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Kurzfassung

Diese Dissertation umfasst, wie Natriumcarboxymethylcellulose (NaCMC) die Elektrodeneigen-
schaften von Lithium-lonen-Batterien beeinflusst, wobei der Schwerpunkt auf Faktoren wie Haf-
tung, elektrischer Widerstand und Wasserriickhaltevermégen der Anoden liegt. Daran anschlie-
Rend wird untersucht, wie sich diese Anderungen auf die entsprechenden elektrochemischen
Zellen (bertragen lassen. Dafiir wird zunéchst ein Ansatz basierend auf der freien Oberflachen-
energie (SFE) verwendet. Damit werden NaCMCs mit unterschiedlichen Substitutionsgraden
(DS) untersucht, wobei durch die SFE-Methode Zusammenhange zwischen den Elektrodeneigen-
schaften und den Polymereigenschaften geschlossen werden kénnen. Ein héherer DS verbessert
die elektrische Leitfahigkeit aufgrund starkerer Wechselwirkungen mit dem Leitfahigkeitsadditiv
und zeigt gleichzeitig eine hohes Wasserrlickhaltevermdgen. Im Vergleich dazu verbessert ein
niedrigerer DS die Adhdsion durch effektivere Wechselwirkungen mit dem Haftadditiv und dem
Stromableiter, wéahrend die geringere Wechselwirkung mit den Leitfahigkeitsadditiv zu einem
Anstieg des elektrischen Widerstands fuhrt.

Das einflussreichste Ergebnis dieser Arbeit ist der Einfluss von Gelpartikeln, einer Verunreini-
gung in NaCMC. Es zeigt sich, dass ein hoherer Gehalt an Gelpartikeln das Wasserrickhaltever-
mdgen signifikant erhdht, was die Zellleistung beeintrachtigt, da Nebenreaktionen wahrend der
Entstehung der Festelektrolytgrenzflache (SEI) verstérkt werden. Ein niedriger Gelpartikelgehalt
zeigt ein sehr geringes Wasserriickhaltevermdgen und liefert die Mdglichkeit, die Sekundartrock-
nung der Elektroden zu vermeiden, somit den Energieverbrauch zu senken und die Effizienz in
der Herstellung zu verbessern.

Die vielversprechendsten NaCMC-Polymereigenschaftsvarianten zeigen sich bei NaCMC mit
niedrigem Molekulargewicht und einem Substitutionsgrad von 0,67. Elektroden mit dieser
NaCMC zeigen einen vergleichsweise geringen elektrischen Widerstand und ein dazu geringes
Wasserriickhaltevermdgen, welches die besten Zellergebnisse bedeutet. Die Arbeit zeigt auller-
dem, wie ein hoheres Molekulargewicht die Menge an Restwasser in den Elektroden drastisch
erhoht und damit zu einer schlechteren Zellleistung fihrt.

Dartiber hinaus stellt diese Arbeit einen neuen Ansatz fur die selektive Farbung von NaCMC mit
(Heptadecafluorodecyl)-Trimethoxysilan vor, der die Visualisierung der NaCMC Verteilung in
Elektroden mittels EDS ermdglicht.

Insgesamt veréndert diese Arbeit die Wahrnehmung von NaCMCs, indem sie die kritische Rolle
des Binders bei der Herstellung der Elektroden und den Einfluss auf die Zellleistung hervorhebt.
Diese Ergebnisse erlauben es neue Wege fir einen effizienteren und effektiveren Einsatz von
NaCMCs in der Batterietechnologie, insbesondere fir eine mégliche Reduzierung des Herstel-
lungsaufwands und des Energiebedarfs, durch besseres Verstdndnis der NaCMC zu beschreiten.
Zudem sollte der Gelpartikelgehalt in NaCMCs als neue Eigenschaft etabliert werden.






Abstract

This dissertation explores how sodium carboxymethyl cellulose (NaCMC) impacts electrode
properties and battery performance, focusing on key factors such as adhesion, electrical re-
sistance, and water retention. A novel approach based on the Surface Free Energy (SFE) method
is used to study NaCMCs with different degrees of substitution (DS), uncovering trends that in-
fluence electrode behaviour. Higher DS improves electrical conductivity due to stronger interac-
tions with conductive additives, while showing high water retention. In comparison, lower DS
enhances adhesion by interacting more effectively with the adhesive additive and current collec-
tor, while the decrease in interaction with conductive additives leads to an increase in electrical
resistance.

An innovative finding in this work is the influence of gel particle impurities in NaCMC, an area
previously overlooked in the field. It is discovered that higher gel particle content drastically in-
creases water retention, which impairs battery performance by enhancing unwanted reactions dur-
ing solid electrolyte interphase (SEI) formation. Low gel particle content shows low water reten-
tion, thereby reducing the need for secondary drying, offering a significant opportunity to lower
energy consumption and improve manufacturing efficiency.

Among the NaCMC polymer property variations studied, NaCMC with low molecular weight and
a degree of substitution of 0.67 emerges as the most promising. It balances low electrical re-
sistance and low water retention to deliver the best cell performance. The dissertation further
showcases how higher molecular weight drastically increases water retention of the electrodes
and therefore leads to worse cell performance.

Additionally, this work introduces a novel approach for selectively staining NaCMC using (hep-
tadecafluorodecyl) trimethoxysilane, enabling visualization of its distribution in electrodes via
EDS. This tool offers valuable insights for optimizing electrode design and improving the manu-
facturing process.

Overall, this research changes the perception of NaCMCs by emphasizing the critical role of the
binder in manufacturing electrodes and the resulting cell performance. These findings open new
pathways for more efficient and effective use of NaCMCs in battery technology, particularly in
possibly reducing manufacturing complexity and energy demands by understanding the impact
of the NaCMC in more detail. This also shows the need for establishing a new key figure for
NaCMCs, the gel particle content to understand which property of the NaCMC actually affects
the performance.
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1 Introduction

In recent years the interest in energy storage with high energy density has steadily increased and
is therefore the subject of current research and development. However, the battery research and
development for those energy storage systems cannot keep up with the demand for newly created
technologies. ! Lithium-ion batteries (LIBs) still represent the gold standard when special re-
quirements are necessary such as low weight and high energy density due to space constraints,
as in electric vehicles (EVs). However, the low specific capacity of graphite, as well as the
low abundance of lithium are seen as the main challenges for future LIBs. ? To address those
challenges, researchers focus on the active materials, as they take up the largest part of the
electrode and directly influence the energy density or capacity. This is possible by increasing
the content of the active material, using alternative materials (e.g. silicon instead of graphite)
with a higher specific capacity, or completely new battery chemistries (e.g. sodium-ion bat-
teries).

However, binders usually get overlooked, despite being an integral part of the battery. >4 This is
mainly due to the fact, that the binder polymer only accounts for a tiny portion of the system
and appears to not influence the specific capacity of the battery. In contrast, it has a major
influence on the system. 2° Mechanically the binder is primarily contributing to the adhesion
of the current collector and cohesion of the electrode itself and is supposed to create a suitable
environment for the active material. ®° This includes the binder to be electrochemically stable
and a good dispersant during manufacturing in the slurry. Finally, the binder is considered to
have a possible influence on the creation of the solid electrolyte interface (SEI). %! Con-
sidering half cells, this effect could be negligible. For full cells, losing any amount of lithium
ions to side reactions drastically impacts capacity retention. Furthermore, the thickness of the
SEI impacts the charge transfer resistance of the respective electrode and leads to capacity
fading over time.

While the state-of-the-art manufacturing process of positive electrodes is still based on the appli-
cation of harmful N-methyl-2-pyrrolidone (NMP) and polyvinylidene difluoride (PVDF), manu-
facturing on the negative electrodes is already transferred to water-based processing. 22 By using
water as a solvent, the change from PVDF to a water-soluble polymer was imminent. Sodium
carboxymethyl cellulose (NaCMC) combined with styrene-butadiene rubber (SBR) for increased
adhesion is since used. 212 The change to NaCMC was based on its wide availability, low toxicity,
and low cost. Additionally, NaCMC allows for tuneable properties by modifying its degree of
substitution (DS) and molecular weight (MW). NaCMC therefore established itself as one of the
main binders used, when manufacturing negative electrodes, as it shows good dispersive abilities,
and withstands some tribochemical stress, which it is subject to during processing.

While already established for multiple years, research regarding NaCMC often focuses investi-
gations on its rheological influence, while potentially disregarding its influence on
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electrochemical aspects. 1416 On the other hand, investigations regarding the electrochemical per-
formance lack a wide variety of NaCMCs, therefore eventually missing influences due to different
polymer properties of the NaCMC. " Additionally, NaCMC is not as well-studied as other
polymer binders, especially compared to PVDF, and there is still limited knowledge about its
properties and behaviour in LIBs. Investigations yet need to provide results for explaining
interactions between the NaCMC with the active material or other components of the elec-
trodes. Additionally, there is a lack of a more specific connection of how key polymer prop-
erties of NaCMC influence the electrochemical performance.

Therefore, the main objective of this PhD thesis is to provide insights into the impact that the
NaCMC has on the overall electrode and how those findings are translated into the cell perfor-
mance. This work can be divided into three different parts.

(1) The first part is focusing on the study of the interactions between the water-soluble
NaCMC and the other components of the electrode. It further explores how those findings
translate into electrode properties and where the boundaries of the surface free energy
calculations are.

(2) The second part focuses on the influence of key properties like DS and molecular weight
of the NaCMC on the cell performance and connecting them to the respective electrode
properties. Additionally, the influence of a yet almost unreported impurity, the gel parti-
cles, is displayed in great detail.

(3) Finally, the challenges of staining NaCMC are shown, with a novel method allowing for
the selective detection of the polymer when applied to electrodes.
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This chapter establishes the theoretical framework essential for understanding key aspects of
LIBs, serving as a foundation for the discussions that follow. It begins by explaining the funda-
mental principles of lithium-ion batteries. The focus of the initial part is going to be on explaining
the electrochemical mechanisms, commonly used materials inside LIBs, and essential mecha-
nisms like intercalation and the “rocking-chair” principle. The adjacent section delves into the
design of battery cells, introducing the development of the industrially favoured battery cell de-
sign. It further describes some beneficial and adverse effects regarding selected cell formats.

Central to this work is the influence of polymer binder on electrodes, which contributes signifi-
cantly to the mechanical and electrochemical integrity of the respective electrode and therefore
the cell. The most commonly used cathode binder, polyvinylidene difluoride (PVVDF) and current
expectations regarding binders are therefore introduced. Special attention is given to sodium car-
boxymethyl cellulose (NaCMC). NaCMC is a polymer binder which is also used as a dispersant
in slurry processing. It offers a promising alternative as it shows no toxicity and is water-soluble,
therefore allowing researchers to avoid using organic solvents. The main focus is going to be on
the synthesis, key figures of the NaCMC such as the degree of substitution, and impurities left in
the final NaCMC.

In addition, the chapter also introduces the solid electrolyte interface (SEI), which is a layer form-
ing on top of the anode material during the initial cycles of the cell and evolves over its lifetime.
Furthermore, the main degradation products as well as the SEI evolution over time are going to
be discussed in more detail. Additionally, the influence of impurities in the cell, such as water is
also shown.

Finally, the theory of surface free energy (SFE) is introduced to provide insights into the theoret-
ical development of the interfacial interactions of different materials. Due to different approxi-
mations, there are various theoretical developments, with the Owens-Wendt-Rabel-Kalble
(OWRK) method proving to be the most applicable. As most calculations for interactions only
regard those interactions in a gaseous atmosphere, it is necessary to extend the theoretical con-
cepts further by introducing the work of van Oss. This allows for the calculation of the interaction
of two solids when submerged in liquid. Following this, it becomes possible to investigate the
interactions of materials during slurry processing while submerged in a solvent.
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2.1 Fundamentals of Lithium-Ion Batteries

Lithium-ion batteries (LIBs) are one of the most widely used energy storage technologies in the
world due to their high energy density and long cycle life as secondary batteries. Since their com-
mercialisation by SONY in 1991, LIBs have significantly changed the landscape of energy stor-
age systems and their application extend from portable electronics to electric
vehicles (EV). 11820 Especially the spatial constraints in EVs lead to a high interest in LIBs, due
to them currently being the only viable option in regards to the energy density required.

LIBs consist of different active and inactive components, namely the cathode, anode, electrolyte,
and separator. 3 A schematic illustrating the key components and the movement of lithium ions
during the charge and discharge cycles is shown in Figure 2.1.
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Figure 2.1: Schematic illustration of a LIB highlighting the cathode, anode, electrolyte, and external circuit
(adapted from Cholewinski et al. 3).

2.1.1 Components and Reactions in Lithium-Ion Batteries

The cathode acts as the positive electrode of the battery and is the source of lithium ions (Li*),
which leads the half-cell reaction to be represented by
Charging

LiMO, = - , ~ i, MO, +xLi" +xe
Discharging

2.1)
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With the Li* being provided during charge and incorporated during discharge. MO, represents the
transition metal oxide material used. Cathode materials are typically lithium-containing com-
pounds, such as lithium cobalt oxide (LiCoO:, LCO), lithium nickel manganese oxide
(LiNiosMn1504, LNMO), or lithium iron phosphate (LiFePOs, LFP). 2 The cathode materials are
chosen for their ability to provide and intercalate Li* while also remaining stable and providing a
high reversible capacity. To further increase the energy output of layered oxides, like LCO-based
materials, nickel is introduced. 2223 This allows for a higher reversibly accessible specific capac-
ity, which led it to be also used in commercial applications with nickel contents increasing from
LiNi1/3C01/3Mn1/302 (N MClll), to LiNioﬁCOo‘zMno‘zOz (N MC622) and even LiNio.sCOo.ano,loz
(NMC811).

The anode is the negative electrode in LIBs and is responsible for reversibly storing lithium ions
during the charge cycle. When the battery is charging, lithium ions move from the cathode to the
anode, where they are intercalated into the anode host material. The most widely used anode
material in LIBs is graphite, which is a highly ordered carbon structure with layered graphene
stacks. 2426 Graphite intercalates Li* between its graphene layers leading to the following half-
cell reaction: %’

Charging 2.2
xCs+xLit+xe = - - = x LiCg (22)
Discharging

However, graphite is categorised into different varieties in itself. 22 Different types of graphite,
such as natural graphite and synthetic graphite, are used based on various factors like capacity,
cycle life, and cost. While natural graphite is mined and processed, synthetic graphite is manu-
factured using petroleum or coal precursors, sometimes even leading to differences in morphol-
ogy. In comparison, natural graphite tends to have higher initial capacity, whereas synthetic
graphite often provides better cycle life and stability. 2 It has to be noted, that alternative anode
materials like silicon and lithium titanium oxide (LisTisO:2, LTO) are being studied to further
enhance cell properties. Due to the different drawbacks of those anode materials, commercial
usage remains largely dominated by conventional graphite due to its balance of performance,
cost-effectiveness, and stability over many cycles. 2%

By bridging both the anode and cathode via an electrolyte, the combined reaction of both half-
cells leads to

LiMO, +x C Charging Li, MO, + x LiC (2:3)
! 27 X% ~ Discharging Hox 2T XA,

Allowing for the repeated charge and discharge of the LIB. 2° Usually, a lithium salt dissolved in
carbonates is used in commercial and research applications as an electrolyte. The most prominent
electrolyte being a 1 M LiPFs dissolved in a carbonate mixture consisting of 50 vol.-% ethylene
carbonate (EC) and 50 vol.-% dimethyl carbonate (DMC). ¥

While being bridged via an electrolyte, the anode and cathode have to be physically set apart to
prevent a short circuit of the system while allowing for ion flow between both electrodes. 3! This
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is made possible by using a porous and electrically insulating separator. For one the porosity
allows for the ions to migrate freely, while the separator, being an insulator, prevents the free pass
of electrons. 3% Currently, industrial applications commonly use polyethylene, polypropylene,
ceramic composites and various other polymers. -3 To ensure low internal resistance, the sepa-
rator has to be as thin as possible, resulting in separators being as thin as 25 pm and even thinner
for general use. 4041

The main process to allow the storage of energy in LIBs is called intercalation. Intercalation de-
scribes the process of lithium ions (Li*) reversibly being inserted into the vacant sites of the crystal
lattices of the electrode materials. >4 By allowing ions to move in and out of the host material
without significantly altering its structure, intercalation minimises mechanical strain on the active
materials during charge and discharge cycles. This minimal stress induced by intercalation allows
for achieving a high cycle life of the LIBs. While intercalation explains the storage mechanism
for the active materials, the “rocking chair” mechanism describes the shuttling of Li* from cathode
to anode and vice versa. *° For this to be true, the metal has to be present as an ion the whole time,
which is correct regarding LIBs.

2.1.2 Cell Design

For both the industry and research, the choice of the battery cell format has a significant impact
on the performance, cost and long-term stability. 44" There are different primary cell designs
namely cylindrical, prismatic, and pouch cells. Each design offers unique advantages, based on
its appearance, which makes them suited for specific applications. A summary of the global mar-
ket share for individual cell designs is illustrated in Figure 2.2.
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Figure 2.2: Summary of the market share of individual cell designs, from 2011 until 2021. Shares labelled unknown

were not able to be assigned properly (adapted from Link et al. “6).
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Prismatic cells are widely adopted in industry and particularly in electric vehicles. “¢ Cylindrical
cells are often used in medical instruments and power tools. #4%50 Pouch cells, meanwhile, are
frequently used in both consumer electronics and EVs due to their lightweight and flexible struc-
ture, though they are more prone to swelling through gas development under extreme conditions.

However, the format most used in research investigations is the coin cell format. It is often pre-
ferred for initial testing because coin cells are cost-effective and simpler to assemble, facilitating
fast investigations. Nonetheless, coin cells have demonstrated limitations in replicating the long-
term performance and degradation characteristics observed in larger cell formats. 4’ Conse-
quently, reliance on coin cells in early testing phases may lead to discrepancies when scaling to
commercial applications, as they do not provide a fully accurate model of real-world battery age-
ing and stability, due to a higher ratio of electrolyte masking negative implications on the cell
performance. 4°152 This discrepancy highlights the importance of using testing methodologies
that better approximate industry conditions, like using laboratory pouch cells.

2.2 Polymer Binders in LIBs

Polymer binders only contribute a small fraction to the total amount of the electrode. ** While
often labelled inactive, binders have a significant impact on the electrode properties and the re-
sulting cell performance. +5°3° The binder has a crucial part in the battery manufacturing process,
particularly during electrode fabrication. One of the most commonly used manufacturing tech-
niques is the wet coating via doctor blade or slot die. 246555¢ This sort of electrode manufacturing
involves creating a slurry, where the active material (AM), conductive additives (CA), and binder
are dispersed in a solvent and then coated onto a current collector (CC) before drying. The binder
has to properly deagglomerate the CAs and AMs while resisting the tribochemical strain during
mixing. °"*8 This allows for a well-dispersed slurry, which ensures that the AM and CA particles
are evenly distributed, while also having to prevent agglomeration. The binder also controls the
slurry’s viscosity, which is crucial for the coating process. 4% If the slurry is too viscous, it may
not be coated evenly, while if it is below a certain viscosity threshold, it could fail to wet the
current collector sufficiently. The drying of the electrode, when the solvent evaporates after the
coating, is another critical stage. ¢ The binder must create a dry and crack-free electrode film,
by contributing proper cohesion with a low degree of binder migration. Binder migration leads to
an inconsistent binder distribution which can result in defects in the dried electrode. 66! This
negatively impacts the mechanical stability and the electrochemical performance.

Binders ensure that the active materials adhere to the current collector and that conductive addi-
tives are evenly spread throughout the electrode. This is important for maintaining good electrical
contact between particles and crucial for proper electron and ion transport during cycling. 37964
Additionally, the binder is required to create a suitable environment for the active material, not
only in regards to mechanical but also electrochemical stability. This includes contributing to a
proper formation of the solid electrolyte interface (SEI), allowing for proper electrolyte wetting,
while simultaneously staying chemically inert and providing enough mechanical stability to with-
stand the strain induced by volume changes of the active material during cycling.
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A schematic summary of some of the specific demands regarding an efficient binder are illustrated
in Figure 2.3.

