes
[139, 140]. Deficient amounts of binder lead to handling difficulties [140] as
they can result in the delamination or breakage of the coating, whereas reduced
amounts of carbon black and conductive graphite entail a higher electrical resis-
tance [61]. It is especially important to set the ratio of those two components
right, as the binder has an electrically isolating effect and may even counteract the
positive effect of the carbon black. Therefore, there is several research known in-
vestigating the impact of a variation of the IM fraction of the whole system as well
as a variation of the ratio between binder and carbon black on the electrochemical
performance and processability of the electrodes [61, 90, 141, 142].

The applied fraction of binder and conductive additives varies widely in the
literature. Common values lie between 2 wt.% and 10 wt.%, respectively [143,
144], whereby the ratio of CB to binder usually is in the range of 0.2:1 to 1:1.

Another parameter that is defined by the material composition, is the particle
size of the active material and its distribution. Here, it is crucial to find a good
compromise between larger and smaller particles because both have their own
benefits. The particle size distribution also has a significant impact on the effects
occurring during the mixing, drying and calendering process.

Microstructural Effects

A lower mean particle size of the AM generally results in a significantly reduced
modal value of the pore size [73] and a lower electrode porosity after drying
[73, 116]. This is, though, also dependent on the width of the particle size dis-
tribution, with a wider distribution generally resulting in a lower porosity [145].
The same appears for a bimodal mixture of the larger and smaller particles [116].

The studies in the literature are inconclusive regarding the impact of the binder
and additive fractions on the porosity of the dry electrode. While a higher binder-
carbon black (BCB) fraction led to a reduced porosity in the study by Meyer et
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al. [140], a higher additive fraction led to an increased porosity in the study by
Bauer et al. [61]. Either the binder and CB particles fill the voids between the AM
particles since they are much smaller than the AM particles. This often results
in a bimodal pore size distribution with pores in the pm-range between the AM
particles and much smaller pores in the 100 nm-range within the BCB network
[80, 146]. Or the binder and CB accumulate at the contact points between the
AM particles and thereby increase the distance between the particles and thus the
porosity.

Some studies also investigated graphite as conductive additive in NMC cathodes.
The graphite particles have a mean particle size in the lower pm-range and thus
lie between the AM and BCB particles in size. Therefore, they fit well into the
spaces between the NMC particles resulting in a reduction of the modal value of
the pore size. Moreover, the overall porosity of the electrodes is reduced. [90]

Mechanical Effects

The impact of the mean particle size of the active material on the mechanical
properties still raises questions. As shown in Figure 2.15, Klemens et al. [73]
demonstrated a higher adhesion strength between coating and current collector for
smaller particles of hard carbon and especially when dried at high drying rates.

Gottschalk et al. [116] showed the exact opposite. Here, smaller particles of
graphite as AM resulted in a lower adhesion strength between coating and current
collector. This suggests that the effect of the particle size might depend on the
material investigated.

The choice in the binder also has a significant impact on the mechanical stability
of the final electrode. Polymer binders with higher molecular weights tend to
build more complex binder networks [47] and are less prone to binder migration
away from the current collector. Therefore, electrodes produced with binders with
a higher molecular weight exhibit a higher adhesion strength between coating and
current collector [66].
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Figure 2.15: Adhesion strength of HC anodes with different AM particle sizes (HC-A < HC-B
< HC-C) dried with different drying rates and constant heat transfer coefficients of
(a) 35 W-m—2.K~! and (b) 80 W-m~2.K~! (reproduced from Klemens et al. [73],
Creative Commons Attribution 4.0 License CC BY).

Moreover, the amount of binder effects the adhesion strength as well. Several
studies investigated the impact of the binder content. While increasing the IM
content, they kept the mass ratio of CB to binder constant at 1:1 [140] or 0.5:1
[64]. Meyer et al. [140] were able to show an increase of the adhesion strength
with increasing IM content. However, the results by Westphal and Kwade [64]
suggest that the adhesion strength not only increases but approaches an asymptote
with increasing IM content. Thus, at some point a further increase is not ben-
eficial. Besides that, too high IM contents lead to an impaired electrochemical
performance.

The influence of a varied additive content can also be observed in the elastic defor-
mation work, which also increases and approaches an asymptote with increasing
IM content [64]. This is in line with the assumption that a higher binder content
in the top layer of the coating results in a higher elasticity and thus a higher ratio
of the elastic deformation work in the measurement. However, this effect also
seems to be limited at some point.
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Electrical Effects

From an electrical point of view, smaller AM particles are often detrimental.
Within the same path length, smaller particles exhibit a higher number of particle-
particle contacts which leads to higher overall contact resistances within the
electrode and therefore a reduced electrical conductivity [116]. In addition,
smaller AM particles also entail a lower mean pore size, which increases the
resistances for the ion transport. The use of smaller AM particles thus results in
a lower ionic conductivity [116].

Furthermore, the enhanced active surface area of the smaller AM particles leads
to a higher non-reversible lithium loss during the formation of the solid electrolyte
interface (SEI), as Kumberg et al. [83] discovered for graphite anodes. A similar
effect of an increased capacity loss for smaller AM particles was also observed
for hard carbon SIB anodes by Klemens et al. [73].

However, smaller AM particles can also be of advantage at higher C-rates. For
the electrodes with the larger AM particles, the ion transport is more and more
controlled by the solid-state diffusion with increasing C-rate. Due to their shorter
paths for solid-state diffusion the electrodes with smaller AM particles exhibit a
much higher discharge capacity at C-rates up to 5C. [147]

While the binder content is of high importance for the mechanical stability of
the electrodes, the additive content is crucial for a good electrochemical perfor-
mance. Uncalendered NMC electrodes without any CB did not show a reasonable
cycling behavior due to the high electrical resistances [90]. This was also true for
electrodes in which graphite has been applied as conductive additive instead [90].

Bauer et al. [61] investigated the electrical resistance of NMC electrodes produced
with different compositions. An increase of the CB content from 5 wt.% to 9 wt.%
resulted in a significant reduction of the electrical resistivity for the whole porosity
range investigated. An increase of the content of the graphite additive from 5 wt.%
to 10 wt.% with a constant CB content of 4 wt.% showed a similar, however, less
pronounced effect.
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Westphal and Kwade [64] increased both the CB and binder content with a
constant weight ratio of 0.5:1. They also observed a decreasing absolute electrical
resistance with increasing CB content for electrodes with a constant thickness.

Thermal Effects

In terms of the thermal effects, Maleki et al. [26] and Sangrds et al. [49] were
able to demonstrate an impact of the mean particle size on the effective thermal
conductivity of electrode coatings. Both showed an increase of the thermal con-
ductivity with increasing particle size for graphite as AM. The study of Maleki
et al. [26], moreover, exhibits that this increase is less pronounced for higher
fractions of CB in the electrode mixture, as the resistances between the AM
particles are thereby reduced.

2.2.2 Dry Mixing

Concerning the dry mixing step, two purposes can be distinguished. On the one
hand, dry mixing of the powdery materials is used as pre-homogenization for the
subsequent wet mixing step [66, 80, 148, 149]. On the other hand, by dry mixing,
a homogeneous powder is prepared for a following dry manufacturing process
[92, 150, 151].

In both application cases, dry mixing with a sufficient speed of the mixing tool
results in the de-agglomeration of the carbon black [61, 66, 80, 148, 149, 152].
Kumberg et al. [83] showed that dry mixing in a kneader can also result in the
reduction of the size of the AM particles.

Before the mixing step, CB is usually present in a highly agglomerated form and
the secondary particles need to be broken down into finer particles. Performing a
longer dry mixing step is expected to result in a more homogeneous distribution
of the CB. Opposed to the larger secondary CB particles which fill the space
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between the AM particles and accumulate at the electrode surface, the highly de-
agglomerated CB particles rather deposit at the surface of the AM particles. SEM
images for the different dry mixing times are given in Figure 2.16. The electrodes
produced with dry preprocessing show a much more homogeneous distribution
of the binder [61]. A similar behavior was found by Bockholt et al. [80].
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Figure 2.16: SEM images of a ruptured surface (top) and an ion-etched cross-section (bottom) of
NMC cathodes produced with conventional dissolver mixing (left) and additional dry
preprocessing (right) of the NMC and CB (reproduced from Bauer et al. [61], Copyright
2015, Elsevier, reproduced under the license number 6135260942067).

The de-agglomeration of the carbon black, furthermore, leads to changes in the
bimodal pore size distribution of the produced electrodes. The peak describing
the pores between the CB particles in the pore size distribution gets smaller
and moves to smaller pore diameters with increasing dry mixing time. At the
same time, the peak of the pores between the AM particles moves to higher pore
diameters and the larger pores become predominant [148].
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This was found to enhance the cohesion of the electrode [80] and is thus preferable
from a mechanical point of view. However, the electrical properties are impaired
by excessive mixing. Bauer et al. [61] and Bockholt et al. [80] showed that
although intensive dry mixing results in a lower electrical resistivity on powder
level, it entails an increase in the electrical resistivity on electrode level.

Moreover, the intensive dry mixing resulted in a drop of the specific discharge
capacity of uncalendered NMC cathodes [90]. The electrodes with only CB and
no graphite as conductive additive showed no reasonable cycling performance due
to a lack of long-range electric pathways [90].

For the dry mixing as preparation for the dry manufacturing not many studies are
known. Gyulai et al. [92] only measured the resistivity of the powder mixtures
which is not representative for the final electrode [61, 80]. However, they also
conducted cell tests which revealed the highest discharge capacity for the electrode
made from the powder mixed with the highest intensity for the whole range of
C-rates from C/20 to 3C.

2.2.3 Wet Mixing

The wet mixing of the slurry is generally conducted with dissolvers with sawtooth
impellers or planetary mixers [152—154]. Here, the solvent, binder and powder
mixture are mixed and homogenized in a batch process. This approach has proven
efficient and is common in commercial battery production at present.

However, new processing approaches gained interest in recent years. Those in-
clude the slurry mixing with extruders. In contrast to the above mentioned
procedures, this production process can be operated continuously [154]. Thereby,
it allows an optimum inter-connection with the subsequent continuous steps of
coating, drying and calendering and leads to significant cost savings [155] as well
as a reduction in the process time by a factor of 6 [154]. Moreover, the solvent
content can be reduced in comparison to the dissolver mixing, resulting in reduced
material costs and energy savings during the drying step [156, 157].
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The focus of the present work is on the extruder mixing as it poses the leading-edge
approach for the mixing of electrode materials. Thus, only studies on extruder
mixing or the results of studies on conventional mixing that are assumed to be
transferable to extruder mixing are discussed here.

Microstructural Effects

The mixing step influences the distribution of the binder and additives in the final
electrode [66]. A good embedment of the AM particles within the BCB matrix
is much more relevant for the cathode since the specific electrical conductivity
of graphite as most commonly used anode material is much higher than that of
typical cathode AMs [146].

Meza Gonzalez et al. [54] demonstrated that the screw design and rotation speed
have a significant impact on the filling degree and material distribution within the
extruder during mixing and thereby influence the dispersion and de-agglomeration
of the particles. An increased rotation speed of the screws results in an increased
specific energy input [158] and a stronger de-agglomeration of the CB particles
which is reflected in the particle size distribution by an increased peak for particles
with a diameter lower than 1 pm also called fines [54, 159].

Suspensions with a high solid content that exhibit a high viscosity might be
of advantage for the extrusion process. The high particle concentration prevents
significant sedimentation of the large AM particles due to the increase in viscosity
[155] and enables a sufficient de-agglomeration of the CB secondary particles.
Moreover, the high viscosity entails a good edge contour accuracy during coating
[160] and restricts the binder migration during drying [155].

In this context, Haarmann et al. [155] demonstrated an increasing de-agglomeration
of the CB with increasing solid content of the slurry. The highest tested solid
content of 80 %, however, resulted in the attachment of the small CB particles
onto the surface of the larger NMC particles. In the particle size distribution, this
is reflected by a much smaller CB peak in comparison to the mixtures with lower
solid content.
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Mechanical Effects

In accordance to the microstructural properties, the adhesion strength is influenced
by the screw design and rotation speed as well [158]. In the case of the binder
being presolved in the solvent before being fed to the extruder, which is in line
with the investigations conducted in the present work, a higher rotation speed
seems to be beneficial.

For NMC cathodes with PVDF binder, Haarmann et al. [155] showed that an
increase of the solid content from 65 % to 75 % results in an enhanced cohesion
of the coating and is thus beneficial from a mechanical perspective.

Electrical Effects

With the de-agglomeration of the CB, the mixing process also influences the CB
distribution within the electrode and the formation of an electrically conductive
network [61]. A sufficient dispersion of the CB is crucial for the electrochemical
performance of the electrodes and might even allow the application of a lower
binder content [161]. However, former studies that did not use extruder mixing
suggest that an excessive dispersion results in a higher electrical resistance of
the electrodes [61, 80] and a poor cycling performance [90] and should thus be
avoided.

The specific electrical resistance of the uncalendered electrodes decreases with
increasing solid content from 65 % to 75 % according to Haarmann et al. [155].
However, electrodes produced from a slurry with a solid content of 80 % showed
aresistance as high as that of the 65 % electrodes. This might be explained by the
attachment of the CB particles to the AM particle surface [155].

Thermal Effects

No investigation of the impact of variations in the wet mixing process on the
thermal transport properties are known to the author.
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2.2.4 Wet Coating

The wet coating of electrodes using doctor blades or slot dies presents the main
procedure for the setting of the electrode coating thickness according to the aspired
application. While the wet film thickness is directly determined by the gap of the
doctor blade or the volume flow through the slot die, the thickness of the dried
coating highly depends on the solvent content within the slurry and the porosity of
the formed dry layer. By fabricating thicker layers of the electrochemically active
coating and keeping the thicknesses of the inactive separator and current collector
constant, higher energy densities can be reached [47]. However, higher coating
thicknesses result in a higher electrical resistance of the electrode, which is why
an optimum needs to be found for every particular application. Electrodes used in
high-power cells are rather thin and porous, combined with comparatively thick
current collectors, leading to lower electrical resistances but also lower energy
densities, while high-energy cells usually come with thick electrode coatings with
relatively low porosities [162].

Coating and drying are closely linked processes. Many influencing factors only
become apparent after the drying of the electrodes and are also impacted by the
drying conditions. Therefore, they are discussed in the subsequent section.

Microstructural Effects

Several studies indicate a decreasing porosity of the dried coating with an increas-
ing coating thickness [74, 140, 163, 164]. In the most recent study, Klemens et
al. [74] stated that this effect is not influenced by the drying rate. Instead, it is
assumed that the gravimetrically obtained porosity is defined by the edge effects
at the bottom and top of the coating [74]. At the bottom, the particle structure is
constricted by the current collector, leading to a less dense package and a higher
porosity in this area. A similar behavior can be found at the surface of the coating
although it has no physical restriction. The thicker the coating is, the less signifi-
cant does this effect get, leading to a reduction of the porosity and the approaching
of an asymptotic value.
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Mechanical Effects

It was found that the mass loading, which is directly proportional to the coating
thickness, has an impact on the adhesion strength [64, 66, 74, 79, 140, 165] and
elastic deformation work [64] of the electrodes. Klemens et al. [74], for example,
have shown that the adhesion strength drops with increasing coating thickness, in
case of Figure 2.17 represented as the areal capacity.
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Figure 2.17: Adhesion strength of hard carbon (HC), prussian blue analogue (PBA), LFP and graphite
electrodes (reproduced from Klemens et al. [73], Creative Commons Attribution 4.0
License CC BY).

However, this impact of the coating thickness only becomes apparent during
drying and the severity of the mechanical effects is determined by the drying
conditions. This is why these effects are mainly discussed in Section 2.2.5 in the
context of the drying process.

Electrical Effects

Westphal and Kwade [64] observed an influence of the mass loading and, thus, the
coating thickness on the specific electrical resistance of the electrodes. However,
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this is again also dependent on the drying conditions and is therefore covered in
the following section.

While the theoretical capacity of the electrodes is increased with an increasing AM
mass loading, the usable capacity depends on the structure of the electrode and the
applied C-rate. Thicker electrodes exhibit longer paths for both the lithium-ions
and the electrons, which reflects in elevated ionic [166] and electrical resistances.
For higher C-rates, this leads to a plummeting of the specific discharge capacity
with increasing electrode thickness [167-170]. The general influence of longer
pathways is accompanied by superimposing effects of the drying process as dis-
cussed below.

Thermal Effects

At present, no investigation of the impact of variations in the coating process on
the thermal behavior of the electrode is known to the author.

2.2.5 Drying

As already mentioned in Section 2.2.4, low coating thicknesses are desired for
high-power cells, while high electrode thicknesses are common for high-energy
cells [162]. However, the latter ones — equated with high mass loadings — pose
challenges for the drying process.

Besides the formation of cracks within the coating, the pivotal, undesired effect
occurring during the drying of battery electrodes is the so-called binder migration
presented in Figure 2.18 [64, 171, 172]. Binder migration means the effect that the
binder and other additives are dragged towards the surface of the electrode during
drying, leading to a concentration gradient within the coating [173]. This effect is
increasingly strong for higher mass loadings, as the time to fixation and structure
immobilization is longer [79]. Some influencing factors from the formulation
to the coating step only become evident during drying, as the severity of binder
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Figure 2.18: Schematic depiction of the binder migration during electrode drying (reproduced from
Westphal and Kwade [64], Copyright 2018, Elsevier, reproduced under the license
number 6135261301190).

migration varies, e. g. with coating thickness and the particle size of the active
material. Furthermore, the extent of binder migration can vary with the used
binder and active material [48, 74]. The binder migration can be substantiated by
several experimental methods. It is especially important for the electrochemical
performance of the battery cells due to its impairment of the electrical and ionic
conduction within the electrodes.

As the drying process poses the most energy-intense production step, several new
drying technologies — such as infrared (IR) or radiation drying [174] — have been
developed and tested in recent years to reduce the energy consumption [175].
They might also lessen the binder migration [174]. However, the focus of most
published research is still on convective drying with a preheated gas flow and/or on
a heated plate as the standard method, which is also the common drying method
used for the electrodes investigated in this work.
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The drying rate may either be set by adjusting the volume flow and thereby the
heat transfer coefficient or the temperature of the air flow and thereby the thermal
gradient as driving force for the evaporation of the solvent.

Microstructural Effects

Miiller et al. [63] and Westphal and Kwade [64, 176] used EDX in combination
with SEM to visualize the distribution of PVDF binder within graphite electrodes.
In doing so, a positive gradient of the binder concentration from substrate to
surface was found as shown in Figure 2.19.
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Figure 2.19: Results of the EDX analysis of a graphite anode showing the distribution of fluorine from
the PVDF binder within the coating and the derived concentration within the different
layers (adjusted from Westphal and Kwade [64], Copyright 2018, Elsevier, reproduced
under the license number 6135261301190).

Miiller et al. [63] compared two samples produced at different drying rates of

1 gm 257! and 2.8 gm=2.s7!

and comparably high dry film thicknesses of
400 pm. The sample dried with a high rate showed an increased fluorine — and
thus binder — concentration at the surface and a lower concentration at the interface
towards the current collector in comparison to the sample dried with a low rate.
Investigations at different drying temperatures by Westphal [176] indicate higher
gradients for 7' > 110 °C in comparison to 80 °C at a constant mass loading of

10.5 mg-cm_2. Those results were also validated with LIBS [64].
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This concentration gradient could be found for different binder systems like PVDF
and CMC-SBR [63, 64,79, 171, 177]. Itis expected that the findings are adaptable
to different recipes as long as the dominant forces and interactions between the
different particles and materials are comparable. Thus, they are assumed to also
apply to the recipes used in this work.

However, EDX and LIBS present two elaborate methods. As an alternative,
adhesion strength measurements are solely used in most studies.

Mechanical Effects

The most common method to investigate the mechanical effect of drying is the
measurement of the adhesion strength between the coating and the current collec-
tor. As described in Section 2.1.2 there are different approaches to quantify the
adhesion strength. Those methods are not distinguished or put in relation here,
but in general show similar effects.

It is difficult to differentiate between the influences of drying rate, drying temper-
ature, mass loading and other contributing factors like particle size and particle
structure as they all interact with each other [64, 71, 73, 74,79, 172, 176].

If the surrounding conditions are not adjusted accordingly, an increase in the
temperature is accompanied by an increase in the drying rate. Initial studies
in this context [79, 172] suggested a decrease of the adhesion strength with an
increasing temperature and drying rate for both, PVDF and CMC-SBR binder
systems. Further studies indicate a more complex behavior with respect to a
variation of the mass loading. Westphal conducted a comprehensive study on
graphite anodes with PVDF binder and considered seven different mass loadings
from 2.7 mg-cm~2 up to 12 mg-cm~2 and three different drying temperatures
[176]. The results are reproduced in Figure 2.20. At the lowest temperature
of 80 °C no significant difference in adhesion strength could be found for the
variation in mass loading. It is assumed that the driving force for the movement
of the binder towards the surface of the coating is not sufficient for a segregation
of the components here [176].
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Figure 2.20: Adhesion strength of graphite anodes with PVDF binder processed with different mass
loadings and drying temperatures (adjusted from Westphal and Kwade [64], Copyright
2018, Elsevier, reproduced under the license number 6135261301190).

With increasing temperature (110°C) an increase in adhesion strength can be
observed for the samples with a mass loading <10.5 mg-cm~2. It is assumed that
the rise in temperature increases both, the driving force for the solvent evaporation
and the cross-linking between the coating and current collector. While the former
enhances the segregation, the latter entails an increase in adhesion strength. At
lower mass loadings and moderate temperature rises, the positive influence on
the adhesion strength appears to predominate. At higher mass loadings, the
drying time is longer, which on the one hand impairs the fixation of the polymer
entanglements of the binder and on the other hand results in increased solvent
transport to the surface and thus greater segregation.

With an even higher drying temperature of 130 °C a growing importance of the
driving force for solvent evaporation can be observed. Consequently, a stronger
segregation can already be observed for lower mass loadings. This is reflected by
a decline in adhesion strength for all samples except for the one with the lowest
mass loading of 2.7 mg-cm~2. Higher mass loadings entail higher drying times
and, thus, higher times for the binder to migrate towards the surface and away
from the interface to the current collector [64, 140].
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A similar behavior was also shown for an increasing air flow, which is directly
connected to an enhancement of the drying rate, which also leads to a drop in
adhesion strength for high mass loadings [79].

As a result, the mass loading does not seem to have a significant impact at
lower temperatures and drying rates. However, at sufficiently high temperatures
increased mass loadings and thus increased coating thicknesses result in higher
binder gradients and therefore a lower adhesion strength [64, 74, 165, 178].
Consequently, the maximum of the adhesion strength is at different temperatures
depending on the mass loading of the coating. This also explains why other
studies showed a peak of the adhesion strength at higher temperatures [47].

Klemens et al. [74] investigated the impact of the drying rate on the adhesion
strength of electrodes with equal areal capacities but different active materials.
Here, it should be noted, that the electrodes do not have the same thickness.
The results of the adhesion strength are given in Figure 2.21. The behavior of
the adhesion strength varies between almost constant values for HC and a strong
decrease with an increasing drying rate for graphite.
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Figure 2.21: Adhesion strength of HC, PBA, LFP and graphite electrodes referred to the value at the

lowest drying rate (reproduced from Klemens et al. [74], Creative Commons Attribution
4.0 License CC BY).
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Besides the type of AM, the particle size of the AM also seems to have an impact
on the binder migration. For investigations with HC and a stronger variation of

2.5~ the larger particles showed a decrease in the

the drying rate up to 9 g-m
adhesion strength, while the smaller particles even showed an increase in adhesion

strength with an increasing drying rate [73].

A change in the particle size distribution caused by different mixing devices with
graphite as AM, however, did not show this behavior [83]. The binder dispersion
for different mixing approaches might be the dominating impact in this context.

Furthermore, the measurement of the elastic deformation work may be used for
comparing the severity of the binder migration in different electrodes. Westphal
et al. [79] found an increasing elastic deformation work with an increased drying
temperature for electrodes with high mass loadings. The electrodes with lower
mass loadings did not show significant changes in the elastic deformation work
with increased temperature [64]. An enhanced elastic deformation work can be
equated with a higher binder concentration at the surface, as the polymer of the
binder — opposed to the AMs — is highly elastically deformable [64]. Thus, high
values in these investigations correspond to a strong binder migration.

