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Kurzfassung

Eine Lithium-lonen-Batterie stellt derzeit die teuerste Einzelkomponente dar, die in
einem Elektrofahrzeug integriert ist. Da der Marktwert, sowie etwaiige Garantieanspriiche
eines Elektrofahrzeuges ganz erheblich mit der Qualitat des Hochvoltspeichers einherge-
hen, kommt der Lebensdauer einer Batteriezelle eine ganz spezielle Bedeutung zu.
Hochautomatisierte Fertigungsprozesse, sowie abgestimmte Lade-/ Entladeprotokolle
helfen die Lebensdauer zu erhéhen und gleichzeitig das Potential der jeweiligen Zell-
chemie voll ausnutzen.

In diesem Kontext spielt das Verstandnis lGber Alterungsmechanismen und deren Ur-
sache & Auswirkung eine immer bedeutendere Rolle in der Batterieentwicklung. Ein
wichtiger Aspekt liegt in der Echtzeitanalyse parasitarer Nebenreaktionen, mit gasformi-
gen Komponenten. Um diese gasférmigen Nebenprodukte zeit- und potentialaufgelost
analysieren zu kdnnen, sind fortschrittliche analytische Techniken mit hoher Selektivitat
und Emp ndlichkeit erforderlich. Die Online-Elektrochemische-Massenspektrometrie
(OEMS) hat sich bisher als am leistungsfahigsten erwiesen, um nicht nur den Beginn
und das Ausmay der Gasbildung, sondern auch die interne Gaszusammensetzung unter
realen Betriebsbedingungen innerhalb der Batteriezelle bestimmen zu kdnnen.

Diese Doktorarbeit mit dem Titel "In-Operando-Untersuchungen an Lithium-lonen-
Batteriezellen zur Verbesserung der Leistung fir den Einsatz in Elektrofahrzeugen"
konzentriert sich auf die Implementierung eines OEMS-Systems und die Durchfiihrung
detaillierter Echtzeit-Analysen von Lithium-lonen-Batteriezellen. Besonderes Augen-
merk wurde hierbei auf die Analyse groyer Fahrzeugbatteriezellen (prismatisch und
zylindrisch) gelegt. Die hervorragende Anpassungsfahigkeit & Skalierbarkeit, sowohl
fur Forschungszellen (Swagelok-Zellen) als auch groyformatige Zellen, wie auch die
volle Mobilitat und der hohe technische Standard des OEMS-Teststands hinsichtlich
Sauberkeit und Robustheit, machen das hierin beschriebene OEMS-System bisher einzi-
gartig. Die aus dieser Arbeit abgeleiteten Erkenntnisse tragen dazu bei, sowohl die
Leistung von Batteriezellen als auch die Produktionskosten insbesondere fir Elektro-
fahrzeuganwendungen zu optimieren. Der Ergebnisteil der Dissertation besteht aus vier
Schlisselkapiteln:
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I.) Studie Uber die Ansprechcharakteristik eines OEMS-Systems unter Verwendung von
Chronoamperometrie: In diesem Kapitel wurden die Echtzeitansprechcharakteristiken
von Lithium-lonen-Batteriezellen unter konstanten Strombedingungen (chronoamper-
ometrisch) untersucht. Die Studie konzentrierte sich auf die Bewertung der Ansprechzeit,
Emp ndlichkeit und Genauigkeit des OEMS-Systems bei der Erkennung verschiedener
Gasarten wie Wassersto , Sauersto und Kohlendioxid, die Giblicherweise wahrend des
Batteriebetriebs erzeugt werden. Der Ein uss des Stromkollektor-Substrats auf das
Gasbildungsverhalten wurde ebenfalls untersucht, um ein umfassendes Verstandnis der
Fahigkeiten und Grenzen des OEMS-Systems zu scha en.

I1.) Auswirkungen der Elektrodenverdichtung auf das elektrochemische Leistungsverhal-
ten von NMC955: Dieses Kapitel konzentriert sich auf die Untersuchung, wie sich die
Verdichtung des Elektrodenmaterials auf dessen elektrochemische Leistung auswirkt.
Durch Variation der Elektrodendichte durch sogenanntes Kalandrieren wurden die
Auswirkungen der Kompaktierung auf Schlisselleistungsparameter wie Kapazitat, Leis-
tungsfahigkeit und Gasfreisetzung untersucht. Ziel war es zu verstehen, wie parasitéare
Nebenreaktionen vom Grad der Elektrodenverdichtung abhangen, um die elektrochemis-
chen Eigenschaften des zukinftigen Hochenergiematerials zu optimieren und so die
Energiedichte, Leistungsabgabe und Lebensdauer - alles entscheidende Faktoren fir
Elektrofahrzeuganwendungen - zu verbessern. Des Weiteren wurde aufgezeigt, dass sich
die OEMS-Technik hervorragend zur schnellen Untersuchung einzelner Produktionspa-
rameter (wie z. B. dem Kalandrieren) eignet.

I11.) Gasfreisetzung in groyformatigen Automotive-Lithium-lonen-Batterien wahrend
der Formierung: Auswirkung der Zellgroye und Temperatur: Dieses Kapitel untersucht
das Gasfreisetzungsverhalten in groyformatigen Zellen wahrend des kritischen SEI-
Formierungszyklus. Der Prozess, bei dem die Batterie erstmals geladen und entladen
wird, ist bekannt daflir, dass verschiedene Gasarten wikl,, CO, CO», und C,H4 entste-
hen, die vor dem Verschluss der Zelle entfernt werden sollten. Die zeitaufgeloste Sicht
auf die Gasungsprozesse kann daher die Zellproduktion erheblich beschleunigen und die
Kosten in der Zellfertigung senken. Die Experimente wurden an zwei unterschiedlichen
Zellgroéyen durchgefuhrt, um die Auswirkungen der Zellgréye auf die Gasbildung zu
beurteilen. Zusatzlich wurden die Zellen bei unterschiedlichen Temperaturen von + 18C

