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Kurzfassung

Lithium-Ionen Batterien (LIB) finden aufgrund ihrer Vorteile hinsichtlich
Energie- und Leistungsdichte sowie ihrer Zuverldssigkeit verbreitete Anwen-
dung als elektrochemische Energiespeicher. Sie spielen im Rahmen des Kli-
mawandels und der dadurch bedingten Energiewende eine zentrale Rolle in der
Elektrifizierung der Mobilitt.

In LIB laufen eine Vielzahl komplexer multi-physikalischer Prozesse und elek-
trochemischer Reaktionen zeitgleich und in enger Wechselwirkung miteinan-
der ab. Neben vielen anderen Faktoren hat die Temperatur wesentlichen Ein-
fluss auf diese und folglich auf das resultierende Leistungs- und
Alterungsverhalten der Batteriezelle. Wahrend des Betriebs einer Zelle liegt
ihr ,,Wohlfiihlbereich* bei etwa 25 °C. Bei hoheren Temperaturen steigt zwar
die Leistungsfahigkeit, aber es intensivieren sich auch parasitdre Nebenreak-
tionen und die Degradation der Zelle. Bei niedrigeren Temperaturen hingegen
verlangsamen sich die Prozesse, es kommt zu erhdhten Uberspannungen und
die Leistungsfahigkeit nimmt ab. Hinzu kommt die Gefahr von Lithium-Pla-
ting, was ebenfalls zu einer beschleunigten Alterung fiihrt. Durch die im Be-
trieb ablaufenden Verlustprozesse kommt es zusétzlich zu einer Erwadrmung.
Um diese interne Warmeentwicklung auszugleichen, werden bei grofleren Bat-
teriepacks Temperiersysteme eingesetzt. Diese wiederum induzieren einen
Temperaturgradienten sowohl im Modul als auch in jeder einzelnen Batterie-
zelle.

Wie sich solche Temperaturgradienten auf das elektrochemische Verhalten
auswirken, wird im Rahmen dieser Dissertation zunéchst integral anhand von
Spannungsverldufen und elektrochemischen Impedanzspektren untersucht.
Bisher wurden Impedanzspektren an Zellen mit aufgepragtem Temperaturgra-
dienten mit dem Ziel aufgenommen, diese Methode als schnelles Diagnose-
werkzeug fiir Batteriemanagementsysteme zu nutzen. Die Ergebnisse zeigen
bei Temperaturgradienten auf niedrigem Temperaturniveau eine Verschiebung



Kurzfassung

des Zellverhaltens in Richtung des Verhaltens der Zelle bei einer hoheren Tem-
peratur. Damit hat der warmere Teil gegeniiber dem kilteren Teil der Zelle
einen etwas grofleren Einfluss auf das Gesamtverhalten. Bei hheren Tempe-
raturen und hdheren Stromen zeigt sich dieses Verhalten nicht, da die Strom-
dichte lokal #hnlich ist bzw. auch im Bereich hoher Temperaturen Uber-
spannugen auftreten und die Stromdichte begrenzen. Der Einfluss von
Temperaturgradienten auf das integrale Batterieverhalten ist damit weniger
stark ausgepragt als die weit verbreitete Restriktion beziiglich des maximalen
Temperaturunterschiedes von 5 K vermuten lisst. Weiterhin werden diese Zu-
sammenhénge iiber die temperaturabhidngige Stromverteilung in der Zelle ver-
tiefend analysiert. Um diese zuverlédssig zu quantifizieren, wird ein neuartiger
Versuchsablauf entwickelt und implementiert. Er bietet Vorteile gegeniiber
bisher durchgefiihrten Methoden, welche auf instrumentierten Multitabzellen
oder auf Parallelverschaltung mehrerer Zellen basieren. Die entwickelte Me-
thode ermdglicht die Messung der Stromverteilung an einer Einzelzelle und ist
damit unabhéngig von Variationen zwischen den Zellen und dem Messaufbau.
Validiert wird diese mit einer parallelen Verschaltung von Zellen desselben
Zelltyps mit individueller Temperierung.

Zusitzlich wird das Alterungsverhalten unter definierten thermischen Inhomo-
genitdten untersucht. Neben dem Kapazititsverlust und Impedanzanstieg mit
zunehmender Zyklenzahl wird die Temperaturabhéngigkeit iiber eine dquiva-
lente Alterungstemperatur quantifiziert und die auftretenden Alterungsmodi
mit Hilfe der ,,Differential Voltage Analysis* betrachtet. Um die Alterungsur-
sachen und die lokalen Mechanismen zu identifizieren, werden ausgewihlte
reprasentative Zellen gedffnet und die Elektroden individuell tiber Halbzell-
messungen charakterisiert. Zusdtzlich wird die Elektrodendicke gemessen,
Bilder der Oberfliche mit dem Rasterelektronenmikroskop aufgenommen und
Messungen mittels Rontgenphotoelektronenspektroskopie durchgefiihrt. Die
Kristallstruktur wird {iber Rontgenbeugung analysiert und die Konzentration
der Ubergangsmetalle, Lithium und Phosphor an der Anode mit Hilfe der op-
tischen Emissionsspektrometrie mit induktiv gekoppeltem Plasma gemessen.
Die auftretenden Veranderungen werden anschlieSend mit den Randbedingun-
gen korreliert. Die Messungen zeigen eine starke Inhomogenitét der Alterungs-
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mechanismen, wéahrend das integrale Alterungsverhalten durch Temperatur-
gradienten nicht signifikant verdndert wird. Zeitliche Temperaturdnderungen
hingegen induzieren eine ausgepriagte Alterung.

Mit diesen Ergebnissen ergibt sich ein umfassendes Bild, wie sich thermische
Inhomogenitéten auf die Batteriezelle, ihr elektrochemisches Verhalten und
die Alterung auswirken.






Abstract

Lithium-ion batteries (LIB) are widely used as electrochemical energy storage
devices due to their advantages in terms of energy and power density as well
as their reliability. They play a central role in the electrification of mobility in
the context of climate change and the "Energiewende".

In LIB, numerous complex multi-physical processes and electrochemical reac-
tions occur simultaneously and in close interaction. Among many other factors,
temperature has a significant influence on these processes and consequently on
the resulting performance and the cells ageing behaviour. During the operation
of a cell, its "comfort zone" is around 25 °C. At higher temperatures, the per-
formance capability increases, but parasitic side reactions also intensify. At
lower temperatures, on the other hand, processes slow down, overvoltages in-
crease and thus, performance decreases. Additionally, the risk of lithium plat-
ing is higher, which also leads to accelerated ageing. Besides temperature-de-
pendent ageing effects, heat is generated during operation due to dissipation.
For larger battery packs, temperature control systems are implemented to com-
pensate for this internal heat generation. These, in turn, induce a temperature
gradient both in the module and in each battery cell.

The effect of such temperature gradients on electrochemical behaviour is first
investigated based on voltage characteristics and electrochemical impedance
spectra. Up to now, impedance spectra with imposed temperature gradients
have been measured to develop a fast diagnostic tool in applications without
actually exploring the origin of the effects. The results show that temperature
gradients at a low temperature level shift the cell behaviour towards the cell
behaviour at a higher temperature. Thus, the warmer part has a slightly larger
influence on the overall behaviour than the colder part of the cell. However,
this behaviour is not evident at higher temperatures and higher currents since
the current density is locally similar, or overvoltages occur in the high temper-
ature range and limit the current density there as well.
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The influence of temperature gradients on the overall battery behaviour is thus
less pronounced than the common restriction regarding the maximum temper-
ature difference of 5 K would suggest. Furthermore, these relationships are an-
alysed in more detail via the temperature-dependent current distribution in the
cell. To quantify these reliably, a novel experimental procedure is developed
and implemented. It is advantageous compared to existing methods based on
instrumented multi-tab cells or the parallel connection of several cells. The de-
veloped method allows the measurement of the current distribution at a single
cell and is therefore independent of cell-to-cell variations and the measurement
set-up. It is validated with a parallel connection of cells of the same cell type
with individual temperature control.

Furthermore, the ageing behaviour under defined thermal inhomogeneities is
investigated. Besides the capacity loss and impedance increase with increasing
cycle number, the temperature dependency is quantified via an equivalent age-
ing temperature, and the occurring degradation modes are examined applying
differential methods. To identify the ageing origins and local mechanisms, se-
lected representative cells are opened, and the electrodes are individually char-
acterised via half-cell measurements. In addition, the electrode thickness is de-
termined, images with a scanning electron microscope captured, and
measurements of the surface chemistry are performed via X-ray photoelectron
spectroscopy. X-ray diffraction analyses the crystal structure of the cathode,
and the concentration of transition metals, lithium and phosphorus at the anode
is measured by inductively coupled plasma atomic emission spectroscopy. The
changes that occur are then correlated with the boundary conditions. These
measurements reveal a strong inhomogeneity in ageing mechanisms, while the
overall ageing behaviour is not significantly altered by temperature gradients.
Temporal temperature changes, on the other hand, induce a distinct degrada-
tion.

With these results, a comprehensive understanding of how thermal inhomoge-
neities affect the battery cell, its electrochemical behaviour and ageing is ob-
tained.

Vi
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Symbols
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1 Introduction

Batteries as electrochemical energy storage devices are widely discussed, and
they are utilised in numerous applications. Their potential as a buffer for re-
newable energies in the course of the "Energiewende" with ambitious goals [1]
is particularly promising. Besides, they are in the spotlight of the public and
politics regarding electromobility. And the expectations are high. With the rise
of the automobile and as early as the beginning of the 20th century, the battery-
powered electric motor was competing with the internal combustion engine.
The outcome of this competition is well known and has its origin in the high
costs, short lifetime, and low driving range of electric vehicles [2]. When Sony
launched the first rechargeable lithium-ion battery (LIB) in 1991, its success
began. By 2000, LIB were integrated into almost all laptops [3], but the appli-
cation was limited to portable electronic devices. By now, the energy density
has increased by a factor of four while the costs have dropped by a factor of
ten [4]. Now, the battery is a growing element in the transportation sector, and
electromobility is once again competing with the internal combustion engine —
and the odds have changed. Due to the now changed circumstances, its market
share is enormously expanding [5].

A major advantage of LIB compared to other storage technologies is their high
energy and power density. However, the challenges for their acceptance and
market breakthrough have not yet been overcome. Driving range, cost, safety,
and lifetime of the battery still have to be addressed and improved [2, 6]. Im-
proving the energy and power density is a priority in cell and pack design for
an increased driving range. Cost and safety are critical aspects in automotive
applications, which promoted the development of new materials [6].

Besides the acceptance in society, the battery lifetime is the decisive factor in
the ecological sustainability of electric vehicles. In addition, companies are in-
terested in a prolonged lifetime and lifetime prediction as they have to provide
warranties for their products [7]. The United States Council for Automotive
Research LLC (USCAR), for example, demands a lifetime of 15 years at 30 °C
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and a cycle number of 1,000 to 300,000, depending on the application [8]. The
lifetime is also vital for economic profitability as the battery costs contribute
substantially to the total vehicle price. Besides the importance of a battery's
lifetime, there is still a lack of understanding degradation, which leaves room
for improvement [4].

Apart from the electrical and electrochemical aspects and optimisation poten-
tials, the contribution of temperature to battery behaviour and ageing received
little attention from the scientific community and industry over a long time [9].
This has changed significantly over the past few years. Especially for electric
vehicles that need large battery packs containing vast amounts of energy and
dissipating much heat, temperature effects become more relevant and a possi-
ble safety issue. The attention paid to the influence of temperature is increasing
and is reflected in the growing number of publications. The findings obtained
emphasise how crucial temperature is. The batteries' ageing, performance and
usable energy depend on the internal temperature and temperature distribution.
It should be operated in the optimal temperature range of about 15-35 °C, and
a maximum temperature of about 55 °C should not be exceeded [10, 11]. The
internal heat generation caused by both irreversible dissipation and reversible
entropic effects is actively counteracted by external cooling. This induces tem-
perature gradients inside the cell [12] and module and, depending on the tem-
perature control strategy, also temporal temperature changes. For high C-rates,
temperature differences in the cell of more than 10 K may arise [13]. There-
fore, the optimisation of thermal management has a considerable potential to
improve the battery packs with regard to weight, power and cost [9]. The close
interaction of the electrical and thermal behaviour also results in an uneven
current distribution [14]. Together with the temperature-dependent resistance,
they cause a non-uniform heat generation within the cell that again influences
the temperature distribution. This aspect poses a challenge, particularly for the
widely discussed fast charging, which has not yet been solved sufficiently. Due
to the temperature- and current-dependent ageing behaviour, it is to be ex-
pected that, coming along with these temperature inhomogeneities, ageing in-
homogeneities develop over time [12]. For individual battery cells, this means
that after a certain time, they will exhibit more severe ageing in certain areas
than in others, and locally different degradation mechanisms may occur. Those
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differences in the cells likely have a negative impact on the overall ageing be-
haviour. And while the main chemical processes related to battery ageing were
established almost 20 years ago, the interdependencies between the factors in-
volved are much less known [15]. For these reasons, the maximum temperature
difference in modules is commonly limited to 5 K [3]. This value is frequently
referred to as "common practice" [16], although there is no explanation or sci-
entific evidence for it. In contrast, there is no such value regarding temperature
inhomogeneities in individual cells altogether.

Thesis Aim and Hypothesis

Therefore, this work aims to provide a scientific foundation for the definition
of a value for the maximum temperature difference over the length of a battery
cell, which should not be exceeded for enhanced performance and lifetime.
This objective includes addressing the following questions:

"How do temperature gradients influence the performance of LIB?"
"How do temperature and heat generation interact?"

"Does an inhomogeneous temperature distribution lead to locally different
ageing effects?"

Those research questions will be investigated experimentally in the thesis at
hand. Therefore, it is explored how complex external thermal boundary condi-
tions affect the overall performance and ageing behaviour and to what extent
Lithium-ion cells are able to tolerate temperature gradients.

First, relevant literature is reviewed to determine what is already known about
the influence of temperature and non-uniformities concerning performance and
degradation. Subsequently, the impact of non-uniformities is investigated ex-
perimentally. The performance is analysed by means of voltage, resistance and
current. With the results, temperature-dependent correlations are derived for
resistance and current, which are utilised to calculate the heat generation. Via
these coherencies, also safety aspects can be addressed. In the next step, the
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cyclic ageing under different defined thermal boundary conditions and the in-
fluence of inhomogeneities is investigated. The ageing effects at electrode
level are analysed and evaluated regarding their homogeneity in a post-mortem
analysis. Finally, the results are synthesised and correlated with the prevailing
thermal boundary conditions.



2 State of the Art

The design and operating principles of batteries in general and lithium-ion cells
in particular, as well as the materials involved, are explained in detail in nu-
merous textbooks and other references [3, 17—19]. This section aims to con-
dense the knowledge regarding the temperature influence on performance and
ageing of LIB in the context of this work. Thus, particular emphasis is put on
understanding the findings regarding inhomogeneities and how they can be
identified.

2.1 Materials

In conventional lithium-ion cells, graphite on copper is used as the active ma-
terial on the anode side. Figure 1 a) shows the voltage profile of graphite versus
Li/Li* with its characteristic potential steps indicating the phases of graphite
transformation with increasing degree of lithiation x. The steps differ regarding
their stoichiometry of intercalated lithium. Stage-1, for instance, has the high-
est degree of lithiation with lithium between every graphite layer and a stoi-
chiometry of LiCs. Compared to the anode, there is more variety of active ma-
terials on the cathode side. Depending on the application, lithium cobalt oxide
(LCO), nickel cobalt aluminium oxide (NCA), nickel manganese cobalt oxide
(NMCQ), lithium manganese oxide (LMO), or lithium iron phosphate (LFP) is
chosen [20] and coated on an aluminium current collector. Their voltage range
and specific capacity vary significantly between the different cathode materi-
als, as shown in Figure 1 b). Relevant to this work is LCO (purple) and NCA
(cyan). These two materials are combined in the cell at hand to a blend cathode.
The cell investigated in this work is introduced in detail in Section 3.1. LCO is
characterised by a high specific capacity and long lifetime but is chemically
unstable. Doping with nickel and aluminium enhances chemical stability. Both
materials are layered oxides with a trigonal crystal and a hexagonal lattice sys-
tem [21, 22] but with differing morphology. LCO particles are irregular in
shape with a smooth surface. The spherical NCA secondary particles consist
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of many primary particles, which are also practically spherical. Both are de-
picted in Figure 1 b). The overall voltage of a battery cell results from the sub-
traction of cathode and anode potential. The voltage ranges of the electrodes
are not fully exploited. The so-called balancing, which is defined during pro-
duction, determines how the voltage profiles are shifted against each other and
which sections are utilised [23].
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Figure 1. Voltages versus Li/Li" of a) graphite plotted over the degree of intercalation
(adapted from Gallagher et al. [24], with permission of IOP Publishing) and b) cath-

ode materials depending on specific capacity (adapted from Schmalstieg [25], license
CCBY 3.0 DE).

The electrolyte in the pores of the active materials and separator consists of an
organic solvent with a lithium salt, typically LiPFs as a conductive agent.
Xu [26] summarises possible components, properties, and stability. The sepa-
rator is a thin, highly porous membrane that usually consists of polyethylene
(PE) or polypropylene (PP) [3]. The combination of materials determines the
behaviour of the battery in all respects, including ageing characteristics.

2.2 Electrochemical Characterisation

Here, voltage and impedance that determine the behaviour of LIB are intro-
duced. Their measurement allows the non-destructive examination of LIB.



2.2 Electrochemical Characterisation

These properties are used later to investigate the influence of temperature in-
homogeneities and to quantify the cells' alterations during ageing.

Voltage Characteristic

One main characteristic for operation is the open-circuit voltage (OCV) as a
function of the state of charge (SoC). The OCV represents the equilibrium at a
given SoC and temperature. As soon as the cell is exposed to a current, dissi-
pation mechanisms and thus overpotentials occur. They increase for higher
currents, higher internal resistance, and lower temperatures. These conditions
result in a lower voltage level for discharging while it is increased for the
charging process. The measurement of the OCV is very time-consuming be-
cause of long relaxation times. Thus, often a quasi-OCV (qOCV) with small
currents like C/20 or C/40 is measured. The standard capacity of a battery cell
is measured according to manufacturer specifications, which is often a temper-
ature of 25 °C and a C-rate of C/2 in certain voltage limits. The cell voltage
results from the difference of cathode and anode potentials often defined and
measured in half-cell configuration versus Li/Li". To the best knowledge of the
author, nothing has been published yet on how temperature inhomogeneities
influence voltage characteristics.

Differential methods emphasise inconspicuous changes in the OCV, as shown
in Figure 2. The differential voltage analysis (DVA) in Figure 2 c) is the de-
rivative of the voltage with respect to charge throughput, so it is the slope of
the OCV in Figure 2 a). In analogy, for the incremental capacity analysis
(ICA), the accumulated charge throughput is derived with respect to the volt-
age to calculate the differential capacity shown in Figure 2 b). The plateaus
from the OCV that correspond to the individual phases of the electrochemical
system appear in the ICA as peaks at which intercalation potentials can be de-
termined [28]. The integral of the ICA is proportional to the charge through-
put [29]. The curves are much less influenced by internal cell resistance than
the OCV [30]. Both differential methods are mainly used for ageing diagnosis
as their characteristics, e.g. peak height, are changing with ageing. The quality
of the voltage measurement is crucial for an evaluation with ICA [27], and data
has to be processed carefully to not be altered [31].
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Figure 2. a) qOCV for a cell with LCO cathode and graphite anode, b) incremental
capacity (ICA), and (c) differential voltage (DVA) (adapted from Schmidt [27], li-
cense CC BY-SA 3.0 DE).

Electrochemical Impedance

Ohm's law defines the relationship between resistance, current, and voltage for
an ideal resistor with certain assumptions. These simplifications are not valid
in a more complex system, and impedance is used instead of a simple re-
sistance [32]. Electrochemical impedance spectroscopy (EIS) is a powerful
tool for measuring impedance, characterising the dynamic behaviour of elec-
trochemical systems, and separating the processes according to their time con-
stants [33—36]. Spectra are recorded with a sinusoidal excitation signal over a
frequency range. This signal can be either current or voltage. The response
signal, either voltage or current, is also sinusoidal but phase-shifted. The com-
plex impedance is calculated from the phase shift and the change in amplitude
using Equation 2.1 [32].
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N =745 =
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2.2 Electrochemical Characterisation

The theory behind the method and the calculation via Fourier Transformation
requires a linear, time-invariant, and causal system [37]. Within certain limits,
this is valid for batteries and can be verified via the Kramers-Kronig correla-
tion [38, 39]. One freely available tool for this purpose is Lin-KK [40].

The real part of the impedance versus the imaginary part is depicted in a so-
called Nyquist plot for visualisation. Alternatively, the magnitude of the im-
pedance and the phase angle are plotted against the frequency in the Bode plot.
Thus, the information about the frequency is retained. Often, equivalent circuit
models (ECM) [41] are employed to further analyse the electrochemical im-
pedance spectra. They compose different idealised elements to represent the
individual processes in LIB and to approximate their behaviour [42].

The spectra reflect the internal processes, so they depend equally on the tem-
perature and the SoC. Furthermore, the spectra change during ageing as differ-
ent ageing mechanisms lead to an impedance rise. Therefore, EIS is also used
to quantify its progress and the cells' state of health (SoH) [7, 43—47]. SoC
dependency varies from cell to cell. In general, the impedance increases for
lower SoC. The temperature dependency of the impedance follows an Arrhe-
nius function [48-51]. Knowing this function, the internal temperature of the
cell can be determined inversely by measuring impedance spectra. Either the
real part [50, 52, 53], the imaginary part [49, 52], or the phase shift [S1] can be
selected as a temperature-dependent measure of the impedance. The method is
mainly applied to establish a temperature control in the application [54] and
expand it to battery packs [55]. Thus, the focus is on temperature estimation
and not on how temperature gradients influence impedance. The authors use
different frequencies for their evaluation: a trade-off between high temperature
sensitivity, low SoC sensitivity, and measurement time when the method is
aimed for temperature control. Concerning temperature gradients, Schmidt et
al. [50] found that the ohmic resistance of a cell corresponds to that of its av-
erage temperature. In contrast, Troxler et al. [48] evaluated the charge transfer
resistance, which decreases with an increasing temperature gradient. In their
case, the resistance behaves as if the average temperature was higher. This ef-
fect is more pronounced at low average temperatures and reduced at higher
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ones. Both authors considered temperature gradients perpendicular to the elec-
trode layers. Pulse tests conducted by Klein et al. [16] reveal a significant de-
crease of resistance with an increasing temperature gradient. Opposing to this,
other tests based on US06 [56] show a rising resistance with increasing gradi-
ent when more than about 10 % of SoC are (dis-)charged.

2.3 Temperature and Heat Generation

A battery cell itself is a complex system in which numerous (electro-)chemical
reactions and various transport phenomena occur. The temperature depend-
ency of all these processes adds complexity. The internal temperature is not
uniform, and its distribution is dominated by heat generation, heat conduction,
and heat dissipation [10]. Bernardi et al. [57] established the general energy
balance for battery systems in 1985 and discussed the contributions to heat
generation and internal temperature. Alipour et al. [58] summarised the tem-
perature-dependent material properties and the main thermal, chemical, and
physical equations with their dependency on temperature [58]. Bandhauer et
al. [14] and Xia et al. [10] have written comprehensive reviews on the thermal
aspects of batteries, and Offer [59] illustrates the temperature influence and
provides a well-argued summary of the interrelationships.

The Arrhenius law [60] is valid for most of the processes taking place in a cell.
This exponential increase of chemical reaction rates with rising temperature
leads to a double reaction rate for a temperature rise of 10 K [61]. Mass
transport is facilitated as the diffusion coefficients in the active material [62]
and electrolyte [63] increase. These processes lead to reduced losses and a de-
crease in internal resistance. Low temperatures, in contrast, reduce the perfor-
mance significantly. The poor low-temperature performance can mainly be at-
tributed to the high charge transfer resistance of the electrodes [64] and the low
lithium diffusivity in the carbon anode [65], which cause slower diffusion and
intercalation [66]. Additionally, the lower electrolyte viscosity leads to slug-
gish ion transport, and materials, e.g., binder, get brittle at low tempera-
tures [11, 67]. As a result, elevated overpotentials occur, and voltage limits are
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reached earlier, leading to poor capacity utilisation. This performance deterio-
rating effect is shown in Figure 3 a), based on own measurements on the Ko-
kam cell focused upon in this work. The available capacity decreases signifi-
cantly with lower temperature, and at 0 °C (blue), only about one-third of the
discharge capacity is reached compared to 50 °C (yellow). Similar behaviour
is observed for aged cells at their end of life (EoL), with the behaviour being
amplified at low temperatures. The temperature dependency of a discharge
process is further illustrated in Figure 3 b). At the beginning of the 3C dis-
charge, the cell has a temperature of 0 °C, which is raised to 50 °C at about
50 % SoC. This temperature change causes a distinct increase in voltage de-
spite a constant discharge current.

The Arrhenius law also applies to the parasitic side reactions leading to degra-
dation and increased resistance, especially for temperatures higher than
40 °C [3]. The ageing and its dependency on temperature will be covered in
more detail in Section 2.5.

a) | e 0°CBoL b)
42 0°C EoL 42 50
25 °C BoL °
25 °C EoL
3.9 50 °C BoL 39 ® HT 0/50°C
] 50 °C EoL temperature
- 36 =~ 36 30 S
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Figure 3. a) Voltage characteristic at 3C and different temperatures for Begin of Life
(BoL) and End of Life (EoL). b) Voltage for a 3C discharge with a temperature change
from 0 °C to 50 °C at about 50 % SoC. [68] (license CC BY 4.0)

The reduced losses and decreased internal resistances described above affect
the current rate and the heat generation. The self-heating of the cell increases
with increasing current and decreasing temperature [69]. Two main factors are
contributing to heat generation [14], as represented in Equation 2.2. One is the
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irreversible Joule heating Q;,.., which is due to ohmic resistances and overpo-
tentials [70]. This fraction increases with the square of the current and domi-
nates the overall heat generation for high C-rates. The second is the reversible
entropic heat generation (,,, due to the chemical reactions and entropy
changes. It is proportional to the current, and the contribution can be either
positive or negative, depending on the reaction direction. Both, irreversible and
reversible heat generation depend on SoC [71] without any particular pat-
tern [72]. The heat generation of the individual components differs [73]. For
cell chemistries containing LCO, the heat generation is dominated by this ma-
terial for almost all C-rates [71]. It has significant kinetic limitations and the
most considerable entropy change compared to other cathode materials or
graphite [70, 71, 74].