Excellent dispersion properties Influencing SEI formation
Allowing for deagglomeration Reducing Lithium-ion inventory loss
Hindering sedimentation

High conductivity
Facilitate e- and Lithium-Ion
transportation

Water solubility
Low cost + Eco friendly

High elasticity + strength
Accomodate volume change
Excellent mechanical strength

High cohesion and adhesion

Electrolyte wettability
Establish required transportation
of ions and molecules

Figure 2.3: Schematic summary of the optimal properties of a binder, green shades focussing on processing and
grey shades focussing on impact in cells (adapted from Cholewinski et al. 3).

2.2.1 Polyvinylidene fluoride (PVDF)

The previously mentioned demands for binder meant a multitude of requirements a binder had to
fulfil and led to the wide commercial application of polyvinylidene fluoride (PVDF). PVDF is
one of the most widely used binders in LIB electrodes, particularly in cathodes, where it has
become the standard. 5657 Its popularity is largely due to its unique combination of properties
that meet the aforementioned demands for the use in battery applications. The strong electrochem-
ical stability allows it to operate effectively under the high voltages encountered at the cathode
side. Additionally, PVDF provides sufficient adhesion strength, contributing to the mechanical
integrity of the electrode. Nevertheless, PVDF is only capable of creating weak van-der-Waals
interactions with other materials in the electrode. In the slurry-making process for a wet coating,
PVDF is commonly dissolved in N-methyl-2-pyrrolidone (NMP).

One significant advantage of PVDF is that it has been extensively studied and characterised, par-
ticularly concerning its electrochemical behaviour, side reactions, and impact on the degradation
of long-term cycling. >¢7-"° The fluorinated structure of PVDF, with its high fluorine content, is
easily identifiable using analytical techniques like energy dispersive X-ray spectroscopy (EDS). %
This makes it relatively straightforward to detect and monitor PVDF in the electrode, especially
when investigating migration or degradation phenomena. PVDF’s chemical composition has been
shown to undergo minimal decomposition under typical battery operating conditions, making it a
reliable binder choice in many applications. The extensive characterization of PVDF in terms of
side reactions and migration has provided valuable insights into its long-term behaviour, and its
straightforward detectability with EDS has made it a model binder for fundamental studies in
binder migration and other processing related investigations.
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While having some positives, there are also a multitude of drawbacks. Due to the weak van-der-
Waals interactions and linear polymer structure, PVDF cannot be used as a binder for systems
with significant volume expansion or high mass loading. 772 In addition to the low interactions,
PVDF is also capable of swelling in electrolytes which reduces the binding capability even fur-
ther. When used in carbon-based systems, like graphite anodes, PVDF possibly reacts with the
lithiated graphite to form unsaturated C=C-F-bonds. #7774 The side reaction leads to a coating
which shows electronic and ionic insulating properties, which increases the overall resistance of
the system. PVDF also relies on an organic solvent to be dissolved, which usually is NMP. 27577
Because NMP is a harmful solvent, not only the handling of the slurry is more dangerous, but the
whole manufacturing process has to be adjusted accordingly. This includes proper safety precau-
tions in industrial scale application as well as solvent recovery during the drying of the electrode.

While PVDF remains the dominant binder in cathode applications, in anode formulations, the
preferred binder choice has changed. 3878 For anodes, a combination of sodium carboxymethyl
cellulose (NaCMC) and styrene-butadiene rubber (SBR) has become the standard due to its im-
proved cell performance and the possibility to interchange NMP with water as a solvent. While
the improved cell performance alone would reason a change, using water as a solvent comes
with further benefits, as summarised in Figure 2.4. Firstly, the whole process decreases in cost
and energy consumption due to drying requiring lower temperatures and solvent recovery
being expandable. Additionally, water as a resource is way cheaper in comparison to NMP,
decreasing the cost from 1-3 $ per kg to only 0.015 $ per L for water. ? Finally, the working
conditions in large scale applications with water are safer in comparison to NMP, reducing
the risk of work-related incidents and the need for specialised handling equipment significantly.
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Figure 2.4: Comparison of a fictional electrode manufacturing process with one using NMP and one using water
as the main solvent. Differences in the solvents are shown for each step separately (reproduced from
Bresser et al. ?).
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2.2.2 Sodium Carboxy Methyl Cellulose (NaCMC)

Sodium Carboxymethylcellulose (NaCMC) is the sodium salt of carboxymethylcellulose and is
entirely based on cellulose. ™ The production was already industrialised in the early 1920s in
Germany and led NaCMC to become the most important ionic cellulose products in the
world. 882 The high importance of NaCMC can be attributed to its low toxicity, water-solubility
and stabilizing as well as thickening properties once dissolved. Nevertheless, while being labelled
safe for human consumption, how NaCMC affects the human body is still a topic of
research. 88 NaCMC currently is applied in a variety of applications, like in tablets, as food
stabilizer, as an additive for the secondary crude oil production, in batteries and many
more, 8079818389 Depending on the application of NaCMC, the requirements of the final product
can vary regarding purity and which cellulose precursor can be used for the synthesis. 78" Usually
the quality of NaCMC is divided into food grade, industrial grade and pharmaceutical grade, de-
pending on the amount of impurities, molecular weight and the degree of substitution, 79:87:90-92
Traditionally wood is preferred for the synthesis of pharmaceutical grade NaCMC. While
NaCMC with lower requirements like food and industry grade, e.g. for crude oil, can be synthe-
sised from a variety of cellulose precursors, like corn husk or biowaste. 8:%092-9% A reaction scheme
for the synthesis of NaCMC from cellulose, including selected side products, is illustrated in Fig-
ure 2.5. 81,92,95-97
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Figure 2.5: Reaction scheme of cellulose to NaCMC (DS = 1.0) with selected impurities. The different educts and
products are labelled: (1) cellulose (2) NaCMC with a DS of 1.0, and (3) glycolic acid. Carboxymethyl
moiety (Ru) is highlighted green.

The main reason, why the precursor varies for different qualities of NaCMC is the amount of
impurities (e.g. NaCl and glycolic acid) and side products in the product (e.g. carboxymethylated
hemicellulose) which vary depending on the cellulose source. 8% To synthesise NaCMC from
the aforementioned cellulose based precursors, the cellulose source has to be dispersed in a con-
centrated sodium hydroxide solution for the alkalinisation of the cellulose. Alkalinisation of the
cellulose is required to activate the hydroxyl groups in the cellulose to allow for swelling of the
cellulose. Additionally, a process called “mercerisation” is initiated. *>%-1%1 While increasing the
reactivity of the cellulose, it leads to the crystalline domains of the cellulose precursors to swell
as well. The alkaline solution interferes with the intermolecular interactions, leading to

10
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penetration and swelling of the previously crystalline sections of the cellulose by the solvent. This
allows for the chemicals to uniformly react with the cellulose source. It furthermore leads to an
equal distribution of substitution reactions of the amorphous and crystalline parts of the cellulose.
Should the sodium hydroxide concentration be low, a preference of the reaction for the amorphous
part of the cellulose is actually reported, showing that mercerisation is important for selectivity. 2
Additionally, if the mercerisation is not successful, low or not substituted parts of NaCMC are
created, which show reduced or no solubility in water due to higher intermolecular interactions. 3

The degree of substitution (DS), which was mentioned regarding the quality of NaCMC, is the
number of substituents per repeating unit. %1% It gets determined via the mean average of the
number of substituents across the whole sample, which can be determined through (potentiostatic)
titration or different spectroscopy methods (e.g. IR spectroscopy). °¢-°7:1% The maximum DS pos-
sible for NaCMC therefore is three, while there is no defined lower boundary. Nevertheless, de-
creasing the DS below 0.2 usually leads to too many unsubstituted areas, rendering NaCMC in-
soluble and therefore unusable. A schematic illustration of a change in DS from 0.5 up to 3.0 is
shown in Figure 2.6. The DS for application and commercially available NaCMCs usually range
from 0.7 < DS < 1.2, 199
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Figure 2.6: Schematic illustration to showcase the amount of carboxymethyl moieties per repeating unit and the
corresponding DS of NaCMC. Showcased is a DS starting at DS = 0.5 up to DS = 1.0 and the maximum
of DS = 3.0. The carboxymethyl moiety (Ra) is highlighted green.

NaCMC is more seen as a dispersant than as a binder for anodes, due to it usually being paired
with SBR latex to allow for proper adhesion strength of the final electrode. Therefore, the main
focus of research often tends to investigate the influence of NaCMC on processing parameters,
viscosity, and the resulting impact on the slurry properties. 1*6 While the DS and molecular
weight of NaCMC are identified as key factors impacting the flow behaviour of the slurry, elec-
trochemistry often is disregarded. On the other hand, investigations regarding the electrochemis-
try and other electrode properties, usually investigate a select few NaCMCs without systemati-
cally understanding the influence of each key property of the NaCMC. Therefore, the influence
of both key properties has to be understood in more detail.

11
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Finally, there are additional properties of the NaCMC polymer which are poorly addressed in
literature at the moment, especially side products left in the NaCMC. One of the investigated
impurities of NaCMC regarding their impact on the battery performance is NaCl. But as shown
in Figure 2.5 and previously explained others are present as well. Another possible side product
found in NaCMC are the so-called gel particles. 1% One possible result of the gel particles is an
excess of glycolic acid being present locally during synthesis, leading to a reaction between sep-
arate NaCMC polymer chains. The cross-linking reaction of the NaCMC via glycolic acid is il-
lustrated in Figure 2.7.
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Figure 2.7: Simplified reaction scheme for the reaction of croscarmellose sodium (4) from two separate NaCMC

chains (DS = 1.0) (2) via esterification catalysed by glycolic acid (3). Carboxymethyl moiety (R1) is
highlighted green (modified from Keim et al. 16),

This reaction leads to the creation of croscarmellose sodium which could be one possible constit-
uent of the gel particles. Croscarmellose sodium is known to be a water-insoluble particle, able
to swell and to absorb water four to eight times its original volume. 1 While its swelling property
makes it of interest for pharmaceutical use in tablets to control the dosage of drugs as a super
disintegrant, water negatively impacts LIBs due to a variety of side reactions. %110 Gel particles
therefore need further investigation regarding their impact on electrode quality and the resulting
cell performance.

In summary, the role of NaCMC extends beyond that of a simple binder, serving as a multifunc-
tional material whose properties can significantly influence electrode fabrication and perfor-
mance. There is a knowledge gap which has to be addressed to understand how NaCMC influ-
ences the cell performances based on the impact of NaCMC on the electrode properties. Despite
the long use of NaCMC, there still are unknown contributions to the NaCMCs’ properties like gel
particles, which have to be addressed in more detail.

12
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2.3 Solid Electrolyte Interface on Anodes

To allow for the functionality of energy storage within a cell, both the anode and cathode are
bridged by an electrolyte. When first cycling a cell, there will be a potential gap in between the
electrodes and said electrolyte. 112 Considering, the electrodes have a uniform potential
throughout, the change in potential will be present at the interface of the electrolyte and the elec-
trode. This potential gap is widely recognised as a trigger leading to a reaction creating a transi-
tional interface in between the electrolyte and the electrodes. %112 This new layer or interface
balances the potential in the cell, allowing for the desired energy storage. The classification of the
new interface formed is dependent on the electrode it is formed at. On anodes it is called solid
electrolyte interface (SEI) while the interface on cathodes is named cathode electrolyte inter-
face (CEI). 111113115 While the CEI formation has to be noted, the impact of the SEI is of higher
relevancy in application, leading to higher interest in further understanding the influence on SEI
formation. 1°

The aforementioned potential difference between the electrolyte and the electrode leads to the
electrolyte being outside its electrochemical stable window Eg leading to the creation of the elec-
trolyte interface. Goodenough and Kim used the frontier orbital theory to describe a cell, and
propose a reason for the electrolyte interface creation, as shown schematically in Figure 2.8. 16
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Figure 2.8: Schematic open-circuit energy diagram of an electrolyte, including a cathode, and anode. Eg: The elec-

trochemical stability window of the electrolyte. pa: Redox potentials of the anode. pic Redox potentials
of the cathode (Adapted from Li et al. 11%).
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The schematic is simplified for the electrolyte to illustrate the proposed trigger for the SEI and
CEI formation, due to it not considering the mixture of the different electrolyte components like
co-solvents and the dissolved salt. 1*2 The electrolyte can be outside its electrochemically stable
window Eq either at the cathode or anode. CEI formation on the cathode side depends on the
highest occupied molecular orbital (HOMO) when compared to the Fermi energy of the cath-
ode. 111.112117.18 If the HOMO is lower, the electrolyte is stable. If the redox potential of the cath-
ode pc is lower than the HOMO, the electrons of the electrolyte tend to be driven to the cathode.
The electrolyte then is oxidised on the cathode side creating the CEI. On the other hand, the
electrolyte is unreactive on the anode side if the lowest unoccupied molecular orbital (LUMO) is
considered lower than the Fermi energy of the anode. When the redox potential of the anode pa
is higher than the LUMO, the electrons of the anode diffuse into the orbital, creating an unstable
electrolyte leading to the SEI formation. The resulting SEI should have high electrical resistance,
with high permeability and selectivity of the cation, be as thin as possible (few nm) whilst being
uniform, not grow over repeated cycling and resist mechanical stress induced by volume varia-
tions of the active material. ''° While the reasoning of the trigger for SEI formation is more theo-
retical, depending on the electrolyte used, there are various SEI components which are detected
and reported. Especially considering that the LUMO of most electrolyte components is higher
than the Fermi energy of lithiated graphite with approximately 0.1 eV. ! Therefore, the creation
of a SEI in real world applications is almost certain to happen.

Due to the multitude of electrolyte components, the focus is going to be on the most commonly
used commercial electrolyte, LP30, consisting of EC, DMC as co-solvents and LiPFe as electro-
Iyte salt. The most common initial degradation reactions and resulting products found in the SEI
on the anode side considering the carbonates in LP30 are summarised in Figure 2.9, 10.111.119-121
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oo TP | —
pMC EC LiF + PFs
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Figure 2.9:  Initial degradation products for components of LP30, with DMC (a) 2?7, EC (b) %13, and
LiPFe (c) 124125127 heing highlighted separately. 10111.119-121
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2.3 Solid Electrolyte Interface on Anodes

During the first few cycles the SEI is formed in cells, with the initial SEI being a mix of the
inorganic and organic species previously shown, like lithium fluoride (LiF), lithium methyl car-
bonate (LMC), lithium methoxide, and lithium ethylene dicarbonate (LEDC). 10:122123.130.131 Thjg
first SEI is dominated by the direct degradation products of the electrolyte, while cross-talk of the
electrodes and cycling can lead to further variety of SEI components. Due to the initial SEI on the
anode being considered unstable, it leads to a varying composition of the SEI over the lifetime of
a cell. 10132134 The reason being that some of the organic components of the SEI are being dis-
solved in the electrolyte again. Especially, LEDC is dissolved again leading to a multitude of
degradation products, with following products being the primary reported ones for LEDC. Equa-
tion (2.4) is regarding a thermally induced decomposition of the LEDC, while Equation (2.5)
shows the reaction of LEDC with the electrolyte salt LiPFg. 1°

0
LiO_O - 0
Y o OLi{ A ~ +LiyCO; + Lij0 + CO, + CoH,  (24)
LEDC | OLi
MO oL {O\/\o}
______________________ )OJ\
LiO._O | ~0 ~0 F
i \ﬂ/ ~ 0 OLi | L, N _O_]_OL _O_|_F _O_|_F (2.5)
LiPF, P + pT+ p
LEDC I I Il
_________________________________ 0 0 0
+ LiF + CO,

While reacting, the LEDC further consumes an increased amount of the electrolyte salt, in this
case LiPFs. A multitude of the reaction products are considered soluble, like the poly- and oli-
goethylene oxides, in the electrolyte or are gaseous, which indicates a lower amount of insoluble
inorganic SEI components. 1 Those side reactions combined with the solubility of the LEDC
leads to a porous SEI. Additionally, by dissolving the organic constituents of the SEI, there is a
higher concentration of insoluble inorganic decomposition products close to the active material
site. Due to new electrolyte being exchanged by decomposition products, its distance to the elec-
trode or active material increases. Therefore, the concentration of the organic degradation prod-
ucts increases further away creating a gradient in the composition of the SEI. This leads to more
soluble products accumulating, while in parallel, the porosity of the insoluble SEI components
leads to a further reduction of the electrolyte solvents followed by an increase in thickness of the
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2 Theoretical Background

SEI over time. This development in SEI formation and composition on top of the anode material
graphite is visualised in Figure 2.10.

Initial reduction Aging Long-term cycling

LP30 LP30 (c) v LP30
(EC, DMC, and LiPF) (EC, DMC, and LiPF,) « (EC. DMC, and LiPF,)
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Figure 2.10:  Schematic representation of SEI development on a graphite anode (a) shows the initial SEI (b) aging,
which emphasises the dissolution of LEDC and the side products (c) increasing SEI thickness due to
longer cycling and gradient in the SEI composition (modified from Heiskanen et al. °). Products are
colour coded: orange shades = organic, green shades = inorganic constituents.

While those reactions are certainly true and reported a multitude of times, the degradation con-
siders model application or ignores one of the most important impurities for electrolytes, which
is water. As shown in the summary of degradation products, water enables the degradation of the
electrolyte salt LiPFe. 1% The reaction of LiPF¢ and water is highlighted in Figure 2.9, while the
subsequent impact on components of the SEI like LMC or LEDC is highlighted in the following
reaction equations:

0 H,0
R 2 Li,CO; + CO, + LiOR (2.6)
~0” "OLi

An increase in water therefore leads to a higher rate of degradation products. Furthermore, a mul-
titude of the decomposition reactions are catalysed by the addition of low concentrations of acidic
impurities (like H,COs and HF), which are correlated to the water concentration. While directly
reacting with one of the electrolyte components negatively impacts the quality of the SEI, water
readily reacts with a few components of the SEI like the LEDC and LMC. %135 This underlines
the negative impact water has and highlights that it should be avoided to include water in the cell.
It is important to note that, while the previous chapter summarises the current research, the re-
search is still ongoing and the mechanisms behind SEI evolution are not fully understood, with
the SEI being regarded as one of the most important but least understood parts of a cell. 1%
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2.4 Surface Free Energy

2.4 Surface Free Energy

By applying a liquid drop on the non-swellable surface of a solid, a droplet is formed. *¢1%" By
adding a tangent to the profile of the resulting droplet at the three-phase interface of vapour (V),
liquid (L), and solid (S), the corresponding contact angle can be determined, see Figure 2.11. 136138

Vapour (V)

YLy

Solid (S)

Figure 2.11:  Schematic representation of a liquid droplet on a “perfect” solid surface. The contributing interfacial
tensions and the tangent used to determine the contact angle 6young are shown.