bis + 45 °C geladen, um die thermischen Auswirkungen auf das Gasfreisetzungsverhal-
ten und die SEI-Zusammensetzung zu verstehen. Durch die Analyse der Gasdaten in
Verbindung mit anderen ex-situ Methoden zielte die Studie darauf ab, Einblicke in die
zugrunde liegenden Mechanismen zu gewinnen, die die Gasbildung in groyformatigen
Lithium-lonen-Batterien steuern. Die Erkenntnisse aus diesem Kapitel kénnen Bat-
teriehersteller und Systemdesigner dabei unterstlitzen, die Formierungsprotokolle und
die SEI-Eigenschaften von groyformatigen Lithium-lonen-Batterien zu verbessern.
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IV.) Gasfreisetzung in SiO;-haltigen Batteriezellen: Dieses Kapitel konzentriert sich auf
die Untersuchung der Gasfreisetzung in Lithium-lonen-Batteriezellen, die Siliziumoxid
(SiOy) als Teil des Anodenmaterials enthalten, welches eine entscheidende Rolle flr
die Kommerzialisierung von Hochenergie-Lithium-lonen-Batterien darstellt. Ziel ist es,
die Gasentwicklungsmechanismen und -dynamiken in dieser Art von Batteriechemie zu
verstehen, was bei der Entwicklung verbesserter Silizium-basierter Elektroden helfen
kann. Zunachst wurde das Gasfreisetzungsverhalten von Modellbatteriezellen mit
SiOx-basierten Anoden unter Verwendung verschiedener Elektrolytzusammensetzungen
detailliert untersucht. Zweitens wurden zylindrische Zellen in automotive Auslegung
(Typ 4695) mit Hilfe einer neuartigen in-opeando Analysenkammer untersucht. Dies
beinhaltet eine Analyse der Gasfreisetzung wahrend des Formierungszyklus, mit beson-
derem Fokus auf den Ein uss der Temperatur auf das Gasfreisetzungsverhalten.
Darlber hinaus prasentiert dieser Abschnitt eine Machbarkeitstudie zur Gasentwicklung
in einer 4695-Zelle, unter normalen Betriebssbedingungen (Lade-/ Entladezyklus). Als
Proof-of-Concept zeigt dieser Abschnitt die Anwendbarkeit der entwickelten Analysen-
kammer, dass die zeit- und potenzialaufgeldsten Gasanalyse fir jede Art von Batteriezelle
in jeder Phase der Lebensdauer angewendet werden kann. Darauf aufbauend kénnen
weitere Studien erfolgen, die die Gasentwicklung unter normalen Betriebsbedingungen
(Laderate, Abschaltspannung, Temperatur, Zellchemie, etc.) detailliert untersuchen.
Auch die Wirksamkeit spezieller Additive, die die Gasbildung unterdrticken bzw. ver-
ringern, kénnen so gezielt untersucht werden. Zuletzt besteht die Méglichkeit, mithilfe
des dargestellten Setups eine-operando-Analyse spezi scher Batteriezellen auf die
zuvor genannten Parameter durchzufihren.

Zusammenfassend bietet die Entwicklung und Anwendung dein-Operando-Gasanalyse,
insbesondere an groyformatigen Zellen, eine einzigartige Gelegenheit, leistungs-/ und
lebensdauer-begrenzende Nebenreaktionen wahrend des Betriebs elektrochemischer
Zellen aufzuklaren und so zukiinftige Zellchemien besser ausnutzen zu kénnen, bei
gleichzeitiger Optimierung der Lebensdauer. Die Anwendung dein-Operando Versuchs-
zelle bietet hierbei die Gelegenheit ein grundsatzlich fundamentales Verstandnis Uber
die elektrochemischen Degradationsprozesse auf Materialebene zu erforschen und zu
charakterisieren.
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Abstract

An automotive lithium ion battery cell is currently the most expensive single component
integrated in an electric vehicle. As the market value and any warranty claims of an
electric vehicle are very much dependent on the quality of the high-voltage battery pack,
the lifetime of a battery cell is of particular importance. Highly automated production
processes and optimized charging / discharging protocols help to increase the lifetime
and at the same time utilize the potential of the respective cell chemistry to its maximum.

In this context, the understanding of aging mechanisms and their cause & e ect is
playing an increasingly important role in battery development. One important aspect

is the real-time analysis of parasitic side reactions with gaseous components. In order
to analyze these gaseous by-products in a time- and potential-resolved approach, ad-
vanced analytical techniques with high selectivity and sensitivity are required. Online
electrochemical mass spectrometry (OEMS) has hitherto been proven most powerful
to determine not only the onset and extent of gas evolution, but also the internal
composition under operando conditions.

This PhD thesis, titled "In-Operando Investigations on Lithium-lon Battery Cells to
Improve Performance for the Use in Electric Vehicles," focuses on the implementation
of an OEMS system and conducting detailed real-time analyses of lithium-ion battery
cells to gain insights that help to enhance their performance and reducing production
costs, especially for electric vehicle applications. The various possible settings, excellent
adaptability and scalability towards large format cells makes the herein described OEMS
system comparable to nothing else. The results section of the thesis consists of four key
chapters:

I.) Study of the Response Characteristics of an OEMS System Using Chronoamper-
ometry: In this chapter the real-time response characteristics of lithium-ion battery
cells under constant current (chronoamperometric) conditions were studied. The study
focused on evaluating the OEMS system's response time, sensitivity, and accuracy
in detecting various gas species, such as hydrogen, oxygen, and carbon dioxide. The
in uence of the current collector substrate on the gas evolution behavior was also studied
to establish a comprehensive understanding of the OEMS system's capabilities and
limitations.
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I1.) Impact of Electrode Densi cation on the Electrochemical Performance of NMC955:
This chapter focuses on the investigation of how the compaction of the electrode mate-
rial a ects its electrochemical performance. By varying the electrode density through
so-called calendering, the e ects of compaction on key performance parameters such as
capacitance, e ciency and gas release were investigated. The aim was to understand
how parasitic side reactions depend on the degree of electrode compaction in order
to optimize production parameters as well charge/discharge parameters of this future
high-energy material. Thus improving energy density, power output and lifetime - all
crucial factors for electric vehicle applications. In this work it was also shown that
OEMS technology is ideally suited to do rapid investigation of individual production
parameters, such as calendering, and their in uence on the electrochemical performance
of the produced electrode/battery.

[11.) Gas Evolution in Large-Format Automotive Lithium-lon Battery During Formation:

E ect of Cell Size and Temperature: This chapter examines the gas evolution behavior
in large-format prismatic cells during the critical SEI formation. The process, which
involves the initial charging and discharging of the battery, is known to be accompanied
by the generation of various gaseous species, suchlg, CO, and CO,, which might be
removed before the cell can be sealed and shipped. Hence, a time-resolved view on those
gas evolution processes, can speed up production and reducing costs in manufacturing.
The experiments were conducted on two di erent cell sizes to assess the impact of
cell scale on gas generation. Additionally, the cells were charged at di erent tempera-
tures, ranging from + 10 °C to + 45 °C, to understand the thermal e ects on the gas
evolution behavior. By analyzing the OEMS data in conjunction with other ex-situ
methods, the study aimed to provide insights into the underlying mechanisms govern-
ing gas generation in large-format cells. The ndings from this chapter help battery
manufacturers and system designers optimize the formation protocols and cell chemistry.

