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Ageing behaviour of a commercial 18650 Li-ion cell with SiO,-containing negative
electrode

LIAM EKMAN

Department of Electrical Engineering

Chalmers University of Technology

Abstract

This thesis investigated the cycling performance and ageing behaviour of commer-
cial 18650 Li-ion cells with a SiO,-containing negative electrode. Lifetime testing
was conducted under different voltage window placements, voltage window widths,
and charge C-rates to evaluate the influence of operating conditions on cell age-
ing. Electrochemical characterisation included capacity measurements, incremental
capacity analysis (ICA), and electrochemical impedance spectroscopy (EIS). Non-
destructive characterisation was performed using computed tomography (CT), while
post-mortem analysis included scanning electron microscopy (SEM), energy disper-
sive X-ray spectroscopy (EDX), and laboratory-scale PAT-cells.

The results demonstrated that voltage window placement had a greater influence
on ageing than voltage window width or charge C-rate under the investigated con-
ditions. Cells cycled within a centred voltage window exhibited comparatively mild
degradation, whereas cells cycled closer to the upper or lower voltage limits showed
significantly more severe ageing behaviour. In particular, cells cycled at lower volt-
age limit exhibited substantially faster capacity fade despite operating within similar
voltage window widths. The degradation was primarily associated with the negative
electrode and was linked to high delithiation, Li-plating, SEI instability, mechanical
degradation, and loss of cyclable lithium.

Post-mortem analysis revealed heterogeneous ageing across the jellyroll, where the
inner, middle, and outer electrode regions exhibited different degradation behaviour.
Electrochemical characterisation through ICA and EIS revealed increased resistance,
peak broadening, peak shifts, and increased polarisation with ageing, consistent with
interfacial degradation and non-uniform lithiation. Furthermore, visible Li-plating
was not directly proportional to capacity fade, indicating that irreversible degrada-
tion processes contributed significantly to the ageing behaviour.

In addition, an in-house developed teardown tool significantly reduced the cell disas-
sembly time. However, the cutting process damaged the outer three jellyroll layers,
indicating that further refinement of the tool design is required.

Keywords: Li-ion battery, silicon oxide, ageing, voltage window placement, tear-
down, electrochemistry, post-mortem analysis.
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SOC State Of Charge
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Nomenclature

The following is the nomenclature of the parameters and variables that have been
used throughout this thesis.

Parameters

Variables

AG
Ecell

a, a_
EFneg
EFpos
Net

Ne

Rcell

Faraday constant (96485.3321 Cmol ")
Absolute standard electrode potential
The universal gas constant (8.3143 Jmol 'K~)

Initial potential

Initial current

Initial beam intensity
Diffusion resistance coefficient
The diffusion coefficient

Linear attenuation coefficient

Gibbs free energy

Cell potential

Number of electrons transferred

Activities of the oxidised and reduced species
The negative electrode’s Fermi level

The positive electrode’s Fermi level
Activation polarisation

Concentration polarisation

Current

Internal resistance

X1



Qrp

QN
C — rate

xii

Capacity

Discharge capacity throughput

Nominal battery capacity

The current divided by the nominal capacity
Available capacity

Angular frequency

Phase shift

Impedance

Bulk electrolyte resistance

Charge transfer resistance

The angular frequency at the peak of the semicircle in a Nyquist
plot

Double-layer capacitance
Detected beam intensity

Thickness of the material (the length of the photon’s path through
the sample)
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Introduction

1.1 Background

To address the continued rise in greenhouse gas emissions, particularly carbon diox-
ide (COy), it is imperative to reduce and ultimately phase out the use of fossil
fuels. The transportation sector is the second largest contributor to global carbon
emissions after the power sector, making its decarbonisation essential for achieving
climate neutrality goals. In this context, renewable energy carriers such as hydrogen
and electricity play a key role in enabling the transition to hydrogen powered and
electric vehicles [1][2].

Lithium-ion batteries (LiBs) are widely used for energy storage across transporta-
tion, consumer electronics, and large scale systems [3]. The design of electric vehicle
batteries spans multiple disciplines, including materials science, electrochemistry,
thermodynamics, dynamic modelling, control systems, and electrical and mechani-
cal engineering [4]. This study focuses on the materials science and electrochemical
aspects of commercial LiBs.

This master’s thesis was conducted in collaboration with Micropower and Chalmers
University of Technology. Micropower develops industrial LiBs, chargers, and power
converters for industrial vehicles. With over 40 years of experience, the company
has a strong industrial track record. In recent years, Micropower has delivered more
than 300 MWh of battery systems annually and increased charging system produc-
tion capacity to 270,000 units per year, scaled across multiple markets. The company
currently operates in-house R&D and manufacturing facilities in the Nordics, as well
as battery pack assembly sites in Germany and the United States [5].
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Li-ion cells with silicon oxide (SiO,)-containing negative electrodes offer high en-
ergy density and fast charging capability. However, the significant volume changes
of SiO, during cycling lead to rapid capacity fading and reduced cycle life. Im-
provements can be achieved by optimising SiO, morphology, adjusting its content
in graphite electrodes, or defining an appropriate voltage window. Therefore, this
thesis investigates the influence of charge C-rate, voltage window width, and volt-
age window placement on cell ageing. Cells undergo lifetime cycling combined with
reference performance tests (RPTs), followed by disassembly of fresh and aged cells
to analyse changes in electrochemical performance. Experimental work, including
cycling, teardown, and PAT-cell preparation, was conducted at Chalmers Univer-
sity of Technology. CT scans were performed at Volvo Cars, while SEM and EDX
analyses were carried out at the Department of Materials Science, Chalmers.

1.2 Aim

The aim of this thesis is to investigate the influence of charge C-rate, voltage win-
dow placement, and voltage window width on the ageing behaviour of commercial
18650 Li-ion cells with a SiO,-containing negative electrode and an NMC positive
electrode. The study focuses on identifying the dominant degradation mechanisms
associated with different operating conditions and evaluating how these mechanisms
affect the electrochemical performance of the cells. To achieve this aim, lifetime test-
ing was conducted at room temperature (28 °C) under different cycling conditions.
Periodic reference performance tests (RPTs) were performed throughout ageing and
included capacity measurements, hybrid pulse power characterisation (HPPC), and
intermittent current interruption (ICI) measurements for incremental capacity anal-
ysis (ICA). In addition, an in-house developed tool for opening cylindrical cells
with stainless steel casings was designed to enable efficient post-mortem analysis.
Non-destructive characterisation was performed using computed tomography (CT),
while post-mortem characterisation included cell teardown, scanning electron mi-
croscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and electrochemical
characterisation of laboratory-scale PAT-cells.

1.3 Al

Artificial intelligence (AI) tools, including ChatGPT, were used throughout the the-
sis to assist with language refinement and grammatical corrections. Al was also used
to support segments of the coding process, including debugging and data analysis
script development. All scientific interpretations, analyses, and conclusions were
evaluated and verified by the author.
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Theory

2.1 The lithium ion battery cell

An electrochemical cell is the fundamental unit of a battery, enabling the conver-
sion of chemical energy to electrical energy during discharge, and vice versa dur-
ing charging. Electrochemical cells are classified as either electrolytic or galvanic.
In electrolytic cells, electrical energy drives a non-spontaneous chemical reaction
(AG > 0), storing energy, the charging process. In galvanic cells, a spontaneous
reaction (AG < 0) releases stored chemical energy as electrical energy during dis-
charge [4].

An electrochemical cell consists of electrodes and electrolyte. To make an elec-
trochemical cell into a functioning battery additional components are needed, such
as current collectors, separator and an outer casing. During charge and discharge,
redox reactions occur at both electrodes, with electrons flowing through an external
circuit and ions moving through the electrolyte to maintain charge balance. During
discharge the negative electrode undergoes oxidation (electron release), while the
positive electrode undergoes reduction (electron acceptance), as illustrated in Fig-
ure 2.1. The electrodes are porous to enhance the efficiency and reversibility of these
reactions. Current collectors, typically aluminium foils for the positive electrode and
copper foils for the negative electrode, enable electron transport and contribute to
the dissipation of heat generated during operation. The electrolyte serves as the
medium for ionic conduction between electrodes, while the separator prevents di-
rect contact between them, thereby reducing the risk of internal short circuits. The
separator must be electronically insulating yet allow efficient ionic movement. It
typically consists of a porous membrane pre-soaked with electrolyte. The cell cas-
ing ensures mechanical stability, prevents electrolyte evaporation, and enhances the
long-term safety of the cell. Casings are manufactured from various materials, such
as plastics or metals, and can be either rigid or flexible depending on the application

[4]16].

During research and development, it is advantageous to study electrodes individ-
ually by dividing a full electrochemical cell into two half-cells. Metallic lithium is
often used as a counter electrode due to its well-defined potential. This configuration
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allows the electrode of interest to be investigated against lithium, aiding the study
of degradation mechanisms through post-mortem analysis of aged cells. However,
to examine interactions between all cell components, full cell studies, consisting of
both positive and negative electrodes, remain essential [4].

Discharge

° N

; Q 3 L |
%00 ¢ %o o
00 ®:" o0 +l..
.-H ' .
— Cations
' P P Current
e [ Electrolyte : urren
Casing - & : *, collector
H [ H
Negative electrode Separator Positive electrode

Figure 2.1: Schematic representation of an electrochemical cell.

2.2 Electrode materials

LiBs with graphite as a negative electrode have a theoretical capacity of 372 mAhg !,
whereas pure Si offers a theoretical capacity of 3580 mAhg~!. However, the practi-
cal application of pure Si as a negative electrode is severely limited due to its large
volume expansion of up to 300% during charging. This expansion weakens the ad-
hesion between the active material and the current collector, causing capacity loss
and poor cycling performance. In addition, repeated breaking and reformation of
the SEI consumes Li-ions, further reducing capacity. The significant volume changes
also degrade the rate performance, as the thickening SEI hinders lithium-ion trans-
port to the Si particles [7].

To overcome these issues, silicon oxide (SiO,, 0 < x < 2) is used as an alternative
negative electrode material. The reduced volume expansion (150-200%) improves
cycle life, enhances rate performance, and increases energy density compared to
pure graphite. Nevertheless, challenges remain, including degraded cycling perfor-
mance, formation of irreversible lithium silicate (Li,;SiO,) and Li,O during charging
in the presence of oxygen, and capacity loss of 30-50% for SiO. Blending SiO, with
graphite in low mass ratios allows for incorporation of more active material while
mitigating these issues [7].
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In electrochemical curves (potential vs. state of lithiation), graphite exhibits steep
slopes, whereas SiO, shows a more gradual slope with stagnation, as illustrated
in Figure 2.2. Charging corresponds to lithiation of the negative electrode and
delithiation of the positive electrode [8].

1.6 T T T T T T L] 1 L]

w1 Lithiation
1.4 == = GrDelithiation |7
\ e SOx Lithiation
1:2 \ === 5jOx Delithiation |
=
e 1
g
—
= 0.8
£ 0.6
©
5 0.4
&
0.2
0

P!nteuu:‘l Plateau 2 Plateau 3

0 10 20 30 40 50 60 70 80 90 100
State of Lithiation in %

Figure 2.2: The overall increased potential and the hysteresis of SiO, compared to

graphite. Graphite phase transitions are associated with the graphite plateaus [8].

SEM images show that graphite particles exhibit a larger, flake-like morphology,
whereas SiO, particles are smaller and more irregular, distributed between graphite
flakes [9]. In the cited example, graphite particles range from 9 to 15pm, while
Si0, particles are approximately 7 pm, as shown in Figure 2.3. The images (a)—(c)
highlight these differences in morphology.

002 $i02(101)

Si02(100)

101

Intensity/a.u.

Intensity/a.u.

o o

0 10 20 30 2400d 50‘ 60 70 80 9 100 0 20 40 60 80 100
idegree 20/degree

Figure 2.3: SEM images of two different graphites (a) and (b); SiO, (c) [10].
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2.2.1 Thermodynamics

The thermodynamic and kinetic properties of electrochemical reactions determine
key battery performance parameters such as voltage, capacity, energy, and power.
Thermodynamics defines the maximum achievable cell voltage and equilibrium be-
haviour, while kinetics governs the rate of electrochemical processes through mass
transport and charge transfer limitations. The theoretical cell voltage, or electro-
chemical force (Fe), is related to the Gibbs free energy change (AG..;) by

AGcell = —nFEce” (21)

where F' is the Faraday constant (96485 Asmol™') and n is the number of elec-
trons transferred. The cell voltage is given by the difference between the electrode
potentials:

Ecell = Epositive - Enegative (22)

Under open-circuit conditions, the cell is in electrochemical equilibrium. During
discharge, a spontaneous reaction occurs (AGey < 0, Eqy > 0), while charging
requires external energy to drive a non-spontaneous reaction (AGeey > 0, Eee < 0)
[11].

Under non-standard conditions, the cell voltage is described by the Nernst equa-

tion:
RT a
Eon=E'———1In|— 2.3
1 nF n(@) ( )

where R is the gas constant, T" the temperature, and a, and a_ the activities of the
oxidised and reduced species. For solids and electrons, the activity is typically as-
sumed to be unity. Since absolute electrode potentials cannot be measured directly,
the standard hydrogen electrode (SHE) is used as a reference, defined as 0V. The
Li/Li* couple has a standard potential of approximately —3.045V versus SHE. For
the LiB materials Li/Li* reaction is used as the reference [11].

2.3 Practical cell measures

The key properties relevant to the practical performance of an electrochemical cell
under load conditions are the cell voltage, the cell capacity, and the efficient utili-
sation of energy and power. In the context of electric vehicles, the energy content
of the cell corresponds to the driving range, while the power output determines the
vehicle’s acceleration capabilities [4].

