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Abstract
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Electrifying passenger transport is a key strategy in combating global warming, with Li-ion
batteries (LIBs) being the current go-to technology. Despite LIB’s satisfactory performance and
carbon-neutral operation, lifetime and safety are still public concerns. A thorough understanding
of battery ageing is crucial for improving LIBs and advancing the overall sustainability of LIB
technology. This thesis bridges a gap between academic and industrial research by combining
commercial battery investigation with a multiscale approach using a combination of in-house
and synchrotron characterization methods used with the implementation of method development
to study commercial batteries.

The multiple degradation mechanisms were identified at various scales in the aged
commercial cells. Specifically, the results show that the studied cells exhibit significant and
distinct ageing heterogeneity in prismatic and cylindrical cell formats, where the area with the
highest degradation is found on the side of the positive tab, where the current and temperature
gradients are expected to be the strongest. After decoupling the performance on the electrode
level, the Ni-rich layered oxide positive electrodes show a significant increase in Li+ diffusion
resistance in the aged materials as a function of the State of Charge (SoC) range and temperature.
Furthermore, heterogeneity is an issue relevant also on a secondary particle scale, where
identified SoC gradients ranging from the centre to the surface of the particle might induce
kinetic limitations and cause an increase in Li+ diffusion resistance. On a single particle level,
the formation of a large number of voids within the grains was found. Such degradation can
additionally contribute to the resistance increase in the material by changing tortuosity for Li-
ions. Finally, at the atomic level, Ni was found to be the dominant charge compensator, which
can decrease up to 25% of the redox activity after ageing. Compared to Ni, Co was found to be
less redox-active, but more involved in charge compensation through changes in hybridization
with the oxygen atom. The oxygen, in turn, was revealed to participate in anionic redox reactions
at low SoC by both hybridization to TM and also through the formation of molecular oxygen at
lower potentials than previously reported. The observed decrease in oxygen anion redox activity
follows with material losing performance.

The results presented in the thesis demonstrate the importance of the multiscale approach in
order to form a more complete understanding of the degradation processes which have effects
within different scales.
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Abbreviations and field specific terms 

Abbreviations 
DEC – Diethyl Carbonate 
DESY – Deutsches Elektronen-Synchrotron 
DMC – Dimethyl Carbonate 
DoD – Depth of Discharge 
DVA – Differential Voltage Analysis 
EC – Ethylene Carbonate 
EDX – Energy Dispersive X-ray Spectroscopy 
EMC – Ethyl Methyl Carbonate 
EoL – End of Life 
EV – Electric Vehicle 
EU – European Union 
EXAFS –Extended X-ray Absorption Fine Structure 
ICA – Incremental Capacity Analysis 
ICI – Intermittent Current Interruption 
ICP-OES – Inductively Coupled Plasma Optical Emission Spectroscopy 
LAM – Loss of Active Material 
LCO – LiCoO2  

LIB – Li-ion battery 
LDV – Light Duty Vehicles 
LFP – LiFePO4 

LLI – Loss of Lithium Inventory 
LMO – LiMnO2 

LiTMO – Lithiated transition metal oxide  
LNO – LiNiO2 
NCA – LiNi1-x-yAlxCoyO2 

NHE – Normal Hydrogen Electrode 
NMC – LiNi1-x-yCoxMnyO2 

NMP – N-Methyl-2-pyrrolidone 
PC – propylene carbonate 
RI – Resistance Increase 
RIXS – Resonant Inelastic X-ray Scattering 
ROI – Region of Interest 
SEI – Solid Electrolyte Interphase 
SEM – Scanning Electron Microscopy 



SDGs – Sustainable Development Goals 
SoC – State of Charge 
SoH – State of Health 
TM – Transition Metal 
XANES – X-ray Absorption Near Edge Structure 
XAS – X-ray Absorption Spectroscopy 
XRD – X-ray Diffraction 

Glossary 
Depth of Discharge (DoD) - The discharged capacity of a battery related to 
the maximum capacity, % 
Energy Density - The nominal battery energy per unit of measure. In case of 
mass can be also used as gravimetric energy density and in case of volume it 
is referred as to energy density, Wh/kg or Wh/L 
Internal resistance - The opposition to the current by internal cell components, 
measured as relationship of the cell potential to the draw current, Ω 
Nominal capacity - The total amount of charge, which can be received from a 
battery discharged from 100% State of Charge to 0% State of Charge at a 
certain discharge current, Ah 
Nominal voltage - The amount of voltage output a cell gives out when 
charged, V 
State of Charge (SoC) - Battery capacity expressed in % where full capacity 
corresponds to 100%, % 
State of Health (SoH) - A unit describing condition of a battery compared to 
its beginning of life conditions. Often expressed as percentage of capacity re-
tention compared to its initial capacity, % 