IV.) Gas Evolution in SiO «-containing Battery Cells: This chapter focuses on the study
of gas release in lithium-ion battery cells containing silicon oxide (SiQ) as part of
the anode material, which plays a crucial role in the commercialization of high-energy
lithium-ion batteries. The aim is to understand the gas evolution mechanisms and dy-
namics in this type of battery chemistry, which can help in the development of improved
silicon-based electrodes. First, the gas release behavior of model battery cells with
SiOx-based anodes was investigated in detail using di erent electrolyte compositions.
Secondly, cylindrical cells in automotive design (type 4695) were investigated using a
novel in-operando analysis chamber. This includes an analysis of the gas release during
the formation cycle, with a special focus on the in uence of temperature on the gas
release behavior.
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In addition, this section presents a feasibility study of gas evolution in a 4695 cell
under normal operating conditions (charge/discharge cycle). As a proof-of-concept, this
section demonstrates the applicability of the developed analytical chamber that time-
and potential-resolved gas analysis can be applied to any type of battery cell at any
stage of its life cycle. Based on this, further studies can be carried out to investigate
the gas development under normal operating conditions (charging rate, cut-o voltage,
temperature, cell chemistry, etc.) in detail. The e ectiveness of special additives that
suppress or reduce gas formation can also be speci cally investigated in this way. Finally,
an in-operando analysis of selected battery cells for the above-mentioned parameters
can also be carried out with the setup shown.

In summary, the development and application ofin-operando gas analysis, especially
on large-scale cells, 0 ers a unique opportunity to elucidate performance- and lifetime-
limiting side reactions during the operation of electrochemical cells and thus to better
exploit future cell chemistries while optimizing lifetime. The application of the intro-
ducedin-operando model cell (coin cell) o ers the opportunity to explore and built a
fundamental understanding of the electrochemical degradation processes at the material
level.
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1. INTRODUCTION

Introduction

In 2023, the global daily consumption of oil was estimated to be 102 million barrels,
which equates to 16 billions liters. With a global population facing nearly 8 billion
inhabitants, the daily consumption of each person is just around 2 liters. Its the same
amount you are advised to drink water! So some readers could argue that human race
don’ t have to take action, using this little amount of oil each day. However, there is a
huge discrepancy among the globe, when it comes to oil consumption. The organization
for economic co-operation and development@ECD) countries and the middle east
region consume the most oil per capita, leading-up to 10 liters per person each day in
the United States and Canada, while emerging markets consume the least. For instance,
the oil consumption in the democratic republic of Congo is estimated to be only 0.03 L
per person per dayi! Sl

The intense use of fossil fuels results in a massive emission of carbon dioxideQ),
which is the main greenhouse gas. Hence a global impact on the climate results from
usage of fossil fuels. Now, and in the coming decades. In order to tackle the global
warming and to ful ll the Paris agreement (COP21), our energy infrastructure must
be reformed by shifting towards renewable energy sources and reducing fossil fuel con-
sumption. However, even in 2023 the global oil demand was still growing, mainly due
to emerging countries and the rising demand in road transportation. The global car
eet expanded by more than 600 million cars over the last 20 years, and road freight
activity has increased by almost 65 %. Today, internal combustion enginelCE) based
cars make up to 25 % of the global emitted greenhouse gases. Road transportation
now accounts for almost 45 % of the global oil demand, which is far more than any
other sector!! 3 Hence, the electri cation of the transportation sector towards electric
vehicles (EVs) is crucial in order to ful I COP21.

Almost all major car manufacturer have committed themselves to develop and to release
battery electric vehicles BEVs). The basic concept of lithium-ion battery cells LIB s)
as we know them today, was achieved by the profound and long lasting research e ort of
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John B. Goodenough, Stanley Wittingham and Akira Yoshind. Based on their research,
the nickel-metal hybrid battery was subsequently replaced within all major portable
electronic devices like laptops, cell- or head-phones in the late 1990s. Following that, a
rapidly evolving market grow of wearable consumer electronics due to production cost
reduction has nally let to the begin of electri cation of the individual transportation
sector in the last ten years. Nowadays, e-scooters, e-bikes and electric cars are part of
our daily life. Hence, the usage oLIB s as energy storage devices has become the main
topic in the eld of energy conversion and the key technology in our modern societ{!

Additionally, two key buying factors by the customers have to be considered: Firstly,
the available driving range of aBEV and secondly, the cost of @BEV compared to
an ICE based vehicle. The driving range depends on the total energy of the battery
pack and is a function of the energy density of the individual cell and the energy
consumption of the car per mile/lkm. Blomgren!* as well asAndre et al.l% estimated

a driving range of > 300 miles as key requirement to bring EV's successfully to the
mass market. The US department of energy[DOE) estimated that a price of < 125
$/KWh on pack and < 75%/KWh on battery level needs to be achieved to makeBEV s
comparable toICE carsI®7] The price for pack level in 2023 already hit a minimum of
139 $/kwWh, which shows that the development is on its path!®l The newest bayerische
motoren werke aktiengesellschaft BMW AG ) Mini Cooper-e has a nominal capacity
of 40.7 KWh (36.8 KWh are usable) with an electric range of 190 miles and an energy
consumption of 11 KWh/100 km (62 miles)!®! Taken the costs of the study above
per KWh as given, a pack price of 5600 $ is calculated. This is already a fair price,
compared to former electric vehicles, where cost where nearly doubled. The Tesla
Model 3 which is one of the most successfully solBEV s comes along with a 60 kwWh
battery pack (57.5 KWh usable), allowing a driving range of up to 250 miles with an
energy consumption of 14.2 kWh/62 miled!® The price of the battery pack could
be somewhere around 8500 US$. However, Tesla is using cheapd#rePO,4 (LFP)-
based battery cells in this model, making it more a ordable. Those two cars show
exemplary that BEV s are already competitive to ICE cars even in the mid-price segment.

In order to foster e cient and future proof car assembly processes, huge e orts have
been made in terms of mass scale production technologies and process optimization, as
well as employee re-training for these new technologies. It is important to note, that
the battery pack of an electric vehicle and the vehicle itself underlies strict international
regulations towards safety and lifetime, more than any other electronic device.

! elected for the noble price in chemistry in 2019
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Also a lot of research attention has paid on energy density, lifetime, and safety dfIB s.
In the following a short overview about the individual research topics and their current
progress & hurdles in regards to BEV application, is given.

1. Screening of Electrode Materials: One crucial aspect of battery performance is

the choice of electrode materials. By evaluating various electrode materials regarding
their electrochemical performance, structural changes during cycling, and their impact

on the overall battery performance, insights into the most suitable electrode materials

for enhanced performance and extended lifespan und&EV applications, can be gained.

Several hundred kilogram of active material are needed for a high voltage battery pack,
therefore also the cost-to-performance ratio is crucial.

2. Electrolyte Optimization: The liquid electrolyte, including solvents, salts and
additives plays a vital role in battery performance and safety. By studying di erent elec-
trolyte formulations, a fundamental understanding of the impact of those components
onto cell capacity, cycle life, and safety can be gained. Advanced analytical techniques
such as nuclear magnetic resonance spectroscogyNIR) and electrochemical impedance
spectroscopy EIS) can be employed to analyze electrolyte behavior and its interaction
with the electrode materials.

3. Safety and Thermal Management: Battery safety and thermal management are
critical, especially for EV applications. By analyzing the impact of di erent cooling
strategies (active/passive cooling) on temperature distribution, performance, and safety,
the battery thermal management solutions can be improved and a thermal runaway
of the cell can be prevented. The overall cell-pack housing consist of either strong
metal parts or plastic components mixed with glass ber to protect the batteries in
case of a fatal accident from intrusion of shrapnel's or deformation. Also the electrical
integrity has to be guaranteed, as the nal battery-voltage pack comes along with
several hundreds of volts.