2.4.1 Theoretical Framework

The contact angle first was described by Young’s equation, showing the relation between the
contributing interfacial tensions, resulting in: %

Ysv =VsL Vv COS(QYoung) (2.7)

The Young equation is only viable for an ideal surface, which is smooth, non-deformable and
shows no swelling behaviour for the liquids. *¢140-12 The apparent contact angle 8,,, measured
can vary from the contact angle described by the Youngs equation. 3" This hysteresis is due to
the development of local energy minima, which are due to a heterogenous sample sur-
face. 137143144 Therefore, more advanced relationships were developed to allow for a better de-
scription of real samples. For one, the Wenzel equation takes surface roughness and other prop-
erties of real samples into account. 138142 The Cassie-Baxter publication further expanded on the
equation by considering air inclusion in between the surface and the droplet. 1> Based on the
Youngs equation, further work was done by Dupré. 16 By expressing y;, as a sum of interfacial
tensions, the work of adhesion can be written as:

WE = you + yiv — Yoo = —AGE (2.8)

The expression can be further simplified by combining both (2.7) and (2.8) resulting in the fol-
lowing equation:
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2 Theoretical Background

- AG.éF = WS%d =y 1+ COS(GYoung)) (2.9)

which is known as the Young-Dupré Equation. The work of adhesion W& allows to calculate
the theoretical force needed to separate the liquid from the solid. 146148 Further, the expression
shows, that the amount of Gibbs free energy of interfacial interaction AGZF released during the
formation of the interface needs to be introduced as work to form two separate surfaces of the
solid and liquid again. This extension of the Youngs equation now allows studying ys;
through W34 which can be directly determined by measuring &,

While the work of adhesion W32 and free energy of adhesion AGZF can be determined this way,
to further understand the surface tension and the contributing factors in more detail it required
Fowkes to postulate the idea of partition of the surface tension. 14152 Therefore yg,, has a number
of contributors and is given by

Ysv = V& + v + v +vi +v4E (2.10)

Here the contributions of the dispersion (y&,), dipole-dipole interaction (y&,), hydrogen bonding
(¥%), induced dipole—dipole interaction (y&,), and acid-base components y&4? for the surface
tension ys,; shown. By considering a solid surface only having a dispersive contribution to its
total SFE, Fowkes expressed the liquid-solid interfacial tension as

(2.11)
Vs =Vsy + Yy — 2‘/)’541/ vy

Which would allow the determination of yg, trough 6.,, after combination with the Young-Dupré
equation. Fowkes also postulated, that the contributions for the Gibbs free energy of interfacial
interaction AGZIF can be calculated by adding the individual polar and dispersive contributions
together.

AGH = AGE + 4G, (2.12)

AGIE showing positive values, expresses respulsion, while negative values indicate attraction
between particles. Nevertheless, the previous expressions of Fowkes are only viable for solid
materials with only dispersive contributions to the surface. This led the Fowkes model to be fur-
ther expanded by Owens, Wendt, Rabel and Kalble (OWRK). 152155 By approximating that the
solid surface tension and the liquid surface tension are composed of the dispersion component y¢
and hydrogen-bonding component ¥ it was now expressed by

Ysv =v& +vé (2.13)
Yv = Yflv + VIIjV (2.14)

Similar to the Fowkes model in (4), ys;, can be derived by assuming a geometric mean form of
the polar components and is expressed by

2.15
Vs =Vsv + Y — 2\/stv v — 2\/VSPV Vv @15)
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2.4 Surface Free Energy

Like (2.7), it again can be combined with the Young-Dupré equation leading to

Y (1 + cos(0)) = 2\/)/5‘.”1/ v+ 2JV§V “vh (2.16)

Where there are only two unknown terms y&, and y&, left. By determining 6,,, for multiple
liquids with known y{, and ¥, the remaining terms can be calculated.

The expression then can be rewritten to

/YP
Yiv(1+ COS(QYoung)) _ p Lv d
” ST T (2.17)
2 Vlfiv VLdV

Allowing to determine y&, and y&, by performing a linear fit for multiple solvents and is then

evaluated when y,, (1 + cos(0))/2 /VLDV is plotted against /VLPV/ vh, 16 The y-axis intercept

then can be attributed to the dispersive contribution to the SFE, while the slope of the linear fit
allows for the calculation of the polar contribution to the SFE. To visualise the OWRK, the pro-
cess is illustrated in Figure 2.12. The different sample solvents are colour coded, with the same
colour connecting the fluid with the corresponding data point in the diagram.

Y (1 + cos(8))

2 ’va

OWRK

"""
""""

A .« Dispersive

Yiv
va
Figure 2.12:  Schematic representation of the OWRK-method to dissect the surface free energy into the polar and

dispersive part. Data points in diagram are coloured according to the sample liquids (reproduced from
Weber et al. 157).

All the aforementioned expressions are solely focused on a liquid system contacting a solid in a
gaseous atmosphere, but are not applicable when investigating a system which is submersed in
another solvent and are therefore limited. VVan Oss et al. 1*® expanded the previous expressions to
also be viable when submerged in a liquid. *81%° They began by further expanding the approxi-
mation of the contributing parts of the surface free energy. By including all electron-acceptor
and -donor interactions for the polar interaction y 42 — similar to the Lewis acid and Lewis base
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2 Theoretical Background

concept — the polar part got extended from the previous hydrogen-bonding interactions. The elec-
tron-acceptor and donor contribution to y 42 were expressed as:

yAB = ZW (2.18)

With y* being the electron acceptor (Lewis acid) and ¥~ being the electron donor (Lewis base)
parameter. Additionally, the dispersive component was focused on the Lifshitz-van der Waals
interaction ¥ " which included dipole-dipole (Keesom), induced dipole-dipole (Debye), and dis-
persion (London) interactions. 1%816% The expression of the surface tension for liquids and solids
therefore changed to:

Ysy = VSLJ/” + VSAI}B (2.19)
Yv = VLLIKV + VLAl}B (2.20)

Similar to the work by OWRK this can be further combined with the Young-Dupré equation
resulting in:

YsL =VYsv + Yiv — 2\/V5Ly Vi - 2\/VS+V Vv — 2\/)’5_V Yy (2.21)

In comparison to (2.17) which is able to be solved by geometrical means, the aforementioned
expression (2.21) leaves three unknowns namely &7, yd,, and y5;,. Van Oss et al. 18 postulate,
that there are liquids and solids, which only contribute to a y* or a y~ parameter and are mono-
polar. %816 By being monopolar, y4E in equation (2.18) results in zero, with only the Lifshitz-
van der Waals % contributing to the total surface free energy. Monopolar materials still are able
to interact with other materials, having contributions to both y42 and y". This allows for the
explanation of interactions of monopolar materials with bipolar systems, otherwise not included
with the OWRK theory. Nevertheless, because there are no known absolute values for either the
electron acceptor ¥+ or donor ¥~ parameter all subsequent calculations are based on an estimated
value for water as reference with van Oss postulating y,bater = VYwater = 25.5 mJ m2, 158162
Van Oss et al. %8also expanded the free energy of interfacial interaction AG'F for various cases of
investigated systems. 158163164 \When regarding only the free energy of interfacial interaction AG'™
for one material, it is expressed by:

AGE, = —2y¢ (2.22)

Where the free energy can be seen as an indicator for cohesion, as AGY, is always going to be
negative and therefore implying attraction. Interactions between two materials (indexed with 1
and 2), where material 1 is a solid and material 2 can be either solid or liquid, are expressed

through:
AGf, = =2 /hd)/zd (2.23)

With 4GS, again always being negative and therefore an indicator for adhesion.
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2.4 Surface Free Energy

Equations (2.22) and (2.23) both are expressions only viable in vapour atmosphere. To investigate
the free energy of interaction between the surfaces of material 1 and material 2 while submersed
in a liquid 3, the connection is shown in the following equation:

AGE, = -2 <J7f— \/y?) <\/E-j§) (2.24)

For this equation AG&, is not always negative. Therefore, it is possible to detect repulsive or
attractive forces for different surfaces submerged in a liquid. For repulsive forces either
v <yd <ygoryf >y¢ > y¢ need to be true. For the case, that the interaction between two
surfaces of material 1 submerged in liquid are of interest, equation (2.24) can be simplified. In
this case 4G, again, is always negative and indicates attraction between same surfaces:

2
AGE, = —2 (\/)/Td— \/y?d) (2.25)

Equations (2.22) to (2.25) are valid for both dispersive (superscript d) and polar contributions
(superscript p) to the Gibbs free energy of interfacial interaction.

2.4.2 Practical Limitations

The contact angle determined in actual experiments is going to vary from the ideal contact angle
of Ovoung. This is due to Young approximating a perfect homogenous surface. *” Common surfaces
are heterogeneous leading to a multitude of local energy minima allowing for meta stable apparent
contact angles Oapp to be formed. Figure 2.13 compares the development of the contact angle
hysteresis and the Gibbs free energy for an ideal surface and a real surface.
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Figure 2.13:  Schematic illustration of the Gibbs free energy development and hysteresis of a contact angle for a
droplet on (a) an ideal (b) a heterogenous (real) surface (modified from Huhtamaki et al. 137.165),
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2 Theoretical Background

This is fundamental for understanding and investigating contact angles, as values may differ in
samples and have to be validated through multiple measurements. Other solutions to avoid said
local energy minima for an fap, to be formed include the use of slight vibrations of the sample
holder, as shown by Decker et al.. 1% This allows to eclipse the small energy required to go for
the global minimum of energy creating a stable contact angle more closely resembling Gyoung.

2.4.3 Application of the OWRK theory

The distinction of the SFE into the different contributions is necessary to calculate interactions
and the correlating affinities of various materials. Van Oss et al. 1 further explored the interac-
tions and expanded the equations based on OWRK. % This allows for the explanation of certain
distinct boundaries or limitations the OWRK is subject to. Nevertheless, applying van Oss meth-
ods comes with the main drawback of only generating relative values compared to water. The
OWRK method is more applicable and also used in most commercial goniometers. This leads to
the OWRK method still being more applied in research in comparison to the van Oss method.
While characterising individual samples via OWRK the final interpretation and calculations of the
free energy of interfacial interaction 4G'" should be done considering van Oss. 1% Finally, the
SFE of a material is divided into dispersive and polar contributions considering the OWRK model.
For the dispersive component y¢ the value arises from the London dispersion forces (or van der
Waals forces), while the polar component y? is considered a combination of the dipole-dipole,
hydrogen bonding, and acid-base interactions of the investigated material. *** For an improved
understanding, the relative influences of the intermolecular and intramolecular interactions on the
dispersive y¢ and polar component y?using OWRK, are summarised in Table 2.1, 15215

Table 2.1: Relative influence of different interactions on the dispersive and polar component of a material.
Interaction Effect on
dispersive component y¢ polar component y?
van der Waals (Dispersion) High (main contributor) Low or negligible
Forces
Hydrogen Bonding Moderate High (major contributor)
. . High (due to Low (unless
Metallic Bonding delocalized electrons) oxidation occurs)

High (for strong

lonic Interactions Low i
electrostatic forces)

Low (unless polar functional

Covalent Bonding Low to Moderate
groups are present)

This leads to the conclusion, that nonpolar surfaces show a high dispersive component y¢ with a
low yP. Polar surfaces on the other hand have a low to moderate dispersive component y¢, while
polar component y? is high.
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3 Methodology

The following chapter establishes the less conventional methods used in this work and aims to
provide a foundation to understand those methods. It intentionally focuses on methods that use
unique set-ups and are less likely to be known. The chapter purposely excludes commonly used
techniques such as scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS), nuclear magnetic resonance (NMR) spectroscopy as a separate method, and standard re-
sistance measurements, all of which are extensively documented in the literature. 168171

The methods highlighted in this chapter are tailored to address the less commonly used ap-
proaches, which provide new analysis methods for active materials, electrodes and cells. These
techniques complement conventional analyses by offering deeper insights into the interactions,
impacts of various binders, and electrode properties that directly influence the cell performance.

First the contact angle determination via the sessile drop and Washburn method is introduced,
which is necessary to calculate the SFE and connected key figures. Following, the water content
is analysed using Karl Fischer titration. This precise technique is complemented by the oven
method, which allows for the direct measurement of electrodes rather than only implementing
other liquids. Finally, a method investigating the electrolyte stability is shown. It is observed using
nuclear magnetic resonance (NMR) spectroscopy, which in this case focuses on detecting elec-
trolyte decomposition products rather than structural characterisation. This application of NMR
allows for insights into chemical changes that occur during the formation, contributing to a better
understanding of degradation pathways.
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3.1 Contact Angle Determination

Depending on if it is possible to create a dense sample surface or not, two different contact angle
methods are required. For dense surface areas, the contact angle is determined via the sessile drop
method, while powders are characterised via the Washburn method. While both give the contact
angle of a sample liquid with known properties depending on a sample, the methods are funda-
mentally different in the determination of the contact angle and are highlighted in the following.

3.1.1 Sessile Drop Method

As described by Young, by adding a droplet on top of a dense surface, a droplet is forming. 3°
The drop shape analysis (DSA) method creates images with a camera of said droplet and aligns a
tangent at the three-phase interface. Figure 3.1 illustrates the setup of the method, while schemat-
ically showing the characterisation of the droplet.

Dosing unit

eApp

Droplet ——— @

Solid sample |

Figure 3.1: Schematic representation of the sessile drop method. Left the measurement setup is shown, while the
right side shows the outline of a droplet being detected in the software, including the corresponding
contact angle Oapp.

After the camera creates an image of the droplet, the outline of the droplet is automatically de-
tected and fitted with a geometrical shape. Depending on the contact angle, different shapes are
considered more favourable. For contact angles smaller than 10 ° a circular shape and for contact
angles larger than 10 ° the shape of an ellipsis is more precise. As shown in Figure 2.13, the solid
surface of samples is heterogenous creating the possibility of varying contact angles for the same
surface. Therefore, multiple measurements were performed to allow for reproducibility.

3.1.2 Washburn Method

Some solids cannot form a sufficiently dense and continuous surface for an observable contact
angle measurement. This leads to another method to be required to characterise these porous sys-
tems or powders and to determine the contact angles. The Washburn method accompanies that
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3.1 Contact Angle Determination

need, by allowing the determination of the contact angle of powders. 1’2 Instead of directly deter-
mining the contact angle by applying a small amount of sample liquid on top of the surface, the
Washburn method determines the contact angle by measuring the increase of reference liquid
inside of a cylindrical test tube filled with the sample powder, thereby determining wettability.
There are two further distinctions in the method, with the direct measurement of the height of the
liquid front or the time dependent increase of weight with a tensiometer. Due to the measurement
using a force tensiometer being more precise, it is typically used and shown in the schematic
illustration of the Washburn method, see Figure 3.2. It includes the measurement apparatus, while
showing the time dependent weight increase, detected via the tensiometer.

Force
Sensor
m
Powder
Sample S35
Liquid ¢
Reference LB Y Front
Liquid
Figure 3.2:  Schematic representation of Washburn method. Left the measurement setup is shown, while the right

side shows the weight gain depicted over time.

Here the cylindrical sample holder contacts the reference liquid from above, leading to the weight
gain of the sample, which is measured by the force tensiometer. To convert the rise of the liquid
in the powder into a contact angle, the Washburn method needs some further theoretical introduc-
tion. 12 First it is necessary to approximate that the rise of the liquid is happening in parallel
capillaries to use the Hagen-Poiseuille equation.

2 _ rYL Cos(gadv)

h2(t) = B T— “t (3.1)
h describes the height of the liquid front, t equals the elapsed time, r the inner radius of the capil-
lary, y. the surface free energy of the reference liquid, 6. the advancing contact angle and # the
viscosity of the probing reference liquid. 1’2 This allows to determine the flow rate inside the
approximated capillaries. When using the force tensiometer it is necessary to further couple the
increase in weight m of the capillary with the liquid front height h.

m=p-¢-V=p-¢-nR*h (3.2)
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With p being the density, ¢ being the porosity of the sample powder, and R being the radius of
the liquid capillary. Combining both (3.1) and (3.2) results in the modified Washburn equation:

2 _ 2 272 pzyL COS(Qadv)

m=(t) = r¢=(mR*)* - 2 -t (3.3)
This equation can be further simplified by summarizing r¢2(mR?)? as the capillary constant C.
To solve the equation for the contact angle, it is necessary to determine this constant. When using
a reference liquid with a contact angle of (almost) 0 °, which equals perfect wetting conditions, it
is possible to experimentally approximate this constant. 1*174 Due to the porosity ¢ and the ap-
proximated radius of the capillaries r contributing to the capillary constant C, having the same
sample preparation and tap density is of utmost importance for creating reproduceable results.
The Washburn method directly depends on the wetting of the sample powders with the reference
liquids. This leads to the limitation, that no contact angle above 90 ° is detectable, as the reference
liquid will not wet the surface of the sample.

3.2 Karl-Fischer Titration

To determine the water content different techniques are applied, which include drying and titra-
tion methods. In comparison to drying, using titration as a method is faster and is more selective
in detecting water instead of volatile compounds. 15176 Especially the Karl-Fischer (KF) titration
shows exceptional selectivity for water, which allows it to be a very precise technique. The selec-
tivity for water stems from the Bunsen-reaction it was based on:

SO+ 12+2H0 — H2S04+ 2 HI (3.4)

Fischer further refined the reagent to be composed of methanol and pyridine (Py) as solvents
including iodine and sulphur dioxide. He postulated the reaction to be as followed:

2Py-SO,+ I+ 2Py +2H,0 — 2Py-H,SO4 + 2 Py-HI (3.5)

Since then, the method and reaction got understood in more detail and the technique of measuring
the residual water was further modified. At this time, there are two different techniques to analyse
water residue, which are coulometric and volumetric. 1’8177 As volumetric implies, the technique
determines the water content by measuring the volume of titrant added to the sample. This is
possible, because the water content in the sample is proportional to the volume of titrant con-
sumed. In comparison the iodine is created in situ for the coulometric KF titration, instead of
being constantly added as for the volumetric technique. The coulometric titration cell combines
sulphur dioxide, an organic base, iodide, and an alcohol as solvent. The iodine necessary to allow
for the titration of the water is created through the anodic reaction of iodide: 17

21 — 2e+1 (3.6)

This allows for the residual water amount to be directly correlated to the current required to create
the iodine. By using the current instead of the volume, the amount of residual water inside of a
sample can be drastically lower. As shown previously, the amount of water can directly correlate
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3.2 Karl-Fischer Titration

with cell performance, which led to researches being interested in applying the method in the
battery field. With the direct setup of measuring a sample dissolvable in the titrant, the electrolyte
was the first part of the cell, being investigated thoroughly. Nevertheless, due to water only being
detected in traces, some other electrolyte components led to side reactions with the apparatus, like
hydrofluoric acid (HF), or lithium bis(oxalato)borate (LiBOB). 1° Parallel to resolving the chal-
lenges of other electrolyte component, the technique was refined even further to allow for the
detection of residual water in electrodes. 182 This was possible by further expanding the KF
setup, by including a separate heating chamber, which was interconnected with the KF titration.
While heating, the residual water is vaporised. The dried gas then carries the gaseous water into
the KF titration where it reacts with the iodine. The indirect coulometric KF titration, or KF oven
technique is illustrated in Figure 3.3.

Carrier Gas
Dry Carrier with '\lNater
Gas (N,) — =
| ™
Septum
p Tube Heater i Exhaust
with filter
f R
Evaporated
V\Fl) ator Detector __| i G
electrode | Generator
Electrode
KF reagent +—
__| Heatable
Casing ]
Stirrer
Figure 3.3: Schematic representation of the indirect coulometric Karl-Fischer titration, including the heat able cas-

ing for evaporating the water on the left and the schematic coulometric KF titration chamber on the
right (modified from Kosfeld et al. 18?),
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3.3 Electrolyte decomposition via NMR

There are various spectroscopic methods, e.g. energy dispersive X-ray spectroscopy (EDS) and
X-ray photoelectron spectroscopy (XPS), to understand the electrolyte degradation pathways of
the carbonates and the dissolved salt. The most prominent technique to investigate the surface of
the SEI is XPS, with its main focus being the investigation of the precipitated components on top
of the electrode. 183184 While both EDS and XPS are necessary and irreplaceable in understanding
the composition of the SEI, one of the major drawbacks for both is the requirement of high vac-
uum conditions, rendering the detection of volatile components hardly possible. Another draw-
back of said method is the possible degradation of the SEI components as well as the variation of
etching time, depending whether the component is either inorganic or organic. ' Furthermore,
while the products of the electrolyte degradation become apparent with XPS, the pathway of re-
actions still is unknown.