Another mechanical effect that can be observed on a macro-scale is the cracking of
the electrodes during drying. Kumberg et al. [179] investigated this behavior in de-
tail on graphite electrodes with a CMC-SBR binder system. They concluded that
cracking only happens for higher mass loadings with dry film thicknesses above
approx. 325 pm. While no cracking occurred at all for drying rates <3 g-m~2-s~!,
the severity of the cracking increases with an increased drying rate. Rollag et
al. [170] found a similar tendency towards an elevated crack formation in NMC111

cathodes with an increased mass loading and drying rate.

Electrical Effects
The binder migration can lead to pore blockage close to the surface of the coating
and thus an impaired ion diffusion, manifesting in a reduced ionic conductivity

[180]. Especially for high mass loadings, this is often accompanied by a decrease
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in the electrical conductivity and, thus, an increase in the volumetric resistivity [72,
83, 181]. Similar to the adhesion strength, Westphal and Kwade [64] demonstrated
a significant impact of the mass loading in this matter as shown in Figure 2.22.
While lower mass loadings exhibited an almost constant electrical resistance
for temperatures between 80 °C and 130 °C, the increase in the resistance is
particularly strong for high mass loadings.
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Figure 2.22: Relative electrical resistance of graphite anodes with PVDF binder processed with dif-
ferent mass loadings and drying temperatures (adjusted from Westphal and Kwade [64],
Copyright 2018, Elsevier, reproduced under the license number 6135261301190).

Nikpour et al. [182], however, showed a different behavior with an increase in
the electrical conductivity when increasing the drying temperature from 24 °C to

80 °C and subsequently a decrease of the electrical conductivity between 80 °C and
232°C.

The interface resistance between coating and current collector was found to also
increase with increasing binder migration caused by a higher drying rate [85]
or a higher temperature [182]. This can be explained by the reduced carbon

black concentration in the bottom layer and in proximity to the current collector
[64, 71,79, 83].
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At large, all these restrictions lead to an impaired electrochemical performance
and a reduced lifetime of the battery [171]. The reduction of the specific ionic and
electrical conductivity add to the elongated pathways and are a further explanation
for the poor electrochemical performance and dropping discharge capacity for the
thicker electrodes at high C-rates as discussed in Section 2.2.4.

Thermal Effects

No investigation of the thermal effects is known for the drying process.

2.2.6 Calendering

The calendering process represents a compaction of the electrodes and homoge-
nization of the mechanical structure [183] as the final step of electrode production.
By calendering the electrodes, their mechanical stability is enhanced [90] and the
lifetime is increased due to an improved adhesion strength and the reduction
of aging inhomogeneities [66, 183]. Furthermore, the compaction is aimed to
minimize the plastic deformability of the coating [184].

However, the most evident goal of the calendering process is the adjustment of
thickness and porosity of the coating, which allows a specific setting for high-
energy or high-power cells [147]. The compaction not only reduces the porosity
[146] but consequently also increases the tortuosity [140, 146, 185, 186], which
lengthens the path for ion transport [186] and reduces the available capacity for
high C-rates [162] due to impaired ion diffusion. Thus, the energy density of
the electrodes is increased by calendering while an optimum of good electrical
conductivity and sufficient ionic conductivity needs to be found. In this context,
it is important to know the point at which the ionic conductivity becomes the
bottleneck for the electrochemical performance of an electrode [147].

The degree of calendering is generally defined by the compression rate Il ; given
in Equation (2.22) following Haselrieder et al. [183]. Here, 5., stands for the
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initial coating thickness of the uncalendered sheets and s, ; describes the coating
thickness of the calendered sheet .

Sco,0 — Sco,i

I, = (2.22)

S¢o,0
Thus, the compression rate is I, g = O for uncalendered samples and increases
for stronger calendering. It is physically possible for the compression rate to reach
values above 0.5 for starting porosities higher than 50 %. However, common
values are between 0.25 and 0.45, as there is still a certain porosity needed in
the calendered electrode for a reasonable electrochemical performance and since
very high line loads are needed for the compression in the low porosity range.

Another important parameter that does not describe the process of calendering
itself but rather the capability of an electrode to be calendered is the so-called
compaction resistance .. It was introduced by Meyer et al. [146] and describes
the compressibility of the electrodes in N-mm~!. With the help of the compaction
resistance, the resulting coating density p.,; for a certain line load ¢, applied to
the electrode during calendering can be estimated according to Equation (2.23)
[146].

Pcoi = Pco,max — (pco,max - pco,O) + €Xp <_Z/L) (2.23)
c

This correlation involves the maximum coating density pcomax and the initial
coating density peoo of the uncalendered electrode. In this, peomax and 7. are
fitting parameters. The compaction resistance is a function of the active material,
particle size, mass loading, roll temperature of the calender, BCB phase and
the circumferential speed of the calender rolls [78, 146, 163]. Common values
lie between 100 N-mm~! and 400 N-mm~!. Graphite generally adopts smaller
values than the lithium metal oxides like NMC due to its softer characteristics.
As shown by the equation, the coating density pco; asymptotically approaches its
maximum value with increasing line load [78, 146].
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Meyer et al. [140] showed that an increase in temperature from 25 °C to
90 °C leads to a reduction of the compaction resistance for NMC cathodes with
PVDF binder. This can be explained by the thermoplasticity of the PVDF binder.
Thereby, the interparticular friction is reduced with increasing temperature. This
effect is particularly important for high binder contents [178].

Common circumferential velocities used for calendering in laboratory conditions
lie between 0.8 m-min—! and 5 m-min—! [146, 187, 188]. Lippke et al. [189]
investigated very high calendering speeds of 50 m-min—! and deduced that the
consequent contact times are too short for a sufficient heating of the electrodes.

Beside the changes of the mechanical and electrical material properties [140, 146,
190, 191], calendering can entail different defect patterns [192]. Some defects
on the macro-scale are identified by sight analysis. Those include the formation
of wrinkles, waves and cracks within the coating as well as the rupture of the
substrate foil or coiling up of the electrode [184, 193, 194].

On the micro-scale, too high compression rates can provoke the breakage of par-
ticles [193, 195], the penetration of rigid particles like NMC and LFP into the
current collector [60, 77, 90, 140, 193, 196-199] and — especially for graphite
electrodes — the delamination of the coating. Furthermore, the high tortuosity
leads to restrictions in lithium-ion diffusion [190] and wetting problems [146,
184, 200, 201].

On the other hand, low compression rates can be responsible for a poor electrical
conductivity [190] and a low adhesion strength [196, 202].

Microstructural Effects

The applied pressure leads to a reduction of the surface roughness [146, 178] and
an overall more homogeneous coating with a reduced thickness and porosity. This
conversion can on the one hand be observed in SEM images of the cross-sections
of differently calendered samples, which not only suggest that the particles on the
top are pressed further into the coating, but also that the top particles are deformed
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and flattened themselves [178]. Images of this effect can be found in Section 5.5
of the present thesis. This smoothing of the surface is also characterized by an
increasing surface sheen of the electrodes [178, 197].

On the other hand, the changes of the coating may be quantified by mercury
intrusion [78, 90, 146]. At this, pore size distributions for varyingly strong
calendered samples are generally plotted for the different applied forces or the
resulting coating densities. While the particulate structure becomes denser due
to calendering (pe, 1) [90], the overall pore volume — and thus the porosity —
is reduced. Coating density and porosity show a linear relation according to
Equation (2.24) with p., representing the density of the solid mixture of the
coating [78].

Pco = Pcos * (1 - d)) (2.24)

The reduction of the porosity is accompanied by a reduction of the predominant
pore size, represented by the modal value of the pore size distribution plotted as
—dV/d(dp) versus the pore diameter dp. For the presentation of the total intruded
pore volume, a shift of the curves to smaller pore diameters is observed [183].
Strong calendering might even result in the creation of new pores in the range of
100 nm to 500 nm due to particle breakage [90].

As mentioned above, particle breakage can occur at high line loads which is
particularly common for cathodes [60, 82, 90]. The exact line load or porosity
at which this occurs depends heavily on the AM and the binder content. It is
suspected that the breakage of particles during calendering results in accelerated
aging of the cells manufactured from those electrodes [195].

Another effect investigated for cathodes with rigid active material particles like
NMC and LFP is the penetration of those particles into the current collector foil
at high applied line loads [60, 77, 140, 193, 196-199] as shown in Figure 2.23.
However, this behavior does not seem to have a negative impact on the electrode
performance but rather increases the quality of the mechanical and presumably
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Figure 2.23: SEM images of NMC electrodes with increasing degree of calendering from left to right.
A penetration of the AM particles into the current collector foil can be observed for the
most strongly calendered electrode (reproduced from Mayer et al. [60], License: Creative
Commons Attribution 4.0 License CC BY).

also electrical and thermal contact between coating and current collector [140,
198].

Furthermore, the calendering process is responsible for the breakage and build-up
of AM-binder connections [197].

Mechanical Effects

Several authors observed a u-shaped course of the adhesion strength between
coating and current collector for cathodes when plotted against the porosity or
coating density adjusted by calendering [140, 196, 197]. The minimum of the
adhesion strength lies at a porosity around 35 %. For low line loads, it is expected
that shear forces occur between the coating and current collector that impair the
mechanical contact and thus reduce the adhesion strength [140, 197]. Especially
for electrodes with high mass loadings and relatively low amounts of binder,
moderate compaction can result in a critical reduction in adhesion strength [140].

For higher line loads, the penetration of the AM particles into the current collector
foil can be expected for the cathodes which results in an expansion of the contact
area [140] and thus a re-increase of the adhesion strength [197].
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Moreover, the temperature applied during calendering has a significant impact on
the adhesion strength [140, 197, 202]. Higher temperatures enhance the plasticity
of the binder and reduce the defects formed in the coating and at the interface
towards the current collector. Furthermore, aluminum exhibits a lower elastic
modulus at higher temperatures, facilitating the penetration of the AM particles
into the current collector foil [140]. As a results, higher calendering temperatures
result in higher adhesion strengths in the low-porosity region [140].

However, most other studies on anodes showed a different behavior of the adhesion
strength. A u-shaped slope of the adhesion strength was only observed for the
graphite electrode investigated by Scheffler et al. [78]. Under careful consideration
of the uncertainty, the Si-C electrodes in the same study only showed a decrease
in the adhesion strength with increasing degree of calendering [78]. The graphite
electrodes studied by Billot et al. [202], however, presented a tendency towards
an increasing adhesion strength with reduced porosity.

Through the calendering process, the extent of plastic deformation is significantly
reduced while the elastic properties stay almost equal [77]. This way, the ratio
of plastic to elastic deformation work is heavily reduced [77, 197]. This helps in
compensating mechanical stress during cycling and enhances the cycling stability
of the electrodes [77].

Electrical Effects

Generally, the increasing compression induced by calendering is expected to
enhance the electrical conductivity [61, 82, 191] of the electrodes and impair
the ionic conductivity. The electrical conductivity — defined as the reciprocal
of the resistivity — is specified by the solid pathways through the AM-BCB
network. By reducing the porosity and the distance between the AM particles, the
resistances along the pathways are lowered. Some studies, however, first showed
a decrease in the electrical conductivity (thus, an increase in the resistivity) for
slight compressions, before following the expected trend [78, 149]. Similar to the
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effect discussed for the mechanical observations, this could be reasoned by small
defects and shearing occurring in the range of moderate compression.

The ionic conductivity on the other hand is mainly determined by the lithium-ion
diffusion within the electrolyte phase. Due to the compression of the electrodes,
the tortuosity is increased and the pores are narrowed. This elongates the pathways
for ion diffusion and leads to an impaired ionic conductivity.

According to Meyer et al. [163], the enhancement of the electrical conductivity by
calendering usually outweighs the increasing ionic resistance for cathodes [198,
203, 204]. With respect to the resulting discharge capacity, it was shown in the
numerical study by Appiah et al. [205] that NMC cathodes with low mass loadings
perform best with a porosity around 20 % and for cathodes with higher mass
loading a higher porosity around 30 % is preferred. A similar impact was found
in the experimental study by Bockholt et al. [90]. For high C-rates the cathodes
comparable to the ones with the higher mass loadings from the former study
showed a decrease in the discharge capacity with reduced capacity, especially at a
porosity between 35 % and 25 %. This is in line with the expectations that high-
power cells — exposed to higher current and, thus, higher C-rates — should have
higher porosities, while high-energy cells — with low currents and high energy
densities — are optimal with low porosities [162]. Although the total discharge
capacity might be reduced for strong calendering, the volumetric energy density
of the electrodes is increased by calendering [78].

Thermal Effects

At the beginning of this work, there were only few studies on the impact of the
calendering on the thermal transport in electrodes.

The most important work to mention here is the study by Sangros et al. [49].
They used a discrete element method (DEM) simulation to estimate the impact
of calendering on the effective thermal conductivity of graphite electrodes with
different AM particle sizes. The calculations predict a monotonous increase of
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Figure 2.24: Simulated effective thermal conductivity of the electrode coating for different porosities
obtained by calendering and different mean particle sizes of the AM (reproduced from
Sangros et al. [49], License: Creative Commons Attribution 4.0 License CC BY-NC).

the thermal conductivity with decreasing porosity as shown in Figure 2.24. This
effect is expected to be increasingly strong with elevated particle size.

Moreover, Oehler et al. [32, 34, 113] developed both a numerical model and an
analytical model to describe the impact of the porosity, binder and CB content
and the thermal conductivity of the single components on the effective thermal
conductivity of the porous electrode. Their models also predict a monotonous
increase of the thermal conductivity with decreasing porosity.

Maleki et al. [26] measured the thermal conductivity of pellets made from the
powder mixture used for anodes. They used different compression pressures
which are presumably also reflected in the obtained porosities. An increase in
the thermal conductivity is observed with increasing pressure. However, the
microstructure of the pellets is not quite comparable with wet-coated, dried and
subsequently calendered electrodes.
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2.2.7 Dry Manufacturing

As the drying step still represents one of the most energy consuming and thus
most expensive steps of battery manufacturing [47, 206, 207], researchers are
constantly looking for options to optimize or even eliminate the process [25].
While the reduction of the solvent amount already has beneficial effects on the
energy requirements and process costs, the complete elimination of the solvents is
preferable. This way, not only the operation costs but also the capital costs can be
significantly reduced [208], as the drying process gets removed from the process
chain entirely.

Different approaches of dry manufacturing were pursued in recent years. Degen
and Kritzig discussed the most promising ones, which —according to their research
— are the free-standing electrode fabrication, direct calendering, brush application
and electrostatic fluidized bed coating [25]. They all have similar benefits in
comparison to the wet coating of electrodes.

Since a detailed explanation of all the different processes would go beyond the
scope of this work, the focus of this section is on the free-standing electrode
production in a calender, the subsequent lamination onto the current collector
as presented by Gyulai et al. [92] as well as the electrode production by direct
calendering. The techniques are schematically depicted in Figure 2.25.

In all three cases, a powdery mixture of active material particles, PVDF or
polytetrafluoroethylene (PTFE) binder and conductive additives is prepared in
a dry mixing process. For the free-standing electrode production, this mixture is
then fed into the gap between two hot calender rolls by gravitation or additional
pressure, e. g. caused by extrusion. Commonly used temperatures for the calender
rolls lie between 100 °C and 180 °C [92, 180, 209]. The different rotation speeds
applied to the two rolls and the roller surface morphology optimized for adequate
friction lead to the envisaged shearing of the powder [92]. This way, especially
at higher temperatures, the polymer binders are sheared, resulting in a network
of so-called binder fibrils. The fibrillation leads to an increased surface and a
fine linkage of the active material particles in contrast to the inhomogeneously
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Figure 2.25: Schematic depiction of the free-standing electrode production with subsequent lamina-

tion onto the current collector foil and the dry manufacturing by direct calendering of
the electrodes (inspired by Degen and Kritzig [25]).

distributed, mossy BCB phase in slurry cast electrodes [92, 180]. Thereby, a
better ion diffusion and enhanced discharge capacity can be obtained [180].

In a second step — the lamination — the electrodes can be transferred onto the
current collector foil by an additional hot calendering step. A primer layer on the
current collector is recommended for this [92].

In the direct calendering process, the powder mixture is also compressed between
two heated rolls, but is directly applied to the current collector foil in a single
step. This way, the fragile free-standing electrodes are avoided and higher coating
speeds are possible [25].

Dry manufacturing still poses challenges with regard to the flow properties of
the applied powder mixtures, the processing speed and the homogeneity of the
microstructural and electrochemical properties of the produced electrodes [92].
However, it is a good starting point for further development as it presents con-
siderable opportunities that go beyond the mere reduction of the manufacturing
cost and energy consumption [151]. For one thing, toxic solvents like NMP,
which is especially applied for the production of NMC cathodes, are used for
wet coating. The environmental and health hazards they cause are reduced or
even eliminated by avoiding the solvents [47, 151, 210]. Secondly, it prevents the
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binder migration during the solvent evaporation of the drying process [171, 210].
This way, dry manufacturing enables high thicknesses and, thus, high areal ca-
pacities [210]. In combination with the lower porosities that are obtained by dry
processing, significantly higher energy densities can be reached [151] on cell level.
Early results also imply an improved capacity retention and overall performance
of the dry manufactured electrodes [210]. Matthews et al. [180] also observed
an improved mobility of the ions due to the non-existent pore blockage in dry
manufactured electrodes with PTFE as binder and a superior capacity at higher
C-rates in comparison to the wet-coated electrodes.
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This chapter aims to give an overview of the methods used for the electrode
production and the preparation and analysis of the samples applied in this work.
For all the production steps, only one-sided coated electrodes with single-layer
coatings were investigated.

3.1 Manufacturing of the Electrodes

Not all electrodes could be produced in the same manner due to the use of
different materials, different sources and the availability of different machines at
the different partner institutes. Thus, this section specifies the applied processes
and introduces specific identifiers for the different samples. The complete list of
all samples investigated in this work is given in Table A.6 in the Appendix.

After the production, the electrodes were dried in a hot air chamber at a temperature
of 50 °C to 60 °C over night before being transferred to an argon-filled glovebox
for sample preparation and long-term storage.

For the commercial samples, the exact production procedure of the electrodes is
unknown. Only the setting of the degree of calendering was conducted at KIT.

Formulation

The exact formulation and the utilized current collector material of the basic
electrodes is given in Table 3.1. In this, MVM, TFT, and IAM describe the partner
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institutes, which provided the samples. These include the Institute of Mechanical
Process Engineering and Mechanics at KIT (MVM), the working group Thin Film
Technology at KIT (TFT) and the Institute for Applied Materials — Energy Storage
Systems at KIT (IAM-ESS). CC describes a commercial electrode. The second
part of the identifier stands for the active material employed in the sample. In
the present work those include graphite, HC, LFP, NMC622 and NMC811. The
exact names and manufacturers of the utilized materials can be found in Table A.8
in the Appendix.

The variations conducted with those formulations are given in Table 3.2 and
further elucidated in the following sections.

For TFT_LFP and TFT_HC, electrodes with different AM particle sizes were
available. LFP200 and LFP400 refer to mean particle sizes x5q of 5.8 nm and
11.1 pm, respectively [211]. For both of them, a combined variation of the drying
rate and degree of calendering was conducted. HC-A and HC-C have mean
particle sizes x5 of 3.7 um and 9.4 pm, respectively [73]. The nomenclature of
HC-A and HC-C is derived from the study by Klemens et al. [73]. Furthermore,
an electrode with mixed AM particles was produced. The resulting "HC-Blend’
includes 50 % of each, HC-A and HC-C, in the AM fraction. HC was coated
on both, copper — generally used for lithium-ion batteries — and aluminum — for
sodium-ion batteries.

Mixing

For the MVM samples, the slurry was produced by extruder mixing. Three
twin-screw extruders (TSEs) with different screw sizes but equivalent screw
geometries (Thermo Scientific Energy 11, Thermo Scientific Process 16 and
TSE 24 MC, Thermo Fisher Scientific Inc., USA) were used here. They are
specified by TSE11, TSE16, and TSE24 in the identifiers. The number de-
scribes the screw diameter in mm. Moreover, an extruder with a differing screw
geometry (ZSK-18 MEGAIlab, Coperion, Germany) referred to as TSE18 was
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Table 3.1: Exact recipe for the different electrode formulations in wt.%.

Formulation AM CMC SBR PVDF CB CG solid content current collector
MVM_Graphite [54]  93.00 1.87 3.73 - 1.40 - 43 copper
TFT_Graphite [74] 93.00 1.87 3.73 - 1.40 - 43 copper
TFT_HC [74] 93.00 1.87 3.73 - 1.40 - 43 aluminum / copper
TFT_LFP [74] 93.00 1.87 3.73 - 1.40 - 43 aluminum
IAM_Graphite 96.00 1.25 1.25 - 1.50 - 50 copper
IAM_NMC622 92.00 - - 3.00 3.00 2.00 68 (wet)| 100 (dry) aluminum
CC_NMCS811 96.00 - - 2.00 2.00 - unknown aluminum
Table 3.2: Conducted variations for the different basic electrode formulations.

Formulation Particle size RPM Mass flow Coating Drying Dry Degree of

AM extruder extruder thickness rate coating  calendering
MVM_Graphite X X
TFT_Graphite X X
TFT_HC X X X X
TFT_LFP X X X X
IAM_Graphite X X
TAM_NMC622 X X
CC_NMCS811 X

SOPOIIS[H Y} JO SULIMOBINURIA ['€
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applied. For all of them, the rotation speed and mass flow through the extruder
can be varied. The rotation speed was modified between 300 RPM and 900 RPM.
At this, the settings were equal for the different extruders. The mass flow is
increased with the screw size to obtain a constant specific feed load for the
different extruders. Thus, n300, n600, and n900 refer to the rotation speed of the
screws in RPM and m0.4, m0.8, etc. specify the mass flow in kg-h~!. The exact
procedure for the slurry mixing using an extruder was given by Meza et al. [159].

All TFT and IAM slurries were mixed with a dissolver (Dispermat SN-10, VMA
Getzmann GmbH Verfahrenstechnik, Germany). The exact procedure for the TFT
electrodes was described by Klemens et al. [73]. They all contain a CMC-SBR
binder system and thus follow the same mixing procedure. The procedure for the
IAM electrodes was described by Miiller et al. [81].

Wet Coating

All wet processed electrodes produced at KIT were coated using a doctor blade.
All electrodes — including CC_NMC811 — are single-sided coated.

The MVM electrodes were coated on sheets of copper foil with an automatic film
applicator (PG-1818V, Thierry GmbH, Germany). The doctor blade was set to a
wet film thickness of 180 pum. [159]

The procedure used for the TFT electrodes was described in detail by Klemens et
al. [73]. Here, a batch coater is used to produce electrode sheets approx. 1 m in
length. The wet film thickness was varied widely.

For the IAM electrodes, a continuous roll-to-roll coater (KTF-S, Mathis AG,
Switzerland) with a coating speed of 0.2 m-min~—' was used for the slurry-based
processing route [81, 92].

For most of the TFT electrodes and the ITAM_Graphite electrode, a variation of
the coating thickness was conducted. Thus, 58pm, 117pm, etc. describe the
thickness of the dried but uncalendered electrode coating in the identifier.
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Drying

The MVM electrodes were dried in ambient atmosphere without the application of
specific temperature, air flow and humidity conditions. However, as the electrodes
of one batch were produced on the same day, they are assumed to be comparable.

The TFT electrodes were dried under an array of 20 slot nozzles as described by
Baunach et al. [172]. Both, the velocity and temperature can be adjusted for the air
flow. In addition, the temperature of the sample carrier may be set. The applied
values for the TFT_Graphite, TFT_HC-C_Al and TFT_LFP400 electrodes, were
given by Klemens et al. [73, 74]. In this way, well-defined drying rates and drying
temperatures could be achieved. In the identifier DR0O.75, DR1.5, etc. specify the

drying rate in g-m~2-s~!. The drying rate was varied from 0.75 g-m~2.s~!

—2.57L

s~ upto

9gm

The TAM electrodes were dried within the roll-to-roll coater (KTF-S, Mathis
AG, Switzerland). The integrated convective drying stages were set to 80 °C and
120°C [81, 92].

Calendering

All wet-coated electrodes were calendered at TAM-ESS with the same two-roll
laboratory calender (GKL 200, Saueressig Group, Germany) with a width of
400 mm and a roll diameter of 267 mm. The circumferential velocity of the rolls
was set to a constant value of 1 m-min~! and the temperature to 50 °C.