The open-circuit voltage (OCV), measured under no-load conditions when no current
flows, closely reflects the theoretical cell voltage. In Li-ion cells, the typical operat-
ing voltage ranges from approximately 3V to 4.2 V. However, during operation the
cell voltage deviates from the OCV due to internal losses [12]. When discharging,
chemical energy is converted into electrical energy, with voltage reductions resulting
from overvoltage or various forms of polarisation: activation (7)), concentration
(1), and ohmic [13]. Activation polarisation results from charge transfer, whereas

6
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concentration polarisation occurs due to mass transport limitations. Ohmic po-
larisation, known as internal resistance (IR drop), is typically the most significant
source of voltage loss. The practical cell voltage can thus be described as:

Ecell - Epos - Eneg - [nct + nc]pos - [nct + nc]neg - IRO (24)

where I is the current, and Ry represents the internal resistance [4].

Because of kinetic limitations and diffusion processes of the active species, the charge
state of an electrochemical cell does not exactly mirror its discharge state. In part,
this is a consequence of side reactions, which cause a temporal delay between the
internal chemical and electrochemical reactions and the externally applied load or
charging conditions during cycling. This mismatch results in a measurable voltage
difference between the charge and discharge curves, known as voltage hysteresis,
which is typically observed in the discharge profile of the cell [12][13].

The capacity of a cell is calculated from measurement of constant current charge
and discharge within as specified voltage interval according to:

Q:/Ot]-dt (2.5)

where @) denotes the capacity (Ah), I is the applied constant current, and At rep-
resents the duration of the charge or discharge process. Specifically, for charging,
At corresponds to the time elapsed from the initial state to the point at which the
cell reaches its maximum specified voltage; for discharging, it is measured from the
maximum voltage point to the cut-off voltage [14].

In this thesis, disharge capacity throughput is defined as the cumulative capac-
ity, representing the total amount of charge that has passed through the battery
during charge and discharge over time [15]. It can be expressed as

t
Qre = [ 11(t)]- at (2.6)
where I(t) is the discharge current and ¢ is time [16].

The full cycle equivalent (FCE) is used to convert partial charge and discharge
events into an equivalent number of full charge—discharge cycles. It is defined as

Qrp
2-Qn

where @y is the nominal battery capacity [16][17].

FCE =

(2.7)

The C-rate is a measure of the charge and discharge rate of a battery and rep-
resents the current applied relative to the cell’s rated capacity. A 1C rate implies
that the cell is charged or discharged at a current that would deliver its full capacity
in one hour. For example, a cell with a capacity of 3 Ah operating at a 1C rate

7
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would be discharged at 3 A in one hour. If the same cell is discharged at a 4C rate,
the discharge current would be 12 A, completing the process in 15 min. In contrast,
at a C/10 rate, the discharge current would be 0.3 A, resulting in a discharge time
of 10h. Consequently, the discharge time is inversely proportional to the C-rate,
and the applied current is equal to the product of the C-rate and the rated capacity
[18]. The C-rate can be mathematically described as

I
C-rate = — 2.8
e O (28)

where [ is the charge or discharge current and )y is the nominal capacity of the
battery [16].

The state of charge (SOC) indicates the ratio of the current charge level, Q(t),
to the available capacity, (), expressed as a percentage:

soc) = 2 g0 (2.9)

- Qn
In LiBs, 100% SOC (fully charged) corresponds to all cyclable lithium ions residing
in the negative electrode, while 0% SOC (fully discharged) indicates their presence
in the positive electrode. Cell voltage decreases with decreasing SOC [19]]20].

The rated capacity at beginning of life (BOL) serves as a reference point for eval-
uating capacity fade. Capacity measured at each cycle is normalised against BOL
to monitor degradation over time. End of life (EOL) is reached when capac-
ity falls below application requirements. Depth of discharge (DOD), defined as
DOD = 100% — SOC, quantifies the charge removed from a fully charged cell [4].

2.3.1 The cylindrical lithium ion cell

In a cylindrical Li-ion cell, the positive and negative electrodes are separated by
a porous separator, with a tab attached to each electrode via ultrasonic or laser
welding. These tabs, which are thin strips of conductive material, serve as connection
points for the external circuit. The electrodes and separator are layered and then
rolled into a cylindrical jellyroll, which is inserted into a metal casing. The negative
electrode tab is welded to the base of the casing, forming the negative terminal,
while the positive electrode tab is welded to the cap, which functions as the positive
terminal. The cap is designed with a vent disc, which acts as a pressure relief
mechanism to dissipate heat and gases in the event of overpressure within the cell.
After assembly, the cell is filled with electrolyte, sealed by a crimping process, and
finally enclosed in an external sleeve [21][22], as illustrated in Figure 2.4.
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Figure 2.4: The process of a cylindrical LiB [21].

2.4 Ageing mechanisms

Battery degradation results from ageing of both active and inactive materials, caus-
ing performance decline. Chemical degradation appears as reduced capacity and
power due to increasing internal resistance, impedance, and self-discharge rate. Me-
chanical degradation may disrupt electrical contact through separation of electrode
material from the current collector or corrosion of inter-cell connections. These pro-
cesses collectively lead to losses in battery performance: energy, power, and capacity
[4]. The formation of the solid electrolyte interphase (SEI) and lithium plating are
among the most commonly observed ageing mechanisms at the negative electrode.
Particle cracking is most commonly seen on the positive electrode as a result from
mechanical stress, where normal and shear stresses induce breakage or fracture of
the active material [23].

2.4.1 Electrolyte stability

For chemical stability, the electrolyte must not be reduced at the negative electrode
nor oxidised at the positive electrode. This thermodynamic stability is maintained
when the Fermi levels of the electrodes align with the electrolyte’s lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital (HOMO), defin-
ing its electrochemical stability window (ESW). If the negative electrode’s Fermi
level exceeds the LUMO, reduction occurs; if the positive electrode’s Fermi level
falls below the HOMO, oxidation ensues. Thus, the open-circuit voltage (OCV) is
limited by the ESW:

OCV = Eppeg — Eppos < ESW (2.10)

In practice, electrolytes are rarely stable across the full voltage range, leading to
side reactions that form passivation layers on electrodes, which inhibit further de-
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composition. In Li-ion cells at the negative electrode, this layer is known as the
solid electrolyte interphase (SEI), which allows ion and electron transport under
operating conditions [24].

The SEI forms on the surface of the negative electrode, acting as a passivating
layer that prevents further electrolyte decomposition. Once formed, it adheres to
the electrode and functions as an additional phase within the cell. The SEI inhibits
electron transfer to the electrolyte while allowing lithium-ion transport. The SEI
should ideally be thin, ionically conductive, and electronically insulating [25]. Its
thickness, ranging from a few atomic layers to several tens of nanometres, depends
on the electrode and electrolyte chemistries, and evolves with cell age and SOC [4].

2.4.2 Lithium plating

Lithium plating typically occurs during charging. Under conditions such as fast
charging, low temperatures, or high SOC, the Li-ion concentration at the negative
electrode increases, leading to overpotentials [26]. When the electrochemical po-
tential of the graphite electrode drops below 0V vs. Li/Li*, lithium is deposited
as metallic lithium onto the graphite surface instead of being intercalated into the
graphite structure. Such conditions may arise even when the full cell voltage re-
mains within its nominal operating window [27]. High upper cut-off voltages fur-
ther promote lithium plating by increasing the SOC and associated overpotentials
at the negative electrode [28]. A fraction of the plated lithium may be reinterca-
lated during subsequent charging, while part of it reacts with the electrolyte to form
additional SEI. The remaining plated lithium may become electrically isolated and
coated with an inactive SEI layer, leading to a reduction in cyclable lithium and
overall cell capacity [26].

2.4.3 Core collapse

Core collapse, also known as jellyroll collapse, occurs when the void at the centre of
the cell becomes filled, causing the innermost coils of the jellyroll to deform inward.
This deformation results from the repeated intercalation and de-intercalation of
lithium ions into the electrodes, leading to expansion and contraction of the electrode
materials. The resulting mechanical stress can cause delamination of the electrode
coating from the current collector, thereby reducing the cell capacity. The expansion
and contraction are often more pronounced in the negative electrode. Graphite
can expand by approximately 10% during lithiation, while silicon forms alloys with
lithium that may result in volumetric expansion of up to approximately 300%. In
severe cases, such deformation may damage the separator and cause internal short
circuits, potentially leading to thermal runaway [21].
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2.5 Electrochemical methods

2.5.1 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a key technique for analysing elec-
trochemical processes by measuring a cell’s electrical impedance (Z) across a broad
frequency range, typically from MHz to mHz. A sinusoidal voltage is applied under
open-circuit conditions, and the resulting current is recorded, allowing analysis of
phase shift and amplitude. EIS provides insights into mass transport, double-layer
capacitance, and ohmic resistance. The applied potential and the resulting current
can be described as follows:

Ecen = Eysin (wt) (2.11)
I = Iysin (wt + ¢) (2.12)

The impedance as a function of frequency is expressed by:

Z(w) = f = Zpexp (jo) = Zo(cos ¢ + jsin @) (2.13)

120].

The resulting impedance Z(w) is commonly visualised in a Nyquist plot, as illus-
trated in Figure 2.5, where the high frequency point on the real axis represents the
bulk electrolyte resistance, R, and the semicircle diameter reflects charge transfer
resistance, R.. The combination Ry + R corresponds to the local minimum on the
real axis. The frequency at the peak of the semicircle, wy,q., relates to double-layer

capacitance Cy;:
1
Winar = ——— 2.14
Rcthl ( )

At low frequencies, a linear tail indicates diffusion-limited processes, described by
the Warburg impedance, W. The EIS can be used to track the battery ageing by
analysing the changes seen in the Nyquist plot. A shift in the curve to the right
shows an increased internal resistance. Thus, EIS serves as a valuable diagnostic
tool for characterising cell performance and ageing [30].
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Figure 2.5: Nyquist plot [30].

2.5.2 Intermittent current interruption

The intermittent current interruption (ICI) technique is used to determine a bat-
tery’s internal resistance (ohmic) and diffusion resistance. In this method, the cell
is charged or discharged at constant current, followed by brief current interruptions
(typically one to ten seconds). The resulting voltage response, an immediate voltage
change, related to ohmic resistance, followed by a slower variation, provides insights
into internal processes. The potential change in porous electrodes follows Fick’s law
and the de Levie transmission line model:

AE(t) = AE(0) =T -k-/t (2.15)

where k is the diffusion resistance coefficient, determined from dividing the slope of
the linear regression of potential versus v/¢ by the applied current:

1 dAE
I dvt

This coefficient is related to the diffusion coefficient o, which can also be derived
from the Warburg diffusion impedance in EIS [31][32].

k=oy/8/m (2.17)

k= (2.16)
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2.5.3 Incremental capacity analysis

Incremental capacity analysis (ICA) is a diagnostic method used to evaluate changes
in a cell’s electrochemical behaviour by calculating the differential capacity (AQ/AV)
from variations in the voltage profile during cycling. Plateaus in the voltage profile,
corresponding to phase equilibria, result in ICA becoming undefined at AV = 0.
The shape, width, amplitude, and position of the ICA peaks provide insight into
active material utilisation and degradation processes within the cell. Broad peaks
are generally associated with slower kinetics, increased heterogeneity, or structural
changes, whereas peak shifts often indicate increased internal resistance, impedance
growth, or enhanced polarisation. Reduced peak intensity may indicate loss of ac-
tive material or cyclable lithium. The charge ICA profiles correspond to delithiation,
whereas the discharge profiles correspond to lithiation. Although the charge and dis-
charge profiles generally mirror each other, ageing increases the asymmetry between
them due to hysteresis, polarisation, kinetic limitations, and diffusion related over-
potentials. Consequently, changes in peak intensity, position, and shape provide
insight into the underlying degradation mechanisms [4][33][34].

2.6 Lifetime testing

Lifetime testing is employed to evaluate the operational longevity and degradation
behaviours of lithium ion batteries under controlled conditions [35]. Two principal
types of accelerated lifetime tests are commonly used: calendar ageing tests and cy-
cling ageing tests. Calendar ageing refers to battery degradation that occurs while
the cell is at rest (standby mode), and is primarily influenced by two stress factors:
temperature and SOC. In contrast, cycling ageing results from charge and discharge
activity under various operational conditions. The four main stress factors in cy-
cling tests are temperature, SOC, cycle depth, and C-rate [36]. To monitor battery
performance over time, a reference performance test (RPT) should be conducted at
regular intervals throughout the testing period [35].

2.6.1 Reference performance test

An RPT consists of a series of characterisation procedures designed to determine key
performance parameters, such as capacity and internal resistance. Although there
is no universally standardised RPT protocol, the specific procedures are typically
tailored to suit the objectives of the study and the capabilities of the available testing
facilities [35].

2.6.2 Load pattern

During accelerated cycling lifetime tests, different load patterns may be applied, de-
pending on the test objectives. Common approaches include constant current—constant
voltage (CCCV) charging and pulsed current profiles at various frequencies [36].
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2.7 Non-destructive examinations

Non-destructive examination techniques are used to analyse the internal structure
and morphology of battery cells without disassembly.

2.7.1 Computed tomography scanner

In computed tomography (CT), the battery is placed on a rotating stage and irradi-
ated by an X-ray beam with initial intensity Ing. As the beam passes through the
sample, it is attenuated according to the Beer—Lambert law:

In=1Ing-e Jr@d (2.18)

where z is the thickness of the material (the length of the photon’s path through the
sample) and g is the linear attenuation coefficient, which depends on the material
properties and photon energy, and the integral represents the attenuation along
the beam path. By measuring the transmitted intensity from multiple angles, the
projection data can be expressed as

In <[Z_LO> = /,u(a:) dx (2.19)

Reconstruction algorithms then use these projections to generate a three-dimensional
attenuation map, u(x,y, z), of the sample. For battery materials, the attenuation
coefficient is primarily governed by photoelectric absorption, Compton scattering,
and Rayleigh scattering:

o= ,uphoto + ,UCompton + ,uRayleigh (220)

Higher-energy processes such as pair and triplet production can be neglected, as
they occur only above 1.022 MeV, which exceeds typical CT scan energies [37].