4. Modeling and Simulation: Mathematical models and simulation tools were
developed and can be used to predict battery behavior and performance. By incor-
porating electrode kinetics, di usion processes, and thermal e ects, these models can
simulate battery performance accurately. Validation using in-operando experimental
data will ensure the reliability of the models. Ultimately, these models can be used to
optimize battery design, predict battery aging, and explore strategies for improving
performance, lifespan and also safety requirements. Simulations are also needed for
state of health (SOH) and state of charge SOC) predictions, to precisely inform the
driver about the remaining driving range.
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5. Production of Battery Cells: Battery cell production requires a high level of
precision, uniformity and automatization. However, they also represents a complete new
eld for existing original equipment manufacturers (OEMs). Based on the individual
vehicle and its later application, e.g. city car, van, limousine the cell chemistry and
cell design is chosen. Following that the integration of the single cells into the car via
battery modules up to high voltage battery pack has to be precisely optimized, in order
to achieve a good lling grade of the cars sub-body.

6. Characterization of Battery Degradation: Understanding battery degrada-

tion mechanisms is crucial for improving performance and lifespan. By investigating
the e ects of cycling, temperature, charging/discharging rates, and production steps,
key factors contributing to capacity loss and reduced performance, can be identi ed.
Techniques such a€l1S and di erential capacity analysis (DCA) can be employed to

monitor changes in battery impedance and capacity over time.

7. Advanced Diagnostics Techniques: Developing novel in-operando diagnos-
tic techniques can provide valuable insights into battery behavior during operation.
Spectroscopic methods e.g. Raman spectroscopy or IR-spectroscopy can be used to
analyze chemical and structural changes within the battery environment. Electrochem-
ical techniques e. g. scanning electrochemical microscopBECM) can probe local
electrochemical activity, while imaging techniques e. g., X-ray tomography or magnetic
resonance imaging MRI1) will visualize the spatial distribution of battery components.
The development and broad implementation of those techniques will enhance the under-
standing of battery performance and degradation phenomena and hence improve the
development of future battery designs.

In the past and even today each of those topics were separately studied and improved.
However, LIBs are complex systems were many requirements in terms of chemistry,
material science, intrinsic and industrial limitations are often intimately related. For
example increasing the LIB s voltage would lead to a higher energy density and lower
cost ($/KWh), but on the expense of battery lifetime and safety. Furthermore, especially
in the automotive sector there was a strong seek of new materials including electrolyte
formulations with high energy density to bring EV's to market penetration and to achieve
the required power density, while intrinsic limitations and electrochemical degradation
phenomena were often disregarded.

One common degradation phenomenon within battery cells is the spontaneous formation
of a variety of gaseous species, like hydroger$), carbon monoxide (CO), carbon
dioxide (CO.,), ethylene (C2H4), and oxygen (O2). The origin, extent, and onset of those
gas evolution reactions are often elusive and rarely investigated due to the complexity

4
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of the involved parameters. This is particularly true, when it comes to large-format
battery cells for automotive purposes. On one side, gas evolution reactions are well
known to take place, within cell production, when the cell is charged for the rst time
and passivation layer formation as well as contamination reduction takes place, see
gure 1 for illustration. On the other side, gas evolution reactions can take place
during normal cell operation leading to undesirable cell volume expansion and pressure
increase. This can cause cell-can deformation, cell failures up to violent short circuits
and cell explosions and must be avoided. A detailed investigation of those gaseous
components including a fundamental understanding of their origin in terms of chemical
decomposition reactions as well as external forces and how to prevent them, can help to
further optimize battery cell production, speed up future cell development and might
help to further improve battery performance by optimizing charge/discharge protocols.

Figure 1: Single layer pouch cell after assembling (left) and after the rst charging procedure
(right) to highlight the intrinsic gas formation. The rst charging process results in the partial
decomposition of some of the liquid electrolyte ingredients and nally results in gas formation.
The time-and potential resolved view on these gas formation processes within the rst charging
procedure is one of the questions, this work deals with.

The gas evolution reactions within battery cells has to investigated in-situ or in-operando
during operation of the cell, as contamination and relaxation issues has to be avoided,
which would occur during stopping and disassembling procedures. Moreover, the
detection of gaseous species requires specialized analytical techniques, such as mass
spectrometry. Therefore, the development and adaptation of an online electrochemical
mass spectrometry QEMS) system, especially for the use of large-format automotive
cells is the aim of this work. Due to the combination of mass spectrometry in combina-
tion with electrochemical cycling procedures, a real-time observation within the battery
environment, can be gained and allows to draw conclusion of the origin of those gaseous
species under realistic electrochemical conditions.

In focus of this thesis is therefore the determination of the response-time of the developed
OEMS-system (chapter 4), the degradation & gassing phenomena of various densi ed
cathode materials (chapter 5), the process optimization of the rst charging procedure
within large-format prismatic cells, (chapter 6) as well as an out-view for the adaption
of the newest cylindrical automotive cell format (chapter 7).
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Fundamentals

2.1 Working Principle of a Lithium-lon Battery

Originally designed as an energy storage device, a lithium-ion battery cell{B) con-
verts chemical energy into electrical and vice versa. State of the aitIB s are based
on the "rocking-chair" concept, where the lithium ions are shuttled back and forth
between the electrodes!! This concept is the basis for the design of the electrodes.
Intrinsically stable intercalation materials can reversibly store lithium-ions in their
host structure, making them rechargeable!! 131 According to common conventions
in the eld of LIBs, the electrode with the lower lithiation-potential is the negative
electrode and is referred to as the "anode". The electrode with the higher lithiation
potential is referred to the positive electrode and called "cathode". This nomenclature
is applied consistently throughout this work. The main components of a LIB are illus-
trated in Figure 2. This essentially represents the 1 cell, introduced by Sony in 199114

The electrodes speci ¢ active materials are commonly mixed with a polymer binder
and a conductive carbon agent, to ensure proper adhesion and conductivity between
the particles itself, as well as between the current collector foil and the coating. The
initially prepared slurry of those components is either water based (anode) or based on
n-methyl-2-pyrrolidone (NMP) (cathode). The usage of latter one is heavily discussed
due to its health hazards and its onerous recovery during electrode drying. The anode
slurry is usually coated onto a copper Cu) foil, whereas the cathode slurry is coated
onto an alumina (Al) foil. Both current collector foils have a thickness of 8-12um. [1°]
The coating thickness of the active materials typically ranges from 50-20Qum. To
prevent any mechanical contact that could cause short circuits, a poly-ole n separator
with a thickness of 14-25um and slightly larger dimensions is placed in between the
electrodes!¥ The separatof s pores and the active materials macropores are soaked
with a non-aqueous electrolyte mixture, containing a dissociated lithium-salt, usually
lithium hexa uorophosphate (LiPF ).
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Figure 2. Schematic illustration of the main components and basic working principle of a
Li-ion battery, using graphite as anode andLiCoO, (LCO) as cathode material. Lithium-ions
migrate through the electrolyte between the electrodes and can be reversibly intercalated into
the host structures, while electrons are transported through the external circuit. Drawn by the
author in 2021.