. U,
Qges =1 (U = Upa) +1 T+ (%5) (22)
—_— -
Qir = IR Qrev

Temperature and heat generation affect each other, as electrical properties and
temperature are linked [14]. Resistance and current are temperature-dependent
and, at the same time, determine the heat generation. The effect of increasing
heat generation due to a higher resistance at low temperatures is often assumed
to be minor compared to a higher temperature leading to a higher current and
therefore higher heat generation. Thus, usually, a positive feedback mechanism
is assumed [48, 59, 75]. These interdependencies are especially relevant for
inhomogeneities in battery cells. An increased current density follows the in-
creased temperature caused by self-heating. Local electrochemical impedance
varying with temperature [76] is the main reason for current density inhomo-
geneities. This leads finally to local SoC differences [69]. The origins, impacts,
and interactions of inhomogeneities are discussed in depth in the next section.

2.4 Inhomogeneities

This section outlines which properties are potentially distributed inhomogene-
ously within the cell, how those inhomogeneities interact and how they affect
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the cell. After a brief overview of different inhomogeneities, the focus is on
non-uniform temperature distributions.

Already during the production processes, deviations occur in the electrode
thickness, mass loading, and porosity. In particular, the latter two have signif-
icant implications on cell performance. It starts with machine tolerances lead-
ing to deviations at each manufacturing step and uncertainties in the structural
parameters and deviations of electrochemical properties. This ultimately leads
to variations on cell level that impact the lifetime and overall performance of
cell and pack [77]. The variations of resistance and capacity within a cell affect
the maximum currents, OCV, and SoC differences [78, 79]. Thereby, the in-
fluence on the current and charge throughput of a variation in capacity is minor
compared to differences in impedance [80, 81]. At the beginning of a discharge
or charge, the cell current is distributed inverse to the local resistance ratio until
a certain OCV difference is reached [82]. This non-uniform current results in
a non-uniform SoC and equilibrium potential distribution [83, 84], which
means that the capacity of the active materials [85] is not fully exploited. This
non-uniform utilisation of active materials reduces their energy density [84].
The discharge energy decreases almost linearly with non-uniformity of the cur-
rent density [86], and qualitatively, the power loss distribution corresponds to
the current distribution [75]. In general, the behaviour of high-power cells is
more dynamic during (dis-)charge compared to high-energy cells [81]. Addi-
tionally, the cell design itself accounts for inhomogeneities. For example, the
current density is higher near the tabs with a developing SoC gradient when
distanced from the tabs [85]. Even at electrode level, local current densities
differ and are in the region close to the separator far higher than average. For
graphite anodes, this is the case at the beginning of each intercalation
stage [87].

Crucial to the evolution of the current distribution during discharge is the OCV.
A steeper OCV curve acts as a corrective and compensates the effect of diverg-
ing SoC, as the inhomogeneous distribution of equilibrium potentials balances
the current distribution. Therefore, non-uniform SoC distributions have a self-
damping effect [75], further induced by higher resistances at lower SoC. This
effect is especially significant when the magnitude of the differences in the
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equilibrium potential corresponds to the overpotential due to the cell re-
sistances [83]. The current distribution following the OCV leads to a SoC bal-
ancing so that the highest SoC difference in the cell is not at the end of the
discharge. As the SoC balancing is more effective for cell chemistries with a
steeper OCV, NMC, LCO and NCA are well suited to be parallel-connected
[75, 78].

This influence of the OCV on the current distribution also explains its typical
wavy shape shown in Figure 4. Both in single cells a) and parallel connec-
tions b), initial effects occur followed by a plateau with an almost constant
current over a certain range. In further progress, the compensation effects of
the SoC mentioned above arise, and the current distribution reverses. Measur-
ing the temperature, current, or SoC distribution within cells is impossible
without affecting the system [76]. As a single battery with its layers behaves
like a battery pack [59], often parallel connections are used to investigate cur-
rent distributions. A similar characteristic shape is evident in Figure 4, even
for different cell chemistries. To facilitate comparing the individual currents,
the normalised current can be evaluated as in Figure 4 b). It is calculated by
relating the current of each cell to the average current of all cells. If the current
was equally distributed, the value for all cells would be unity.
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Figure 4. Current distributions at a C/2 discharge and an average temperature of 25 °C.
a) Over the length of a multi-tab pouch cell (NMC) [88] (license CC BY 4.0) and b) in
a parallel connection with five cylindrical cells (LFP) and a temperature difference of
20 K [83] (license CC BY-NC-ND 4.0).
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The cells' internal resistance as the main parameter determining the current
distribution depends on several factors such as temperature and SoC. In regions
of the cell with a low temperature, the resistance is higher, leading to a non-
uniform current, particularly at low temperatures below 0 °C [89]. There is
some disagreement in literature on which effects are driving stronger inhomo-
geneities. According to Osswald et al. [90] and Zhang et al. [85], larger current
and SoC non-uniformities occur for increasing cell temperatures and higher
currents. Others claim that the difference of internal resistance between cells
is much more evident at low temperatures [80] as significantly higher SoC dif-
ferences occur at lower ambient temperatures [75]. Mistry et al. [91] found less
uniform lithium deposition at lower temperatures leading to reduced capacity.

Another influential factor causing and amplifying inhomogeneities are thermal
gradients [92]. In batteries, there always is a temperature gradient [59] caused
by external temperature control or self-heating. Usually, the temperature at the
cathode tab is higher than at the anode tab due to the lower electrical conduc-
tivity of the cathode materials [93] along with higher heat generation [94]. In-
tricate heat transfer paths due to the anisotropic thermal conductivity of the cell
stack complexify the temperature distribution [95, 96]. Those inevitable tem-
perature gradients are the main contributor to inhomogeneous cell parameters
as electrochemical impedance varying with temperature [76]. They lead to sig-
nificant non-uniformities in current and SoC distributions [76, 97]. Compared
to the effects driving inhomogeneities, there is more consistency in literature
regarding the impact of influencing factors with temperature gradients present.
At a constant temperature difference, a lower SoC and lower average temper-
ature results in greater divergence [83, 98]. Likewise, temperature gradients
due to self-heating increase with increasing C-rate and decreasing tempera-
ture [69]. An increase in temperature difference has a minor impact on energy
density, but the inhomogeneity in current density is increased [98]. A non-uni-
form temperature distribution has a self-intensifying character. With a positive
feedback mechanism, they accelerate themselves [48, 59, 75, 92], making the
electrical system inherently unstable concerning temperature gradients [99].
The extent of inhomogeneity depends on the cell chemistry. Klein and
Park [83] found a current fraction of 80 % in the warmest cell in a parallel
connection of five NMC cells that was twice as high as for LFP.
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Ageing mechanisms are temperature-dependent, as the Arrhenius law applies
for parasitic side reactions, and mainly low temperatures trigger lithium plat-
ing. Therefore, a temperature distribution causes locally different rates of side
reactions. With the coupled electrochemical inhomogeneities, local ageing dif-
ferences occur, affecting and accelerating the overall cell ageing [66, 69, 76,
100]. Its performance degrades slightly faster compared to a cell with the same
average temperature but without a temperature gradient [12]. According to
Lewerenz et al. [101], the localised ageing effects are impacted by the homo-
geneity of lithium distribution. The non-uniform degradation enhances the in-
homogeneity of cell parameters [102], and the temperature distribution in aged
cells differs completely from pristine ones with much higher temperature gra-
dients [99]. This further increases unbalanced currents and other inhomogene-
ities. Those findings are consistent with observations in parallel connected
cells. Their inconsistency causes degradation of the overall pack [10, 84],
where a 20 % difference in resistance can result in a 40 % reduction in cycle
life [103]. The degradation caused by non-uniform current distribution is am-
plified when temperature gradients are present [104]. Over the battery lifetime
the current distribution changes due to the inhomogeneous resistance change
caused by local ageing [84, 105], and aged cells exhibit an increased parameter
variation compared to new cells [106]. Not only is the ageing inhomogene-
ously distributed, but also temperature gradients can evoke other mechanisms.
For instance, Carter et al. discovered plating in a coin cell with an inter-elec-
trode gradient of 2 K, an average temperature of 35 °C, and a current of C/5.
In contrast, there was no plating under isothermal conditions [107].

We can state that many factors cause and intensify inhomogeneities in LIB. A
very influential one is an inhomogeneous temperature distribution. So far, as
can be seen from the above, there is a large number of publications that report
this influence qualitatively, but no quantitative correlation is established. A
common assumption related to packs is a maximum temperature difference of
5 K. Although it is widely accepted, no physical, statistical or otherwise
founded justification for this value can be found.
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2.5 Ageing Behaviour

2.5 Ageing Behaviour

In lithium-ion battery cells, alterations occur over time and during operation,
which becomes noticeable by the reduction of the overall performance and
storable energy. A variety of studies on ageing behaviour and lifetime predic-
tion can be found in literature. They differ regarding cell chemistry and format
as well as boundary conditions and stress factors. In general, it is distinguished
between cyclic ageing and calendar ageing during idle periods. For calendar
ageing, the storage temperature and the SoC have the highest impact on the
degradation behaviour over time. Both for higher temperatures and higher
SoC, the ageing is accelerated [108—115]. Nevertheless, the temperature is the
primary influencing variable and significantly determines long-term behav-
iour. However, different cell chemistries exhibit other characteristics during
calendar ageing [116].

The main stress factors determining cyclic degradation are temperature [46,
117-132], depth of discharge (DoD) [111, 124, 127, 130, 133, 134], correlated
with the average SoC [121], and C-rate [46, 47, 121, 124, 127, 130-132, 134,
135]. Often, the ageing progress is not expressed as a function of time but in
relation to the charge throughput as equivalent full cycles (EFC). Another rel-
evant issue is fast charging [ 136], with different charging protocols influencing
ageing [127, 128, 137]. Su et al. [138] statistically ranked the influencing fac-
tors starting with the highest impact: charging current — upper cut-off voltage
— temperature — lower cut-off voltage — discharge current. Some studies ad-
dress the combination and superimposition of calendar and cyclic ageing [111,
114, 139, 140]. Different mechanisms on electrode and particle level are trig-
gered during the ageing process, outlined in the next section. Collectively, they
reveal themselves as capacity fade or resistance increase (power fade) in the
cell behaviour. They are typically quantified in most studies to evaluate the
ageing progress. Both should always be considered to gain a holistic under-
standing.

Focussing on temperature, literature shows that the capacity fade and re-
sistance increase, and therefore the ageing, are accelerated at higher and lower
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operating temperatures. For homogeneous temperatures, the ageing rate de-
pends on the temperature expressed by an asymmetric U-shaped function [118,
122]. This reflects two different superimposed correlations determining the
ageing behaviour regarding temperature. The temperature at which ageing is
minimal depends on cell chemistry and cycling conditions [124]. Sometimes
thermal runaways account for degradation. This safety-critical phenomenon is
a chain reaction of exothermal chemical reactions and usually accompanies an
internal short circuit and leads to the destruction of the battery. In this case, the
occurring reactions are not representative of conventional battery behaviour or
degradation and are therefore not considered in this thesis.

While the effect of absolute temperature on ageing behaviour is well investi-
gated, information on other temperature effects is scarce. Hunt et al. [141]
compared surface to tab cooling and found a faster degradation for surface
cooling. They attribute this observation to the gradient perpendicular to the
electrode layers, which causes a different behaviour in each layer. The gradient
parallel to the layers, in contrast, provides a uniform utilisation of each layer.
Fleckenstein et al. [12] implemented ageing in an electrical-thermal model. He
concluded that the electrical performance with temperature gradient degrades
slightly faster than an isothermal cell with the same volumetric average tem-
perature. Carter et al. [142] and Atkinson et al. [143] deliberately provoke or
inhibit plating within a coin cell by the directionality of the interelectrode ther-
mal gradient. Besides temperature gradients, temperature changes have an im-
pact on ageing that is not yet known. Preliminary results from Gering et
al. [144] indicate a slightly increased impedance for the severe thermal cycling
between 10 °C and 40 °C. Carter et al. [145] observed massive lithium plating
for cells charged under a thermal transient either from 40 °C or 10 °C to 0 °C.
According to Chang et al. [146] also transitions to higher temperatures can lead
to failure within practical temperature ranges.

In detail, it is not possible to distinguish the various individual ageing mecha-
nisms in an operational battery, which are introduced in Section 2.6. Therefore,
they are often grouped according to their implications, leading either to a loss
of active material (LAM), a loss of lithium inventory (LLI) or an increase in
resistance [147]. Both differential methods help to identify them. Dubarry, for
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example, prefers to evaluate ICA [148—152], while others like Bloom consider
DVA [28, 153-155].
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Figure 5. a) Differences in the ICA for LAM and LLI at the positive and negative
electrode [148] (with permission from Elsevier) and b) changes in DVA from the begin
of test (BOT) to 5000 cycles for 10 °C and 25 °C [46] (license CC BY 4.0).

Theoretically, a loss of active material can be assumed to cause a uniform de-
crease in electrode capacity, meaning the peaks from one electrode move
closer together with ageing [28]. Dubarry et al. [148] present a concise exam-
ple of how LLI and LAM affect ICA, as shown in Figure 5 a). In ICA, the
occurring changes are difficult to assign precisely. In the DVA, LLI hardly
alters the curve, but the last slope moves to lower capacities. Thus, the curve
is virtually cut off. Sometimes it also becomes noticeable by a parallel shift of
the DVA [156]. For LAM, different changes occur depending on whether
charging or discharging is considered. Common is a compression of the curves

19



2 State of the Art

and a convergence of the peaks. Figure 5 b) shows a typical evolution of the
DVA over ageing for cycling at 10 °C and 25 °C. A similar representation of
LLI and LAM can be found in the dissertation of Wu [156], complemented by
the influence of the ohmic resistance, which cannot be seen in the DVA and
shifts the unchanged characteristic along the x-axis in the ICA. Several ageing
results show reduced peak heights and peak shifts in both, with a shrinkage of
the curve indicating LAM [150, 154]. Lewerenz et al. [101] observe different
peaks in the DV A being sensitive to LLI or LAM. While LLI mainly impacts
the peaks at high SoC, LAM affects the DVA by compressing it at low SoC.

Usually, LLI and LAM occur together with different shares to the capacity
loss, and it is often hardly possible to reliably distinguish them [46]. In addi-
tion, blurring of the peaks or their shift in the ICA can be caused by increased
(polarisation) resistance [151]. These less defined patterns may indicate slow
kinetics [157] and hinder the interpretation regarding the degradation modes.
Carter et al. [107] simulated their effect on ICA. They detected a reduction of
peaks for LLI and a shift of different peaks in certain directions depending on
which electrode LAM occurred. Sarasketa-Zabala et al. [158] verified LAM at
the graphite anode with scanning electron microscopy (SEM) and X-ray dif-
fraction (XRD). By measuring half-cell potentials versus lithium, the peaks of
the DVA and ICA can be assigned to the individual electrodes [28, 46]. Once
this assignment is established for a material combination, alterations in DVA
and ICA can be related to the electrodes. Also, for blend electrodes, individual
peaks can be attributed to each component, e.g., in NCA/LCO mixtures [46].
Thus, it can be identified that cathode characteristics shift with respect to ca-
pacity, while the anode remains almost unchanged [23, 150] and vice
versa [159]. This shift changes the electrode balancing determined during pro-
duction. Bloom et al. [154] report a disappearing anode peak during cycling.
They assume it to be due to an increasing amount of decomposition products
between the graphene layers caused by solvent co-intercalation. During ageing,
the shift in the alignment of the electrodes changes [160], often referred to as
electrode slippage [28]. The main driver for this phenomenon is LLI [161, 162]
which usually has a significant contribution to capacity fade [151, 158]. Keil
and Jossen [163] found the shift in electrode balancing to be the primary ageing
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mechanism as it triggers other processes such as passivation layer growth [163]
both at anode and cathode.

The temperature effect on ageing behaviour is also evident in the DVA. For
both higher and lower cycling temperatures, the DVA shows greater changes
that differ from each other. The high temperature from around 40 °C causes
the peak indicating stage-1 of graphite to disappear, suggesting a higher loss
of positive active material or lithium inventory [46, 152]. Lower temperatures
cause a much flatter main peak [46] and a stronger shift [164] compared to
higher temperatures, as shown in Figure 5 b). According to Carter et al., tem-
perature gradients perpendicular to the electrode layers induce LAM at the
colder electrode, especially when the anode is colder [107] than the cathode.
Furthermore, inhomogeneities in ageing can be detected within certain limits.
Bloom et al. [153] observe the splitting of an anode peak and attribute this to
a local decrease in accessible material. Lewerenz et al. state that the height of
the graphite peak at low SoC decreases [101, 165] if there is a variety in lithium
concentrations in the anode. The inhomogeneous lithium distribution causes
the phase transition not to take place simultaneously, so the OCV/DVA/ICA is
a superposition with less distinct features. Others [166] also observe this phe-
nomenon. Bach et al. [167] note a large scatter in the results of the half-cell
samples that average the course of the original aged cell. Thus, the peaks in the
ICA are smoothed. In addition, the degradation modes do not begin simultane-
ously, but LLI occurs first before LAM increasingly sets in [149].

Identifying underlying mechanisms, either physical or chemical [168], that
provoke ageing is difficult as they often interact [2, 169, 170] and affect battery
components with similar consequences and at a similar time scale [171]. The
mechanisms can be identified, however, with the help of cell openings and
subsequent analyses.
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2.6 Ageing Mechanisms

The diversity of ageing mechanisms is the subject of numerous publications.
Mostly, the focus is on a specific mechanism, as plating and SEI growth, or on
a component. Some reviews summarise the mechanisms graphically [172, 173]
or in tables [121, 166, 173] and consider the interdependencies [174].

The underlying root causes are mostly various chemical or structural changes
inside the cell and observed in all cell components. Diverse degradation mech-
anisms reflect that Li-ion cells are operated close to or outside the stability
window of their materials [22]. Due to inhomogeneous conditions in the cell —
thermally, electrically and mechanically — ageing and all its processes likewise
proceed non-uniformly. In the following, typical ageing phenomena are ex-
plained, focusing on the materials employed in the cell type analysed in this
thesis.

Graphite as anode material is used in most of today’s applications. The exact
composition of the electrolyte is not known for the cells used in this thesis.
Presumably, it is a mixed carbonate solution with LiPFg, which is almost iden-
tical for all battery producers and only varies in the amount and type of addi-
tives. Therefore, the ageing mechanisms are expected to be comparable [2]. In
contrast, the different cathode materials impact the individual ageing mecha-
nisms [2]. The investigated cells comprise blend cathode of NCA and LCO,
which are both layered oxides. The similar crystal structure leads to similar
ageing mechanisms.

2.6.1 Anode Active Material

The primary degradation mechanisms at the anode are the growth of a solid
electrolyte interface (SEI) and lithium plating [123, 171], both occurring at the
electrode/electrolyte interface. In addition, mechanical degradation may arise
during operation. Agubra and Fergus [175] give a detailed review of ageing
mechanisms on the anode.
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Solid Electrolyte Interface

Conventional organic electrolytes are stable between 1 V —4.5 V but not at the
prevailing low potential of the graphite anode of about 0.05 V [2]. They react
with lithium on the surface of the active material or decompose at the anode's
surface, forming a passivating surface layer [26, 176]. The decomposition and
reaction products build up to an ion-permeable layer on the surface called solid
electrolyte interface. Typically, it contains Li,CO3, ROCO;Li, (CH,OCO,L1)s,
and LiF, comprises crystalline and amorphous components [177] and is a few
nanometers thick [178]. The electrolyte and its components play a crucial role
in forming a stable SEI with low resistance [18]. Verma et al. [179] provide a
broad overview of parameters influencing SEI formation and techniques to
characterise its properties. Although the SEI poses an additional resistance and
cyclable lithium consumption causes an irreversible capacity fade, it is neces-
sary to protect the active material from further decomposition [176]. Thus, the
initial formation of a stable SEI is most desirable. Peled [180] raised detailed
considerations about the SEI and concluded already in 1979 that a “proper an-
odic SEI is the key for the operation“. During battery life, the SEI thickness
increases due to decomposition products [181]. This process has no further
advantage but increases the resistance and the loss of active lithium [175, 182].
The resistivity of the SEI layer correlates with its thickness, which increases
with the square root of time [183]. In extreme cases, the SEI can grow to a
micrometre thick layer on top of the anode [184]. SEI evolution and its char-
acteristics can also be affected by transition metal dissolution, an ageing effect
at the cathode. Current, temperature and voltage are essential for SEI growth
[185, 186], especially the polarisation and overpotentials [187—189] at the an-
ode. Temperature determines the reaction kinetics of SEI formation [190] and
transformation. At elevated temperatures, the SEI layer grows faster, becoming
more porous and unstable [66]. In LiPF¢ systems, the SEI is thermally unstable
at temperatures above 60 °C [66, 191] and reacts with the electrolyte or active
material [179]. With a further temperature increase, unstable components con-
vert to more durable species like Li,CO3 [192, 193]. The deposition of con-
stantly new reaction products may cause clogging of pores [184, 194]. Addi-
tionally, the volume expansion during (de-)lithiation of the graphite and the
SEI [195] itself causes mechanical stress, leading to fracture. The SEI is the
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weakest material and, therefore, more prone to fracture than graphite [196].
The created fresh graphite surface reacts again with the electrolyte to new SEI,
causing more loss of active lithium. Concerning overpotentials, the most se-
vere conditions prevail at the anode-separator interface, resulting in a thick SEI
layer and high film resistance there [197]. Since SEI growth highly depends on
the conditions, it is sensitive to when they are inhomogeneously distributed.
As a consequence, the SEI growth is inhomogeneous over the thickness and
the length of the electrode [198].

Lithium Plating

Plating describes the phenomenon during charging when lithium ions are re-
duced and deposited on the graphite surface instead of intercalating into the
lattice structure. Literature broadly agrees that plating originates from limita-
tions either in the charge transfer or the lithium diffusion in the graphite. Typ-
ically charging with high currents or at cold temperatures [198] combined with
an already high SoC [127] are associated with plating [66, 128, 199]. It can
occur when the anode potential drops below the standard potential of
Li/Li* [128]. Li et al. [200] provide an overview of lithium deposition and its
main aspects, like when it occurs, its morphology how it is influenced and po-
tentially interacts with the SEI. Although according to conventional theories,
mainly low temperatures lead to plating, it may also occur at elevated temper-
atures [123]. In addition, Carter et al. [145] report plating for charging during
a temperature transient. They also showed that plating is not limited to high
currents but that even conditions of 35 °C and C/5 can lead to enhanced depo-
sition when interelectrode temperature gradients are present [107, 142]. Those
findings indicate that plating is less understood than it might appear. For inho-
mogeneous temperatures parallel to the electrode, plating is observed in the
warmer cell regions as the higher current dominates [161]. In this case, the
location but not the severity of plating [201] is influenced. Lithium deposition
is an inhomogeneous process that gets more uniform with higher temperatures
[91, 143]. Preferably, lithium deposits at the edges of the electrode sheet as
there the lithium concentration increases faster than in the bulk [161]. This so-
called edge effect even occurs when the anode is oversized. Part of the lithium
loss caused by plating is reversible and is restored after the so-called stripping
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process [202]. The irreversible plated lithium reacts with electrolyte to SEI,
becomes electrically isolated, and therefore 'dead lithium' [143, 161]. Besides
the massive loss of lithium, plating poses a potential safety risk when lithium
deposits as dendrites [175]. Severe plating that covers the electrode surface
disables the intercalation and leads to a partial, non-uniform utilisation of the
active material [127].

Mechanical Degradation

During lithium intercalation, the host material expands, and it contracts during
deintercalation. Graphite exhibits a volume change of about 10 %. In the long
run, this mechanical stress leads to cracking within the active material. Crack
propagation may even cause isolated particle fragments with no electrical con-
tact to the current collector. This is more likely for higher C-rates and low
temperatures. The stress is induced by higher concentration gradients in the
particles due to a lower diffusion coefficient [203, 204]. At elevated tempera-
tures, on the other hand, the cell generates larger thermal stress [205], acceler-
ating fracture. The formation of cracks exposes fresh surface that reacts with
electrolyte to SEI consuming lithium [204, 206].

Related to particle cracking is exfoliation, which is the cracking along gra-
phene layers. This is either provoked by solvent co-intercalation [207] or by
the pressure due to gas formation [208] at the crevices at the edges of the lay-
ers. A stable SEI can prohibit the exfoliation tendency [209]. Additionally, de-
lamination of the active material layers, the separator and the current collec-
tor [210] can occur. High C-rates increase stresses at the electrode-separator
interface [211], and high temperatures degrade the binder, which ensures the
electrical conductivity between graphite and the current collector. This can be
compensated by applying mild pressure on the electrode stack [212].

The consumption of electrolyte in side reactions leads to gas accumulation.
This dry-out of pores electrochemically isolates particles or electrode regions,
especially at temperatures above 25 °C [46]. The electrode dry-out is suspected
to be one potential reason for the knee point [213], at which ageing accelerates
rapidly.
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2.6.2 Cathode Active Material

Both NCA and LCO belong to the layered oxides, and their ageing mechanisms
have been detailed by Hausbrand et al. [22].

Similar to the SEI on the anode, irreversible decomposition (oxidation) [26] of
the electrolyte leads to a surface layer on the cathode particles that contains
decomposition products [22]. Major components are LiF, LiPFO, and
(Li)CHO. Its formation is strongly influenced by SEI components migrating
from the anode to the cathode surface [214]. At high temperatures and volt-
ages, the surface modification is more pronounced. It reduces the active surface
area by blocking pores and hinders the lithium kinetics, increasing the imped-
ance [215]. At high voltages, this surface layer breaks down accompanied by
the evolution of mainly CO; [26]. The loss of lithium caused by the surface
layer formation shifts the voltage characteristics of the electrodes and leads to
an overcharging of the cathode material. This can induce oxygen to be released
from the crystal lattice, which then reacts with the electrolyte. The remaining
defects and oxygen vacancies lead to an intrinsic instability, especially of
LiCo0; in the delithiated state [22].

A critical ageing mechanism in cathode active material is mechanical degrada-
tion leading to disturbed electronic pathways within the composite cathodes
and, therefore, to higher contact resistance [216]. Primarily at high voltages,
cracks emerge at the boundaries of primary particles [137]. This intergranular
cracking can largely be attributed to the strong anisotropic evolution of the
crystal structure during lithium (de-)intercalation [67]. Therefore it depends on
the SoC range during cycling and less on temperature. With the separation of
the primary particles, the kinetic behaviour of individual oxide particles be-
comes non-uniform [216]. Additionally, the exposure of fresh surface to elec-
trolyte accelerates structural damage and mechanical disintegration [137]. The
electrical pathways are further degraded when the carbon-binder mixture de-
taches from the particles, and the secondary particles lose contact [217].