CT scanning can be used for macroscopic studies, such as evaluating electrode thick-
ness, packing density, and layer alignment in assembled cells. It can also be applied
at the microstructural level, enabling quantitative analysis of features such as par-
ticle size, tortuosity, and volume fraction [38]. In the present work, the analysis
was limited to the macroscopic level. An example comparison from the literature
between a well-manufactured cell and a flawed cell is shown in Figure 2.6. The
well-aligned cell, shown on the right, exhibits uniformly stacked electrode layers
with sufficient negative electrode overhang, meaning that the negative electrode ex-
tends beyond the positive electrode. In contrast, the flawed cell on the left exhibits
misaligned and uneven electrode layers, indicating poor manufacturing control. In
addition, regions where the positive electrode extends beyond the negative electrode
can be observed, representing a critical defect that may promote lithium plating and
dendrite formation [39].
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* FLAWED BATTERY CELL + QUALITY BATTERY CELL

Figure 2.6: Literature example comparing a flawed cell (left) and a well-aligned cell
(right), illustrating differences in electrode layer alignment and stacking quality [39].

2.7.2 Scanning electron microscopy and energy dispersive
X-ray spectroscopy

Scanning electron microscopy (SEM) is a surface imaging technique with a resolu-
tion ranging from approximately 1 pm down to 1nm, and magnifications up to 10°.
In SEM, a focused electron beam (typically 2-40keV) is rastered across the sample
surface. The interaction between the electrons and the sample generates a teardrop-
shaped interaction volume, the size of which depends on beam energy, material
composition, and incident angle [40]. Several signals are produced from these in-
teractions, including secondary electrons (SE), backscattered electrons (BSE), and
characteristic X-rays. SE are low-energy electrons emitted from near the surface
and provide high-resolution topographical information. BSE originate from deeper
regions and their intensity depends on atomic number, enabling compositional con-
trast. Characteristic X-rays are emitted when inner-shell vacancies are filled by
outer-shell electrons, and their energies are specific to each element. These X-rays
are detected using energy dispersive X-ray spectroscopy (EDX), which is commonly
integrated with SEM to provide rapid qualitative and semi-quantitative elemental
analysis of the sample [40]. The characteristic X-ray energies corresponding to each
element are typically summarised in a periodic table chart [41].

2.8 3D printing

Three-dimensional (3D) structures can be designed using computer aided design
(CAD) software and fabricated using additive manufacturing techniques. In this
work, fused deposition modelling (FDM) was employed using an Original Prusa XL
printer. In FDM, a thermoplastic filament is heated above its melting temperature
and extruded through a nozzle to build the desired geometry layer by layer. The
print head moves in the horizontal plane, while the build platform moves vertically
to form successive layers. Polypropylene (PP) was selected due to its chemical
resistance and suitability for laboratory environments. FDM enables fabrication of
robust and functional components, such as the sample holders and adapters used
in this work. However, PP may exhibit challenges such as warping during printing
and relatively high material cost [42][43][44].
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Methodology

Lifetime tests under various operating conditions were conducted to investigate cell
ageing. The complete procedure for the assembly and testing of laboratory-scale
cells is described in detail. To enable a comparative assessment between fresh and
aged conditions, cell tear-down analyses were performed on one fresh cell and on
selected aged cells from the lifetime testing programme. In addition, a dedicated
tool for the teardown of cells with stainless steel casings was developed, designed,
and manufactured.

3.1 Materials

For this master thesis, a commercial 18650 Li-ion cell, was selected. The specifica-
tions and key characteristics of the cell are presented in Table 3.1. The cell consists
of a graphite negative electrode with a silicon oxide content of >10%, paired with a
Lithium Nickel Manganese Cobalt Oxide (NMC) positive electrode. The dimensions
of the cell are 65 mm in length and 18 mm in diameter.

Electrode materials recovered from disassembled commercial cells were used to as-
semble laboratory-scale cells. The electrodes are double coated; for assembly pur-
poses, one side of each electrode was removed to expose the metal substrate (copper
for the negative electrode and aluminium for the positive electrode). The electrolyte
used in the laboratory-scale cells consisted of 1.2 M lithium hexafluorophosphate
(LiPFg) in a solvent mixture of ethylene carbonate (EC), ethyl methyl carbonate
(EMC), and fluoroethylene carbonate (FEC) in a weight ratio of 27:63:10, supple-
mented with 2 wt.% vinylene carbonate (VC).

Table 3.1: Cell type and its characteristics.
Cell type Capacity [mAh] I [mA] Vi [V]  Vines [V]

18650 4000 4000 2.5 4.2
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3.2 Computed tomography scan

28 cells were sent to Volvo Cars for CT scanning. This enabled non-destructive
examination of the internal cell structure prior to tear-down, even before conducting
any electrochemical investigation. Using the associated software, key cell dimensions
were measured. Figure 3.1a-Figure 3.1c present representative images of Cell 11,
including dimensional measurements and cross-sections.

Figure 3.1: (a) Front view of the cell with the negative electrode predominantly
visible and dimensional measurements indicated; (b) front view of the cell with the
positive electrode predominantly visible; and (c) cross-sectional view of Cell 11.

A description of the figures above is presented in the following table.

18



3. Methodology

Table 3.2: A description of Figure 3.1a-Figure 3.1c.

Index Components Measurement [mm]
Positive electrode 0.22
Casing thickness 0.22
Negative electrode 0.18
Centre free space 3.02

Cap height 4.31
Crimped length 9.36
Inactive material 4.28

Cell width 17.94

Cell length 64.91

Bottom free space 0.84
Casing -

Negative electrode -

Negative electrode welding -

Positive electrode -

Positive electrode tab -

Negative electrode overhang -

Positive electrode -

Non-uniform winding and local electrode folding -
Negative electrode tab -

Negative electrode -

11 Positive electrode tab -

Sl >R | |2 | OQE | 5|0 oo | o ot | | bo| =

3.3 Full cell impedance analysis

The cells underwent impedance measurements using a Gamry 3000 instrument be-
fore cycling and after 300, 600, and 900 cycles, respectively. The frequency range
was set from 0.1 to 200 kHz, and the perturbation voltage =1 V.

3.4 Lifetime testing setup

Initially, 5 test conditions with 3 test cells for each condition were designated. Af-
ter 300 cycles, no distinct capacity degradation was observed. Consequently, two
additional, more aggressive test conditions (11 and 12) were introduced, resulting
in a total of 21 tested cells, see Table 3.3. Thermocouples were affixed to each cell
to enable temperature monitoring during tests as a safety feature. Ensuring that
any cell experiencing over temperature would be stopped, which were particularly
important for test conditions 11 and 12.

All 21 cells were connected to individual channels within a custom rack configu-
ration for the Neware BTS4000 instrument. For test conditions 1, 2, 3, 7, and 8,
channels rated at 5V and 6 A were sufficient, whereas test conditions 11 and 12
required channels rated at 5V and 20 A. The Neware system was controlled via a
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computer interface used to execute the test scripts.

3.4.1 Lifetime testing

The BTS 8.0.0 software was used to implement custom testing protocols via pro-
grammable scripts tailored to each test condition. For all test configurations, con-
stant current constant voltage (CCCV) charging was applied with a cut-off current
of 0.4 A (0.1C). For test conditions 1-8, the discharge current was maintained at
4 A (1C), whereas for test conditions 11 and 12 it was increased to 12 A (3C). Test
conditions 1-3 employed a narrower voltage window, with a minimum of 3.046 V and
a maximum of 4.06 V, corresponding to a voltage window of 60%. Test conditions
7 and 8 used a wider voltage window, resulting in a voltage window of 80%, while
test condition 11 utilised the full voltage window. Nevertheless, for test condition
11 the cell is cycled between 4.2 to 2.5V, however, due to the high current and IR
drop, this results in 100% of the voltage window. The specific current and voltage
parameters are summarised in Table 3.3.

Each RPT consisted of a capacity test, a series of pulses for impedance measure-
ments, and an ICI test. During the RPTs, the full voltage window was applied, with
limits of 2.5V and 4.2V. The charge and discharge currents during the capacity
measurements were set to 1.2 A (0.3C) and 0.8 A (0.2C), respectively, with a cut-off
current of 0.2 A (0.05C). During the HPPC test, the charge and discharge pulse cur-
rents were set to 4 A (1C), with pulse durations of 10s followed by 40s rest periods.
The discharge current used to decrease the SOC from 100% to 80%, 50%, and 30%
was 0.8 A (0.2C), with a 1h rest period before the subsequent step. During the ICI
measurements, the charge and discharge currents were set to 0.4 A (0.1C), with each
step lasting 5 min followed by a 10s pause. In total, each ICI measurement consisted
of 117 charge steps and 117 discharge steps.

Table 3.3: Summary of conditions for the cell lifetime testing protocol.

Test Cell ID  Charge Discharge Vi [V] Vi [V] SOC C
condition window [%]
11, 12,13  0.8C 1C 4.06 3.046 60 900 2160
7 14, 15,16  0.8C 1C 4.2 3.046 80 600 1920
8 17,18,19 0.8C 1C 4.06 2.569 80 600 1920
3 20, 21, 22 1C 1C 4.06 3.046 60 900 2160
1 23, 24,25 0.5C 1C 4.06 3.046 60 900 2160
11 05, 06, 07 1C 3C 4.2 2.5 100 300 1140
12 08, 09, 10 1C 3C 4.2 3.08 50 600 1200

Upon completion of each test, the resulting data were exported via BTSDA software
as Excel files, which were subsequently imported into Python for further analysis.
Data processing and visualisation were performed within the Miniconda and Py-
Charm environments, with relevant packages installed.

An overview of the lifetime testing workflow is presented in the flow chart in Fig-

ure 3.2. This setup enables monitoring of capacity degradation and internal resis-
tance growth over time. The lifetime testing sequence begins with the BOL stage,

20



3. Methodology

followed by an initial RPT, and then a load pattern consisting of 50 cycles according
to the specified test conditions. This is followed by a capacity test and a subsequent
50 cycle load pattern. The sequence is repeated until 300, 600 or 900 cycles are
completed, concluding with a final RPT at EOL.

BOL

Capacity test
¥
Pulses for
impedance test

3 repetitiqﬁs ‘ Load pattern ’ ICI+t t
) es

1

I
No :: Capacity test

Load pattern
'\ |
| RPT test
" |
. EOL reached?
' Yes
EOL

Figure 3.2: Flow chart illustrating the procedure for lifetime testing, including key
stages such as BOL, RPT, load patterns, capacity assessments, and EOL evaluation.

3.5 Cell teardown

3.5.1 Traditional approach

A fresh cell (Cell 03) was selected for disassembly. Prior to disassembly, the cell was
discharged to 0% SOC to minimise the risk of thermal runaway or electrical hazards
in the event of a short circuit. The cell was not fully discharged to 0V, but rather
to 2.5V, as the internal components were intended for reuse. The cell teardown
was conducted in a controlled inert environment within a glovebox maintained at
Oy, HoO < 1ppm. Appropriate personal protective equipment (PPE) was worn,
including a laboratory coat and an initial pair of vinyl gloves. Upon inserting the
hands into the glovebox, a second pair of vinyl gloves was donned, followed by a
more durable pair for handling and opening the battery cells.

The first step in opening a cell was to use a pipe cutter to remove the lid. It is
essential to make the incision where there is a gap between the jellyroll and the lid

21



3. Methodology

to avoid damaging the internal components. The cutter, equipped with a sharp disc,
was applied with light pressure against the battery casing. By gently rotating the
cell, the stainless steel casing was gradually cut through, as illustrated in Figure 3.3a.
Once the lid was removed, the connecting tab between the positive electrode and
the lid was severed using ceramic scissors. To assist casing removal, a small portion
of the lid was left attached, and the external plastic covering was removed before-
hand. If the plastic covering was difficult to peel off, a ceramic knife or scissors could
be used to create an opening. The stainless steel casing was then carefully peeled
away using insulated flat pliers, exposing the jellyroll, as shown in Figure 3.3c. The
jellyroll was subsequently unrolled for further analysis (Figure 3.3d). The region
at the core of the jellyroll is referred to as the “inner” part, while the region at
the beginning of the jellyroll before unfolding is referred to as the “outer” part.
Both the inner and outer regions were sampled for SEM and laboratory-scale cell
measurements. The fresh cell (Cell 03) was successfully disassembled using the tra-
ditional approach, although the procedure required considerable physical effort by
Dr. Evelina Wikner. To simplify the disassembly of cells with stainless steel casings
and reduce the required manual effort, a dedicated tool was subsequently developed.

Figure 3.3: Cell 03 disassembly: (a) peeling and (b) completion of peeling; (c)
jellyroll and (d) unfolded jellyroll; (e) negative electrode and (f) positive electrode.
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3.5.2 Design and production of the tool

The tool was developed to facilitate the disassembly of cells with stainless steel cas-
ings. The cell was positioned in a V-cut and secured by a sliding wall, enabling a
rolling disc cutter to cut longitudinally along the cell length rather than circum-
ferentially, as with a conventional pipe cutter. The cutter could also be adjusted
vertically using a positioning table. The tool was designed in SolidWorks, and the
final design is shown in Figure 3.4a and Figure 3.4b.

The V-cut block mounted on the base plate and the sliding wall were 3D-printed in
polypropylene, while the remaining components were metallic. The 3D printer used
was an Original Prusa XL, operated with the manufacturer’s software, using design
files exported from SolidWorks. The cutting disc and rails were made of stainless
steel. The base plate, pillars, support brackets, and square holder (connecting the
positioning table and guide blocks) were made of aluminium, whereas the disc hold-
ers were fabricated from galvanised steel. The base plate measured 26.5 cm in length
and 19.1 cm in width, with a total tool height of 28 cm. A compact design was nec-
essary to ensure placement within the glovebox. In addition, all sharp edges were
polished to smooth surfaces to minimise the risk of puncturing the glovebox gloves.
The tool accommodated cells with a maximum diameter of 26 mm and a maximum
length of 80 mm. The tool was assembled by Dr. Douglas Nilsson Jutsell.