The negative electrode usually comprises graphite as the active material. The redox
reaction which is taking place due to oxidation/reduction, is shown in Eq. (2.1). During
charge, Li* -ions intercalate into the graphite host structure, accompanied by an uptake
of electrons, forming various Ly Cg phases (from x = 0 to 1).

charge,

Ce+ xLi* +xe LixCe (2.1)

discharge

Layered transition metal oxides with the general formulaLiMO , (M = Ni, Co, Mn) are
typically used within the cathode, from which lithium ions are extracted during charge
and inserted during discharge. As an example, the redox reaction &fiCoO, is shown
in Eq. (2.2). This material was 15t-time used by Sony in the 1990s and is still used due
to its high volumetric capacity and excellent reversibility. [*]

charge,

LiC0O;) Li1 xC0O, + xLi* + xe (2.2)

discharge

In the upper shown reaction, Co®* is oxidized to Co** during charge and reduced
during discharge as LT -ions are shuttled between the electrodes and incorporated into
the host structure. The Co®*#* redox couple serves for charge compensation of the

cell, while the initial layered structure is preserved.
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The overall cell reaction is simply the sum of the half-cell reactions and expressed in
equation (2.3).

charge,

Cg + LIC0O ) LiyCe + Li 1 xC00O» (2.3)

discharge

Li* always appears as charge carrier through the cell, while the electrons are forced
through an external circuit. In general, the following criteria have to be considered,
when it comes to electrode active materials (for both electrodes) used in LIBs:

high speci c capacity & high operating cell voltage
fast lithium di usion rate

high electronic conductivity

abundant host sites for Li-ion accommodation
excellent (electro)-chemical stability

low cost, safety and low toxicity

In the following sections, a closer look onto the active materials, as well as the liquid
electrolyte will be given.
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2.2 Anode Active Materials

Figure 3 highlights the most important anode active materials @AM s) used in the eld
of LIBs. The AAM should ideally exhibit a low reaction potential and a rather high
speci ¢ capacity as both directly de ne the cell energy.

Back in the early 1980 s, metallic lithium was under serious consideration as active
material due to its outstanding speci ¢ capacity of 3860 mAhg 1.[2¢] However, as
lithium is an excellent reducing agent, it causes continuous side-reactions, leading to
high electrolyte losses, within LIB s.['718] One serious consequence is the undesired
spontaneous formation of lithium dendrites, also known as Li-plating. The dendrites
may penetrate through the separator and causes several cell failures including short
circuits, which poses a signi cant safety risk[!81° As this must be avoided under
all circumstances, the battery industry was in seek of alternativeAAM s. However,
lithium is still used until today in academia, due to its rather constant potential and
inexhaustible Li* -source. Lithium metal anodes are still under discussion and the main
driver for research on all solid state battery (ASSB).

Figure 3: Lithiation potential vs. speci c capacity for the most important AAM s. The orange
area indicates the reduction window of carbonate-based electrolytes in the absence of a SEI
layer. Figure redrawn by author from literature. 116!

Today” s predominantly used AAM s can be classi ed in intercalate compounds or
lithium alloys. (2% The rst class mainly rely on carbonaceous materials like graphite
and amorphous (soft&hard) carbons, whereas many metals form alloys with lithium.
Sony s I cell used soft-carbon asAAM with a specic discharge capacity of

220 mAhg 1124 The 2"d cell generation by Sony in 1992 was than based on hard
carbon material and reached a speci ¢ discharge capacity of 320 mAhg 1.122 Hard-
carbon materials were further optimized, reaching up to 550 mAhg 1.
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Their lower sensitivity towards lithium plating and their sloped potential pro le allowed
faster charging and improved speci c energies. Nevertheless, the fact that hard-carbons
have a rather poor coloumbic e ciency and a lower volumetric density of 1.55 gcm 3,
made them soon less favorable for LIB manufacturers. However, in the near future, the
necessity of fast charging, might cause to a revival of this material clas€?]

Nowadays, graphite is considered as the state of the ahAM due to its high specic
capacity of 372 mAhg ! and low, at operational potential of 0.1 V vs. Li/Li *
(see lower part of Fig. 4). Additionally, its high volumetric density of 2.2 gcm 3[23.24]
compared with high abundance and low cost makes graphite the preferred material
for mass-produced battery celld420-221 However, the quality of the graphite material,
particularly the nature of its surface, might in uence the properties and cycle life of the
produced LIB batch. [22:25.26]

The intercalation of Li* -ions in graphite is a highly ordered process that occurs in several
stages, resulting in the formation of major compounds such as Li$ and LiCg.[2927] In
theory the intercalation should be fully reversible. However, in practice a charge recovery
of only 80-90 % is observed after the rst cyclel?®l The reason for those losses is due to
the fact, that the Li * -intercalation potential in graphite is below the thermodynamically
stable range of the aprotic electrolyte solution. Therefore, the rst intercalation process
results in the formation of a nm-thick passivation layer at 0.8 V vs. Li/Li *.[28]

This layer is known as solid electrolyte interface §EI), a concept introduced by Peled
et al.[2231 in 1979 and further explored in chapter 2.5. FollowingSEI formation, the
reversibility in the 2" cycle is almost 100 %. The low working potential of graphite
may appear bene cial for the speci ¢ energy, but it also carries the risk of undesired
lithium-plating at high lithium intercalation rates, such as during fast charging. 32 At
high charging currents, mass-transport between the liquid electrolyte phase and the
solid graphite phase becomes limited33! This can cause the cell anode potential to drop
locally below 0.0 V vs. Li/Li*, making plating thermodynamically feasible.

To address these safety issues, the spinel-type lithium titanatd.i 4Ti15012 (LTO)
has emerged as an alternative material. [ts high operating voltage of 1.55 V vs.
Li/Li * prevents lithium-plating even under fast charging rates!3*3%! The robust crystal
structure of LTO, exhibit almost zero volume change during de-/lithiation, making it

a preferred material for long cycle lifel36:37] However, its widespread use is hindered
by several disadvantages. LTO-based LIBs come along with a low volumetric density
of 1.5-2.0 gcm 3, resulting in a rather low capacity of 175 mAhg 1.[34 The LTO
particles additionally faces poor electronic conductivity, which necessitates an additional
carbon surface coating and consequently reducing the amount of the active material
within the electrode. 38!

10
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Moreover, LTO does not generate a passivatindsEl Im. This might cause continuous
side reactions, e.g. gas evolution reactions, for example when water is being introduced
during assembly or whenH™" is formed due to electrolyte oxidation at the high voltage
cathode. Both processes can generate a signi cant amount of hydrogen inside the cEfl!
Therefore, LTO is not considered as suitable material for automotive applications.
Nevertheless, due to its excellent cycling stability, it can be used for back-up grid storage
systems!??!