For cathode materials, mechanical degradation also on the atomic level is rel-
evant when — potentially — lattice parameters change. They depend on lithium
concentration and thus change reversibly during every charge and discharge
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process [218]. Irreversible changes in the crystal structure from rhombohedral
to electrochemically inactive cubic mainly occur at the particle surface, reduce
the specific capacity of the active material [219] and increase the charge trans-
fer impedance. This process is accelerated at high cathode potentials [2, 67,
137] when the cell is cycled to upper cut-off voltages of 4.2 V—4.5 V. Besides
the changes in the lattice structure, so-called cation mixing can occur. Nickel
and lithium ions are similar in size so that nickel cations can migrate into the
delithiated layers of the crystal structure [215]. This lowers the lithium stoichi-
ometry, resulting in a loss of capacity. Transition metal swapping their places
is known as antisite defects and occurs mainly in NCA and NMC [2]. This
effect and vacancies in the structure result in less cathode stability [22]. Espe-
cially at fresh surfaces originating from particle cracking, transition metals dis-
solve [220]. This ageing mechanism mainly affects the SEI, where the transi-
tion metals alter its formation and lead to an enhanced loss of lithium.
Manganese is prone to metal dissolution, but also nickel, cobalt, and rarely
aluminium can be found in the SEI

Overall, the ageing mechanisms at the cathode are less sensitive to temperature
than those on the anode, but the voltage (range) is decisive for its degradation.

2.6.3 Passive Components
Electrolyte

A detailed analysis of possible reaction paths and degradation products is pro-
vided by Nowak et al. [221]. Xu et al. [26] give an overview of voltage and
temperature ranges in which the electrolytes are stable and comment on possi-
ble decomposition mechanisms.

It is known that conventional organic electrolytes are stable between 1V —
4.5V but not at the prevailing low potential of the graphite anode [2]. They
react with lithium on the surface of the active material or decompose at the
electrode surface [26, 176]. Electrolyte solvents decompose reductively on
graphite generating gaseous propylene as one of the reaction products. Addi-
tionally, radical anions are generated, which continuously further degrade the

27



2 State of the Art

solvents [26]. Not only are electrolytes chemically unstable but also thermally.
The thermal decomposition starts at temperatures >60 °C. The most unstable
component in the system, both chemically and thermally, is LiPFs [221]. It
decomposes at 50 °C — 60 °C. The electrolyte must contain as little water as
possible since even traces would cause side reactions with lithium and lead to
unwanted surface layers [18].

Separator

The primary ageing mechanism affecting ion transport through the separator is
the reduction of porosity. This particularly occurs when deposits clog the
pores, for example, during SEI formation or lithium plating. In addition, the
separator is with a yield strength of 10 MPa — 40 MPa mechanically the weak-
est link and susceptible to mechanical stress. Viscoelastic creep may induce
pore closure and reduce ion transport [222]. Elevated temperatures increase the
creep rate, although typical separators made of PE or PP have a melting point
around 130 °C — 160 °C [223].

Current Collector

Copper and aluminium have good chemical stability. Nevertheless, the harsh
conditions in batteries can lead to their corrosion. At high SoC during calendar
life tests, the aluminium current collector may suffer from severe pitting-like
corrosion leading to capacity fade [26]. Copper, in contrast, is sensitive to im-
purities in the electrolyte, which dramatically increases its oxidation ten-
dency [224].

2.6.4 Non-Uniformities in Ageing Mechanisms

In reality, the individual mechanisms described above often coincide and are
mutually dependent [174]. Moreover, the same integral phenomenon [107] can
be triggered by different underlying root causes. For instance, the knee point
or sudden death can be initiated either by transition metal dissolution, leading
to accelerated SEI growth [7] or by pore-clogging of graphite leading to lith-
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ium plating [130, 158]. Another example is the shifting of the anode charac-
teristic due to lithium loss, resulting in higher voltages at the cathode and con-
sequently its damage. Despite these complex couplings, the stability of SEI is
key to the overall cell stability. Then the nature of the positive electrode and
its reactivity determine the battery ageing characteristics [182].

Observing the ageing mechanisms, it is noticeable that they are hardly homo-
geneous and at most statistically distributed. The SEI is heterogeneous in terms
of its components, and it comprises crystalline and amorphous parts [177].
Plating occurs preferentially at the edges and is extremely local and inhomo-
geneous [143, 198]. In addition, the morphology changes depending on the
conditions so that not all plating is the same. Plating is also strongly influenced
by uneven temperature [142]. Non-uniform SEI and plating, covering the sur-
face, decrease the electrode area, which in turn increases the inhomogeneity in
the cell [225].

2.7 ldentifying Inhomogeneous Ageing

Under certain conditions, specific processes can be observed in-situ or in-op-
erando. In ageing tests on commercial cells, a post-mortem analysis is usually
performed to identify and assign individual mechanisms [123]. Various meth-
ods are used to detect and quantify the changes that occur to capture a wide
variety of effects. Waldmann et al. [172] provide a detailed overview of the
analysis methods and what they are sensitive to. With each physico-chemical
analysis method, it is only possible to identify specific aspects of degradation.
Several complementary methods are necessary to achieve a holistic picture of
the ageing mechanisms. A reasonable combination provides information re-
garding microstructure, crystallographic structure, and chemical composi-
tion [172]. A full understanding of the ageing processes is obtained with addi-
tional electrochemical investigations of the electrodes in half-cells and their
evaluation. For the identification of inhomogeneities, this must be taken into
account when selecting the methods [226].
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2.7.1 Cell Opening and Sample Preparation

Regarding the procedure of cell opening and sample preparation, Wald-
mann et al. [172] and Williard et al. [227] provide a summary of the significant
points. The opening of LIB requires a controlled environment with minimal
concentrations of oxygen and water to ensure consistency between cell and
disassembled components. Especially for chemical consistency, a glovebox
with a dry Argon atmosphere is necessary [227]. For further analysis with scan-
ning electron microscopy (SEM), inductively coupled plasma optical emis-
sions spectroscopy (ICP-OES) or X-ray diffraction (XRD), a brief contact with
air does not alter the results [167, 227, 228]. An important and crucial step is
washing the electrode material, although there are different aspects and studies
on how the procedure should look like. The aim is to remove residual conduc-
tive salt that remains on the surface when the electrodes dry. The literature
largely agrees on dimethyl carbonate (DMC) as a solvent. However, German
et al. [185] use diethyl carbonate. In his dissertation, Winkler [178] studied
washing treatments with different combinations of DMC and propylene car-
bonate (PC) and concluded that DMC with 10 vol-% of PC followed by rinsing
with DMC produces the best results. The exact procedure applied by the au-
thors during the washing process varies greatly. One challenge is that not only
conductive salt residues (LiPFs) but also parts of the SEI (LiF, LixPFy) are dis-
solved [229]. According to Schmid et al. [230], the washing procedure has no
impact on the deviation in capacity, but the variations in impedance are
significant when the material has been washed. In contrast, there is general
agreement to remove active material from the current collector using n-Me-
thyl-2-pyrrolidone (NMP) before experimental cells are build up [136, 218,
231, 232]. Along with the sophisticated measurement methods explained
subsequently, measuring the layer thickness can be revealing [233]. Waldmann
et al. [118] found an increase of thickness for anodes aged at T > 25 °C and
attributed it to the SEI growth.
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2.7.2 Electrode Characterisation

There is a wide range of characterisation methods that are applicable to battery
materials. However, since the measurements are ideally carried out in the ab-
sence of air, the adaptation for the intended purpose can be very costly. Partly,
possible analytical methods complement each other, and partly they are redun-
dant. Waldmann et al. [172] provide a good but not all-encompassing overview
of the methods and their employment in battery research.

With atomic force microscopy (AFM), for example, mechanical properties,
surface morphology and conductivity can be measured on the nanoscale. It has
high potential but is not yet state of the art for battery materials as their surfaces
are extremely rough. The challenges for determining the porosity or active sur-
face are of a different character. Although physical adsorption, mercury poros-
ity, and optical microstructure reconstructions are principally suitable, each has
its drawbacks. The active surface of battery materials is too small to obtain
quantitative results with gas adsorption. The uncertainty of mercury porosity
is too high to detect differences between samples, and 3D reconstruction via
SEM combined with a focused ion beam is extremely costly and has difficul-
ties distinguishing pores, carbon black and binder. The analysis techniques
used in this work are briefly presented below.

X-Ray Diffraction

X-ray diffraction analyses the crystal structure of the sample material by dif-
fraction of X-rays. The theory behind the technique and the measurement prin-
ciple is addressed in several textbooks [234, 235]. Different anodes, typically
copper or molybdenum, are used as radiation sources depending on the sample
or the atomic distances in the sample. They differ in the emitted wavelength 4
of the radiation. If the wavelength of monochromatic X-rays is in the same
order of magnitude as the diffraction grating, they are diffracted, and interfer-
ence develops. In ordered crystal structures, constructive or destructive inter-
ference occurs at certain angles. These angles depend on the distance between
the atoms and thus allow conclusions to be drawn about the crystal structure.
In an XRD spectrum, the intensity is plotted over twice the diffraction angle 6,
resulting in distinct peaks. Based on their position, the lattice plane spacing d
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can be determined via Bragg's law according to Equation 2.3. Subsequently,
the reciprocal and real lattice parameters a*, b*, c¢* and a, b, c are calculated.
The letters 4, k, and [ refer to the Miller indices.

2 - dhkl . Sin Hhkl =n- l (23)
—— =W +k2+h-k)-a® +12-c*’ 24
At
P T
a'=b=— = (2.5)
a) b)1
08}
> )
2 i
c 06F o
5 <3
= I
o i _o =}
20 g =2
£ T =5 =%
2 o2 Sz 8 S 9=
ue = =72
O.-./'\_JL |- S I Iil Il A

10 20 30 40 50 60 70 80 90 100
Angle 20

Figure 6. a) Layered crystal structure of LCO [3] (with permission from Springer).
Black atoms represent cobalt, grey atoms oxygen and the small atoms are lithium. b)
XRD spectrum of a LCO/NCA blend cathode with Miller indices labelling the respec-
tive peaks.

The crystal structure of a layered oxide is shown in Figure 6 a), with a hexag-
onal unit cell being highlighted and the coordinate system indicating the direc-
tion of the lattice parameters.

Graphite anodes are usually not affected even by heavy cycling [236]. In this
work, X-ray diffraction is applied to powders of the cathode material to study
the crystal structure changes during ageing and relate those to the thermal
boundary conditions. The spectrum of a LCO/NCA blend cathode is shown in
Figure 6 b). Both materials have the same crystal structure, and therefore, all
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peaks appear twice in the spectrum. The peaks located at slightly smaller an-
gles can be assigned to NCA. According to the literature, the lattice parameter
a does not change remarkably during cyclic ageing for either NCA or
LCO [120, 133, 236], whereas parameter ¢ increases [236, 237]. Ramadass et
al. [120], in contrast, found a smaller ¢/a ratio indicating a decrease in lithium
stoichiometry with cycling. A shift of the peaks with Miller indices of (003)
and (104) to lower angles can be attributed to lithium deficiencies in discharged
LCO [236]. There are rarely changes in the crystal structure [120, 237], but
Maher et al. found the peak (003) to split, which they relate to a transformation
from hexagonal to cubic spinel lattice [236].

Inductive Coupled Plasma — Optical Emission Spectroscopy

Optical emission spectroscopy (OES) is based on the characteristic wavelength
emitted by excited electrons to identify elements. In ICP-OES, the sample is
injected as an aerosol into an inductively coupled plasma (ICP) for excitation.
The measurement principles are available in detail in literature [238, 239]. One
advantage in battery research is that ICP-OES can detect almost all elements,
including lithium, except hydrogen, fluor, carbon, and oxygen in a broad con-
centration range from ppm to major components [44]. Sample preparation in-
volves the generation of an aerosol, so solids are digested in acid, for example.
Digestion of graphite can only be achieved with great effort, but with aqua
regia [44], partial digestion can be reached, which is sufficient for the analysis.
The whole sample is dissolved and measured at once, which means no local
phenomena can be analysed except separate samples are taken. ICP-OES is
frequently applied for identifying dissolved transition metals from the cathode
that were transported through the electrolyte to the surface of the anode. The
chemical stability increases in the order manganese, nickel, cobalt, alumin-
ium [220]. Therefore, manganese is most likely to be found at the anode, fol-
lowed by nickel and cobalt. This phenomenon is sometimes referred to as
cross-talk [44]. The transition metals integrate into the SEI layer leading to a
loss of cyclable lithium and enhanced SEI growth. Ageing, namely capacity
fade and resistance increase [240], and the SEI thickness correlate linearly with
lithium phosphorus and manganese concentration [118]. For nickel and cobalt,
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the correlation is less explicit [220]. The concentration of those elements in-
creases with temperature and time [118, 123, 167]. The additional lithium
found on aged anodes is correlated to a lithium loss from the cathode [118,
240, 241] for the whole temperature range. Besides elevated temperature, over-
charging is critical for the stability of the cathode. Voltages beyond 4.2 V for
LCO and 4.3 V for NCA caused cobalt and nickel to deposit at the anode [171,
220]. Transition metal dissolution can be found for calendar and cyclic aged
cells. Stiaszny et al. detected with ICP-OES concentrations of cobalt, nickel
and manganese that were 3.7 — 5.4 times higher than in the pristine cell for
cyclic ageing [44] and 2 — 2.4 times higher for calendar ageing [45]. Bach et
al. [167] found higher manganese concentration in the regions where lithium
plating occurred. Thus ICP-OES is also suitable to identify inhomogeneous
concentrations, although not in a high resolution. Therefore, it is used in this
work to identify possible temperature-dependent differences in SEI thickness
via the concentration of lithium and phosphorus. Additionally, the concentra-
tion of cobalt, nickel and aluminium is assessed to detect the occurrence of
cross-talk.

Scanning Electron Microscopy

A precisely focused electron beam is moved line by line over the sample's sur-
face during this imaging technique giving the scanning electron microscopy
(SEM) its name. The entire measurement set-up is placed in a vacuum. De-
pending on the type of interaction between electrons and sample material, dif-
ferent signals can be detected. The most commonly used signals are those of
the secondary electrons (SE), backscattered electrons (BSE) and the character-
istic X-ray emission. Secondary electrons are ejected from the valence bands
of the atoms after interactions with beam electrons. They have low energy and
originate from the first nanometer of the sample surface [242]. The intensity
of the detected signal depends on the topography, and edges appear brighter
than flat surfaces. Electrons that originate in the beam and are reflected at the
surface are high-energetic backscattered electrons. The heavier the sample ma-
terial, the more electrons are reflected and the brighter the image appears. For
energy-dispersive X-ray spectroscopy (EDX), high accelerating voltages are
applied so that the beam ejects electrons from inner shells. The electron from
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an outer shell fills the hole and emits characteristic X-rays. Therefore, EDX is
element-specific. A very local resolution and, thus, detailed imaging of specific
structures is possible. Some SEMs achieve resolutions better than one nanome-
ter. The higher the energy of the electron beam, the larger the range of excita-
tion. The analysis method requires the samples to be conductive. Otherwise,
they become charged by the electron beam, and the image becomes blurry over
time. If battery electrodes are examined, this requirement is fulfilled. Other
sample materials can be sputtered.

Inherently, SEM-imaging is highly effective for detecting changes occurring
on the active material surface during ageing. In particular, the morphology of
the SEI on the anode surface becomes observable. It spreads and becomes
thicker over ageing [7, 118, 129, 184] and is not uniformly distributed but co-
vers some graphite particles only partially [158, 243]. Klett et al. [184] found
further deposits between the graphite particles. Besides the SEI, cavities on the
graphite or delamination are observed and attributed either to solvent co-inter-
calation or gas formation [129, 158]. Friesen et al. [129] realised bright spots
which mark regions with static electric charge indicating a poor electric con-
ductivity of the surface layer. The surface of the cathode is altered much less
[7, 118]. At elevated temperatures, also agglomerates form, which appear as
small round deposits [117]. The mechanical stress leads to particle cracking,
especially at high C-rates and gaps in the secondary particle structure [22, 206,
210]. SEM provides a reliable tool for obtaining a large-scale overview of the
electrode surface and observing global and local changes. Thus, SEI formation
and occurrence of plating is detected in this work and conclusions about their
homogeneity can be reached.

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is an element-specific analysis tech-
nique in which X-rays eject photoelectrons from the inner atomic orbitals. The
kinetic energy of the electrons directly indicates the binding energy of the elec-
trons and is characteristic of the atom. It can even be determined from which
orbital the corresponding electron is emitted. This allows determining the
chemical state of elements and the surface composition within a depth of about
10 nm. Figure 7 shows the overall C(1s) and F(1s) spectra in black that are
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deconvoluted and the smaller peaks indicating the chemical bond with its bind-
ing energy [244]. The scan is performed on an ellipsoidal area with an axis
length of about 400 um. The detector is adjusted for specific kinetic energy
ranges. Thus, on the one hand, a survey spectrum can be acquired over a wide
energy range and, on the other hand, a specified smaller range of binding en-
ergy can be covered with a higher resolution. The theory and technique are
comprehensively outlined by Vickerman et al. [245].
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Figure 7. C(1s) and F(1s) spectra with peaks for different chemical states at charac-
teristic binding energies.

XPS is one of the few methods to study the SEI and the decomposition prod-
ucts on the anode surface [172] and to determine the chemical composition of
the covering layer. Therefore, it is employed here to identify the SEI compo-
nents and how they and their concentration depend on temperature.
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In the C(1s) spectrum in Figure 7 a), the characteristic peak of graphite of the
anode active material is located at 282.5 eV. The three peaks at 286.2 eV
(CH»), 290.7 eV (CF2,—CHa>), and 291.8 eV (CF,—CF>) are evidence of compo-
nents of the binder consisting of polyvinylidene fluoride (PVDF) at the cathode
surface. The four other components at 285.4 eV (C—C/C-H), 286.8 eV (mix of
C-O/ROLi), 288.5 eV (C=0) and 290.0 eV are associated with Li,CO3 which
is present due to electrolyte degradation and a component of the SEI. Always
present in the cathode is carbon black, with the characteristic peak at 284.9 eV.
The F(1s) spectrum in Figure 7 b) displays two components, one located at
685.0 eV indicating LiF and one located around 687.1 eV, indicating the pres-
ence of P-F bonds that correspond to the conductive salt. At the cathode, an
additional peak arises that is associated with CF,—~CH, from the PVDF binder.
This peak assignment is performed in the same way for all other elements pre-
sent in a sample. In literature, different compilations can be found on which
binding energy is associated with which element and SEI component [179,
246]. When interpreting the spectra, the composition of the sample must be
coherent. The conducting salt, for example, appears both in the F(1s) spectrum
and in the P(2p) spectrum.

The constituents of the SEI are mainly RCH,OCO,Li, RCOOLi and LiF for
the outer SEI and mainly Li>COs3, Li,O and LiF for the inner SEI [185]. With
combined depth-profiling, XPS can reveal that the SEI thickness increases for
aged cells [206, 243]. The amount of Li,O and Li,COs increases during cy-
cling [219, 243], while LiF is getting more dominant for elevated tempera-
tures [206]. Also, at high temperatures, unstable components convert to
Li,COs. However, the onset temperature highly depends on electrolyte com-
position [179]. Jung et al. [181] found the fluorine and carbon elements on the
SEI to decrease with cycling, whereas oxygen increased. XPS measurements
also reveal a partial dissolution of the SEI during operation [247, 248]. Theo-
retically, XPS measurements are possible at the cathode. Still, one challenge
there is to differentiate surface layer components because PVDF binder and
conductive carbon black have very similar binding energies [214] as decom-
position products.
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2.8 Interim Conclusion

The review of the current literature has demonstrated that temperature has a
tremendous impact on lithium-ion batteries. The influence of the temperature
level is well studied, as well as the internal heat generation and the shares con-
tributing to it. There are studies on temperature inhomogeneities that suggest
that they affect ageing behaviour. However, no conclusions have been reached
about their quantitative impact or what mechanisms they induce. It is evident
that temperature influences or provokes ageing mechanisms. Therefore, it must
be assumed that this also leads to local differences in the presence of tempera-
ture inhomogeneities. Especially as many of them are inhomogeneous anyhow.
Furthermore, many complementary analytical techniques have been estab-
lished in battery research that allow identifying many of the ageing processes
previously addressed.

However, no maximum temperature difference can be derived from the litera-
ture results — neither for single cells nor for interconnections. Moreover, even
the publications that explicitly mention a value of 5 K as maximum tempera-
ture difference for packs do not provide any reasons or cite other publications,
which in turn do not offer any arguments. Yet, reasons to set a limit, in general,
are clear. Significant temperature differences could reduce performance and
capacity during operation, have an adverse effect on lifetime or even lead to
safety-critical conditions. In this situation, 5 K seems like an arbitrary defini-
tion because it is not known better, and the above is to be avoided. Thus, the
questions posed in this thesis can contribute to filling this gap in research by
providing more insight into the effects of temperature inhomogeneities.
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3 Concept and Procedure

The experiments in this work are conducted to answer the research questions
posed at the outset and shown again in Figure 8.

Performance (Section 4)
Experiments with Homogeneous and Inhomogenous Cell Temperature

* Constant Current Discharge with different C-rates
* Electrochemical Imedance Spectra
* Current Distribution

"How do temperature gradients influence
the performance of LIB?"

"How do temperature and heat generation interact?"

"Does an inhomogeneous temperature distribution lead
to locally different ageing effects?"

Ageing Study with different Thermal Boundary Conditions

¢ Overall Ageing Behaviour on Cell Scale
* Differential Voltage and Incremental Capacity Analysis
+ Post-mortem Analysis on Electrode, Particle and Atomic Scale

Cyclic Ageing (Section 5)

Figure 8. Research questions of this thesis and the experimental methods to approach
the answers.

To evaluate how the performance changes with temperature gradients, the cell
is discharged and charged with different constant current rates and with various
thermal boundary conditions applied. Additionally, electrochemical imped-
ance spectra are recorded under similar thermal conditions. Furthermore, the
temperature-dependent current distribution is assessed by two methods. First,
a new approach is developed to determine it on a single cell. Then the results
are verified by measurements with a parallel connection. With both methods,
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a correlation for the temperature-dependent current is derived. This correlation
is then used with a relationship for the temperature-dependent resistance to
calculate how the heat generation depends on temperature.

The second aspect of this work is the influence of temperature inhomogeneities
on the ageing behaviour of LIB. For this purpose, cyclic ageing experiments
are performed, and the results are evaluated regarding capacity fade, imped-
ance increase and the dominant degradation modes. Subsequently, the cells are
opened in a glovebox and examined in detail with different methods, which are
presented in Section 3.4.

This chapter discusses the experimental approach to achieve defined thermal
boundary conditions in a battery cell, which are necessary to evaluate their
influence on performance and ageing. Thermal simulations demonstrate that
the internal temperature distribution experimentally attained is suitable to draw
profound conclusions regarding the impact of the applied thermal conditions.

3.1 Battery Cell and Test Set-up

The experiments and results presented in this thesis are based on the pouch cell
SLPB 8043140HS5 from the manufacturer Kokam Co., Ltd., shown in Figure
10 a). Its specifications are listed in Table 1.

Table 1. Cell specifications of SLPB 8043140HS5.

Parameter Value
Nominal capacity 3.2 Ah
Measured at 0.5C, 25 °C
Typical capacity for charge/discharge protocol 3.0 Ah
Nominal voltage 3.7V
Voltage range 27V -42V

The high-power cell consists of a graphite anode and a composite cathode com-
prising NCA and LCO. SEM images of the anode (first row) and cathode (sec-
ond row) at BoL are shown in Figure 9. In the top-view of the cathode, the
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3.1 Battery Cell and Test Set-up

round secondary particles of NCA composed of much smaller primary parti-
cles and the LCO particles with a smooth surface are visible. Since it is a com-
mercial cell, the manufacturer does not disclose its components. Therefore, the
composition of the electrolyte is uncertain. For the separator, a melting point
analysis indicated a melting temperature of about 134 °C (Appendix), suggest-
ing PE as separator applied [223]. XPS measurements confirm that LiPFs is
used as conductive salt and indicate that the solvent is probably ethylene car-
bonate (EC) and/or DMC. With a typical capacity of 3 Ah, it is a small cell that
enables many tests with a wide variety of test conditions. It can be assumed
that the temperature influences in this thesis are transferable to other cells but
may vary between different cell chemistries and geometries. Still, relevance is
given for large cells.

Figure 9. SEM images of cross-sections of the anode (top) and cathode (bottom) and
top-views of the surface.
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Figure 10. a) Pouch cell investigated in this thesis, and b) a typical cell holder designed
for providing constant pressure and defined thermal boundary conditions on the cell
surface. c) Test set-up with the safety chamber for cell testing in the centre, on the right
the electrical test devices, and left the thermostats for temperature control.

Thermally, the thin aluminium composite foil as housing of the electrode stack
has the advantage of enabling direct temperature control. The configuration of
opposing tabs provides a more uniform potential and current density and a ho-
mogeneous heat generation. The temperature distribution is more even, and the
active material is utilised uniformly [73, 249, 250]. As a high-power cell, it has
low heat generation during cycling as the layers are thinner and the resistance
lower than in high-energy cells. Also, the charge throughput during the check-
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3.1 Battery Cell and Test Set-up

up procedure does not alter the ageing results. Another advantage is that the
cell is also used in other projects, so it is well characterised, and fully parame-
terised thermal models are available [251, 252].

To ensure precise temperature control and reproducible conditions for each
test, cell holders were designed (Figure 10 b)). The cells are clamped between
two aluminium heat transfer plates, and springs provide a constant pressure
onto the cell of 3.3 N/cm?. The cell holders are equipped with reproducible
electrical contacting. In the plates, channels for fluid flow at the edges of the
electrode stack close to the tabs enhance the heat transfer. They are supplied
by thermostats and cryostats, which guarantee good temperature stability. The
temperature is controlled both at the surface and tab to achieve the external
boundary conditions within the cell as defined as possible. With this set-up,
the temperature of the cells can be controlled either homogeneously or inho-
mogeneously. The inhomogeneous boundary conditions are achieved by fluids
at different temperatures that flow through the respective channels on opposite
sides of the same plate. The temperature gradients in this work are imposed
along the length of the cell. A linear temperature gradient develops in the heat
transfer plate between the two temperatures defined by the fluids.