The variation of the degree of calendering was conducted for JAM_Graphite_70pm,
IAM_Graphite_117pum, IAM_NMC622, CC_NMCS811, TFT_HC-C_Cu at dry-
ing rates of 0.75 g-m~2-s~'and 6 g-m~2-s~!, and TFT_LFP200 and TFT_LFP400,
both at drying rates of 0.75 g¢m~2-s~ ' and 3 gm~2.s71.

The identifiers p1, p2, etc. describe the calendering variation in the order of an
increasing degree of calendering and thus a decreasing porosity. This way, pl
always denotes the uncalendered sample.
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Dry Manufacturing

The dry processing was carried out at IAM-ESS and was only conducted with
NMC622 as active material. For this, a composition equal to the wet-coated
TAM_NMC622 electrodes was seeked. The AM, PVDF and additives were pre-
mixed in a planetary mixer (Thinky ARV-310, Thinky USA Inc., USA) according
to the high-intensity mixing procedure described by Gyulai [212]. For the elec-
trode manufacturing itself, two different production routes were pursued: The
free-standing electrode fabrication with potential subsequent lamination and the
direct calendering onto the current collector (see Figure 2.25 in Section 2.2.7).

Those yielded three types of electrodes: Free-standing electrodes (without current
collector), laminated electrodes, and directly calendered electrodes.

The dry processing was conducted with a two-roll laboratory calender (GK 300 L,
Saueressig Group, Germany) with a width of 450 mm and a roll diameter of
200 mm. The temperature of the rolls was set to 180 °C and the circumferential
speed to 1 m-min~—! and 0.1 m-min~?, respectively. A line load of 225 N-mm~!
and a gap width of 60 nm were applied.

In the second step, either discs with 18 mm in diameter were stamped out of
the free-standing electrode and were laminated onto a precoated aluminum foil
(En’Safe, Armor, France) for the laminated electrodes [212]. Alternatively, the
whole electrode sticking to the calender roll was transferred to the precoated
aluminum foil for the directly calendered electrodes. In both cases, the gap width
was set to s = (S¢o + Sec — 3 m) here. A line load of 225 N-mm~! and a constant
roll speed of 0.1 m-min~—! for both rolls were applied.

3.2 Laser Flash Analysis

For most of the samples, the thermal conductivity was only determined by using
laser flash analysis. At this, the thermal diffusivity is measured and further
evaluated with the results for density and specific heat capacity as described in
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Section 2.1.4. A large number of these measurements were conducted by Sabrina
Herberger (TVT), Anastasia Schmidt Gallegos and as part of the final thesis
projects of Luca Graf, Adrian Reyes Mayorga and Yasmin Griibbel [213-215].

All the measurements were conducted with a LFA 467 HyperFlash® (NETZSCH-
Geridtebau GmbH, Germany) with a measurement uncertainty of 3 %. Liquid
nitrogen is used for the cooling of both, the IR detector and the sample chamber.
The light pulse heating the sample is generated by a xenon flash lamp which has
a maximum pulse energy of 10 J. The pulse signal has a triangular shape as a
function of time. The magnitude and duration of the light pulse can be adjusted,
which is especially important for the comparison of samples with widely varying
thickness or material properties. The pulse width can adopt values in the range of
10 ps to 1500 ps. For all measurements conducted in the course of this work, a
pulse duration of 50 ps was applied. The ignition voltage of the xenon lamp was
set to 150 V. The magnitude was varied for the different samples to be suitable
for the respective thicknesses and thermal conductivities. The output of the IR
detector as exemplarily shown in Figure 2.6 is displayed in volts. However, the
increase in the voltage signal is directly proportional to the temperature increase
at the back of the sample.

For the sample preparation, discs with 18 mm or 20 mm in diameter were
punched out of the electrodes. The first experiments with IAM_Graphite_70nm,
TAM_NMC622 and CC_NMC811 were conducted with 20 mm discs cut out with
a hollow punch [213]. However, they showed chipping of the coating along the
circumference which was especially strong for the uncalendered, highly porous
graphite electrodes [213]. This results in an underestimation of the mass and,
thus, an overestimation of the porosity of those samples. Consequently, all sub-
sequent samples were punched out with a high-precision punching tool (EL-Cut,
EL-Cell, Germany) with a disc diameter of 18 mm. The measurements for
TAM_Graphite_70pm_p1 — the uncalendered graphite electrode from the first ex-
periments — were also repeated with the 18 mm discs to reduce the errors in the
measured porosity. The thermal diffusivity and resulting thermal conductivity are
expected to not be significantly influenced by the diameter of the samples.
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To prevent reflection and increase the absorption and emission of the heat, the
metal side of the electrode samples was coated with a thin layer of graphite spray
(ARONIX Spezialschmierstoffe, Germany). As the spraying is a manual process
and is strongly influenced by the viscosity and homogeneity of the spray as well as
the operator, the thickness of the graphite spray is expected to vary strongly. SEM
images suggest a thickness of up to 10 pm. Assuming a high thermal conductivity
of this layer in comparison to the electrode coating, the hereby added resistance
may be neglected.

For each electrode sheet in Table A.6 in the Appendix, five samples were measured.
For this, the 25.4 mm foil sample holder (NETZSCH-Geritebau GmbH, Germany)
shown in Figure 3.1 was used. The only exception was the TFT_Graphite_700pm
sheet which only allowed the measurement of 4 samples with current collector
due to material scarcity.

T

_ NETZSCH _
Y

Figure 3.1: Foil sample holder used for all the LFA measurements featured in this work (reproduced
from Gandert et al. [216], Creative Commons Attribution 4.0 License CC BY).

All the measurements were carried out on dry samples. No additional pressure
was applied during the measurements. Nitrogen was used as protective gas with
a volume flow rate of 60 mL-min~!. If not stated otherwise, the measurements
were carried out in a helium atmosphere with a volume flow rate of 25 mL-min~!,
Some samples were additionally measured in a nitrogen atmosphere with an equal
gas flow of 25 mL-min~!. For the electrodes used for the calendering variation in
the first published study [36] — IAM_Graphite, IAM_NMC622 and CC_NMCS811

— temperature-dependent measurements were conducted in a range of —20 °C to
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60 °Cin 10 K intervals [213]. All other samples were only measured at 20 °C. The
set temperature value in the LFA software for this was 19.9 °C to ensure sufficient
cooling. For the temperature-dependent measurements, a jump in the thermal
diffusivity results could be found between 20 °C and 30 °C (see Figure A.6 in the
Appendix). This might be explained by the gas flow present for the measurements
at 19.9 °C with an active cooling and the static conditions at 30 °C as described
by Lauerer and Lunev [217].

The light flash was shot onto the side with the electrode coating for all samples.
There have been some controversies on the impact of the sample orientation on
the results. However, a comparison of the results for individual samples measured
with either the coating or current collector facing the light pulse did not result
in a clear recommendation in this matter (see Figure A.5 in the Appendix). The
penetration model by McMasters et al. [103] implemented in the Proteus LFA
software (NETZSCH-Geritebau GmbH, Germany) was used for the evaluation
of all measurements.

Except for the ITAM_Graphite_58pm and IAM_NMC622 samples all electrodes
were measured using the laser flash analysis only.

3.3 Differential Scanning Calorimetry

The DSC was used to measure the specific heat capacity of the electrode materials.
For this, the solid mixture of the coating was scraped off of the current collector.
The powdery material is compactly pressed into aluminum crucibles. The mass
of the empty and filled crucibles was measured with a precision scale (Balance
XPE206DR, Mettler-Toledo GmbH, Switzerland) with a measurement uncertainty
of 0.015 mg. For each composition, three samples were prepared.

Most of the measurements were conducted with a calorimeter (Q2000, TA In-
struments, USA) with a measurement uncertainty of 0.05 %. As measuring gas,
nitrogen was used with a flow rate of 50 mL-min~!. A temperature range of

—40°C to 60°C was run in 2 K steps with a heating rate of 20 K-min—!. The
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temperature ramp was performed five times for each sample to allow a sound
averaging of the results.

The specific heat capacity of the TFT_LFP200 and MVM_Graphite mixtures was
measured with a newer model (DSC 2500, TA Instruments, USA) with the same
settings.

Most DSC measurements were conducted and the data made available by Sabrina
Herberger (TVT). Some originate from the final thesis project of Luca Graf [213].

For some electrodes with known composition, the specific heat capacity was
estimated from literature data or the measurements of the single components
instead of measuring the mixture. Below, they are specified as "estimated specific
heat capacity" instead of "measured specific heat capacity".

3.4 Gas Pycnometry

The gas pycnometry was applied for the density measurements. It uses the same
scraped-off material as the DSC. Three such powder samples were gauged per
electrode composition using a gas pycnometer (Ultrapyc 1200e, Quantachrome
Instruments, a brand of Anton Paar GmbH, Austria) with a measurement un-
certainty of 0.03 %. The mass of the samples was determined using the same
precision scale as used for the DSC samples (Balance XPE206DR, Mettler-Toledo
GmbH, Switzerland). All measurements were conducted at 25 °C with nitrogen
as measuring gas. The measurements were conducted and the data made available
by Sabrina Herberger (TVT).

Similar to the specific heat capacity, not all compositions were measured, but
some were estimated with the data of the single components.
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3.5 Geometrical and Gravimetrical Analysis

The evaluation of the porosity according to Equation 2.6, which requires the
measurement of geometrical and gravimetrical variables, was conducted for all
the disc samples also used for the LFA measurements.

In doing so, the mass was determined with a precision scale (Balance XPE206DR,
Mettler-Toledo GmbH, Switzerland) with a measurement uncertainty of 0.015 mg
and the diameter was measured with a digital caliper (digiMax 150D, Wiha
Werkzeuge GmbH, Germany) with a measurement uncertainty of 0.05 mm.

The thicknesses of the current collectors and electrode stacks used for the evalua-
tions were measured with a digital micrometer screw (Micromar 40 EWR, Mahr
GmbH, Germany) with a flat measuring area and an error margin of 2 pm. Not only
does this measurement method in itself show high errors, it also shows large devi-
ations to thickness measurements with different measuring heads. It is important
to consider the impact of this thickness uncertainty on the results for the thermal
conductivity. In this context, the thickness of a part of the differently strong cal-
endered electrodes — IAM_Graphite_70um, IAM_NMC622 and CC_NMCS811
— was additionally measured with a digital dial indicator (ID-H0530, Mitutoyo
Corporation, Japan) with a ball tip measuring head and an accuracy of 1.5 pm.
In Figure 3.2 the thickness Syane measured with the micrometer screw (Mahr
GmbH) and the thickness Smitoyo measured with the dial indicator (Mitutoyo
Corporation) are compared.

The values measured with the dial indicator are generally lower than those mea-
sured with the micrometer screw and show a deviation of up to 23 % for the
electrode stack. A similar relative deviation was found for the current collector
foils. The deviation between the two methods significantly decreases with in-
creasing degree of calendering. This matter was previously discussed by Gandert
et al. [36] and is summarized in the following.

The flat measuring area of the micrometer screw with 33.18 mm? and the ap-
plied measuring force of 5 N to 10 N [218] result in a maximum pressure of
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Figure 3.2: Relative deviation of the stack thickness measured with the dial indicator by Mitutoyo
Corporation in comparison to the micrometer screw by Mahr GmbH (adjusted from
Gandert et al. [36], Creative Commons Attribution 4.0 License CC BY).

0.3014 N-mm~2. It can be assumed that the compression of the electrode coating
is marginal under this pressure. Thus, the measurements provide the sample
thickness at its highest points without any balancing of the unevenness. The dial
indicator, on the other hand, has a ball tip contact element with a diameter of 3 mm
and a measuring force of up to 2 N [219]. Due to the significantly smaller contact
area of the ball tip for penetration depths in the pm-range, it might measure the
thickness in the hollows at the surface. Moreover, the smaller area leads to a
higher applied pressure, which might result in a slight compression of the sample.
A penetration depth of up to 20 nm in the graphite samples in comparison to
the thickness measured with the micrometer screw corresponds to a pressure of
at least 10.6 N-mm~2. For the NMC sample and a penetration depths of up to
10 pm the applied pressure is even higher with at least 21.2 N-mm™2.

The fact that the deviation between the two methods declines with decreasing
porosity can be attributed to two effects. Firstly, the more compressed layers
have a more even surface and smaller hollows that the dial indicator might enter.
Secondly, they have already experienced stronger compression; thus, a further
pressure application does not have a substantial impact anymore. The strong
unevenness of the uncalendered electrodes and the leveling of the surface by
calendering were also shown by Meyer et al. [146]. This hypothesis also explains
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that the graphite electrode still shows a substantial deviation of approx. 10 % for
porosities below 0.4 while the deviation for the NMC electrodes is already below
5 % here. Graphite electrodes have a lower compaction resistance [ 146], therefore,
lower pressures are needed for compression, leading to higher penetration depths
of the measuring head.

Thus, while the relative error of the measurement with the micrometer screw
increases with increasing degree of calendering assuming a constant error margin
of the measurement device, the difference between the two methods decreases
with increasing degree of calendering.

An error in the thickness measurement affects the evaluation of the thermal
conductivity in different ways. For one thing, it directly impacts the calculation
of the thermal diffusivity according to Equation 2.14 as previously discussed by
Gandert et al. [36].

Besides the thickness s of the sample, the thermal diffusivity ~ is determined by
the time ¢, /5 that elapses until half of the measured temperature change is reached
[103]. As the time is fixed by the measurement results, a higher assumed thickness
entails a higher calculated value of the thermal diffusivity. Higher values of the
thermal transport properties are required to conduct heat over a longer distance in
the same time.

An attempt to estimate the extent of the error of the thermal diffusivity for an
erroneous electrode thickness, the results of selected samples were re-evaluated
for a wider range of the thickness. Values of the thickness sy, in the range of
0.75 - Smanr to 1.25 - syane Were used, resembling a variation of £25 % conform to
the deviations observed above. The thermal diffusivity for the varied thicknesses
Svar NOrmalized to the thickness measured with the micrometer screw Syane 1S
displayed in Figure 3.3 (a). The thermal diffusivity was also normalized to the
value determined for the thickness obtained with the micrometer screw. The
results shown here were established with the uncalendered samples. However,
calendered samples led to similar results. The dependency is equal for all the
investigated electrodes as only the thickness and no material properties flow into
the calculation. Thus, the four graphs lie exactly on top of each other.
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Figure 3.3: Impact of a variation in the thickness of the electrode stack on (a) the effective
thermal diffusivity x, (b) the porosity ¢ and (c) the effective thermal conductivity
A of the electrode stack for the uncalendered electrodes IAM_Graphite_70pm_pl,
IAM_Graphite_117pm_pl, TAM_NMC622_pl and CC_NMC811_pl (adjusted from
Gandert et al. [36, 220], Creative Commons Attribution 4.0 License CC BY).

Moreover, the thickness has a significant influence on the calculated porosity.
Keeping the mass, solid density, and diameter of the sample constant, an increase
in the thickness results in a higher porosity as the incorrectly higher assumed
volume only leads to higher amounts of hollows. The impact of a variation in
the sample thickness on the porosity is given in Figure 3.3 (b) normalized to the
values based on the micrometer screw.
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The thicknesses of the stack and current collector also directly flow into the
thermal conductivity through Equation 2.16. In this, only the ratio of the two
values is important and not the absolute values. For the present investigation of
both the thermal conductivity and porosity, the ratio of s.. to Sgcx Was assumed to
remain constant, thus, neglecting the interrelation of measurement uncertainties
of the stack and current collector.

When it comes to the calculation of the thermal conductivity, the effects of
the thickness on the thermal diffusivity and the porosity counteract each other
(see Equation 2.16). The increasing slope of the effective thermal conductivity
indicates that the thermal diffusivity has a stronger influence in this relation than
the porosity. All things considered, the thermal conductivity shows significantly
lower relative variations than the thermal diffusivity due to the counteracting effect
of the porosity.

The according depiction of the variation of the thermal conductivity for a varied
thickness is given in Figure 3.3 (c). The graphs of NMC811 and NMC622 are
almost equal, making the yellow curve for NMC622 barely identifiable. While
the tendency is similar, the effect is not equally strong for the different materials,
which is attributed to the different porosity of the uncalendered samples.

The conducted analysis leaves open the question of which thickness measurement
method should be used for future investigations. For this decision, it is essential
to consider the application for which the thickness is being used. All the LFA
measurements conducted in this work were evaluated using the penetration model
by McMasters et al. [103]. This model is intended for the use on porous samples
and takes into account the hollows and how the light beam does not just hit the
surface but partially penetrates further into the pores. Since the penetration depth
is fitted to the recorded data and is thus corrected automatically by the evaluation
software (Proteus LFA Analysis, NETZSCH-Geritebau GmbH, Germany) [221],
the thickness of the highest point should be used for the evaluation of the LFA
measurements. Therefore, the values measured with the micrometer screw are
preferred in this case.
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For the calculation of the porosity, an explicit decision between the two methods
is not possible. Assuming that the dial indicator really just measured the lowest
points of the coating surface and that the high points and low points balance
each other, the mean of both thickness values would be a good estimation for the
determination of the averaged porosity. However, it is statistically improbable
that the dial indicator only measures the low points of the samples, although we
have only measured very few points that were as high as the values of the mi-
crometer screw or even higher (max. of 12.5 % for JAM_NMC622, approx. 0 %
for IAM_Graphite_70pm and CC_NMCS811). This suggests that the low values
mainly originate from the compression of the material. Thus, the resulting thick-
ness values are inapplicable for investigations in which the electrode is not further
compressed. Therefore, all further thickness measurements were conducted with
the micrometer screw.

The measurement of the diameter with a caliper also poses a great possibility for
errors. For one thing, it is improbable to always measure the longest distance of a
circle going through the center. Additionally, the measurement is very sensitive to
the applied clamping force in radial direction which leads to a deformation of the
sample to varying degrees. Thus, the result might vary strongly with the operator.
However, for both cases of incorrect application, the result for the diameter is
lower than the true value, which leads to an underestimation of the porosity.

3.6 Guarded Hot Plate Method

Similar to the LFA measurements, electrode discs were punched out of the sheets
for the GHP measurements. Due to the geometry of the measurement rig, a
diameter of 21 mm was used. The sample preparation was conducted in ambient
air. After opening the sealed transport pouches, the electrode sheets were stored
in a desiccator at the NTNU.

The experimental setup is based on the schematic in Figure 2.5. The pistons
are made of stainless steel. The inlet temperatures of the hot water and cold
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water stream are controlled with thermostats. The ends of the pistons that are
in contact with the sample are covered with thin aluminum plates. With ap-
prox. 236 W-m~!-K~!, aluminum has a significantly higher thermal conductivity
in comparison to steel with approx. 15 W-m~1-K~!. Thus, as the thermal gradi-
ents within the pistons and the sample are much higher, the temperatures within
the aluminum plates can be assumed as spatially constant and define the temper-
ature difference through the sample used in the evaluation. To minimize parasitic
heat flows to and from the environment, the pistons and sample are surrounded by
an evacuated and mirrored insulation tube made of glass. The sample thickness
is measured by the two micrometers on the outside of the rig in relation to their
calibration, which is conducted without any sample in the rig. More details on
the setup can be found in the study by Burheim et al. [96].

Due to their asymmetry, the one-sided coated electrodes were always measured in
pairs. In this setting, the coatings are facing each other while the current collectors
are on the outside. This stacking method has shown a tendency towards lower
thermal contact resistances between the single layers than the stacking of several
samples facing in the same direction. Following this approach, the differently
calendered sheets of the IAM_NMC622 and IAM_Graphite_70um electrodes
were measured with two, four and six layers with the electrode coatings facing
each other. It should be noted that the most strongly calendered graphite electrode
IAM_Graphite_70pm_p6 could not be measured in this setting due to material
scarcity.

The thickness of the multi-layer stacks was measured with a micrometer screw
(Ironside Group, USA) before they were inserted into the rig. In addition, two
micrometers (ID-S1112XB, Mitutoyo Corporation, Japan) with an accuracy of
3 pm are integrated into the rig that measure the thickness variation during the
measurement. The mean value of the two micrometers is used in the evaluation
for a more precise result.

Different pressures can be applied to the sample in the rig. In the present work,
the pressure was varied in a realistic range of 2 bar to 6 bar for the differently
calendered samples. Additional investigations of the internal contact resistances
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used pressures of 2.5 bar and 5 bar as discussed in detail in Section 5.5.3. The
measurements were conducted in air.

The thermal conductivity resulting from the GHP is evaluated with a linear re-
gression of the overall thermal resistances of the measured stacks with varying
layer numbers. The reported error bars represent the least square residuals from
the linear regression. The thermal conductivity data are reported with double
standard deviations.

3.7 Scanning Electron Microscopy

The SEM imaging was conducted by Dr. Marcus Miiller at IAM-ESS with a
field-emission scanning electron microscope (Supra 55, Zeiss, Germany).

For the cross-section images, the electrode samples were cut with a triple ion
beam cutter (EM TIC3X, Leica Mikrosysteme GmbH, Germany). The sample
preparation is performed under vacuum with a residual pressure of 2 - 10~% mbar
of argon. The acceleration voltage for the argon ions is 6 kV to 7 kV and the gun
current is 2.2 mA to 2.6 mA.

3.8 Electrical Resistance Measurements

The volumetric resistivity and interface resistance were measured for the IAM_
NMC622 and IAM_Graphite_70um electrodes with an electrode resistance mea-
surement system (RM2610, Hioki E.E., Japan) at IAM-ESS. The room tempera-
ture ranged from 18 °C to 20 °C. Five samples were used per degree of calendering
and three measurement points were recorded per sample. The LFA samples were
used for this investigation. Therefore, the evaluation of the measurements is based
on the mean thickness obtained earlier for the LFA. It should be noted, that the
electrical resistance measurements were conducted more than two years after the
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thermal diffusivity measurements with the LFA. The samples were stored in air
during that time.

The results allow the calculation of the specific electrical conductivity, which is
used in the comparison below. The specific electrical conductivity is equivalent
to the reciprocal of the volumetric resistivity of the coating.

3.9 Profilometer

In the context of the comparison of the LFA and GHP as measuring methods for
the thermal conductivity an interest into the surface roughness of the electrodes
arose. To investigate this, a profilometer (Dektak 150, Veeco, USA) with a ball-
type stylus with a radius of 5 ym was used to record the height profiles of the
differently calendered electrodes. The discs measured with the GHP were also
used for these investigations. The measurements were conducted in a clean room
at NTNU.

The same procedure was applied to all the sheets. Especially the strongly cal-
endered samples are prone to bending. Therefore, the samples were fixated on a
specimen slide with adhesive tape to obtain a fairly even surface. Three lines of
500 pm each were scanned within 100 s each at different areas of the sample. A
load of 3 mg was applied to the stylus.

The three measurements per sheet can differ strongly depending on the starting
point of the measurement which results in a different offset in height. This is why
the measurements were each referred to their highest point so that only the relative
course along the surface is taken into account. Thereafter, the three measurements
per sheet can be combined to one dataset and allow an evaluation of the surface
roughness of the different electrodes.
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4 Modeling

For the further analysis of the experimental data, two models were considered in
this thesis. Firstly, the analytical model introduced by Oehler et al. [32, 34, 113]
was implemented in MATLAB for a comparison with the experimental results of
the differently calendered electrodes. Secondly, a numerical model representing
the thermal transport processes during the LFA measurements was developed to
estimate the impact of the radial heat losses on the resulting thermal conductivity.

4.1 Analytical Model by Oehler

Generally known heat conduction models for packed beds cannot reproduce the
complex interdependencies of the different components within the microstructure
of battery electrodes. Oehler et al. [32, 34, 113] developed an analytical model
based on the Zehner, Bauer, and Schliinder (ZBS) model [222-224]. As shown
in Figure 4.1, the advanced model considers different heat conduction pathways
through the fluid (path 1), through the AM solid (path 2), and through a combined
path including the BCB phase (path 3). While the particle size is no contributing
factor in this model, it is able to take into account different porosities as well as a
variation in the binder and carbon black volume fractions.

The modeling approach was described in detail by Oehler at al. [32, 34]. Therefore,
only the most important correlations for the present consideration and the specific
settings used for the calculations are discussed here.

Generally, the effective thermal conductivity of the electrode coating is a function
of the thermal conductivities of the AM Aaw, the BCB phase A\gcp and the fluid Ay.
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Figure 4.1: Schematic depiction of the model introduced by Oehler et al. [32, 34, 113] (reproduced
from Oehler et al. [32], Creative Commons Attribution 4.0 License CC BY).