Figure 4: \Voltage pro le of the rst cycle of an NMC811-graphite cell (blue) in commercial
electrolyte (1 M LiPF g in EC:EMC:DEC 1:2:1.5 + Additives) including the respective half-cell
potentials of the NMC811 cathode (orange) and the graphite anode (yellow, lower sub gure).
The half-cell potentials are measured using a Li-reference electrode. Charge and discharge are
performed at a C/10-rate. During charge at 4.2 V, a CV step with a current cut-o of C/50 is
applied. Data thankfully provided by M. Duesdieker.

In search for other feasible anode materials, the group of lithium alloys has been

investigated for several decades. Many metals can form lithium alloys, with silicon

being the most promising candidate!*® Silicon can be lithiated up to Li15Sii4, 0 ering

a speci c capacity of up to 3590 mAhg ! at a rather low working potential of
0.4 V vs Li/Li . This potential is high enough to minimize the risk of lithium

dendrite formation. [17:41421 However, the main limitation is caused by its signi cant

volume changes, which can reach up to 300 % frofBi to Li15Si14 upon lithiation. 43441

In comparison to that, graphite only exhibit a volume expansion of 10 % during

intercalation (Cg to Li,Cs).[*>47l These volume changes induce mechanical stress and

particle disintegration.
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Additionally, the protective SEI layer cannot withstand these large volume expansions,
resulting in a steady SEI re-formation of the freshly exposed surface area, which led
to a continuous consumption of electrolyte and ongoing gas evolution due to these
side-reactionsl41-48l

Nowadays silicon-graphite composites (C+Si) are increasingly being used in practical
applications, as even low amounts of Si can e ectively increase the anodecapacity.[*%:5]
These electrodes o er the advantages of both materials: graphite for long-term stability
and less volume changes, and silicon for fast lithium intercalation and an increased
working potential to prevent lithium dendrite formation. These materials are already
present in state-of-the-art LIBs, such as Tesla's Model 3544
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2.3 Cathode Active Materials

Current cathode active materials (CAMs) rely on redox-active transition metal oxides
(TMO) which release Li* -ions upon reduction, making them the active lithium source
and determining the capacity of the full cell. To increase the energy density of the cell,
such as for extending the driving range of electric vehicles, th€AM should have a high
reversible capacity and operating potential® Latter point is particularly important
since the anode is already limited by the use of graphite ( 0.1 V vs. Li/Li *).

To achieve electrochemical stability, the material must remain unchanged during the
de-/lithiation processes. A highly ordered structure is bene cial to guarantee the long-
term stability, as well as a rapid di usion of Li * -ions within the bulk material. The
electronic conductivity is another key factor for the CAM of choice. If the conductivity

of the material is too low, the material must be blended with conducting agents, which
lowers the energy density of the whole cell, respectively battery pack. Additionally, the
costs of the rather expensive raw metals, such as Co or Ni have become a crucial factor
for the commercialization, particularly in the automotive market. Figure 5 provides an
overview about the energy density versus the raw metal cost for various CAMSs.

Figure 5: Energy density vs. raw metal cost, for commonly usedCAM s. Lithium price is not
included. For calculation, the actual metal prices were adapted in January 2024 from daily
metal spot price.[®152]

Lithium cobalt dioxide LiCoO, (LCO), discovered by Goodenough and coworkef®! in
1980 s was the ' material used in commercial lithium-ion cells by Sony in 1991. It
has a layered structure and is typically synthesized in the lithiated state, which enables
direct coupling with the Li-free anode, such as graphite. The trivalent C3* resides
in octahedral sites within a cubic closed packed array of oxide ion84 The Li* -ions
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operate via the Co* ™* redox couple, where the di usion takes place via the tetrahe-
dral voids, that share faces with the native octahedral sides. This results in a good
Li-ion & electronic conductivity, as the LCO becomes metallic upon delithiation.[>4
LCO further provides a working potential of 3.80 V vs. Li/Li * and an excellent rate
capability. Its high practical press density of 3.9 gcm 2 results in a high volumetric
energy density. Although the theoretical charge capacity is 274 mAfy !, the practical
usable speci ¢ charge capacity in the rst material generation was only 145 mAtg !
(544 Whkg 1), 54 which would be far below the current target of 700 Whkg ! for
EVs.[”15] The capacity losses are a result of several phase transitions and accompanied
oxygen-loss within the structure. The cycling stability and cut-o voltage was further
improved by using di erent coating and doping strategies, with Al,03, ZrO», or TiO >
for example. Those optimization lead to an improved speci ¢ charge capacity of up to
190 mAhg *and 740 Whkg 1.[":5%1 However, the high Co-content in combination
with i) global limited resources, ii) highly problematic mining conditions, and iii) a
rather high price of 30 US$kg 11 makesLCO unsuitable for poweringEV's. Attempts

to replace the expensive cobalt by the cheaper transition metals manganese and iron
failed, asLiMnO , and LiFeO, do not crystallize in the Os-structure-type. ¥ Nowadays,
LCO is still the most prevalent material for consumer electronics, where safety and
volumetric energy density are key factors, e.g. ear/cell phonek:%8 The developed
coating strategies are furthermore used till today for other CAM classes.

Lithium nickel dioxide LiNiO, (LNO) can be synthesized in a similar way to its

cobalt-equivalent (LCO).[] It has an improved energy density of 240 mAhg 1!

at a working potential of 3.70 V vs. Li/Li* and a volumetric energy density of
1050 Whkg 1.158] Additionally, it has the lowest metal cost of all stoichiometric

layered oxides ( 16 US$kg 1).15% However, LNO experiences rapid capacity fading®!

as the layered oxide structure becomes unstable with increasing nickel content, especially

at low degrees of lithiation ( charged state)[% The rearrangement of the structure

is accompanied by gas evolution, which poses serious safety issé®.Both, LCO and

LNO are referred to as rst generation cathode materials.

While searching for new materials,Thackeray and Goodenoughtiscovered lithium man-
ganese oxide.iMn ;0,4 (LMO) in 1983.521 LMO is a spinel-type active material that is
much cheaper and more environmentally friendly than other materials, e.g. LCO or LNO
due to the absence of toxic metals. The octahedral sites in theMO lattice are occupied
by Mn3+=4* 'while Li* -ions are located in the tetrahedral sitesl®3 The structure enables
a high Li-ion conductivity and better rate capability than LCO due to a 3D di usion
network via the octahedral voids. The operating voltage is with 4.0 V vs. Li/Li* rather
high, but the practical usable specic charge capacity of 110 mAtg ! and energy
density of 440 Whkg ! are rather low.[®® The primary challenge and drawbacks of
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the material is the presence of di erent oxidation states of manganese. The inactive
Mn3* can undergo a disproportionation reaction towards Mi* and Mn**. While the
latter remains in the cathodic solid phase, the Mi* dissolves in the electrolyte and
precipitates at the anode. Therefore, it is crucial to maintain the average voltage below
3.58 V vs. Li/Li * to minimize the risk of dissolution.!®* Higher voltages, particularly
at elevated temperatures, results in the formation of protons in the electrolyte solution
and accelerate the aforementioned phenomena.