Several thermostats and cryostats from Lauda Dr. R. Wobser GmbH & Co. KG
[253] realise the thermal boundary conditions. For the temperature measure-
ment, thermocouples type K and measuring modules from National Instru-
ments Corp. are implemented, which are always calibrated beforehand to in-
crease the temperature measurement accuracy. Temperatures are measured
both at the cell surfaces and tabs for monitoring and control. For (dis-)charge
processes, test devices from BaSyTec GmbH [254] are used, depending on the
desired current rate, either a CTS Lab with higher accuracy or a XCTS with a
higher current limit. The electrochemical impedance spectra are measured with
an electrochemical workstation from Zahner-Elektrik GmbH & Co. KG [255]
in galvanostatic mode with a current amplitude of 1 A and a frequency range
of 25 mHz to 100 kHz. They are tested for validity with the LinKK tool [40]
provided by IAM-ET at KIT [256]. The interaction of the devices and their
software is controlled, when reasonable, via LabVIEW to enable automated
test sequences. To prevent environmental effects, the experiments are carried
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out in a safety chamber LU-123 from ESPEC CORP or thermally insulated
safety boxes. The current measurements on the parallel connection are per-
formed with the digital power meter WT333E from Yokogawa Test & Meas-
urement Corporation [257] via shunt resistances. Figure 10 c¢) shows the com-
plete test set-up with the safety chamber containing the cell holders in the
centre, the thermostats for the fluid supply and temperature control on the left.
On the right-hand side, there are the electrical measurement devices and their
interconnections.

3.2 Testing and Evaluation Procedure

Before the actual tests are conducted, each cell is pre-conditioned with several
cycles at 25 °C with a current of C/5 [68]. The standard capacity, e.g. for ad-
justing the SoC, is also measured at 25 °C and a current of C/2, while the qOCV
is measured at C/20. In both cases, the cell is charged previously to a SoC of
100 % with a constant current — constant voltage (CC-CV) charge protocol.
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Figure 11. Characteristics of the investigated cells: a) discharge at 25 °C and different
C-rates and b) impedance spectra at different temperatures and 50 % SoC with the ECM
used for fitting. ¢) Temperature range with considered temperatures and gradients.
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The C-rates considered in this work (Figure 11 a)) are mainly C/20 as qOCV
and C/2 as standard current. Additionally, a current of 3C is used in the cyclic
ageing tests and to evaluate the behaviour at a higher current. In each case,
complete cycles are performed between the voltage limits given in Table 1.
Figure 11 b) exemplifies the impedance spectra at 35 °C, 25 °C and 15 °C and
displays the increasing resistance, especially the polarisation resistance, with
decreasing temperature. Additionally, the ECM to fit the data and to evaluate
ohmic and polarisation resistance is depicted. To calculate the heat generation
in Section 4.4, the real parts of its individual elements are added up.

Given the objectives of this thesis, there is a distinct variation in the tempera-
ture boundary conditions. The temperature range between 0 °C and 50 °C is
covered and schematically shown in Figure 11 c¢). The commonly applied tem-
perature of 25 °C serves as reference temperature and basis of comparison.
These three temperatures allow the temperature range to be divided symmetri-
cally with average temperatures of 12.5 °C, 25 °C and 37.5 °C. With the com-
binations 0 °C/25 °C, 0 °C/50 °C, 12.5 °C/37.5 °C and 25 °C/50 °C, very high
temperature differences are applied between the cell edges. Thus, a linear tem-
perature gradient of 222 K/m or even 444 K/m is achieved. In this context, the
expression temperature gradients refers to the defined temperature differences
over the length of the cell.

Concerning reproducibility, it has to be noted that it is not common in battery
research to work with systematically determined uncertainty figures. Even
though there can be high deviations between cells [258] and a reliable predic-
tion is barely possible even with a large amount of data [259]. One reason is
the huge effort to perform a sufficient number of tests to obtain statistically
meaningful results due to the required infrastructure and numerous influencing
factors. However, without the uncertainty of a measurement being specified,
the validity of the result is diminished. To tackle this issue — at least to some
extent — all experiments are conducted on at least two cells. For example, in
the ageing study (Section 5), all boundary conditions are applied to two cells.
The impedance measurements (Section 4.2) at homogeneous temperature con-
trol used for parameterisation are performed at least four times per SoC-tem-
perature combination. The measurements of the current distribution using the
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parallel connection are conducted with two different cell sets of three cells
each. Moreover, new cells are selected for the respective test series to guaran-
tee comparability. The cells exhibit only a very slight deviation [68], probably
due to manufacturing tolerances. The reproducibility of the measurements with
the experimental set-up is guaranteed, and the reliability of the results is in-
creased as far as possible. However, a systematic uncertainty analysis follow-
ing GUM [260] is hardly manageable, as cells change with time and depending
on measurement conditions.

The cyclic ageing tests are conducted with charge-discharge cycles with 3C
constant current. During the check-ups, qOCV, standard capacity, pulse re-
sistance, and impedance spectra are recorded at 25 °C. For evaluating the ca-
pacity fade, the qOCV is employed since the influence of the changing imped-
ance is not altering the measured capacity for the low C-rate. Based on qOCV,
DVA and ICA are obtained, and their changes during the ageing progress are
analysed. The impedance spectra are fitted with a simple ECM shown in Figure
11 b). The increase of resistance — ohmic, pulse, and polarisation — and the
capacity fade are used to quantify the ageing progress depending on equivalent
full cycles (EFC). EFC is the charge throughput during cycling normalised to
the standard capacity at BoL.

The design and construction of the test set-up to achieve the desired boundary
conditions is part of the PhD Thesis of Daniel Werner and already jointly pub-
lished [68]. Thermal simulations are conducted and presented in the following
to evaluate to what extent these external conditions prevail within the cell
stack. Once this is shown, the results can be correlated with the boundary con-
ditions applied externally.

3.3 Internal Temperature Distribution

Internal temperature measurement in operating cells is not possible without the
risk of altering their behaviour. To obtain an understanding of the internal tem-
perature distribution and to verify that the externally applied boundary condi-
tions dominate internally, thermal simulations are performed in Deal.Il [261,

46



3.3 Internal Temperature Distribution

262]. Therefore, an already available, well-parameterised thermal cell
model [252] is used. A magnified section of the implemented geometry is
shown in Figure 12 a). The cathode tab and current collectors are depicted in
beige, while the anode current collectors are shown in red. The spaces resulting
from the T-shaped tab structure between the cathode tab and the anode layers
are parameterised as thermally insulating layers. Active material and separator
are homogenised (blue) as they have similar thermal material properties, while
the current collectors with their high thermal conductivity are resolved. The
boundary condition of the simulation equals its initial condition and corre-
sponds to the experimental boundary condition. The constant temperature gra-
dient is implemented with a Dirichlet condition at the upper and lower surface
of the cell stack without considering the pouch foil.
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Figure 12. a) Magnified section of the cell stack implemented in the thermal model.
Simulated temperature distribution for an applied temperature gradient b) without and
c¢) with temperature control at the tabs. d) Temperature profiles over the cell thickness
for cases without (thick lines) and with (thin lines) temperature control at the tabs.
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Two scenarios are simulated to evaluate the influence of the temperature con-
trol at the tabs, one with an additional Dirichlet condition at one side of the
tabs and one with adiabatic tabs. Then the temperature-dependent heat gener-
ation (cp. Section 4) that corresponds to 3C is applied in the active material.
The temperature distribution is simulated for an average temperature of 25 °C,
first at a homogeneous temperature and second with a gradient between 0 °C
and 50 °C. The results are evaluated when the steady-state final condition is
reached. The heat generation causes negligible warming of the cell stack. In
the case with homogeneous temperature control only at the surface, the maxi-
mum temperature is 25.66 °C in the centre.

Figure 12 b) and c) compare the temperature distributions with an applied gra-
dient of 0 °C — 50 °C with and without temperature control at the tabs. The
images reveal a very similar distribution, with no discernible differences in the
centre. Closer to the tabs, red and blue are brighter when the tab temperature
is not controlled (c), visible in the enlarged sections, which means the cell stack
is less warm and less cold, respectively. This is due to the high thermal con-
ductivity of the metal current collectors, which leads to a high effective thermal
conductivity parallel to the layers. The results are evaluated in more detail
based on the temperature profiles over the cell thickness in the centre and at
both ends 2 mm from the edge of the electrode stack. The profiles in Figure
12 d) reveal the effect of the temperature control at the tabs more clearly. Both,
the warm and cold edge are kept closer to the desired temperature of the bound-
ary condition. The maximum slope in the temperature profile is 10.9 K/m di-
rectly at the cell surface and drops to just 0.8 K/m in the cell stack 1.5 mm
from the surface. In contrast, the maximum slope for tab cooling is only
3.8 K/m and thus two orders of magnitude smaller than the slope along the
length of the cell. The cooling (warming) effect of the tab is apparent in the
centre, indicated by a slight minimum (maximum). There the tab is closest to
the current collectors, and the heat transfer path is shortest. The current collec-
tor layers themselves are not discernable. Overall, the additional temperature
control of the tabs, as realised in the experiment, provides an internal temper-
ature distribution that follows the defined boundary conditions on the cell sur-
face. Therefore, the assumption of a linear temperature gradient over the length
of and throughout the cell stack is proven.
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3.4 Inhomogeneous Ageing

The electrical characterisations in the check-ups during the ageing study doc-
ument the overall changes via capacity fade and impedance rise during the
ageing progress. Inhomogeneous ageing mechanisms that lead to changes in
the voltage characteristic can only be identified to a limited extent with DVA.
On the sealed cell, it is possible to detect whether a considerable amount of gas
is present, and an increase in cell thickness enables conclusions whether sur-
face layers or particle fracture occurred in the cathode [233]. The thickness of
the investigated cells is measured with a gauge from Kéfer [263] before and
after ageing. It is not expedient to acquire computer tomography (CT) images
of the entire cell since it is too large to obtain a resolution at which details are
discernable. Significant deformation of the electrodes is not possible in the
sealed, vacuumed pouch foil. To reveal fundamental mechanisms and ageing
inhomogeneities, a post-mortem analysis is conducted to infer local ageing
mechanisms at the electrode and particle level. The ageing effects detected can
be attributed to the electrodes and related to the overall capacity fade and im-
pedance increase. Besides the aged cells, a cell in its initial state (BoL) is
opened and characterised with all methods used, and the results are compared
with those of the aged cells under the different boundary conditions.

For comparability, all cells are discharged before opening with a C-rate of
C/20, then C/40, followed by a CV phase at 2.83 V, which corresponds to the
relaxation voltage at BoL after complete discharge to 0 % SoC. Following this
procedure suggested by Kobayashi et al. [219], the influence of overpotentials
due to different impedance rises is reduced. The cells remain in their regular
operating window and are not completely discharged to 0 V to avoid material
changes unrelated to ageing [172]. A comparison of the capacity before cell
opening with that from the last check-up ensures that no further changes have
occurred over time. Then, the cells are opened in a glovebox under an inert gas
atmosphere of argon with ceramic tools to avoid short circuits. All tools and
parts required in the glovebox into which water can diffuse are dehumidified
at 60 °C for at least eight hours before use. Anode and cathode sheets are sep-
arately washed in DMC for about two minutes to remove residual conducting
salt, following the recommendations from Waldmann et al. [172]. Then the
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electrodes are dried, and the samples are prepared according to the require-
ments of the subsequent analysis.

Electrode Weight and Thickness

To determine the area-specific weight of the electrodes, five electrode coins
with a diameter of 20 mm are stamped out with a punch. They have a defined
area so that their weight can be compared. They are ejected from the glovebox,
weighed on a precision scale, and the mean value is calculated. Subsequently,
the thickness of the double-coated electrode is carefully measured on those
coins with a digital indicator from Mitutoyo [264]. The results of this mechan-
ical gauge were verified for the electrode thickness at BoL with a thickness
evaluation from the SEM images of the cross-sections.

Half-cells

Anode and cathode samples are separately measured against lithium. This set-
up is further referred to as half-cells as it is common in literature. For this pur-
pose, the standard test cell ECC-Std from EL-Cell is employed [265, 266].
First, the active material is detached on one side from the current collector with
NMP, and electrode coins with a diameter of 17 mm are punched out. Also,
coins with a diameter of 18 mm are punched out of a 2 mm thick lithium foil.
Both coins are assembled, separated by a glass fibre separator, 1.55 mm thick
and 18 mm diameter, and soaked with 250 ul 1M LiPF6 EC/DMC solution as
electrolyte. From cells aged with temperature gradient, coins are extracted
from the cold and warm edges to identify potential inhomogeneities in the elec-
trochemical behaviour.

Table 2. Capacity, area, and a current of C/20 for the Kokam SLPB 8043140HS and
the experimental cells.

Capacity / mAh Area / mm? C/20 / mA
Kokam 3,000 279,510 1,500
EL-Cell 2.436 226.98 0.1218
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After assembly, the half-cells are cycled with C/20, C/5, and C/2 between the
cut-off voltages of 3.0-4.3 V and 0.01-1.0 V for cathode and anode, respec-
tively. As it is unknown which voltages versus Li/Li* the electrodes have in
the commercial cell, those values are based on a broad literature review [120,
185, 194, 206, 212, 228, 241, 267, 268] and selected considering that no addi-
tional damage should be induced. For graphite, the capacity difference is only
15 pAh when the upper cut-off voltage would be changed to 1.5 V. This extra
capacity is negligible and not worth the risk of damaging the anode material.
In addition, the voltages of the individual electrodes were measured in full-cell
configuration with lithium reference in a PAT-Cell housing from EL-Cell.
Those are within the specified voltage range.

The current related to the C-rates is based on the area-specific capacity of the
cathode, as it is smaller than the anode. It is calculated with the total cathode
area and the capacity of the Kokam cell to 0.01073 mAh/mm?. Those values
are given in Table 2. The evaluation of electrode capacity and DV A is achieved
using the data of the second C/20 curve if it shows no evidence of artefacts.
Otherwise, the alternative experimental cell or the first C/20 cycle is evaluated.

SEM

SEM micrographs are taken of both electrodes from the surface and a cross-
section. Approximately 5 mm x 5 mm sections are cut out of the electrode us-
ing ceramic scissors. Those are transported to the microscopes in glass vials
with rolled rim and snap-cap sealed with Parafilm. They are only opened
shortly before the sample is transferred into the device, so the air exposure
remains as short as possible. Own observations prove that brief contact with
air is not critical for the imaging, which is consistent with literature [227, 228]
and was confirmed in discussions with project partners, even for samples with
substantial lithium plating. The surface is analysed with a SE detector (second-
ary electron) and an accelerating voltage of 2 kV with magnifications between
10 000-60 000, depending on the detail. First, overview images are taken with
lower magnification, then zoomed in, and close-up images are obtained of in-
dividual particles and conspicuous structures.
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Before the cross-sections are examined, the surface is polished with an ion
beam milling system from Leica Microsystems [269] to achieve a planar sur-
face. Therefore, argon ions are accelerated with a voltage of 6 kV and remove
the outermost surface mechanically. In the hard tabs and cathode particles,
grooves from this treatment are visible in some locations. The cross-section
images are taken with a magnification of 1,000 — 3,000 with a back scattered
diffraction (BSD) detector and an accelerating voltage of 5 kV.

XRD

XRD spectra are measured on powders. For this, the cathode active material is
carefully scraped from the current collector with a scalpel. The obtained pow-
der is filled in glass vials with rolled rim and snap-cap and sealed with Para-
film. The samples are transferred to the D8 Advance-diffractometer by
Bruker [270]. The X-rays have a wavelength of 1.51484 A as they originate
from a copper source. The diffractometer is build up in a Bragg-Brentano ar-
rangement. It covers angles in the range of 10° to 90° divided into 7820 steps,
with an acquisition time of 3 s each. Directly after the measurement, the back-
ground noise is subtracted, and the Ka2 separation is conducted. This data con-
sisting of angle and intensity is evaluated with a Matlab routine, which was
mainly developed in the bachelor thesis of Leonie Pfeifer [271]. It calculates
the lattice parameters a and ¢ as well as the ratio of the peaks (003)/(104),
which indicates the crystal structure. This calculation was verified with XRD
measurements at different SoC as literature data is available for comparison
[272, 273].

ICP-OES

Before the actual measurement, acid digestion is conducted to bring the com-
ponents of the sample into solution. Graphite is partially digested, and all other
elements are dissolved using a microwave system from MLS Application. Two
20 mm diameter punched pieces weighing 75 mg — 77 mg are used from each
cell, and duplicate determinations are performed on two cell samples. In addi-
tion to the samples, two acid blanks were also measured to avoid allocating
any impurities to the samples. The acid digestion is carried out with 6 ml HNO3
(65 %), 1 ml H2O, (30 %), and 1 ml deionized water. An immediate reaction
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with the samples takes place. Therefore, it is necessary to wait briefly before
sealing the containers and placing them in the microwave system. This oper-
ates a three-step program for graphite digestion with temperatures between
260 °C and 220 °C and powers of 700 W — 1,000 W, with the pressure rising
to about 30 bar. This procedure takes 36 minutes, and then the samples have
to cool down first. A dark, bluish supernatant (liquid) with a black residue of
graphite remains. Subsequently, they are decanted into volumetric flasks and
with deionised water (MilliQ) diluted to 25 ml.

The actual measurement is carried out with the iCAP 7000 from ThermoFisher
Scientific [274]. The solution is dosed and mixed with argon to form an aero-
sol, which is excited in the measuring chamber with a plasma at up to 900 °C.

XPS

To prevent chemical alteration of the samples by air contact prior to XPS meas-
urement, the samples are mounted on sample holders in the glovebox and in-
troduced into the instrument under constant air exclusion.

The XPS spectra were acquired using a K-alpha spectrometer from Thermo
Scientific. The samples were analysed using a micro-focused, monochromated
Al Ko X-ray source (1486.6 ¢V, 400 pm spot size). XPS spectra were recorded
with a concentric hemispherical analyser at a pass energy of 50 eV and fit with
one or more Voigt profiles with uncertainty in the binding energy of £0.2 eV,
and Scofield sensitivity factors [275] were applied for quantification using the
Avantage software package.

On the cathode samples, all spectra were referenced to the CF, component
originated from the PVDF binder centred at 290.7 eV binding energy. Regard-
ing the anode samples, the spectral calibration was based on the C(1s) peak
(C—C, C-H) at 285.0 eV binding energy controlled by means of the photoelec-
tron peaks of metallic copper, silver, and gold, respectively. The fluorine (F1s)
spectra were recorded before and after each high resolution analysis to check
the absence of any sample alteration under irradiation. To better understand
the interaction between salt and solvent of the electrolyte and the electrode
materials, the variation of the degradation products of the conductive salt (LiF)
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and solvent (Li,COs3) are studied on each electrode together with the amount
of salt (LiPF¢). The calculation of the amounts of LiF, Li,CO3 and salt species
is described below in Equations 3.1 — 3.2.

at. %LiF = at.%F (685 eV) -2 (3.1
at.%Li,C0; = at.%C(290eV) - 6 (3.2)
at. %LiPFy = at.%P(136¢eV) -8 (3.3)
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Temperature gradients are potentially critical for the performance of a battery
cell. The decisive properties in this respect are the voltage, resistance and cur-
rent. This chapter aims to systematically approach a definition of a possible
maximum temperature difference within the cell that does not alter its perfor-
mance. Therefore, voltage, impedance and current under different thermal gra-
dients are analysed and related to homogeneous temperature conditions. For
the voltage and impedance measurements, the conditions explained in Sec-
tion 3.2 were applied. The current distribution was measured with a newly
developed method, verified with and compared to the current distribution in a
parallel connection using different cell sets.

In the later course of this chapter, the heat generation is evaluated depending
only on temperature to investigate their interaction.

4.1 Voltage

The effect of temperature and C-rate on the voltage characteristics is known.
Now, the influence of temperature gradients compared to a homogeneous av-
erage temperature on the voltage characteristics for different currents is inves-
tigated here. Figure 13 a) shows voltage characteristics as a function of SoC
for a C/2 discharge. For the discharge at homogeneous temperatures, indicated
with solid lines, the expected temperature dependence is obtained. Due to the
higher resistance and overpotentials at low temperatures, there is a more sub-
stantial voltage loss. Those overpotentials become more pronounced towards
low SoC when the OCV is steeper and the resistance higher. In this range, there
are also the largest deviations of the discharge curves with a temperature gra-
dient (dashed) compared to those with a homogeneous average temperature
(solid). In particular, the cell with the gradient between 0 °C — 25 °C has a
higher voltage level than the cell at a homogeneous temperature of 12.5 °C.
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Similarly, the voltage curve of the cell with the gradient between 25 °C — 50 °C
is positioned above the corresponding voltage curve at 37.5 °C. The difference
is significantly less than at the lower temperature level, though. At high SoC,
the two curves align precisely. In those two cases, the cell with a temperature
gradient behaves as if it was at a slightly higher temperature than the theoretical
average temperature. In contrast, the curves obtained for an average tempera-
ture of 25 °C and a temperature gradient (0 °C — 50 °C and 12.5 °C —37.5 °C)
are slightly below the curve with a homogeneous temperature of 25 °C.
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Figure 13. Voltage characteristic at different temperatures with and without gradients
for discharge currents of a) C/2 and d) 3C and c) charge currents of C/2. b) Remaining
SoC for different temperatures when discharging with C/2.

The consequence of lower resistance and thus lower overpotentials at higher
temperatures can likewise be observed in Figure 13 b). It shows the remaining
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SoC after a discharge with C/2 until the lower cut-off voltage. A SoC of 0 %
is achieved for 25 °C as this is the temperature at which the standard capacity
is measured. A negative SoC means that more than the standard capacity could
be extracted, which is possible for higher temperatures. While it is evident that
the remaining SoC depends on temperature, the influence of temperature gra-
dients is minor compared to the absolute temperature level. Comparing Figure
13 a) and c), the differences between discharging and charging at the same
current can be detected. Again, the influence of the absolute temperature ap-
pears as expected, with the voltage curves at lower temperatures being above
the ones at higher temperatures. However, this difference is less than in the
discharge process. This can be explained by the cells having a similar SOC in
the steep section of the OCV at the beginning of charging. This changes, but
the SoC differences at different temperatures in the flatter part of the OCV
have little effect on the voltage curve. Therefore, the impact of temperature
gradients is minor too.

At a discharge with 3C, the temperature influence on the voltage characteristic
increases as shown in Figure 13 d), as the overpotentials are already higher at
higher currents. For average temperatures of 25 °C and 37.5 °C, there is no
influence of temperature gradients. Noteworthy is only the voltage of the cell
with a gradient between 0 °C and 25 °C, which is lower than the voltage of
homogeneous 12.5 °C. A higher current seems to induce a different tempera-
ture dependency at low temperatures than a smaller current of C/2. This ten-
dency also applies to charging with 3C, although there, the differences are re-
vealed more clearly as for a C/2 charge.

So far, it can be stated that the influence of temperature gradients on the voltage
characteristic is not sufficient to define a value for a maximum temperature
difference. On the other hand, there is an influence that might have two possi-
ble explanations. Firstly, we assume that the average temperature is the same
compared to the homogeneous case. Then, there has to be an asymmetry in
how the regions with different temperatures determine the overall behaviour.
In areas with a higher temperature, the resistance is lower and, thus, the current
is higher. Therefore, both resistance and current depend on temperature and
are non-uniform according to the temperature gradient. Then, larger currents

57



4 Non-Uniform Temperature — Performance

flow through the warm region of the cell, thus giving this part a greater signif-
icance and shifting the overall behaviour in the direction of the elevated tem-
perature. This might be valid for relatively low C-rates. Possibly at higher
overpotentials at high C-rates, the current that can bypass the cold region is
limited, and the resistance that increases exponentially at low temperatures
dominates the behaviour. Secondly, the average temperature might differ in-
deed. If this was the case, the overall heat dissipation within the cell has to be
higher for lower C-rates when there is a temperature gradient present. Accord-
ing to Equation 2.2, heat dissipation is influenced by current, resistance and
temperature. The higher resistance in the lower temperature region could cause
an increased heat dissipation, but at the same time, the current decreases, which
leads to a reduction in heat dissipation. Usually, a positive feedback mecha-
nism is assumed for high temperatures, which cause high currents, which again
cause high temperatures [48, 59, 75]. However, the interdependencies are com-
plex, so a clear conclusion is not possible at this stage.

4.2 Electrochemical Impedance

The measurement data shown in this section and part of the evaluation used
for the analysis were generated and developed in collaboration with Nicolas
Kunkel [276] as part of his master thesis.

Along with the voltage, the resistance is decisive for the performance of a bat-
tery. To judge the criticality of temperature gradients more differentiated, im-
pedance spectra are recorded over a broad temperature range with and without
gradients, and the effects on the spectra are compared. It is known that the
impedance strongly depends on temperature. Several authors [49, 50, 52, 64,
277] have quantified this dependency inspired by the law of Arrhenius [60].
This relation was proved to be valid for the investigated pouch cell. The ad-
justment with the constant parameter Rcoi as in Equation 4.1 was used accord-
ing to Schmidt et al. [50]. Rcoi accounts for the temperature-independent re-
sistance of the current collectors and improves the fit compared to the
Arrhenius law.
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R(T) = Reor + k - exp (£2) @.1)

The Arrhenius function in Equation 4.1 is parameterised with impedance spec-
tra at homogeneous temperatures ranging from 0 °C to 50 °C and at SoC of
35 %, 50 %, and 65 %. The measurement data with error bars and the respec-
tive fits are shown exemplarily for the polarisation resistance in Figure 14 a).
The temperature dependency can be adapted for each SoC with high accuracy
and a coefficient of determination R? of 0.997 — 0.999. The fit differs for the
different SoC. Below 20 °C (293.15 K) and with further decreasing tempera-
ture, the fit representing the 35 % SoC is steeper than for 50 % and 65 %. This
means that the temperature impact is slightly more pronounced at lower SoC
and lower temperature. The influence of the SoC in this range is minor com-
pared to the temperature dependency. Various impedance values can be fitted,
and the fit is best for those which highly depend on temperature.

The Bode plot in Figure 14 b) shows the impedance for different temperatures
and hatched the SoC range 35 % - 65 % with an additional measurement at
50 %. As expected, the impedance decreases with increasing temperature as
well as with increasing SoC. The influence of both variables is stronger at low
frequencies than at high frequencies. The same qualitative temperature de-
pendency is shown in the Nyquist diagram in Figure 14 ¢) for a SoC of 50 %.
While the ohmic resistance at a high frequency is practically identical for 25 °C
(blue) and 35 °C (red), the impedance of the second semi-circle is significantly
lower at 35°C. This is consistent with the observation in Figure 14 b) that tem-
perature sensitivity is high at those lower frequencies. The local minimum mi-
nus the ohmic resistance is associated with the polarisation resistance. Given
its temperature sensitivity, it can be assumed that temperature inhomogeneities
have an impact on this value. Therefore, it is the focus of further considerations
regarding the influence of temperature gradients. The dashed spectra in Figure
14 c) were measured at an average temperature of 25 °C with a temperature
difference of 20 K and 50 K, respectively. Compared to the spectrum at homo-
geneous 25 °C, the ohmic resistance and the first semicircle are almost aligned,
while the minimum moves towards smaller impedances. Thus, the impedance
under temperature gradients responds in the same way as the impedance at a
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slightly increased average temperature. However, the impact even of extreme
gradients is small compared to the effect of absolute temperature.
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Figure 14. Temperature dependency of a) the polarisation resistance for different SoC
and b) the absolute impedance in the Bode plot with additional SoC dependency (in-
spired by Schmidt et al. [50]). Influence of temperature gradients at 50 % SoC com-
pared to the influence of absolute temperature c) in the Nyquist plot and d) based on the
polarisation resistance.