Liquid NMR in comparison is a method solely focused on the measurement of different nuclei in
a magnetic field. This allows for the investigation of the soluble decomposition products of the
electrolyte, and understanding underlying reaction mechanisms. 1851 The NMR measurement
allows for different strategies to further distinct which component influences the degradation
mechanism. As shown previously in Figure 2.9, different carbonates result in the same degrada-
tion products. By interchanging selected atoms with their corresponding isotope, for example
substituting **0 with Y70, it is possible to mark individual reactants. By marking them, the degra-
dation pathways can become traceable and be understood in more detail. Further separating the
electrode degradation products, means the cross-talk between anode and cathode has to be pro-
hibited, or prevented. Prohibiting the cross-talk equals prohibiting the diffusion between the cath-
ode and anode, effectively hindering the electrolyte to bridge the anode and cathode. Using a
lithium-ion conducting glass ceramic in between the liquid electrolyte allows for the separation
of both electrolyte compartments, as it only allows lithium ions to pass. % Degradation products
are hindered to migrate into the other compartment, and are only detected at the electrode where
they were produced.

While separating the two electrode compartments is working, it is expensive and cycle rates have
to be slow to accommodate the lithium ion diffusion through the dense ceramic separator. Alter-
natively, the creation of side products on the cathode side could be prohibited, so cross-talk is not
interfering with the investigations of the SEI. ‘¥ The used cathode material has to show a voltage
plateau, while being stable in the carbonate electrolyte to not initiate any degradation. With a
LiFePO4 based electrode this is possible, as the voltage plateau is at approximately 3.45 V which
leads to no degradation in the system. 18618 Therefore, only the anode initiates degradation of the
electrolyte. By prohibiting the CEI formation, detected products are reasoned to be caused by
degradation on the anode side. The used electrolyte is then further diluted in deuterated solvent
and measured via the NMR technique. With NMR investigating different nuclei, the ones of most
interest usually are hydrogen *H, carbon *3C, oxygen 'O, fluorine ‘°F, and phosphorous *!P.
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4.1 Materials

The focus of this PhD thesis is on the influence of the various NaCMC polymer properties on
anodes and their cell performance. If not stated differently, the following composition was used
for all electrodes, see Table 4.1.

Table 4.1: Materials with corresponding manufacturer and the final composition in the dry anode.
Reference Name Manufacturer Final anode
in wt.-%
Graphite 4o hanoCap 1P1 H.C. CARBON, Germany 96.0
(natural)

CB C-NERGY Super C65  Imerys Graphite & Carbon, Switzerland 15

SBR TRD 2001 JSR Micro, Belgium 1.25

NaCMC Various IFF Speciality Products, Germany 1.25

The main polymer properties of NaCMC, which got varied were degree of substitution (DS), mo-
lecular weight (MW), and the absolute amount of gel particles. A summary of all NaCMCs used
and their corresponding properties is given in Table 4.2. **© To acquire the gel particle count, a
pure NaCMC coating was applied on surface treated sample holder of 25 cm? and counted via
optical microscope. The gel particle amount for the high molecular weight was not included by
the supplier. Additionally, not all molecular weights were included to every experimental batch
of NaCMC. It is important to note, that NaCMC is produced based on viscosity specifications
rather than molecular weight. The viscosity is dependent on both the molecular weight and the
DS of each NaCMC. NaCMC:s fulfilling a higher viscosity threshold are considered to show a
higher molecular weight in comparison to NaCMCs with the same DS, which create lower vis-
cosity solutions. The same classification was therefore used in this work. NaCMCs with a viscos-
ity threshold of 2000 mPa s are going to be labelled low molecular weight, while NaCMCs with
a viscosity threshold of 20000 mPa s are going to be labelled high molecular weight.

4.2 Electrode manufacturing

To manufacture electrodes wet-processing through slurry coating with a doctor blade was used.
The slurry was dispersed using a dissolver (Dispermat CA60, VMA Getzmann, Germany) with a
50 mm toothed disk in a batch container with a volume of 250 mL, while placed in a casing which
was cooled by 20 °C water. A 2 wt.-% NaCMC solution was created prior to the mixing, by dis-
solving NaCMC in deionised water. A powder mixture of graphite and CB was added
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continuously into the NaCMC solution in 15 minutes, while stirring with a tip speed of 1.5 m s,
After completely adding the powder mixture, the tip speed was increased to 5 m s* and kept con-
stant for 45 minutes. Following this long dispersion step, the shear-sensitive SBR latex was added,
which was combined with degassing (100 to 200 hPa) and a reduced stirring speed of 1 m s*. The
final water content was adjusted to create a slurry with a solid content of 56 wt.-%. The created
slurry then was poured onto a 10 um copper foil for roll-to-roll coating (KTFS, Mathis AG, Swit-
zerland) with a doctor blade and a wet-film thickness of 75 um. The two corresponding drying
chambers had of 25 °C and 30 °C, while the coating was limited to a web speed of 0.2 m min.
The areal capacity was set at 2.1 + 0.1 mAh cm2,

Table 4.2: Summary of the variation of NaCMCs used in the subsequent work and the NaCMCs corresponding
properties. The abbreviation depicts the DS and the molecular weight of the NaCMC. The last abbre-
viation for gel particles depicts the amount of different gel particles in a NaCMC with the same polymer

properties.

N
CMCo.34, low Mw 0.34 170
CMCo.42, 1ow Mw 0.42 210
CMCo.47, 1ow Mw 0.47 310
CMCos1, 1ow Mw 0.51 320
CMCoss, low Mw 0.55 -
CMCo:ss, 1ow Mw 0.58 --- <25 2000
CMCo.67, low Mw 0.67 350
CMCo.75, low Mw 0.75 360
CMCo.gs, low Mw 0.85 360
CMCo.95, 1ow mw 0.95 340
CMCly.23, 1ow mw 1.23 370
CMCos, high mw 0.5 450 -
CMCo.7, high mw 0.7 500 - 20000
CMCo., high mw 0.9 630 -

Gelyo 0.7 320 10

Geleo 0.7 320 60

2000
Gelioo 0.7 320 100
Gelzso 0.7 320 250

a) Determined via visual assessment of a 25 cm? wet film. 1%
b Viscosity of an aqueous 2-wt.% NaCMC-solution
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4.3 Surface Free Energy / Contact Angle

To increase comparability all coatings were calendared to a density of 1.1 g cm= equalling a po-
rosity of 50 %. (GKL200, Saueressig, Germany). For the investigations of the influence of gel
particle content a new batch of copper foil was used. During roll-to-roll coating it was possible to
additionally add a corona treatment for the copper foil. The corona treatment applied had 500 W
of power to treat the copper foil, resulting in 0.24 W min cm? or 14.4 J cm. To transform the
introduced power into Watt density E, following equation was used:

E— w
“ b -v-N (4.1)

With W being the total power output, b the corona electrode width, v the line speed in m min?,
and N the total number of treat sides.

4.3 Surface Free Energy / Contact Angle

To determine the surface free energy and the contact angle of various solid and porous materials,
individual samples had to be prepared. For all NaCMCs, SBR and graphite the preparation of a
solid non-swellable surface was possible. The NaCMCs and the SBR, were coated onto a glass
sample holder via doctor blade with an approximate thickness of the dried polymer sample of
20 um. The graphite powder was pressed into a 14 mm pellet by uniaxially applying a pressure
of 1 MPa. For CB it was not possible to create a dense surface. Therefore, the Washburn method
was used, which requires a reference sample liquid to determine the capillary constant. The ref-
erence liquid being used was n-hexane. For every sample liquid, there were three separate meas-
urements performed equalling three different contact angles per sample liquid. The three sample
liquids used varied depending on the samples. Due to NaCMC being dissolvable in water, eth-
ylene glycol (EG) was used as a the mainly polar solvent, with dimethyl sulfoxide (DMSO) show-
ing both contributions and diiodomethane serving as purely dispersive reference liquid. A sum-
mary of all relevant properties for the reference solvents is given in Table 4.3.

Table 4.3: Summary of relevant reference solvent properties for contact angle measurements. &7
i n (s

Probing liquid in g?nL'l in rT?Pa-s —
n-Hexane 0.661 0.33 18.4 18.4 0.0
Water 0.998 1.00 72.8 21.8 51.0
Diiodomethane (DIM) 3.325 2.76 50.8 50.8 0.0
Dimethyl Sulfoxide (DMSO) 1.100 2.00 44.0 36.0 8.0
Ethylene glycol (EG) 1.109 21.81 48.0 29.0 19.0
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4.4 Electrode properties

Different electrode properties were determined. The ones of most interest were the adhesion
strength, electrical resistivity and the residual water content of the prepared electrodes.

4.4.1 Adhesion strength

Three electrode stripes of each sample with dimensions of 17 mm in width and 60 mm in length
were prepared and underwent a 90 ° peel-off test. To increase comparability each sample was
pressed onto an adhesive with a constant force of 0.3 MPa for ten seconds. Each individual sample
was then placed in a zwickiLine Z2.5/TN (ZwickRoell, Germany), pulling the sample at
600 mm min* while moving the sample holder at the same rate to always maintain a 90 ° angle.
The average force needed, excluding the first and last ten mm, throughout the sample length is
the adhesion force and was considered to represent the adhesion strength of each electrode sam-
ple. 191

4.4.2 Electrical resistance

Various electrical resistance properties were directly determined via the DC 4-terminal method
of the RM2610 (Electrode Resistance Measurement System, HIOKI, Japan). The aforementioned
method allowed for the determination of the volume resistivity, surface resistance, and interfacial
resistance in parallel. The volume resistivity is the specific bulk resistance of the electrode, ex-
cluding the current collector, and the interfacial resistance equalling the electrical resistance in
between the electrode and the current collector. To determine statistics, measurements were re-
peated multiple times with the locations of the measurements selected at random.

4.4.3 Residual water content determined via Karl-Fischer-Oven

The Karl-Fischer titration, via the Karl-Fischer oven, was used to determine the residual water
content of sample electrodes by the coulometric technique. To prevent possible water contamina-
tion, the work was conducted in a dry room with a dew point of -60 °C. Additionally, the carrier
gas used in the measurement was dried via a molecular sieve before introduction to the titration
setup (see Figure 3.3 in methods). Finally, the sample vials were heated for 16 hours under vac-
uum at 130 °C to reduce the possibility of residual water. Sample electrodes were prepared as if
used in a pouch cell, i.e. they were dried for 16 hours at 130 °C under vacuum conditions. The
dried electrode sheets were cut into 30 mm wide and 170 mm long samples amounting to approx-
imately 300 mg of anode material and transferred into the vials. Finally, the sample chamber was
heated to 160 °C for twelve minutes for the residual water to be extracted.
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4.5 Electrochemical characterisation

4.5 Electrochemical characterisation

4.5.1 Laboratory pouch cells

To allow for investigations regarding the industrial applications, pouch cells were built for better
comparability. This was especially of interest regarding the investigations of various DS and mo-
lecular weight. The corresponding electrodes for laboratory pouch cells were dried for 16 hours
under vacuum at 130 °C. Afterwards, the cells were assembled in a dry room with a dew point of
— 60 °C. A commercial NMC(622) cathode with a mass loading of 12 mg cm, which was densi-
fied to create a constant mass loading of 2.7 g cm™ was used. The final area of the cathode in the
pouch cell was set at 25 cm?. To determine the capacity of the cell, the theoretical capacity of
175 mAh g for the active material was used. The anode was overbalanced leading to a N/P ratio
of 1.2. The N/P ratio refers to the relative electrode capacity of the negative (N) and positive (P)
electrode in comparison to each other. In the pouch cell, the electrodes were bridged by using
500 uL EC:DMC (1:1, Vol/Vol) electrolyte with 1 M of LiPFs dissolved (LP30, SigmaAldrich,
USA) while being separated by a ceramic separator (SEPARION, Degussa AG, Germany). For
every electrode composition, a minimum of three pouch cells were built. To investigate the cy-
cling behaviour, the cells were connected to a BaSyTec (CTS-LAB, BaSyTec, Germany) system
and stored in a climate chamber at 20 °C. Both formation and cycling were based on the theoret-
ical capacity of the cathode (175 mAh g?). The cycling protocol is summarised in Table 4.4.
Discharge steps were using a constant current (CC) protocol, while charging steps charged to
4.2 V with CC, followed by a consecutive constant voltage (CV) step with a cut-off current of
0.05 C. Two 0.05 C steps were included every 200 cycles to investigate the reversible and irre-
versible capacity loss during cycling. Displayed discharge capacities regarding the DS and mo-
lecular weight are the mean average of those three pouch cells.

Table 4.4: Cycling protocol for full cell laboratory pouch cells including C-rate capability test with long-term
cycling at 3C for 1000 cycles. The last three steps repeat until 1100 full cycles are completed.

Cycle Number Discharge C-Rate ® Charge C-Rate @
1-2 0.05 0.05
3-12 0.5 0.5
13-52 1, 2, 3,5 (10 cycles each) 1
53-62 1 1
63-98 3 1
99 0.05 1
100 0.05 0.05
101-1100 3 1
299, 499, 699, 899, 1099 0.05 1
300, 500, 700, 900, 1100 0.05 0.05

° Discharge steps followed a constant current (CC) protocol.
9 Charge steps had a CC CV protocol, cut-off current of 0.05 C
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4.5.2 Coin cells

While pouch cells show superior long-term results, the timely electrochemical investigation of
samples necessitates the use of cell formats available more quickly. Investigations regarding the
gel particle content and influence on the cell performance were built in coin cells. While the same
NMC(622) cathodes and the same N/P ratio were used, the preparation slightly differed. For one,
the cathode area in the final coin cell is reduced to 1.13 cm?. Additionally, secondary drying of
all electrodes equalled 16 hours under vacuum at 120 °C, before they were flushed with nitrogen
gas and transferred into a glove box (200B, M.Braun Inertgas-Systeme GmbH, Germany) filled
with argon gas (H20: <0.1 ppm, Oz: <0.1 ppm). In the coin cells, the electrodes were separated
by a glass fibre separator (Whatman GF/C, SigmaAldrich, USA) while again using LP30 as elec-
trolyte but at a higher ratio of electrolyte per active material of 200 L per coin cell. The formation
and cycling protocols were again aligned with the active material’s theoretical capacity of
175 mAh g . The discharge rate capability test mirrored that of the pouch cells in Table 4.4, while
the C-rate capability test was extended with a 10C step. Additionally, the long-term tests were
limited to 200 cycles, with a 3C CC discharge and a 1C CC CV charge. The cut-off current for
the CV step again was set to 0.05 C. To ensure comparability, three-coin cells were constructed
per sample, and the discharge capacities shown represent the average of these three cells. Addi-
tionally, a charge test was conducted with a protocol after one formation cycle of (0.1 C/0.1 C,
05C/05C,1C/1C,2C/1C,3C/1C,5C/1C,0.05C/0.05C,2C/1C,CCcharge/CC
discharge), to further strain the anode. Secondary drying was also modified for selected samples.
First drying was extended to 24 hours under vacuum at 120 °C, with an additional 24 hours vac-
uum under ambient atmosphere. The second modification was reducing secondary drying to 0
hours and directly building cells.

4.5.3 Post-mortem preparation of cells

When the cycling protocol was finished, for either coin cells or laboratory pouches, the cells were
reintroduced into the glove box. The cells then were opened, washed multiple times with DMC
(3 x 500 pL) and stored in DMC for at least four hours. After storing in DMC, the electrodes were
dried under an argon atmosphere and finally transferred to be prepared as SEM samples.

4.6 Electrolyte Degradation via NMR

NMR measurements were conducted for the previously manufactured NaCMC electrodes. To
investigate the electrolyte degradation, a commercially available LFP (LiFePO4, Pi-KEM,
12 mg cm?) electrode was used. Due to the stable potential plateau of LFP at approx. 3.45 V, it
is inside the electrochemical stability window of carbonate-based electrolytes. 8718 Therefore,
LFP supposedly shows no significant CEI formation. ¥ To ensure that the LFP cells reside in the
voltage plateau they were significantly oversized, with an N/P ratio of 0.5. The secondary drying
of the electrodes and assembly of the built coin cells were the same compared to the previous
ones. To further reduce possible side reactions the separator was changed to a polypropylene-
based separator (Celgard3501, Asahi Kasei, Japan). The amount of electrolyte was drastically
reduced to 50 pL per coin cell to not dilute side reactions for the following NMR investigations.
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To induce the SEI formation cells were subjected to three cycles of 0.05C of charging and 0.05 C
discharging. The cells were disassembled inside a glove box after cycling was completed and only
the separator was submerged in deuterated DMSO (DMSO-ds, 99.9 atom%(D), SigmaAldrich,
USA) for 15 minutes. The solution was transferred to an airtight NMR tube fitted with a Young’s
tap to seal off the sample. Every separate batch of DMSO was measured individually to ensure
which side products resided from the solvent and which from the degradation. One dimensional
H, F{*H}, and 3P{*H} solution NMR spectra were conducted on an Avance IIl HD 9.6 T
(w1n = 400 MHz, Bruker, Germany) using a Smart probe. *H spectra were internally referenced
to the DMSO-ds 2.50 ppm (6*H). *°F and 3P both were internally referenced to the electrolyte salt
in LP30, which is LiPFsat -74.5 ppm (6'°F) and -145 ppm (5°'P) respectively.

4.7 SEM /EDS

Scanning electron microscopy (SEM) was conducted at an acceleration voltage of 2 kV using a
Gemini system (Carl Zeiss, Germany). Elemental analysis was performed via energy-dispersive
spectroscopy (EDS) with an Ultim Extreme Detector (Oxford Instruments, United Kingdom) at
4 kV acceleration voltage. The cross sections of electrode samples were prepared using broad ion
beam milling with a TIC3X (Leica Microsystems, Germany).

4.8 Colouring of NaCMC

To detect the NaCMC different staining agents were used to selectively react with different active
sites in the polymer. Different staining agents were used to enhance the visibility of the NaCMC
in the EDS. The three different staining agents were Potassium hexahydroxoantimonate(V)
(KSb(OH)s, SigmaAldrich, USA), the Lucas Reagent, which is zinc chloride (ZnCl,, SigmaAl-
drich, USA) in concentrated hydrochloric acid (37 wt.-% solution in water, ThermoScientific,
Germany), and (Heptadecafluorodecyl)-trimethoxysilane (HDF-TMS, ABCR, Germany).

4.8.1 Potassium hexahydroxoantimonate(V) for sodium ions

A 2 wt.-% KSb(OH)s solution was made by adding 1 g of KSb(OH)e into 50 mL of deionised
water. The KSb(OH) was dissolved after adding 0.5 mL of 1 M KOH and stirring at an elevated
temperature of 70 °C for 12 hours. The agent then was applied either by adding it to a NaCMC
solution or by applying 50 pL of the KSb(OH)s solution onto the dried electrode. The size of the
sample equalling a 12 mm circular electrode. KSb(OH)s is a known detection agent for sodium
ions, with the schematic reaction shown in Figure 4.1.

OH © (|)H ©
HO | OH ® 0 HO OH ® 0
N @ ~N
K® /Sb< + Na R (aq) ——> Na /Sb\ ¢ + K R (aq)
HO” | ~OH HO (|)H OH
OH (aq) ()

Figure 4.1: Schematic reaction of KSb(OH)e with sodium ions of another undisclosed residue.
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Afterwards, the electrode was washed with deionised water to get rid of excessive staining agent.
After the washing step was completed, the dried electrode was prepared as a SEM sample.

4.8.2 Lucas Reagent (Zinc chloride in concentrated HCl) for
alcohols

A solution of ZnCl; (SigmaAldrich, USA) in conc. HCI (conc. HCI, 37wt.-% solution in water,
ThermoScientific, Germany) was prepared by continuously adding the ZnCl, to the HCI. The
solution then was applied either by adding the Lucas reagent to a NaCMC solution or by applying
70 L of the solution onto the dried electrode. The Lucas agent is known to react with secondary
alcohols by substituting the hydroxy group with chlorine, as shown for NaCMC in Figure 4.2.