Moreover, the volume fractions of the AM vy, the BCB vgcg, and the porosity
¢, which equates the volume fraction of the fluid, are needed. Newly introduced
parameters are the particle distance parameter c and the particle contact parameter
a. The correlation for the effective thermal conductivity as a parallel connection
of the three paths with their respective thermal conductivities Apani, Apah2 and
Apath3 18 given in Equation 4.1. The radii 72 and 73 are defined according to the
schematic depiction in Figure 4.1.

et = f (AAM; ABCB, Ats YaM, VBCB, @5 €, (1) 4.1
= (1 - 7’%) : )\pathl + (Tg - T?%) . Apach + 7";% . )\path (42)

For the detailed derivation of the correlations for the calculation of the thermal
conductivities of the three paths, the reader is referred to the publications by
Oehler et al. [32, 34].

Inspired by Oehler et al. [32], the particle contact parameter o was set to O in the
present work, implying that no heat transfer path exists that only passes the AM
solid. Thus, heat conduction along path 2 in Figure 4.1 is excluded. This is based
on the assumption that all AM particles are surrounded by a layer of BCB phase.
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The used compositions comply with those given in Table 3.1. An overview on
the specific material properties used for the calculation is given in Table 4.1. The
density is used for the conversion of mass fractions into volume fractions.

Table 4.1: Values of the thermal conductivity A and the density p of the materials contained in the
investigated electrodes that were used in the model.

Material A/ W-m™ K™ p/kgm™?
Graphite (AM & additive)  139.6 [49, 225, 226] 2115 [115,227]
NMC622 / NMC811 4.3 [228] 4680 [31]
LFP 0.8 [229] 3350 [74]
HC 5.5[230] 2062 [74]
PVDF 0.2 [231] 1750 [231]
CMC 0.21 [34, 232] 1595 + 6 (measured at TVT
by Sabrina Herberger)
SBR 0.206 [232, 233] 940 [234]
Carbon black 24 [34] 2260 [34]
Helium 0.152 [235] -

The model was applied to all the differently calendered electrodes experimentally
investigated in this work. The TAM_NMC622 electrodes contain a graphite
additive, which has a significantly higher thermal conductivity than all other
included materials and a relatively large particle size. However, it only makes up
2 wt.% of the coating. Additives are usually considered in the BCB phase. In the
model by Oehler et al., the thermal conductivity of the BCB phase is calculated
according to the model by Hamilton and Crosser [236] given in Equation 4.3.
Herein, Apy refers to the thermal conductivity of the polymer and thus the binder
and A\cp stands for the thermal conductivity of the carbon black. For polymer-CB
systems, a factor of f = 3.2 is recommended [34].

(f =1 - Aem+Acs — (f —1)- (Apm — AcB) - Ve
(f—1) - Xem+ Acs + (Apm — Acs) - Vs

ABCB = ApM 4.3)
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Including the graphite particles in the BCB phase would require a thorough
analysis of their weighting factor in the context of Equation 4.3. Moreover, due
to their size, the consideration within the binder phase might not be the right
approach. Their size is more similar to that of the NMC particles. Although
it is assumed, that the graphite particles lead to an enhancement of the effective
thermal conductivity, they do not build continuous heat conduction paths along
the coating thickness. Thus, the simple assumption of a parallel connection of
both AM materials for the calculation of s\ strongly overestimates the effective
thermal conductivity of the coating. A series connection, on the other hand,
results in an underestimation of the effective thermal conductivity. No sufficiently
elaborate approach to consider two different kinds of the larger particles exists so
far, even though this is also of interest for the modeling of blend electrodes with
more than one AM. Instead, the graphite fraction was neglected completely in the
modeling of the IAM_NMCG622 electrodes in the present work.

4.2 FEM Simulation of the LFA Measurements

A numerical model was implemented in COMSOL Multiphysics® to investigate
the error in thermal conductivity caused by radial heat losses in the LFA mea-
surements. The model is realized as a rotationally symmetric 2D geometry with
different boundary conditions. The physics module Heat Transfer in Solids and
a time-dependent solver were applied. This way, the porous electrode coating
is regarded as a single phase continuum with uniform, isotropic properties. The
following model geometries were considered in this context, which are depicted
in Figure 4.2.

* Reference case: In this case, only the irradiated and radiating inner circle
of the sample is taken into account. This way, the system follows a pure
1D heat conduction and thereby meets the assumptions used for the eval-
uation. Symmetry is assumed at 7 = 0 mm. The outer surface in radial
direction is assumed to be adiabatic. The whole bottom surface is evenly
heated and a Dirichlet boundary condition with a heat transfer coefficient
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of 5W-m~2.K~! is assumed at all surfaces in axial direction. An adiabatic
Neumann boundary condition was applied to all surfaces in radial direction.

18 mm disc: The name of this case refers to the size of the circular samples,
which have a diameter of 18 mm, i. e. a radius of » = 9 mm. For this
and all the following cases, only the inner circle of 0 mm< r < 7 mm
of the bottom surface is irradiated and experiences heat transfer to the
surrounding gas phase with 5 W-m—2.K~!. For the upper surface, the
same heat transfer coefficient applies to a circle of only 0 mm< r <
5 mm following the geometry of the foil sample holder used for the LFA
measurements (see Figure 3.1.) For the models without sample holder,
adiabatic conditions were assumed at the outer surfaces which corresponds
to a Neumann boundary condition.

20 mm disc: This case is almost equal to the /8 mm disc, except for the disc
is 20 mm in diameter here. As some of the experiments were conducted
with 20 mm discs instead of 18 mm discs, both cases were considered in
the model. To verify the experimental results it is of interest if a change in
the sample diameter entails a large deviation in the results.

18 mm disc with sample holder and 10 um He contact resistance: In this
case, alumped volume with the material properties of stainless steel is added
to the 18 mm disc model to take the thermal influence of the sample holder
into account. The volume of the upper and lower piece was set to have the
same heat capacity as the two pieces of the real sample holder. The sample
holder’s geometry was simplified for the simulation and is implemented
in the form of two metal rings which have the same heat capacity and
contact area towards the sample as lower and upper piece of the real sample
holder. A 10 nm thick layer of helium (He) representing a potential contact
resistance was added between the sample and the sample holder. Its thermal
conductivity was set to an approximate value of 0.15 W-m~1-K~! in the
model [235].

18 mm disc with sample holder and without contact resistance: In this case,
the helium phase and thus the contact resistance is neglected in comparison
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to the former model resulting in a better heat conduction and making the
additional heat capacity of the sample holder more accessible.

e 20 mm disc with sample holder and without contact resistance: In the
last geometry the disc diameter is again increased to 20 mm. Hereby, the
contact area between sample and sample holder is increased as well.

The accessible heat capacity of the whole system and especially the amount of
the material outside of the measurement area is gradually increased from the
reference case to the case of a 20 mm disc with sample holder and without contact
resistance. All geometries were checked for mesh independence by doubling the
mesh resolution.

For all the geometries, the sample can consist of either two or three layers:
The electrode coating, which is irradiated, and the metallic current collector are
present in any case. The optional third layer is a thin layer of graphite spray
on the backside of the metal foil as described in Section 3.2. All the thickness
values and material properties can be adjusted depending on the assumed AM,
current collector material, degree of calendering and for parameter studies for the
graphite spray.

For all simulations, the sample was assumed to be ideally centered within the
sample holder so that the light flash occurs perfectly centered as well. Of course,
this cannot be achieved in experiments due to human error in sample positioning.

The most strongly calendered graphite electrode is used for the analysis as it
exhibits the highest in-plane thermal conductivity due to the highest fraction of the
thickness of the copper current collector. Therefore, it is expected to experience
the strongest errors due to undesired heat conduction in radial direction. As a
consequence, the thickness of the coating, current collector and graphite spray
were set to 37 nm, 10 pm and 3 pm, respectively. The thermal conductivity was
set to 1.6 W-m~1.K~! for the coating, 380 W-m~!-K~! for the copper current
collector and 0.2 W-m~—!-K~! for the graphite spray.
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Figure 4.2: Graphic depiction of the considered model geometries. For a better visibility, the thickness
ratio of the different components does not reflect the reality. Exemplarily, the different
geometries are shown for the cases with graphite paint on the backside of the metal foil
(adjusted from Gandert et al. [93], Creative Commons Attribution 4.0 License CC BY).
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Based on the assumptions for the evaluation, the heat input is assumed to be a
triangular pulse, which is released during the first 0.1 ms of the simulation. The
heat input is realized as an areal heat source at the bottom surface of the sample.
As the adiabatic fitting approach for solids was used for the evaluation, which
assumes a smooth sample surface, light penetration into the porous sample was
not considered.

The results of the model are exported in a .txt file in the form of a time
array and the mean temperature along the radius 0 mm < r < 5 mm on the
backside of the sample over time. The evaluation is conducted in MATLAB®
with the computational framework by Philipp et al. [237, 238]. The framework
automatically chooses the adiabatic fitting approach.

For the evaluation of the coating thermal conductivity according to a series connec-
tion, the thickness of the graphite spray was neglected to replicate the procedure
used for the evaluation of the experimental LFA data.

98



5 Results and Discussion

In this chapter, the impact of the different production parameters on the thermal
conductivity is analyzed and the correlation with the microstructural, mechanical
and electrical changes is discussed.

For this, the effective thermal conductivity of the electrode coating according
to Equation 2.17 is taken into account. This way, the impact of different ratios
of coating to current collector thickness are eliminated. This allows a better
comparison with the literature and of the electrodes investigated here among each
other. It should be noted that the calculation according to Equation 2.17 does
not take into account the thermal contact resistance between the coating and the
current collector as an individual variable. Thus, the contact resistance is included
in the coating thermal conductivity and thereby leads to a reduction of the value.
However, the order of magnitude of the thermal contact resistance is yet unknown
and it is uncertain, if it is even significant in this context.

Unless stated otherwise, mean values are always depicted with a double standard
deviation. The standard deviation is calculated according to the statistical uncer-
tainty analysis (type A) and — if applicable — error propagation in compliance with
the Guide to the Expression of Uncertainty in Measurement [239]. The approach
used for the calculation of the uncertainty of the thermal conductivity obtained
with GHP is elaborated in Section 3.6. Moreover, the LFA data were always
measured in helium. For a comparison with the GHP, the electrodes calendered to
different degrees were additionally measured in nitrogen atmosphere in the LFA.

In particular, the process steps of coating and drying are closely related. Therefore,
a strict distinction of the two steps in the discussion of the results is not always
possible.

99



5 Results and Discussion

The mean density and specific heat capacity of the particle mixtures of the different
electrodes which are needed for the calculation of the thermal conductivity from
the thermal diffusivity are given in Table 5.1.

Table 5.1: Solid density and specific heat capacity of the different formulations of the electrode
coatings at 20 °C to 25 °C used for the evaluation of the effective thermal conductivity.
For the AMs with different particles size, the specific heat capacity was measured separately.
The uncertainties of the measured values are given with a coverage factor of k = 2.

Formulation Peos | KE - m~3 Cpyeos 1 J - kg71 K

MVM_Graphite 2136 (estimated)  714.7 + 13.0 (Herberger, TVT)

TFT_Graphite 2136 [74] 687.0 + 37.6 (Herberger, TVT)
TFT_HC-A 1873 (estimated) 753.2 £ 9.4 (Herberger, TVT)
TFT_HC-C 1970 [74] 769.5 + 13.8 (Herberger, TVT)
TET_LFP200 2992 [74] 795.5 £ 3.7 (Herberger, TVT)
TFT_LFP400 2992 [74] 753.4 + 15.3 (Herberger, TVT)
IAM_Graphite 2162 + 5[213] 701.1 + 5.4 [213]
IAM_NMC622 4229 + 7[213] 785.8 + 14.4 [213]
CC_NMC811 4474 £+ 3 [213] 773.5 £ 10.5 [213]

5.1 Formulation

In terms of the formulation of the electrodes, the mean particle size of the ac-
tive material particles was varied for HC and LFP. Those include the electrodes
TFT_HC-A, TFT_HC-C, TFT_LFP200 and TFT_LFP400. The coating thick-
ness was set to similar values for both HC and LFP electrodes, respectively.

In this section, only the effective thermal conductivity and porosity of the elec-
trodes produced with the lowest drying rate and in the uncalendered state are
covered. However, the impact in combination with a variation of the drying rate
and the degree of calendering is discussed later on.
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Figure 5.1 shows the thermal conductivity of the electrode coating and its porosity
with respect to the AM particle size. Herein, it is evident that the effective thermal
conductivity increases with increasing mean particle size. The same applies to the
porosity which also shows increasing values with increasing particle size. This is
in line with the expectations from the literature [73, 116]. However, the porosity
does not only depend on the mean particle size x5y of the AM particles, but also
on the content of binder and CB and the particle size distribution. A wider or
even bimodal particle size distribution generally results in a lower porosity as the
voids between the larger particles may be filled by the smaller ones. The particle
size distributions for the raw AMs discussed here are given in the Figures A.1 and
A.2 in the Appendix.
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Figure 5.1: Impact of the mean particle size of the active material on (a) the effective thermal con-
ductivity and (b) the porosity of the LFP and HC electrode coatings.

The correlation between the porosity and thermal conductivity is contradictory,
as a higher porosity and thus a lower solid fraction is generally expected to result
in a lower effective thermal conductivity. Therefore, the results in Figure 5.1
emphasize that the porosity is not the only and often —e. g. in the present case —not
even the most important influencing factor on the effective thermal conductivity.

Instead, the observed behavior of the thermal conductivity may be explained by
the microstructure of the coating. Larger AM particles result in fewer particle-
particle contacts and, thus, less disconnections of the conduction path by the
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binder phase, which generally has a significantly lower thermal conductivity than
the AM. These particle-particle contacts are expected to also cover a greater area
in the case of the larger particles. Consequently, better long-range pathways can
be achieved for the thermal conduction in the electrode with larger particles. This
influence appears to be similar for both investigated active materials.

When it comes to measurements of dry electrodes, the thermal conductivity of
the gas within the pores can also have a significant impact on the resulting values.
This, however, is not only dependent on the used medium, but on the pore size
as well. The so-called Knudsen or Smoluchowski effect [240, 241] leads to a
significant reduction of the thermal conductivity within the pores in comparison
to the continuum value. An estimation of the thermal conductivity of the gas
within the pores is given in Figure A.4 in the Appendix. The evaluation is
based on the assumption of two parallel plates and calculated according to the
derivation by Schliinder and Tsotsas [240]. Taking the pore size distributions
measured by Klemens et al. [73] for the HC electrodes into consideration (see
Figure A.3 in the Appendix), the average reduction of the thermal conductivity
of the gas can be estimated. With a modal value of the pore diameter of 2 pm
for the HC-C electrode and 0.55 pm for the HC-A electrode, this leads to a
reduction of the thermal conductivity of helium by 72 % to 91 % in comparison
to the continuum value. While the reduction of the thermal conductivity of the
gas is very significant, the influence on the effective thermal conductivity of the
electrode coating is not expected to be the most substantial. However, it might in
some part also contribute to the deviations reported above.

Additionally, for the LFP electrodes in particular, it cannot be excluded that the
differences in the effective thermal conductivity of the coating are due to variations
in the thermal conductivity of the AM itself. In this case it is uncertain, if the
composition of LFP200 and LFP400 is exactly the same. Usually, small fractions
of carbonaceous particles are added during the material synthesis of LFP active
material to enhance the electrical conductivity of the final material. According
to the manufacturer, the carbon fraction of both AMs are in the same range of
3.5 wt.% to 3.9 wt.% [242, 243], however, more detailed information is missing.
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5.1 Formulation

In contrast to the thermal properties, the influence of the particle size on the
mechanical behavior seems to depend highly on the AM and the applied drying
rate. Klemens et al. [73] measured the adhesion strength and noted an advantage
of the smaller particles (< 5 pm) for HC, especially for higher drying rates up
to 9 g¢m~2.s71. Gottschalk et al. [116] investigated graphite electrodes with
different AM particle sizes and bimodal mixtures of them and concluded that a
reduction of the mean particle size entails a decrease in the adhesion strength. No
detailed information on the applied drying rate was given here. Due to the small
number of existing studies on this matter, it is unclear which mechanical behavior
can be expected for the electrodes investigated here and whether this depends on

the type of AM.

However, Gottschalk et al. [116] also examined the electrical properties. Accord-
ing to their study, smaller particles result in a higher ionic resistance and a lower
electrical conductivity. Larger particles are suggested for good electrical conduc-
tivity as they result in a lower number of interparticle gaps within the conduction
pathways that are filled with the more poorly conducting BCB phase. However,
larger particles entail longer paths for the solid state diffusion which is generally
slower than the ion diffusion within the electrolyte. Therefore, from an electrical
perspective, often there exists a limitation of the maximally allowed particle size.

It can be concluded that the thermal, mechanical and electrical behavior are not
always comparable. This makes sense, since the adhesion strength only gives
insight into the quality of the contact and the thermal conductivity is mainly a
measure for the quality of the coating itself. Electrical and thermal conductivity
are expected to show many parallels. However, in the context of binder influences
comparisons are challenging, since the binder is electrically insulating, but still
allows for a certain heat conduction.
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5.2 Wet Mixing

For the variation of the wet mixing, four different extruders were used to pro-
duce graphite slurries. The three extruders by Thermo Fisher Scientific (TSE11,
TSE16, TSE24) have an equivalent screw geometry and are thereby optimal for
scale-up investigations. Moreover, the TSE18 extruder by Coperion with a dif-
ferent screw geometry was also compared to the lab scale extruder TSE11 which
presents the initial state for the scale-up. To compare the electrodes produced
from slurries mixed with different extruder dimensions, rotation speeds and mass
flows within the extruder, a dimensionless number is used. The specific feed
load (SFL) describes the filling degree and flow profile within the extruders. The
SFL is defined according to Equation 5.1 with the volume flow rate V, the rotation
speed of the screws n and the outer screw diameter Dg. [159]
Vv
SFL = H 6D

S

Six values of SFL as combinations of rotation speed and mass flow were chosen
and kept constant during scale-up of the slurry production rate by adjusting the
mass flow. For the visualization, the reciprocal of the specific feed load — SFL—!
— was used. The SFL~! for all electrode slurries used in the mixing variation are
given in Table A.9 in the Appendix.

Generally, higher values of SFL™! represent a lower filling degree within the
extruder. Thus, the total energy input is partitioned between a lower amount
of material resulting in a higher specific mechanical energy input (SEI) and a
stronger fragmentation of the material. This behavior can be seen with the
aid of Figure 5.2 (a) which shows the porosity of the electrode coatings with
regard to the SFL ! applied during extruder mixing. The porosity of the coating
shows a decreasing trend with an increasing SFL~!. The stronger fragmentation
and de-agglomeration of the CB particles leads to a higher fraction of smaller
particles. These may arrange themselves within the hollows of the larger particles
and thereby reduce the overall porosity. Furthermore, the porosity values of the
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5.2 Wet Mixing

electrodes are in a similar range for the different extruders applied in the mixing
step, when considering their uncertainties.
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Figure 5.2: Impact of the specific feed load on (a) the porosity and (b) the thermal conductivity of the
coating for different extruders by Thermo Fisher Scientific (TSE11, TSE16 and TSE24)
and varied settings for the rotation speed and mass flow.

Figure 5.2 (b) exhibits the thermal conductivity of the coatings with respect to the
SFL~! during mixing. No significant impact of the rotation speed and mass flow
on the thermal transport properties could be found. There are also no significant
differences between the different extruder dimensions visible. Therefore it can
be concluded that the scaling up of the slurry production rate based on a constant
SFL has no considerable impact on the thermal transport properties.

Additionally, a comparison of the TSEI1 and TSE18 extruder with different
screw geometries was conducted, following the investigation by Meza Gonzalez
et al. [159]. The results for the porosity and thermal conductivity of the coating
with respect to SFL~! are given in Figure 5.3. The elelctrodes produced with the
TSE18 extruder show slightly higher porosities implying an inferior fragmentation
of the material in comparison to the TSE11 which is confirmed by the particle
size distributions [244]. The thermal conductivity is in a similar range for both
extruders.
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Figure 5.3: Impact of the specific feed load on (a) the porosity and (b) the thermal conductivity of
the coating for the TSE11 and TSE18 extruder with different screw geometries.

5.3 Wet Coating

During the coating process, the mass loading and thus the coating thickness of
the electrodes was varied. The influence of the coating thickness on the effective
thermal conductivity of the uncalendered electrodes is given in Figure 5.4. Espe-
cially the graphite electrodes and the HC electrode with the lowest thickness show
a strong scattering and therefore a high uncertainty of the thermal conductivity

values.
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Figure 5.4: Impact of the coating thickness on the effective thermal conductivity of the electrode
coating for graphite, HC and LFP processed with a drying rate of 0.75 g-m = 2.5~ 1,
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For the LFP electrodes, a slight decrease of the thermal conductivity of ap-
prox. 13 % can be observed with increasing coating thickness, while graphite and
HC show no significant impact of the coating thickness.

The investigations carried out on the same samples by Klemens et al. [74] allow
for a comparison with the mechanical properties. Klemens et al. observed a drop
in the adhesion strength with increasing coating thickness, which was especially
strong for the variation between the lowest and mean thickness (see Figure 2.17).
The trend was very similar for the different active materials. It is concluded that
the increased drying times for higher coating thicknesses result in a stronger binder
migration [74]. Due to the lower concentration of the binder at the coating-current
collector interface, the adhesion strength is reduced. However, for the graphite and
HC electrode, this effect does not seem to have a significant impact on the effective
thermal conductivity in the regarded range of the coating thickness. Changes in
the thermal contact resistance at the interface would also show in the resulting
thermal conductivity of the coating, which might explain the decrease for LFP
with increased coating thickness.

5.4 Drying

During the drying process of the investigated electrodes, the heat transfer coef-
ficient and the film temperature were set to achieve a constant and well defined
drying rate. The effective thermal conductivity of the coating is shown in Fig-
ure 5.5 as a function of the drying rate. The graphite samples again show a
high uncertainty due to strong scattering. All the electrodes show fairly constant
values and no significant impact of the drying rate can be found for any AM.
The tendency to a higher effective thermal conductivity for electrodes with larger
AM particles does not change with higher drying rate. For the LFP electrodes,
however, the differences between the LFP200 and LFP400 electrodes become
insignificant at higher drying rate.
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Figure 5.5: (a) Impact of the drying rate on the effective thermal conductivity of the electrode coating
with a dry film thickness of approx. 67 pm for graphite, 94 pm for HC and 109 pm for LFP.
(b) Combined impact of drying rate and mean particle size on the thermal conductivity
of the HC electrodes and (c) the LFP electrodes.

The adhesion strength of the electrodes in Figure 5.5 (a) was previously investi-
gated by Klemens et al. [74]. The results are given in Figure 2.21 in a normalized
form. A strong decrease of the adhesion strength with increasing drying rate was
observed for the graphite electrodes, while the decrease was moderate for the
LFP electrodes and no significant change was visible for the HC-C electrodes. A
comparison with the data of a different study by Klemens et al. [73] suggests, that
the drop in adhesion strength only happens for higher drying rates for HC-C as
was also shown in Figure 2.15.

In terms of the electrical behavior, a decrease in the electrical conductivity —
equivalent to an increase in the resistivity — has been observed in the literature
[72, 83, 181]. This is also reflected by an increase in the interface resistance

108



5.5 Calendering

between coating and current collector [85]. The decrease in electrical conductivity
can be explained by the more inhomogeneous microstructure with increasing
drying rate. Hereby, insulating binder layers are formed in the upper layer of the
electrode and the electrical contacts in the bottom layer are impaired due to a
reduced concentration of carbon black [71, 79, 83].

Considering the thermal conductivity data, the binder migration does not seem to
have a significant impact. It is reasonable that the thermal behavior is different
from the electrical behavior here since the binder or rather BCB phase is not
completely insulating in terms of heat transport. Although it has a comparably
low thermal conductivity and, thus, longer conduction paths through the BCB
phase should have a negative impact, the simultaneous increase in the contact
area might balance this out. Additionally, the AM particles move closer together
in the bottom layer due to the reduced BCB content and, thus, the fraction of the
better conducting AM particles in the pathways is increased.

5.5 Calendering

The calendering process represents the production step most extensively studied
in this work. The thermal conductivity and thermal resistance depicted in this
section are always plotted over a decreasing porosity which complies with an
increasing degree of calendering.