To further elucidate the impact of gradients, the polarisation resistance with
different average temperatures and temperature differences is depicted in Fig-
ure 14 d). Overall, the characteristic exponential decline of the resistance with
temperature is the same as in Figure 14 a). Additionally, the values measured
with a temperature gradient are plotted at the respective average temperature.
At higher temperatures than 20 °C, the effect is negligible. With decreasing
temperature, the polarisation resistance becomes lower with a gradient com-
pared to the homogeneous average temperature. At 25 °C, the deviation in the
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polarisation resistance with a temperature gradient of 50 K and a homogeneous
temperature is 2.1 %, while it is 14 % for 15 °C with a 20 K temperature dif-
ference. Still, the influence of gradients is considerably smaller than the devi-
ation of 47.7 % and 159.3 % in polarisation resistance when the homogenous
temperature is increased and reduced from 25 °C to 35 °C and 15 °C, respec-
tively.

The results reveal that the average temperature level is more relevant for the
resistance than the homogeneity of the temperature distribution. When fre-
quency ranges are considered where the impedance is less sensitive to temper-
ature, the influence of temperature gradients is equally reduced. This is valid
over a wide SoC and temperature range even though the influence of gradients
becomes stronger at low temperatures.

A quantitative comparison with literature data is not possible since the results
are only specified qualitatively there. In addition, different resistances —
ohmic [50] charge transfer [48], pulse or depletion [16] resistance — are used
to consider the influence of temperature inhomogeneities and mainly gradients
across the layers are investigated. Qualitatively, resistances obtained from EIS
and pulse measurements with temperature gradient are also slightly lower than
the value for the corresponding average temperature. Similarly, the trend for
increasing temperature differences, especially for low temperatures, is qualita-
tively in good accordance with literature. It can be noted that the polarisation
resistance, which was considered here as a representative of the impedance, is
susceptible to temperature but is only slightly influenced by temperature inho-
mogeneities. Concerning the resistance, the overall cell behaviour under tem-
perature gradients is shifted somewhat towards a warmer average temperature.
However, similar to the voltage curves, the absolute average temperature is
much more decisive.

With the results obtained, the question raised in the previous chapter can be
reconsidered as to whether elevated average temperatures or asymmetric be-
haviour is present. No significant heat generation is expected during the EIS
measurement because the sign reversal in the sinusoidal current eliminates the
reversible entropic heat source term, and the current intensity of 1 A (C/3) is
low for a high-power cell. This means that no increased cell temperature due

61



4 Non-Uniform Temperature — Performance

to heat dissipation causes the shift, but in fact, an asymmetric behaviour is in-
tegrally measured. An asymmetric behaviour has to be the result of the tem-
perature inhomogeneity leading to current inhomogeneity.

4.3 Current Distribution

The results presented in this section are partly published [278]. The experi-
mental set-up for the parallel connection was developed with Lisa Cloos during
her Master Thesis [279]. The experiments on the single cell are based on the
Bachelor Thesis of Jakob Technau [280] and his work as a student assistant.

Besides voltage and resistance, the current needs to be included for a compre-
hensive performance analysis. As explained in Section 2, temperature and cur-
rent are closely related, influence each other and interact strongly. The litera-
ture review did not reveal quantitative relations between temperature and
current. When temperature differences are investigated, only qualitative results
are shown, and no benchmark measurement at a homogeneous temperature is
conducted to quantify cell-to-cell variations and wiring impact (cp. Sec-
tion 2.4).

Therefore, own measurements were performed on a parallel connection, and a
compensation was introduced to account for temperature-independent influ-
ences on the current distribution. However, in parallel connections, the impact
of temperature differences is always measured along with the influence of the
absolute temperature, and the system reacts very sensitively to high currents
and low temperatures. Consequently, a new measurement method was devel-
oped that circumvents these shortcomings and provides reliable results without
the influence of cell-to-cell variation and wiring. Based on those, a quantitative
correlation is established. It allows a conclusion on how an inhomogeneous
temperature distribution impacts the current distribution.
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4.3.1 Parallel Connection

A parallel connection with individual temperature control and current meas-
urement is built up to measure the temperature-dependent current distribution.
The configuration of three cells in parallel has a total capacity of 9 Ah, to which
the C-rates specified hereafter refer. Since even details in the measurement set-
up can strongly affect the results [281, 282], the same cable lengths and, when-
ever possible, material bonded contacts were carefully considered. Therefore,
the resistance between measuring devices and cells is low and similar for all
cells, which preliminary tests have confirmed. An evaluation of all the tests
carried out shows a loss resistance that is low enough to be negligible, accord-
ing to Wu et al. [283]. Temperatures are measured both at the cell surfaces and
tabs for monitoring and control. The greatest heat generation occurs at the cath-
ode tab due to ohmic losses [284]. Nevertheless, for C-rates up to 1C, this tem-
perature never deviates more than 2 K from the set temperature, even at 0 °C.
Consequently, a homogeneous temperature is assumed for each cell. The sys-
tem is susceptible to long pauses and charging processes with inhomogeneous
temperature control. This is discernible by a noisy current profile, combined
with voltage fluctuations. Apparently, both are critical conditions for the sys-
tem. Additionally, some noise occurs at low SoC, when the OCV gets steeper
(below 40 % SoC), and at high C-rates, when the overpotentials are higher.
These conditions seem to promote instabilities of the overall system.

The reproducibility of the measurements was examined. When there is no
noise, reproducible results are confirmed for the same cells during the plateau
phase. It is also not affected if other temperatures are assigned to the cells.
Deviations occur with fast current changes, i.e. at the very beginning of the
discharge and towards the end when the wavy pattern starts. To consistently
ensure reproducible and reliable results, a C/2 discharge at homogeneous 25 °C
was performed as a reference before each experiment. They show that the ac-
tual capacity of the individual cells depends strongly on the direct history. In
particular, the cell measured at low temperatures exhibits strong capacity fluc-
tuations. However, this "capacity loss" is reversible, and with a discharge at a
very low current (C/40), the initial value can be recovered. This effect can be
caused by extended interruptions, high C-rates, and low temperatures
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(<20 °C) of one or more cells. Most likely, this is related to the internal re-
sistance, which is subject to variations, according to Lv et al. [285]. When us-
ing other cells, the results differ significantly but qualitatively follow the same
pattern. Those deviations demonstrate the influence of the cell parameters,
which can slightly deviate in terms of capacity and internal resistance due to
production [77].

The strong impact of cell parameters not only causes variations between cell
sets but leads to a non-uniform current distribution even for a homogeneous
temperature. In an ideal case, the normalised current referenced to the average
current (Equation 4.2) equals unity for each cell i. The results for a homogene-
ous temperature of 25 °C are shown in Figure 15 a). This discrepancy impedes
a precise evaluation of temperature effects. Therefore, an adjustment is intro-
duced that eliminates the influences of cell-to-cell variations and allows an as-
sessment of the temperature influence. The correction factor f; is determined
with Equation 4.3 by the ratio of the normalised current with inhomogeneous
temperature control and the normalised current with homogeneous temperature
control at 25 °C. The normalised current is then modified with this correction
factor, which is determined at a SoC of 65 %. The entire current profile is then
corrected with this value by a shift along the y-axis (Equation 4.4).

linorm = Z;;ili (4.2)

Iinorm (65%, T))

fi = (65%,T)) = =S (4.3)
1508 (S0C;, T;) = Iinorm (S0C;, T;) + (1 — £,(65%, T1)) (4.4)

It is assumed that the 65 % SoC as a value during the plateau phase represents
the temperature influence and that no compensation processes have started yet,
as they become visible only from about 40 % SoC by the wavy pattern. To take
chronological differences into account and to be able to eliminate them, a
standard discharge at homogeneous 25 °C is carried out before each test to
correct the subsequent measurement. The correction of the measured values
described here was validated using different sets of cells, which can be found
in the Appendix. The procedure for measuring the current distribution on the
parallel connection is illustrated in the left column of Figure 16.
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Figure 15. Normalised discharge current in the parallel connection at a mean tempera-
ture of 25 °C for a) a homogeneous temperature, b) a maximum temperature difference
of 25 K and ¢) a maximum temperature difference of 40 K. d) Normalised current for
different temperature differences at 65 % SoC and an average temperature of 25 °C.
[278] (license CC BY-NC 4.0)

Figure 15 shows the current distribution for three cells with a mean tempera-
ture of 25 °C and the influence of the temperature difference. In a) the uncor-
rected current is shown as measured to illustrate the deviation induced by cell-
to-cell variations and the set-up. After applying the correction factor, the plat-
eaus are in good agreement (cp. Appendix). Figure 15 b) and c) show that the
current distribution gets broader with an increasing temperature difference.
The currents for the two warmer cells are similar in contrast to the one of the
cold cell, which is significantly smaller. This effect is more pronounced for a
higher temperature difference and means that a symmetrical temperature dif-
ference does not lead to a symmetrical current distribution. This finding is sup-
ported by literature [83]. The asymmetry becomes even more evident in Figure
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15 d) in which the normalised current at 65 % SoC is plotted against the max-
imum temperature difference at an average temperature of 25 °C. A significant
impact only becomes apparent above a temperature difference of 25 K when
cell3 has 12.5 °C. This is further supported by measurements with the same
temperature differences but at different average temperature levels. They also
reveal that temperature differences at a low temperature level have a more pro-
nounced effect than at a high temperature level. (Appendix)

Moreover, it is noticeable that the cell current at the low temperature increases
sharply at the end of the discharge, while it decreases for the other two cells.
This is precisely the case at the SoC, at which the OCV becomes steeper (cp.
Section 3.2, Figure 11). From there on, the differences in SoC that have accu-
mulated due to the different currents are compensated to some extent. The fact
that even at the end of the discharge, the cell still has a higher SoC at low
temperatures is revealed both by a comparison of the measured charge quantity
and by the equalising current that flows in the direction of the two warm cells
during relaxation. This is consistent with the findings in Section 4.2.1 and lit-
erature.

In literature, it has likewise been observed that in parallel connections, a tem-
perature difference leads to a non-uniform current without quantifying this fur-
ther [83, 89, 98, 100]. Fleckenstein et al. [76] deduce that a higher temperature
difference leads to a higher difference in current due to the temperature-depen-
dent resistances for the current distribution within a cell. According to other
literature, a higher average temperature leads to a more dynamic behaviour
[83, 90] concerning the current fluctuations and a smaller difference in current.
The results here show a minor influence for higher but an increasing current
difference for lower average temperatures.

The focus of this thesis is on temperature, but to complete the picture, addi-
tional tests with different C-rates were performed. Again, the results are
broadly consistent with literature, which identifies less dynamic current char-
acteristics for a higher C-rate [83, 85]. This can be attributed to the higher
overpotentials that blur the characteristics of the OCV. Concerning current var-
iations, conflicting statements are ranging from decreasing [89] to increasing
[88] differences for a higher C-rate. The results obtained here do not show a
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clear tendency for currents of C/5, C/2 and 3C, but the noisy measurement data
for 3C hinders the interpretation. There is a slight increase in current difference
when the current is increased from C/5 to C/2. But it does not significantly
change for a further rise to 3C. One can suspect that the current difference
above a specific current does not increase further due to higher irreversible
heat generation at low temperatures and, therefore, a higher temperature.

During charging, the current distribution fluctuates compared to discharging
and responds more sensitively to temperature inhomogeneities. There is no
pronounced plateau phase. The steep OCV at the beginning causes high differ-
ences in the SoC, which equalise when the flatter section of the OCV is
reached. Thus no stable, representative state is reached until the end of the
charge. Therefore, no single value can be selected that allows a reliable evalu-
ation of the temperature-dependent current distribution. Also, most studies in
literature focus on the discharge process only. Still, it should be noted that the
charging is sensitive to temperature inhomogeneities which is especially rele-
vant when fast charging is addressed in applications.

4.3.2 Single Cell Measurement

In this section, a new method is presented, which was developed to determine
an equivalent current distribution using measurements on one individual cell.
The number of factors influencing and altering the results is reduced by elimi-
nating the impact of cell-to-cell variations and the wiring. With this approach,
a current distribution is identified that exclusively depends on temperature.
Furthermore, the effort of the test set-up is significantly reduced compared to
a parallel connection. For battery testing, usually, a constant current is applied.
Now, a voltage curve is measured at a constant current and for different ho-
mogenous temperatures. This recorded voltage characteristic is then used as
the control parameter during discharge with different thermal boundary condi-
tions. The presented approach allows the current to adapt to the voltage char-
acteristic as a function of temperature.
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The experimental procedure is illustrated in Figure 16 in comparison with the
parallel connection procedure. The grey shading indicates the step that is per-
formed only once to record the voltage curve. As depicted, the voltage curves
were acquired with a constant current of C/2 at different temperatures 7,
namely 12.5 °C, 25 °C and 37.5 °C. Before the actual measurement, the cell
voltage is adjusted with a low current of C/20 to the initial voltage Usar, at
which the voltage curve starts to avoid current spikes at the beginning. In ad-
dition, voltage curves with temperature gradients were recorded, and the influ-
ence on the current distribution was determined. The current characteristics
during discharge matched those of the average temperature, so they will not be
discussed further.

Test procedure for measuring the current distribution on the
1. parallel connection 2. individual cell
CCdischarge to Upy,, = cC dlscharge (C/2) to Uy
T, =T,=T3=25°C
v / ¢
CC-CV charge to Unmay CC-CV chargeto U,
=T,=T,=25°% / max
T =Ty=T3=25° T—zs °c
[ CCdischargeto Uppy /./ [ CC (dis-) charge (C/20} to Ugpare ]
Ty;Ta: T3 / J.
/ [ V discharge to Upy, ]
T

- =l

Figure 16. Comparative schematic of the experimental procedure for the parallel con-
nection (left) and the individual cell (right). (adapted from Paarmann et al. [278], license
CCBY-NC 4.0)

The evaluation is performed in analogy to the parallel connection based on the
normalised current, which is calculated slightly different. The current applied
during voltage recording is used as the reference value for the normalisation.
The measurement set-up is very robust and provides reproducible results with-
out any noise for a current of C/2. Only at the end of discharge with a 3C
current is some noise in the measurement data (Figure 17 d)).

Figure 17 a)-c) show the current distribution during complete discharges at dif-
ferent temperatures in the range of 0 °C-50 °C with the voltage recorded at
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12.5 °C, 25 °C and 37.5 °C with C/2, respectively. Figure 17 d) gives the cur-
rent distribution comparable to b) but with a reference current of 3C. The col-
ours and corresponding temperatures in the legend are valid for all diagrams.

Compared to the measurements on the parallel connection, the temperature is
adjustable with finer increments. This is due to the elimination of other inter-
fering factors and the measurement at absolute temperatures instead of temper-
ature differences. The measured currents arrange according to temperature,
with the lowest current at the lowest temperature and the highest current at the
highest temperature. At the end of the plateau phase, when the compensation
begins, the distribution is completely reversed.
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Figure 17. Normalised current measured on the individual cell at different temperatures
with a voltage characteristic recorded with C/2 at a temperature of a) 12.5 °C, b) 25 °C,
and c) 37.5 °C [278] (license CC BY-NC 4.0) and d) 3C at 25 °C.
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The normalised current obtained at the same temperature as the one at which
the corresponding voltage was recorded is consistently close to unity and ex-
hibits only slight deviations. This result is expected but gives credibility to the
new method. Comparing the distributions for different temperatures during
voltage recording, the measured currents for the same temperature and their
distribution are very similar and only exhibit an offset downwards for higher
temperatures. This offset means that the temperature during voltage recording
determines the position of the distribution relative to the y-axis. Additionally,
the plateau phases become longer and the wavy shape less dynamic when this
temperature gets higher. In all three cases, the current differences at high tem-
peratures are significantly reduced compared to those at low temperatures, de-
spite the same or even considerably larger differences in temperature. Above
about 30 °C, the currents in the plateau phase hardly differ and only deviate
when the wavy characteristic starts.
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Figure 18. Normalised current at 65 % SoC for C/2 voltage recording at different tem-
peratures and 3C voltage recording at 25 °C.

A different current distribution is shown in Figure 17 d). The voltage was rec-
orded in analogy to Figure 17 b) at 25 °C, but with a current of 3C. The higher
current significantly broadens the distribution, and up to the maximum test
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temperature of 50 °C, an apparent influence on the current distribution is ob-
served. These findings are revealed more clearly in Figure 18, where the nor-
malised current at 65 % SoC is depicted against the temperature.

The legend gives the temperature at which the voltage was recorded. The re-
sults for C/2 as round markers do not show a linear dependency of the current
on temperature but a higher temperature influence at a lower temperature level.
These findings are in good agreement with the results of the parallel connec-
tion. Above a certain temperature, the temperature influence decreases, and the
current approaches a maximum value. Thereby the measuring points for a low
temperature during the voltage recording are shifted upwards to higher cur-
rents. In comparison, the voltage characteristic recorded with 3C causes a con-
siderably greater temperature dependency of the current. The current distribu-
tion follows an almost linear, only slightly bent progression, which does not
exhibit a maximum value in the relevant temperature range. The reason is the
much higher overpotential at the high current. For C/2, the current follows the
recorded voltage characteristic close to equilibrium already at about 25 °C. An
increased temperature and, therefore, enhanced kinetics and mass transport do
not lead to a higher current. In contrast, for 3C, even at high temperatures,
overpotentials occur, and a further temperature increase leads to accelerated
reactions and enhanced transport properties and thus directly to a higher cur-
rent. No plateau is established, meaning that even the high temperatures cannot
compensate for the overpotential caused by the high discharge current.

In general, a temperature-dependent current distribution can be determined
with the method developed here. The temperature of the voltage recording has
to be considered when the results are evaluated, which is comparable to the
average temperature of the parallel connection. The main advantage is the
elimination of parasitic influences on the current distribution and the possibil-
ity to measure the current depending on temperature and not on temperature
differences. A significant difference lies in the measurement methodology.
During the single-cell measurements, the cell remains closer to equilibrium as
the current adjusts to temperature and voltage but is not “forced” through the
cell. Therefore, no specific current or power is drawn as in typical battery ap-
plications.
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4.3.3 Temperature-Current Correlation

Based on the results obtained in the previous two subsections, a quantitative
correlation between temperature and current is now derived. For this purpose,
the measured data for the parallel connection is initially displayed in the same
way as for the single cell as a function of temperature. However, the normal-
ised current depends on the temperature difference as well. The asterisks in
Figure 19 a) represent this data. Their mean value for the normalised current is
unity because each depends on the other currents, and a constant total current
is applied as the driving force. The temperature range is limited when different
temperature levels with symmetrical temperature differences are examined.
Therefore, only an average temperature of 25 °C is considered for the quanti-
fication with the parallel connection. The individual cell experiments, on the
other hand, are not restricted in this regard. The round markers depicting the
data of the individual cell are the same as in Section 4.3.2. The half-filled ones
represent the data with the voltage curve recorded with a temperature gradient.

Since the temperature dependency of the current originates mainly from the
temperature dependency of the internal resistance, which can be expressed by
the Arrhenius law (Section 2.2 and Section 4.2.2), the exponential approach in
Equation 4.5 is used to quantify the relationship of temperature and current.

Inorm = @ " €Xp (— L) (4.5)

T-c

The constant coefficients a, b and ¢ are adapted with a non-linear least-square
solver to the measurement data. The Kelvin temperature is chosen as it is com-
monly employed for Arrhenius approaches. The resulting fits are shown as
lines in Figure 19 a), with the colours indicating the mean temperature. The
solid lines represent the individual cell tests at homogeneous temperature dur-
ing voltage recording, while the dashed lines represent the current distribution
based on voltage recording with temperature gradients. The dotted line gives
the fit for the parallel connection. Overall the fits are in good accordance with
the measurement data. This is confirmed by the values for the coefficient of
determination R?, which is >0.99 (cp. Appendix) for all cases except the paral-
lel connection.
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4.3 Current Distribution
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Figure 19. a) Temperature-dependent normalised current at 65 % SoC for the individ-
ual cell with voltage recordings at different temperatures with and without gradient and
for the parallel connection with the corresponding fit results. b) coefficient @ and c)
coefficient b of the exponential equation depending on the average temperature during
voltage recording.

In Figure 19 b) and c), the coefficients a and b are shown as a function of tem-
perature. They reveal an almost linear trend in temperature dependency and
slight differences between the individual cell tests with and without tempera-
ture gradient and the parallel connection. The coefficient a determines the
maximum current value towards which the function converges. It decreases
with higher temperature during voltage recording. This decline of the limit
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4 Non-Uniform Temperature — Performance

value is likewise visible in Figure 19 a). Comparing coefficient a for the tests
with and without temperature gradient, there is no significant deviation while
it is comparably high for the parallel connection.

Coefficient b defines the curvature, which decreases for a higher value of b.
When the voltage is recorded at a lower temperature, the curve is bent more
strongly. This is probably due to the higher overpotentials when the voltage is
recorded. During the current measurements at higher temperatures, the steeper
voltage characteristic further diminishes the minor temperature influence at
high temperatures. A temperature gradient during voltage recording leads to a
higher coefficient » which means less curvature. The fit of the parallel circuit
shows the slightest curvature, which can be attributed to the interdependence
of the cells' currents. Coefficient ¢ (Figure 40.A, Appendix) shows a similar
linear temperature dependency as a and b with minor differences between the
tests with and without temperature gradient. Here too, the coefficient for the
parallel connection does not quite match the values for the individual cell tests.
The exponential current function is only applicable for small C-rates as C/2.
Higher C-rates (3C) result in a more linear function in the relevant temperature
range. A polynomial of degree two is well suited to fit the data and describe
the temperature-dependent current.

In conclusion, a relatively simple function was introduced to characterise the
temperature-dependent current distribution. It reveals that temperature inho-
mogeneities cause non-uniform current distributions, which could be critical
for the cell, especially at high currents.

4.4 Heat Generation

In the previous sections, temperature-dependent equations were introduced for
the cell resistance and current and parameterised for the investigated cell. With
these, the heat source definition introduced in Equation 2.2 in Section 2.3 can
be expressed as purely temperature-dependent. Equation 4.6 gives the expres-
sion for a current of C/2. As shown in Figure 18 in the previous section, the
current distribution for an overall current of 3C is almost linearly dependent
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4.4 Heat Generation

on temperature instead of the exponential dependency valid for C/2. Therefore,
the term for the temperature-dependent current in Equation 4.6 must be ad-
justed for the respective current. This approach enables conclusions to be
drawn about whether an inhomogeneous temperature and current distribution
may lead to an unexpected critical heat generation that poses a safety issue.
For thermal models, this means that coupling with an electrical model is not
necessarily required, although a lot of care has to be taken for parameterisation.

0= a2 e () -

lejy-a-exp(—==) T (‘”;%)50% (4.6)

It has to be noted that the parameters for the resistance were determined at a
SoC of 50 %. In the range of 35 % - 65 % SoC, the changes in the temperature
dependency of the resistance are negligible. Therefore, the coefficients can be
used as an approximation, but the function cannot be extrapolated further. Un-
like the polarisation resistance, whose temperature dependency was considered

before, the sum of all real parts of an adopted ECM is employed to calculate
dUgcy

the heat generation. The entropy coefficient for the reversible heat con-

tribution is also determined at a SoC of 50 % using a newly developed
method [286]. It is based on the conventional assumption that the entropy co-
efficient is constant over the temperature range considered [27]. The current
function is specified for C/2 and 3C, respectively, and a SoC of 65 %. Looking
at the plateau phase, the current distribution is similar for a SoC range between
50 % - 75%. Thus this equation is not generally valid but only in a SoC range
of 50 % - 65 %, where resistance and current are parameterised. The parame-
ters are given in the Appendix.

Another limitation of the temperature-dependent function of current distribu-
tion is that it is strictly applicable only for the considered case at which it was
parameterised. At other average temperatures, the total current taken into ac-
count in the calculation is not the same as that used for parameterisation. This
is because no closing condition matches the sum of the local currents with the
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4 Non-Uniform Temperature — Performance

total current. Thus, the following consideration is based on equilibrium assess-
ments. Still, it is beneficial for reflecting the interaction of temperature and
current distribution with heat generation. With the limitations in mind, those
interactions can be implemented easily in a purely thermal model to consider
them. A suitable example for applying this equation are oscillations around a
specified SoC with current pulses.
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Figure 20. a) Heat dissipated with a current of 3C and C/2 at a SoC of 50 %. b) Tem-
perature profiles across the cell thickness (hot and cold side and centre) at steady-state
when a temperature gradient between 0 C — 50 °C and a current of C/2 is applied.

Figure 20 a) shows the temperature-dependent heat source term calculated with
Equation 4.6 for an applied temperature gradient 0 °C — 50 °C. Due to the
higher current, the heat generation is far higher for 3C (magenta) than for C/2
(black). For the high current, the heat generation first increases with rising
temperature until a maximum of 3.14 W at 288 K is reached. This can be ex-
plained by the high resistance at low temperatures, which results in a small
current. With a further increase in temperature, the heat generation declines,
although the resistance decreases while the current increases. This means, de-
pending on temperature, either the current or the resistance dominates the heat
generation. Also, this finding questions the common understanding of a posi-
tive feedback mechanism between temperature and heat generation [48, 59,
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4.4 Heat Generation

75]. According to this assumption, current and heat generation would continu-
ously increase with higher temperatures. The dashed curve in Figure 20 a) rep-
resents the irreversible heat generation that dominates the overall behaviour at
high C-rates. The irreversible heat generation increases with temperature, in-
dicated by the dash-dotted line.

The heat dissipation, shown in Figure 20 a) for two examples, is implemented
for different cases in the same thermal cell model [252] as in Section 3.4. The
following calculations are based on a discharge but do not account for its SoC
dependency. The initial condition of the simulation corresponds to the bound-
ary condition. Then the temperature-dependent heat source term is applied in
the active material according to Equation 4.6 with the local temperature-de-
pendent current and resistance. The temperature distribution, average temper-
ature, current and heat are evaluated when a steady-state is reached.

I(T(t,x,y,z)) =$-Ic/2-a-exp(_—b) (47)

T(t,x,y,z)—c
Isim = fAM I(T(t,x,y,2))dv (4.8)

According to Equation 4.7 and 4.8, the overall current and overall heat dissi-
pated can be calculated for the different cases by integrating current / and
heat Q over the volume of the active material, where the heat is dissipated. This
way, two objectives are pursued. First, whether and (if so) how the average cell
temperature with a gradient differs from a homogeneous temperature. Second,
how the temperature-dependent heat generation affects the temperature distri-
bution.