OR,
conc. HCI, Cl
(0]
o] +HCl —%»Z“CI KT a7 d o 0
Cl Cl
- H,0 OR, N

Figure 4.2: Schematic reaction Lucas reagent with secondary alcohols of NaCMC, Rz is being used as the carboxy
methyl moieties of the NaCMC.

Afterwards, the electrode was washed with deionised water to get rid of excessive staining agent.
After the washing step was completed, the dried electrode was prepared as a SEM sample and
investigated via EDS.

4.8.3 (Heptadecafluorodecyl)-trimethoxysilane for carboxylates

(Heptadecafluorodecyl)-trimethoxysilane (HDF-TMS) is a liquid and thereby only had to be di-
luted with ethanol (absolute, VWR, USA) to create a 0.2 % (Vol/Vol) solution. To activate the
HDF-TMS as a staining agent, it needs to hydrolyse with water to create its active species, illus-
trated in the following reaction scheme, see Figure 4.3.

Ry

N

Fr FF FF EF
In EtOH, RT

-
F 0 43 H,0 —— > Ri~...OH 4+ 3 MeOH
$iC ~o~ SII\OH
OH

|
FF FF FF FF 0

Figure 4.3: Activation of the HDF-TMS via hydrolysation with water. Ethanol and Methanol are abbreviated with
EtOH and MeOH (reproduced from Keim et al. 19?).

Therefore, for a successful hydrolysation, the same amount of water was added, volume-wise
compared to HDF-TMS. Using 1 cm? electrode equalled 0.98 mL of ethanol, with 20 pL of HDF-
TMS, resulting in 20 pL of water being used for the activation. The dried anode then was
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submerged in the solution and stored at 60 °C for varying periods of time for the condensation
reaction of the silane with the cellulose binder to take place. Finally, the electrode was taken out
of the staining agent and submerged in ethanol for a minimum of two hours. After storing it in
ethanol, the sample was washed multiple times with ethanol to extract any excess staining agent.
The sample then was dried at room temperature under atmospheric conditions and then prepared
as a SEM sample. Investigations of the storing duration included increasing the storing time from
four to eight, 16, and 60 hours. Additionally, the reaction mechanism was investigated by using
three different anodes containing NaCMCs with different DS.
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5 Results and Discussion

This chapter presents the results and discusses key findings related to the role of NaCMC in in-
fluencing the electrodes, which is published in parts. 196157192 NaCMC has been investigated as a
dispersion and processing additive and is already used in industry for a multitude of years. While
some key figures like the degree of substitution (DS) and molecular weight (MW) are known,
there is yet systematic investigation to be performed for a broad spectrum of polymer properties
to address which property influences the electrodes and how. This chapter therefore focuses on
NaCMCs’ interactions with other electrode components and the resulting impact on the cell per-
formance.

The first section focuses on the interaction of NaCMC with electrode components, investigating
how changes in the NaCMC influence the characteristics of the electrode. The impact of these
interactions is explored in detail based on surface free energy (SFE) measurements, and the re-
sulting calculation of the free energy of adhesion, for systems submerged in a liquid. The discus-
sion reviews these findings to the corresponding electrode properties, such as adhesion, and elec-
trical resistance investigating how NaCMC impacts the electrode overall. To end the first section,
some boundaries of the SFE method are presented to allow for the proper understanding of the
chances and limitations this approach presents. The second part of the chapter shifts focus to cell
performance, where the influence of NaCMC properties, specifically DS, and MW is evaluated.
Furthermore, the presence of gel particle impurities in NaCMC is analysed, revealing how these
residuals impact cell efficiency and stability, potentially leading to changes in the cell perfor-
mance. The final section addresses the development of a method to selectively stain NaCMC,
providing a novel approach for visualising its distribution within the electrode. The main focus of
the final chapter is on the methods development and understanding what challenges to overcome
to selectively stain NaCMC.

Together, these results provide a complete view of NaCMCs role in LIB electrodes, highlighting
the importance of tailoring binder properties to achieve optimal performance. Through detailed
analysis and novel methods, this chapter offers contributions to the understanding and optimisa-
tion of key NaCMC properties to ensure the highest cell performance, by understanding the
NaCMCs influence on electrodes.
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5.1 NaCMC Interaction with Electrode Components

5.1.1 Investigations of NaCMC with SFE

5.1.1.1 NaCMC interaction with other electrode components

One of the key factors that influence the performance of electrodes is the interaction between all
the electrode materials. Understanding the properties and impact of electrode components is there-
fore critical. One key figure is the SFE, a measure of the energy required to create a new surface,
which can be used to understand the interaction between the electrode components. " A strong
affinity between components, often achieved through surface energy compatibility, ensures a uni-
form distribution within the electrode. For instance, when a material and binder exhibit comple-
mentary surface energies, the binder is more likely to interact with the active material, forming a
stable interface. Hence, mismatched surface energies lead to poor binder coverage, and weak in-
terfacial bonding leading to worse electrical resistance and adhesion.

The total SFE energies, as well as the polar contribution of NaCMCs with different DS for low
molecular weight, graphite, CB, and SBR, two batches of copper foil, CC and CCnew and copper
foil after corona treatment, CCnew,s00w, are illustrated in Figure 5.1. Corresponding contact angles
and the detailed SFE contributions are catalogued in Appendix A 1.

The results for the active materials and the copper collector show a high dispersive contribution
and a small polar contribution to the SFE. Graphite and CB are both carbon-based. The differences
in polarity could be attributed to the various number of surface reactions taking place. CB has a
higher specific surface area in comparison to graphite, allowing for more side reactions in atmos-
pheric conditions with especially oxygen. This increases the number of polar groups on the sur-
face, and explain the increased polar contribution. When focussing on the two different copper
foil batches CC and CChew it becomes apparent, that changing the copper foil batch impacts the
surface properties significantly. The CC being exposed to atmospheric conditions and oxygen for
an extended period of time, result in the higher polar contribution of 1.2 mJ m? for CC in com-
parison to 0.1 mJ m2 for CCnew. While atmospheric conditions could be a possible explanation,
other factors like a change in the used alloy metals for the current collector, or different amount
of residual rolling oil from manufacturing could also impact the SFE. By applying the corona
treatment to the copper foil, the generated ozone should clean the surface of any organic residue
while also creating new polar groups on the surface, correlating with the SFE results. CCnew,s00w
experienced a Watt density of 0.24 W min cm™ or 14.4 J cm™ before being measured via sessile
drop method, leading to a drastic increase of the polar SFE contribution to 8.2 mJ m2. By apply-
ing corona treatment, the SFE therefore can be adjusted by changing the polar distribution through
an increase in polar groups on the surface of the related current collector foil.
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Figure 5.1: Total SFE and polar contribution for electrode components (top) and a variety of low molecular weight
NaCMCs (bottom). The abbreviation for the NaCMCs is shown, with XX functioning as a place holder
for the corresponding DS on the x-axis. The relative polar contribution is depicted as well, with a sep-
arate y-axis.

CMCo34, 1ow mw Shows a polar contribution of 4.8 mJ m2 equalling a relative polarity of 9.4 %,
while having the highest total SFE with 51.1 mJ m™. The polar contribution steadily increases for
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a higher DS, resulting in the highest polar contribution for CMC1.23, 1ow mw With 13.8 mJ m2, The
results for NaCMC show that there is a significant dependency of the polar contribution based on
the absolute amount of carboxymethyl moieties in the NaCMC. The different components each
are evaluated concerning their SFE. To calculate the Gibbs free energy equation (2.24) is applied.
Equation (2.24) allows for a better understanding of which interface is more favourable to form
when the different components are submerged in water. The results of the previously shown bind-
ers with all electrode components are summarised in Table 5.1.

Table 5.1: Summary of the Gibbs free energy for interfacial interaction AG15, for two different materials sub-
merged in water. The electrode components in every column depict material 1, NaCMC row material 2,
with all calculations approximating the system submerged in water. Most right column shows interac-
tion of the respective NaCMC with itself.

Graphite CB SBR ccC NaCMC
CMCxx. low Mw
AGEE o0 ey I MI M2
0.34 -643x1.1 -56.1 0.7 -659+1.2 -67.5x15 -58.1+0.8
0.42 -61.9+1.3 -542+0.7 -63.5+1.2 -65.0x1.5 -53.8+0.7
0.55 -555+0.7 -47.8+0.1 -57.0x0.6 -58.6+0.8 -46.9+0.2
0.67 -54.0x1.0 -476x0.3 -555+0.6 -56.8+1.0 -409+0.1
0.75 -49.3+0.8 -43.7+0.2 -50.8+ 0.7 -51.9+0.8 -34.0+0.3
0.85 -459+0.8 -40.8 0.3 -47.4+0.6 -48.4+0.9 -295+0.2
0.95 -452+0.8 -40.4+0.1 -46.7 £ 0.6 -47.7+0.8 -28.7x0.1
1.23 42505 -38.2+0.1 44004 -449+ 0.6 -254+0.1

It becomes apparent, that CMC1 23, 10w vw has the highest Gibbs free energy for interfacial interac-
tion, while CMCo 4, 1ow mw Shows the lowest for each solid material. The lower the calculated
energy, the more energy is released when forming an interface between the various materials,
making the different components have higher affinities to each other. Therefore, the favoured
solid of each NaCMC can be derived by arranging results from the highest AGZE ., cpc to the
lowest. The order of affinity for all different NaCMCs is the same with the highest to lowest
affinity being: CC > SBR > Graphite> CB. While the relative order of affinity stays the same, the
absolute variation between the electrode materials shows drastic variation. When comparing the
Gibbs free energy of CC, SBR, Graphite and CB for CMCi.23, 1ow mw, the absolute variation of
AGHE a0 cuc 18 6.7 mJ m2 for the highest and lowest valued Gibbs free energy for interfacial
interaction. This gap steadily increases when the polar contribution in the corresponding NaCMCs
decreases, as it rises to 9.2 mJ m?2 for CMCos7, 1ow mw and reaches its biggest difference for
CMCo.34, low mw Where the variation between highest and lowest AGEE 115 0_ carc is 11.4 mJ m?,

This consequently leads to the following impact on electrode properties. For the electrical con-
ductivity or resistance of an electrode, the main materials being involved are the graphite and CB,
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whereas the absolute difference of AGIE,,,_ cuc depends on the DS of the corresponding
NaCMC. For CMCi 23 10w mw the Gibbs free energy of interfacial interaction of graphite and CB
in water only varies by 4.3 mJ m2. This makes it more likely for CMCi 23, 1ow mw t0 interact with
both graphite and CB in parallel, when stirred in a slurry. When the DS decreases, this gap in
AGHE 115 0— cuc between carbonaceous materials increases further with the highest difference for
CMCo.34,1lowmw With a difference of the two AGEE 1150~ cyc 0F 8.2 mJ m2 which is a 90 % increase.
The further the energy difference increases, the less likely the NaCMC is going to interact with
both the graphite and CB and is going to favour to create an interface with the graphite. The results
of the SFE investigations therefore indicate, that the resistivity is going to be directly dependent
on the DS of the NaCMCs. This leads to the interpretation that the higher DS has lower resistivity,
because it is going to be more likely to interact with both carbons in the slurry. By creating pos-
sible interfaces with both, a proper distribution and deagglomeration of CB, while connecting
with the graphite is feasible for the NaCMC. On the other hand, by decreasing the DS the
NaCMCs affinity to CB is decreasing in comparison to graphite. Even more, when decreasing the
DS, the interaction of the NaCMC with itself becomes more and more favourable. While for high
DS systems like CMCu.23, low mw and CMCo.gs, 1ow mw the NaCMC shows higher affinity to the CB
in comparison to itself with a difference of AGZF ;50— cpe Of 12.8 mIm2and 11.7 mJ m2 respec-
tively. This again shows, that while slightly preferring the interface with graphite, the creation of
interfaces with both carbon surfaces is more likely than to itself. This difference in affinities de-
creases further and further with the affinities for CMCo 42, 1ow mw being almost equal to itself or
CB, while CMCo .34, 1ow mw €ven shows higher preference to itself than to CB. This indicates, that
more interfaces of NaCMC are going to be formed with the graphite in comparison, which should
result in a worsened CB distribution and therefore increased resistance. If there is more free binder
available, the binder should also migrate to the copper collector during coating, as the interface
with the copper foil is more favourable than NaCMC interacting with itself or CB for low DS.

When investigating the adhesion strength, another component becomes of more relevance which
is the adhesive additive SBR. There is also a difference in the Gibbs free energy of interaction
depending on the DS of the NaCMC with the SBR, with the relative affinity towards the SBR
constantly being very favourable. Although the NaCMC shows high affinity to the SBR inde-
pendent of the DS, the SBR is added very late in the slurry process during electrode processing.
While AGEF 50— cmc is a thermodynamic key figure, creating interfaces between the NaCMC
and SBR is kinetically hindered, due to already occupied NaCMC binder and limited mixing time.
When comparing said differences, there is a similar trend noticeable, with the lowest differences
being at CMCi1 23, 10w mw. NaCMC has already created surfaces with graphite and CB before the
SBR was added, therefore the difference in AGZE ;50— cpc Tor graphite and CB are compared with
SBR. For graphite and SBR, the difference is only 1.5 mJm?, while the difference of
AGHF 1150 cumc Tor SBR and CB is 5.8 mJ m2. For NaCMC which already created a surface with
both CB and graphite, the increase in energy by creating a new surface is low in comparison. This
low drive in creating a new surface indicates, that high DS NaCMC creates some interfaces with
the SBR, while the difference in AGLE ., - is not increasing drastically. When lowering the
DS, the difference in AGIE ;15— cc When comparing graphite and SBR is almost constant and is
the highest for CMCo 34, 1ow mw With 1.5 mJ m By staying almost constant, the difference between
SBR and CB therefore increases steadily when decreasing the DS. The difference between CB
and SBR reaches its highest value for CMCo 4, 1ow mw With 9.8 mJ m™2. This equals a 69 % increase
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in absolute Gibbs free energy of interaction and a significant increase of affinity towards SBR in
comparison to CB. The change in affinity indicates that in the same time span, a higher amount
of NaCMC could create interfaces with SBR as it is significantly more favourable in comparison
to CB. Additionally, due to the low DS NaCMCs even favouring interfaces with itself, it could
be possible, that less NaCMC is permanently adhering to CB and therefore more binder is avail-
able to create the interfaces with SBR. With respect to the high DS NaCMCs, a decrease in DS
should foster an increase in adhesion strength facilitated by better interaction of the co-binder
NaCMC with the SBR and because the interface creation between NaCMC and CB is less fa-
voured than for high DS NaCMCs.

5.1.1.2 NaCMC interaction with water

By applying equation (2.23) it becomes possible to evaluate the hydrophilicity of the various
binders through calculating AGH,._y20. The results for the calculations for the different
NaCMCs depicted in Table 5.1 are illustrated in Figure 5.2. Please note the inverse y-axis.
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Figure 5.2: Results for the calculation of the direct interaction of water for NaCMCs with different DS. The abbre-
viation for the NaCMCs is shown, with XX functioning as a place holder for the corresponding DS on
the x-axis. Note the inverted scale on the y-axis.

This allows to only consider the interaction of the different binders with water. If the solvent
water, and the binder exhibit more complementary surface energies AGH,c_ 120 is going to be
more negative, indicating a higher hydrophilicity. The interpretation of the result is more straight-
forward. CMCao s, 1ow mw has the least hydrophilicity and least complementary SFE in comparison
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to water, leading to a AGHc_ 20 0f -94.9 mJ m2, Conversely, the lowest AGH:,-_ 20 and there-
fore highest hydrophilicity is calculated for CMCi 23 1ow mw. AS Suggested by literature, by increas-
ing the amount of the carboxymethyl moieties, the hydrophilicity increases. %1919 Translating
this into electrodes, it indicates a higher affinity to water for the NaCMCs. This implicates, that
when the same amount of energy is used per NaCMC during drying, that the highest DS has more
residual water left. If the NaCMC or electrode experience a surplus of energy during drying, it
could lead to levelled water retention.

5.1.1.3 Resistance and adhesion strength

Important properties for electrodes are for one the electrical resistance of the electrode, and the
mechanical stability. Figure 5.3 depicts the volume resistivity (green) and the interfacial re-
sistance (grey) for all low molecular weight NaCMC with different DS.
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Figure 5.3: Summary of the resistance measurements including the volume resistivity and interfacial resistance for

electrodes using different NaCMCs with different DS. The abbreviation for the NaCMCs is shown,
with XX functioning as a place holder for the corresponding DS on the x-axis. Note the different scales
on the two y-axes.

The NaCMC with the lowest DS CMCo.4, 1ow mw Shows both the highest volume resistivity with
57.7 £ 1.5 mQ cm and the highest interfacial resistance with 4.4 + 1.0 mQ cm?. By increasing the
DS, the volume resistivity and interfacial resistance steadily decrease and reach values of
429+ 22 mQ cmand 2.7 £ 0.2 mQ cm? for CMCi .23, 10w mw, respectively. As previously stated,
mechanical strength of the electrode, and therefore the adhesion strength is another crucial key
figure. The results for the investigations of the adhesive properties of the electrodes for low mo-
lecular weight NaCMC with different DS are summarised in Figure 5.4.
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Figure 5.4: Summary of the adhesion results for electrodes using different NaCMCs with different DS. The abbre-
viation for the NaCMCs is shown, with XX functioning as a place holder for the corresponding DS on
the x-axis. Note the different scales on the two y-axes.

The mechanical properties regarding the adhesive strength are the lowest for CMCi 23, 1ow mw With
atotal of 21.1 + 1.7 N mX. When decreasing the DS, the adhesive strength slightly increases and
almost plateaus between CMCo 7, iow mw and CMCos1, 1ow mw. The adhesive strength then peaks for
CMCo.47, 1ow mw Creating a maximum of 34. £ 0.7 N m™. A further decrease in DS, decreases the
adhesive strength with CMCo 42, 1ow mw Showing only 30.5 + 0.9 N m, and becoming even lower
with CMCo 4, 1ow mw €xhibiting 28.6 = 0.7 N m? of adhesive strength.

The calculations based on the SFE for the different NaCMCs deducted, that lower DS NaCMCs
should show higher volume resistivity and interface resistance based on the decrease in affinity
of the NaCMC to CB, and increase of affinity to itself. For the adhesive properties, the same
steady increase was suggested by the SFE results, as the affinity towards the SBR increases and
more free binder should be available because the interaction of CMCog 4, 1ow mw beCOmes more
favourable with SBR than with the CB. While the interface resistance actually increases for the
lower DS, the adhesive strength reaches a maximum not for CMCo 4, iow mw but CMCo.47, 1ow Mw.
This difference in adhesion is attributed to the molecular weight of the corresponding NaCMC.
Due to intermolecular interactions between NaCMC polymer chains increasing for lower DS, the
corresponding molecular weight can be lower to reach the viscosity threshold in comparison to
higher DS NaCMCs. %1% While the molecular weight stays almost constant for a DS higher than
0.5, there is a significant drop in MW for CMCo 2, iow mw 10 210 kDa and even more drastic for
CMCO_34, ow mw fo 170 kDa, which is onIy 55 % of the MW of CMCo_47, low MW with 310 kDa
(see Table 4.2). This reduction in the molecular weight has a significant impact on the mechanical
integrity. It decreases the number of entanglements and therefore reduces the absolute number of
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interlacing polymer chains. While this difference between the NaCMCs had negligible impact on
the processability, it becomes apparent in the resistance and adhesion strength. Especially consid-
ering, that the interfacial resistance is higher indicating that a higher fraction of CMCo 34, low mw IS
covering the current collector without being directly connected to the carbon-binder domain
(CBD). 1% The lack of entanglements leads to a decrease in interacting polymer chains and there-
fore reduced adhesive properties. 1%

5.1.1.4 Residual water in electrodes determined with Karl-Fischer

The water retention of graphite anodes containing different NaCMCs, after they were dried ac-
cording to the cell manufacturing procedure for pouch cells, are summarised in Figure 5.5.
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Figure 5.5: Karl-Fischer measurements for dried (130 °C for 16 hours) electrodes using NaCMCs with different
DS. The abbreviation for the NaCMCs is shown, with XX functioning as a place holder for the corre-
sponding DS on the x-axis.