5.5.1 LFA Measurements

First investigations on the impact of the calendering were carried our with graphite
and NMC electrodes [36]. Opposed to the previously published study, the thermal
conductivity of the electrode coating is depicted here instead of the effective value
of the whole electrode stack.
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The effective thermal conductivity of both NMC cathodes — IAM_NMC622 and
CC_NMC8I11 - is given in Figure 5.6. Both electrodes first show a decrease in
the thermal conductivity with decreasing porosity and then an increase.
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Figure 5.6: Thermal conductivity of the coating of varyingly strong calendered NMC electrodes.
Besides the experimental data, quadratic fit functions and the corresponding equations
are given.

The adhesion strength between coating and current collector shows a similar
behavior for NMC electrodes in studies available in the literature. This means that
the adhesion strength also first decreases and then increases again with decreasing
porosity with a minimum at approx. 0.35 [140, 196, 197]. However, the starting
porosity was also lower than in the present work for most of the electrodes in the
literature.

The reduction of the adhesion strength is usually attributed to the shear forces
occurring between the two layers during the calendering process and impair the
connection [197]. For sufficiently high line loads, the active material particles
are then pressed into the relatively soft aluminum current collector foil leading
to a larger contact area and a higher adhesion strength [197]. This behavior
was observed by several authors for cathodes with rigid active material particles
like NMC and LFP [60, 77, 140, 196-199]. It is also evident from the SEM
images of the ion-milled cross-sections of the NMC622 electrodes used in this
study as depicted in Figure 5.7 (a). While the first two samples do not show any

110



5.5 Calendering

penetration of the particles into the current collector, the particles are pressed into
the aluminum for the most strongly calendered sample.

Figure 5.7: SEM images of the ion-milled cross-sections of (a) the IAM_NMC622 cathodes and (b)
the IJAM_Graphite_117pm anodes: Uncalendered sample (top), sheet at the minimum of
the thermal conductivity (center), and most strongly calendered sample (bottom) (adjusted
from Gandert et al. [36], Creative Commons Attribution 4.0 License CC BY).

The u-shaped course of the adhesion strength was found for different cathode
compositions with PVDF as binder, NMCI111 or NMC622 as AM, with and
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without graphite additive and with different mass fractions of binder and CB [140,
196, 197]. Assuming that the course can be transferred to the electrodes in this
work, these mechanical observations might also explain the change in the effective
thermal conductivity. As the thermal contact resistance at the interface is included
in the calculation of the thermal conductivity of the coating, a deterioration and
subsequent improvement of the contact quality would reflect in a decrease and
then increase of the coating’s thermal conductivity.

However, the adhesion strength is only a measure for the changes at the interface.
Beyond that, there may also be changes happening to the structure of the elec-
trode coating itself. These might include the delamination or breakage of binder
connections for minor compression rates. Unfortunately, there is yet no known
literature describing this behavior. A more commonly observed behavior is the
breakage of particles [82, 245], which can happen for very high line loads. This
can also be seen in the SEM images for the most strongly calendered cathode in
this study TAM_NMC622_p6) and can be noticed to some extent for the less
strongly calendered sheet TAM_NMC622_p4.

Regarding the influence of the calendering on the electrical properties of the
electrodes, Sangrés Giménez et al. [82] have conducted a study with NMC111.
Their measurements suggest that the electrical conductivity of the cathode stacks
increases with the porosity decreasing from ¢ = 0.417 to ¢ = 0.270. In this range
of the porosity, the thermal conductivity is increasing as well. However, far higher
porosities and even uncalendered samples were investigated in the present study,
while the sample with the highest porosity of ¢ = 0.417 used by Sangrés Giménez
et al. was already calendered. Thus, it leaves unclear, if a drop in the electrical
conductivity would occur in the range between ¢ = 0.522 and ¢ = 0.417 as it does
for the effective thermal conductivity in the present work. A similar behavior with
a monotonously increasing electrical conductivity with an increasing compaction
pressure was found by Zhang et al. [246].

Moreover, using the fit functions for comparison, it is evident from Figure 5.6 that
the effective thermal conductivity of the NMC622 electrode coatings is between
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36 % and 66 % higher than the effective thermal conductivity of the NMC811 elec-
trode coatings. Regarding the current data situation, it is unclear if the bulk thermal
conductivity of the NMC622 particles is higher than that of the NMC81 1 particles.
However, it is assumed that possible differences in the AM thermal conductivity
are not the most important contributing factor to the differences in the coating
thermal conductivity. Instead, it is assumed that the higher thermal conductivity
of the NMC622 coating might stem from the higher fraction of carbon black and
the additional use of conductive graphite. They both have a significantly higher
thermal conductivity than the NMC and binder with approx. 24 W-m~!.K~! for
carbon black [113] and a mean value of approx. 139.6 W-m~1-K~! [49, 225, 226]
for graphite.

With IAM_Graphite_70pm and IAM_Graphite_117pm two anodes with the same
composition but different starting thicknesses are investigated. The results for
their effective thermal conductivity with respect to a decreasing porosity are
given in Figure 5.8. Here, the thermal conductivity also shows a decrease with
decreasing porosity and then an even stronger increase going far beyond the initial
value. The thermal conductivity of the two electrodes is in a similar range for
high porosities which is in line with the observations for uncalendered graphite
electrodes with different coating thicknesses in Section 5.3. However, a deviation
between the two electrodes becomes evident for porosities ¢ < 0.4. The thicker
electrodes show significantly lower values here. This might be due to an underlying
impact of the current collector which has a reduced influence with higher coating
thickness. Furthermore, the binder migration might be more pronounced in the
thicker samples. It is possible that its influence on the thermal conductivity only
becomes apparent after calendering.

The mechanical changes happening during the calendering of graphite electrodes
have been investigated by Billot et al. [202] and Scheffler et al. [78]. The results by
Billot et al. do not show a clear u-shaped course of the adhesion strength between
the coating and current collector over the porosity. Instead, for high calender
temperatures of 125 °C a clearly increasing slope with decreasing porosity was
found. For lower temperatures, which are more comparable to the 50 °C applied
during the calendering in this work, the results by Billot et al. do not show a
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Figure 5.8: Thermal conductivity of the coating of varyingly strong calendered graphite electrodes
with different starting thicknesses. Besides the experimental data, quadratic fit functions
and the corresponding equations are given.

clear tendency. However, PVDF was used as binder by Billot et al., which might
show a significantly different behavior than the CMC-SBR combination of the
graphite electrodes in the present work. Scheffler et al. [78] used a CMC-SBR
binder system with carbon black additive similar to the one in this work. Their
measurements show a u-shaped course for the adhesion strength between coating
and current collector. Similar to the cathodes, this supports the assumption that
the effective thermal conductivity of the coating is impacted by the thermal contact
resistance within the electrode stack.

The SEM images of the cross-section of the differently strong calendered samples
in Figure 5.7 (b) give no indication of a deterioration and improvement of the
connection at the interface. The most strongly calendered sample shows a slight
gap between the coating and the current collector which can be explained by
the strong shearing forces at high compression rates during calendering. This
effect is particularly strong for graphite electrodes and might result in a partial
delamination of the coating.

The thermal conductivity is the product of the thermal diffusivity and the volu-
metric heat capacity of the electrodes. To better understand the impact of both
variables, it is reasonable to take a look at them separately as presented in the
previous publication by Gandert et al. [36]. However, for this evaluation, the
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thermal conductivity of the electrode stack must be used, since the electrode

coating cannot be measured with the LFA on its own, and thus, no values for the

thermal diffusivity of only the coating are available. Nevertheless, it still poses
an interesting analysis for later discussion. The results for the NMC cathodes and

graphite anodes are depicted in Figure 5.9. Hence, it can be followed that the

increase in the thermal conductivity of the stack mainly stems from the increase

in the volumetric heat capacity with decreasing porosity, while the decrease is
solely due to the decrease in the thermal diffusivity.
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Figure 5.9: Effective thermal diffusivity and volumetric heat capacity of (a) the IAM_NMC622

cathode stacks, (b) the CC_NMCS811 cathode stacks, (c) the IAM_Graphite_70pm anode
stacks, and (d) the IAM_Graphite_117pm anode stacks in dependence on the porosity
at a set temperature of 20 °C (adjusted from Gandert et al. [36], Creative Commons
Attribution 4.0 License CC BY).

In addition to the comprehensive studies with the NMC and graphite electrodes,
a first test of calendering was conducted with the TFT_HC-C_Cu electrodes
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available from the variation of the drying rate. The results for different drying
rates (0.75 gm~2.s7! and 6 g-m~2.s7!) are aggregated here, since the variation
of the drying rate did not show a significant impact. As shown in Figure 5.10, the
porosity could not be varied in a wide range, as a further increase of the force did
not lead to a further compression of the coating. Mayer et al. [60] also showed that
high line loads are needed for a significant compaction of HC electrodes. More
than double the line load was necessary in comparison to NMCS811 electrodes
with a similar AM content to reach the same compaction rate [60].
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Figure 5.10: Thermal conductivity of the coating of HC electrodes calendered with different forces.
The porosity could not be varied in a wide range here, as a further increase of the force
did not lead to a further compression of the coating.

The results for two different calendering forces are shown here besides the un-
calendered samples. Except for the calendered and uncalendered samples, no
clustering occurs. Thus, even after calendering the drying rate does not seem to
have a significant impact on the thermal conductivity for HC. Furthermore, in
the case of HC, no variation can be found between the samples calendered with
different forces.

However, a decrease in thermal conductivity can be observed for the first calen-
dering step, which is in accordance with the other materials. Unfortunately, the
investigations are insufficient to make further statements.
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To allow for another investigation of the interconnection of the influences of the
particle size, drying rate and degree of calendering, samples of TFT_LFP200 and
TFT_LFP400 electrodes dried at 0.75 g¢:-m~2-s~! and 3 g-m~2-s~! were subjected
to calendering.

2.5~ ! are depicted in Figure 5.11.

The results for the electrodes dried at 0.75 g-m
They show a similar trend as that mentioned above with a decrease in the thermal
conductivity at first and then an increase with decreasing porosity. Similar to the

graphite electrodes, the enhancement is far more pronounced than the decline.
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Figure 5.11: Thermal conductivity of the coating of LFP electrodes with different AM particle sizes
x50 of 5.8 pm (LFP200) and 11.1 pm (LFP400), dried at a rate of 0.75 g-m~2-s~! and
calendered to different porosities. Besides the experimental data, quadratic fit functions
and the corresponding equations are given.

As shown in Figure 5.12, the electrodes dried with the higher drying rate exhibit a
higher scattering which is already observable for the uncalendered samples. The
use of fit functions is not meaningful in this case and a differentiation between the
LFP200 and LFP400 electrodes is difficult. Generally, a trend towards a higher
thermal conductivity with decreasing porosity can be observed.
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Figure 5.12: Thermal conductivity of the coating of LFP electrodes with different AM particle sizes
x50 of 11.1 pm (LFP400) and 5.8 pnm (LFP200), dried at a rate of 3 g-m_z-s_1 and
calendered to different porosities.

5.5.2 Comparison with Model-Based Thermal
Conductivities

The analytical model introduced by Oehler et al. [32, 34, 113] was described in
detail in Section 4.1. While it takes the properties of different active materials
and the compositions of the electrodes into account, the particle size distribution
is not considered in the model. This is why the same results are obtained for
the TFT_LFP200 and TFT_LFP400 electrodes. The results from the model with
helium as pore-filling fluid and the corresponding experimental data are given
in Figure 5.13 for IAM_NMC622, CC_NMCS811, IAM_Graphite and TFT_LFP.
For the TFT_HC electrodes at a porosity of 0.6 the model predicts a thermal
conductivity of approx. 0.6 W-m~1.K~! which is more than a factor 2 higher
than the measured value. The compositions and material properties of the single
components applied in the model can be found in Section 4.1.

In contradiction to the experimental results, the model shows a monotonous
increase of the effective thermal conductivity with decreasing porosity. Except
for the LFP, the model reveals higher values than the measurements for porosities
¢ < 0.5 and the deviations increase and become significant with decreasing
porosity. In this regard, it should be noted that a significantly lower AM thermal

118



5.5 Calendering

(a) (b)
i T . - 55 T T T
M = 1AM _NMC622 - Experimental . ® 1AM _Graphite_70um - Experimental
= 1.8| # CC_NMC811 - Experimental - 5| O IAM_Graphite_I17um - Experimental
g IAM_NMC622 - Analytical Model, Ochler 2021 = ——IAM Graphite - Analytical Model, Ochler 2021
= 1.6 —CC_NMCI! - Analytical Model, Ochler 2021 = 45
= -t
48 14 48
> 12 > 35
z z 3
= ]
2 ! Z 25
5 08 g 2 °
o A o
g 0.6 - - - = Téx 15"
¢
* =
2 04 b4 * ‘ g !
0.6 0.55 0.5 0.45 0.4 0.35 0.3 0.25 0.6 0.5 0.4 0.3 0.2
Porosity ¢ / - Porosity ¢ / -
(c) 7, 055
M A TFT_LFP200 - Experimental
- A TFT_LFP400 - Experimental
£ 0.5 —TFT_LFP - Analytical Model, Ochler 2021
S
5045
~<
2
= 0.4
g
g 035
<
3
Té 03
5
=
= 025

0.6 0.55 0.5 0.45 0.4 0.35 0.3 0.25
Porosity ¢ / -

Figure 5.13: Experimental data and results of the analytical model by Oehler et al. [32, 34, 113] for
the effective thermal conductivity of the coatings of (a) the NMC electrodes, (b) the
graphite electrodes and (c) the LFP electrodes dried at 0.75 g-m~2-s~! as a function
of the porosity ((a) and (b) adjusted from Gandert et al. [36, 220], Creative Commons
Attribution 4.0 License CC BY).

conductivity was assumed for the LFP electrodes resulting in a similar range of
values for modeled and experimental data. This raises the assumption that the
AM and its high thermal conductivity in comparison to the BCB phase is too
heavily weighted in the model.

It becomes apparent that the model predicts higher thermal conductivities for the
CC_NMC8I11 electrodes in comparison to IAM_NMC622 electrodes, although
the IAM_NMCG622 electrodes showed higher values than the CC_NMCS811 elec-
trodes in the experimental results. This can be explained by the graphite additive
within the TAM_NMC622 electrodes that presumably has a positive effect on the
thermal conductivity. However, as discussed in Section 4.1, the present state of
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the model does not allow a reasonable consideration of the large additive particles
with high bulk thermal conductivity.

The generally high deviations between model and experimental data are also
observable in the work by Oehler [34]. The model showed up to 30 % higher
values for the anodes with an assumed thermal conductivity of the AM of
139 W-m~—!.K~! based on graphite. For the cathodes the model showed up to 95 %
higher values with an assumed thermal conductivity of the AM of 4.3 W-m—.K~!
based on NMC. Thus, a significantly larger deviation was found for the cathodes.
This discrepancy between the model and the experimental data might be explained
by the consideration of the binder phase. In the calculations of the data shown in
Figure 5.13, the inner porosity of the BCB phase has not been considered, as its
determination would have gone beyond the scope of this work. However, SEM
images like the one given in Figure 5.7 and 5.14 indicate that such inner porosity
might be significant for the investigated electrodes and can be an explanation of
the observed deviations between measurement and model prediction. This is ex-
pected to be especially true for the PVDF-based BCB phase of the NMC cathodes.
Particularly for measurements conducted in a gas phase, the inner porosity of the
BCB phase might result in a considerable reduction of the thermal conductivity.

Figure 5.14: SEM image of the BCB phase in the IAM_NMC622_p6 cathode (reproduced from
Gandert et al. [220], Creative Commons Attribution 4.0 License CC BY).
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An additional factor to consider is the thermal conductivity according to Knudsen
or Smoluchowski. As already mentioned in Section 5.1, the thermal conductivity
of the gas within the discontinuum of the small pores might be significantly
reduced in comparison to the continuum value used in the model [34, 240, 241].
An investigation of this effect was conducted by Oehler [34] (Appendix I) assuming
a reduction of the thermal conductivity of the helium from 0.15 W-m~1.K~! to
0.5 W-m—'K~!. According to the data presented by Oehler [34], this effect can
lead to a reduction of the calculated effective thermal conductivity of the electrode
coating by up to 20 %.

Another model to consider for a comparison with the experimental data is the one
by Sangroés et al. [49] for graphite anodes. The calculations predict a monotonous
increase of the thermal conductivity with decreasing porosity as was shown in
Figure 2.24. This effect is expected to be increasingly strong with elevated particle
size. However, the BCB phase is neglected completely in the model. Furthermore,
the graphite particles are described by spheres, although flat and uneven flake-like
shapes are more realistic for this anode active material [146]. A direct comparison
between the data obtained in the present work and the results by Sangrés et al.
is not reasonable. A different composition was used in the mentioned study and
an implementation of the model and simulation with the electrode compositions
used in the present study is out of the scope of this work.

As aresult, both models describe a monotonously increasing slope with decreasing
porosity. While the model by Oehler [34] seems to overestimate the thermal
conductivity, the model by Sangrds et al. [49] leads to lower values than the
experiments in the considered porosity range conducted in the present study.
For both models, the porosity is the main influencing factor. Changes in the
microstructure such as the breakage or build up of new connections occurring
during the process of calendering [197] were not considered in the calculation
underlying the data in Figure 5.13. However, the models reflect the expectations
that the effective thermal conductivity must increase with decreasing porosity and
thus increasing volume fraction of the active material, since the active material
has a significantly higher thermal conductivity than the fluid phase. The exact
changes brought to the microstructure by calendering could not be taken into
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account here, as they require new parameterizations or extensions of the models
that are outside the scope of this work.

5.5.3 Applicability of the LFA and GHP Method

The content of this section is based on investigations conducted at NTNU. In ad-
dition to the previously used LFA, the thermal conductivity of the IAM_NMC622
and TAM_Graphite_70pm electrodes were measured with the GHP method. The
findings were published in a joint paper [93].

In the following, firstly, the results obtained with the LFA and GHP are compared
and their disparities are discussed. Secondly, various hypotheses are proposed
that could explain the differences in the results and expectations for the true values
are discussed.

The results for the coating thermal conductivity of the differently calendered
TAM_NMCG622 and TAM_Graphite_70pm electrodes for the different measure-
ment methods are given in Figure 5.15. As shown in the literature, the purge gas
applied during the measurement can have a significant impact on the obtained
thermal conductivity for porous samples in a similar range of thermal conductiv-
ities [217, 247]. This is why the LFA measurements in both helium and nitrogen
atmosphere are included in this comparison. Moreover, several authors showed
that the pressure has a significant impact on the thermal conductivity resulting
from the GHP measurements [41, 42, 44]. Therefore, the results of the GHP
measurements at the lowest and highest applied pressure of 2 bar and 6 bar are
given here.

Opposed to the u-shaped slope obtained with the LFA measurements, the GHP
measurements of the IAM_NMC622 electrodes suggest a slight increase of the
effective thermal conductivity of the coating with decreasing porosity. No de-
crease was found with the GHP method. The measurements at 6 bar yield a
0.05 W-m~1.K~! to 0.1 W-m~!.K~! higher thermal conductivity than the mea-
surements at 2 bar. Under consideration of the uncertainty, the enhancement of
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Figure 5.15: Comparison of the effective thermal conductivity of the electrode coating of (a) the
differently strong calendered JAM_NMCG622 cathodes and (b) the TAM_Graphite_70pm
anodes obtained with the laser flash analysis (LFA) in helium and nitrogen atmosphere
and the guarded hot plate method (GHP) in air at 2 bar and 6 bar. The LFA data were
evaluated with the penetration model for porous samples in the NETZSCH software. The
most strongly calendered graphite sheet could not be measured with the GHP method
due to material scarcity. The data is plotted versus a decreasing porosity, which is
equivalent to an increasing degree of calendering (adjusted from Gandert et al. [93],
Creative Commons Attribution 4.0 License CC BY).

the thermal conductivity by the pressure increase is of a similar extent for all the
differently calendered samples.

Using the nitrogen data for the LFA and the GHP data obtained at 2 bar for the
comparison, the LFA measurements deliver values that are by a factor of 2.3 to 3.8
higher than that of the GHP measurements. This is in line with the expectations
from the literature analysis in Section 2.1.4. However, the results of the two
methods also show a different slope, particularly in the range of higher porosities
between 0.4 and 0.55.

As comprehensively discussed above, the results of the LFA measurements also
show a u-shaped course for the IAM_Graphite_70pm electrodes. The results
measured in nitrogen are by a factor of 2.5 to 4.0 higher than the values obtained by
the GHP at 2 bar. However, the GHP measurements of the IAM_Graphite_70um
electrodes show a picture different to that of the IAM_NMCG622 electrodes. Here,
the GHP measurements at 2 bar deliver fairly constant values. However, the
pressure increase leads to a significant increase of the thermal conductivity of
the IAM_Graphite_70pm coatings which is especially strong for the strongly
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calendered electrodes. As a result, the thermal conductivity at 6 bar exhibits an

increase with decreasing porosity.

The strong deviations between the results of the two methods give rise to the
question which method’s results are closer to the true value. The following
paragraphs discuss the comparability of the results, potential error sources for
both methods and how these are reflected in the obtained thermal conductivity

values.

|. Thickness Measurements

It is noteworthy that different devices were used for the thickness measurement
of the electrode samples and the measurements were conducted two years apart.
As the thickness is an important determinant in both evaluation routes, deviations
herein could also lead to differences in the thermal conductivity. However, the
resulting thickness values of the samples obtained at KIT and NTNU showed
no significant deviations for both the NMC622 and graphite electrodes (see Fig-
ure 5.16). Thus, a significant impact of the thickness measurements on the

resulting thermal conductivity values is excluded.
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Figure 5.16: Comparison of the sample thickness of (a) the TAM_NMCG622 cathode stacks and (b)
the TAM_Graphite_70pm anode stacks measured with a micrometer for the LFA at
KIT and with a micrometer within the GHP rig at NTNU for different layer numbers
and porosities (adjusted from Gandert et al. [216], Creative Commons Attribution 4.0
License CC BY).
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Il. Fluid within the Pores

The helium generally used for the LFA measurements has a thermal conductivity
of approx. 0.152 W-m~1-K~! at 20 °C [235] in continuum and thereby provides
a significantly better heat conduction than the air used for the GHP measurements
with a thermal conductivity of approx. 0.026 W-m~—'-K~! at 20 °C [235]. How-
ever, nitrogen and air compare well in their thermal conductivity. Using nitrogen
in the LFA measurements leads to notably lower thermal conductivity values and
therefore should rather be used for a comparison of the two methods.

lll. Different Evaluation Methods (LFA)

Most approaches for the evaluation of laser flash measurements assume solid,
non-porous, homogeneous samples with isotropic transport properties as these
feature the lowest complexity. The original model by Parker et al. [98] is based
on adiabatic boundary conditions, meaning that no heat loss occurs in axial and
radial direction. The function describing the dimensionless temperature rise at
the backside of the sample for this most basic case is given in Equation (5.2) with
the time ¢ and sample thickness L [237]. x is the coordinate in axial direction and
r the coordinate in radial direction.

—i“ne Kt

© ) 2 2
T(@=Lr=0t)=1+2» (~1)'e £z (5.2)
1=1

Especially for long durations until the maximum temperature is reached, it be-
comes very important to take the heat loss to the environment into account. Due
to the low thickness of the electrode samples and the significantly shorter pulses
in comparison to literature, heat loss is expected not to be particularly signifi-
cant for the present investigations. However, the common approach by Cape and
Lehmann [100] is said to also work well for taking into account the heat loss due
to non-ideal sample geometries and the contact towards the sample holder. Both
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are possible influencing factors in the present work and thus make an examination
of the heat loss approach worthwhile.

As the standard models for the evaluation of laser flash measurements of solid
samples are not suited for the application to porous materials, several authors
[32, 37, 248] have recommended the model proposed by McMasters et al. [103]
for the evaluation of battery electrodes instead. This approach assumes an uneven
surface of the sample and takes the penetration of the laser into those pores into
account. Thus, it is termed the "penetration model" in the following.

As a consequence, the assumption is made that not all of the radiation energy is
absorbed at the surface of the sample, x = 0, but partially beyond the sample
surface at z > 0. Thus, some of the heat is conducted through a shorter distance
than the full sample thickness L. Assuming heat is absorbed according to Beer’s
law an exponential temperature profile is presumed for the initial time ¢ = 0.
The systematic derivation of the considered approach is given by McMasters et
al. [103]. Generally, this approach results in a lower thermal diffusivity and thus
a lower thermal conductivity in comparison to the standard model (Cape and
Lehmann) for the same sample thickness.