(a) (b)
Figure 3.4: Assembly of all parts in SolidWorks: (a) side view and (b) front view.
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3.5.3 Cell tear down with in-house developed tool

Cycled cells 11, 15, and 19 were selected for teardown. Prior to disassembly, the
cells were discharged to 2.5 V. The standard teardown protocol was then followed.
The in-house developed tool was placed on a plastic mat inside the glovebox to
electrically insulate it from the glovebox surface in the event of a short circuit. This
precaution was necessary because the metallic cutting disc is mechanically connected
to other metallic components, including the base plate. The cell was positioned in
the V-cut and secured using the sliding wall (Figure 3.5a). The cap (positive ter-
minal) was oriented towards the fixed wall of the V-cut, while the bottom (negative
terminal) faced the sliding wall (Figure 3.5b). The cutter incorporates a mechanical
stop that prevents the blade from contacting the cap, thereby reducing the risk of
short circuit. In contrast, the sliding wall contains an opening that allows the cutter
to pass beyond it, enabling cutting of the cell bottom.

When the cutter was at its highest position, the positioning table read 00.0 mm.
Lowering the table to 13.0 mm cut through the outer plastic layer of the casing. As
the stainless steel casing is approximately 0.2 mm thick, the blade was expected to
reach full depth at 13.2 mm; however, in practice the cut remained superficial at this
setting. The blade was therefore lowered incrementally by 0.1 mm at a time, rolling
the disc from cap to bottom several times before further adjustment. Complete
longitudinal cutting of the casing (Figure 3.5¢) was achieved at a positioning table
reading of 13.5 mm.

After cutting, the sliding wall was loosened and the cell was carefully removed
from the tool. A small section at each end of the longitudinal cut was intention-
ally left attached and marked (Figure 3.5d). A pipe cutter was then applied just
below the crimp of the cap to detach it, and the tab was severed using ceramic
scissors (Figure 3.5e and Figure 3.5f). The remaining attached lid section was bent
towards the longitudinal cut using insulated flat pliers. The pipe cutter was sub-
sequently positioned as close as possible to the bottom of the cell to remove it
completely, after which the tab was severed either with ceramic scissors or during
removal of the bottom section (Figure 3.6a). Finally, the longitudinal cut was bent
open using insulated flat pliers, allowing the jellyroll to be removed from the casing
(Figure 3.6b—Figure 3.6d).
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(f)
Figure 3.5: (a) Cell positioned in the V-cut of the in-house developed tool; (b) clean
cut of the cell achieved using the tool. (c) Clean longitudinal cut of the cell using the

in-house developed tool; (d) markings on the cap; (e) opened cap; (f) fully opened
cap.
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Figure 3.6: (a) Opened bottom section; (b) fully opened cell; (¢) adhesive on the
casing; (d) extracted jellyroll.

3.6 Preparation of negative and positive electrodes

Both the negative and positive electrodes are coated on both sides. For measurement
purposes, one side of each electrode must retain the active coating (black), while
the opposite side requires exposure of the underlying metal substrate, copper for
the negative electrode and aluminium for the positive electrode. Therefore, it was
necessary to remove the coating from one side of both the negative and positive
electrodes, which can be seen in Figure 3.7a and Figure 3.7b. Fine-grained sandpaper
was employed and carefully rubbed until small areas of the underlying metal surface
became visible. Following this, the electrode was treated with 99.9% ethanol and
gently wiped using cotton swabs to clean the surface. A minimum exposed surface
area of approximately 4 cm in length by 2cm in width was required to enable the
punching of two discs with a diameter of 1.8 cm.
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Figure 3.7: (a) Negative copper electrode after polishing. (b) Positive aluminium
electrode after polishing.

3.7 Scanning electron microscopy and energy dis-
persive X-ray spectroscopy

To ensure stable imaging conditions, the samples were prepared to be as conductive
as possible by removing the electrode coating from one side of both the positive and
negative electrodes, as described in the previous section. Five samples were pre-
pared, representing the inner and outer regions of both electrodes (in addition, the
middle region of the negative electrode for Cell 15), using a scalpel to cut. The sam-
ples were mounted on carbon tape attached to SEM stubs, which were then placed
in an in-house developed SEM stub holder (Figure 3.8a). The SEM stubs were
subsequently inserted into a Kammrath & Weiss GmbH portable transfer chamber,
equipped with an electronically operated lid controlled by the corresponding transfer
controller (Figure 3.8b). This procedure prevented exposure to air and maintained
the samples in an argon atmosphere identical to that of the glovebox. The portable
chamber was secured in a designated container for transport to the SEM facility
(Figure 3.8c¢).

Imaging was performed using a GeminiSEM 450 (Gemini 2) from Zeiss, operated
with the manufacturer’s software. After purging the SEM chamber with nitrogen,
the transfer chamber was mounted onto the SEM (Figure 3.8d). In this study, an
accelerating voltage of 5kV, a probe current of 250 pA, and a working distance of
approximately 8.5 mm were used. Once a region of interest was identified, magnifi-
cation, working distance, focus, and contrast were adjusted. The images presented
in the results were acquired at a magnification of 5000x.

EDX analysis was performed using the AZtec software. To increase the count rate,
the probe current was initially raised to 1 nA, but was later returned to 250 pA due
to charging observed in the SEM images. All other parameters were kept identical to
those used for SEM imaging. Elemental analysis was conducted on selected surface
regions to determine the elements present and estimate their relative abundances.
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Elemental mapping was subsequently performed to visualise the spatial distribution
of the detected elements across the analysed area. SEM and EDX data collection
was conducted by Dr. Ritambhara Gond.

Figure 3.8: (a) SEM stubs mounted in an in-house developed holder; (b) samples in
the portable transfer chamber, inside of the glovebox; (c¢) portable chamber secured
in a container for transport; (d) transfer chamber mounted onto the SEM.

3.8 Laboratory cell assembling

Laboratory-scale cells, hereafter referred to as PAT-cells, were assembled using the
previously punched electrode discs. For each electrode (inner and outer), two PAT-
cells were assembled to provide replicates for consistency and to ensure at least
one cell remained usable in case of measurement failure. For the positive half-cell
configuration, the positive electrode was positioned with the aluminium (Al) current
collector against the lower plunger, while lithium (Li) metal served as the negative
electrode. In the negative half-cell configuration, the graphite electrode with the
copper (Cu) current collector acted as the positive electrode, paired with lithium
metal as the negative electrode. A separator was placed between the electrodes
within an insulating sleeve. A schematic of the PAT-cell assembly is presented in
Figure 3.9.
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The PAT-Core

NS

Figure 3.9: Schematic illustration of the PAT-core components (adapted from [45]).

The assembly of the PAT-cell was performed entirely within a glovebox due to the
air sensitivity of the electrodes and the toxicity of the electrolyte. A polyethylene
(PE) seal ring was placed inside the PAT-cell lid prior to assembly. All components
required for assembling six PAT-cells are shown in Figure 3.10a. The assembly pro-
cess began by positioning the insulation sleeve upside down. The positive electrode
was then placed onto the separator using tweezers, ensuring that the black-coated
side was in contact with the separator and that the current collector faced upwards.
The lower plunger was subsequently placed onto the current collector, with the
plunger facing downwards towards the base of the PAT-cell and the separator facing
upwards. An alignment mark on the insulation sleeve was matched with the lower
half of the PAT-cell to ensure correct orientation. Thereafter, 100 uL. of electrolyte
was dispensed onto the separator using a pipette, as illustrated in Figure 3.10b.
The negative electrode was then carefully placed on top of the separator. Finally,
the upper plunger was positioned onto the negative electrode, and the PAT-cell lid
was secured by rotating it to lock the cell. In a half cell configuration the electrode
material to be studied is the positive electrode, while the negative electrode is Li.

:

Figure 3.10: (a) All components to assembly 6 PAT-cells. (b) 100 uL of electrolyte
was dispensed onto the separator using a pipette.

3.9 Material characterisation of laboratory-scale
cells

The EmStat4S setup is illustrated in Figure 3.11a. Custom scripts for capacity
and impedance analyses were developed using PCTrace software for single device
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operation and MultiTrace (Individual mode) for parallel measurements of up to 12
devices; in this thesis, 6 devices were operated simultaneously (depicted in Fig-
ure 3.11b). The resulting data were exported in CSV format and subsequently
processed in Python for further analysis. The electrode connections were configured
as follows: the reference electrode was connected to the blue lead, the working elec-
trode to the red lead, the sense working electrode to the white lead, and the counter
electrode to the black lead. The green lead corresponds to the ground electrode and
was not used in this experiment. On the left side of the device are the current input
terminals, where terminal 1 is positive and terminal 2 is negative. On the right side
are the voltage input terminals: S1 corresponds to the positive electrode, R to the
reference electrode, and S2 to the negative electrode.

Figure 3.11: (a) The EmStat4S setup. (b) 6 devices using MultiTrace software.

3.9.1 Capacity measurement

For all PAT-cells, the capacity was initially estimated at approximately 10 mAh,
resulting in a C/10 current of 1.0mA. Charge and discharge times were set to
15h, with an additional 5h margin to accommodate cells with higher than expected
capacity. Voltage limits were set between 2.5V and 4.2V for positive electrodes,
and between 0.05V and 1.5V for negative electrodes. Prior to measurement, freshly
assembled PAT-cells were allowed to rest for 5h to ensure electrode wetting.

3.9.2 Impedance analysis

Impedance analysis was performed using custom scripts in PCTrace or MultiTrace
for the EmStat4S instrument following the capacity measurements. The applied
current was adjusted according to the measured PAT-cell capacities. The procedure
is summarised in the flow chart presented in Figure 3.12 and was designed to acquire
impedance data at successive state-of-charge (SOC) intervals of 10%, from 0% to
100% SOC.

For positive electrodes, the PAT-cell was initially discharged to the minimum volt-
age limit of 2.5V, and an EIS measurement was performed at 0% SOC. A current
pulse was then applied up to the maximum voltage limit of 4.2V. The SOC was
subsequently increased in 10% increments, with a defined rest period prior to each
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EIS measurement, until 80% SOC was reached. An additional step to 90% SOC was
performed, followed by a rest period and an EIS measurement during which only a
discharge pulse was applied. The analysis concluded at 100% SOC with a final EIS
measurement. During EIS measurements, the frequency range was set from 0.1 Hz
to 200 kHz, identical to the range used for the full cell.

For negative electrodes, the procedure was reversed: the PAT-cell was initially
charged to the maximum voltage limit of 1.5V, and the SOC was subsequently
decreased in 10% increments to 0%, with rest periods and EIS measurements iden-
tical to those described for the positive electrodes. The pulse current for negative
electrodes was applied down to the minimum voltage limit of 0.05V.

Discharge
|
EIS 0% SOC
|

Pulse

Y

Iter.atlon 7 Shift to 10% SOC
times
!
Pause
Shift to 90% SOC ] Continue cycle
] EIS 10% SOC
Pause |
I Pulse

EIS 90% SOC
¥
Pulse (only
discharge)
¥

Shift to 100% SOC
|

Pause

|
EIS 100% SOC

¥
Pulse (only
discharge)

Figure 3.12: Flow chart illustrating the procedure for electrochemical impedance
spectroscopy (EIS) and pulse testing.
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Results

The results are organised according to the main objectives of the study. First, the
lifetime testing results are presented, including capacity fade, impedance analysis,
and ICA. This is followed by the CT analysis, which provided non-destructive in-
formation regarding the internal cell structure. Subsequently, the development of
the in-house teardown tool and the findings from the cell teardown are described.
Finally, the post-mortem analyses, including SEM, EDX, and electrochemical char-
acterisation of PAT-cells, are presented. Except for the capacity fade and resistance
growth results, the analyses primarily focus on the fresh reference cell (Cell 03) and
three selected aged cells: Cell 11 from TC 2 (centred voltage window), Cell 15 from
TC 7 (higher upper voltage limit), and Cell 19 from TC 8 (lower voltage limit).
These cells were selected to represent different ageing behaviours associated with
the investigated cycling conditions. Detailed information regarding the applied test
conditions is provided in Table 3.3, which is referred to frequently throughout this
chapter.

4.1 Lifetime testing

The Neware cycling protocol was divided into blocks of 300 cycles, each test spanned
approximately 26 to 32 days. Consequently, depending on whether one, two, or three
tests were conducted, the total experimental duration ranged from approximately 50
to 64 days or 75 to 94 days. The primary observable outcome of the lifetime testing
was cell ageing, reflected by a decrease in capacity and an increase in impedance.
A greater reduction in capacity or increase in impedance therefore indicates a more
advanced state of ageing. Detailed information regarding the various test conditions
is provided in Table 3.3.
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4.1.1 Capacity fade

Capacity fade was calculated according to Equation 2.6. The evolution of capacity
degradation is presented for TCs 1 (Cells 23-25), 2 (Cells 11-13), and 3 (Cells 20-22)
in Figure 4.1c; for TCs 2 and 8 (Cells 17-19) in Figure 4.1a; for TCs 7 (Cells 14-16)
and 8 in Figure 4.1b; and for TCs 11 (Cells 5-7) and 12 (Cells 8-10) in Figure 4.1d.
The corresponding BOL and EOL capacity values are summarised in Table 4.2. TCs
1, 2, and 3 employed a centred voltage window with the same voltage window width
but different charge C-rates. TC 7 employed a higher upper voltage limit and a
wider voltage window than TCs 1-3, whereas TC 8 employed a lower voltage limit
while retaining the same voltage window width as TC 7. TCs 2, 7, and 8 were cycled
at the same charge C-rate. TCs 11 and 12 employed a discharge C-rate three times
higher than the remaining test conditions, while TC 11 additionally utilised the full
voltage window range.

The capacity fade observed for TCs 1, 2, and 3 was relatively similar, with all
cells retaining more than 90% of their initial capacity, as shown in Figure 4.1c. In
contrast, clear differences were observed when comparing TCs 2 and 8, as well as
TCs 7 and 8, as shown in Figure 4.1a and Figure 4.1b, respectively. Under test con-
dition 8, the remaining capacity decreased substantially to approximately 35-40%,
whereas the cells subjected to TCs 2 and 7 retained more than 90% of their initial
capacity and exhibited similar degradation trends.