Anodes containing CMCo a4, 10w mw Showed the lowest amount of residual water containing only
54 + 4 ppm(H.0). The amount of residual water increased with the DS, leading to the highest
amount of residual water for CMCu.23, low mw With 246 + 9 ppm(H20), which was the highest DS
investigated. As already postulated multiple times in various publications, the increase of the DS
equals a higher hydrophilicity, supported by the calculations based on the SFE. 16157193194 |t fyr-
ther shows, that the drying duration for pouch cells leads to a variation in residual water, based
on which binder is used. As water is known to have a negative impact on the battery performance,
the increase in hydrophilicity could negatively impact the cell performance. The results underline
that the deducted results of the SFE calculations help to understand the influences on the electrode
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properties, as the deductions were in good accordance with the results observed experimentally,
but limitations have to be considered in more detail.

5.1.2 Limitations of the SFE method

For the investigations of the adhesive strength, the change in molecular weight already showed
some limitations for the use of the SFE method. Hence, there is the need to further investigate the
limitations of the method. This includes changing selected properties of a few NaCMCs like the
polymer chain length and gel particle content, see Table 4.2. Changing those polymer properties
is not affecting the SFE (see Appendix A 1), as it was predominantly influenced by the DS. Fur-
thermore, the challenge in changing more than one component and the impact on the interaction
is going to be highlighted by the use of a new batch of copper current collector.

5.1.2.1 Influence of Molecular Weight on Electrode Properties

The comparison of electrical resistance and adhesion strength for high MW NaCMCs with the
corresponding low MW NaCMCs is illustrated in Figure 5.6.

Adhesion strength Volume resistivity Interfacial resistance
- £ “
g 40 60 E45
Z = G40
E 35 = &
= = 3.5
2| £ 250 s T
g 2 : Ja2s
= @ ‘Z 401 @
S| g2 L £2.0;
7 g S5
S 20/ 230 1.0
< CMC0.47CMCO.67CMCU.85 - CMCOA‘FCMCO.G?CMCU.SS g CMCOA‘FCMCO.G'ICMCU.SS
= £ .
g 40 360 Eas
% £ . 1 G40
= =35 1 g 1 1 =35
2 B 1 bso 813
= = o 3.
= = %0 Z 825
T| 825 8407 £20 1
1 L —
@ g 1.5 1
= 20! =30 & 1.0--—
< CMC,s CMC,, CMCp, | = CMC,; CMC,, CMC, g  CMC,; CMC,, CMC,,
=
Figure 5.6: Comparison of electrical resistance and adhesion strength for NaCMCs with different molecular

weights. Low molecular weights are depicted in the upper row, high MWs are depicted in the lower
row. Corresponding DS of NaCMCs are colour coded and have the same colour for the high and low
MWs. (Modified from Keim et al. 1%)

The increase in molecular weight leads to a significant impact on the electrode properties. First
off, every high molecular NaCMC, independent of the DS, shows an increase in adhesive strength.
Nevertheless, the same increase in adhesion strength is noticeable when reducing the DS, showing
an increase of 22 % from 29.5 N m for CMCao., nigh mw t0 36.2 N m* CMCys, high mw. All high
molecular weight NaCMCs also show a higher volume resistivity in comparison to their low MW
counterpart. The increase in volume resistivity is the highest for the high DS with an increase of
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almost 30 % from 41.4 Q cm for CMCogs, 1ow mw to 53.4 Q cm for CMCoyg, nigh mw. Finally, the
interfacial resistance for all high MW samples is significantly reduced in comparison to their low
MW counterpart electrodes. When characterising the residual water of the electrodes, a drastic
increase in the water retention for all high MW NaCMC:s is apparent, see Figure 5.7.
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Figure 5.7: Comparison of water retention for NaCMCs with different molecular weights. For easy comparison,
the DS of the NaCMCs with low MW got rounded up (Modified from Keim et al. 16).

While again showing, that a higher DS leads to a higher water retention, all high MW NaCMC
shows a minimum off 300% increase in water retention in comparison. The largest increase is
observed for CMCo.47, iow mw With 54 ppm(H20) increasing by 660 % to now amount to a total of
360 ppm(H20) for CMCos, high mw. Those changes in the polymer properties led to other impact
factors besides the affinity of the different NaCMCs to each component to significantly alter the
electrode properties. Those changes are not properly covered or portrayed when applying the SFE
method, as the surface energy for different molecular weights should stay constant and therefore
the observed implications on the interactions as well. Nevertheless, due to the approximations
needed to allow for the derivation of the equations, some other interactions for polymers like e.g.
entanglements are neglected. Some of the trends like increasing hydrophilicity for increasing DS
are still true, but other interactions have to be considered as well to explain results for a complex
system like slurries.

The impact on the electrode properties observed for the high MW NaCMCs has to be attributed
to other effects than changing affinities based on the SFE. The two main influences gaining more
impact by increasing the molecular weight are less mobile binder, due to increased chain length
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and more entanglements, which are both not considered in the SFE calculations. High molecular
weight leads to lower fraction of shorter and mobile NaCMC polymer chains. As higher molecular
weights are more likely to adsorb at the surface of carbonaceous materials, this leads to less free
binder or polymer chains, in comparison to lower molecular weights. 1% A decrease in the fraction
of short chain NaCMC also causes less accumulation of NaCMC at the current collector. As pre-
viously shown, considering SFE, the CC is a highly favourable material to interact with all
NaCMCs. The short chains are less likely to interact with the carbon, and therefore improve the
adhesive properties, while increasing interface resistance. 1% The increase in chain length, how-
ever, allows for more entanglements and more interactions with the carbon binder domain (CBD).
Free high MW NaCMC results in an increasing number of contact points with the CC, which also
interact with the CBD and therefore reducing the interfacial resistance. This is also in agreement
with the adhesion results, where the active material for all high MWs better adheres to the CC
independent of their correlated low MW counterpart. Additionally, the drastic increase in water
retention is also connected to the growing number of entanglements. Those entanglements lead
to water being trapped in between the interacting polymer chains, which in term allows for a better
water retention. 1%

5.1.2.2 Impact of changing gel particle content on electrode properties

Controlling the synthesis of the NaCMC allows for the reduction of the gel particles. The afore-
mentioned changes in NaCMC polymer properties significantly alter the NaCMCs properties and
therefore impact the electrodes. Gel particles are only considered to make up a fraction of
0.1 wt.-% or less in the NaCMC, resulting in less than 0.01 wt.-% in the electrodes. Still, the
variation in gel particles evidently influences the electrode properties, with the adhesion and elec-
trical resistance illustrated in Figure 5.8. This is despite the SFE not changing, as the gel particles
are negligible in contributing to the SFE. For the investigations of the gel particles on the electrode
properties, a new copper foil from a different supplier was used, with absolute values therefore
not being comparable to previous results.
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Figure 5.8: Summary of electrode properties for anodes containing different amounts of gel particles, with the DS

of all NaCMCs being 0.7. (Modified from Keim et al. 1),

Changing the copper collector to a new batch from CC to CCnew led to a change in the surface,
and therefore influences the SFE. When comparing the adhesion of Gelio to CMCo 67, low mw, Which
the same polymer properties, it becomes apparent that Gelqo shows a significantly lower adhesion
strength, which is accompanied by a decrease in interfacial resistance. Considering the results
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from Table 5.1 one would deduct, that the NaCMC shows higher affinity to CCnew than CC. This
should lead to an increase in adhesion and interfacial resistance similar to what was observed for
CMCo.34, 1ow mw. This change does not simply only affect the interactions of the NaCMC, but also
influences the interaction of all other components of the slurry with the current collector. As the
SBR is mainly an additive for adhesion, the change in affinities for the latex is of more relevance.
Similar to the NaCMC, which prefers CCnew (-62 mJ m) over CC (-56 mJ m2), the latex shows
an increase in interaction. The increase for SBR is 7mJm? from CC (-78 mIm?) to
CChrew (-85 mJ m2). While the affinity of the SBR to the CChew increases in water, the adhesion
strength is measured with air as surrounding medium. This change leads to an inversed affinity
of the SBR, with the work of adhesion required to separate the interface for CC being higher with
83.9 mJ m? in comparison to CCnew With 75.2 mJ m? explaining the decrease in adhesion
strength.

Reducing the amount of gel particles changes the adhesion strength and electrical resistance. An-
odes containing Gelyo have an adhesion strength of 18.7 £ 0.4 N m? which is an 65 % increase
when compared to Gelzso with an adhesion strength of 11.3 + 0.3 N m™. Additionally, the electri-
cal resistance for Gelyg is the lowest as well, when compared with higher gel particle contents.
The volume resistivity is at 44.5 £ 3.1 mQ cm for Gelqo, which is a decrease of 8 % when com-
pared to the next lowest volume resistivity of Gelsy with 48.8 + 3.3 mQ cm . In contrast to both
the investigations of the molecular weight and the DS, the increase in adhesion is not accompanied
by an increase in interfacial resistance. Gelzso which shows the lowest adhesion strength also has
the highest interfacial resistance with 2.16 + 0.22 mQ cm?. The lowest interfacial tension is ob-
served for Gelio with 1.42 + 0.25 mQ cm?, resulting in the most promising electrode properties
considering other gel contents, as the mechanical integrity is the highest, while also presenting
low electrical resistance.

While the copper collector influences the adhesion and interfacial resistance, it is also evident that
the small fraction of gel particles has a significant impact on the electrode properties. The decrease
in gel particles leads to a better dispersion of the CB, reasoning the lowest volume resistivity for
Gelyo. Both the increase in adhesion and lower interfacial resistance lead to the conclusion that
there are decreasing contacts between the copper collector and the active material for an increas-
ing amount of gel particles. Due to gel particles being non-soluble but swellable impurities, they
compete with the SBR rubber for adhesion on the copper foil during coating, which reduces the
adhesion of the overall electrode.

The results of the absolute water residue in the electrode are summarized in Figure 5.9. These
results reveal a substantial difference depending on the gel particle content within the already
dried electrodes. For instance, Gelig contains 73 ppm(H-0) and is thereby in significant contrast
to Gelaso, which contains 528 ppm(H20). This represents a seven-fold increase in water content
as gel particle concentration increases. Therefore, the incline in impurities in NaCMC allows for
higher water retention resulting in more residual water in the electrode after secondary drying
and, therefore, the cell. Again, this increase in water content is not depicted by SFE, as the gel
particles are only contributing a small fraction of the NaCMC and are, therefore, not influencing
the contributions to the SFE of the NaCMC.
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Figure 5.9: Residual water in anodes with different gel particle content after secondary drying for 16 hours at
130 °C. (Expanded from Keim et al. 16),

To conclude, while the SFE calculations help further understand the implications of changing
selected binder properties, or those of other components on electrodes, it is limited in portraying
or predicting the influence of a change in material properties like molecular weight or impurities.
Furthermore, the slurry is a multicomponent system, in contrast to two- or three-component sys-
tem. When changing one component it has implications on every interaction in the system and
not just the one maybe in focus, as demonstrated by the change in the copper collector. It can be
very useful, but its limitations have to be considered when using it to correctly interpret changes
in electrode properties.

51



5 Results and Discussion

5.2 Influence of NaCMC properties on Cell
Performance

5.2.1 Impact of different DS

It has been found, based on SFE, that changing the DS has a drastic impact on the interactions
inside slurries, leading to different electrode properties. Due to the multitude of NaCMCs used,
the cell results are split. First, the rate capability tests of electrodes containing higher DS NaCMCs
ranging from 0.67 up to 1.23 and low molecular weight are shown in Figure 5.10.
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Figure 5.10:  Rate capability test for electrodes containing NaCMC with low molecular weight and different DS from
0.67 to 1.23. For better visibility, only every second value is shown in the rate capability test (Modified
from Keim et al. 1),

All electrodes show similar performance, during formation. Nevertheless, electrodes containing
the highest DS NaCMCs, CMCi1 23, 1ow mw and CMCo s, 10w mw, already show comparably lower
capacities at 0.5 C. Cells containing electrodes with CMC1.23, 1ow mw and CMCo g5, 1ow mw provide
on average 146.5 + 0.4 mAh g and 146.7 + 0.3 mAh g respectively. When compared to the
highest capacities of electrodes containing CMCos7, 1ow mw, Which cells provide
151.3 £ 0.2 mAh g* on average for 0.5 C, this equals a 3 % decrease in capacity. This disparity
further increases for higher discharging rates, when the electrodes are strained stronger.
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At 5C, electrodes containing CMCiz3 owmw (99.0 0.3 mAhg?) and CMCo.gs, iow mw
(94.1 £ 0.6 mAh g?) repeat as the two lowest capacities. CMCo 7, low mw iS Showing the best per-
formance with 109.2 + 0.7 mAh g*. CMCq 7, 1ow mw therefore has a 10 % higher capacity in com-
parison to CMCi.23, 10w mw and even more than 16 % higher performance than CMCogs, low mw.
When beginning the repeated 3 C cycling, the sequence from best to worst in regards of capacity
depending on the DS is 0.67 > 0.75 > 0.85 > 0.95 > 1.23. The rate capability test reveals, that an
increase in DS is accompanied by a decrease in capacity. The adjoining long-term investigations
are illustrated in Figure 5.11.
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Figure 5.11:  Long-term test following previous rate capability test for electrodes containing NaCMC with low mo-
lecular weight and changing the DS from 0.67 to 1.23. For better visibility, only every 20" value is
shown in the long-term investigations (Modified from Keim et al. %),

The adjoining long-term investigations reveal, that the degradation in the beginning is higher for
CMCo 7, 10w mw, but levelling out, with the overall order of the cell capacity being almost equal in
comparison to the rate capability test, even after 1100 cycles. Cells containing CMCa.23, 1ow mw
showed malfunctioning cycling behaviour. The highest cycle count for the cells was reaching 300
cycles, before showing drastic variations in capacity. CMCx.23 10w mw Cells are therefore displayed
up until cycle 300. Cells with electrodes containing CMCa.zs, 1ow mw €Xperienced higher degrada-
tion in comparison to electrodes containing other NaCMCs, which could be due to slightly higher
volume resistivity.
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5 Results and Discussion

When combining the results of both the rate capability test and the long-term investigations for
the DS range of 0.67 up to 1.23 it becomes apparent that a decrease in DS is accompanied by an
increase in discharge capacity. Both CMCiy.23, 1ow mw @nd CMCo.s, 1ow mw €Xhibited poor rate per-
formance and the worst absolute capacity in the long-term investigations. Anodes using
CMCo s, low mw and CMCo 75, 10w mw leads to further increasing performance, with anodes contain-
ing CMCoys7, 10w mw having both the best rate performance and absolute long-term capacity. This
sequence in capacity is directly connected to the residual water content, in the respective elec-
trodes. While the order for the highest capacity during the rate capability test (with exceptions of
5 C) in regards of DS is 0.67 > 0.75 > 0.85 > 0.95 > 1.23, the same is true for the residual water.
The decrease in performance for higher DS is attributed to an increased water content. This in-
crease in water retention leads to parasitic side reactions. These side reactions consume electrolyte
and lithium ions, decreasing the lithium inventory in the full cell and impact the cell performance
negatively. This is also in line with previous research, demonstrating that higher amounts of re-
sidual water lead to an increase in parasitic side reactions. 1%-200

The rate capability test of low DS NaCMCs ranging from 0.42 up to 0.58 is summarised in Figure
5.12. The best performing cell result containing CMCo 7, 1ow mw Was added as reference. For low
discharging rates of 0.5 C, all electrodes independent of the DS show similar discharging capac-
ities, being inside their respective error bars.
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Figure 5.12:  Rate capability test for electrodes containing NaCMC with low molecular weight and different DS from

0.42 to 0.67. For better visibility, only every second value is shown in the rate capability test (Modified
from Keim et al. %),
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5.2 Influence of NaCMC properties on Cell Performance

When increasing the discharging rate, a difference between the various cells becomes apparent.
At the highest discharging rate of 5 C the biggest difference is observed. CMCo 47, iow vw has the
lowest performance at 5 C only resulting in 93.3 + 3.2 mAh g*. The highest performance is ob-
served for electrodes containing CMCoss, low mw With 106.3 + 0.8 mAh gL, Still, CMCoss, tow mw
shows a lower performance in comparison to the reference CMCos7, 1ow mw. When the protocol
reaches the repeated 3 C discharging during the rate capability test, the sequence from best to
worst regarding capacity depending on the DS observed is
0.67>0.58 > 0.55>0.51>0.47 = 0.42.

The adjacent long-term investigations of the cells are illustrated in Figure 5.13,
with CMCoe7, 10w vw again added as reference. The cells showing the highest initial capacities,
namely CMCoss, iow mw, and CMCo s, 1ow mw, Show the highest capacity fade during the initial cy-
cles. Independent of the cycle count, the highest to lowest capacity order stays the same.
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Figure 5.13:  Long-term test following previous rate capability test for electrodes containing NaCMC with low mo-
lecular weight and different DS from 0.42 to 0.67. For better visibility, only every 20™ value is shown
in the long-term investigations (Modified from Keim et al. %),

Both CMCo.42, 1ow mw, and CMCo.47, 1ow mw Show the highest relative capacity retention throughout
the 1000 cycles with 82.6 % and 84.4 % respectively. Furthermore, during the 0.05 C step after
1100 cycles both CMCo 42, iow mw, and CMCo.7, 1ow mw display the highest capacity. This indicates
that both CMCo 42, 1ow mw, and CMCo 47, 1ow mw have the highest lithium inventory left. Based on the
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5 Results and Discussion

previous deduction, a further decrease in water retention explains the higher absolute capacity.
Therefore, an increase in capacity for a DS lower than 0.67 was expected. In contrast, anodes
containing NaCMCs with a lower DS displayed a similar capacity to CMCo 7, low mw ONly for 0.5 C
discharging rates. When increasing the discharging rate, the different NaCMCs split up and are
segregated by larger margins. The water retention, therefore, is not the only key parameter affect-
ing the cell performance based on different NaCMCs. The other key influence on the cell perfor-
mance is the electrical resistance of the cells. For NaCMCs with a DS of 0.67 to 1.23 the volume
resistivity and interfacial resistance are similar, except CMCo 75, 1ow vw Showing a slightly higher
value, see Figure 5.3. NaCMCs with a DS lower than 0.67 all show increasing volume resistivity
and interfacial resistance. Therefore, the performance of the NaCMCs with a DS lower than 0.67
is increasingly more negatively impacted by their electrical resistance. This incremental growth
in electrical resistance for decreasing DS leads to higher polarisation, resulting in an overall wors-
ened cell performance. 5 The higher electrical resistance is especially apparent at high discharg-
ing rates and can be observed during the rate capability test in Figure 5.12. This is further sup-
ported by the high lithium inventory left for both CMCo.42, 1ow mw, and CMCo.47, 1ow Mmw, SUggesting
another reason then a significantly lower lithium inventory for the lower capacity. Furthermore,
it was observed that there is a sharp decline in capacity retention when the discharge rate is in-
creased during the long-term cycling for all electrodes. This could suggest a kinetic problem, e.g.
diffusion limitations, reversibly reducing the capacity retention. The resulting Kinetic limitations
impair the ability of the cell to sustain high-rate performance, resulting in a quick but reversible
drop in capacity. As it was observed in all electrodes, said limitation was attributed to the limita-
tions of the cathode and not related to the anode side. Finally, all different cell results of the
different DS are illustrated for selected cycle numbers, see Figure 5.14. As CMCi 23, low mw CellS
were not working without malfunction after cycle 300, CMCi.23, 1ow mw iS Only included in the
graph regarding cycle 101.