In 1997, Amine et al. substituted 25 % of the Mn-content with Ni, creating
LiNi g5sMn1 504 (LNMO) or the so-called high voltage spinel clas€® This material
contains manganese in the more stable Mii state, while Ni is oxidized from +1I to the
+IV state. 6] LNMO exhibits improved electrochemical performance, with an average
operating voltage of up to 4.8 V vs. Li/Li* (compared toLMOs 4.0 V vs. Li/Li*) and
an usable speci ¢ charge capacity of 147 mAly 1.[57] The volumetric energy density of

635 Whkg ! is approximately 1.4 times higher compared toLMO .[>* The expected
oxygen release due to structural rearrangement diMO/LNMO sets in at rather high
potentials of 5.0 V vs. Li/Li *. However, the commercialization of this material is
limited as it currently operates close to the oxidative stability limit of the currently
used carbonate-based electrolyte mixtures. The usage of rather high voltages results
in the formation of protons within the electrolyte, which can then further attack the
spinel-structure. Additionally, the synthesis of this material class is challenging due to
the accompanied presence of JNi; xO» phases!®® In summary, this material can be
used as active material, however it requires new high-voltage electrolytes. Currently it
is estimated that the commercialization of this material class might occur in the late
2020s for the BEV market!]

At the same time of LNMO, the phospho-olivine phosphateLiFePO4 (LFP) was dis-
covered byPadhi and GoodenougH®® This material clearly stands out from all other
CAMss due to its low price (0.14 US $ kg? for Fe),[!] environmental friendliness, and
security. The covalent oxygen bondage results in a high level of safety, accompanied
with a long-cycle lifetime. Hence no gas evolution, e.g. oxygen release from the lattice,
during cell life is being expected’% However, the phosphate structure only provides
1D-channels for lithium di usion, resulting in a rather low rate capability. Y] The
relative low valence redox couple (F& =3*) results in an average operating voltage of
3.40 V vs. Li/lLi*. Its usable specic charge capacity is 160 mAlg ! resulting in a
volumetric energy density of 544 Whkg 1. In recent years, signi cant e ort has
been made to increase the rate capability by usind.FP -nanoparticles and conductive
carbon agentsl’273! Currently, LFP batteries are primarily used in applications where
low costs and longevity are prioritized over high energy density, such as heavy-duty
vehicles (buses & trucks), grid storage systems, and power tools.

15



2.3. CATHODE ACTIVE MATERIALS

However, contemporary amperex technology co. limitedQATL ) has announced plans
to release a commercial LFP battery pack in mid-2025 for the use in Tesla, BYD, MG,
and Ora models["*"®ITo date, the spinel oxides and phospho-olivines have already
reached their maximum achievable lithium extraction/insertion capacity (1 > x; > 0)
and no signi cant structural improvements can be expected. In contrast, the layered
transition metal oxide (TMO )-class have not been fully delithiated during cycling so
far.[76]

The most prominent class of CAM materials today are the so-called lithium-nickel-
manganese-cobalt-oxidesNMCs).[76.77] Liju et al. substituted Ni in LNO with Co and
Mn and reported on this material class for the rst time. [’8 These compounds are still
based on the layered LCO structure with the general formulaLi[NixMn,Co; x ,]O>
(NMC,y,) and represent the 3d generation of CAMs. The industrial bene ts of those
materials include a higher energy density and reduced environmental impact due to the
reduction of cobalt, together with a decrease in costs ( 50 US $ kg ! for NMC62251]).
Today, several di erent NMC materials, such as NMC111, -622, or -811, exist. Some
general rules can be addressed to all of those. Firstly, manganese and cobalt are present
in the Mn** and Co*3 oxidation states, while nickel can be found in either the Ni?
or Ni*® oxidation state. Secondly, although nickel o ers a higher capacity, it has poor
cycling and thermal stability. Thirdly, cobalt provides structural stability and enables
fast kinetics, while fourthly, manganese is electrochemically inactive but stabilizes
the structure, thereby improving cycle life and safety. Incorporating multiple metals
into the LCO structure can therefore prevent the bulk-phase transition observed in
LCO at high SOC.[7®8% The rst commercialized and most studied material in this
class isLi[Nig33Mng.33C0p.33]0O2 (NMC111). It provides a speci ¢ charge capacity of
160 mAhg ! with an energy density of 624 Whkg ! and an upper cut-o voltage of
4.3 V vs. Li/Li *.[7% NMC111 was also used in the rst fully EV of BMW, the i3. [15]
Increasing the nickel content led to 180 mAhg ! for NMC622,181 and 210 mAhg 1!

( 798 Whkg 1) for NMC811.[79]

However, not only cobalt can be replaced. For instance, the replacement of manganese
by alumina leads to the class of lithium nickel cobalt alumina-oxide NCA) materials.
Among these materials,Li[Ni g gCo0g.15Al0.05]02> (NCABO0) is the most prominent due to

its well-developed status and its performance (220 mAlg %, 760 Whkg 1), as well

as an operating voltage of 3.80 V vs. Li/Li".15%] It is worth noting that NCA80 has
the same nickel content as NMC811, with similar metal cost$’®! The bene ts lie in
the improved kinetics of Li-di usion due to the use of alumina instead of manganese.
However, it currently su ers from lower thermal stability than NMC811. The material

is already used in the battery pack of Tesla's Model $7-82] Even if there are many well
developedNMCs and NCAs, all TMO s undergoes the same phase-transition during
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lithiation (charging). 83 Note that also all NMCs and NCAs are synthesized in a lithi-
ated state. NMCs have a hexagonal structure in their fully lithiated state, see Figure 2,
which is referred to as H1l-stage. As charging progresses and th&O reaches 30 %
delithiation, it enters the monoclinal (M)-phase, followed by the hexagonal (H2) and
nally the third hexagonal (H3) phase. A detailed description of the phase-transition is
given in chapter 5. The average volume contraction increases with the nickel content,
ranging from approximately 1 % for NMC111 upto 5 % for NMC811.84 This phe-
nomenon is commonly known in the battery community as the 'breathing of the LIB".[8]

Finally, at high levels of delithiation (SOC 80 %), NMCs materials release oxygen
from their near-surface regiond81-81 This causes the relatively unstable surface layer to
gradually transform into a spinel or rock-salt-type material.[8”] Jung et al. revealed that
this reactive singlet oxygen subsequently reacts with the liquid electrolyte, forming CO
and CO,.[8186] The repeated volume changes lead to continuous cracking of the NMC
particles. The newly exposed surfaces can then, in the presence of singlet oxygen, react
with the electrolyte and led to continuous side-reactions in form of steady gas evolution
reactions within the cell. The oxygen release is also observed at high temperatures,
making it a critical topic in battery development. Once released, oxygen can ignite
the liquid electrolyte within the cell environment, contributing to the so-called thermal
runaway of a LIB. 8889 The release of oxygen was also investigated within this work
as function of the electrode densi cation process. This process step can increase the
volumetric energy, but can also lead to particle cracking and stress within the coating
and hence might in uence the gas evolution at high SOC.