List of symbols 
E – Potential, V 
k – diffusion resistance coefficient, Ω s-0.5 
R – Internal resistance, Ω 
t – time, s 
V – Voltage, V 
Q – Capacity, mAh 
Θ – diffraction angle, ° 
π – mathematical constant equal to 3.14159 
σ – Warburg parameter, Ω 
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1. Introduction 

1.1 The future is electric 

1.1.1 Automotive electrification in climate action 
In the urgent battle against climate change, the world races against time, striv-
ing to mitigate the severe consequences of global warming that humanity is 
already beginning to endure.1,2 Global warming is traced back to the latter half 
of the 19th century, tied to the Industrial Revolution, which significantly 
amped up human activities like coal burning.3 Although the concept that 
Earth's atmosphere contains heat-insulating materials was introduced earlier, 
in the beginning of the 19th century by Joseph Fourier,4 it was not until 1896 
that Svante Arrhenius predicted how atmospheric carbon affects Earth's sur-
face temperature via the greenhouse effect.5 

Concerns regarding global warming significantly increased towards the 
end of the 20th century, culminating in the establishment of the United Nations 
Framework Convention which came into effect in 1994, followed by the 
Kyoto Protocol, endorsed by 192 countries in 1997.6 Nearly two decades later, 
escalating evidence of unavoidable climate change resulted in the Katowice 
Climate Package at the UN Climate Change Conference, aiming to limit 
global warming to 2.0 °C.7 This package outlines essential regulations to de-
crease greenhouse emissions and tackle the repercussions of global warming. 
The European Union’s (EU) sustainable development strategies were summa-
rized in the Sustainable Development Goals (SDGs), a 2030 agenda adopted 
by the United Nations.8 In accordance with the SDGs, transport decarboniza-
tion will reduce the greenhouse gas load on the environment.9  

The road vehicles are currently responsible for 15% of the total EU emis-
sions of CO2.9 The new regulations aim to ensure that all new cars and trucks 
placed on the market from 2035 onwards will be zero-emission vehicles, as a 
mitigation strategy for reducing the carbon footprint of these vehicles.9 The 
zero-emission transport market is anticipated to be largely dominated by elec-
tric vehicles (EVs) in the future.10 There are several types of electric vehicles 
currently available on the market: Plug-In Hybrid Electric Vehicles, Hybrid 
Electric Vehicles, Range Extenders, Fuel Cell Vehicles, and Battery Electric 
Vehicles.11 All EVs require a battery to operate. 
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1.1.2 From lead to lithium 
The first EV prototype was invented more than 150 years ago, rapidly gaining 
popularity between 1880 and 1900, a period later called by historians as the 
golden age of EVs.12,13 Even back then, inventors were driven by concerns 
regarding the smoke and pollution emitted from factories and considered bat-
tery-powered vehicles an optimal solution. EVs were powered by lead-acid 
batteries, which is the first commercial rechargeable battery, which had been 
invented a couple of decades prior.14 However, before long, steam and gaso-
line-driven engines began to emerge as strong market competitors due to their 
lower prices and higher driving ranges.12,15 Only in the 2020s did the combined 
call for climate action and the rapid development of Li-ion batteries (LIBs) 
result in a rapid expansion of the battery-powered EV market.16 

The battery in an electric vehicle has several requirements: safe usage, per-
formance with minimal impact on and from the environment, an operating life 
of around 15 years, low cost, and high energy density.17 Energy density is 
often discussed the most as it defines the driving range of the vehicle. Extend-
ing the driving range can be achieved by increasing the number of cells used 
in batteries or by using materials that satisfy the requirements. 