Observing all different discharge capacities for the whole investigated DS range, CMCos7, iow Mw
provides the highest cell performance in every observed step. It, thereby, shows a local maximum
in capacity in the investigated DS range. The results strongly suggest that electrodes containing
CMCo.7, 1ow mw provide the best properties for the electrodes. CMCo 67, 1ow mw provides sufficient
dispersion to allow for a comparable resistance similar to higher DS systems like CMCo s, iow mw,
or CMCygs, 10w mw. Instead of detecting high amounts of water, electrodes using CMCo .67, 1ow Mw
show less than 100 ppm(H.0). While the water retention of lower DS systems like
CMCo.42, 1ow mw, CMCo .47, 1ow mw, and CMCoss, low mw 1S further reduced, the cell results demonstrate
the importance of the electrical resistance. CMCo7, 1ow mw provides both comparably low water
retention and comparably low resistance. Considering both key properties and the cell perfor-
mance, the results strongly indicate, that the SEI formation is almost not strongly negatively im-
pacted the small amounts of water retained. Additionally, the resistance is supposedly small
enough to not entail strong polarisation effects. Thus, CMCos7, 10w mw results in the overall best
anode performance, as it affects the anode performance the least in any negative way.
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Figure 5.14:  Comparison of discharge capacity for varying cycles of cells using electrodes containing different
NaCMCs with different DS. The abbreviation for the NaCMCs is shown, with XX functioning as a
placeholder for the corresponding DS on the x-axis.
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5 Results and Discussion

5.2.2 Electrolyte decomposition via NMR

Changing the DS of the NaCMC leads to a significant variation in the cell performance. Whilst
the impacts and the results were connected to electrode properties, which were able to be ex-
plained through the SFE, it could also be possible, that the changing DS of the NaCMC influences
the degradation pathways during SEI formation. By using NMR, it allows for deeper insights into
the electrolyte degradation and thereby explore, if the different DS impacts the degradation path-
way of the SEI formation. The results of the *H-NMR for post-mortem electrodes containing
different NaCMCs, namely CMCo .42, iow mw, CMCo .67, tlow mw, and CMCo g5, 1ow mw, are summarised
in Figure 5.15. Note, that the focus of Figure 5.15 is on the electrolyte decomposition products,
which is the reason why an enhanced view of the results is shown. A detailed analysis of the
individual peaks is given in Appendix A 2, as well as the impurities in the deuterated DMSO in
Appendix A 3.

AN
VA

CMC(}AQ, low MW
- CMCO.G?, low MW
- CMCG,QS, low MW
——— Pure LP30

hauley | o Ll gl )

Al by e

by T T Y N
,J.....JL..)JJLJLM L

T~ T = T 1 1 T | T | T
60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05

Chemical shift in ppm

Relative Intensity in a.u.

Figure 5.15:  H-NMR results for different anodes after formation with LFP and pure electrolyte LP30 as reference.
To focus on the degradation products, the results were enhanced in size by 50 times, with the results
for the chemical shift of 10 ppm to 11 ppm being enhanced by 500 times.

After formation, the main components of the liquid electrolyte still are considered to be EC and
DMC, which are also present in the NMR most dominantly. 18518 Hydrofluoric acid (HF), which
is an impurity created during water-based electrolyte salt decomposition, is only found in the pure
LP30. Traces of the HF which could impact the resulting SEI, are either already used up or not
detectable. Due to the high signal-to-noise ratio of the used electrolytes, some of the traces de-
tectable in the pure electrolyte may be overshadowed by the noise.

All samples showed various degradation products including the main degradation products of EC
and DMC. The main degradation products LMC and LEDC, as well as signals for ethylene oxide
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5.2 Influence of NaCMC properties on Cell Performance

oligomers, are visible. The signals of both LMC and LEDC are most notable and pronounced in
sample anodes using CMCo g5, 10w mw. Despite not detecting any residual HF, this could hint at
CMCo.gs, 10w mw, and other high DS NaCMCs to create more of said species. An increasing amount
of electrolyte degradation products suggests, that high DS NaCMCs promote the degradation of
the electrolyte due to higher amounts of residual water. This is in line with the previous electrode
properties, and cell results. The increase in polarity leads to a higher water retention. As described
in chapter 2.3, water catalyses the degradation of electrolyte components. The cell results, which
showed inferior cell performance are also attributed to the decreased performance due to the
higher residual water of high DS NaCMC:s.

Nevertheless, the detected electrolyte degradation products are all of the same species and show
almost no differences, besides changing amounts of impurities from the used deuterated solvent
d®-DMSO. Despite the significant influence of the DS on the cell performance there is no differ-
ence in degradation products found in the liqguid NMR measurements. Whilst there is no signifi-
cant difference in degradation products for different DS, another difference was observed, which
is highlighted in Figure 5.16. To focus on the main components of the electrolytes, an excerpt of
the *H-spectra is shown.
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Figure 5.16:  'H-NMR results for various anodes after formation with LFP. To focus on the main electrolyte compo-
nents EC and DMC the results are not enhanced but an excerpt from the 3 ppm to 5 ppm chemical shift
is shown.

CMCo .5, 1ow mw, despite not showing a drastic difference in new degradation products, affects the
peaks at 4.48 ppm which is attributed to EC and 3.69 ppm which is attributed to DMC. This is in
line with the cell results and the amount of residual water, already suggesting a higher electrolyte
uptake during formation, due to increased SEI formation. This increase in electrolyte degradation
would indicate a thicker SEI, explaining a lesser performance of NaCMCs with increased water
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5 Results and Discussion

retention based on their polarity. Decreasing the total amount of EC and or DMC in the electrolyte
would also be accompanied by a decreasing electrolyte conductivity. Both would result in a wors-
ened cell performance, as it negatively impacts the electrolyte.

The results for the degradation products led to the conclusion, that NaCMC is not actively influ-
encing the degradation pathways of the SEI formation. Different degradation product species were
not identified, and without using a reference, a quantitative differentiation of electrolyte degrada-
tion products is not possible. Therefore, due to not using a reference liquid to calibrate the inte-
gers, insights regarding changing peak heights have to be considered with care. Additionally, both
E{*H} and 3P{*H} solution NMR spectra did not yield any further insights.

5.2.3 Impact of increasing MW of NaCMC on cell performance

The DS showed a significant impact on cell performance. Changing other polymer properties is
also influencing electrodes, which could influence the performance of the cells. The molecular
weight of the NaCMCs being one of the properties of most interest. The classification of
NaCMCs, to be considered either low or high molecular weight, is dependent on the viscosity
threshold of the NaCMCs used (see chapter 4.1). The results for the rate capability test and long-
term cycling are illustrated in Figure 5.17. For comparison, the best performing low molecular
weight NaCMC anode (CMCo .7, 1ow mw) IS added as reference.
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Figure 5.17:  Rate capability test and long-term cycling results for electrodes containing NaCMC with high molecu-
lar weight and different DS. CMCao.s7, 1ow mw is added as a reference. For better visibility, only every
second value is shown in the rate test and every 20" in the long-term cycling. (Modified
from Keim et al. 1%6),

In contrast to the low molecular weight cell performance, the results of the cells using high mo-
lecular weight NaCMCs are almost not able to be distinguished. CMCos, high mw 1S Showing similar
results to CMCo.7, high mw and CMCaq ., high mw. When comparing the cell results to the added refer-
ence of CMCo 7, 10w mw it becomes apparent, that all high molecular weight NaCMCs show worse
performance. This is also true when comparing the results to the respective low MW, with all low
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5.2 Influence of NaCMC properties on Cell Performance

MW NaCMCs outperforming their higher MW counterparts. This significant drop-off in perfor-
mance is attributed to the increase in water retention, coupled with the increase in molecular
weight. This increase leads to more parasitic side reactions decreasing the amount of available
lithium ions and worsening the ionic conductivity of the electrolyte, while negatively impacting
the SEI. 1920 The benefit of decreasing the residual water for lower DS is still apparent for
CMCas, nighmw, a@s shown in Figure 5.7. Although the decrease in water retention is close to
300 ppm(H20) there is almost no positive impact on the cell performance. It is possible, that the
increase in performance is not noticeable in comparison to low molecular weight NaCMCs, as it
still is significantly higher than for all low MW NaCMCs. To sum it up, despite equal volume
resistivity and lowest water content in dried anodes containing CMCos, nigh mw for high molecular
weights, the results compare to CMCo .7, high mw and CMCo g, nigh mw. The negative impact of water
on the cell performance overshadows the relatively lower water content in the dry electrode.

5.2.4 Influence of NaCMC impurities on cell performance

Interchanging various polymer properties of the NaCMC was shown to drastically alter the cell
performance. A changing amount of gel particles unexpectedly imposed significant changes on
the electrode properties. The discharging rate capability test is summarised in Figure 5.18.
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Figure 5.18:  Discharge rate capability test for anodes with changing gel particle content (Modified from
Keim et al. 1), For better visibility, only every second value is shown in the rate capability test.
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5 Results and Discussion

By comparing the various gel particle content in the electrodes, it becomes apparent that cells
with anodes containing lower amounts of gel particles lead to better performance in cells. Already
after formation, there is a significant difference between the different levels of gel particle content.
After formation, cells containing anodes with Geli; show an average discharge capacity of
155.0 + 1.0 mAh g, while cells containing Gelaso only exhibit an average discharge capacity of
148.2 + 1.5 mAh g. This difference equals an increase of more than four percent in cell perfor-
mance by using Gelio. The disparity between the cells increases as the discharging rate increases
as well. At 5 C Geli shows an eight percent higher performance in comparison to Gelzso. This
further underlines the previously observed influence of the electrical resistance on the rate per-
formance, as Gelyo shows comparably lower electrical resistance in comparison to Geleo, Gel1oo,
and Gelzso. The cell format used was coin cells. While coin cells are available in a shorter time,
the limited stability of the format overshadows the impact of the gel particles on long-term cy-
cling. Observing longer cycling durations was not able to provide any further insights into the
anodes' influence on cell performance. 2! This is due to the inherent risk of the coin cell format
becoming less sealed, making long-term cycling results of limited use.

While the differences are clearly apparent, it is of special interest how the influence impacts the
anode’s charging performance, when the anode is strained even further than the usual 1 C charg-
ing rate with the added CC CV step. The corresponding charge rate capability step for anodes
with different gel particle content is shown in Figure 5.19.
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Figure 5.19:  Charge rate capability test for anodes containing NaCMCs with different gel particle content.

When stressing the anode even further with the charging rate capability test, the same order in
performance is observed, with Gelyo delivering the highest charge capacity. When the strain is the
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5.2 Influence of NaCMC properties on Cell Performance

highest for the anodes at 5 C Gelyo and Gelso stay almost constant, while Gel.so shows a significant
drop off in capacity from 87 mAh g to 81 mAh g*. After the rate capability test was finished,
the retaining capacity at a lower charging rate of 0.5 C was detected. Again, Gelso showed the
highest capacity retention with 99.0 % of the initial capacity at 0.5 C, with retention declining for
Gelgo with 95.8 %, further lowering for Geligo with 93.1 %, with the lowest being Gelaso with
82.8 %. The amount of gel particles is directly coupled to the performance of the cell. The increase
in rate capability is attributed to the better overall volume resistivity shown by electrodes with
lower gel particles as Gelio shows a decrease of 14 % in comparison to Gelzso. Nevertheless, the
steady increase in water content directly correlated with the amount of gel particles and was sus-
pected to negatively impact the SEI formation, the lithium inventory, and therefore the capac-
ity. 1%8-200 This led to a post-mortem analysis of the cells, with the EDS results for the correspond-
ing electrodes displayed in Figure 5.20.

Figure 5.20:  Post-mortem EDS analysis of four anodes containing different amounts of gel particles, with different
amounts displayed in the top left corner. EDS measurements were conducted after the discharge rate
capability test. Green: Oxygen, Red: Carbon.

For the highest amount of gel particles Gel.so, a continuous layer of high oxygen-containing spe-
cies is detected via EDS totalling 48 atom%(O). Reducing the gel particle content in the electrodes
correlates with a reduction in visible oxygen-containing species, as well as a reduced total amount
of oxygen detected with Geligo only totalling 40 atom%(O), Gelso reducing the oxygen content to
11 atom%(0O), while Gelio shows the lowest total oxygen with only 9 atom%(O). This decrease
in oxygen content is in line with the previously observed cell performance results. A higher
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absolute content of oxygen adds to the suggestion, that water increases the SEI thickness by neg-
atively impacting the electrolyte degradation due to catalysing side reactions. 1%!*¢ The oxygen
content of the EDS is used as an indication for the SEI layer. Gel.so therefore shows the thickest
SEI layer. This difference in SEI is in line with the cell results and allows to further explain the
differences in rate capability performance for the different gel particle contents in the anodes.
When decreasing the amount of gel particles, the amount of remaining water significantly de-
creases (see Figure 5.9). This allows for a thinner SEI, with less electrolyte salt reacting with the
water impurity. To control the SEI thickness, the residual water content in the electrodes therefore
needs to be controlled or further reduced to increase the performance.

Instead of creating a framework to increase the energy requirement for the anodes as a higher
energy requirement would decrease the beneficial aspects of water-based processing, it is of more
interest to reduce the drying time. To further increase the efficiency of water-based processing it
would be of great interest to further reduce the amount of time needed to dry the electrodes. As
shown before, anodes containing Gelio already showed the best performance for 16 hours of sec-
ondary drying at 120 °C under vacuum. This suggests a further reduction of the drying duration
to skipping secondary drying altogether, to investigate if residual water uptake of the low gel
content electrodes becomes a noticeable issue for the cell performance. The comparison of the
rate capability test for anodes dried for zero hours and 16 hours under vacuum is
shown in Figure 5.21.
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Figure 5.21:  Comparison of discharge rate capability tests for anodes containing different NaCMCs with changing
secondary drying conditions, either the usual drying protocol with 120 °C for 16 hours under vacuum
(labelled 16h drying) or no secondary drying (labelled Oh drying). For better visibility, only every sec-
ond value is shown in the rate capability test.
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When comparing Gelio, decreasing the drying intensity had a negligible negative impact on the
cell performance. There is a small difference between no drying and 16 hours under vacuum at
120 °C. In contrast, using anodes containing Gelzso without any further drying leads to a drastic
decrease in capacity retention in the initial discharge. This is further amplified by increasing dis-
charging rates again. Finally, when observing the 0.05 C step after 100 cycles, Gelso shows a
significantly lower capacity, again indicating a lower residual lithium inventory in comparison to
Gelio.

This indicates, that electrodes containing Gelip as NaCMC show very low residual water making
secondary drying obsolete. Using low gel NaCMCs not only allows to avoid thick SEI formation,
which is likely for high gel particle contents due to high contents of residual water but further
reduces the need for time-intensive secondary drying altogether. This drastically reduces the time
required for anodes to be available in cell manufacturing. On the other hand, when using high gel
particle content NaCMCs, drying is essential to avoid introducing excessive amounts of residual
water into the cell. As observed in the post-mortem analysis, this leads to a drastic decrease in
SEI formation and therefore increases the capacity, due to less lithium inventory loss.
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5.3 Selective staining of NaCMC

As of today, no method enables the localisation of the NaCMC within the anode by selectively
staining the binder in the prepared electrode. As NaCMC is shown in Figure 2.5, there are various
reactive groups which are readily usable. When creating a cross-section of a graphite electrode
using NaCMC, the EDS is not able to detect the sodium ions as their concentration throughout
the electrode is too low. This leads to an inaccurate display of its distribution via the EDS, as
depicted in Figure 5.22.

Figure 5.22:  SEM micrographs of a graphite electrode cross-section containing CMCao.67, low mw. (2) SEM micrograph
of the cross-section. (b) Corresponding sodium (light blue) EDS mapping result.

Despite the sodium ions being present throughout the electrode, it is not possible to properly
locate the NaCMC, as there is no detectable, local increase in signal strength. It is, therefore,
necessary to selectively stain the NaCMC to allow for the binder to be accurately displayed and
to gain further knowledge about binder migration, distribution and therefore processing.

To investigate the applicability for the use in electrodes, three different reagents were combined
with pure NaCMC of CMCq 7, 10w mw, While either in solution or as a dried coating depending on
the agent. The first staining agent is an aqueous KSb(OH)s solution, which reacts with sodium to
form an insoluble sodium salt, which precipitates in water and leads to antimuonium being de-
tectable via EDS. Another staining agent is the Lucas reagent, substituting the secondary alcohols
of the NaCMC with chlorine. There are more secondary alcohols in comparison to the amount of
sodium, leading to a higher number of chlorine atoms, which could be detected spectroscopically.
The third staining agent is a silane, (heptadecafluorodecyl)-trimethoxysilane (HDF-TMS). All the
exact procedures for both the preliminary investigations and the staining in electrodes are sum-
marised in chapter 4.8.
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5.3 Selective staining of NaCMC

All three approaches showed usable reactions with the pure NaCMC in the preliminary tests.
Regarding a pure NaCMC solution, the KSb(OH)s agent creates small crystallites with the sodium
ions present in the NaCMC. When adding the Lucas reagent to a pure NaCMC solution, it creates
a white, opaque dispersion, showing that the reaction with the secondary alcohols of the NaCMC
is possible. Finally, when allowing the HDF-TMS to react with a dried NaCMC coating, the EDS
showed a significant increase of fluorine content at the NaCMC sites.

5.3.1 Staining with KSb(OH)s

The different staining agents then are applied to stain the NaCMC in the corresponding electrode
layers. Sample preparation with an aqueous KSb(OH)s solution showed further challenges. De-
spite a saturated environment, some electrodes disintegrate, due to the NaCMC dissolving in wa-
ter again. Additionally, using a water-soluble salt comes with the inherent risk of creating crys-
tallites after drying on top of the active material, from excess staining agent. This led to either
excess KSh(OH)e forming on top of the electrode, see Figure 5.23, or the disintegration of the
electrode, when properly washing with water.

Figure 5.23:  SEM micrographs of a graphite electrode containing CMCao.s7, low mw and stained with a KSb(OH)s so-
lution, with KSh(OH)s crystallites visible on top of the graphite.

An aqueous KSh(OH)s solution therefore is an improper staining agent for being used in elec-
trodes containing NaCMC.
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5 Results and Discussion

5.3.2 Staining with the Lucas reagent

The Lucas reagent also showed a positive result in the preliminary investigations and is also based
on water-soluble zinc chloride salts and concentrated hydrochloric acid. Nevertheless, sample
preparation is without similar challenges compared to aqueous KSb(OH)s. When storing the elec-
trodes, either with or without a copper CC inside the aqueous solution, the electrode is not disin-
tegrating. One possible reason for the higher cohesion of the electrode could be the cross-linking
of sodium via the multivalent zinc ions, locking the NaCMC in place and hindering the dissolution
of the NaCMC. Washing the electrodes after staining therefore was possible without negative
impact on the stability of the electrode. SEM micrographs of an electrode coated onto a copper
CC and one free-standing electrode without copper CC, stained with the Lucas reagent, are illus-
trated in Figure 5.24.

Figure 5.24:  SEM micrographs of two different samples with the Lucas reagent. (a) Graphite anode on top of copper.
(b) Free-standing graphite electrode without a copper current collector.