Table 3. Average temperature, overall current / and heat generation @ for the simula-
tion cases with the temperature-dependent heat generation.

Case T.g /K I/A Q/W
2C,Hom 12.5 °C 285.69 1.52 0.22
2C, Hom 25 °C 298.17 1.45 0.13
2C, Hom 37.5 °C 310.67 1.45 0.10
2C, Inhom 0 °C - 25 °C 285.68 1.45 0.21
2C, Inhom 0 °C — 50 °C 298.17 1.47 0.15
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2C, Inhom 12.5 °C-37.5°C 298.17 1.47 0.14
2C, Inhom 25 °C - 50 °C 310.67 1.45 0.11
3C, Hom 25 °C 298.61 9.41 2.88
3C, Inhom 0 °C — 50 °C 298.50 9.14 2.71

Table 3 gives the results for the average temperature 7, the overall current /
and the overall heat generation . The average temperature in all cases corre-
sponds to that resulting from the respective boundary conditions. Only for a
current of 3C, it is insignificantly elevated by 0.5 K due to the high heat dissi-
pation. The current differs from the constant current applied for voltage record-
ing due to the strict temperature dependency of the heat source. It deviates only
slightly and is very close to 1.5 A for C/2, while it is exceeding the 9 A for 3C.
Comparing the heat generation in the cases with homogeneous temperature
control with those with an applied temperature gradient, the values demon-
strate a heat generation that decreases with higher temperature but does not
depend on the gradient.

The temperature profiles in Figure 20 b) are evaluated over the thickness of the
cell at different locations as indicated by the grey lines as in Section 3.3. Here
the temperature profile is shown for C/2 and the temperature gradient 0-50 °C.
The temperature profiles are the same, only in the middle, the maximum tem-
perature is lower. Overall, the heat generation does not alter the temperature
profile, but the thermal conductivity within the cell does at the very edges of
the cell stack. As the temperature profile is symmetric, the average temperature
is still the same.

4.5 Interim Conclusion

The obtained results reveal that the lithium-ion cell at a temperature level be-
low 20 °C exposed to temperature gradients behaves — in terms of its voltage
obtained for low C-rates and resistance — as if it was slightly warmer than its
average temperature. The EIS measurements with no significant heat genera-
tion indicate that it is not due to an actual higher average temperature. This is
confirmed with the help of the simulations in which a temperature-dependent
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heat source term is implemented. Even at a high C-rate, neither the heat gen-
eration nor the average temperature is higher for the temperature gradient than
for the homogenous temperature control at the respective average temperature.
Instead, the behaviour can be attributed to an asymmetric weighting of the cell
regions with different temperatures. Troxler et al. [48] reached a similar con-
clusion based on impedance data. The lower resistance at high temperatures
leads to higher current densities in this region. Thus, the cell performance is
dominated by the properties of the warmer cell regions, and the overall cell
behaviour is comparable to that of a cell at a higher average temperature.

This phenomenon changes when high currents are applied, as the voltage char-
acteristics at 3C in Figure 13 show. The temperature-dependent current distri-
bution in Figure 18 explains this now, as the normalised current for 3C deviates
significantly from that for C/2. Since there is no maximum current at the high
overvoltages of 3C even at high temperatures, the warmer region of the cell
cannot dominate its behaviour. This diagram also reveals how strongly the cur-
rent depends on temperature (or the temperature-dependent resistance). De-
spite this high temperature sensitivity, the overall influence of temperature gra-
dients on the performance is not significant enough to require a limitation of
temperature differences along with the electrode layers. Furthermore, the char-
acteristic of the temperature-dependent heat source term shows that it is dom-
inated by resistance at higher temperatures. Thus, in contrast to common belief,
there is no positive feedback between temperature, current and heat generation,
so that there are no safety-critical concerns associated with temperature gradi-
ents.
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5 Non-Uniform Temperature — Cyclic Ageing

5 Non-Uniform Temperature - Cyclic
Ageing

The general influence of temperature on the overall ageing phenomena is ba-
sically known and discussed in Section 2. So far, however, there has been no
systematic investigation of how temperature gradients affect overall ageing
and to what extent they lead to an inhomogeneous distribution of ageing mech-
anisms. This question is addressed by focusing on how a maximum tolerable
temperature difference in the cell for ageing can be defined.
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Figure 21. Flow diagrams with the thermal boundary conditions [68] (license CC BY
4.0). The colours represent the temperatures 0 °C (blue), 25 °C (green), 50 °C (yellow)
and the letters the type of condition: H-homogeneous, S-stationary, T-transient, I-inho-
mogeneous. They are combined to a) homogenous stationary, b) homogeneous transi-
ent, ¢) inhomogeneous stationary, and d) inhomogeneous transient thermal boundary
conditions.

The experimental set-up, the measurement results, and empirical ageing func-
tions are published [68, 287]. The design of the test stand was part of the pre-
vious PhD project "Projekthaus e-drive", so it is not discussed here, and the
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4.5 Interim Conclusion

reader is referred to Part 1 of the joint publications [68]. In this work, first, the
capacity fade and impedance increase during ageing are presented, and a tem-
perature-dependent ageing function is derived. The degradation modes are then
analysed using the differential methods. Subsequently, the results of the post-
mortem analysis are reported and interpreted. The electrode, particle and
atomic levels are considered.

The cyclic ageing tests were performed at a constant C-rate of 3C (9 A) over
the entire SoC range. Different thermal boundary conditions were applied ex-
ternally, as shown in Figure 21. The colours indicate the temperatures, and the
symbols used later on in the graphs are already introduced here to facilitate the
assignment of the legend entries to the boundary conditions. The temperature
control is distinguished in four types of conditions:

a) The cells were cycled at homogenous stationary (HS) conditions
(Figure 21 a)) at the three temperature levels 0 °C, 25 °C, and
50 °C, as a reference and basis for comparison.

b) For the homogeneous transient (HT) conditions represented in Fi-
gure 21 b), the temperature at the cell surface changed with time.
The colour at the top shows the starting temperature. After half an
electrical (dis)charge process, solenoid valves switched, and the
second temperature was applied on the cells’ surface during the
other half of the (dis)charge process. The same sequence was re-
peated for each subsequent charge and discharge.

¢) Inthe cases with inhomogeneous stationary (IS) temperature control
in Figure 21 c), a temperature gradient between the reference tem-
peratures was imposed along the length of the cell. In these cases,
the lower temperature was applied to the anode tab.

d) In the inhomogeneous transient (IT) cases in Figure 21 d), the tem-
perature on the cathode tab side of the cell remained constant. In
contrast, the fluid on the anode tab side was switched on and off
alternately in the same sequential pattern as in the HT cases. Con-
sequently, the gradient developed and receded over time. In other
words, a temperature front moved from the anode tab to the cathode
tab and back again.
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5 Non-Uniform Temperature — Cyclic Ageing

The SoH was determined by capacity and impedance measurements during
check-up measurements conducted at homogeneous 25 °C. The check-up fre-
quency was higher at the initial stage of ageing when it was conducted every
150 cycles. Later on, when the ageing slows down, the frequency is reduced to
every 300, 600 and 900 cycles.

5.1 Capacity and Impedance

In this section, the capacity fade and impedance increase during cyclic ageing
are analysed, first qualitatively then quantitatively. The data referred to is the
remaining capacity obtained with a discharge current of C/20 and the polarisa-
tion resistance from impedance spectra at 50 % SoC. Both are related to the
value at BoL according to Equation 5.1 and shown in Figure 22 as a function
of equivalent full cycles (EFC) for the different set-ups. In general, the order
of degradation is the same for each group of set-ups. This means a higher ca-
pacity fade comes with a higher increase in polarisation resistance, although
they do not directly correlate. Figure 22 a) shows the results for the homoge-
neous stationary temperature control at the respective temperatures. As ex-
pected, the cells cycled at a temperature of 25 °C exhibit the least degradation.
However, the capacity declines, and the impedance increases faster for both
increasing and decreasing temperature, which is more pronounced at 0 °C than
at 50 °C. The low charge throughput at 0 °C resulting in a low number of EFC
is due to the high overpotentials at low temperatures. The influence of temper-
ature changes over time between two temperatures can be seen in Figure 22 b).
Especially for the changes over the wide temperature range of 50 K, a signifi-
cantly higher loss of capacity and rise in polarisation resistance is recorded.
_ CoL—C(EFC) _ Rpol,BoL_Rpol(EFC)

ACC/ZO = T and ARpOl = Rpol.BoL (5.1)

Comparing the capacity fade of the stationary tests (Figure 22 a) and c)), low-
ering the temperature at the anode tab from 50 °C to 25 °C (IS25/50°C) results
in a similar capacity fade as a homogeneous temperature of 25 °C (HS25°C).
If the temperature on the anode side is further reduced to 0 °C (IS0/50°C), there
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5.1 Capacity and Impedance

is hardly any change compared to the HS50°C condition. In contrast, the tem-
perature gradient between 0 °C and 25 °C (IS0/25°C) has a severe effect on the
capacity compared to cycling at a homogeneous temperature of 25 °C
(HS25°C). Similar findings apply to increased polarisation resistance, although
the resistance increase for [IS0/25°C is more enhanced than for the other bound-
ary conditions. Comparing the results of Figure 22 b) and c) reveals that a per-
manent temperature gradient between 0 °C and 50 °C (IS0/50°C) has less of
an effect on the capacity fade and impedance rise than temperature changes
between the same temperatures. The evolution of the capacities and imped-
ances for the inhomogeneous transient condition in Figure 22 d) does not vary
sufficiently with the different boundary conditions to allow for a meaningful
interpretation [68]. Therefore, they are disregarded in the following.
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Figure 22. Remaining capacity (left column) and polarisation resistance (right column)
for a) HS, b) HT, c) IS, and d) IT conditions [287] (license CC BY 4.0).

In order to enable a quantitative analysis of the degradation under various ther-
mal conditions, we introduced the concept of the equivalent ageing tempera-
ture (EAT) [287]. EAT relates the degradation caused by spatial and temporal
temperature inhomogeneities to similar degradation caused by a homogeneous
stationary temperature control during cycling. According to Equation 5.2, EAT
is calculated by temporal and spatial integration of the temperatures during one
thermal cycle teycm, and over the cell length L. For this purpose, a linear gradi-
ent between the two temperature levels for the inhomogeneous set-ups and the
same time constants for the heating and cooling processes for the transient set-
ups are assumed.
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Tear = ——— [, [1T(¢, Ddldt (5.2)

tcyc,th'L 0

With this temperature value, the measurement data is fitted with an empirical
approach of two exponential functions representing the high-temperature deg-
radation and the low-temperature degradation, as proposed by Waldmann et
al. [118].
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Figure 23. a) Experimental set-ups sorted by degradation and b) temperature-dependent
ageing function for the capacity fade per EFC composed of two exponential func-
tions [287] (license CC BY 4.0).

The capacity fade per EFC depending on temperature is shown in Figure 23
for all set-ups. Each set-up is included by one marker. To facilitate the assign-
ment, they are sorted by degradation in Figure 23 a). The two exponential func-
tions are shown in red and blue, while the overall ageing function is depicted
in black with the confidence interval of 95 % in grey. Its minimum indicates
the optimum temperature, which is 32 °C regarding capacity. It is in good
agreement with most of the measurement points. Only the round markers rep-
resenting the homogeneous transient conditions do not match the empirical
ageing function. The arrows emanating from the markers for the HT conditions
indicate the potential assignment of the respective ageing state to a new EAT
that cannot be directly calculated with Equation 5.2. Instead, it is achieved by
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5 Non-Uniform Temperature — Cyclic Ageing

a horizontal displacement of the measured data in either direction until it inter-
sects with the ageing function. The resulting temperature marks the EAT that
leads to the same degradation rate for a homogeneous temperature.

Table 4 lists the coefficients of the low- and high-temperature exponential part
and gives the coefficient of determination R? for all quantities.

Table 4. Increase in slippage of electrode potentials related to the slippage at BoL.

Low T High T

Quantity  Ai/- Bi/°C™! Ay~ Ba/°C™! R?
ACcno 01159 0.09366  71.0510%  0.02962  0.9929
AR5 0.7735  0.08918  3.71210%  0.1198  0.9963
ARym  0.1496  0.08642 298610  0.07726  0.9518
ARy 0.8720  0.07913  227910%  0.1356  0.9953

The bathtub-shaped ageing function in Figure 23 b) shows the capacity degra-
dation as an example. Similar functions can be derived for the impedance quan-
tities: ohmic, polarisation, and pulse resistance. The corresponding graphs can
be found in the Appendix. Depending on the quantity, the two exponential
functions for the ageing rate at high and low temperatures are differently pro-
nounced. The ohmic resistance is the only one where the high-temperature deg-
radation is equally temperature-dependent as the low-temperature degradation,
indicating that high temperatures are particularly harmful to the ohmic re-
sistance. The exponential function representing the ageing at low temperatures
is steeper for the other quantities, as it is for the capacity in Figure 23. All these
ageing functions are in good accordance with the measurement data except for
the HT conditions. For all quantities, they cannot be reproduced by the ageing
function.

The results presented above reveal that the temperature level is decisive for
ageing behaviour. The ageing progress for cells cycled with an applied tem-
perature gradient follows the respective averaged temperature, which means
that inhomogeneities in temperature along the electrodes do not severely im-
pact the ageing. In contrast, temperature changes with time induce a different
ageing behaviour regarding capacity fade and impedance rise.
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5.1 Capacity and Impedance

These phenomena are analysed further by determining the transition from the
initially accelerated ageing to the more linear part in the capacity fade depend-
ing on EFC in Figure 22. This curve is fitted with the combination of an expo-
nential and linear function shown in Equation 5.3. Subsequently, the number
of EFC is determined, at which the influence of the exponential term becomes
negligible. This is defined with a share of the capacity loss smaller than 0.05 %.

ACc/20(EFC) = d - exp(—e - EFC) + f -EFC + g (5.3)

Figure 24 shows the EFC at which the exponential part of the capacity fade
becomes negligible for the different boundary conditions depending on EAT.
The linear part dominates considerably later at high temperatures. For the cases
HS25°C, 1S25/50°C and HT25/50°C, the transition never occurs. Possibly, an
inverse function similar to the ageing function in Figure 23 would arise, where
the shallow section is truncated.
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Figure 24. EFC at which the exponential share of capacity fade is negligible depend-
ing on EAT of the boundary conditions.

Bloom et al. [125] argue that the parabolic shape at the beginning of the capac-
ity fade characterises a diffusion-limited process and assign this to the SEI
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growth at the anode. They assume that enhanced ageing begins at the cathode
with the transition to the linear part limited by a surface reaction step. Also, in
their experiments, the transition to the linear ageing section does not occur un-
der some conditions. Other authors also anticipate two-step ageing, with LLI
occurring first at the anode and LAM [149] or cathode degradation [23] emerg-
ing subsequently. Further, it can be noticed that parameter f of the linear part,
i.e. the slope which contributes to long-term ageing, differs between the bound-
ary conditions irrespective of the onset of the linear region. The values are
given in the Appendix. Perhaps, this slope can be correlated with the ageing
on the cathode side. This consideration will be further explored during the post-
mortem analysis.

5.2 Differential Methods

Before the results of the differential voltage analysis (DVA) and incremental
capacity analysis (ICA) are evaluated, the data of two duplicate cells are cross-
checked to ensure reliable results and with this justify to further continue with
only analysing one cell for each case. All DVA and ICA at BoL are identical,
meaning that changes occur only due to ageing at different thermal boundary
conditions. Based on the BoL, Figure 25 a) illustrates the balancing of the elec-
trodes and which features of the Kokam full cell can be assigned to either an-
ode or cathode. The green curve depicts the half-cell potential of the cathode,
the red one that of the anode, while the blue one represents the sum of both and
thus the full cell voltage. In pink, the experimentally determined voltage of the
full cell is presented. Figure 25 a) shows the shift of the anode potential at BoL
necessary to align anode and cathode for achieving the balancing of the full
cell. This shift or slippage increases during ageing and depends on the thermal
boundary condition. The coloured vertical lines in Figure 25 b) mark the char-
acteristics of the electrodes to trace changes in the DVA during ageing and
assign them to the electrodes. The black circles represent anode characteristics,
while the white circles reflect cathode features. Those numbered characteris-
tics are displayed again in the DVA in Figure 26 a) with arrows indicating the
peak heights and distances used for the later evaluation.
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Figure 25. a) OCV of both electrodes with the anode shift to match the experimental
voltage of the full cell. b) DVA calculated from the OCV of the electrodes, their sum
and the full cell with the respective characteristics assigned to anode and cathode.
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Figure 26. a) DVA for charge and discharge with the characteristics of the anode
(black) and cathode (white) and the distances to evaluate the DVA quantitatively. b)
ICA for charge and discharge.

In the ICA curve in Figure 26 b), the prominent peak during discharging has
two spikes, while only one occurs during discharging. It is not entirely clear
whether they originate from the two peaks of the anode or whether the main
peaks of the anode and cathodes are superimposed differently during charging
and discharging. Since the ICA of anode and cathode do not provide any sig-
nificant additional value in the interpretation, for the electrodes, only the DVA
data is shown and discussed in the following.
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Regardless of the thermal boundary conditions, the features in all DV A curves
become less distinct as ageing proceeds. However, the extent and speed differ.
As the DVA and ICA for charging and discharging do not always exhibit the
same changes, both are shown in the following. The evaluation is based on the
approximate number of equivalent full cycles. Since the check-up measure-
ments were performed after a certain number of theoretical cycles, they do not
match exactly. In addition, the DVA and ICA are not shown for all boundary
conditions after the same number of EFC, but only those that are particularly
significant.
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Figure 27. a) DVA and b) ICA of the Kokam full cell after 900 EFC, ¢) DVA and d)
ICA of the Kokam full cell after 5000 EFC, and DVA of the e) cathode and f) anode
half-cells of the aged cell at EoL for the homogeneous stationary conditions (HS).

Comparing the DVA of the cells with homogeneous stationary temperature
control in Figure 27 a), HS25°C (green), HS50°C (yellow) and HS0°C (blue)
are shown for 900 EFC. At higher EFC, there is no data for HS0°C as the
charge throughput is very low at this temperature, as can be seen in Figure
22 a). HS25°C and HS50°C are hardly distinguished from each other over
many cycles. Only at 5000 EFC, a stronger compression of HS50°C appears
from the maximum towards higher capacities. Further, the anode peak (1) (left)
decreases significantly, and the cathode minimum (2) (right) flattens to its near
disappearance.

The changes at HSO°C already arise at considerably lower EFC. They appear
as a complete shift to lower capacities and a reduction of the anode peak (1).
In addition, the peak resulting from both anode and cathode broadens, which
may be due to a shift in balancing. The cathode contribution to the overall DVA
is minor compared to the anode. Similarly to the DVA, both the anode and
cathode peaks decrease in size in the ICA in Figure 27 b). The main peak be-
comes broader for HS25°C and HS50°C while it divides for HS0°C. Possibly,
precisely the two peaks that occur during charging are now also visible during
discharging.

In the DV A of the electrodes, the features are still highly discernible, as visible
in Figure 27 c) and d). This points to LLI as the primary degradation mode. In
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the experimental cells, fresh electrolyte is used, and with the lithium anode,
lithium is in excess available, which substitutes the lack of lithium in the aged
cell. The most remarkable change for the cathode and anode occurs for
HS50°C, which becomes apparent as a compression of the curve and suggests
LAM additionally.

A comparison of the inhomogeneous temperature control during cycling shows
an early onset of ageing at 500 EFC for 1S0/25°C in Figure 28 a) and b) with
the disappearance of anode peak (1) and reduction of cathode peak (3). This is
apparent in both the DVA and ICA. When reaching 5000 EFC in Figure 28 c)
and d), IS0/50°C and 1S25/50°C exhibit similar transformations and the DVA
and ICA of the different temperature gradients have converged to some degree.
Although at IS0/25°C, the anode peak (2) has completely vanished, and the
main peak in ICA has significantly decreased compared to IS0/50°C and
1S25/50°C.
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Figure 28. a) DVA and b) ICA of the Kokam full cell after 900 EFC, ¢) DVA and d)
ICA of the Kokam full cell after 5000 EFC, and DVA of the e) cathode and f) anode
half-cells of the aged cell at EoL for the inhomogeneous stationary conditions (IS).

The DVA curves of the half-cells in Figure 28 e) and f) reveal differences be-
tween the warm and cold sides of the electrodes. In the case of the cathode, a
differently pronounced compression of the DV A begins to occur at the mini-
mum. The most considerable difference is between the cold and hot sides of
the cell with the temperature gradient between 25 °C and 50 °C. For the an-
ode’s hot side, the solid green (IS0/50°C) and red (IS25/50°C) lines are well
apart for the anode characteristics, although both had a temperature of 50 °C
during cycling. Similar results are obtained for the DVA curves of the regions
cycled at 0 °C with the dashed blue (IS0/25°C) and green (IS0/50 °C) lines as
well as the solid blue (IS0/25°C) and dashed red (IS25/50°C) which had 25 °C
during cycling. Thus, when looking at the half-cell DV A, no trend can be seen
concerning temperature, and no conclusion drawn whether the warm or cold
region of the cells is more prone to ageing.

The capacity fade and differential analyses of the full cell do not indicate pro-
nounced ageing for 1S25/50°C, but the anode DV A of the warm and the cold
side is compressed the most in this case. This indicates increased ageing of the
anode active material. This strong variation of the anode DVA could be the
reason for the different ageing rates of the inhomogeneous stationary condi-
tions.

93



5 Non-Uniform Temperature — Cyclic Ageing

HT a) 5000 EFC 20 HT b) 5000 EFC
05 10
- L
~ ~
g © = 0
3 2
> P (¢]
© HTO050 T-10- HT050 -
-0.5 HT2550 1 HT2550
HT025 HT025
-20
0 05 1 15 2 25 2.5 3 3.5 4 4.5
Capacity / Ah Voltage / V
HTc) Cathode HT d) Anode
800 1 HT025A
300 HTO50A
< 600 < HT2550A
S S
Z Z 200
% 400 %
< =
3 200 HT025C 5 100
HT050C
HT2550C
0 0
0 1 2 3 0 1 2 3
Capacity / Ah %1073 Capacity / Ah %1073

Figure 29. a) DVA and b) ICA of the Kokam full cell during and after cyclic ageing
and DVA of the ¢) cathode and d) anode half-cells of the aged cell at EoL for the ho-
mogeneous transient conditions (HT).

The cells cycled with temporal temperature changes have strong changes in
DVA and ICA, as can be seen in Figure 29 a) and b), especially for HT0/50°C
and HT25/50°C. For both, the anode minimum (2) is no longer discernible at
all, and the curve is flatter. The anode peak (1) in DVA and ICA has disap-
peared for HT0/25°C and combines with the local minimum of the anode (2)
to a plateau. The cathode peak on the right is less pronounced but still detect-
able. The ICA of HT0/25°C is the only one that still resembles the ICA at BoL.
The temperature changes at higher temperature levels lead to a broadening of
the main peak so that instead, a plateau of several small peaks is formed.

Comparing the different thermal boundary conditions according to their tem-
perature level, there are hardly any changes in DV A and ICA at high tempera-
tures up to 5000 EFC. Whereas at low temperatures, significant differences
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occur much earlier. The changes for high temperatures can be attributed to
variation in the characteristic curve of the cathode half-cell. The severest
changes are observed for HS50°C and in the warm part of IS25/50°C as shrink-
age and a reduction in cathode peak (2).

Table 5. Increase in slippage of electrode potentials related to the slippage at BoL.

Increase in

Case slippage / %
HS 0°C 55
HS 25 °C 44
HS 50 °C 44
IS0C-25°C 41
IS0C-50°C 76
IS25°C-50°C -18
HT 0°C-25°C 50
HT 0°C-50°C 85
HT 25 °C - 50 °C 76

The shift in electrode balancing to match the full cell voltage differs for the
boundary conditions without developing a temperature related trend. Table 5
gives the changes in slippage relative to the initial balancing at BoL. A signif-
icantly increased shift in the electrode potentials is found for the boundary con-
ditions HT0/50°C, HT25/50°C, and IS0/50°C. This suggests a significant con-
tribution of LLI [161, 162].

DVA is further quantitatively examined using the lines introduced above in
Figure 26 a). Peaks A and D, peaks C and G, as well as the sections E and F
and their sum B, represent the same characteristics for charging and discharg-
ing, respectively. In the course of ageing, each pairing behaves analogously.
Therefore, only the discharge is analysed in the following, corresponding to
the qualitative consideration. The colours in Figure 30 correspond to the col-
ours used in Figure 27 - Figure 29. To better distinguish, the HS conditions are
represented by solid lines, the IS conditions by dashed ones and the lines for
HT conditions are dash-dotted with additional markers. Length D in Figure
30 a) describes the height of an anode peak, E in Figure 30 b) the distance
between two anode peaks, F in Figure 30 c) between an anode and one cathode
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peak, while G in Figure 30 d) characterises the height of the cathode peak. The
peak height D decreases for all boundary conditions to a different degree until
the peak (except at HT0/25°C) is no longer discernible at all. The reduction
tends to be more pronounced at low temperature levels. The height G of the
cathode peak after 5000 EFC is similar for all cells, but its development de-
pends strongly on the thermal boundary condition during cycling. For
IS0/50°C, the peak remains constant over a long time and decreases rapidly
from about 1000 EFC. HS25°C and IS25/50°C behave similarly, whereas, with
IS0/25°C, a rapid peak reduction appears up to 500 EFC and then it remains
almost constant. The other cells are positioned between the two extremes.
Looking at lines E and F, HT0/50°C exhibits a massive reduction in both, im-
plying major ageing of the active material. For all cells, the distances mainly
change in the later stages of cycling, suggesting that LAM does not signifi-
cantly influence ageing at the beginning. Only section D, which is assigned to
the anode peak, reveals immediate alterations.

Overall, the DVA and ICA of the half-cells still have distinctly defined peaks
after ageing, which differ comparatively little from the BoL — quite in contrast
to those of the commercial cell. This suggests that the active material itself is
mainly undamaged and that during ageing, primarily LLI and a shift in balanc-
ing occur as well as potentially inhomogeneities. The flattening slope of the
ICA possibly indicates inhomogeneous ageing [167]. This is observed for the
homogeneous transient temperature control at higher temperature levels
HTO0/50°C and HT25/50°C, as well as for all inhomogeneous stationary tem-
perature-controlled cells. When the differently aged characteristics overlap in
the DVA, this leads to peak broadening and a less distinct shape. This could
explain why the mentioned full cells show severe degradation while the half-
cells are still in good condition.
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Figure 30. Deviation of the peak heights and sections in DVA during ageing as indi-
cated in Figure 26. a) the anode peak height D, b) the section between two anode peaks,
c) the section between anode and cathode peak, and d) the height of the cathode peak.