The results of both, the standard heat loss model and the penetration model im-
plemented in the Proteus LFA Analysis software (NETZSCH-Gerétebau GmbH,
Germany), for the measurements carried out in nitrogen are depicted in Fig-
ure 5.17. According to NETZSCH the standard model is implemented according
to Cape and Lehmann [100] and the penetration model is based on the derivations
by McMasters et al. [103]. As expected, the penetration model delivers lower val-
ues for the thermal conductivity. Thus, it is possible that the evaluation approach
for porous materials underestimates the actual thermal conductivity and that the
true thermal conductivity of the material is even higher.

Since battery electrodes consist of at least two different layers — the coating and
the current collector — and are thereby inhomogeneous and highly non-isotropic,
they potentially exhibit challenges for all mentioned evaluation approaches. The
comparison of the standard and penetration model for measurements conducted in
helium is given in Figure 5.18. Herein, the penetration model leads to higher values
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Figure 5.17: Effective thermal conductivity of the coating of (a) the IAM_NMC622 cathodes and (b)
the IAM_Graphite_70pm anodes measured in nitrogen resulting from the evaluation with
different models in the NETZSCH software. The value obtained with the penetration
model for the IAM_Graphite_p2 electrode at a porosity of ¢ = 0.58 is hidden behind
the data point calculated with the standard model (adjusted from Gandert et al. [93],
Creative Commons Attribution 4.0 License CC BY).

than the standard model for multiple samples — especially those of the graphite
electrodes. This contradicts the expectations, and no clear trend can be found. This
behavior might be explained in part by the relatively high thermal conductivity
of helium, which possibly leads to an increase in heat loss to the environment.
To what extent helium as applied gas is responsible for the inconsistencies stays
unclear, as the source code for the fitting and calculation in the NETZSCH software
is not accessible.

IV. Penetration Depth of the Light Pulse (LFA)

In the context of the light penetrating into the pores of the electrode samples,
it is worthwhile to take a look at the SEM images of the cross sections of the
electrodes (see Figure 5.19 (a) and (b)). These indicate that the penetration of the
light pulse is reduced with increasing degree of calendering and thus the reduction
of the porosity and surface roughness.

A quantitative comparison of the pore depth distribution of the differently cal-
endered sheets is possible with the profilometer measurements of the surface
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Figure 5.18: Effective thermal conductivity of the coating of (a) the IAM_NMC622 cathodes and (b)
the TAM_Graphite_70pm anodes measured in helium resulting from the evaluation with
different models in the NETZSCH software.

roughness as described in Section 3.9. The fitted distribution curves for the
IAM_NMC622 and IAM_Graphite_70pnm electrodes at the different degrees of
calendering are given in Figure 5.19 (c) and (d). The data were fitted using the
Kernel smoothing function in MATLAB® with a bandwidth of 500 nm.

In line with the expectations, the mean value of the pore depth distribution
decreases with an increasing degree of calendering and thus a decreasing porosity.
However, especially for the highly porous samples, the penetration depth might
not be properly taken into account by the evaluation model. The penetration
model by McMasters et al. [103] assumes that the porous material is effectively
translucent which allows for Beer’s law to be applied. If the translucence is
due to the porous nature of an otherwise opaque material, the voids must be
very small compared to the thickness of the sample in order for the material
to be treated as a continuum. As can be seen in Figure 5.19, the size of the
irregularities in the samples constitutes a large fraction of the material thickness
and thereby undermines the validity of the continuum assumption. Although
the solid portions of the material are quite opaque, the large relative scale of
the irregularities within the coating and particularly at the surface, makes the
applicability of the penetration model to evaluate LFA measurements of highly
porous samples questionable. This could also mean that the depth of the light
penetration is not properly considered by the penetration model which would lead
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Figure 5.19: SEM images of the ion-milled cross sections of (a) the NMC622 electrodes at a porosity
of 0.51, 0.38 and 0.30 and (b) the graphite electrodes at a porosity of 0.61, 0.48 and
0.33 and pore depth distributions of (c) the NMC622 electrodes and (d) the graphite
electrodes (reproduced from Gandert et al. [93], Creative Commons Attribution 4.0
License CC BY).

to high errors, especially for highly porous, uncalendered samples, and might
explain the differences in slope of the results of the LFA and GHP method.

To further analyze the importance of the light penetration, uncalendered graphite
electrodes with coating thicknesses between 100 pm and 700 nm were measured
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with the LFA. Thereby, the variation of the coating thickness presented in Sec-
tion 5.3 was driven even further into a range of the coating thickness that is not
realistic for the application in battery cells but constitutes an extreme case.

These investigations are based on the idea that the ratio of the penetration depth
relative to the total thickness decreases as the coating thickness increases, assum-
ing that the absolute penetration depth stays the same. This way, the impact of
the light penetration on the resulting thermal conductivity should be reduced as
well. Therefore, it is expected that the results asymptotically approach the true
value of the thermal conductivity with increasing coating thickness. The results
are depicted in Figure 5.20 (a).
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Figure 5.20: (a) Effective thermal conductivity of uncalendered graphite anode coatings with varied
thickness measured with the LFA in helium and evaluated with the penetration model. (b)
Expected slope of the effective thermal conductivity with varied thickness considering
the effect of the light penetration and the effect of binder migration (reproduced from
Gandert et al. [216], Creative Commons Attribution 4.0 License CC BY).

Against the expectations, a decrease with increasing slope is observed. It is
assumed that a superposition of the effects of the binder migration during drying
and the light penetration during the measurements might occur here. The expected
qualitative course of the thermal conductivity for the separate effects is given
in Figure 5.20 (b). Regarding the light penetration, a decrease of the thermal
conductivity and subsequent approach of an asymptote is expected with increasing
coating thickness.
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The binder migration leads to an accumulation of the binder in the top layer and a
depletion of binder in the bottom layer and thus results in a very inhomogeneous
binder distribution. However, previous studies by Burheim et al. [97] with PTFE
in fuel cell components suggest that the change in binder concentration does not
have a significant impact of the thermal conductivity of the compound layer in
the considered range. These results are expected to be transferable to battery
electrodes since the investigated micro porous layers for fuel cells also contain a
polymer matrix with a thermal conductivity comparable to PVDF and SBR, which
encloses the much better conducting carbonaceous material. Instead of the binder
distribution within the coating, the growing decline might be reasoned by the
coating-current collector interface. Here, the binder concentration is successively
reduced with an increasing degree of binder migration which results in a low
adhesion strength between coating and current collector. The 700 pm samples
even showed delamination during sample preparation. It is expected that the
impaired mechanical contact entails thermal contact resistances and thus a drop
in the effective thermal conductivity.

Against this background, the increasing slope of the experimental data implies a
significant impact of the binder migration in the considered thickness range and
a superimposition of the two effects is assumed. Therefore, the results allow no
final statement about the impact of the penetration depth and its consideration in
the evaluation model on the effective thermal conductivity.

In this context, it was also possible to remove the 400 pm and 700 pm thick coat-
ings from the current collector and to measure them separately. The corresponding
thermal conductivity values are shown in Figure 5.21. The results clearly demon-
strate a higher thermal conductivity for the coatings measured without the current
collector. This might indicate the importance of the thermal contact resistance
and that it significantly reduces the effective thermal conductivity when measured
with the current collector. However, a cause from the measurement method can
not be excluded, since the single coating has a highly porous, rough surface on
both sides. This might influence the IR signal in the measurement.
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Figure 5.21: Comparison of the effective thermal conductivity of the coating layer of graphite anodes
measured with and without current collector and calculated according to a series con-
nection of the two layers.

V. Graphite Paint on the Current Collector (LFA)

For the LFA measurements, the metal side of the samples was coated with a thin
layer of graphite spray of approx. 3 pm to 10 nm. With this layer an additional
thermal resistance is added to the sample. The thickness of the graphite spray
is neglected in the calculation of the coating thermal conductivity according
to a series connection. Thus, it reduces the resulting thermal conductivity of
the coating. This would suggest that the results obtained with the LFA are an
underestimation and that the true thermal conductivity might even be higher.
However the effect of the graphite spray is expected to be rather low and not the
most significant in this analysis.

VI. Anisotropic Thermal Conductivity (LFA)

An investigation of the influence of radial heat losses on the thermal conductivity
was conducted with the help of the FEM model presented in Section 4.2. The
model considers the in-plane conduction within the sample and towards the current
collector. The in-plane thermal conductivity of the two-layer electrode samples
is orders of magnitude higher than the through-plane thermal conductivity due
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to the good conduction path through the current collector. Generally, radial heat
losses can be neglected for isotropic samples with s << d. However, due to the
anisotropic character of the present samples, the radial conduction is expected to
be much faster than the axial conduction and should thus be considered.

The coating thermal conductivity resulting from the different model geometries
defined in Figure 4.2 is given in Table 5.2. The results suggest, that the graphite
spray does have an impact with the set thermal conductivity of 0.2 W-m . K~
However, the true thermal conductivity of the graphite spray is unknown and
difficult to determine. More importantly, the results do not vary significantly
between the different model geometries and thus suggest that the radial heat
conduction does not have a substantial impact on the LFA measurements.

Table 5.2: Obtained thermal conductivity of the coating in W-m~1-K~1! for the most strongly calen-
dered graphite anode sheet IAM_Graphite_70pm_p6 with different model geometries and
boundary conditions. Either no graphite spray at all or a 3 pm thin layer was considered.

Boundary conditions without graphite spray with graphite spray
Reference case 1.810 1.565
18 mm disc 1.817 1.567
20 mm disc 1.817 1.567
18 mm disc with sample holder 1.822 1.570

and 10 pm He contact resistance

18 mm disc with sample holder 1.819 1.570
and without contact resistance

20 mm disc with sample holder 1.822 1.571

and without contact resistance

VII. Gas Flow and Convective Heat Loss (LFA)

In their investigation of porous samples using the LFA, Lauerer and Lunev [217]
demonstrated that a gas flow within the measurement chamber might result in
higher thermal conductivity values. Due to the higher convective heat losses from
the sample to the surrounding air, the maximum temperature is reached faster. In
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the evaluation according to Equation 2.14 this leads to a higher thermal diffusivity
and thus a higher thermal conductivity.

In the LFA 467 HyperFlash® (NETZSCH-Geritebau GmbH, Germany) that was
used in the present work, a cooling gas flow is applied for temperatures 7" < 20 °C.
The impact of this gas flow could be observed in the temperature-dependent mea-
surements. Here, a step was found between 20 °C and 30 °C for the thermal
diffusivity data as shown for the TAM_Graphite_70pm_p1 electrode in Figure A.6
in the Appendix. The step is improbable to originate only from the temperature
dependency of the thermal transport properties, but is assumed to mainly stem
from the deactivation of the gas flow. It is thus assumed that the thermal conduc-
tivity values featured in this work and measured at 20 °C would be up to 10 %
lower as specified by Lauerer and Lunev [217], if the gas in the system was not
under forced convection. With the results obtained in the present work, the effect
of the forced convection is expected to be even lower.

The convective heat losses might also be partly responsible for the differences
between the measurements in helium and nitrogen. Though the use of helium
causes a higher thermal conductivity within the pores, which increases the ther-
mal conductivity of the coating, the higher thermal conductivity of helium in
comparison to nitrogen also leads to enhanced convection. The latter might be
more substantial for the increase in the thermal conductivity. If this is the case,
the effect should also be seen for solid, nonporous materials.

VIII. Internal Thermal Contact Resistances (GHP)

Within the GHP rig, internal thermal contact resistances might exist between
the stacked layers of the sample in addition to the resistance Raj.sample between
the sample and the apparatus. These resistances were neglected in the evalua-
tion. This proceeding is necessary to quantify the effective thermal conductivity.
Burheim et al. [39, 97] also investigated the relevance of these resistances for
the measurement of micro-porous layers used in fuel cells and battery electrodes.
They compared the resulting thermal conductivity for stacked layers and single
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layers with increased thickness and found that the internal resistances are negligi-
ble. However, these previous studies used samples with much higher thicknesses
than in the present work, which is why a more detailed analysis will be conducted
here.

In the present work, an enhancement of the effective thermal conductivity with an
increased pressure is evident. One idea is that this might be due to the compression
and the consequent thickness reduction. However, the thickness was measured
during the compression within the rig. A higher resulting thermal conductivity
due to the reference of the absolute conduction to a smaller thickness can thus be
excluded. Moreover, it was shown, that the thickness change within the rig due to
compression is rather small. The graphite electrodes were used for this analysis
as they are generally softer than the NMC622 electrodes and thus a stronger
deformation is expected. For one thing, the stack thicknesses measured before
and during the compression in the rig were compared. The results show that
even at the highest pressure of 6 bar the thickness reduction constitutes less than
5% (see Figure A.8 in the Appendix). Additionally, the thickness of the stacks
before and after the GHP measurements were put into relation. Considering the
uncertainty of the results, they showed less than 1% plastic deformation (see
Figure A.9 in the Appendix).

Therefore, it is concluded that the enhancement of thermal conductivity due to
an increase in pressure is, at most, only slightly affected by changes in thickness
during compression. Instead, the increase in the thermal conductivity is associated
with a better contact, which, contrary to the above assumption, strengthens the
idea that sample-sample (s-s) contact resistances have a significant influence
on the measured thermal conductivity. The importance of these resistances is
expected to depend on a number of influencing factors including the thickness of
the coating, its porosity, the pressure applied, the stacking method defining the
orientation within the rig, the AM, the binder content and potentially the elastic
vs. plastic behavior of the binder used in the electrodes. Understanding how these
influencing factors affect the internal thermal contact resistances, and under which
conditions they are negligible, is of great interest.
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To verify that significant s-s contact resistances exist within the rig, electrodes
with different coating thicknesses were examined. Due to the material availability
at NTNU, NMCI111 was used as AM here. The available electrodes showed
thicknesses between approx. 15 pm and 60 pm. The porosities lie in a range of
0.35 to 0.6. The electrodes were dried at a plate temperature of 60 °C. Due to
the relatively low drying temperature and comparably small coating thickness, the
impact of binder migration is assumed to be minor [64].

For the GHP measurements, two different stacking approaches were applied. For
one thing, stacks of two, four and six electrodes were measured equivalent to
the measurements carried out with the TAM_NMC622 and IAM_Graphite_70pm
samples. Thus, in this case the coatings were facing each other which was termed
face to face stacking. Secondly, stacks of one to five electrodes all facing in the
same direction were investigated. This configuration was termed face to back
stacking.

The thermal conductivity values resulting from the different stacking methods are
given in Figure 5.22 (a) with respect to the coating thickness. They show a trend
towards an increasing thermal conductivity with increasing coating thickness and
seem to approach a constant value. It is assumed that the increase in the thermal
conductivity does not actually originate from changes in the coating itself but
rather demonstrates the lowered impact of the s-s contact resistances. For thin
coatings, the proportion of the s-s contact resistances of the total thermal resistance
is higher. Thus, in this case the internal contact resistances significantly reduce
the effective thermal conductivity.

Since the samples showed some differences in their porosity, an additional depic-
tion was chosen that exhibits the thermal conductivity of the coating with respect
to the solid thickness (1 — ¢) - S¢o. This relation is given in Figure 5.22 (b). The
results show the same increasing and then flattening trend. The measurements at
5 bar showed slightly higher absolute values, but the same qualitative trends (see
Figure A.10 in the Appendix). Thus, it is concluded that the stacking method does
not have a considerable effect on the resulting thermal conductivity for pressures
up to 5 bar.
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Figure 5.22: Effective thermal conductivity of the face to face and face to back stacks for NMC111
electrodes with varying coating thicknesses, shown with double standard deviations.
The data is either referred to (a) the thickness of a single coating layer or (b) to the
effective thickness of only the solid material. The measurements were conducted at
2.5 bar (adjusted from Gandert et al. [216], Creative Commons Attribution 4.0 License
CC BY).

These findings are in line with the observations by Burheim et al. [249]. Their
investigations of porous transport layers (PTLs) of fuel cells showed a trend
towards higher effective thermal conductivities with an increased thickness of
the porous layer as well. Moreover, an increased pressure also resulted in a
considerable enhancement of the thermal conductivity which — given the current
state of knowledge — is attributable to a reduction of the s-s contact resistances.

Additionally, Burheim et al. [249] investigated the impact of different PTFE
contents. A higher binder content is generally expected to result in a reduction
of the effective thermal conductivity of the porous layer, as the binder has a
lower thermal conductivity than the other components. Burheim et al. believed
the binder to impede the contact between graphite fiber to graphite fiber in the
PTL [249]. Here this translates to restricted AM particle-particle contacts as
the amount of binder is increased in the electrode coating. However, the PTLs
with a higher binder content showed a reduced dependency on the pressure.
This strengthens the assumption that the impact of the s-s contact resistances
is less significant, if the thermal conductivity of the porous layer itself is lower
and thus the total resistance of the sample stack is higher. To elaborate, when
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weighing the contribution from the thermal resistance of the coating and the s-
s contact resistance to the measured total resistance, both, the sample thermal
conductivity, Agmple, and the sample thickness, Sgampic must be considered. This
is because the sample thermal resistance is a combination of the two, expressed as
Rample = Ssample/ Asample- This means that for thick samples and samples with low
thermal conductivity, the s-s thermal contact resistance is of negligible importance
and thus will be excluded in the analysis. On the contrary, when the sample’s
thickness is below a certain value or its thermal conductivity exceeds a certain
value, at some point the s-s contact resistances must be accounted for. However,
the point at which this becomes relevant depends heavily on the material.

Examining the data in Figure 5.15, it is evident that the effect of the pressure
variation differs between the IAM_NMC622 and IAM_Graphite_70pm sam-
ples. For the IAM_NMC622 electrodes, the enhancement of the thermal con-
ductivity is almost constant for all investigated degrees of calendering. For the
TAM_Graphite_70pm electrodes on the other hand, the positive impact of the
pressure on the thermal conductivity increases with an increasing degree of calen-
dering. This difference might be explained by the very unequal characteristics of
the two AMs. NMC are rigid, almost spherical particles, while graphite particles
are soft and flaky and change their shape during calendering.

Moreover, different binder systems were applied (see Table 3.1). While the
TAM_NMCG622 electrodes are based on PVDF, a combination of CMC and SBR
was used for the [AM_Graphite_70um electrodes. This makes the anode material
more prone to elastic behavior, which is a possible explanation of the stronger
enhancement of the thermal conductivity of the anodes in comparison to the
cathodes with increasing pressure. The elasticity allows a stronger flattening of the
electrode surface during compression and thereby reduces the contact resistances
between the stacked electrodes.

In addition, graphite electrodes generally have a much higher effective thermal
conductivity than NMC electrodes. Following the reasoning above, the adverse
impact of the s-s contact resistances is thus more severe for the graphite electrodes
and the reduction of these resistances by a pressure increase is more pronounced.
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Moreover, the effect of the pressure increase is enhanced with an increasing
degree of calendering for the IAM_Graphite_70pm electrodes. This can also
be explained by the enhanced thermal conductivity with increasing degree of
calendering. The higher the thermal conductivity of the material itself, the higher
is the reductive impact of the internal contact resistances.

Thus, it can be concluded that the thermal conductivity values of the graphite
electrodes at 2 bar are strongly defined by the internal contact resistances, while
the values at higher pressures (6 bar) are less influenced by the internal contact
resistances and are thereby closer to the true value.

This raises the question of how and to what extent the results of Figure 5.22
can be transferred to the measurements of the IAM_NMC622 cathodes or even
the IAM_Graphite_70pm anodes shown above. The IAM_NMC622 electrodes
feature a lower binder content of 3 wt.% PVDF instead of 5 wt.%. It can be con-
cluded from this that the thermal conductivity of the IAM_NMC622 coatings is
higher than that of the NMC111 coatings and thus the thermal contact resistances
are more important for the former. In other words, since the IAM_NMC622
electrodes exhibit only approx. half the amount of binder of the NMCI111 elec-
trodes and based on the results found by Burheim et al. [249], it is assumed that
the critical thickness, above which the s-s contact resistances become relevant,
shifts to higher values. Therefore, it is very likely that the NMC622 coatings
have not exceeded the critical thickness required to neglect the s-s thermal contact
resistance, and hence the true thermal conductivity of the electrodes in Figure
5.15 is higher than the reported values. Since the IAM_Graphite_70pm coatings
have an even higher thermal conductivity, the thermal resistance is most certainly
relevant in the regarded thickness range.

The literature data considered in Figure 2.10 include commercial electrodes with
thicknesses of at least 50 pm [39, 41-44]. For the cathodes, the thermal contact
resistance is expected to be negligible in this thickness range. However, the
graphite electrodes also showed a strong increase of the thermal conductivity
with increasing pressure in the literature (see Figure 2.12).
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Another interesting, theoretical analysis of the s-s contact resistances can be
conducted by assuming the thermal conductivity values measured with the LFA
in nitrogen to be the true values. In this case the lowering of the GHP values in
comparison to the LFA values only stems from the internal contact resistances.
Then the s-s contact resistances for the measurements with a number of layers
Njayers Of two, four and six — here defined as the resistance between two coatings in
the face to face stacking approach — can be calculated according to Equation 5.3.

Ssample

Rtotal -2 RAI sample —
i LD W
= : (5.3)

Rq_g -
nlayers/ 2

The thermal contact resistances predicted with Equation 5.3 for the differently
calendered sheets are given in Figure 5.23 as a function of the porosity. The
resulting values are on average 1.26 times the contact resistance between sample
and apparatus Rjsample for the IAM_Graphite_70pm electrodes and 1.95 times
Ratsample for the IAM_NMCO622 electrodes. Thus, they are in a realistic order of
magnitude. The lower s-s contact resistances of the IAM_Graphite_70pm elec-
trodes might be reasoned by their significantly softer and more elastic character in
comparison to the TAM_NMC622 electrodes. Therefore, they might be deformed
during pressure application leading to a better contact.

Interim Conclusion

To briefly summarize the investigations of the LFA and GHP method, it can be
said that both methods have limitations. For the considered graphite and NMC622
samples, the LFA method is expected to be well-suited for electrodes with low
porosity. For uncalendered electrodes with high porosities, the light pulse might
penetrate far into the porous material. In those cases, the penetration depth might
not be appropriately accounted for by the evaluation model.

The GHP measurements conducted on graphite and NMC622 samples in this
work suggest that it is more suitable for thicker electrode samples. The critical
thickness is expected to vary with the thermal conductivity of the electrode. For
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Figure 5.23: Internal thermal contact resistances between the electrode coatings within the GHP
measurement rig. The values were calculated with the assumption that the thermal
conductivity obtained with the LFA is correct (adjusted from Gandert et al. [216],
Creative Commons Attribution 4.0 License CC BY).

lower thicknesses, the internal thermal contact resistances between the stacked
layers in the rig become relevant and considerably reduce the resulting effective
thermal conductivity.

Regarding the literature data in Figure 2.12 measured with the GHP method,
these findings underline the hypothesis that the pressure increase does not really
enhance the thermal conductivity of the coating itself but rather leads to a reduced
thermal contact resistance.

Moreover, the results indicate that the LFA measurements of uncalendered elec-
trodes are most prone to errors due to their high porosity. The samples in all
previous chapters were taken from highly porous electrodes and were, moreover,
all measured in helium. It is assumed that the thermal conductivity is over-
estimated. Thus, the absolute values should be considered with caution. The
relative comparison of the results for the uncalendered samples among each other,
however, should not be considerably interfered by this.

For the differently calendered electrodes that were not measured with both methods
— IAM_Graphite_117pm, CC_NMCS811, TFT_HC-C_Cu and TFT_LFP — this
implies that the decrease in the thermal conductivity from uncalendered to slightly
calendered samples should be considered with caution. Although there may be a
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connection to the quality of the contact between coating and current collector, it
is also possible that the decline is exclusively due to the consideration of the light
penetration in the evaluation of the measurements.

5.5.4 Impact of the Electrolyte and Transfer to the Cell
Level

LFA measurements of battery electrodes are mostly conducted within a gaseous
phase. However, it was shown in several studies that the better conducting elec-
trolyte solvent, which also fills the pores during the operation of the cells, entails
much higher thermal conductivity values [7, 39, 41-43]. The evaluations in Fig-
ure 2.13 suggest a thermal conductivity of the soaked electrodes that is by a factor
of 2 to 4 higher than that of the dry electrodes. As the thermal transport properties
during the operation of the cells are of considerable importance for the simulation
and modeling of the temperature distribution within the cells, an estimation of
the values for electrolyte-soaked electrodes based on the results obtained in the
present work poses an interesting addition.