TCs 7 and 8 employed the same voltage window width. However, the voltage win-
dow placement differed. The lower voltage limit for TC 8 reached 2.569 V, compared
with 3.046 V for TCs 2 and 7. In contrast, test condition 7 employed a higher upper
voltage limit of 4.2V, whereas test conditions 2 and 8 used an upper limit of 4.06 V.
TCs 11 and 12 exhibited comparatively limited degradation, making it difficult to
draw clear conclusions from these cycling conditions. Consequently, TCs 11 and 12
are not discussed further.

The temporary decrease in capacity and increase in resistance observed at approx-
imately 800 Ah, followed by partial recovery around 1400 Ah, are attributed to re-
laxation effects occurring during the rest periods between 300, 600, and 900 cycles,
as the Neware cycling protocol was divided into blocks of 300 cycles.
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Figure 4.1: Normalised capacity as a function of discharge capacity throughput for
different test conditions: (a) 2 and 8; (b) 7 and 8; (c) 1, 2, and 3; and (d) 11 and
12.

4.1.2 Impedance analysis

The other non-destructive examination presented in this study is the impedance
analysis of the full cells. Nyquist plots of the fresh Cells 26, 27, 28, and 29, to-
gether with a comparison between the BOL of Cell 26 and the EOL of Cells 11 (TC
2, centred voltage window), 15 (TC 7, higher upper voltage limit), and 19 (TC 8,
lower voltage limit), are presented in Figure 4.2a and Figure 4.2b, respectively. In
the Nyquist plots, the high frequency intercept at the beginning of the semicircle
corresponds to the ohmic resistance, R,, while the width of the semicircle extending
to the onset of the low frequency tail corresponds to the charge transfer resistance,
R.. The values of R, and R for the BOL of Cells 26, 27, 28, and 29, as well as the
EOL of Cells 11, 15, and 19, are summarised in Table 4.1. Further details regarding
the ageing conditions applied to the respective cells are provided in Table 3.3.

Cells 26, 27, 28, and 29 were measured in the fresh state and used as BOL ref-
erences for the aged cells, as their Nyquist plots overlap closely (Figure 4.2a). As
shown in Figure 4.2b, the EOL cells, Cell 11 (remaining capacity of 96%, TC 2, cen-
tred voltage window), Cell 15 (92%, TC 7, higher upper voltage limit), and Cell 19
(37%, TC 8, lower voltage limit), all exhibited increased ohmic resistance, R, com-
pared with the fresh reference cell. The increase was relatively small for Cells 11 and
15, whereas Cell 19 showed a substantially larger increase. In addition, the diame-
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ter of the semicircle, corresponding to the charge transfer resistance, R.;, increased
significantly for all aged cells compared with the fresh reference cell, as summarised
in Table 4.1. Cell 19, which exhibited the greatest capacity fade, also displayed the
highest internal resistance. However, Cell 19 retained a distinct semicircular arc,
whereas Cells 11 and 15 exhibited more depressed and flattened semicircles.

—— C-26 BOL, fresh cell --- C-26 BOL, fresh cell
61 — c-27 BOL, fresh cell 201 — C-11EOL, 900 cycles
C-28 BOL, fresh cell —— C-15 EOL, 600 cycles
—— C-29 BOL, fresh cell —— C-19 EOL, 600 cycles
4 15
— —_
(@ G
E E 10
o2 =
N NS
1
0 0
-5
-2
16 18 20 22 24 26 20 30 40 50
Z' (mQ) Z' (mQ)
(a) (b)

Figure 4.2: EIS measurements of (a) fresh Cells 26, 27, 28, and 29, and (b) BOL
Cell 26 compared with the EOL of Cells 11, 15, and 19.

Table 4.1: Ohmic and charge transfer resistance (Rs and R, of the cells at BOL
and EOL.

Test condition Cell ID BOL/EOL Ry [m)] Ry [mS]

Fresh cell Cell 26 BOL 14.84 9.65
Fresh cell Cell 27 BOL 15.08 9.74
Fresh cell Cell 28 BOL 14.71 9.77
Fresh cell Cell 29 BOL 15.07 9.74
2 Cell 11 EOL 16.30 22.43
7 Cell 15 EOL 17.37 18.50
8 Cell 19 EOL 25.06 24.40

The evolution of internal resistance at 50% SOC is presented for TCs 1, 2, and 3
(centred voltage window) in Figure 4.3a, for TCs 2 and 8 (lower voltage limit) in
Figure 4.3b, for TCs 7 (higher upper voltage limit) and 8 in Figure 4.3c, and for
TCs 11 and 12 (higher discharge C-rate) in Figure 4.3d. Internal resistance was
determined from ICI measurements using high resolution time domain data. The
resistance was calculated from the instantaneous voltage change upon current inter-
ruption using the ratio % at the moment of the current step. The voltage difference
was evaluated between the data points immediately before the current interruption
and immediately before the current resumed, corresponding to a pause duration of
10s. The resulting resistance therefore includes both the ohmic contribution and a
contribution from charge transfer processes, as the voltage relaxation was evaluated
over a 10s interruption period. To reduce the runtime of the data processing scripts,
the Excel files were converted to CSV format using Python. The values of Ry, at
BOL and EOL for the respective cells are summarised in Table 4.2.
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As shown in Figure 4.3b and Figure 4.3c, the cells subjected to TC 8 (lower volt-
age limit) exhibited a substantially larger increase in Rjgs compared with TCs 2
and 7. Cell 18 showed the most pronounced resistance increase among all investi-
gated cells. In contrast, the remaining test conditions followed comparatively similar
trends, where the EOL R;(, values remained below approximately 1.5 times the cor-
responding BOL values, as shown in Figure 4.3a and Figure 4.3d.
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Figure 4.3: Normalised internal resistance as a function of discharge capacity
throughput for different test conditions: (a) 1, 2, and 3; (b) 2 and 8; (c¢) 7 and
8; and (d) 11 and 12.
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Table 4.2: Discharge capacity throughput and internal resistance (Rjgs) of the cells
at BOL and EOL.

Test condition Cell ID QTP,BOL [Ah] QTP,EOL [Ah] RlOs,BOL [IHQ] RlOs,EOL [IHQ]

2 Cell 11 3.6485 3.4369 30.923 37.194
2 Cell 12 3.6764 3.3507 30.144 38.653
2 Cell 13 3.6719 3.3683 30.954 40.150
7 Cell 14 3.6525 3.2391 30.954 38.692
7 Cell 15 3.6513 3.3564 30.954 35.661
7 Cell 16 3.6438 3.2501 32.451 39.480
8 Cell 17 3.6437 1.4943 31.008 71.143
8 Cell 18 3.6453 1.2673 31.920 348.628
8 Cell 19 3.6497 1.3636 30.954 89.616
3 Cell 20 3.6597 3.4892 31.734 34.733
3 Cell 21 3.6602 3.3152 32.451 37.981
3 Cell 22 3.6624 3.4342 31.702 34.698
1 Cell 23 3.6690 3.3598 31.008 37.009
1 Cell 24 3.6592 3.4361 31.758 39.760
1 Cell 25 3.6721 3.4189 31.734 36.509

4.1.3 Incremental capacity analysis

The ICA profiles were obtained by calculating the differential capacity (%) from the
voltage and capacity data derived from the ICI measurements. To aid interpretation
of the ICA profiles, peak mapping was performed by comparing the half cell profiles
of the negative (Gr-SiO,) and positive (NMC) electrodes with the corresponding full
cell profile. The full cell peak positions were identified from the potential difference
between the corresponding positive and negative electrode peaks. For example, the
first full cell peak at 3.4V corresponds to the difference between the first positive
electrode peak at 3.65V and the first negative electrode peak at 0.25V. The ICA
results for the fresh reference cell (Cell 03) are presented for the individual electrodes
together with the corresponding BOL full cell profile of Cell 11. The negative elec-
trode (Gr-SiO,, inner region, PAT-1), shown in Figure 4.4a, exhibits five peaks,
while the positive electrode (NMC, inner region, PAT-2), shown in Figure 4.4b, ex-
hibits six peaks. The corresponding BOL full cell profile, presented in Figure 4.4c,
contains six peaks.
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Figure 4.4: ICA of Cell 03 (PAT-1): (a) negative electrode (Gr-SiO,, inner region);
(b) positive electrode (NMC, outer region); and (¢) BOL full cell profile of Cell 11.

For the ICA analysis, the focus was placed on the fresh reference cell (Cell 03) and
two of the selected aged cells (Cells 11 and 19). The ICA profiles from BOL to
EOL for Cell 11 (remaining capacity of 96%) are presented in Figure 4.5a, whereas
the corresponding profiles for Cell 19 (remaining capacity of 37%) are shown in Fig-
ure 4.5b. The area under the ICA curve corresponds to the remaining capacity of
the cell.

For Cell 11 (TC 2, centred voltage window), the ICA profiles largely overlap through-
out the ageing process, indicating limited degradation. Only minor peak broadening,
a slight reduction in the first peak at approximately 3.3V, and a small shift in the
discharge peak are observed. In contrast, Cell 19 (TC 8, lower voltage limit) exhibits
progressive peak broadening, peak shifts, and reduced peak intensity with increas-
ing ageing. The reduction in the area under the curve is also substantially greater
for Cell 19. The first peak becomes significantly broader and shifts towards higher
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potentials, from approximately 3.3V for RPT1 to approximately 3.6 V for RPTS.
This behaviour indicates increased polarisation, which is also consistent with the
resistance increase observed in Figure 4.3b.

The ICA profiles at BOL for test conditions 2 and 8 are presented in Figure 4.5¢c. At
BOL, all profiles overlap closely, indicating similar initial cell behaviour. In contrast,
the EOL ICA profiles presented in Figure 4.5d, including the BOL reference from
Cell 11 (black line), demonstrate clear differences between the two test conditions.
The cells cycled under TC 2, retaining approximately 96% of their initial capacity,
closely follow the BOL profile. Conversely, the cells subjected to TC 8, retaining
only approximately 37% capacity, exhibit substantial peak shifts, peak broadening,
and reduced peak intensity, indicating significantly more severe degradation. Al-
though both test condition groups follow similar overall trends, the spread in TC 8
is slightly larger.
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Figure 4.5: ICA (dQ/dV) as a function of voltage for: (a) test condition 2, Cell 11,
all RPTs; (b) test condition 8, Cell 19, all RPTs; (c¢) test conditions 2 and 8 at BOL;
and (d) test conditions 2 and 8 at EOL with a BOL reference from Cell 11.
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4.2 Computed tomography scan

To examine the internal structure of the commercial 18650 cells, including electrode
stacking, tabs, and safety features, the cells were subjected to CT scanning. In addi-
tion, the CT scans assisted the teardown process by providing information regarding
the margin between the cap and the electrode overhang. Cell 19 was of particular
interest due to its substantial capacity fade, as presented in Figure 4.1b.

CT scans of the BOL cell and aged Cell 19 (TC 8, lower voltage limit) are com-
pared in Figure 4.6a, while the corresponding magnified views of the cap region are
provided in Figure 4.6b. In Figure 4.6a, the negative tab of the aged cell appears
bent, and slight deformation of the bottom casing can also be observed. In addition,
the empty space along the central region of the jellyroll is reduced in the aged cell
compared with the BOL cell. A clearer view of the cap region is presented in Fig-
ure 4.6b, where deformation of the cap structure is also visible. Furthermore, the
upper thin tab within the cap appears fractured. However, part of the fractured tab
remained in electrical contact with the cell, as the cell retained 37% of its capacity.
Comparison with Figure 2.6 indicates that the cell remained generally well aligned,
with uniformly stacked electrode layers and sufficient negative electrode overhang.

Cross-sectional CT images of BOL Cells 11 (left, TC 2, centred voltage window) and
15 (right, TC 7, higher upper voltage limit) are presented in Figure 4.7a, whereas
the corresponding cross-sectional images of BOL Cell 19 (left) and aged Cell 19
(right) are shown in Figure 4.7b. As shown in Figure 4.7a, a fold is visible in the
centre of the jellyroll in several fresh cells. This observation suggests a recurring
manufacturing deviation. Upon ageing, the jellyroll expands, leading to a reduction
in the empty space at the centre of the cell, as observed in Figure 4.7b.

Figure 4.6: CT scans comparing BOL Cell 19 (left) and aged Cell 19 (right): (a)
full cell views and (b) magnified views of the cap region.

41



4. Results

Figure 4.7: CT scans of (a) cross-sections of BOL Cells 11 (left) and 15 (right); and
(b) cross-sections of BOL (left) and EOL (right) Cell 19.

4.3 Design and production of tool

To enable the teardown of stainless steel cylindrical cell casings, an in-house devel-
oped tool was designed and manufactured. The fabrication of the V-cut holder and
the sliding wall using a 3D printer is shown in Figure 4.8a. The fully assembled
tool is presented in Figure 4.8b (side view) and Figure 4.8c (top view). The tool
includes a display indicating the blade position, enabling calibration of the cutting
depth into the cell casing.