Furthermore, the electrode balancing and the changes in the differential curves
show that LLI is the dominant degradation mode. This is particularly pro-
nounced for low temperatures. Cathode ageing sets in later and occurs more
intensely at higher temperatures. LLI is also considered to be the main cause
of ageing by other authors [149, 158]. Wu et al. [46] observed the slope of the
broad main peak in the DVA to become flatter in a NCA/LCO blend cathode
during cycling at 10 °C and attribute this to LLI and degradation of the LCO.
In this work, a slightly lower slope is detected for the homogeneous transient
boundary conditions HT0/50°C and HT25/50°C. The reason is unknown, but
as it does not occur at low temperatures, it might have another cause.
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5.3 Interim Conclusion

The results of cyclic ageing with different thermal boundary conditions
demonstrate that the optimum operating temperature for minimum capacity
fade and rise in resistance is not the same. Overall, it lies above 25 °C, which
is generally assumed as optimum and often used as reference. With minimum
ageing at the optimum temperature, it accelerates with increasing and decreas-
ing temperature. This correlation can be described by the two superimposed
exponential functions of the EAT according to Equation 5.1 and as shown in
Figure 23. Based on this representation, it becomes possible to detect that cells
with a temperature gradient age integrally according to their average tempera-
ture. In contrast, temporal temperature changes provoke a different ageing be-
haviour, which cannot yet be conclusively explained or mathematically repre-
sented. This leads to accelerated ageing for temperature changes in the high
(25 °C = 50 °C) and the whole (0 °C — 50 °C) temperature range, while it is
reduced for the low temperature range (0 °C — 25 °C). However, the analysis
by differential methods suggests that at all thermal boundary conditions pre-
dominantly lithium is lost in side reactions. This is in line with findings for a
NCA/LCO cell by Wu et al. [46], who attributed the accelerated ageing at tem-
peratures > 25 °C to a hastened SEI growth.

Different contributions to the ageing process are involved, which show distinct
temperature dependencies. They are revealed by the transition from a dominant
exponential to linear ageing when the capacity fade with increasing EFC is
described. Additionally, the evaluation via the differential methods first indi-
cates a loss of active lithium (LLI) before a loss of active material (LAM) is
observed, mainly at the cathode. LLI is the main degradation mode, causing a
shift in the electrode balancing. This explains the substantially altered curves
of DVA and ICA, while the half-cells of both electrodes exhibit comparatively
little change. LLI is even more pronounced at low temperature, while at higher
temperature, there is also more degradation at the cathode. As shown in Sec-
tion 4, a cell with an applied temperature gradient behaves regarding OCV and
impedance as if it were slightly warmer than its average temperature. Flecken-
stein et al. [12] assume a similar effect for ageing. Looking at the diamonds
depicting the inhomogeneous stationary temperature control in Figure 23, they
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lie not exactly on the black line of the ageing function. However, the deviations
are so minimal that it can be assumed at this point that a temperature gradient
has no effect on the overall ageing behaviour — regardless of its magnitude.
Comparison employing the DVA is difficult because, with the average temper-
ature of the gradients, a direct comparison is only possible for IS0/50°C and
HS25°C. Nevertheless, the anode characteristics (1) and (2) exhibit substantial
alterations when temperature gradients are applied, and the peak has almost
disappeared in all cases in contrast to the cells cycled at homogeneous temper-
atures. Still, these differences remain insufficient to derive a maximum tolera-
ble temperature difference over the length of a cell.

5.4 Cell and Electrode Scale

So far, the sealed cell was investigated by electrochemical methods. Although
it is possible to deduce the dominant degradation modes with DVA and ICA,
the underlying mechanisms, either physical or chemical, that provoke ageing
cannot be identified. This, however, is possible with a post-mortem analysis.
The results of such an analysis for the cells under investigation are presented
therefore in the following. In particular, the following methods are used for
analysing cell and electrode scale: visual inspection of cell and electrodes,
SEM of the electrode surfaces and cross-sections and the determination of
thickness and weight. Furthermore, to investigate the ageing effects on the
atomic scale, XRD, ICP-OES and XPS are employed.

Visual inspection

None of the cycled cells shows evidence of excessive gas formation. The vac-
uumed pouch film was tight around the cell stack for all cells. The remarkable
features, which are directly noticeable at the cell opening, are presented first,
and SEM images are shown. Subsequently, the results of the layer thicknesses
and weight are evaluated.

The cell opened at its BoL state reveals slight discolouration at the edge of the
separator, and the separator and electrode adhere slightly at the production-
related marks. Otherwise, the surface of both electrodes is homogeneously
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black to the naked eye, and the humidity of the electrolyte is apparent. For all
aged cells, the severest changes occur in the outer layers. Compared to BoL,
the cell cycled at homogeneous stationary 25 °C (HS25°C) shows a slightly
greyish deposit at the outermost anode layer and a slightly increased discol-
ouration at the separator edges.
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Figure 31. Photographs during cell openings. a) Anode of HS0°C with some plating,
b) discoloured separator of HS50°C, c¢) anode of IS0/50°C with plating in the coldest
quarter, d) massive plating on the HT0/50°C anode and ¢) dead lithium (black material)
close to the cathode tab of HT0/50°C.

HS25°C serves as a reference and basis of comparison for the cells aged at
other boundary conditions. The most remarkable difference of HS0°C is an
irregular blotchy anode surface, with a clear indication of lithium plating close
to the anode current collector and the edges where the anode overlaps the cath-
ode (edge effect) as depicted in Figure 31 a). In contrast, the most noticeable
change with HS50°C is the strong discolouration of the separator, not only at
the edges as in Figure 31 b). For the inhomogeneous cell with a temperature
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gradient between 0 °C and 50 °C, Figure 31 c) shows the distinct plating visi-
ble on the anode localised at the coldest quarter close to the anode tab. The
silvery/grey cover layer is discernable throughout the cell stack. Furthermore,
the separator has a greyish colouration comparable to the HS50°C cell.
1S0/25°C also exhibits clear plating from the anode tab where the 0 °C were
applied during cycling up to the electrode's centre. This large area of partially
thick planar plating on the surface potentially lengthens the diffusion
paths [44] and thus could explain the comparatively large increase in polarisa-
tion resistance. The edge effect is evident, but otherwise, the lithium deposition
is randomly distributed on the surface. Compared to the IS0/50 °C, there is
much less plating and significantly more compared to HS0°C. Probably, this
can be attributed to the higher SoC that are reached due to lower overpotentials
for a higher average temperature. The cell with a gradient between 25 °C and
50 °C does not reveal any striking details compared to HS25°C. Assuming a
linear temperature profile, the significant lithium plating is limited to the cell
area where a temperature between 0 °C and about 12 °C is applied. This find-
ing indicates that temperature effects dominate over increased current density
at regions with higher temperatures.

The separator of HT0/50°C with temperature changes between 0 °C and 50 °C
seems to be slightly molten between some electrode layers directly at the anode
current collector. This would mean that the temperature was close to the melt-
ing temperature of PE with ~134 °C at least once during cycling. Moreover,
the homogenous transient cells exhibit two phenomena concerning the anode.
The first one is again lithium plating on the surface, occurring at HT0/25°C
and HT0/50°C. While the anode surface of HT0/25°C is covered homogene-
ously with small metallic deposits, HT0/50°C in Figure 31 d) shows inhomo-
geneous patches comparable to HS0°C. Secondly, in HTO0/50°C and
HT25/50°C, an enormous amount of black friable additional material is found.
It is located at the anode side, not on but adhered to the electrode and mainly
near the cathode tab. It even grows from between the separator layers, as shown
in Figure 31 e), which is observable after removing the pouch foil. In minimal
amounts, this also appears in the other cells, either in the separator fold or near
the cathode tab. A flame test for material detection via the characteristic emis-
sion spectrum shows a red flame colouration, indicating Lithium with the two
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main spectral lines at 671 nm [288]. Presumably, the material is dead lithium
that deposited rather than intercalated and then reacted with electrolyte to SEI.
The localised material close to the cathode tab might be due to nonuniform
electrolyte filling [289]. It could also be related to the significantly lower pres-
sure at the edge of the cell stack than between the electrodes. Therefore, mossy
lithium can deposit and grow further there. Li et al. [200] provide similar con-
siderations, claiming that lithium is deposited in a mossy morphology when
the SEI is elastic. Since a large amount of dead lithium arises only for
HTO0/50°C and HT25/50°C, temperature changes seem to be critical for this
phenomenon. The temperature increase during charging from 0 °C to 50 °C
reduces the overpotentials and changes the balance of the rate-determining pro-
cesses so that lithium plating occurs. Similar observations are reported by
Carter et al. [145] for charging at transient temperatures. This can explain the
accelerated ageing rate for homogeneous transient thermal boundary condi-
tions noticed for capacity fade in Section 5.1 and the massive loss of lithium
inventory indicated by DVA and ICA.

SEM

SEM images of cross-sections and surfaces in Figure 32 show detailed changes
for the different thermal conditions. Primary particles of NCA increasingly
lose their adhesion at elevated temperature resulting in reduced integrity and
finally cracking of secondary particles along the boundaries between the pri-
mary particles. This is visible in the cross-sections of the cathode for the HS
boundary condition in Figure 32, indicated by yellow circles. After cycling at
0 °C, the primary particles composing the secondary particles are not discern-
ible, just as in the BoL state. The first secondary particles break during cycling
at 25 °C, and at 50 °C, the primary particles of each secondary particle are well
identifiable, and some are completely broken. This is also evident in the close
up of the surface circled in yellow. The particle rupture probably is a conse-
quence of higher mechanical stress caused by phase transformation. At ele-
vated temperatures, the cut-off voltages are reached after a larger charge
throughput, and the phase transformation, which occurs mainly at high volt-
ages [290], is completely undergone. Whether the same is valid for LCO can
not be revealed by the electrode sections analysed. Furthermore, in the surface
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images, there are more deposits visible for increasing cycling temperature. The
cathode that was cycled at 50 °C shows darker patches which seem to be flake-
like particles (blue arrows). The graphite anode does not exhibit any alteration
in the cross-section, so the images are not shown.

However, the inspection of the surface reveals significant modifications. The
anode cycled at 0 °C is, in some places, coated with a thick homogeneous layer
that looks like it is shrunk on the surface (orange arrows) and is assumed to be
one morphology of plated lithium. Otherwise, there is little change in the typ-
ical flake structure of graphite in this case. For 25 °C, there are minor changes
compared to BoL as the surface layer, probably SEI, blurs the edges of the
flakes slightly more. The anode cycled at 50 °C exhibits much more non-uni-
form surface phenomena. Again, the blurring of the edges is visible together
with tiny granular deposits in the first picture attributed to electrolyte degrada-
tion and SEI, while in other regions and the second picture, clusters of needle-
like crystals appear. Presumably, this constitutes another morphology of lith-
ium plating. These findings suggest that the morphology of plated lithium de-
pends on the cycling temperature. While the deposits tend to be needle-like or
granular at high temperatures, they are more planar and homogeneous at low
temperatures. This observation is supported by Park et al. [291], who report
less dendritic growth for lower temperature and Li et al., who state that for
extensive deposition, the morphology is planar [200].
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Anode

Figure 32. SEM images at EoL of cathode cross-section (first row) and surface (second
and third row) and the anode surface (fourth and fifth row) for cycling at homogeneous
stationary temperature control at 0 °C (first column), 25 °C (second column), and 50 °C
(third column).
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Thickness and Weight

Before cell opening, the thickness of the whole cell was measured. The results
are shown in Figure 33 a) as a change relative to their initial state at BoL. The
squared markers indicate the homogeneous stationary condition, the round
markers represent the homogeneous transient condition, while the diamonds
mark the inhomogeneous stationary ones. There is a clear tendency with in-
creasing average temperature with a maximum thickness increase of 5 % after
cycling at 50 °C. The cells with homogeneous transient temperature control,
except HT0/25°C, show the largest growth in thickness at the respective aver-
age temperature.

Figure 33 b) shows the change in anode thickness as a function of temperature.
The electrode thickness was measured at both the cold and the warm sides for
the cells with inhomogeneous temperature control. The thickness at the warm
side is indicated with the light grey, while the cold side thickness is dark grey.
In general, the anode thickness increases with higher temperatures, exhibiting
the same trend as the cell. At the same time, there is no discernible influence
of the temperature on the thickness of the cathode layer. Still, the growth be-
tween 37 % and 47 % for the anode is much higher than the 1 % - 5 % thick-
ness increase of the whole cell. This is because, on the one hand, the inactive
components separator and pouch foil are included, and the cathode thickness
hardly changes. On the other hand, the pouch foil ensures a firm tightness
squeezing the anodes together elastically. Presumably, the expansion of the
anodes leads to the observed increase in cell thickness and, at the same time to
higher pressure within the cell.

The thickness changes of the anodes with homogeneous transient temperature
control are noticeable, as they are not in line with the other data. The anodes
of HT0/50°C and HT25/50°C are slightly thicker, as their average temperature
would suggest, while those of HT0/25°C are thinner. This picture is similar to
the capacity loss, which is more significant for the first two and less for the last
one than expected by the ageing function (cp. Section 5.1, Figure 23). For the
other cases, the trend of increasing anode thickness with temperature is evident
and almost linear. This is equally true for cells cycled at homogeneous station-
ary conditions as well as for those cycled with a temperature gradient. The
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higher thickness at the cold edge of IS0/25°C might be due to the high amount
of thick lithium plating on the surface. Thus, it can be concluded that the anode
thickness is determined by the actual local temperature, independent of other
conditions elsewhere. Similar results for cycling at homogeneous temperature
were obtained by Waldmann et al. [198], although they found an S-shaped cor-
relation of anode thickness and temperature, not a linear one.
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Figure 33. Increase in a) the cell thickness, b) the anode thickness, and c) the weight of
anode and cathode depending on temperature for the different thermal boundary condi-
tions during cyclic ageing.

The relative increase in weight in Figure 33 c) resembles the picture of the
layer thickness, although it is much lower. There is a higher increase in weight
for higher temperatures, but it does not follow the tendency for homogeneous
transient conditions. In contrast to the layer thickness, the weight at the edges
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with applied temperature gradients does not correspond to that after cycling at
respective homogeneous temperatures but is higher. Probably, the pores be-
come partially clogged, and the porosity decreases with ageing.

Presumably, the effects contributing to the increase in thickness and weight are
purely temperature-dependent and not depending on current. Side reactions
and thus SEI growth are certainly accelerated at high temperatures and con-
tribute partly to the increase in anode thickness. However, since there is no
covering layer visible in the SEM micrographs that would indicate an increase
of the anode thickness of almost 50%, there are additional mechanisms in-
volved. Assumably, cycling at elevated temperatures leads to increased solvent
co-intercalation so that the graphite particles expand over time, leading to the
thickness increase.

5.5 Atomic Scale

XRD spectra of the cathodes are analysed to check whether changes in their
crystal structure occur during the cycling. In addition, with ICP-OES, the con-
centration of aluminium, cobalt, nickel, lithium and phosphorus in the anodes
is measured. Furthermore, XPS is used for a detailed analysis of the SEI and
its constituents.

XRD

XRD reveals that for all thermal boundary conditions, lattice parameter a de-
creases while lattice parameter ¢ increases for both NCA and LCO. Except for
parameter a of LCO at HT0/25°C, which increases slightly. The increase in ¢
combined with the decrease in @ leads to a distortion of the crystal structure
where the layers are more widely spaced while the atoms within a layer con-
verge. These alterations are more pronounced in NCA. The expansion along
the x-axis indicates less lithium within the structure [218].
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At first glance, there is little temperature dependency in the parameter variation
in Figure 34. Still, for lattice parameter ¢, the values for cells with homogene-
ous stationary temperature control increase with rising temperature, which is
more pronounced for NCA than for LCO. Temperature gradients have differ-
ent effects for the warm and cold regions. In the warm region, the change in
the lattice parameters is about the same as for homogeneous temperature con-
trol, while in the cold area, there are greater differences than with the equiva-
lent homogeneous temperature control. Again, this is more prominent for NCA
than for LCO.

Moreover, the homogeneously transient cycled cells once again exhibit a pat-
tern that deviates from their average temperature comparable to that of the
layer thickness increase. Thus, HT0/50°C and HT25/50°C have a more signif-
icant change in ¢, while it is relatively small for HT0/25°C. Lattice parameter a
does not indicate a significant temperature dependency, but the homogeneous
transient cells show a significantly larger decrease in the lattice parameters for
NCA. Besides the change in lattice parameters, a slight shift of the peaks in
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one or the other direction can be observed in the spectrum. However, this can-
not be correlated with the boundary conditions and is therefore not presented
here. No splitting of one or more peaks can be observed as, for example, in
Mabher et al. [236]. Therefore, it can be assumed that a hexagonal crystal struc-
ture is still present after cycling, in which only the c/a ratio has increased,
which is supported by literature [120, 133]. In terms of crystal structure, NCA
appears to be more prone to these effects than LCO.

ICP-OES

The concentration of aluminium, cobalt, nickel, lithium and phosphorus in the
anodes is measured by ICP-OES. Transition metals are present in all samples.
Thus, their dissolution has occurred at the cathode during cycling. The temper-
ature dependency shown in Figure 35 a) is not quite as apparent as it is when
observing the layer thicknesses. The largest amount is found for cobalt, fol-
lowed by nickel and aluminium, which corresponds to the order of their stabil-
ity. The cobalt concentration increases with rising temperature up to 0.19
weight-% for the anode at 50 °C in the cell cycled with a temperature gradient.
Aluminium has a higher concentration only at 50 °C, especially for the anode
for HS50°C, while there is a slight decrease for nickel.

The trend of increasing lithium concentration at higher temperatures is evident
in Figure 35 b). It increases for homogeneous stationary temperature control
with rising temperature, and for applied gradients (IS0/50°C) and especially
temperature changes (HT0/50°C), it is even further increased.

Similar results are obtained for phosphorus shown in Figure 35 ¢). The highest
concentration of phosphorus is found in the HT0/50°C cell. However, there
seems to be no temperature influence below 25 °C, while the concentration
increases significantly at 50 °C. The measured values are in the same order of
magnitude as they are found in literature [118, 220] but are slightly higher.
This can be explained by the long duration of the experiment and the high
number of EFC. The weight percentage of lithium is significantly higher but
depends strongly on the voltage at cell opening and is therefore difficult to
compare.
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Figure 35. Concentration in weight percentage of a) the (transition) metals, b) lithium,
and c) phosphorous in the cycled anode active material.

The results for phosphorous and lithium correlate positively with the tempera-
ture dependency of the anode thickness, suggesting that the thickness increase
is primarily due to SEI growth after all. This SEI growth is likely accelerated
by higher temperatures leading to higher reactions rates and the transition met-
als incorporating into the SEI and altering it. The relative impact of tempera-
ture increase and the presence of transition metals on SEI growth cannot be
distinguished. Still, as an increased temperature causes enhanced cross-talk, it
is the relevant factor. However, there must be another relationship that explains
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the behaviour of homogeneous transient temperature control. Both the film
thickness and XRD indicate increased ageing with temperature changes at me-
dium and high temperature levels, which is also confirmed in the weight frac-
tions of phosphorus and lithium from ICP-OES. Nevertheless, no increased
fraction of transition metals appears in the anode for these boundary condi-
tions. The change of the lattice parameters in the crystal structure is not directly
related to their dissolution.

XPS

XPS is a powerful technique for detailed analysis of the SEI. However, for
reliable interpretation of the results, the system must be known as best as pos-
sible in its initial state. Since neither the solvent nor the electrolyte additives
are known for the commercial cells, BoL samples are examined first. To draw
conclusions about the electrolyte, both electrodes are measured with and with-
out a previous washing step as described in Section 3. One peak centred around
531.5 eV in the O(1s) spectrum is characteristic for a mix of O=C and Li,COj3,
typical components in cells with EC/DMC as solvent. Therefore, the results
reveal an electrolyte likely based on EC/DMC with LiPF¢ as conducting salt
and sulphur additives to stabilise the SEI. In addition, only the electrodes of
HIO0/50°C are initially examined to determine whether significant differences
over the length of the cell exist for the highest temperature difference.

On all electrode samples, survey XPS spectra reveal the presence of six main
elements, which are carbon (Cls), oxygen (Ols), fluorine (F1s), phosphorus
(P2p), sulphur (S2p), and lithium (Lils). However, the elements from the cath-
ode active material are not observed on survey spectra, suggesting the presence
of a surface layer on the cathode in its BoL state.

According to the XPS results, the surface layer composition at the electrode-
electrolyte interface is similar for anode and cathode. Salt, LiF and Li,COs are
present on all samples, so their concentration was chosen as an indicator for
the temperature influence. The results are shown in Figure 36. In the anode
case in Figure 36 a), a slight decrease of LiCOs3 related to more solvent deg-
radation is observed when temperature increases despite its random variation.
Yet, this enhanced degradation at a lower temperature is counterintuitive as
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increased temperature means accelerated reactions and, therefore, the same
products [185] in higher concentrations. Chang et al. [146] gained similar re-
sults and assumed a further decomposition of Li>COs. In contrast, there is no
significant difference in the amount of LiCO3 on the cathode in Figure 36 c).
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Figure 36. Variation of LiF and Li2COs3 on the a) anode and c) cathode and the variation
of LiF/salt ratio on the b) anode and d) cathode as a function of temperature.

In DMC with LiPFs present and at elevated temperatures, Li»CO3 degrades to
CO,, LiF, and F,PO,Li [292]. On the anode in Figure 36 b), the LiF amount
increases with decreasing temperature until the concentration declines at a low
temperature until it is almost the same at 0 °C as at 50 °C. One possibility may
be an SEI layer that is less stable at colder temperatures, resulting in a contin-
uous re-formation consuming electrolyte. However, the high concentration of
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lithium and phosphorus in the warm part of the electrode measured by ICP-
OES is contradictory. A significant amount of SEI is probably formed in the
bulk of the electrode and is thus not detectable by XPS. There is no clear in-
fluence of high temperature on LiF variation on the cathode but a similar de-
cline at low temperatures as on the anode.

The variation of LiF/salt ratio is a good indication for salt degradation. How-
ever, it does not correlate with temperature on the cathode in Figure 36 d). The
ratio increases with decreasing temperature on the anode in Figure 36 b) until
it reaches a maximum at a temperature close to 10 °C when a linear gradient is
assumed. At this point, a large proportion of LiF in the fluorine signal is present
on the surface of the electrode. After this maximum, there is a sharp decrease
in this ratio as the temperature decreases further. These results clearly indicate
that at the extreme temperatures of 0 °C and 50 °C, the proportion of salt con-
sumed is low or the crystallisation of the salt reduces its reactivity. However,
this study suggests a better reactivity and faster degradation of salt at low tem-
peratures in the range of 0 °C <T < 10 °C. This would mean the degradation
is reduced both at higher and lower temperatures, although it is expected to be
enhanced at elevated temperatures [206]. If decomposition is indeed most se-
vere at intermediate temperatures, it surely depends on which reaction steps
are rate-determining at the different temperatures. One uncertainty in interpret-
ing the XPS results arises from the uneven removal of conductive salt residues
and other surface components during the washing step with DMC. When the
active material was detached with NMP to construct the experimental cells, it
adhered considerably stronger to the warm areas. Thus, the higher conductive
salt concentration in the warm part of the electrodes could be explained by
increased adhesion and less effective washing with DMC and might have noth-
ing to do with the ageing itself. Similar to the SEM micrographs, there seems
to be no severe SEI formation on the anode surface at elevated temperatures.
This supports the assumption that the weight and thickness increase originates
in the bulk of the electrode. More PVDF is detected in the cold part of the
cathode surface, indicating a lower surface layer thickness there. Comparing
the reaction products on the electrodes, there is more degradation at the cathode
surface.
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Additionally, XPS revealed more decomposition products of the sulphur addi-
tive at high temperatures on both anode and cathode, indicating a higher deg-
radation of this additive.

Although the results show an influence of temperature on salt degradation, a
conclusive interpretation even for the extremely high temperature difference
of 50 K over the length of the cell is hardly possible. Therefore, the measure-
ment and interpretation effort is not justified and has not been pursued for the
other thermal boundary conditions.

5.6 Interim Conclusion

Post-mortem analysis reveals significant variations on the electrode and atomic
scale for the different thermal boundary conditions during cycling. The cell
cycled at a homogeneous temperature of 0 °C shows less change than expected,
considering that this temperature is most suitable for plating. The cells at a low
temperature level benefit from the CC cycling without CV phase since the high
SoC, which is critical for plating, is avoided by reaching the voltage limits
early. Thus, temperature and voltage effects cannot be separated completely.
For example, the particle fracture and reduced cohesion of the NCA secondary
particles at 50 °C cycling can be attributed to the higher SoC reached due to
the higher temperature.

The influence of temperature gradients on the anode is already obvious at the
cell opening. Lithium plating is visible as silverish deposition on the anode
surface in the cold part up to about 12 °C. The differences between warm cell
regions and cold ones are also apparent in the specific electrode weight and
layer thickness. While the layer thickness of the anode with homogeneous tem-
perature control matches that at the corresponding temperature with the gradi-
ent applied, the specific weight for the anode cycled under a temperature gra-
dient is generally increased. Still, the tendency of increasing weight with
increasing temperature is evident. This is attributed to enhanced SEI growth at
higher temperatures and is supported by the increased lithium and phosphorus
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concentration at the anode found by ICP-OES. Besides, there is a higher pro-
portion of especially cobalt on the anode side at high temperatures, potentially
further accelerating SEI growth and electrolyte decomposition. This is not con-
sistent with the results from XPS and the SEM images of the surface. Both do
not show an increased concentration of decomposition products or a severe
surface layer formation. Possibly, a greater proportion of the SEI is formed in
the bulk of the electrode and is thus not detectable by either XPS or SEM.
Unfortunately, the changes in porosity cannot be reliably determined to con-
firm or disprove this hypothesis. The transition metals on the anode at high
temperatures suggest that they promote their dissolution at the cathode. There,
the crystal lattice becomes more distorted at elevated temperatures, which is
probably due to lower lithium concentrations and indicates a loss of capacity.
Additional signs of mechanical degradation appear in the SEM cross-sections,
indicating a reduced cohesion of the NCA secondary particles up to particle
fracture. NCA is clearly more affected by the mentioned changes than LCO.
Both, ICP-OES and XRD show the same results for high and low temperatures
whether a temperature gradient was applied or not.