Figure 1 (adapted from reference 18) presents a Ragone plot of various bat-
tery technologies. The energy characteristics of different types of batteries are 
compared in terms of gravimetric energy density (the amount of energy stored 
per unit mass) vs volumetric energy density (the amount of energy stored per 
unit volume). From this plot, it is evident that Li-ion batteries have signifi-
cantly advanced beyond the originally used lead-acid batteries. Currently, Li-
ion battery is considered a driving technology for the rapid transition to elec-
tric vehicles. However, substantial concerns regarding the environment as 
well as material abundance have led to wide consideration of other chemis-
tries, such as Na-ion, for example.19,20 

 
Figure 1 - Ragone plot for various rechargeable batteries showing superiority of the 
Li-based battery systems as the desired energy devices for electric vehicles. Adapted 
from reference.18 
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1.2 Lithium-ion batteries 
The LIB has been claimed as the technology that changed the world. The 
chemistry Nobel Prize 2019 was awarded to John B. Goodenough, M. Stanley 
Whittingham and Akira Yoshino for “their contributions to the development 
of the lithium-ion battery”.21 The first industrial LIB on the market was intro-
duced in 1991 by Sony Co for portable electronics, replacing Ni-Cd chemistry, 
which has lower energy density and higher environmental impact. Now, 30 
years later, LIBs are widespread in EVs, including passenger cars.13 The cur-
rent market (as of 2023) of LIB is estimated ~54 B USD and expected to in-
crease at least threefold within the next 7 years.22 LIB technology plays an 
essential role in the world, and its importance continues to grow. 

The basic components of a lithium-ion battery include the positive elec-
trode, the negative electrode, and the electrolyte (Figure 2). Both the positive 
and negative electrodes comprise an electrode coating and a current collector. 
The electrode coating consists of a mixture of active material, conductive car-
bon, and a binder. The active material participates in electrochemical reac-
tions, serving as a host material for the Li-ions and containing redox centres 
(atoms that can change their oxidation state by giving or receiving electrons). 
Conductive carbon enhances electron conductivity within the electrode coat-
ing, which is crucial for charge compensation during lithiation and delithia-
tion. The polymer binder maintains the mixture's integrity and ensures the 
electrode's mechanical flexibility. The electrode coating is applied to a current 
collector, typically made of copper for the negative electrode and aluminium 
for the positive electrode. The electrolyte is a solution that facilitates the 
movement of lithium ions between the electrodes while maximizing electrical 
isolation. In all conventional battery types, a separator is required and is placed 
between the positive and negative electrodes to prevent contact and short-cir-
cuiting of the battery.  

 
Figure 2 – LIB working principle. 



 

 18 

The simplified working principle of the LIB can be summarized as following: 
under a load, lithium ions move from the negative electrode to the positive 
electrode due to a spontaneous reaction (Figure 2). This movement is accom-
panied by the flow of electrons as current through the current collector, sup-
plying power to the connected device. This process is called discharge. During 
charging, electrical energy is supplied to the system, which, through the re-
versed redox reactions, is converted and stored as chemical energy. During 
the process, Li-ions move from the positive electrode to the negative electrode 
through the electrolyte. This process can be also described as the delithiation 
of the positive electrode and the lithiation of the negative electrode. 

The example of the processes inside the battery material for an intercalation 
battery with graphite as the negative electrode and lithiated transition metal 
oxide (LiTMO) as the positive electrode summarized in electrochemical reac-
tions on the negative electrode (1) and positive electrode (2) as well as full 
cell reaction (3) below:  𝑛𝐶 +  𝑥𝐿𝑖 +  𝑥𝑒 ⇄  𝐿𝑖 𝐶          (1) 𝐿𝑖𝑇𝑀𝑂  ⇄ 𝐿𝑖 𝑇𝑀𝑂 + 𝑥𝐿𝑖 +  𝑥𝑒        (2) 𝑛𝐶 +  𝐿𝑖𝑇𝑀𝑂  ⇄  𝐿𝑖 𝑇𝑀𝑂 +  𝐿𝑖 𝐶        (3) 

The driving force for the movement of Li-ions is the difference in potential 
between the positive and negative electrodes. In the current work, all poten-
tials discussed are referenced to Li/Li+ as it is considered a standard in the 
field. 

The voltage is defined by the difference in electrochemical potential be-
tween the negative and the positive electrodes. The capacity of a material is 
dependent on the amount of lithium that can be reversible extracted or inserted 
in the active material. The theoretical capacity is defined as number of the 
reactive electrons to the molar weight of the material.23 The energy of the re-
dox couples set the limit to the voltage of the materials.24 

There is a number of terms typical for describing the properties of the bat-
tery. The section “Abbreviations and field specific terms” lists the key terms 
important to describe a battery performance used later in the text. 