The thermal conductivity of the electrolyte solvent with 0.18 W-m~'-K—! [18]
was often said to be similar to that of helium [34, 248], which has a continuum
thermal conductivity of 0.152 W-m~1-K~1at20°C[235]. However, itis plausible
that the thermal conductivity of the gas might be impaired within the small pores
of the electrodes due to the so-called Knudsen or Smoluchowski effect [36, 113].
Moreover, the higher thermal conductivity of the soaked electrodes in the GHP
measurements might in part originate from reduced thermal contact resistances
between the coatings as the large voids at the interface are filled up with a
significantly better conducting fluid. Thus, the factor of 2 to 4 is only valid for
liquid electrolyte in the GHP measurements and not for gaseous helium since they
behave differently.

The true impact of the deviations in the electrodes’ thermal transport proper-
ties appears on cell level. That is why a comparison of the resulting in-plane
and through-plane thermal conductivities of the cell stack for the LFA and GHP
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method is conducted. This estimation was done based on a cell stack with 20
double-sided coated cathodes and 21 double-sided coated anodes for the uncal-
endered electrodes (pl) and the most strongly calendered electrodes that could
both be measured with GHP (p5). The separator was assumed to have a thick-
ness of 25 pm. The thermal conductivity of copper and aluminum was set to
400 W-m~1.K~! and 236 W-m~1-K~!, respectively. The thermal conductivity
of the separator was set to 0.203 W-m~!-K~! [18] for both the dry and soaked
cases. For the dry electrodes, the nitrogen or air data was used, respectively. An
estimation of the thermal conductivity of the soaked electrodes was conducted
by multiplying the GHP values by factor 3 as a mean value of the analysis in
Figure 2.13 in Section 2.1.4. The effective thermal conductivities resulting for the
cell stack are given in Table 5.3.

For the in-plane thermal conductivity, no significant differences (approx. 2 %)
were found between the two methods. This may be explained by the predominance
of the current collector foil in this consideration. The increase in the metal volume
fraction during calendering leads to an increase in the in-plane conductivity from
pl to pS.

The through-plane thermal conductivity shows significantly larger deviations by
approx. a factor of 2 between LFA and GHP. This is reasonable since the materials
with low thermal conductivities dominate the calculation of the through-plane
thermal conductivity. Furthermore, it becomes apparent that the LFA values for
dry electrodes are more comparable to the GHP values for soaked electrodes.

Several primary and meta-studies [22, 44, 111, 250, 251] reported in-plane ther-
mal conductivities in the range of 21 to 40 W-m~!-K~! and through-plane thermal
conductivities of 0.15 to 1.8 W-m~-K~! for soaked cell stacks. Thus, the esti-
mated thermal conductivity values for a soaked cell lie within a range comparable
to other reported values.

With respect to the calendering step, from a thermal perspective two different
optimizations are possible as the calendering step does not only influence the
thermal conductivity but also the thickness of the electrodes.
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Table 5.3: In-plane and through-plane thermal conductivity on cell level in W-m~1.-K~! for the combination of both p1 electrodes and both

p5 electrodes, respectively. Furthermore, it was varied between the values obtained by LFA in helium (He), LFA in nitrogen (N2),
GHP at 6 bar in air and estimated values for the soaked electrodes by multiplying the GHP values by factor 3.

LFA He pl LFA He p5 LFA N» pl LFA N» p5 GHP pl GHP p5 soaked pl soaked p5

In-plane 26 34 25 34 25 34 26 35
thermal conductivity
Through-plane 0.67 0.55 0.62 0.52 0.35 0.38 0.6 0.5

thermal conductivity
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The first one is the optimization regarding power peaks. In this case of opti-
mization, the generated heat cannot be conducted out of the battery cell quickly
enough and primarily leads to a temperature rise within the cell. The extent of this
temperature rise is influenced by the internal electrical resistance of the cells. A
detailed analysis of the influence of the calendering process on the internal elec-
trical resistance was out of the scope of this work. However, it is expected that too
extensive calendering results in higher resistances and, thus, a more intensive heat
generation. Lower degrees of calendering are also preferred with respect to the
heat capacity as thicker electrodes — in consideration of the electrolyte — have a
higher absolute heat capacity. As a result, the cell undergoes a lower temperature
increase with the same heat input. This is in line with the thermal optimum.

The second optimization regards the steady state heat conduction. For this, it
is assumed that all of the generated heat is conducted out of the cell so that
the temperature within the cell stays constant. To keep the temperature gradient
within the cell ideally low, the effective thermal conductivity should be as high
as possible and the electrode thickness as low as possible. On an electrode level
the optimum would, thus, be the most strongly calendered electrode. Considering
the cell data in Table 5.3, it becomes evident that the through-plane thermal
conductivity of the cell is lower for the most strongly calendered case (p5) in
comparison to the uncalendered case (p1) due to the larger influence of the poorly
conducting separator. However, it should be considered, that calendering also
results in a much lower thickness of the electrodes, which works in favor of lower
thermal gradients.

For the second case of optimization the thermal optimum contradicts the electrical
optimum. Although a high degree of calendering results in a low porosity and
is thus advantageous for a high energy density and electrical conductivity of the
electrodes, the ionic conduction is highly restricted and becomes the limiting
factor. As a consequence, the electrical optimum of the porosity lies in a medium
range of the porosity between approx. 0.3 and 0.4 depending on the application.

Thus, there are cases in which the thermal and electrical optimums do not align
and a compromise needs to be found.
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5.5.5 Electrical Resistance Measurements

The composite volume resistivity pe of the TAM_NMC622 electrodes and the
IAM_Graphite_70pm electrodes was measured. For a better comparison with
the thermal conductivity it was converted into the specific electrical conductivity
(ce = 1/pea). The specific electrical conductivity as a function of the poros-
ity is depicted in Figure 5.24. For the IAM_NMC622 electrodes, no distinctive
conclusion can be drawn, as the relative uncertainties are very high and no signif-
icant changes in the electrical conductivity can be found. The samples from the
IAM_Graphite_70pm electrodes, in contrast, show lower relative uncertainties
due to their much higher absolute values. Thus, a significant increase of the
specific electrical conductivity with decreasing porosity could be found here. The

behavior observed for the graphite electrodes matches the findings in the literature
[61, 82, 191].
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Figure 5.24: Specific electrical conductivity of (a) the differently strong calendered IAM_NMC622
electrodes and (b) the IAM_Graphite_70pm electrodes with respect to the porosity.

Considering the decrease of the thermal conductivity between ¢ = 0.62 and
¢ = 0.54 for the values measured with the LFA to be most certainly reasoned by
the measuring and evaluation method, the electrical and thermal properties show
a similar qualitative behavior in this context.
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A quantitative comparison is made possible by the application of the Wiedemann
Franz Law. This allows the conversion of the electrical conductivity to the thermal
conductivity for electrically conducting materials and is primarily applied for
metals. In the present context it was only applied for the graphite electrodes as
graphite constitutes a highly conducting material. According to the Wiedemann
Franz Law, the thermal conductivity can be calculated following A = o - L - T
with the Lorenz number L and the temperature 7" in K [252-254].

A comparison of the thermal conductivity of the graphite electrodes measured
with the LFA in helium and the values calculated from the electrical conductivity
with T =292 K and L = 2.33- 108 W-Q-K? in accordance with Ashcroft et al.
[253] and Kittel [254] is given in Figure 5.25.
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Figure 5.25: Comparison of the thermal conductivity of the IAM_Graphite_70pm electrode coatings
obtained by LFA measurements in helium and calculated from the data of the specific
electrical conductivity according to the Wiedemann Franz Law.

It is obvious that the Wiedemann Franz analogy delivers considerably lower
thermal conductivity values than those measured directly with a factor of 79 to
226 between the two values. Thereby, it significantly underestimates the thermal
transport in the electrodes and should, thus, not be applied for this comparison.
This observation can be reasoned by the binder and carbon black present in the
electrodes in addition to the graphite. Opposed to well conducting pure graphite,
the conduction pathways are interrupted multiple times in case of the electrodes.
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This can be mainly explained by the binder, which can be expected to insulate
electrically, however, still has a reasonable thermal conductivity.

As a consequence, transferring findings regarding the thermal properties to the
electrical properties and vice versa should be avoided.

5.6 Dry Manufacturing

Three different types of dry-manufactured TAM_NMC622 electrodes were inves-
tigated in this work: free-standing electrodes, laminated free-standing electrodes
and directly calendered electrodes. Details on the different processing approaches
can be found in the Sections 2.2.7 and 3.1.

As the free-standing electrodes do not have a current collector layer for their sta-
bilization, their mechanical integrity is impaired. Some of these samples showed
visible cracks during the sample preparation for the LFA measurements. To mark
the values obtained for the fractured samples, the effective thermal conductivity of
all the single samples of the dry-manufactured electrodes is depicted in Figure 5.26
instead of the mean values. Here, the effective thermal conductivity of the coating
— or the whole sample in case of the free-standing electrodes — is compared to the
results of the differently strong calendered wet-processed electrodes.

The directly calendered electrodes continue the course of the wet-processed sam-
ples very well. As the former show a significantly lower porosity, a direct com-
parison is not possible.

The free-standing and the laminated electrodes exhibit a porosity similar to the
lower porosity range of the differently strong calendered, wet-processed samples.
The free-standing electrodes show a tendency towards a higher effective thermal
conductivity in comparison to the laminated electrodes, although they are of
similar porosity. This behavior resembles the observations in Section 5.5.3 where
the graphite coatings detached from the current collector foil also showed a
higher thermal conductivity in comparison to the measurements with the current
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Figure 5.26: Effective thermal conductivity of the dry-manufactured NMC622 electrodes in compar-
ison to the wet-processed electrodes with the same composition at different degrees of
calendering measured in helium.

collector foil. As discussed above, it is still unclear, if those differences come
from the thermal contact resistance between the two layers or potential effects of
the measurement and evaluation method when it comes to porous samples, that
are even more dominant for two-sided porous samples.

Therefore, although the same composition was used for both processing routes, a
comparison of the samples is difficult due to the formation of a strongly differing
microstructure. The wet-processed electrodes exhibit a very inhomogeneous
binder distribution with areas almost free of additives and areas densely packed
with the BCB phase. In the dry-manufactured electrodes on the other hand, the
PVDF builds fine fibrils. Moreover, the dry-manufactured electrodes were coated
onto a precoated aluminum foil.

5.7 Summary of the Separate Investigations

The results discussed in this chapter show that the mechanical stress applied
during mixing and the rate of drying do not have a significant influence on the
thermal conductivity of the electrode coating in the range of parameter variation
considered here.
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The dry film thickness of the LFP electrodes set during the wet coating process
was shown to have a slight negative impact on the thermal conductivity in the
investigated range of up to 170 pnm dry coating thickness. For the graphite
electrodes, the impact on the thermal conductivity is only visible for very high
values of the coating thickness. Here, a significant decrease in the thermal
conductivity of the coating could be found at a coating thickness of 700 pm. This
behavior is reasoned by the binder migration that provokes a low binder content
and thus an impaired contact at the interface between the coating and the current
collector. The effect of binder migration is increasingly strong with increasing
coating thickness. However, thicknesses of more than approx. 250 pm — even in
the uncalendered state — are not realistically applicable in real battery cells.

An increase of the particle size of the active material was shown to have a positive
impact on the thermal conductivity of the coating. This is explained by the smaller
number of particle-particle contacts in the case of larger particles. The particle-
particle contacts constitute additional resistances due to the small contact area
and the low thermal conductivity of the BCB phase that fills the gap. This effect
was found for both, LFP and HC electrodes.

The process step with the strongest impact on the thermal transport properties
was found to be the calendering step. Thus, it was most extensively studied in
this work. First results measured with the LFA show a u-shaped course of the
coating thermal conductivity with respect to a decreasing porosity. The general
behavior was similar for all active materials investigated, however, the emphasis
varied. The LFP and graphite electrodes showed a much stronger increase on the
thermal conductivity than the NMC electrodes.

In addition, the GHP method was applied to the NMC622 and graphite elec-
trodes with different degrees of calendering. Thorough investigations of both
methods led to the assumption that the decrease of the thermal conductivity from
the uncalendered to slightly calendered samples might stem from a flaw in the
LFA measurement and evaluation of highly porous samples. Especially the re-
sults obtained for the electrodes in the upper porosity range and with helium as
measurement gas should be treated with caution.
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5.7 Summary of the Separate Investigations

The GHP method, however, has its challenges as well. For low electrode thick-
nesses and high thermal conductivities of the electrodes themselves, significant
contact resistances exist between the stacked layers within the rig. This leads to
lower thermal conductivity values resulting from the measurement. The applica-
tion of higher pressures lowers these resistances yielding more realistic thermal
conductivity values.

A comparison of the thermal conductivity of the coating with its specific electrical
conductivity reveals similarities in the porosity dependence of the thermal and
electrical transport properties.

Moreover, different dry-manufactured NMC electrodes were investigated and com-
pared to the wet-processed, calendered electrodes. The extrapolated course of the
wet-processed electrodes to even lower porosities is herein represented very well
by the directly calendered electrodes. The free-standing and laminated electrodes,
however, showed a significantly lower thermal conductivity than the wet-processed
electrodes with the same porosity. The dry manufacturing leads to the formation
of a very different structure of the binder phase compared to the wet-processed
electrodes and thereby entails a different form of heat conduction pathways.

Lastly, it is interesting to compare the thermal conductivity of the electrode
coatings with different active materials. Therefore, the results of the differently
calendered electrodes of all the different AMs are given in Figure 5.27.

It is evident that the graphite coatings exhibit both, the highest absolute values and
the strongest increase in thermal conductivity by calendering. The high effective
thermal conductivity of the coating is not only due to the high thermal conductivity
of graphite, but might also in part stem from the high AM content and the
consequently low amount of insulating binder within the coating. Furthermore,
the rather soft graphite particles allow plastic deformation during calendering,
which results in larger contact areas between the particles and toward the interface,
which also entails a higher effective thermal conductivity.

The NMC622 coatings exhibit a higher thermal conductivity than the NMC811
coatings, which is attributed to the graphite additives applied in the former. The
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Figure 5.27: Thermal conductivity of the coating of the differently calendered electrodes of all

the investigated AMs. For LFP only the electrodes produced with a drying rate of
0.75gm~2.s71,

NMCS811 and LFP coatings exhibit a similar effective thermal conductivity. In
comparison to the influence of the choice on the active material, the impact of the
particle size of the LFP is rather small.

Moreover, it is evident that the anodes, made of graphite and HC, show a signifi-
cantly higher porosity after drying and thus in the uncalendered state than all the
investigated cathodes.
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6 Conclusion

This work presents a thorough investigation of the interconnection between the
production steps and their respective set parameters and the thermal transport
properties of the produced electrodes. Numerous studies in the literature have
shown significant impacts of the process parameters used for electrode production
on the mechanical and electrical properties of the electrodes as well as their mi-
crostructure. Investigations connecting the thermal properties with the production
route are yet very scarce. However, the influence of the production parameters on
the thermal transport properties is expected to be considerable. Thus, the topic
of this work addresses a large research gap that was formulated in a number of
research questions. These research questions were dealt with in this work and the
key findings are summarized below.

How do the different production parameters influence the thermal
transport in battery electrodes?

In this context, the potential influences of the wet mixing, coating, drying, cal-
endering and dry manufacturing steps as well as the active material type and its
mean particle size were investigated.

The parameter variation during wet mixing was performed by using extruders with
different screw geometries, rotation speeds, and mass flows. The results, however,
do not show a significant impact of these variables on the thermal conductivity of
the dried but uncalendered electrodes.

Regarding a variation of the coating thickness, the severity of the observed ef-
fect varies for the different active materials and maximum coating thicknesses.

153



6 Conclusion

For the HC electrodes, no significant influence of the coating thickness on the
thermal transport properties is found. LFP electrodes with coating thicknesses
of up to 170 nm show a slight decrease in thermal conductivity with increasing
thickness. Graphite electrodes show the same trend, however, much higher coat-
ing thicknesses were used here to obtain a significant influence. The decrease in
the thermal conductivity is possibly explained by the impaired contact between
coating and current collector that is caused by the binder migration during drying,
a process which is particularly strong for high coating thicknesses.

With the thorough analysis using both the LFA and the GHP method, stronger
calendering and thus a reduction of the porosity is assumed to lead to an increase of
the thermal conductivity. In the present study, the enhancement was particularly
strong for the graphite electrodes, due to their low binder content and the good
deformability of the AM particles.

The particle size of the AM was shown to have an impact on the thermal conduc-
tivity of the thereof produced electrodes for both HC and LFP as active materials.
In both cases, a tendency towards a higher thermal conductivity of the coating
with larger particle size is evident. This meets the expectations and can be ex-
plained by the lower number of particle-particle contacts along the paths for heat
conduction in the case of larger AM particles.

Do production steps aimed at achieving optimal capacity and
electrical transport properties also lead to optimal thermal
transport properties?

The process settings during mixing, coating and drying did not show a significant
impact on the thermal transport properties of the electrodes and can thus be
optimized solely from an electrical perspective. However, the optimization of
the particle size and its distribution as well as the degree of calendering applied
constitute a conflict of objectives between the electrical and thermal optimum.

Regarding the particle size, from a thermal perspective larger particles are pre-
ferred as they result in a higher effective thermal conductivity of the electrodes due
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to the lower number of gaps in the conduction path. From an electrical perspec-
tive, however, an optimum of electrical conduction, ionic conduction in the liquid
phase and ionic conduction within the particles needs to be found. Moreover, the
width of the particle size distribution can be varied. While a wider distribution
has a positive impact on the energy density, it can limit the ion diffusion and thus
the maximum power applicable to the electrodes and battery cells.

With respect to the calendering step, the thermal behavior can be optimized either
for the application of power peaks or for a stationary state. Power peaks lead
to a substantial temperature rise within the cell, while all the generated heat is
conducted to the outside in the stationary consideration and thus the temperature
stays constant.

For the application of power peaks, thick, only slightly calendered electrodes with
a lower internal resistance and a higher absolute heat capacity — including the
electrolyte — are preferred. This is in line with the electrical optimum for this

case.

For the stationary case, the effective thermal conductivity of the electrodes should
be as high as possible to keep the thermal gradients within the battery cells as low
as possible. The most strongly calendered electrodes would thus be preferred.
However, this contradicts the electrical optimum. Even though a low porosity
obtained through a high degree of calendering — similar to a wide particle size
distribution — leads to an enhanced energy density and electrical conductivity
of the electrodes, it considerably limits ion diffusion. Thus, from an electrical
perspective, a mean porosity is preferable in this case.

As a consequence, there are some cases in which the electrical and thermal
optimums do not coincide, and a compromise needs to be found according to the
application.
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What are important effects to be considered when determining the
thermal transport properties using LFA and GHP?

Differently calendered electrodes — as samples with the strongest variation in their
thermal conductivity — were measured with both the LFA and GHP method in
this work. The results of the effective thermal conductivity differed greatly with
significantly higher values for the laser flash method and a deviating slope when
plotted against the porosity.

An in-depth analysis of potential error sources of both methods has been con-
ducted. The following were identified as the most severe sources of error.

For porous samples in the LFA, the light pulse irradiating the sample penetrates
into the pores. The higher the porosity of the sample is, the higher are the inho-
mogeneities and the surface roughness. For very high porosities the penetration
depth of the light pulse might not be taken into account properly by the evaluation
model within the LFA software and the thermal diffusivity and thus the ther-
mal conductivity of the material might be overestimated. Thus, the decrease of
the thermal conductivity from uncalendered to slightly calendered samples might
be a flaw of the measurement method and does not necessarily present the real
porosity-dependence of the thermal conductivity.

For the measurement of electrodes with the GHP method, the existence of sig-
nificant thermal contact resistances between the stacked layers could be proven.
These are expected to be especially relevant for low coating thicknesses and high
thermal conductivities of the coatings. The exact critical value varies for the dif-
ferent electrodes depending on the composition and microstructure. Moreover, it
was shown that the importance of the internal contact resistances can be reduced
by increasing the pressure applied to the stacked samples. Increasing the pressure
leads to a significant increase of the determined value of the effective thermal
conductivity which is particularly strong for the graphite electrodes due to the
higher thermal conductivity of the material and the more elastic behavior of the
binder. The application of a pressure of at least 6 bar is recommended.
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Outlook

This work provides the basis for future investigations and the implementation of
further analysis methods.

Several approaches similar to the LFA were proposed for in-line measurements
during electrode production. These are helpful for both, the detection of irregu-
larities and the analysis of the overall properties of the coating. The present work,
for one thing, provides information on the impact of the different production steps
on the thermal transport properties and thereby an important foundation for their
monitoring in the future. Secondly, the comparison of the LFA and GHP shows
the limitations of the application of radiation based methods for porous samples.
It is, however conceivable to apply such a system for the quality control of the
electrodes in a calendered state and thereby detect discrepancies in the thickness
or porosity of the electrode.

All experimental investigations in this work consider the through-plane thermal
conductivity of electrode coatings. For the transfer to cell level and the calculation
of the in-plane thermal conductivity it is generally assumed that the thermal
conductivity of the electrode coating itself is isotropic. However, especially for soft
active materials like graphite, the calendering step might lead to a reorientation and
even deformation of the AM particles. It is thus questionable, if the assumption of
isotropic transport properties is still valid for calendered electrodes and therefore
provides a starting point for further investigations. These should, however, be
conducted without the current collector, due to its high thermal conductivity,
which — in combination with the uncertainty of the thickness measurements —
poses a great error source in the evaluation.
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A Appendix

A.1 Additional Data

Table A.1: Thermal conductivity data of dry electrodes in W-m~1-K~! measured with the LFA.

Active material  Notes Thermal conductivity Reference

LCO at2.45vV 2.33 Maleki et al. [112]
Graphite 0.32 Maleki et al. [26]
LCO 0.66 Gotcu et al. [30]
LCO 0.33 Gotcu et al. [31]
NMC 0.38 Gotcu et al. [31]
Graphite 1.45 Liebig et al. [33]
NMC 0.66 Liebig et al. [33]
Graphite 2.46 Oehler et al. [32, 34, 113]
Graphite 2.74 Oehler et al. [32, 34, 113]
Graphite 2.25 Oehler [34]
Graphite 2.25 Oehler [34]
Graphite 1.69 Ochler [34]
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A Appendix

Table A.2: Thermal conductivity data of dry electrodes in W-m—!.K~1 measured with the GHP.

Active material Notes Thermal conductivity Reference
Graphite / Carbon  dry, 9.3 bar 0.30 Burheim et al. [39]
wet, 9.3 bar 0.89 Burheim et al. [39]
LCO dry, 9.3 bar 0.36 Burheim et al. [39]
wet, 9.3 bar 1.1 Burheim et al. [39]
Graphite XALT, dry 0.32 Richter et al. [41]
XALT, wet 0.89 Richter et al. [41]
NMC XALT, dry 0.30 Richter et al. [41]
XALT, wet 0.82 Richter et al. [41]
LFP MTI, dry 0.13 Richter et al. [41]
MTI, wet 0.32 Richter et al. [41]
LCO Hohsen,dry 0.17 Richter et al. [41]
Hohsen, wet 1.03 Richter et al. [41]
Graphite Hohsen, dry 0.26 Richter et al. [41]
Hohsen, wet 1.11 Richter et al. [41]
NMC dry 0.14 Richter et al. [42]
wet 0.54 Richter et al. [42]
Hard carbon dry 0.31 Richter et al. [42]
wet 0.66 Richter et al. [42]
Graphite 64 Ah, dry 0.902 Spitthoff et al. [44]
64 Ah, wet 1.93 Spitthoff et al. [44]
NMC 64 Ah, dry 0.448 Spitthoff et al. [44]
64 Ah, wet 0.717 Spitthoff et al. [44]
Graphite 6.55 Ah, dry 0.50 Spitthoff et al. [44]
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A.1 Additional Data

Table A.2 — continued from previous page

Active material Notes Thermal conductivity Reference
6.55 Ah, wet 1.04 Spitthoff et al. [44]
LCO 6.55 Ah, dry 0.397 Spitthoff et al. [44]
6.55 Ah, wet 1.339 Spitthoff et al. [44]
Graphite 10 Ah, dry 0.379 Spitthoff et al. [44]
NMC 10 Ah, dry 0.292 Spitthoff et al. [44]
Graphite dry 1.05 Lubner et al. [43]
wet 1.44 Lubner et al. [43]
NMC dry 0.55 Lubner et al. [43]
wet 0.83 Lubner et al. [43]

Table A.3: Thermal conductivity data of dry electrodes in W-m~1'-K—! measured with additional
methods. All data were obtained from the graphs by Loges et al. [110].