(a)

Figure 4.8: (a) Fabrication of a tool component using a 3D printer; (b) side view of
the fully assembled in-house developed tool; and (c¢) positioning table in its initial
position, with the display visible.
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4.4 Cell teardown

Post-mortem analysis of the selected aged cells from the lifetime testing was per-
formed in comparison with the fresh reference cell, Cell 03, whose negative electrode
is presented in Figure 3.3e. Cell 11 from TC 2 (centred voltage window), Cell 15
from TC 7 (higher upper voltage limit), and Cell 19 from TC 8 (lower voltage limit)
were selected for disassembly and internal inspection. At EOL, the correspond-
ing remaining capacities were 96%, 92%, and 37%, respectively. The concave and
convex sides of the negative electrode for Cell 15 are presented in Figure 4.9a and
Figure 4.9b, respectively, while the corresponding surfaces for Cell 19 are shown in
Figure 4.9¢ and Figure 4.9d. The concave side corresponds to the inner part of the
cell facing towards the centre of the jellyroll, whereas the convex side corresponds
to the outer part facing the cell casing. No observable differences were identified
between Cell 11 and the fresh reference cell. Therefore, no images of Cell 11 are
presented. Li-plating is observed across the central region of the negative electrode
surface for Cell 15, whereas for Cell 19, Li-plating is predominantly visible along
the electrode edges. No visible differences were observed between the fresh and aged
positive electrodes. Consequently, no images of the positive electrodes are presented.
el S 5T Ry ‘¢ AN

Figure 4.9: Concave (a, ¢) and convex (b, d) sides of the negative electrode for Cell
15 (a, b) and Cell 19 (c, d).
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4.5 Post-mortem morphological analysis of the elec-
trode

4.5.1 Scanning electron microscopy

Further post-mortem analysis was conducted using SEM, where micrographs of the
aged cells (Cell 11, TC 2, centred voltage window; Cell 15, TC 7, higher upper volt-
age limit; and Cell 19, TC 8, lower voltage limit) were compared with those of the
fresh reference cell (Cell 03). At EOL, the corresponding remaining capacities were
96%, 92%, and 37%, respectively. The SEM samples were obtained from the same
electrode regions as the PAT-cell samples, including the inner, middle, and outer
regions of the electrodes. The inner regions of the negative electrode are presented
in Figure 4.10a-Figure 4.10d, while the outer regions of the positive electrode are
shown in Figure 4.12a-Figure 4.12d. The middle region of the negative electrode
for Cell 15 is presented in Figure 4.11. The outer regions of the negative electrode
and the inner regions of the positive electrode did not exhibit significant differences
among the four cells and are therefore provided in Appendix B (see Figure B.la—
Figure B.2d).

The SEM micrograph of the fresh negative electrode (Cell 03), presented in Fig-
ure 4.10a, shows graphite particles with relatively flat and well defined surfaces
compared with the aged cells. In Cell 11 (remaining capacity of 96%), shown in
Figure 4.10b, the graphite particles appear slightly smaller and rougher. Visible
Li-plating was identified on the negative electrode of Cell 15 (remaining capacity
of 92%) during the teardown process. In Figure 4.10c, several darker regions are
observed, indicating either valleys in the electrode surface topography or low atomic
number materials that are difficult to detect by SEM, such as Li-containing deposits.
In addition, an exfoliated graphite sheet is visible, particularly in the central and
right-hand regions of the micrograph, where the surface appears brighter and less
homogeneous than the surrounding particles. The middle region of the negative elec-
trode for Cell 15, presented in Figure 4.11, exhibited extensive Li-plating. Several
darker regions are again visible and may correspond to lithium deposits. Further-
more, small graphite fragments are distributed across the micrograph, resulting in
a mossy surface morphology. In Figure 4.10d, corresponding to Cell 19 with a re-
maining capacity of 37%, the graphite particles appear ruptured and porous, with
dendritic surface features indicative of Li-plating covered by SEI growth.

The SEM micrograph of the fresh positive electrode (Cell 03), presented in Fig-
ure 4.12a, shows minor surface cracking of the NMC particles, although such crack-
ing is generally more pronounced in aged cells. No major differences are observed
for Cell 11 (Figure 4.12b) or Cell 15 (Figure 4.12c) compared with the fresh cell.
However, the positive electrode of Cell 19, shown in Figure 4.12d, exhibits more
distinct particle cracking.
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Figure 4.10: SEM micrographs of the inner region of the graphite negative electrode
for (a) Cell 03, (b) Cell 11, (c) Cell 15, and (d) Cell 19.
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Figure 4.11: SEM micrograph of the middle region of the graphite negative electrode

for Cell 15.
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Figure 4.12: SEM micrographs of the outer region of the NMC positive electrode
for (a) Cell 03, (b) Cell 11, (c) Cell 15, and (d) Cell 19.
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4.5.2 Energy-dispersive X-ray spectroscopy

The EDX spectra and elemental weight percentages are not presented, since an ac-
celerating voltage of 5kV was used, which primarily probes the electrode surface
rather than the bulk material. The EDX mapping was selected based on the regions
of interest identified in the SEM micrographs and illustrates the spatial distribution
of elements across the electrode surface. For the negative electrode, overlapping
regions of Si and O indicate locations where SiO, particles may be present. Five
elements, C (green), O (red), Si (blue), F (yellow), and P (magenta), are shown
for the negative electrode, whereas eight elements, Ni (purple), Mn (orange), Co
(cyan), C (green), O (red), Al (dark blue), F (yellow), and P (magenta), are pre-
sented for the positive electrode. Accordingly, only the inner region of the negative
electrode and the outer region of the positive electrode are presented. The fresh
reference cell (Cell 03) is compared with Cell 15 from TC 7 (higher upper volt-
age limit), which exhibited visible Li-plating, and Cell 19 from TC 8 (lower voltage
limit), which exhibited the most severe capacity fade. The elemental mapping of the
negative electrode for Cell 03 and Cell 15 is shown in Figure 4.13a and Figure 4.13c,
respectively. Similarly, the mapping of the positive electrode for Cell 03 and Cell
19 is presented in Figure 4.13b and Figure 4.13d, respectively. The corresponding
mappings for Cells 11, the NMC mapping of Cell 15, and Gr-SiO, mapping of Cell
19 are provided in the Appendix B (see Figure B.3a—Figure 4.13d).

The EDX mapping of the inner region of the negative electrode for the fresh cell
(Cell 03), shown in Figure 4.13a, exhibits a relatively dense and homogeneous dis-
tribution of C, O, and Si compared with the aged cells. Carbon covers the majority
of the mapped surface, while overlapping regions of O and Si correspond to the SiO,
particles. In contrast, the aged Cell 15 (remaining capacity of 92%), presented in
Figure 4.13c, exhibits a less uniform carbon distribution together with larger dark
regions throughout the mapping. These darker regions may correspond either to
voids in the electrode structure or to Li-containing deposits that cannot readily be
detected by SEM or EDX due to the low atomic number of lithium. Li-plating was
observed during the teardown process, and the investigated inner region was located
closer to the plated area than the outer region.

The EDX mapping of the outer region of the positive electrode for the fresh cell
(Cell 03), presented in Figure 4.13b, shows a relatively dense and homogeneous dis-
tribution of Ni, Mn, Co, and O, as expected for an NMC electrode. The darker
regions likely correspond to pores or voids within the porous electrode structure.
For the aged Cell 19 (remaining capacity of 37%), shown in Figure 4.13d, the distri-
butions of Ni, Mn, and Co appear less uniform compared with the fresh electrode,
particularly for Mn, where a reduced signal intensity is observed.
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Figure 4.13: EDX mapping of the fresh reference cell (Cell 03): (a) negative electrode
and (b) positive electrode. EDX mapping of the aged cells: (c) negative electrode
of Cell 15 and (d) positive electrode of Cell 19.

4.6 Material characterisation of laboratory-scale
cells

The electrodes harvested during the teardown process from the fresh reference cell
(Cell 03) and the selected aged cells were used for the laboratory-scale PAT-cell
analysis. The aged cells included Cell 11 (TC 2, centred voltage window), Cell
15 (TC 7, higher upper voltage limit), and Cell 19 (TC 8, lower voltage limit). At
EOL, the corresponding remaining capacities were 96%, 92%, and 37%, respectively.
The inner and outer electrode regions were investigated, corresponding to sections
located 10 cm from each end of the electrode, while only the middle region of the
negative electrode was examined for Cell 15. In this section, the results from PAT-
1 are presented due to the higher data consistency compared with PAT-2. The
capacity and impedance analyses are presented below.

4.6.1 Capacity measurement

The capacities of the aged cells (Cells 11, 15, and 19) are compared with those of
the fresh reference cell (Cell 03). The inner region of the negative electrode is shown
in Figure 4.14a, while the corresponding outer region of the positive electrode is
presented in Figure 4.14b. Overall, Cell 11 exhibits capacity profiles closely resem-
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bling those of the fresh reference cell for both the negative and positive electrodes,
whereas Cells 15 and 19 show larger variations between electrode regions. An ex-
ception is observed for the inner region of the negative electrode in Cell 15, where
the discharge capacity is higher than that of the fresh cell.

Cell 11 (remaining capacity of 96%) follows the fresh reference cell closely in the
capacity tables for both electrodes. No major differences are observed between the
inner and outer electrode regions. In contrast, Cell 15 exhibits more irregular be-
haviour. For the negative electrode, the outer region shows a higher capacity than
the inner and middle regions, where visible Li-plating was observed during tear-
down. No major differences are observed between the inner and outer regions of the
positive electrode for Cell 15. For Cell 19, the negative electrode exhibits a higher
capacity in the inner region compared with the outer region. The positive electrode
exhibits a slightly lower capacity in the inner region compared with the outer region.

Several outliers are observed in the capacity measurements. In Table 4.6, PAT-2
of Cell 03 exhibits a substantially lower capacity than PAT-1, despite both mea-
surements originating from a fresh cell. Similarly, in Table 4.4, PAT-2 of Cell 19
exhibits a substantially lower capacity than PAT-1.
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Figure 4.14: Capacity profiles of Cells 03, 11, 15, and 19: (a) inner region of the
negative electrode, showing charge (upper) and discharge (lower) curves; and (b)
outer region of the positive electrode, showing charge (upper) and discharge (lower)
curves.
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The corresponding capacity values are summarised in Table 4.3 and Table 4.4 for
the negative electrode in the inner (and middle) and outer regions, respectively, and
in Table 4.5 and Table 4.6 for the positive electrode in the inner and outer regions.
The mass values reported in the tables correspond to single coated electrodes, con-
sisting predominantly of active material together with smaller fractions of binder
and other inactive components. A double coated 18 mm disc from a fresh cell (Cell
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26), together with single coated discs from Cells 03, 11, 15, and 19, were weighed
for both the negative and positive electrodes. The mass contribution of the current
collector was estimated by subtracting the median mass of the single coated discs
from the mass of the corresponding double coated disc.

Table 4.3: Capacity measurements of the PAT-cells for fresh and aged cells in the
inner and middle regions of the negative electrode.

PAT-cell (neg. inner) Weight [mg] Capacity [mAh] Specific capacity [mAhg™]

Cell-03 PAT-1 22.7 8.040 354.185
Cell-03 PAT-2 22.3 8.011 359.238
Cell-11 PAT-1 21.0 7.749 369.000
Cell-11 PAT-2 20.6 10.134 491.942
Cell-15 PAT-1 21.3 2.983 140.047
Cell-15 PAT-2 214 9.482 443.084
Cell-15 middle PAT-1 26.2 8.926 340.687
Cell-15 middle PAT-2 25.3 8.695 342.095
Cell-19 PAT-1 25.0 2.899 115.96
Cell-19 PAT-2 24.9 3.174 127.470

Table 4.4: Capacity measurements of the PAT-cells for fresh and aged cells in the
outer region of the negative electrode.

PAT-cell (neg. outer) Weight [mg] Capacity [mAh] Specific capacity [mAhg™]

Cell-03 PAT-1 - 7.792 -

Cell-03 PAT-2 20.7 9.612 464.348
Cell-11 PAT-1 22.0 7.624 346.545
Cell-11 PAT-2 21.7 7.293 336.083
Cell-15 PAT-1 24.3 11.039 454.280
Cell-15 PAT-2 23.7 10.365 437.342
Cell-19 PAT-1 25.8 2.388 92.558
Cell-19 PAT-2 26.6 0.283 10.639

Table 4.5: Capacity measurements of the PAT-cells for fresh and aged cells in the
inner region of the positive electrode.

PAT-cell (pos. inner) Weight [mg] Capacity [mAh] Specific capacity [mAhg™!]

Cell-03 PAT-1 62.2 11.924 191.704
Cell-03 PAT-2 61.3 11.583 188.956
Cell-11 PAT-1 63.6 11.981 188.381
Cell-11 PAT-2 65.3 11.972 183.338
Cell-15 PAT-1 62.5 11.373 181.968
Cell-15 PAT-2 62.6 11.540 184.345
Cell-19 PAT-1 61.4 10.093 164.381
Cell-19 PAT-2 63.1 10.546 167.132
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Table 4.6: Capacity measurements of the PAT cells for fresh and aged cells in the
outer region of the positive electrode.

PAT-cell (pos. outer) Weight [mg] Capacity [mAh] Specific capacity [mAhg™]

Cell-03 PAT-1 60.9 11.182 183.612
Cell-03 PAT-2 60.5 6.977 115.322
Cell-11 PAT-1 62.3 10.950 175.762
Cell-11 PAT-2 62.6 10.214 163.163
Cell-15 PAT-1 61.2 10.571 172.729
Cell-15 PAT-2 61.6 10.822 175.682
Cell-19 PAT-1 61.1 11.238 183.928
Cell-19 PAT-2 62.0 11.556 186.387

4.6.2 Impedance analysis

Nyquist plots of the fresh reference cell (Cell 03) are compared with those of the
aged cells. The aged cells included Cell 11 (TC 2, centred voltage window), Cell
15 (TC 7, higher upper voltage limit), and Cell 19 (TC 8, lower voltage limit).
For the negative electrode, the inner region is presented in Figure 4.15a, with the
corresponding values of ohmic resistance (Rs) and charge transfer resistance (R)
summarised in Table 4.7. The outer region is shown in Figure 4.15b, with the cor-
responding resistance values provided in Table 4.8. For the positive electrode, the
inner region is presented in Figure 4.15¢, with the corresponding R, and R, val-
ues summarised in Table 4.9. The outer region is shown in Figure 4.15d, with the
corresponding resistance values presented in Table 4.10. The results from PAT-1
are presented here due to their higher consistency, while the Nyquist plots for the
PAT-2 cells are provided in the Appendix B (see Figure B.4a—Figure B.4d).