1.3 Materials for LIBs 
Figure 3 (adapted from reference25) illustrates some of the most used chemis-
tries for the positive and the negative electrodes. The general requirements for 
materials currently in use include high power and energy density, acceptable 
safety levels, utilization of abundant elements, and low cost. Ultimately, the 
choice of materials represents a trade-off among various properties to satisfy 
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the battery application. Battery energy is a crucial characteristic of the system, 
defined by the material's potential and its capacity. Figure 3 presents the most 
common positive and negative electrode chemistries in LIBs. Maximizing 
both potential and capacity, from the perspective of the negative electrode, 
can be achieved using Li metal. However, this is currently considered chal-
lenging as Li metal is prone to dendrite formation—a problem believed to be 
mitigated with the introduction of solid-state batteries to a significant extent.26 
From the positive electrode point, transition metal (TM) oxides are believed 
to be the optimal solution. The negative electrode is dominated by graphite 
with Si chemistries also gaining popularity.27–30 The research suggests im-
provements to capacity and potential by proposing, for example, Li-rich31–33 
and high-voltage cathodes.34 However, the stability of these materials does not 
permit their current use on the market. 

 
Figure 3 - Potential vs. capacity for typical lithium ion anode and cathode materials. 
Adapted from reference.25 

Ni-rich cathode materials, such as LiNi1-x-yCoxMnyO2 (NMC) or LiNi1-x-yAlx-

CoyO2 (NCA) with Ni content exceeding 60%, are superior due to their higher 
capacity and energy density. Figure 4 (adapted from reference16) summarizes 
the most common cathode chemistries in the newly produced light duty vehi-
cles (LDV) market between 2018 and 2022. Notably, LiFePO4 (LFP) starts to 
increase its share in the market. LFP, a material utilizing more abundant re-
sources, is gaining traction with the aid of research aimed at overcoming in-
trinsic material challenges, such as poor electron conductivity and blockage 
of Li-ion diffusion channels.35 As the EV market shifts its focus towards pri-
oritizing fast charging over battery capacity, LFP has advantage over some of 
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the chemistries. However, the TM oxide cathodes show significant outperfor-
mance and are predicted to keep dominating on the EV market with Ni-rich 
based chemistries remain highly represented.36  

 
Figure 4 – Chemistry of the positive electrode used in LDV. Adapted from refer-
ence.16  

1.3.1 Ni-rich transition metal oxides as positive electrode active 
materials 
The journey of layered oxide cathodes began with the discovery of LiCoO2 
(LCO) by Professor John B. Goodenough37,38 in 1980. This milestone was fol-
lowed by the discovery of LiNiO2 (LNO), which increased achievable capac-
ity. However, the structural instability of LNO necessitated the introduction 
of additional elements such as Mn, Al, Si, Fe, Ti, W, etc.39 

An intermediate state, LiNixCoyMnzO2 (x<60%) has become prevalent in 
the market in during the beginning of the 21st century. However, the upscaling 
of the production, the environmental concern together with the cost of Co, its 
unethical mining and various geopolitical reasons, established a trend on re-
duction of Co content in the batteries.40 

The current thesis is focused on Ni-rich layered oxide positive electrode 
active materials such as NMC and NCA. Ni-rich layered oxide cathodes con-
sist of transition metal and oxygen slabs with lithium sites in between (Fig-
ure 5). The material adopts a structure with rhombohedral symmetry (R-3m 
symmetry point group). The TMs and Li occupy sites with octahedral oxygen 
coordination. The particles of TM layered oxides are polycrystalline and 
called secondary particles. The secondary particles, with the diameter ~10-20 
µm, consist of single crystals in smaller size (~100 nm) which are called pri-
mary particles.41  

The process of delithiating the TM oxides or analogous material can occur 
through two pathways: oxygen dumbbell hopping and tetrahedral site hop-
ping.42 Delithiation of the material is divided into two regions: one within the 
stability range (<4.25 V) and the other beyond it (>4.25 V).43 Within the 
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stability region, Li extraction is largely reversible. During delithiation, 
changes in the lattice parameters a and c exhibit differences. The a lattice pa-
rameter decreases sublinearly with the amount of Li in the structure. In the 
case of the c parameter, it initially increases until it reaches approximately 
4.0 V and then starts to decrease. This decrease in the c lattice parameter is 
commonly referred to as "lattice collapse". The general consensus regarding 
this phenomenon is that during material delithiation, the TM-O bonds gain 
covalent character, resulting in a decrease in the spacing between oxygen 
slabs.44 Under operational conditions, the region associated with maximum 
reversibility is typically considered to be below approximately 4.2 V.42 