Active material  Notes Thermal conductivity Reference

Graphite Cell A 2.08 Loges et al. [110]
LCO Cell A 1.47 Loges et al. [110]
Graphite Cell B 2.68 Loges et al. [110]
LCO Cell B 0.86 Loges et al. [110]
Graphite Cell C 3.17 Loges et al. [110]
NMC Cell C 0.17 Loges et al. [110]
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Table A.4: Thermal conductivity data in W-m—!-K~1 measured with the GHP for varied pressure by Richter et al. [41, 42].

Active material  Notes 23bar 4.6bar 69bar 9.2bar 11.5bar Reference
Graphite XALT, dry 0.32 0.39 0.47 0.54 0.61 Richter et al. [41]
XALT, wet 0.89 1.03 1.16 1.24 1.37 Richter et al. [41]
NMC XALT, dry 0.3 0.35 0.37 0.38 0.39 Richter et al. [41]
XALT, wet 0.82 0.84 0.87 0.89 0.9 Richter et al. [41]
LFP MTI, dry 0.13 0.14 0.14 0.15 0.15 Richter et al. [41]
MTI, wet 0.32 0.32 0.34 0.36 0.36 Richter et al. [41]
Graphite Hohsen, dry 0.26 0.32 0.40 0.46 0.52 Richter et al. [41]
Hohsen, wet 1.11 1.15 1.35 1.43 1.38 Richter et al. [41]
LCO Hohsen, dry 0.17 0.19 0.22 0.24 0.26 Richter et al. [41]
Hohsen, wet 1.03 1.16 1.28 1.48 1.48 Richter et al. [41]
Hard Carbon dry 0.31 0.35 0.38 0.39 0.40 Richter et al. [42]
wet 0.66 0.67 0.69 0.70 0.71 Richter et al. [42]
NMC dry 0.14 0.15 0.15 0.17 0.17 Richter et al. [42]
wet 0.54 0.54 0.55 0.56 0.56 Richter et al. [42]
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Table A.5: Thermal conductivity data in W-m—!-K—! measured with the GHP for varied pressure by Spitthoff et al. [44].

Active material  Notes 2bar 29bar 39bar 49bar S8bar 6bar Reference
Graphite 64 Ah, dry 0.902 0.96 1.02 1.08 1.14 1.17 Spitthoff et al. [44]
64 Ah, wet 1.93 1.92 1.98 2.01 2.08 2.10 Spitthoff et al. [44]
NMC 64 Ah, dry 0.448 0.455 0.476 0.491 0.504 0.513  Spitthoff et al. [44]
64 Ah, wet 0.717 0.703 0.713 0.711 0.728 0.728  Spitthoff et al. [44]
Graphite 6.55 Ah, dry 0.50 0.59 0.67 0.74 0.79 0.80 Spitthoff et al. [44]
6.55 AH, wet 1.04 1.05 1.087 1.168 1.22 1.22 Spitthoff et al. [44]
LCO 6.55 Ah, dry 0.397 0.416 0.426 0.442 0.467 0.464  Spitthoff et al. [44]
6.55 Ah, wet 1.339 1.39 1.497 1.56 1.61 1.615  Spitthoff et al. [44]
Graphite 10 Ah, dry 0.379 0.424 0.466 0.50 0.527 0.528  Spitthoff et al. [44]
NMC 10 Ah, dry 0.292 0.30 0.31 0.31 0.31 0.31 Spitthoff et al. [44]
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Table A.6: List of all electrode sheets measured in the context of this thesis. Identifier of the electrode sheets with the corresponding coating
thickness, current collector thickness, porosity and thermal conductivity obtained with the laser flash analysis in helium and nitrogen
at 20 °C. Uncertainties according to GUM A with a coverage factor of & = 2. Due to a lack of available data for the uncertainty

analysis, double standard deviations are given for the dry manufactured samples.

Identifier Sco / pm See / M ¢/ -

Acoe/ Wm™HK=1 AN, /Wm™LK™?

MVM_Graphite_TSE11_n300_m0.4 79.8 £ 1.1 11.6 203  0.605 & 0.020
MVM_Graphite_TSE11_n300_m0.8 81.0+ 1.5 11.6 0.3  0.612+£0.019
MVM_Graphite_TSE11_n600_m0.4 782+ 13 11.6 £03 0596 £0.018
MVM_Graphite_TSE11_n600_m0.8 77.1 £0.8 11.6£03  0.609 £ 0.018
MVM_Graphite_TSE11_n900_m0.4 762 £ 1.5 11.6 £03  0.594 +£0.019
MVM_Graphite_TSE11_n900_m0.8 76.5+0.9 11.6£03  0.598 £0.018
MVM_Graphite_TSE16_n300_m1.2 75.8 £0.9 11.6 203  0.618 £ 0.020
MVM_Graphite_TSE16_n300_m2.4 762 £4.2 11.6 £03  0.663 £ 0.039
MVM_Graphite_TSE16_n600_m1.2 713 +£0.9 11.6 £0.3  0.609 £ 0.018
MVM_Graphite_TSE16_n600_m?2.4 74.6 £ 1.3 11.6 £03  0.618 £ 0.021
MVM_Graphite_TSE16_n900_m1.2 70.0 +0.4 11.6£03  0.596 £ 0.018
MVM_Graphite_TSE16_n900_m?2.4 750+ 1.3 11.6 £03  0.613 +£0.019

MVM_Graphite_TSE18_n300_m2 65.0 £2.0 11.6 203  0.640 +0.028
MVM_Graphite_TSE18_n300_m4 73.5+3.6 11.6 £0.3  0.631 £0.036
MVM_Graphite_TSE18_n600_m2 654 +1.9 11.6 203  0.621 4+ 0.025
MVM_Graphite_TSE18_n600_m4 72.6 £ 1.7 11.6 03  0.616 £ 0.023
MVM_Graphite_TSE18_n900_m?2 63.9 £ 1.7 11.6 203  0.627 £ 0.026
MVM_Graphite_TSE18_n900_m4 659+ 1.6 11.6£03  0.627 £ 0.024

MVM_Graphite_TSE24_n300_m4 69.6 £ 1.9 11.6 £03  0.679 £0.031

1.467 £+ 0.070
1.394 +0.153
1.528 £ 0.035
1.478 £ 0.050
1.525 £ 0.055
1.519 + 0.036
1.302 + 0.179
1.537 £ 0.263
1.154 £ 0.178
1.314 £0.116
1.194 + 0.121
1.165 £ 0.157
1.578 4 0.049
1.504 + 0.048
1.685 £ 0.042
1.550 £ 0.050
1.524 £0.122
1.548 +0.051
1.634 £ 0.250
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Table A.6 — continued from previous page

Identifier Seo / 1M See / 1M ol - Acoe/ Wm—LK=1 AN, /Wm—LK?
MVM_Graphite_TSE24_n300_m8 85.8+33  11.6+03  0.638 +0.035 1.604 4 0.087
MVM_Graphite_TSE24_n600_m4 80.1+£19  11.64+03  0.597 +0.022 1.454 + 0.060
MVM_Graphite_TSE24_n600_m8 87.0+37 11.6+03  0.606 + 0.028 1.482 4 0.078
MVM_Graphite_TSE24_n900_m4 819+ 1.1 11.6+03  0.58340.017 1.497 4 0.105
MVM_Graphite_TSE24_n900_m8 882436  11.6+03  0.593 +0.030 1.508 4 0.043
TFT_Graphite_37pm_DRO0.75 36.6 + 1.4 90414 0491 +0.142 0.971 4 0.223
TFT_Graphite_67p1m_DR0.75 6624 1.8 90+ 14  0.51140.082 0.898 4 0.171
TFT_Graphite_67pm_DR1.5 66.7 + 1.4 90414 0511 +0.079 0.997 4 0.169
TFT_Graphite_67pm_DR3 6924 1.4 90+ 14  051140.076 1.0415 4 0.162
TFT_Graphite_96pm_DR0.75 958+ 1.5 90414 0519 +0.055 1.177 4 0.151
TFT_Graphite_95pm_DRO0.75 953+ 1.5 90+ 1.4  0.545+0.056 1.548 4 0.185
TFT_Graphite_181pm_DRO0.75 1814+15 9.0+14  0.548 4+ 0.029 1.531 4 0.131
TFT_Graphite_3951m_DR0.75 3949436 90+14 054340016 1.461 4 0.103
TFT_Graphite_680pm_DRO0.75 6798 £81 90414  0.53740.016 1.238 + 0.087
TFT_HC-C_AI_31m_DR0.75 310+ 0.8 202407  0.649 £ 0.026 0.442 4 0.124
TFT_HC-C_AIl_943m_DR0.75 944408 202407 0578 4 0.009 0.425 + 0.031
TFT_HC-C_Al_94pm_DR1.5 96.1 £ 1.1 202407 057140012 0.384 4 0.035
TFT_HC-C_AIl_9431m_DR3 923+08 202+07 0.569+0.012 0.418 4 0.024
TFT_HC-C_AIl_131m_DRO.75 1312421 202407 0.58240.013 0.376 4 0.036
TFT_HC-C_Cu_98pm_DRO0.75_pl 97.9+04  11.5+03  0.63940.014 0.363 4 0.007
TFT_HC-C_Cu_98um_DRO0.75_p2 798404 115403 058340018 0.244 4 0.005
TFT_HC-C_Cu_98pm_DR0.75_p3 833404 115403 0593 +£0.017 0.239 4 0.005
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Table A.6 — continued from previous page

Identifier Seo / M See / 1M ol - Acoe/ Wm—LK=1 AN, /Wm—LK?
TFT_HC-C_Cu_95pm_DR1.5 95.1+£05 11.5+£03  0.644 £ 0.015 0.353 4 0.010
TFT_HC-C_Cu_93um_DR3 9294 1.1 115403  0.632+0.018 0.349 £ 0.011
TFT_HC-C_Cu_91pm_DR6_pl 90.9+04  11.5+£03  0.63840.016 0.344 4 0.010
TFT_HC-C_Cu_91pm_DR6_p2 784+1.0 115+03  0.603 4 0.019 0.232 4 0.005
TFT_HC-C_Cu_91pm_DR6_p3 78.0+0.8  11.5+£03  0.600 £ 0.018 0.233 4 0.004
TFT_HC-C_Cu_93pm_DR9 933+06 11.5+£03  0.63540.016 0.347 4 0.007
TFT_HC-A_Cu_95um_DRO.75 946410 115403  0.595 4 0.020 0.283 =+ 0.005
TFT_HC-A_Cu_91um_DR1.5 91.1+£05 11.5+£03  0.597+0.016 0.292 4 0.005
TFT_HC-A_Cu_95pm_DR3 947405 11.5+03 059240016 0.283 4 0.005
TFT_HC-A_Cu_94pm_DR6 942405 11.5+£03  0.58740.016 0.292 4 0.005
TFT_HC-A_Cu_94pm_DR9 935+05  11.5+03 05954 0.016 0.300 4 0.007
TFT_HC-Blend_Al_96pm_DRO075 96.4+25 219403  0.54740.017 0.396 4 0.012
TFT_HC-Blend_Al_771m_DR6 76.6+£0.5  21.9+03  0.549 & 0.006 0.376 4 0.018
TFT_LFP400_67pm_DRO0.75 675421 192419  0.599 +0.018 0.408 £ 0.023
TFT_LFP400_109m_DRO0.75 1090421 192419  0.560+0.014 0.379 4 0.017
TFT_LFP400_109pm_DR1.5 1093420 192419  0.559 4+ 0.008 0.347 4 0.021
TFT_LFP400_109um_DR3 1043420 192419  0.55940.013 0.355 4 0.012
TFT_LFP400_170pm_DRO0.75 1704420 192419  0.542 4+ 0.005 0.354 4 0.014
TFT_LFP200_198m_DRO.75_pl 1982+14 220+05  0.533 4 0.009 0.320 =+ 0.005
TFT_LFP200_198pm_DR0.75_p2 1803413 220405 04834+ 0.012 0.311 4 0.004
TFT_LFP200_198im_DRO.75_p3 1620+1.0 220£05 0419 4 0.005 0.361 4 0.002
TFT_LFP200_198pum_DRO.75_p4 1532412 220405  0.384 4 0.021 0.407 4 0.006
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Table A.6 — continued from previous page

Identifier Seo / 1M See / 1M ol - Acoe/ Wm—LK=1 AN, /Wm—LK?
TFT_LFP200_198pm_DRO0.75_p5 1523413 220405 037340011 0.441 4 0.004
TFT_LFP200_198m_DR3_pl 1976 £22 220+05  0.5474+0.012 0.328 4 0.007
TFT_LFP200_198pm_DR3_p2 1776 £12 220405 0489 4+ 0.019 0.321 4 0.006
TFT_LFP200_198pm_DR3_p3 1622407 220405 0467 +0.006 0.348 4 0.004
TFT_LFP200_198im_DR3_p4 1622407 220405 043340014 0.376 4 0.005
TFT_LFP200_198pm_DR3_p5 1540409 220405 041140015 0.362 4 0.003
TFT_LFP400_222um_DRO.75_pl 222041.0 22.0£0.5  0.545 =4 0.005 0.357 4 0.006
TFT_LFP400_222pm_DR0.75_p2 2032408 22.0£0.5  0.487 & 0.008 0.331 4 0.004
TFT_LFP400_222pm_DRO0.75_p3 1771 £12  220+05 0407 +0.013 0.390 £ 0.003
TFT_LFP400_222pm_DRO.75_p4 1755407 220405  0.397 4 0.007 0.403 £ 0.005
TFT_LFP400_222pm_DRO0.75_p5 1654415 220405  0.381 4+ 0.007 0.449 4 0.004
TFT_LFP400_222;:m_DRO.75_p6 1653424 220405 037340014 0.471 4 0.007
TFT_LFP400_205pm_DR3_pl 2052442 220+05  0.548 4+ 0.017 0.346 4 0.008
TFT_LFP400_205um_DR3_p2 1814+1.0 220£05 047140.017 0.381 £ 0.022
TFT_LFP400_205pm_DR3_p3 1674407 220405 0417 4+ 0.006 0.420 4 0.010
TFT_LFP400_205pm_DR3_p4 1560+ 15 220405  0.369+0.016 0.423 4 0.009
TFT_LFP400_205um_DR3_p5 1491412 220405  0.369 4 0.027 0.408 4 0.013

IAM_Graphite_70pm_pl 700+ 1.6  103+12  0.606 & 0.063 1.594 4 0.109 1.340 4 0.181
IAM_Graphite_70pm_p2 61.6+16 103+12  0.586 +0.071 1.260 4 0.109 1.053 4 0.0621
IAM_Graphite_70pm_p3 55.8+1.6  103+£1.2  0.544 4 0.078 1.182 4 0.055 1.017 4 0.053
IAM_Graphite_70pm_p4 485416  103+12 0471 40.088 1.237 £+ 0.079 1.080 + 0.048
TAM_Graphite_70pm_p5 408 +1.6 103+£1.2  0.376=40.102 1.584 4 0.069 1.422 4 0.091
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Table A.6 — continued from previous page

Identifier Seo / M See / 1M ol - Acoe/ Wm—LK=1 AN, /Wm—LK?
TAM_Graphite_70pm_p6 370+18  103+12  0.328+0.113 2.071 £0.117 1.797 £ 0.146
IAM_Graphite_117pm_pl 1172417 11.0£12  0.597 4+ 0.038 1.356 + 0.160
TAM_Graphite_117pm_p2 1082417 11.04£12  0.585 4 0.041 1.439 4 0.261
IAM_Graphite_117pm_p3 10294+ 1.7  11.0+12  0.569 4 0.043 1.279 4 0.203
IAM_Graphite_117pm_p4 80.1+17 11.04+12  0.514 +0.049 1.078 4 0.078
IAM_Graphite_117pm_p5 863+ 18 11.0+12  0412+0.049 1.279 4 0.095
IAM_Graphite_117pm_p6 71.04+ 17  11.0+£12 0291 4 0.058 1.538 £ 0.078
IAM_Graphite_117pm_p7 599+ 1.7 11.0+£1.2 0211+ 0.068 2.127 £ 0.173
IAM_NMC622_55pm_pl 549+1.6 167+12 051340012 0.714 4 0.032 0.622 + 0.013
TIAM_NMC622_55um_p2 504+1.6 16712  0.469 £ 0.013 0.640 4 0.019 0.559 4 0.019
IAM_NMC622_551m_p3 471416 167+12 0427 +0.015 0.590 & 0.10 0.520 4 0.016
TIAM_NMC622_55um_p4 432417 167+£12  037940.018 0.579 4 0.016 0.51540.018
TAM_NMC622_55m_p5 414+17 167+12 0349 40.019 0.599 4 0.015 0.530 4 0.016
IAM_NMC622_55pum_p6 39.6+1.7 167412 0303 +0.021 0.621 £ 0.026 0.606 + 0.012
CC_NMC811_80pm_pl 795+1.6  162+1.2  0.507 & 0.008 0.498 4 0.007 0.389 + 0.006
CC_NMC811_80pm_p2 755416  162+12 0494 +0.011 0.467 + 0.021 0.367 4 0.019
CC_NMC811_80pm_p3 73.6+1.6  162+£1.2  0.488 & 0.008 0.465 4 0.008 0.361 & 0.006
CC_NMC811_80pm_p4 735+1.6  162+1.2  0.483 4 0.009 0.460 4 0.007 0.356 =+ 0.009
CC_NMC811_80pm_p5 73.04+ 16  162+12 04724 0.009 0.449 =+ 0.009 0.350 + 0.006
CC_NMC811_80pm_p6 69.6+1.6 162+£12 045440010 0.437 4 0.007 0.341 £ 0.005
CC_NMC811_80pm_p7 654+16 162+12 037240012 0.368 4 0.008

CC_NMC811_80pm_p8 586+ 1.7 162+12 0319+0.015 0.405 4 0.013
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Table A.6 — continued from previous page

Identifier Seo / 1M See / 1M ol - Acoe/ Wm—LK=1 AN, /Wm—LK?
IAM_NMC622_dry_GF 68.7 £ 10.0 - 0.327 4 0.019 0.509 4 0.139
IAM_NMC622_dry_GL 71.5 + 6.0 17.5 0.340 + 0.023 0.447 4 0.066
TIAM_NMC622_dry_GD 442 + 4.7 17.5 0.223 4 0.038 0.741 4 0.132
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Uncertainty according to the least square residuals of the linear regression.

Table A.7: Thermal conductivity in W-m~1.-K~1 of the electrodes measured with the guarded hot plate method at different pressures.

Identifier 2 bar 3 bar 4 bar 5 bar 6 bar

TAM_Graphite_70pm_p1 0.522 £ 0.057 0.479 £0.025 0.540 £0.027 0.613 £0.026  0.690 &+ 0.027
TAM_Graphite_70pm_p2 0412 £0.020 0479 +£0.030 0.590 £0.018  0.640 £ 0.033  0.709 % 0.045
TIAM_Graphite_70pm_p3 0.395+£0.010 0.8324+0.399 0.840 £0.256 0.869 £+ 0.194  0.909 + 0.128
IAM_Graphite_70pm_p4 0.398 £ 0.009  0.667 £0.051 0.722 £0.056  0.763 £ 0.052  0.795 + 0.062
TAM_Graphite_70pm_p5 0.356 £ 0.015 0.865+0.117 0909 £0.106  0.956 £+ 0.084  0.980 %+ 0.066
TAM_NMC622_55pm_pl  0.165+0.002  0.172 £0.002  0.183 +0.001  0.1954+0.003  0.215 £ 0.010
TAM_NMC622_55pm_p2  0.175+£0.006  0.252 +£0.050 0.253 +£0.042 0.253 £0.031  0.256 £ 0.025
TAM_NMC622_55pm_p3  0.227 £0.055  0.245+0.061 0258 £0.049 0.267 £0.032  0.274 £ 0.027
TAM_NMC622_55pm_p4  0.188 £0.033  0.219 £ 0.066  0.231 +0.060  0.242 +0.043  0.265 £ 0.040
TAM_NMC622_55pm_p5  0.200 £0.022  0.195 £ 0.038  0.220 +0.037 0.243 £0.035  0.263 £ 0.032
TAM_NMC622_55pm_p6  0.213 +0.002  0.200 £0.009  0.221 £0.006  0.243 + 0.006  0.267 £ 0.004
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Table A.8: Names and manufacturers of the used materials. The raw materials of the CC_NMCS811 electrode are unknown.

AM CMC SBR PVDF CB CG
MVM_Graphite Mechano-Cap ® 1P1 Na-CMC salt SBR - C-NERGY Super C65 -
(HC Carbon GmbH) (Carl Roth) (Nanografi Nano Technology) - (Nanografi Nano Technology) -
TFT_Graphite SMG-A Sunrose MAC500LC SBR - C-NERGY Super C65 -
(Hitachi Chemical Co.Ltd.) (Nippon Paper Industries) (Zeon Europe GmbH) (Imerys Graphite & Carbon)
TFT_HC HC Sunrose MAC500LC SBR - C-NERGY Super C65 -
(Kuranode, kuraray) (Nippon Paper Industries) (Zeon Europe GmbH) (Imerys Graphite & Carbon)
TFT_LFP LFP200 | LFP400 Sunrose MAC500LC SBR - C-NERGY Super C65 -
(ibu-Tec) (Nippon Paper Industries) (Zeon Europe GmbH) (Imerys Graphite & Carbon)
TAM_Graphite SMG-A Na-CMC, CRT 2000 TRD 2001 - C-NERGY Super C65 -
(Hitachi Chemical Co.Ltd.) (DOW Wolff) (JSR Micro) (Imerys Graphite & Carbon)
TAM_NMC622 HED NMC622 - - Solef 5130 C-NERGY Super C65 C-NERGY KS6L
(BASF) (Solvay S.A.) (Imerys Graphite & Carbon) (Imerys Graphite & Carbon)
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Table A.9: Reciprocal specific feed load within the extruder for the differently mixed electrodes
obtained from the simulation by Meza Gonzalez et al. [244]

Identifier SFL™" /-
MVM_Graphite_TSE11_n300_m0.4 89.84
MVM_Graphite_TSE11_n300_m0.8 44.92
MVM_Graphite_TSE11_n600_m0.4 179.7
MVM_Graphite_TSE11_n600_m0.8 89.84
MVM_Graphite_TSE11_n900_m0.4 269.5
MVM_Graphite_TSE11_n900_m0.8 134.8
MVM_Graphite_TSE16_n300_m1.2 92.16
MVM_Graphite_TSE16_n300_m2.4 46.08
MVM_Graphite_TSE16_n600_m1.2 184.3
MVM_Graphite_TSE16_n600_m2.4 92.16
MVM_Graphite_TSE16_n900_m1.2 276.5
MVM_Graphite_TSE16_n900_m2.4 138.2

MVM_Graphite_TSE18_n300_m?2 78.73
MVM_Graphite_TSE18_n300_m4 39.37
MVM_Graphite_TSE18_n600_m?2 157.5
MVM_Graphite_TSE18_n600_m4 78.73
MVM_Graphite_TSE18_n900_m?2 236.2
MVM_Graphite_TSE18_n900_m4 118.1
MVM_Graphite_TSE24_n300_m4 93.31
MVM_Graphite_TSE24_n300_m8 46.65
MVM_Graphite_TSE24_n600_m4 186.6
MVM_Graphite_TSE24_n600_m8 93.31
MVM_Graphite_TSE24_n900_m4 279.9
MVM_Graphite_TSE24_n900_m8 140.0
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Figure A.1: Particle size distribution of LFP200 and LFP400 (a) according to manufacturer IBU-tec
[211] and (b) measured by Janning at KIT [255].
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Figure A.2: Particle size distribution of HC-A, HC-B and HC-C. The HC-B material was not inves-
tigated in the present work (reproduced from Klemens et al. [256], Creative Commons
Attribution 4.0 License CC BY).
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Figure A.3: Pore size distribution of HC-A, HC-B and HC-C. The HC-B material was not investigated

in the present work (reproduced from Klemens et al. [73], Creative Commons Attribution
4.0 License CC BY).
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TAM_NMC622 electrodes and the TAM_Graphite_70pm electrodes within the GHP
measurement rig at all measured pressures between 2 bar and 6 bar. The values were
calculated with the assumption that the thermal conductivity obtained with the LFA is
correct.
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