Overall, the results illustrate a distinct temperature dependency of the various
ageing mechanisms. With an applied temperature gradient, these occur accord-
ingly inhomogeneously and induce an inhomogeneous ageing behaviour in the
cell. However, this is limited to the electrode level and does not affect the cells
capacity fade and impedance increase, as shown in Section 5.1. Thus, the hy-
pothesis proposed in Section 5.1 that the slope of the linear part of the ageing
trend is due to the ageing on the cathode side is not tenable. Furthermore, the
inhomogeneity is provoked by extreme gradients with temperature differences
of 25 K and 50 K over the length of the cell. Assumably the statistical distri-
bution of all the mechanisms would diminish the measurable effect if the tem-
perature differences were considerably smaller. However, none of the cells has
reached the knee point, from which ageing accelerates dramatically, an effect
also known as sudden death. Therefore, it cannot be excluded that despite sim-
ilar ageing with and without temperature gradients, this transition point is
reached earlier in the cells with gradient and inhomogeneous ageing effects.
So even with the temperature-dependent alterations during ageing revealed by
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the post-mortem analysis, a maximum temperature difference over the length
of the cell can not be defined.

Temporal temperature changes provoke a completely different ageing behav-
iour. This has been observed for capacity fade and impedance increase in Sec-
tion 5.1 and is consistently confirmed by the methods of post-mortem analysis.
At cell opening, HT0/50°C shows the greatest amount of lithium plating and
dead lithium, followed by HT25/50°C. In ICP-OES, the amount of lithium and
phosphorus is also significantly increased for both cells, and the layer thickness
of the anode increases excessively. This is consistent with the results of the
differential methods, where a large shift in electrode balancing suggests LLI
and both DVA and ICA exhibit strong alteration compared to BoL. The lattice
parameters of the cathode also change the most for these two cells. While in-
creased ageing occurs for temperature changes over the entire temperature
range or at a high temperature level, it is consistently much milder for
HTO0/25°C than the average temperature would dictate. The most significant
ageing mechanism at cold temperatures is plating. However, this is not limited
to these conditions but also occurs at high temperatures. Looking for explana-
tions why temporal temperature changes cause a different ageing behaviour,
the thermal expansion coefficients of the components are a natural starting
point. These are between 55 um/K and 66 um/K for graphite, depending on the
degree of intercalation [293]. For NCA and LCO, there is no literature data,
but for the whole cell, values range from 1.1 pm/K (LCO/C) [294] to
5.49 ym/K (NMC/C) [295]. These values are large enough to induce mechan-
ical stress inside the cell. Whether these actually contribute cannot be conclu-
sively clarified here. The fact that ageing is accelerated at moderate and high
temperatures, but is milder at HT(0/25°C, although the expansion coefficients
are constant over the entire temperature range, contradicts this hypothesis.

It can be stated that the most relevant ageing mechanisms are LLI at the anode
and the loss of adhesion between secondary particles at the cathode. Harlow et
al. [162] suggest monocrystals as cathode active material to prevent particle
cracking and state that a rapid formation of a stable SEI is a requirement for a
long lifetime of the battery cell as it impedes loss of active lithium. The result
presented in this Section support this hypothesis.
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In this work, the impact of temperature inhomogeneities on the performance
and lifetime of LIB was assessed experimentally. Literature demonstrates the
tremendous impact of temperature on both aspects. However, no conclusions
have been reached about the quantitative effect of temperature inhomogenei-
ties or what mechanisms they induce. In modules, the maximum temperature
difference is commonly limited to 5 K, although there is no explanation or sci-
entific foundation for this value. In contrast, there is no such value regarding
temperature inhomogeneities in individual cells altogether. Therefore, this
work provides comprehensive scientific discussions to what extent tempera-
ture differences over the length of a battery cell lead to inhomogeneous distri-
butions of impedance, current, heat generation and ageing mechanisms within
the cell.

A thorough experimental set-up allows thermal boundary conditions to be ap-
plied defined and precisely on the cell surface, including temperature gradients
and temporal changes. Based on this, the influence of gradients over the cell
length on the voltage behaviour during charging and discharging with different
current rates as well as on the internal resistance was determined. Together
with a newly developed correlation for the temperature-dependent current dis-
tribution, differences in the cell behaviour could be explained. The interaction
of C-rate, temperature and the overvoltages that occur is decisive for how the
cell behaviour changes when temperature gradients are present. Overall, the
temperature significantly influences the resistance and current distribution
within a cell, but the integral behaviour does not change substantially.

In addition to cell behaviour in terms of voltage characteristics, ageing under
various thermal boundary conditions was considered. It was quantified using
capacity fade and impedance rise as indicators. For those quantities, a temper-
ature-dependent ageing function was derived that describes the degradation for
the stationary conditions even when temperature gradients are present but is
not valid when there are temporal temperature changes. Further evaluation and
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a post-mortem analysis revealed the inhomogeneous occurrence of ageing
mechanisms on electrode level. The ageing mechanisms clearly depend on
temperature and affect both anode and cathode. For this purpose, layer thick-
nesses were measured, and the electrodes were inspected optically and by
SEM. In addition, XRD, XPS and ICP-OES analyses were performed to obtain
a complete picture of the ageing mechanisms that cause degradation on cell
level.

Now, as this is accomplished, the research questions posed at the beginning of
this thesis can be answered.

"How do temperature gradients influence the performance of LIB?"

The performance was analysed by means of voltage, resistance and current.
The results presented on the discharge characteristics reveal that temperature
gradients do hardly impact the cell's overall behaviour. The LIB behaves as if
it was warmer or colder than the average temperature suggests, depending on
the current rate. A cell (dis-)charged with a current of C/2, at an average tem-
perature below 20 °C and exposed to temperature gradients, behaves as if it
was slightly warmer than its average temperature. However, EIS with no sig-
nificant heat generation indicates that it is not due to an actual higher average
temperature. Therefore, the behaviour can be attributed to an asymmetric
weighting of the cell regions with different temperatures. The lower resistance
at elevated temperatures leads to higher current densities in this region. Thus,
the cell performance is dominated by the properties of the warmer cell regions,
and the overall cell behaviour is comparable to that of a cell at a higher average
temperature. This is not valid when high currents are applied. Then the high
overvoltages limit the current not only in the cold but also in the warm regions
of the cell. Therefore, the higher temperature does not dominate the cell's be-
haviour but only compensates for the smaller current density at low tempera-
tures.

It was demonstrated that temperature and temperature inhomogeneities have a
substantial effect on the internal resistance and current distribution, which was
quantified. How exactly this influence occurs depends on the temperature
level, the temperature differences as well as the overall current. Therefore, a
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universal statement on the consequences of temperature gradients compared to
a homogeneous average temperature is not possible based on the results of this
work. However, it can be concluded that temperature gradients over the length
of the cell only marginally affect its overall performance. Thus, despite its high
temperature sensitivity, the overall influence of temperature gradients on the
performance is not significant enough to require a limitation of temperature
differences along the cell stack and the individual electrode layers. Thus, the
typical value for the maximum temperature difference of 5 K for modules can-
not serve as an orientation for single cell behaviour but is questioned by the
results obtained in this thesis.

"How do temperature and heat generation interact?"

In this thesis, correlations were derived that describe the internal resistance and
the current solely depending on temperature. Therefore, the temperature-de-
pendent heat generation can be calculated. With a temperature gradient pre-
sent, the heat generation is distributed, but overall it equals the one at the re-
spective homogeneous average temperature as thermal simulations
demonstrated. Against the general assumption of a positive feedback mecha-
nism, the results reveal a declining heat generation for C/2 for increasing tem-
perature and a maximum heat generation at 15 °C for 3C, which is decreasing
both for higher and lower temperatures. This means the temperature-dependent
heat source term is dominated by resistance, i.e. Joule heating at higher tem-
peratures, while the lower current density is relevant at low temperatures. Via
these coherencies, safety aspects are addressed, and no safety-critical concerns
associated with temperature gradients can be identified here. It should also be
noted that in this consideration, no heat generation of side reactions is taken
into account. This would modify the heat generation and probably increase it
by an unknown amount, which increases for higher temperatures when the re-
actions accelerate.

"Does an inhomogeneous temperature distribution lead to locally differ-
ent ageing effects?"

Yes.
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The overall ageing behaviour with capacity fade and impedance increase is not
significantly influenced by temperature gradients. Instead, these cells age ac-
cording to their average temperature. Nevertheless, different ageing mecha-
nisms appear locally on the electrode and particle level. Those effects were
analysed and evaluated regarding their homogeneity in a post-mortem analysis.
The cells with and without temperature gradient revealed temperature-depend-
ent ageing phenomena. They occurred likewise at the cells cycled at a homog-
enous temperature and the cell parts with the respective temperature when a
gradient was applied. At cold temperatures, mainly lithium plating occurred,
while high temperatures induce increased SEI formation and solvent co-inter-
calation in the bulk of the anode. Both lead to LLI, which is the main degrada-
tion mode for all investigated thermal boundary conditions during cycling. The
cathode is more susceptible to ageing at high temperatures, which enhance
transition metal dissolution and distort the crystal lattice. For the huge temper-
ature difference between which the gradient was applied in this work, the tem-
perature dependency was revealed clearly. Still, the statistical distribution of
all mechanisms would diminish the measurable effect if the temperature dif-
ference was considerably smaller. Temperature gradients over the length of the
cell seem to have a minor impact on the overall ageing that is relevant from an
application point of view. However, none of the cells has reached the knee
point, from which ageing accelerates dramatically. Therefore, it cannot be ex-
cluded that despite similar ageing with and without temperature gradients, this
transition point is reached earlier in the cells with gradient and inhomogeneous
ageing effects. So even with the temperature-dependent alterations during age-
ing revealed by the post-mortem analysis, a maximum temperature difference
over the length of the cell can not be defined.

And what about temporal temperature changes?

Temporal temperature changes during cycling clearly initiate a different be-
haviour than homogeneous temperature or temperature gradients. The changes
over the complete temperature range (HT0/50°C) and those on the high tem-
perature level (HT25/50°C) accelerated all ageing effects investigated here,
leading to a faster capacity fade and impedance increase represented in corre-
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lation to EAT. Astonishing was the massive amount of dead lithium found be-
side the anode sheet close to the cathode tab. In contrast, cells exposed to tem-
perature changes between 0 °C and 25 °C showed, together with the homoge-
neous stationary condition (HS25°C), the least degradation.

Other authors [145, 146] likewise observe accelerated ageing under electrical
load combined with a transient temperature. However, potential explanations
for this behaviour are not provided.

And what now?

The results presented in this thesis allay all concerns regarding a potential ef-
fect of temperature differences reducing performance and capacity during op-
eration, deteriorating lifetime or even leading to safety-critical conditions. In-
stead, temperature gradients over the cell length hardly impact its overall
behaviour, and only on electrode and particle level an inhomogeneity in ageing
mechanisms is observed. However, there is one indication in literature on the
effect of surface and tab cooling on ageing, suggesting that the direction of the
gradient is important [141]. This difference may also exist in performance be-
haviour and must be reflected when evaluating these results. In further studies,
the impact of temperature gradients across the cell thickness and the individual
layers, as well as over modules or packs, should be focused on to gain a deeper
understanding of temperature inhomogeneities and to verify whether a maxi-
mum temperature difference exists for those cases. Additionally, transient tem-
peratures need to be addressed in more detail to elaborate on the ageing mech-
anisms that induce the clearly observed accelerated degradation.
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Figure 37.A. Determination of the melting point of the separator via differential scan-
ning calorimetry (DSC).
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Current Distribution
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Figure 38.A. Normalised discharge current in the parallel connection at a mean tem-
perature of 25 °C for a)/b) a homogeneous temperature, c¢)/d) a maximum temperature
difference of 40 K, and e)/f) a maximum temperature of 40 K with applied correction
for two cell sets. With the correction, the measurement data of the two cell sets are in
good agreement, and the influence of cell to cell variations is eliminated.
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Figure 39.A. Normalised discharge current in the parallel connection at a mean tem-

perature of a) 15 °C and b) 35 °C and a maximum temperature difference of 20 K.

Table 6.A. Coefficients for the exponential equation I',orm = @ - €Xp (— %) to
adapt the temperature-dependent current distribution at 65 % SoC in Figure 19.

Case during voltage

. a/A b/K c/K
recording
Hom 12.5 °C 1.303 6.975 258.6
Hom 25 °C 1.106 4.786 261.7
Hom 37.5 °C 1.048 4.009 262.2
Inhom 0 °C - 25 °C 1.303 7.872 258.1
Inhom 0 °C - 50 °C 1.15 7.511 2554
Inhom 12.5 °C—-37.5°C 1.168 5.781 259.5
Inhom 25 °C — 50 °C 1.063 4.765 260.7
Parallel, Hom 25 °C 1.274 10.47 252.2
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Figure 40.A. Coefficient ¢ of the exponential equation for the temperature-dependent
current distribution depending on the average temperature during voltage recording.
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Table 7.A. Coefficients for the temperature-dependent current distribution equation
for the different cases during voltage recording at the CC discharge.

Case during voltage

. a/— b/ K c/K
recording
2C,Hom 12.5 °C 1.308 6.975 258.6
2C, Hom 25 °C 1.106 4.786 261.7
2C, Hom 37.5 °C 1.048 4.009 262.2
2C, Inhom 0 °C - 25 °C 1.303 7.872 258.1
2C, Inhom 0 °C - 50 °C 1.150 7.511 255.4
2C, Inhom 12.5 °C—-37.5 °C 1.168 5.781 259.5
2C, Inhom 25 °C - 50 °C 1.063 4.765 260.7
3C*, Hom 25 °C -0.000181 0.13 -21.67

* Polynomial of degree two instead of an exponential equation.
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Cyclic Ageing
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Figure 41.A. a) Experimental set-ups sorted by degradation and b) temperature-de-
pendent ageing function for the increase of the ohmic resistance per EFC composed of
two exponential functions [287].
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Figure 42.A. a) Experimental set-ups sorted by degradation and b) temperature-de-
pendent ageing function for the increase of the polarisation resistance per EFC com-
posed of two exponential functions [287].
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Figure 43.A. a) Experimental set-ups sorted by degradation and b) temperature-de-
pendent ageing function for the pulse resistance per EFC composed of two exponential
functions [287].

Fit for the transition from exponential to linear ageing behaviour:

ACc/0(EFC) = d-exp(—e-EFC)+ f-EFC+g

Thermal Boundary d/ EFC e/T! f£1T g/ EFC

condition

HS 0 °C 6.011 0.0116 -0.00297 93.99
HS 25 °C 6.298 0.000234  -0.00128 93.21
HS 50 °C 6.112 0.000550  -0.00246 93.14
HT 0/25 °C 4.865 0.00438 -0.0007 95.14
HT 0/50 °C 10.82 0.000920  -0.00297 88.72
HT 25/50 °C 13.32 0.000281  -0.00132 86.33
IS 0/25 °C 5.664 0.00220 -0.00246 92.71
IS 0/50 °C 5.786 0.000553  -0.00137 92.75
IS 25/50 °C 3.505 0.0004325 -0.00155 96.0
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Figure 44.A. Increase of the cathode thickness depending on temperature for the dif-
ferent thermal boundary conditions during cyclic ageing.

Table 8.A. Raw data of the ICP-OES measurements in mg/L in the acidic solution af-

ter digestion.

Thermal Boundary Al/ Co/ Ni/ Li/ P/
condition mgL! mgL! mgL! mgL! mgL!
HS 0 °C 0.06 0.58 0.31 45.4 5.04
HS 25 °C 0.03 0.61 0.25 48.4 5.08
HS 50 °C 0.36 0.58 0.14 59.4 11.1
HT 0/50 °C .1 0.06 0.63 0.22 58.9 10.7
HT 0/50 °C .2 0.09 0.67 0.23 62.8 114
IS 0/50 °C cold 0.07 0.45 0.23 49.5 5.12
IS 0/50 °C hot .1 0.06 0.63 0.22 58.9 10.7
IS 0/50 °C hot .2 0.09 0.67 0.23 62.8 114
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Figure 45.A. Variation of lithium and carbon oxides on the a) anode and c¢) cathode
surface and the variation of LiF and conductive salt on the b) anode and d) cathode
surface as a function of temperature measured by XPS.

Table 9.A. Results of XPS for the washed anode with the binding energy of the peak
for the respective bonding, the full with at half maximum (FWHM) and the atomic
concentration.

Anode washed Peak Binding FWHM
at.%
Energy / eV /eV
Lils Scan A 55.8 1.8 23.5
P2p3 POx 133.1 0.7 0.1
P2p3 POxFy 134.7 1.3 0.8
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P2p3 LiPF6 136.7 1.0 0.9
S2p3 SOx 168.7 1.3 2.5
Cls sp2 282.5 1.1 0.8
Cl1s CC/CH 285.2 1.6 17.0
Cls C-O 286.8 1.7 9.1
Cl1s O-C=0 289.1 1.7 29
Cl1s CO3 290.6 1.5 2.7
O1s LiOH? 530.8 1.5 1.2
O1s Li2CO3/CO2 532.1 1.5 10.3
O1s C-O/POx 533.6 21 8.5
F1s Li-F 685.0 1.6 10.8
F1s salt 687.0 2.2 9.0

Table 10.A. Results of XPS for the unwashed anode with the binding energy of the
peak for the respective bonding, the full with at half maximum (FWHM) and the

atomic concentration.

Anode unwashed Peak Binding FWHM o
at.%
Energy / eV /eV
Lils Scan A 55.9 1.7 23.1
P2p3 POx 133.4 1.1 0.2
P2p3 POxFy 134.9 1.0 0.7
P2p3 LiPF6 136.9 14 2.1
S2p3 SOx 168.8 1.3 2.1
Cls sp2 282.5 0.9 1.0
Cls CC/CH 285.1 1.6 16.8
Cls C-O 286.8 1.8 8.4
C1s O-C=0 289.1 1.7 2.5
Cls CO3 290.5 1.6 24
O1s LiOH? 530.7 15 0.9
O1s Li2CO3/CO2 532.2 1.6 10.1
0O1s C-O/POx 533.7 2.0 6.9
Fl1s Li-F 685.0 1.5 9.5
F1s salt (PF6-POXFy) 687.0 2.0 13.4
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Table 11.A. Results of XPS for the washed cathode with the binding energy of the
peak for the respective bonding, the full with at half maximum (FWHM) and the
atomic concentration.

Cathode washed Peak Binding FWHM

o
Energy / eV / eV at%
Lils lithiated species 56.5 1.4 6.9
Co3p3 A 60.5 3.0 0.1
P2p3 POx 133.5 14 0.2
P2p3 POxFy 134.9 0.8 0.3
P2p3 LiPF6 136.9 1.2 0.5
S2p3 S-? 164.1 2.4 0.2
S2p3 Sulfate? 168.8 1.8 1.7
Cls sp2 284.9 1.0 8.2
C1s CC/CH 285.4 1.2 9.1
C1s CH (PVDF) 286.2 1.0 7.8
ClsC-O 287.0 1.6 11.0
Cls O-C=0 288.5 15 2.2
Cls CO3 289.7 14 2.5
C1s CF2 (PVDF) 290.7 1.0 7.8
Cl1s CF2-CF2 291.4 1.4 1.7
O1s LiOH/charge? 529.8 1.4 0.4
01s Li2C03/C02 532.8 1.9 8.5
01s C-0/POx 534.3 2.1 5.7
F1s Li-F 685.5 1.8 49
F1s salt (PF6-POXFy) 687.6 1.8 20.3

Table 12.A. Results of XPS for the unwashed cathode with the binding energy of the
peak for the respective bonding, the full with at half maximum (FWHM) and the
atomic concentration.

Cathode unwashed Peak Binding FWHM

o,

Energy / eV / eV at%
Lils lithiated species 56.7 1.9 14.9
Co3p3 A 60.5 2.2 0.1
P2p3 POx 133.9 0.5 0.0
P2p3 POxFy 135.3 1.3 0.9
P2p3 LiPF6 137.2 1.4 1.4
S2p3 S-? 164.4 0.5 0.1
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S2p3 Sulfate? 169.0 1.4 1.5
Cls sp2 285.1 1.0 8.1
C1s CC/CH 285.7 1.2 5.6
Cl1s CH (PVDF) 286.2 1.1 5.7
ClsC-0 287.0 1.7 8.1
Cls 0-C=0 288.0 1.4 2.1
Cls CO3 289.5 1.7 2.4
C1s CF2 (PVDF) 290.7 1.1 5.7
Cls CF2-CF2 291.6 1.5 1.1
0O1s LiOH/charge? 530.1 1.5 0.4
01s Li2CO3/C02 532.9 1.9 8.5
01s C-O/POx 5344 2.2 6.0
F1s Li-F 685.4 1.6 6.2
F1s salt (PF6-POXFy) 687.5 2.0 21.3

Table 13.A. Results of XPS for the warm part of the anode with the binding energy of
the peak for the respective bonding, the full with at half maximum (FWHM) and the

atomic concentration.

Anode warm Peak Binding FWHM o
at. /o
Energy / eV /eV
Lils Scan A 55.7 1.5 19.6
P2p3 POx 132.7 1.5 0.3
P2p3 POxFy 134.2 1.5 1.8
P2p3 LiPF6 136.7 1.9 1.1
S2p3 Scan B 163.5 0.6 0.1
S2p3 Scan C 166.8 1.1 0.1
S2p3 Scan A 168.6 1.4 2.3
Cls sp2 282.5 1.6 0.4
C1s CC/CH 285.2 1.6 18.4
Cls C-O0 287.0 1.7 10.4
Cl1s O-C=0 289.2 1.7 3.7
Cl1s CO3 290.6 1.7 2.6
01s Li20 528.7 1.7 0.2
O1s LiOH? 531.1 1.8 3.9
01s Li2C0O3/C0O2 532.1 1.6 13.6
01s C-O/POx 533.6 2.1 9.9
Fls Li-F 685.0 1.6 4.1
F1s salt (PF6-POXFy) 686.9 2.2 7.4
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Table 14.A. Results of XPS for the cold part of the anode with the binding energy of
the peak for the respective bonding, the full with at half maximum (FWHM) and the
atomic concentration.

Anode cold Peak Binding FWHM

o
Energy / eV / eV at%
Lils Scan A 55.7 1.7 18.1
P2p3 POx 132.8 1.4 0.3
P2p3 POxFy 134.2 1.5 1.6
P2p3 LiPF6 136.7 1.4 1.3
S2p3 Scan B 163.8 0.7 0.1
S2p3 Scan C 166.7 0.8 0.1
S2p3 Scan A 168.6 1.3 2.3
Cls sp2 282.3 0.6 0.3
C1s CC/CH 285.1 1.7 19.3
CilsC-0 286.9 1.7 10.3
C1ls O-C=0 289.2 1.7 4.0
Cl1s CO3 290.6 1.4 2.1
0O1s Li20 528.7 1.8 0.2
O1s LiOH? 531.0 1.9 2.8
0O1s Li2C0O3/C02 532.0 1.7 13.4
01s C-0/POx 533.6 2.1 9.3
F1s Li-F 685.0 1.7 5.2
F1s salt (PF6-POXFy) 686.9 2.0 9.5

Table 15.A. Results of XPS for the warm part of the cathode with the binding energy
of the peak for the respective bonding, the full with at half maximum (FWHM) and
the atomic concentration.

Cathode warm Peak Binding FWHM o
Energy / eV / eV at%
Lils lithiated species 55.5 2.1 10.2
Co3p3 A 59.7 1.5 0.1
P2p3 POx 133.6 1.0 1.0
P2p3 POxFy 134.6 0.8 0.8
P2p3 LiPF6 136.1 1.3 0.8
S2p3 S-? 163.5 2.1 0.4
S2p3 Sulfate? 168.0 1.5 1.9
Cls sp2 284.5 1.2 11.3
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Cls CC/CH 285.2 1.2 6.3
Cl1s CH (PVDF) 285.6 1.1 51
Cls C-O 286.0 1.2 34
Cls C=0 286.8 15 9.2
Cls CO2 288.8 1.6 4.6
Cl1s CF2 (PVDF) 290.1 1.1 52
Cl1s CF2-CF2 290.8 1.0 1.0
Ols LiOH/charge? 529.2 1.5 0.3
O1s C=0/C0O2 531.9 1.9 10.9
O1s C-O/POx 533.5 2.2 10.6
F1s Li-F 684.8 1.9 44
F1s PVDE-salt 686.9 1.8 12.6

Table 16.A. Results of XPS for the cold part of the cathode with the binding energy
of the peak for the respective bonding, the full with at half maximum (FWHM) and
the atomic concentration.

Cathode cold Peak Binding FWHM o
at.%
Energy / eV /eV
Lils lithiated species 55.9 1.9 9.4
Co3p3 A 59.9 3.0 0.1
P2p3 POx 133.0 0.8 0.2
P2p3 POxFy 134.3 1.0 0.8
P2p3 LiPF6 136.2 1.9 0.9
S2p3 S-? 163.6 2.1 0.3
S2p3 Sulfate? 168.2 1.6 1.6
Cls sp2 284.3 1.0 7.7
Cls CC/CH 285.0 1.3 7.0
Cl1s CH (PVDF) 285.4 1.3 7.9
Cls C-O 286.0 1.3 8.0
Cls C=0 287.0 1.1 4.4
Cls CO2 288.4 1.6 4.0
Cls CF2 (PVDF) 290.1 1.3 7.9
Cls CF2-CF2 291.6 1.1 0.5
O1ls LiOH/charge? 529.2 1.8 0.3
O1s C=0/C0O2 532.1 1.9 10.1
O1s C-O/POx 533.6 2.2 8.8
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F1s Li-F 685.0 1.9 4.5
F1s PVDEF-salt 687.0 1.8 15.7

Apparatus and Material

Table 17.A. Specifications of the battery test devices from BaSyTec used in the ex-
periments in this thesis.

BaSvTec Max. Voltage Max. Current
y Voltage  resolution Current resolution
0.5/1 mA,
CTS-LAB 6V 1 mV 3A 50/2.5 uA, 200 nA
XCTS
25A 45V 1 mV 25 A 50 mA

Table 18.A. Devices used for the post-mortem analysis.

Method Manufacturer Type

DSC TA Instruments DSC Q2000

Ton Beam Milling Leica Microsystems Leica EM TIC 3X
ICP-OES ThermoFisher Scientific iCAP 7000
REM ThermoFisher Scientific FEI Quanta 650
Thickness Mitutoyo Digital Indicator ID-H
Weight Mettler Toledo XPE206, DeltaRange
XPS ThermoFisher Scientific K-alpha spectrometer
XRD Bruker D8 Advance
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Table 19.A. Materials used during the work for this thesis with purity and supplier.

. Purity .
Material /Impurity Supplier
Dimethyl carbonate (DMC) >99.8 % Roth

Lithium hexafluorophate (1.0 M LiPFg)
in ethylene carbonate (EC) and dimethyl
carbonate (DMC), 1:1 (v)

<15 ppm H,O Sigma-
<50 ppm HF Aldrich

b Sigma-
o

Lithium 99.9 % Aldrich

n-Methyl-2-Pyrrolidone (NMP) >99.8 % Roth
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