 
Figure 5 – Crystallographic structure of Ni-rich layered oxide on example of NMC811 
(a) and evolution of a and b lattice parameters during battery operation (b and respec-
tively) together with voltage profile (c). Adapted from Reference.41 

As previously described, during the processes of lithiation and delithiation, 
the redox centres either release or absorb electrons. The primary mechanism 
facilitating this is the reduction or oxidation of the transition metals, a process 
also known as cationic redox. These reactions are governed by energy barriers 
for lithium diffusion and the electronic structure.45 However, recent studies 
highlight that the mechanism behind is more complex and one should account 
for the oxygen participation (also called anionic redox).43,46 

 Anionic redox is currently extensively discussed in the community.47–50 In 
the specific case of TM oxide cathodes, anionic redox means reversible oxy-
gen reduction and oxidation. The oxygen participation was theorised using 
Lewis configuration of O2-. Unlike the previous description of the electronic 
structure, it proposes that one of the O 2p orbitals has a relatively small over-
lap with Li 2s, which results in weak bonding and behaves like O non-bonding 
state. Such a change offers an additional band for removing electrons, while 
conserving stability of the structure.48 
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1.3.2 Other components of LIBs 
The current thesis mainly focuses on the positive electrode. However, other 
components of the LIBs are described briefly in this chapter. For more detailed 
information, the following review papers are recommended: 51–53. 

1.3.2.1 Graphite-based negative electrode active materials 
Graphite is the negative electrode active material for the vast majority of cur-
rent commercial applications.13,27 Graphite is a crystalline carbon allotrope 
whose theoretical capacity of 372 mAh g–1 and the potential range for electro-
chemical cycling is found to be beneficial for applications in electric cars in-
cluding ones for EVs.  

To satisfy high energy density requirements for LIB, graphite-Si compo-
sites are present in the market. The specific capacity of 4200 mAh g–1 and low 
electrochemical potential of 0.4 V vs Li/Li+ attract research towards it. How-
ever, Si suffers significant volume expansion upon lithiation and delithiation 
resulting in particle cracking, Li trapping and loss of electrical contact. To 
benefit from compelling Si properties and yet achieve cycling stability, SiOx 
is introduced into the graphite matrix.28 The current work does not analyse the 
negative electrode and associated degradation closely. 

1.3.2.2 Electrolytes 
Electrolyte allows lithium ions to move between cathode and anode. The con-
ventional LIBs use liquid electrolyte. It consists of organic solvent with lith-
ium salts dissolved in it. The general requirements of an electrolyte is ionic 
conductivity, electrochemical stability, electronic insulation, low cost, wide 
range of working temperatures and safety.54,55 The most common composition 
of the salt is Lithium hexafluorophosphate (LiPF6). Its role is to serve as a 
solvation shell for Li ions during their transportation through electrolyte. The 
most common solvents in electrolytes are ethylene carbonate (EC), diethyl 
carbonate (DEC), dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), 
and propylene carbonate (PC).56 

1.4 LIBs ageing 
Understanding the degradation processes of LIBs is crucial for prolonging bat-
tery lifetime and ensuring safety. Additionally, investigating ageing is vital 
for diagnosing the cells1 for potential second-life applications or recycling.  

The lithium ion battery degradation involves many interdependent pro-
cesses. The key summary is presented in Figure 6 (reproduced with 
                               
1 A cell is a single unit of the positive and negative electrodes, separator, and electrolyte, while 
a battery consists of several cells. In the battery field, these terms are sometimes used inter-
changeably. 
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permission from Reference57), and include ageing processes which happen in 
the positive and negative electrodes, electrolyte and separator. To simplify the 
ageing evaluation, the following ageing modes were introduced: 

1. Loss of Lithium Inventory (LLI): summarizes mechanisms that in-
volve consumption of Li ions (i.e. parasitic reactions, decomposition 
reactions, irreversible lithium plating, lithium trapping, etc); 

2. Loss of Active Material (LAM): summarizes mechanisms that in-
volve loss of positive or negative active material or, in other words, 
loss of available redox centres or availability to host lithium ions 
(transition metal dissolution, transition to inactive phases, particle 
cracking, etc); 

3. Resistance Increase (RI): summarizes degradation mechanisms that 
lead to increase of the electrical contact resistance or decrease of lith-
ium diffusion and, therefore, loss of power (current collector corro-
sion, binder decomposition, etc). 