Table 2: Selected electrochemical properties of the most common cathode active materials
(CAMSs) for the usage in lithium-ion batteries. #4559 The electrochemical data refer to the
material level. The operating potential is the midpoint voltage at a C/20 rate.

Cathode Capacity eo: Capacity pract: Potential Stability
material [mAh g 1] [mAh g 1] [Vwvs. LilLi *]

LiCoO, 274 190 3.80 medium
LiNiO , 275 150 3.80 low
LiFePO,4 170 160 3.40 high
Li[Ni g.gMng.1C0p.1]02 275 210 3.80 medium
Li[Ni 9.85 C0g.05Al 9.1]02 279 200 3.80 high
LiMNn 204 148 120 4.00 low
LiNig5Mn1504 147 135 4.80 high
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Nowadays, research strategies are focusing on strategies to continuous increase the nickel
content, e.g. NMC955. However, this approach is limited by the synthesis conditions
that arise with higher nickel content. Increased nickel contents reduces the calcination
temperature, promoting higher levels of surface impurities, such as carbonaté&] These
impurities can lead to increased gas evolution in form o0, and a reduced cycling
performance.

However, almost all electric vehicle manufacturers are intensifying their reliance on NMC-
basedLIBs. Other promising CAMs, such as LNMO or Li-and-manganese rich layered
oxides (LMR-NMC), provide an astonishing energy density of up to 900 Whkg *.[5%
However, they still su er from poor energy e ciency, worse cycling stability, and low
rate capability due to their low electrode density. The primary reason for using these
materials is the signi cantly lower cost of manganese, which is currently priced at

2 US $ kg 1152 compared to nickel's 16 US $ kg *.[5 Manganese is also more
abundant and widely distributed across many countries, reducing the risk of supply chain
shortages. The global market for battery electric vehicles is continuously increasing,
and meanwhile also the need for high energy materials, such &M Cs. The assumed
global annual production of NMC material will therefore be increased from currently
0.5upto 3 TWh, which is assumed will be more than half of the total global CAM
production.®!] Hence, detailed insights on this material class will be given in the
following.

Structural Properties of the Li[Ni xMn yCo;]0, (NMC) Material Class

NMC materials belong to the family of layered transition metal oxides (TO). Their
crystal structure is based on the -NaFeO,-lattice, with alternating layers of transition
metal ions (nickel, manganese, cobalt) and lithium ions, separated by oxygen layers.
Figure 6 illustrates the crystal structure of the NMC-class.

The transition metal ions occupy octahedral sites, while the lithium ions occupy tetrahe-
dral ones within the layers. Within the transition metal layers, the metal ions (Ni, Mn,
Co) are coordinated by six oxygen ions in an octahedral arrangement. This arrange-
ment provides structural stability and determines the oxidation state and coordination
geometry of the transition metal, forming a network of corner-sharing octahedra. In
addition to the octahedral coordination, NMC materials have tetrahedral sites within
the transition metal layers. These sites are occupied by lithium ions, each surrounded
by four oxygen ions in a tetrahedral arrangement. The tetrahedral coordination enables
the intercalation of lithium ions during charge and discharge procedures. During this,
the lithium ions are inserted and extracted from the lattice, occupying and leaving
vacant tetrahedral sites, respectively. The crystal structure of the NMC material is
three-dimensional, with layers of transition metal and lithium ions stacked on top of

18






	Deckblatt
	Danksagung
	Inhaltsverzeichnis
	Eidesstattliche Erklärung
	Eidesstattliche Erklärung / Statement of authorship
	Declaration of collaboration
	Erklärung zur Zusammenarbeit / Declaration of collaboration
	Kurzfassung / Abstract
	List of Abbreviations
	1 Introduction
	2 Fundamentals
	2.1 Working Principle of a Lithium-Ion Battery
	2.2 Anode Active Materials
	2.3 Cathode Active Materials
	2.4 Electrolyte Solutions
	2.5 Interfacial Processes in Lithium-Ion Batteries
	2.5.1 SEI Formation on Graphite Based Anodes
	2.5.2 Aging Mechanism of Cathode Materials

	2.6 Automotive Lithium-Ion Battery Cell´s
	2.6.1 Cell Manufacturing
	2.6.2 Electrode Calendering Process
	2.6.3 Cell Formation Process
	2.6.4 Cell Formats for Automotive Application

	2.7 In-Operando & In-Situ Characterization Techniques
	2.7.1 Overview and Necessity
	2.7.2 Development of OEMS- and DEMS-Techniques
	2.7.3 The Journey of Developing Gas Analysis Techniques on Large-Format Automotive Cells


	3 Experimental Methods
	3.1 Online Electrochemical Mass Spectrometry (OEMS)
	3.1.1 Basics of Mass Spectrometry
	3.1.2 Setup Specifications and Working Principle
	3.1.3 Basic Principles of Operation
	3.1.4 Data Treatment and Calibration Procedure
	3.1.5 Electrochemical Cells for In-Operando Application

	3.2 Used Electrochemical Techniques
	3.3 Electrode & Electrolyte Preparation
	3.4 Handling and Preparation of Large-Format Automotive Cells
	3.5 Further Techniques (GC, BET, XPS, HPLC, SEM)

	4 Study of the Response Characteristics of an OEMS System Using Chronoamperometry
	4.1 Motivation
	4.2 Abstract
	4.3 Introduction
	4.4 Experimental
	4.5 Results and Discussion
	4.6 Conclusion

	5 Impact of Electrode Densification on the Electrochemical Performance & Gassing Behavior of NMC955
	5.1 Motivation
	5.2 Abstract
	5.3 Introduction
	5.4 Experimental
	5.5 Results and Discussion
	5.6 Conclusion
	5.7 Extra material

	6 Gas Evolution in Large-Format Automotive Lithium-Ion Battery during Formation: Effect of Cell Size and Temperature
	6.1 Motivation
	6.2 Abstract
	6.3 Introduction
	6.4 Experimental
	6.5 Results and Discussion
	6.6 Conclusion
	6.7 Extra Material

	7 Gas Evolution in SiOx-containing Battery Cells
	7.1 Motivation & Background
	7.2 Model Cell Experiments with Various Electrolytes
	7.3 Study of Automotive Cylindrical Cells

	8 Summary and Discussion
	9 Outlook
	Appendices
	A Scientific Contributions
	A.1 Published Manuscripts
	A.2 Conference Oral Presentations
	A.3 Poster Presentations

	B Curriculum Vitae
	References
	List of Figures
	List of Tables