For the inner region of the negative electrode, shown in Figure 4.15a, the aged
cells generally exhibit larger semicircle diameters than the fresh reference cell, cor-
responding to increased charge transfer resistance, Ry. Cell 11 (remaining capacity
of 96%) is the only exception, exhibiting a slightly smaller semicircle than the fresh
Cell 03. A notable observation is that the middle region of Cell 15, corresponding
to the visibly Li-plated area, exhibits a smaller semicircle than the inner region of
the same cell, despite the latter showing less obvious Li-plating. The inner region
exhibits an approximately 102 larger semicircle diameter than the middle region.
Another unexpected result is that Cell 15 exhibits an approximately 5 ) larger semi-
circle than Cell 19, despite Cell 19 experiencing substantially greater capacity fade.
In contrast, the outer region of the negative electrode, presented in Figure 4.15b,
follows the expected ageing trend more closely, where the cell with the lowest remain-
ing capacity exhibits the largest semicircle. The inset additionally shows that Cells
11 and 15 exhibit semicircle shapes similar to that of the fresh cell. For both the
inner and outer regions of the negative electrode, the ohmic resistance, R, begins
at approximately the same position for all cells.
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The inner region of the positive electrode is presented in Figure 4.15¢. In this case,
the R values begin at different positions. The fresh cell together with Cells 11 and
15 start at similar positions, as highlighted in the inset, whereas Cell 19 exhibits
an approximately 62 shift. The R, values are similar for the fresh cell and Cell
11, whereas Cell 15 exhibits an approximately 4 ) increase in semicircle diameter
and Cell 19 an increase of approximately 23€2. The outer region of the positive
electrode, shown in Figure 4.15d, exhibits slightly larger semicircles for Cells 11 and
15 compared with the fresh cell. In this region, Cell 19 does not follow the expected
ageing trend, as the increase in R is smaller than anticipated based on the degree
of capacity fade. However, the R, values begin at approximately the same position
for all cells.
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Figure 4.15: EIS of Cells 03, 11, 15, and 19: (a) inner and (b) outer regions of the
negative electrode; and (c) inner and (d) outer regions of the positive electrode.
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Table 4.7: Internal resistance measurements of the PAT-cells for fresh and aged cells
in the inner and middle regions of the negative electrode.

PAT-cell (neg. inner) Ry [€]

Cell-03 PAT-1 2.6967 6.8584
Cell-03 PAT-2 2.3084 7.1916
Cell-11 PAT-1 2.1269  6.2065
Cell-11 PAT-2 2.3068  6.3699
Cell-15 PAT-1 3.0090 20.4460
Cell-15 PAT-2 3.0894  4.8532
Cell-15 middle PAT-1 3.8688 9.1312
Cell-15 middle PAT-2 3.4082  8.6630
Cell-19 PAT-1 2.7114 16.0319
Cell-19 PAT-2 6.5551 15.4278

Table 4.8: Internal resistance measurements of the PAT-cells for fresh and aged cells
in the outer region of the negative electrode.

PAT-cell (neg. outer)

Cell-03 PAT-1 2.2940  6.7772
Cell-03 PAT-2 2.5311 7.1599
Cell-11 PAT-1 25328  6.4672
Cell-11 PAT-2 2.7348  6.2652
Cell-15 PAT-1 2.8548  4.3806
Cell-15 PAT-2 2.2824  4.7176
Cell-19 PAT-1 3.4863  31.7881

Cell-19 PAT-2 21.7147 118.9773

Table 4.9: Internal resistance measurements of the PAT-cells for fresh and aged cells
in the inner region of the positive electrode.

PAT-cell (pos. inner) R, [Q]

Cell-03 PAT-1 2.4227  6.3296
Cell-03 PAT-2 2.4072  7.5016
Cell-11 PAT-1 2.0893 5.6787
Cell-11 PAT-2 6.1040  5.8960
Cell-15 PAT-1 3.2773 10.2227
Cell-15 PAT-2 3.0897  6.2852
Cell-19 PAT-1 9.0914 35.6096
Cell-19 PAT-2 6.1788 12.9837
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Table 4.10: Internal resistance measurements of the PAT-cells for fresh and aged
cells in the outer region of the positive electrode.

PAT-cell (pos. outer) R; [Q]

Cell-03 PAT-1 3.5115  7.2641
Cell-03 PAT-2 1.6164 8.8835
Cell-11 PAT-1 2.9552 10.9595
Cell-11 PAT-2 4.0177 10.9823
Cell-15 PAT-1 3.2444 10.0312
Cell-15 PAT-2 3.6103  6.8897
Cell-19 PAT-1 2.0800 6.8419
Cell-19 PAT-2 5.4245  6.5755

4.6.3 Incremental capacity analysis

The ICA profiles were obtained from the inner region PAT-1 for the negative elec-
trode and from the inner region PAT-2 for the positive electrode. The ICA profiles
of the aged cells, Cells 11, 15, and 19, are compared with those of the fresh reference
cell, Cell 03. For the negative electrode (Figure 4.16a), the aged cells generally fol-
low the expected ageing trend. Cell 11 from TC 2 (centred voltage window) overlaps
closely with the fresh reference cell, indicating limited degradation. In contrast, Cell
15 from TC 7 (higher upper voltage limit) exhibits more pronounced peak shifts,
peak broadening, and reduced peak intensity. Cell 19 from TC 8 (lower voltage
limit), which exhibited the greatest capacity fade, follows a similar overall trend to
Cell 15, although the changes are less pronounced. Meanwhile, the ICA profiles of
the positive electrode follow trends more similar to those of the fresh reference cell,
as shown in Figure 4.16b.
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Figure 4.16: ICA profiles of the inner electrode regions for (a) the negative electrode
PAT-1 and (b) the positive electrode PAT-2.
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Discussion

Detailed information regarding the various test conditions is provided in Table 3.3.
TCs 1, 2, and 3 were compared to examine the influence of charge C-rate while
maintaining the same voltage window width and placement. The comparison be-
tween TCs 2 and 8 was conducted to evaluate the influence of voltage window width.
Similarly, the comparison between TCs 7 and 8 was intended to investigate the effect
of voltage window placement, as both conditions employed the same voltage win-
dow width. The analyses primarily focus on the selected cells, including the fresh
reference cell (Cell 03) and the aged cells (Cell 11 from TC 2, Cell 15 from TC 7,
and Cell 19 from TC 8). TC 2 employed a 60% SOC window positioned around the
middle of the full voltage range. In contrast, TCs 7 and 8 both employed an 80%
SOC window, where TC 7 used the upper voltage limit and TC 8 used the lower
voltage limit of the full voltage range. All three TCs were cycled using a charge
C-rate of 0.8C.

5.1 Beginning of life behaviour

The cells exhibited similar behaviour in both impedance measurements (Figure 4.2a)
and ICA profiles at BOL (Figure 4.5¢). In addition, the cells within each test condi-
tion followed similar trends in both capacity fade and resistance growth, as shown in
Figure 4.1a and Figure 4.3b, respectively. This indicates consistent manufacturing
quality and uniform electrochemical behaviour at BOL. Furthermore, the CT scans
(Figure 4.6b) show well aligned and uniformly stacked electrode layers. However,
the folding observed in the fresh cells (Figure 4.7a) likely represents a manufacturing
defect, as such deformation may increase the mechanical stress on the electrodes dur-
ing ageing. This is particularly important for SiO,-containing negative electrodes,
where the Si can undergo volumetric changes of up to approximately 300% dur-
ing lithiation and delithiation. Therefore, the BOL reference cells were considered
reliable for comparison throughout this work.
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5.2 Lifetime testing

The capacity fade observed for TCs 1, 2, and 3 (Figure 4.1c) does not exhibit a
clear dependence on test condition, as all cells retained more than 90% of their
initial capacity and the capacity retention curves closely overlap. These test condi-
tions employed the same voltage window placement, centred within the full voltage
range, and a 60% SOC window, while differing only in charge C-rate. This indi-
cates that, within the investigated range of charge C-rates, the charge C-rate had
a comparatively minor influence on ageing behaviour. The observed degradation is
likely dominated by gradual SEI growth and continued SEI reformation during cy-
cling. Repeated rupture and reformation of the SEI layer consume cyclable lithium
and contribute to both capacity fade and increased internal resistance. As shown
in the full cell impedance analysis (Figure 4.2b), the charge transfer resistance, R,
increased substantially more than the ohmic resistance, Ry, indicating that the in-
terfacial charge transfer kinetics were more sensitive to ageing than purely ohmic
transport processes. Similarly, the resistance growth trends for TCs 1, 2, and 3
(Figure 4.3a) show only minor differences between the test conditions, with all cells
remaining below approximately 1.5 times their initial resistance. Such behaviour
has previously been reported for mild cycling conditions, where an initial reduction
in impedance may occur prior to a gradual increase later in the lifetime [46]. These
results suggest that cells cycled within voltage windows centred around the middle
of the allowable voltage range exhibited the slowest ageing behaviour.

The mild ageing behaviour observed for TCs 1-3 is further supported by the post-
mortem analysis of Cell 11 from TC 2, including full cell impedance measurements,
ICA profiles, cell teardown, SEM, EDX, and PAT-cell characterisation. During the
teardown process, no clearly visible ageing features were observed on the electrodes
of Cell 11. Similarly, the ICA profiles throughout the RPTs (Figure 4.5a) closely
followed the BOL reference, with only minor peak shifts in the discharge profile and
slight reductions in peak intensity at EOL. The SEM micrographs of the inner region
of the negative electrode (Figure 4.10b) showed only slightly smaller graphite par-
ticles compared with the fresh reference cell (Cell 03), while the positive electrode
(Figure 4.12b) exhibited no significant differences. In addition, the EDX mapping of
the negative electrode (Figure B.3a) showed that the investigated surface remained
predominantly covered by carbon, indicating that the graphite structure was largely
preserved. Only a limited amount of SiO, was detected on the analysed surface.
Furthermore, the capacities measured for both the positive and negative electrode
PAT cells remained close to those of the fresh reference cell (Table 4.3-Table 4.6),
further confirming that most of the initial capacity was retained after cycling.

The impedance measurements of the PAT cells further support the relatively mild
ageing behaviour of Cell 11. For both the negative and positive electrodes (Fig-
ure 4.15a-Figure 4.15d), the high frequency intercept corresponding to the ohmic
resistance, R,, remained similar to that of the fresh reference cell. However, slight
increases in the semicircle diameter were observed, indicating a moderate increase
in charge transfer resistance, R.. In this case, the flattened semicircle is likely as-
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sociated with SEI growth. Most of the investigated regions followed the expected
ageing trend, where increased degradation corresponded to larger semicircle diam-
eters. However, the outer region of the positive electrode (Figure 4.15d) did not
fully follow this behaviour. This may indicate that the analysed region did not
represent the most severely degraded part of the electrode, although the possibil-
ity of local PAT-cell variability cannot be excluded. Such behaviour is plausible
in post-mortem PAT-cell impedance measurements, since only selected regions of
the jellyroll are analysed. Overall, the local variations observed between electrode
regions and duplicate PAT-cells indicate that the ageing process was not entirely
uniform across the jellyroll. These observations further support that cells cycled
within a centred voltage window experienced comparatively mild and more homo-
geneous ageing than cells subjected to more aggressive voltage window placements.

In contrast to TCs 1-3, the capacity fade exhibited a clear dependence on volt-
age window placement for the comparisons between TCs 2 and 8, and between TCs
7 and 8, as shown in Figure 4.1a and Figure 4.1b, respectively. TC 8 deviated
substantially from the other test conditions, retaining only approximately 37% of
its initial capacity, whereas the remaining cells retained more than 90%. All test
conditions are expected to undergo gradual SEI formation during cycling. However,
the more aggressive voltage window placements in TCs 7 and 8 likely accelerated
the degradation processes. The higher upper voltage limit used in TC 7 may pro-
mote electrolyte oxidation and increased interfacial degradation at high SOC. As
the cell voltage increases, the negative electrode approaches potentials closer to 0V
vs. Li/Li*, increasing the likelihood of Li-plating.

TC 8 operated closer to the lower voltage limit, resulting in higher lithiation and
delithiation of the SiO,-containing negative electrode. Such cycling conditions likely
increase the volumetric strain of the active material, promoting particle cracking,
SEI rupture and reformation, loss of cyclable lithium, and increased impedance.
These effects are particularly severe in Si-containing negative electrodes due to the
large volumetric changes associated with lithiation and delithiation. Furthermore,
TC 8 exhibited a relatively abrupt capacity drop, where the state of health (SOH)
decreased rapidly from approximately 90% to 40%. This behaviour may indicate
that the cell reached a local mechanical or electrochemical instability rather than
undergoing purely gradual ageing. Repeated volume expansion and contraction of
the SiO,-containing negative electrode may have promoted particle cracking, loss of
electrical contact, accelerated SEI growth, and rapid loss of cyclable lithium once
a critical degradation threshold was reached. The fold observed in the centre of
the jellyroll may also have contributed to increased local mechanical stress and het-
erogeneous degradation. Despite the wider voltage window employed in TC 7, the
capacity fade and resistance growth remained relatively similar to those of TC 2.
TC 8, however, exhibited substantially more severe degradation, despite operating
within the same voltage window width as TC 7. These observations indicate that
voltage window placement had a greater influence on ageing behaviour than the
voltage window width itself under the investigated conditions.
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The severe local degradation associated with TC 7 is further supported by the
post-mortem analysis of Cell 15, where Li-plating was clearly visible in the central
region of the negative electrode (Figure 4.9b). This may also explain the depressed
semicircle observed in the full cell impedance measurements (Figure 4.2b), likely
caused by non-uniform SEI thickness and local variations in lithium concentration
across the electrode surface. In addition, the increased capacity measured for the
inner region negative electrode PAT-cell may be associated with partially reversible
Li-plating contributing additional cyclable lithium during discharge. Furthermore,
the graphite sheet previously identified in the SEM micrographs (Figure 4.10c) is
also clearly visible in the EDX mapping (Figure 4.13c), particularly in the central
and right-hand regions, where dense carbon rich areas are observed. In contrast, the
Si signal is substantially reduced, accompanied by a noticeable decrease in oxygen
content compared with the fresh reference cell. This behaviour is consistent with
degradation and consumption of the SiO, material during cycling. The presence of
F and P is likely associated with decomposition products originating from the LiPFg
based electrolyte and subsequent SEI formation. Compared with the fresh reference
cell, Cell 15 exhibits a more heterogeneous and patchy elemental distribution, indi-
cating localised degradation across the electrode surface.