The degradation modes, being helpful especially for estimation of the battery 
state for various applications, is a simplification. The same degradation mech-
anisms can have several impacts: e.g. loss of active material being a classical 
case for LAM can also lead to LLI if there are Li ions trapped inside. 

 
Figure 6 – Summary of Li-ion battery ageing processes. Reproduced with permission 
from Reference.57 © 2019 The Authors. Published by Elsevier Ltd. 

The summary below describes the most common degradation mechanisms 
with particular focus on cathodes. The following studies are referred for more 
in-depth information: 42,58,59. 

1.4.1 Positive electrode ageing 
In automotive applications, the degree of delithiation of the cathode material 
typically does not exceed ~65%, which is generally defined as the stability 
limit for Ni-rich layered oxides. However, even within this purportedly stable 
region, various degradation modes occur. The main focus of this work is on 
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cathode degradation, which will be elaborated upon in detail in this section. 
However, ageing of inactive components, e.g. binder decomposition, corro-
sion of current collectors, play significant role. 

1.4.1.1 Particle cracking 
Particle cracking is considered a major degradation mechanism in TM oxides. 
The reasons for particle cracking in the materials include heterogeneous phase 
transition, induced stress, and oxygen evolution during operation.59 Studies 
have shown that (a) some of the particle cracking is reversible,46 and (b) some 
of the particle cracking was introduced already during the electrode manufac-
turing, mostly, during calendering.60 However, the extent of the particle crack-
ing upon ageing is present and considered a strong driver of the material de-
terioration. 

1.4.1.2 Transition metal dissolution 
Transition metal dissolution is a parasitic reaction that occurs during battery 
operation. Transition metals are dissolved from the active material into the 
electrolyte and can later be found reduced on the negative electrode. The 
mechanism behind this phenomenon is still under discussion. In the case of 
NMC811 or other manganese-containing materials, it is typically attributed to 
disproportionation reactions, such as the instability of Mn3+ leading to the for-
mation of Mn2+ and Mn4+, which are prone to dissolution. Other theories in-
clude acidic leaching and oxygen loss. For instance, it is believed that singlet 
oxygen, released from NMC, oxidizes the electrolyte solvent (e.g., ethylene 
carbonate) generating water. This, in turn, leads to the hydrolysis of lithium 
hexafluorophosphate, LiPF6, and the subsequent formation of hydrofluoric 
acid (HF).61,62 The reduction of the TMs in the anode is associated with the 
increase of the resistance, decrease of the Solid Electrolyte Interphase (SEI) 
quality and capacity fade.63 

1.4.1.3 Phase transformation 
Phase transformation is a common ageing mechanism. Usually, several phe-
nomena are considered: (a) formation of the surface layer, often called surface 
reconstruction, e.g. NiO, which decreases Li diffusion; or (b) irreversible 
transformation of the part of the material onto electrochemically inactive 
phase, which fails to accommodate Li at the same capacity or completely. 

1.4.1.4 Cation mixing 
Cation mixing is a term that refers to the occupation of Li sites by Ni, or the 
so-called Ni/Li antisites mixing. It is shown that such mixing is introduced 
during synthesis as it stabilizes the structure.64 Cation mixing is generally as-
sociated with capacity reduction within the material. The effect of Ni intro-
duction into Li sites is twofold: on one hand, it increases the energy barrier for 
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Li diffusion; on the other hand, it reduces the number of sites which were 
supposed to host Li-ions. 

1.4.1.4 Oxygen and other gases release 
As was briefly described before, irreversible release of oxygen was found in 
the Ni-rich TMO materials. The problem of oxygen release, in addition to los-
ing part of the structure, is the reaction of oxygen with other compounds of 
the LIB, such as electrolyte. The products of interaction, such as CO and CO2, 
are typically found at higher operating potentials of the material.62,65,66 

1.4.2 Other component degradation 
The thesis is mainly focused on the positive electrode-related processes. How-
ever, a short information of degradation of other compounds is presented in 
this section. For more detailed information, the following articles are recom-
mended:51,52. 