For the electrode, the dissolution of NaCMC is not the main drawback, but the strongly acidic
environment of hydrochloric acid. It leads to the dissolution of copper, which precipitates
throughout the whole electrode as copper chloride. This overshadows any possible substitution of
the hydroxyl groups with the Lucas reagent and the detection of chlorine in the EDS as a hetero
atom. In comparison, the free-standing electrode was free of any copper during the staining. How-
ever, despite overcoming the formation of copper chloride during the staining process, there was
no chlorine detectable on the free-standing electrode sample, rendering the method impractical.
This could be due to the Lucas reagent not reacting sufficiently with the NaCMC, leaving too
small amounts of chlorine at the NaCMC sites. Therefore, both the use of an aqueous KSb(OH)s
solution and the Lucas reagent lead to a reaction with a pure NaCMC sample but are unable to
trace the NaCMC in the electrode.
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5.3 Selective staining of NaCMC

5.3.3 Staining with HDF-TMS

When choosing HDF-TMS, the previous limitations of the other staining agents were considered.
HDF-TMS itself is not a salt, it is liquid by itself and has to be applied via another organic solvent
like ethanol. Diluting HDF-TMS with another solvent hinders self-condensation and allows for
the activated HDF-TMS to be available for reaction with active sites in the NaCMC. Furthermore,
HDF-TMS introduces multiple fluorine atoms, when reacting with the NaCMC polymer. This
allows amplification of the signal for the NaCMC, as only a few reaction sides are available for
the HDF-TMS to react with the polymer. When considering the application, side reactions with
other components of the electrode have to be examined. The EDS mapping results for fluorine of
the individual components used in the slurry are shown in Figure 5.25 after HDR-TMS staining.
All were stained with HDF-TMS according to chapter 4.8.

100 um

Figure 5.25:  EDS mapping results of fluorine (magenta) for corresponding components of graphite electrodes after
staining with HDF-TMS. (Reproduced from Keim et al. 1%?)

To apply HDF-TMS to the porous electrodes the staining agent needs to selectively react with the
NaCMC when used in a graphite anode. Only NaCMC shows significant amounts of fluorine via
EDS, with a total of 44.4 atom% of fluorine. In comparison, the second highest amount is graphite
with only 0.4 atom% of fluorine, suggesting that only NaCMC is reacting with the HDF-TMS
and serves as a proof of concept. The corresponding EDS mapping results of a graphite electrode
containing CMCo.7, 1ow mw are illustrated in Figure 5.26.
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5 Results and Discussion

Figure 5.26:  EDS mapping results after staining with HDF-TMS of fluorine (magenta) graphite anode cross-section,
containing CMCao.7, low mw. (Reproduced from Keim et al. 192)

Fluorine is detected via EDS in between particles and sometimes even inside particles. Addition-
ally, neither the graphite surface nor the copper current collector displays high amounts of fluo-
rine. The EDS results therefore suggest, that HDF-TMS reacts with NaCMC inside of the porous
electrode structure and not only with a pure NaCMC sample. Fluorine is observed in places where
the polymer binder is expected, like in between particles. Additionally, the binder is detected at
other locations for instance inside the active material particles. It is, therefore, of further im-
portance to clarify, if the fluorine introduced by the staining agent is accurately portraying the
NaCMC distribution.

Accurately displaying the NaCMC includes excess staining agent being properly removed when
the staining is done. Therefore, the staining agent that has not reacted with NaCMC is not sup-
posed to stay in the porous electrode. Otherwise, excess staining agent could lead to false positive
results and would lead to misinterpretation of the data as NaCMC, despite only showing the stain-
ing agent. To investigate this, the condensation reaction which occurs at elevated temperatures
(here at 60 °C) should be less favoured, with the temperature of the staining being lower. There-
fore, a graphite anode is submerged in the staining agent for 16 hours in ambient conditions. This
allows the staining agent to properly wet the electrode and the proper distribution of the activated
HDF-TMS throughout the porous structure, without enhancing the condensation reaction to take
place between the staining agent and NaCMC. Afterwards, the sample was washed with ethanol
according to chapter 4.8.3. After residual ethanol is fully evaporated, cross-sections are measured
via EDS, see Figure 5.27.
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5.3 Selective staining of NaCMC

Figure 5.27:  EDS mapping results of fluorine (magenta) after storing the electrode in HDF-TMS at ambient condi-
tions for 16 hours. (Reproduced from Keim et al. 1%2).

With only 0.11 atom% of fluorine being detected, the resulting fluorine distribution rather dis-
plays measurement artefacts instead of a factual fluorine distribution. While the investigations of
the raw material CB show no reaction with fluorine, HDF-TMS could possibly adhere in the
porous anode. This would be reasoned with the increase in surface available in comparison to the
compressed sample, which was submerged in the staining agent. Nevertheless, even when en-
hancing the focus on those areas with high amounts of CB, there is not more fluorine detectable
via EDS (see Appendix A 5). Even when comparing the CB fluorine content with other parts of
the porous electrode, the detectable fluorine concentration stays similar to the average of the
cross-section. This further indicates that the HDF-TMS is not adhering or reacting with other
components when stored in ambient conditions. This includes the high surface area of conductive
additives such as CB.

Increasing storage time, when allowing for the condensation reaction to take place at elevated
temperatures, is coupled with an increase in fluorine concentration, see Figure 5.28. While four
hours show 0.46+ 0.03atom% fluorine, it steadily increased. Eight hours lead to
1.1 £ 0.1 atom%, with 16 hours reaching 1.5 + 0.1 atom%, and 60 hours showing the highest
measured value of 4.4 + 0.2 atom% of fluorine. 1% This demonstrates, that the staining process is
time dependent. A storage time of 16 hours creates sufficient staining of the NaCMC, as already
shown with the aforementioned sample. Increasing the temperature is therefore necessary to allow
for a reaction to take place between the NaCMC and the HDF-TMS. By changing the storing
duration of the samples in the staining agent, it was possible to identify conditions of sufficient
staining of the NaCMC.

71



5 Results and Discussion

0 20°C n
4 4 B 60°C B
S 3 :
N’
X
£ 2 :
=
|
14 n a
Ed
O I 'D ! ' T T T T T T T

0 10 20 30 40 50 60
Time in hours

Figure 5.28:  Time-dependent fluorine concentration detected per cross section, after HDF-TMS staining. The result
of staining at ambient conditions is shown as well. All anodes contained CMCo.67, 1ow mw and the fluorine
content was detected via EDS.

Shortening the exposure times leads to less pronounced staining. By decreasing the contrast and
reducing the amount of reacted staining agent, the binder distribution could be portrayed as less
accurate, as the signal-to-noise ratio decreases. Further extending the storing duration leads to a
higher amount of fluorine being observed. Higher fluorine content being detectable creates a bet-
ter contrast in comparison to lower amounts of fluorine. This becomes especially apparent when
comparing the mapping results for 16 hours and 60 hours of storing time, as shown in Figure 5.29.
Two possibilities are potentially explaining the steady increase in fluorine concentration. For one,
HDF-TMS could continuously react with the NaCMC. Nevertheless, the long duration combined
with the steady increase in fluorine detectable rather reasons for the self-condensation reaction of
the HDF-TMS. 2°2 The silane then reacts with itself creating a multitude of silicon-oxygen bonds
leading to a high concentration of fluorine. If the self-condensation occurs, the staining agent
would then not depict the NaCMC on its own, but even further enhance the visibility, as observed
in Figure 5.29. Nevertheless, 16 hours of storing at elevated temperature creates a sufficient con-
trast to detect the NaCMC.
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5.3 Selective staining of NaCMC

Figure 5.29:  Time-dependent fluorine (magenta) concentration detected via EDS per cross section (a) 16 hours
(b) 60 hours of staining with HDF-TMS. The difference in fluorine content did not lead to an improved
localisation of NaCMC. All anodes contained CMCo.7, 1ow mw (Reproduced from Keim et al. %2).

To finalise the understanding of whether the HDF-TMS reacts with the NaCMC carboxy! or hy-
droxy moieties, different DS of NaCMCs were investigated to compare changes in the reaction
sites. The results of various anodes containing different NaCMCs, with lower (CMCo .42, 1ow mw),
middle (CMCo.7, 1ow mw) and high (CMCo g5, 1ow mw) DS are illustrated in Figure 5.30.

DS 0.95 DS 0.67
3.0 atom%(F) 1.5 atom%(F)

Figure 5.30:  Fluorine (magenta) concentration detected via EDS for cross sections of electrodes containing NaCMCs
with different DS after staining with HDF-TMS (Reproduced from Keim et al. 1%2),
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5 Results and Discussion

The respective amount of fluorine detected in each cross-section is displayed as well. The elec-
trode containing CMCo42, 1w mw leads to 0.9+ 0.1atom%, while it increases for
CMCoe7, 1ow mw to 1.5 = 0.1 atom%. The highest fluorine content is detected for CMCo.gs, low mw
with 3.0 £ 0.1 atom%. Increasing the DS therefore is accompanied by a higher amount of observ-
able fluorine. Another positive implication of the higher DS is the higher water retention. When
more water is stored inside the NaCMC, if there is any leftover HDF-TMS which was not previ-
ously hydrolysed, it could directly form at the reaction site, further reducing the risk of side reac-
tions. The staining duration could therefore be adjusted depending on the DS to allow for equal
contrast.

Gadhave et al. suggest, that silanes reacting with pure cellulose are coupled with the polymer
backbone through the hydroxyl groups. 2°® The results strongly indicate that the silane is reacting
with the carboxyl moieties in the NaCMC, reasoning the following reaction mechanism illustrated
in Figure 5.31. 192
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Figure 5.31:  Possible reaction mechanism of HDF-TMS with NaCMC, without prior activation. MeOH and EtOH

are used as abbreviations for Methanol and Ethanol respectively (Reproduced from Keim et al. 1%2).

The complete activation of the HDF-TMS to the silane, due to using excess water, allows for the
silane to further be reactive after bonding to the NaCMC. This would create new reaction sites
for the self-condensation reaction of the silane with a further activated staining molecule.
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6 Summary

The main focus of this dissertation is on creating a deeper understanding of the influence of so-
dium carboxymethyl cellulose (NaCMC) on the properties of negative electrodes for lithium-ion
batteries and how those translate into cell performance. The main emphasis is given to the degree
of substitution (DS) and gel particles.

Using the surface free energy (SFE) method and the connected theoretical concepts allows for
understanding the driving forces behind the interactions for NaCMCs with different DS and how
those changes affect the final electrode properties. This is especially apparent for the adhesion,
electrical resistance, and residual water content, where the investigations lead to a proper under-
standing of interactions and electrode properties. The method shows how an increasing DS leads
to decreasing electrical resistance as the interaction with the conductive additive becomes more
likely. Additionally, a decrease in DS also enhances the adhesion strength of the electrode, as the
interaction of NaCMC with carbon black becomes less likely, while the interaction with SBR and
the current collector increases. Finally, the SFE method allows for the correlation that the higher
hydrophilicity of NaCMCs translates into higher residual water content in dried anodes.

It was also recognised that the SFE method shows some boundaries regarding its applicability.
Polymer properties, like the molecular weight and impurities, are not expressed by a change in
SFE, therefore leading to the same interpretations while impacting the electrode properties.

The observed influence of NaCMC on electrode properties directly translates into the cell perfor-
mance. It was found that NaCMC with a low molecular weight and a DS of 0.67 provided the
best electrochemical results in comparison to all other NaCMCs used. Various factors lead to this
NaCMC to provide the best environment for the active material. When the DS is increased
beyond 0.67, the residual water content also increases. The higher the amount of residual water
in the electrodes, the worse the capacity retention, which is both in line with the literature and the
observations of the cell performance. When decreasing the DS below 0.67, the capacity retention
also decreases. While the water retention is lower in comparison to higher DS NaCMCs, the elec-
trical resistance increases. The higher the discharging rates, the more apparent the disparity be-
comes, suggesting that the differences in capacity retention are due to the gradual increase in
electrical resistance. While higher molecular weight NaCMCs show decreasing interfacial re-
sistance, which could positively impact the rate capability performance, the high amount of re-
sidual water overshadows any benefits, decreasing the cell performance significantly. All inves-
tigated high molecular weight NaCMCs, therefore, show lower capacity retention and cell
performance than their respective low molecular weight counterpart.

The influence of water on the cell performance becomes especially apparent when using the same
polymer properties while increasing the gel particle content gradually. The higher amount of re-
sidual water led to a decrease in capacity retention and cell performance, with the anode contain-
ing the lowest gel content showing both the highest cell performance and lowest residual water
content. This was in line with the observed post-mortem results showing a correlation between
SEI formation on the anode and residual water content in the dried electrodes. The SEI was most
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6 Summary

pronounced for the highest residual water content. Therefore, one of the most important findings
in this work is to control the gel particle amount in the electrode to ensure optimal performance.

Finally, a novel staining approach using HDF-TMS for the visualisation of NaCMC via EDS was
shown. While other staining agents were insufficient in properly staining the NaCMC, HDF-TMS
showed positive results. It only reacts with the NaCMC, without adhering or reacting with other
species in the electrode. Additionally, a reaction mechanism was proposed based on the results,
which suggest that the carboxyl moieties of the NaCMC are the ones responsible for the reaction
with the NaCMC.
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7 Outlook

The SFE method offers great potential, but the limitations regarding changing polymer properties
and the increasing number of interactions being affected by interchanging one component have
to be considered. Nevertheless, it is of exceptional value in understanding and exploring the dif-
ferences in polymer properties influencing the electrodes. This leads to a multitude of possible
future applications not only limited to the processing side of the electrodes. It could help further
understand the wetting behaviour of electrolytes on electrodes, designing specific surface behav-
iours to increase adhesive properties (e.g. via corona treatment) or used as a tool to further explore
interactions in dry processing. Future work could also expand on these findings by applying the
SFE method and theory on other binder systems, i.e. sodium alginates, to further understand and
explore the impact different polymer properties have on the electrode properties.

Secondly, when combining all results, it showed that NaCMC is significantly impacting the cell
performance through its influence on the electrodes. The systematic investigation of different
NaCMC polymer properties further allowed us to identify the best-performing NaCMC, a
NaCMC with a low molecular weight and a DS of 0.67. The proposition of said NaCMC being
the best NaCMC for every application is not factual. It rather identifies two very important key
figures influencing the cell performance, which are the residual water content and electrical re-
sistance. The gained understanding of influences of increased water retention based on the re-
spective binder and its impact on the cell performance could also be applied to other water-based
anode formulations. Furthermore, the high molecular weight NaCMCs showed higher adhesion
strength in comparison to the lower molecular weight NaCMCs. Future investigations should fo-
cus on whether the high molecular weight systems provide enough mechanical stability to allow
formulations disregarding SBR binder. Another focus of interest could be reducing the high mo-
lecular weight fraction, which could lead to a higher active material loading, with the water re-
tention being lower, as the decrease in NaCMC could lead to a lower number of entanglements.

Allowing for the selective staining of NaCMC also leads to a multitude of applications. Firstly, it
provides a method which is easily applicable and can significantly improve the understanding of
the NaCMC distribution. By using the staining method with other binders containing carbox-
ylates, i.e. sodium alginates and poly (acrylic acid), the scope of application could be further
expanded while better understanding the underlying reaction mechanism of the staining agent
with the polymers.

Most notable is the significant influence of the small impurity of the gel particles on the cell
performance and SEI formation. Gel particles were completely unaddressed in literature before,
but showed drastic influence. Especially considering that by using low gel particle anodes, the
secondary drying becomes obsolete. This could be investigated in large scale application, which
would lead to a significant decrease in energy consumption while providing an increase in effi-
ciency. Future work should therefore give the amount of gel particles in NaCMC, as the high
impact of the impurity should not be disregarded considering cell performance.
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8 Appendix

Regarding Chapter 5.1: Contact angles and SFE values for all electrode components.

Ethylene glycol DMSO Diiodo methane
Sample -
Contact angle in degrees
CC 525+20 22.2+0.6 34.7+0.7
CCnew 72.7+0.8 498+1.3 424 +0.2
CChnew,500w 422+25 175+0.6 575+1.1
Graphite 30.9+0.9 23.8+1.9 179+0.6
SBR 522+ 1.7 29.7+3.3 41.0+34
CMC1.23, 1ow mw 135+238 16.6 £2.3 50.7+£0.5
CMCo.s, low Mw 80+1.6 12.4+1.3 46.0+24
CMCoss, low mw 53+04 47+09 46.2+1.1
CMCo.75, low Mw 6.7+1.3 48+3.1 426+1.0
CMCos7, low Mmw 6.6+1.2 1.7+10 35.6+4.2
CMCo s, low Mw 9.6+0.3 3.0+0.3 30.2+0.7
CMCo.42, low Mw 11.3+0.8 3.0+038 246+0.8
CMCo 24, low Mw 6.8+0.2 26+1.1 34.3+£0.7
- Vs vs* ys”
Solid sample N T
Copper CC 43.4+0.8 42.2+0.6 1.2+04
Copper CCrew 35.5+0.3 35.43+0.2 0.1+01
Copper CCsoow 39.3+0.3 31.1+0.2 82+0.1
Graphite 48.1+1.8 457114 24+04
cB? 31.7+1.2 28.6+1.0 31+0.2
SBR 40.6 0.7 39.2+0.5 14+0.2
CMC1.23, low Mw 46.0 £ 0.7 32.1+£05 13.8+0.2
CMCo.95, low Mw 46.7+0.5 342+04 125+0.1
CMCoss, low Mw 47.3+0.7 35.0+£0.5 12.3+0.2
CMCo.75, low Mw 475+1.0 36.9+0.8 10.6+0.2
CMCos67, low Mw 48.4 £ 0.7 39.8+0.5 8.6+0.2
CMCoss, low Mw 490+15 420+1.0 7.0+0.5
CMCo.42, low Mw 499+14 444 +1.1 55+0.3
CMCo 234, low Mw 51.1+14 46.3+1.1 48+0.3
CMCo.7, high mw 473+1.3 38.3+0.7 9.0+0.6
Gelzso 47.0+2.5 36.8+2.3 10.2+£0.2

3: The values for the CB were measured via the Washburn method and reproduced from Weber et al. ¢

Appendix A 1: Upper Table: Results of the contact angle measurement via the sessile drop for slurry components and
NaCMCs with different DS. Lower Table: Resulting surface free energy (ys), including the separation
in the polar (ysP) and dispersive (ys®) contribution to the total surface free energy for the different com-
ponents.
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8 Appendix

Regarding Chapter 5.2.2: NMR Results and *H NMR results for the pure d®-DMSO solvent

Species Chemical Shift in ppm Multiplett
Ethylene Carbonate (EC) 4.48 S
Dimethyl Carbonate (DMC) 3.69 S
Hydrofluoric Acid (HF) ~10.6 d
DMSO (impurity) 6.28 S
Lithium Ethylene Dicarbonate (LEDC) 4.29 S
Ethyl Methyl Carbonate (EMC) 4.10 (Ju-w=7.1 H2) q
Methanol 4.08 (Jn-v= 5.5 H2) q
EMC 3.70 S
Poly-Ethylene Oxide based oligomers 3.57 m
LP30 (impurity) 3.50 S
Water 3.34 S
DMSO (impurity) 3.31 S
LMC 3.24 S
Poly-Ethylene Oxide based oligomers 3.23 m
Methanol 3.17 (Ju-v=5.5Hz) d
Lithium succinate 2.70 S
DMSO + DMSO satellites 2.50 (satellites: 2.67 + 2.33) m
EMC 1.24 (Jun= 7.1 Hz) t

Appendix A 2: Detailed summary of detected NMR species in *H-NMR for Figure 5.15 and Figure 5.16 (Chemical
shift interpretation based on 18518 impurities found in LP30 and DMSO are noted accordingly).
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Appendix A 3: *H NMR results for the pure d6-DMSO solvent used for the NMR investigations.
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8 Appendix

Regarding Chapter 5.2.4: Long-term cycling results for anodes with different gel particle contents
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Appendix A 4: Long-term cycling results for anodes containing different amounts of gel particles in coin cell format.

Regardlng Chapter 5.3: Enhanced carbon black (CB) agglomerate regarding staining agent

Cross sectlon % =
CB agglomerate -

= P

Silicon

Appendix A 5: Enhanced and highlighted CB agglomerate in a graphite anode cross section. The left side shows the
SEM micrograph with the CB agglomerate highlighted in blue. The right side lists the EDS mapping
results for carbon (Red), oxygen (Green), fluorine (Magenta), and silicon (Yellow) (Reproduced from
Keim et al. 1%2). No residual staining agent is apparent in the fluorine EDS results.

For in-depth EDS results, please resort to Keim et al. 12 in ACS Applied Energy Materials.
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