However, the lower voltage limit employed in TC 8 appears to impose substan-
tially more severe degradation on the negative electrode. Consequently, the degra-
dation associated with deep lithiation outweighs the effects caused by the moderate
increase in upper voltage limit observed for TC 7. Such behaviour is typical for
graphite based Li-ion cells. Previous studies have similarly shown that Gr-SiO,
electrodes age more rapidly when cycled at lower voltages, mainly due to the large
volumetric expansion and contraction of the SiO, during lithiation and delithiation.
These repeated volume changes accelerate SEI rupture and reformation, mechanical
degradation, and loss of cyclable lithium [34].

The severe degradation of Cell 19 is further supported by the ICA profiles (Fig-
ure 4.5b and Figure 4.5d). The significant reduction of the first peak on the left
side of the charge profile is associated with SEI growth, while the overall decrease
in peak intensity indicates loss of cyclable lithium and active material. In addition,
the shift of the first discharge peak towards higher polarisation suggests increased
impedance, consistent with the resistance growth observed in the impedance anal-
ysis. Peak broadening further indicates increased heterogeneity, non-uniform lithi-
ation, and diffusion limitations. Unlike Cell 15, where Li-plating was concentrated
near the centre of the electrode, Cell 19 exhibited Li-plating predominantly along
the electrode edges (Figure 4.9d). Furthermore, the lower capacities measured for
the inner region of PAT cells compared with the outer region suggest more severe
interfacial degradation within the inner region, despite the less pronounced visi-
ble Li-plating. Such degradation likely includes thicker SEI layers, dead lithium
formation, electrolyte decomposition products, loss of electrical contact, and me-
chanical degradation. This suggests that the plated regions experienced substantial
irreversible degradation and loss of lithium inventory, rather than predominantly
reversible Li-plating.

58



5. Discussion

The PAT-cell ICA profiles of the negative electrode further support the hetero-
geneous ageing behaviour identified in the full cell measurements (Figure 4.16a).
Cell 11 (TC 2) exhibited profiles closely overlapping with the fresh reference cell,
indicating limited degradation. In contrast, Cell 15 (TC 7) showed more pronounced
peak shifts, peak broadening, and reduced peak intensity than Cell 19 (TC 8), de-
spite Cell 19 exhibiting substantially greater full cell capacity fade. This behaviour
suggests that localised degradation associated with Li-plating and interfacial insta-
bility was more pronounced in the analysed region of Cell 15. Meanwhile, the ICA
profiles of the positive electrode remained comparatively similar to those of the fresh
reference cell (Figure 4.16b), further indicating that the dominant degradation pro-
cesses primarily occurred on the negative electrode.

The heterogeneous ageing behaviour of Cell 19 is further supported by the significant
capacity difference between PAT-1 and PAT-2 in the inner region (Table 4.3). This
observation is consistent with both the SEM micrographs and the EDX elemental
mapping, which revealed non-uniform degradation across the electrode surface. In
contrast to Cells 11 and 15, Cell 19 also exhibited visible degradation features on the
positive electrode (Figure 4.12d), consistent with its severe capacity fade. Although
the dominant degradation processes were associated with the negative electrode,
Cell 19 also exhibited signs of positive electrode degradation. The particle cracking
observed in the SEM micrographs may contribute to local loss of active material
and electrical contact. In addition, the EDX mapping revealed a reduced Mn signal
intensity compared with the fresh electrode, suggesting possible local compositional
changes within the NMC electrode associated with ageing. Mn dissolution is com-
monly associated with ageing in NMC electrodes and may also contribute to the
observed degradation behaviour [47].

Li-plating on the negative electrode was visually more pronounced in Cell 15 than
in Cell 19, despite the substantially larger capacity fade observed for Cell 19. This
indicates that the visible extent of Li-plating alone does not directly determine the
degree of capacity loss. In Cell 15, part of the plated lithium may have remained
electrochemically reversible or still visible at the time of teardown. In contrast, the
more severe capacity fade observed for Cell 19 likely originated from more exten-
sive irreversible degradation and lithium inventory loss. In addition, the concave
side of the electrode, corresponding to the side facing the centre of the jellyroll
during winding, exhibited more pronounced Li-plating than the convex side facing
the casing. This behaviour is shown in Figure 4.9a and Figure 4.9b for Cell 15,
and in Figure 4.9¢ and Figure 4.9d for Cell 19. These observations further support
that the ageing was not uniformly distributed across the electrode. The mossy and
dendritic surface morphologies observed in the SEM micrographs are commonly as-
sociated with non-uniform lithium deposition during cycling and may contribute to
increased impedance, loss of cyclable lithium, and accelerated degradation.
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During unfolding of the jellyroll, partial delamination and exfoliation of the elec-
trode coating were observed, indicating mechanical degradation caused by repeated
lithiation and delithiation. In contrast, the positive electrode appeared largely un-
changed relative to the fresh reference cell, with no clearly visible signs of ageing.
This suggests that the negative electrode experienced substantially greater mechan-
ical stress, most likely associated with the large volumetric changes of the SiO,
particles during cycling, which may reach up to approximately 300%.

5.3 Experimental considerations and limitations

One of the main challenges during the cell teardown process was opening the stainless
steel casing before the in-house tool had been developed. In addition, the thin elec-
trode foils were highly delicate, which complicated the electrode extraction process
during PAT-cell preparation. Care was required during the sandpaper treatment to
avoid damaging the metal current collectors. Furthermore, the selected electrode
regions were limited to approximately 50 mm in width and 65 mm in length in order
to produce single coated PAT-cell discs with a diameter of 18 mm. Consequently,
only two replicas could be prepared from each investigated region, since complete re-
moval of the electrode coating across the entire electrode area was difficult to achieve.

Additional challenges were encountered during the SEM and EDX analyses. Con-
ductive samples were required for stable SEM imaging, since non-conductive samples
would otherwise require gold sputtering to suppress charging effects. The first sam-
ple investigated was double coated, which resulted in substantial charging during
SEM imaging. Therefore, the remaining SEM samples were instead prepared from
electrodes where one side of the coating had already been removed during PAT-
cell preparation. This significantly improved the image stability and eliminated the
charging effect. Furthermore, the Aztec software used for the EDX analysis did
not function properly for the positive electrode data and was unable to correctly
display Ni, Mn, and Co in the EDX spectra. In contrast, all expected elements
were successfully detected for the negative electrode. In addition, at an accelerating
voltage of 5keV, EDX primarily probes the near surface region of the material and
therefore cannot accurately determine the bulk elemental composition throughout
the electrode thickness. For depth sensitive structural analysis, X-ray diffraction
(XRD) would be more suitable. Consequently, the EDX mapping provided more
informative results in the present study.

5.4 Design and production of the tool

A dedicated tool for opening stainless steel casings was important, as manual dis-
assembly relying solely on physical force is neither practical nor reproducible. The
in-house developed tool was straightforward to operate and significantly reduced
the teardown time from approximately 1-2h to 15-30 min. The longitudinal cut-
ting step performed using the developed tool required only about 5min, whereas
the conventional peeling process represented the most time consuming stage of the
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teardown procedure, typically requiring 1-2h. Consequently, the developed tool
substantially improved the efficiency and reproducibility of the teardown process.

However, one limitation of the tool was that the longitudinal cut penetrated the
outer three layers of the jellyroll. The positioning table was initially set to 13.0 mm,
which only cut through the external plastic layer of the casing, after which the cut-
ter depth was increased to 13.5mm. Since the casing thickness was approximately
0.2mm, a cutting depth of 13.2mm was insufficient to fully penetrate the stainless
steel casing. In the present study, this limitation did not significantly affect the
experimental work, as two PAT-cell discs with a diameter of 18 mm could still be
produced from the remaining electrode width of approximately 50 mm. In contrast,
the conventional peeling technique does not damage the electrode layers during dis-
assembly.

5.5 Conclusion

This thesis investigated the cycling performance and ageing behaviour of commer-
cial 18650 Li-ion cells with a SiO,-containing negative electrode under different volt-
age window placements, voltage window widths, and charge C-rates. The results
demonstrated that voltage window placement had a substantially greater influence
on ageing than either voltage window width or charge C-rate under the investigated
conditions. Cells cycled within a centred voltage window (TC 2) exhibited relatively
mild degradation, whereas cells cycled closer to the upper or lower voltage limits
(TC 7 and TC 8) showed significantly more severe ageing behaviour. The degrada-
tion was primarily associated with the negative electrode. Cycling at a higher upper
voltage limit (TC 7) promoted Li-plating, while cycling at a lower voltage limit (TC
8) resulted in more severe irreversible degradation associated with high delithiation
of the SiO,-containing graphite electrode. These conditions promoted mechanical
degradation, SEI instability, lithium inventory loss, and increased impedance. In
contrast, variations in charge C-rate resulted in comparatively small differences in
degradation behaviour.

The electrochemical characterisation and post-mortem analyses showed strong agree-
ment with the observed cycling behaviour. Cells exhibiting severe capacity fade also
showed increased resistance, ICA peak shifts, peak broadening, and reduced peak in-
tensity, indicating increased polarisation and interfacial degradation. Furthermore,
the post-mortem analysis revealed highly heterogeneous ageing across the jellyroll.
Different electrode regions within the same cell exhibited varying degrees of degra-
dation, demonstrating that local mechanical stress, lithium distribution, and elec-
trolyte accessibility strongly influenced the ageing behaviour. Visible Li-plating was
not directly proportional to the observed capacity fade. Although Cell 15 exhibited
more pronounced visible Li-plating than Cell 19, Cell 19 experienced substantially
greater capacity loss, indicating that irreversible degradation processes contributed
more significantly to the overall ageing behaviour than the visible amount of metallic
lithium alone. The PAT-cell measurements further confirmed that local electrode
regions aged differently within the same cell.
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Finally, the in-house developed teardown tool substantially reduced the time re-
quired for cell disassembly and enabled a more efficient post-mortem analysis work-
flow. However, further refinement of the cutting depth control is required to prevent
damage to the outer jellyroll layers during disassembly.

5.6 Future work

X-ray photoelectron spectroscopy (XPS) could be employed to further characterise
the SEI composition and distinguish between different electrolyte decomposition
products. In addition, cross-sectional SEM or focused ion beam (FIB) SEM anal-
ysis could provide more detailed information regarding electrode cracking, coating
delamination, and the thicknesses of the electrode coatings and current collectors.
X-ray diffraction (XRD) could also be utilised to investigate the structural proper-
ties and phase composition of the electrode materials. Furthermore, an additional
test condition employing a 60% SOC window with a lower voltage limit close to
2.5V could be investigated and compared with TC 8, which employed an 80% SOC
window with a similar lower voltage limit. Such a comparison would help distin-
guish the influence of voltage window width from that of voltage window placement
and could provide further insight into whether the SOC window size influences the
electrode potentials and ageing behaviour. Further electrochemical testing should
include a larger number of replicate cells for each test condition in order to improve
the statistical reliability of the results. In addition, the teardown tool should be
further refined to improve cutting depth control and minimise damage to the outer
jellyroll layers.
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Appendix 1

Appendix A.1 Computed tomography scan

CT scan of Cell 11, including the top and bottom tab welds.

Figure A.1: (a) Bottom tab weld; (b) top tab; (c¢) top tab weld; (d) cap insulation
structure (gear-shaped) of Cell 11.
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Appendix 2

Appendix B.1 Post-mortem analysis

Appendix B.1.1 Scanning electron microscopy

SEM micrographs of the aged cells (Cells 11, 15, and 19) compared with the fresh
reference cell (Cell 03) for the outer region of the negative electrode and the inner
region of the positive electrode.
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Figure B.1: SEM micrographs of the outer region of the negative electrode (graphite)
for (a) Cell 03, (b) Cell 11, (c) Cell 15, and (d) Cell 19.
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Figure B.2: SEM micrographs of the inner region of the positive electrode (NMC)
for (a) Cell 03, (b) Cell 11, (c) Cell 15, and (d) Cell 19.

Appendix B.1.2 Energy dispersive X-ray spectroscopy

EDX mapping of Cell 11 for both the inner region of the negative electrode and
the outer region of the positive electrode, together with the outer positive electrode
region of Cell 15 and the inner negative electrode region of Cell 19.
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Figure B.3: EDX mapping of Cell 11 for (a) the negative electrode and (b) the
positive electrode, together with (c) the negative electrode of Cell 19 and (d) the
positive electrode of Cell 15.

Appendix B.1.3 Impedance analysis of PAT-cells

Nyquist plots at 50% SOC for the PAT-2 cells, including both the inner and outer
regions of the negative and positive electrodes.

72



B. Appendix 2

30

25

20

15

_Zn (Q)

10

—— Fresh cell (C-03, 100%)
—— Aged cell (C-11, 96%)
-=-- Aged cell (C-15, 92%, middle)
—— Aged cell (C-15, 92%)
Aged cell (C-19, 37%)

—— Fresh cell (C-03, 100%)

—— Aged cell (C-11, 96%)

—— Aged cell (C-15, 92%)
Aged cell (C-19, 37%)

5 10 15 20 25 30

Z'(Q)
(a)

25 50 75 100 125 150

25

20

15

-Z" (Q)

—— Fresh cell (C-03, 100%)

—— Aged cell (C-11, 96%)

—— Aged cell (C-15, 92%)
Aged cell (C-19, 37%)

—— Fresh cell (C-03, 100%)

—— Aged cell (C-11, 96%)

—— Aged cell (C-15, 92%)
Aged cell (C-19, 37%)

5 1

,¢4"f::’*SZ>\J
5 10 15 20
Z' (Q)

(c)

0 15 20
Z' (Q)

(d)

Figure B.4: EIS of Cell 03, 11, 15 and 19: (a) inner and (b) outer regions of the
negative electrode for PAT-2; (¢) inner and (d) outer regions of the positive electrode
for PAT-2.
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