1.4.2.1 Negative electrode ageing 
The degradation of the graphite – based negative electrode includes corrosion 
of current collectors, particle disconnection and fracture, graphite exfoliation, 
SEI degradation, and Li plating together with the dendrite growth.59 

SEI degradation is intensely studied, yet, a complex and not well-under-
stood process. SEI is a passivation layer which is located on the negative elec-
trode and it serves for stabilization of the negative electrode – electrolyte in-
terface. The SEI consists of organic and inorganic Li-containing compounds. 
Its stability is important for long-term battery operation. However, SEI is sen-
sitive towards external impact, e.g. temperature, electrode volume change, as 
well as other degradation mechanisms, e.g. TM dissolved from the positive 
electrode can reduce on the negative electrode and result in the resistance in-
crease.61,67  

The particle disconnection in graphite is an issue similar to the positive 
electrode. The mechanisms behind that are typically attributed to the changes 
in the material volume and stress induced by lithiation/delithiation.68  

A dissolution of the current collector is also considered a common issue. 
Cu, unlike Al, which is used on the positive electrode, is vulnerable to acidic 
corrosion that occurs at high potentials.69 

Li plating or Li deposition on the negative electrode is another degradation 
mechanism. Li plating can be triggered by high current, low temperature, high 
SoC. The deposition is thermodynamically allowed below 0 V vs Li/Li+ and 
it happens when the low number of available vacancy cites for Li intercala-
tions limit Li+ solid state diffusion.70 
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1.4.2.2 Electrolyte 
Electrolyte ageing is highly important to consider as it is in contact with all 
main components of LIB and its degradation influences significantly on the 
whole system. The degradation of the electrolyte is a complex issue with many 
interrelated processes. Electrolyte decomposition is dependent on the electro-
lyte content and used additives.71 
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2. Scope of the thesis 

The overachieving goal of this work is to understand and connect the degra-
dation mechanisms seen in Li-ion batteries from commercial Electric Vehicles 
(EVs) under different operational conditions. A particular focus is on the age-
ing issues of the positive electrode, as seen in NMC811 and NCA chemistries. 
Ni-rich TM oxides have been studied extensively due to their promising prop-
erties, but the degradation pathways of Ni-rich layered oxide materials are still 
not fully understood. The target of the investigations within this thesis is to 
delve deeper into the degradation complexity by examining material degrada-
tion from commercially used batteries at different scales. Analysing these ma-
terials in commercially-relevant form factors can help in understanding bat-
tery degradation scenarios close to user conditions. However, commercially 
obtained batteries make the analysis complex due to their composition, chal-
lenging sample preparation, and lack of control over certain studied parame-
ters, which makes precise investigation difficult. 

The thesis specifically aims to identify relevant degradation mechanisms in 
commercial battery cells. The starting point is to understand how the general 
performance of batteries depends on cycling conditions and to separate the 
contributions of the positive and negative electrodes. As commercial cells are 
significantly larger than typical laboratory cells, the question of heterogeneity 
should be explored by comparing various cell geometries since local acceler-
ated ageing indicates pitfalls in battery design. Further, decoupling the degra-
dation contributions of the positive and negative electrodes is targeted. The 
differentiation of the ageing consequences on the electrode level can lead to 
understanding the directions for the improvement of the materials. After, the 
deteriorations formed upon ageing should be studied within a particle level for 
possible heterogeneities. Finally, an atomistic analysis is in the scope as the 
thesis, as understanding of main components operation, e.g. lithium, oxygen 
and transition metal ions, and how they change after ageing, is essential for 
improving battery functionality. 

To explore LIBs degradation within a span of scales, from the full cell 
down to atoms, a number of techniques are considered. Electrochemical meth-
ods like cyclic voltammetry and current interruption techniques can evaluate 
changes in electrochemical performance and provide insights into individual 
degradation contributions at both the cell and electrode levels. Material anal-
ysis tools include techniques such as Scanning Electron Microscopy and 
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Energy Dispersive X-ray Spectroscopy give information on electrode-level 
and particle level. Inductively Coupled Plasma Spectroscopy and X-ray Dif-
fraction provide average or long-range information on the sample and are use-
ful to understand both elemental and structural changes. Transmission elec-
tron microscopy, X-ray absorption spectroscopy, Extended X-ray Absorption 
Fine Structure, Near Edge X-ray Absorption Fine Structure and Resonant In-
elastic X-ray Scattering are the techniques that provide information on the 
atom level. A goal of this thesis is to evaluate if a combination of these mul-
tiscale methods can better aid in understanding degradation by directly exam-
ining the deteriorated material to identify and understand the underlying age-
ing mechanisms. 
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3. Experimental Methods: tools for LIBs 
diagnostics 

The goal of this chapter is to give a brief introduction to the techniques that 
are mentioned in the chapter “4. Summary of the key results and discussion” 
with a stronger focus on the material characterization. This chapter describes 
key methods that were used by the author. To gain more insights on battery 
characterization methods, the following review articles are recommended: 
synchrotron characterization methods,72–74 in-house characterization meth-
ods,75 disassembly and electrochemical methods.76,77 

3.1 Cells used in the study 
In the current work, two types of cells were studied: cylindrical cells extracted 
from a battery pack of the Tesla 3 long Range 2018 (used in Paper I, Paper 
III, Paper IV, Paper V, Paper VI, and Paper VII) and prismatic cells (used 
in Paper II). The cells are presented in Figure 7 (a) and (b) correspondingly. 
Both cells have Ni-rich layered oxide as positive electrode active material 
(LiNi1-x-yCoxAlyO2 in cylindrical cells and LiNi1-x-yCoxMnyO2 in the prismatic 
cells) and graphite-based negative electrode (Si-graphite blend in cylindrical 
cells and pure graphite in prismatic cell). 

 The commercial cells were aged in different ranges of State of Charge 
(SoC) and temperatures. This was done to understand how various parameters 
influence the degradation of the studied cells. The description of the samples 
is presented in Table 1, where the sample names, types of the cells, together 
with ageing conditions, and end-of-life (EoL) specifications are presented. 
The sample names for the cylindrical cells denote the ageing conditions. The 
temperature of the cycling during ageing is defined by the first letter: R is for 
22°C and H is for 45°C. The numbers following the letter correspond to the 
SoC range cut-off used: 0-50 corresponds to cycling within 0-50% SoC or 
2.55 - 3.78 V, 50-100 corresponds to cycling within 50-100% SoC or 3.53 - 
4.18 V, and 0-100 corresponds to cycling within 0-100% SoC or 2.55 - 4.18 
V. The BoL sample is an exception as it is an unaged cell. The prismatic cell 
names are self-explanatory. 
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a b 
Figure 7 – The cylindrical (a) and prismatic (b) cells which were used in the study. 
The photos are taken during a beamtime in Deutsches Elektronen-Synchrotron Facil-
ity (DESY) P02.1 beamline. 

 

Table 1 – Description of the cells used in the study 

Samples names Electrodes 
Chemistry 

Ageing tem-
perature 

Ageing 
SoC FCE SoH 

°BoL/Fresh* NCA/Si-Gr - - - 100% 
°R0-50 NCA/Si-Gr 22°C 0-50% 800 73.35% 

°R50-100 NCA/Si-Gr 22°C 50-100% 2570 79.41% 
°R0-100 NCA/Si-Gr 22°C 0-100% 900 73.47% 

°H0-50/AgedL* NCA/Si-Gr 45°C 0-50% 950 75.99% 
°H50-100 NCA/Si-Gr 45°C 50-100% 1950 75.05% 

°H0-100/AgedH* NCA/Si-Gr 45°C 0-100% 1050 72.35% 
⸋Prismatic Fresh NMC811/Gr - - - 100% 
⸋Prismatic Aged NMC811/Gr 33°C 5-95% 2891 57% 

° - cylindrical cell; ⸋ - prismatic cell; * - variations in sample naming in some of the papers 
 
The presented cells have duplicates, which is not specified here. The results 
from additional datasets are represented in error bars. 

3.2 Experimental conditions 
Understanding degradation in LIBs provides important insights into how to 
improve materials further and extend the battery life. The diagnostic of LIBs 
can be done during different stages of a battery life: by monitoring its 
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performance during operation as well as performing post-mortem characteri-
sation. In the current studies, various battery experimental conditions were 
used. 

In situ, ex situ and operando concepts are used to reflect the state of the 
analysed system (Figure 8 reproduced from Ref.78). Operando experiments 
are considered the most representative of the battery operation as the device 
should operate normally during the measurements. In situ analysis requires 
the system to be as it is and partially operate, however, the system is typically 
in a stationary state. Ex situ measurements typically involve the extraction of 
the compounds from the system. The post mortem characterization can be de-
structive and non-destructive. The destructive post mortem characterization 
can also be called ex situ. The problem with most of the destructive character-
izations is the introduction of the artefacts, which can alter the derived con-
clusion. Understanding the limitations of the applied methods and evaluating 
possible impacts on the conclusions is an important part of the results discus-
sion. 
 

 
Figure 8 – Analogy of analysing energy material at different states. Reproduced from 
Ref.78 with permission from Wiley. ©2021 John Wiley&Sons, Inc. 

3.3 Cell disassembly and electrode preparation 
For post-mortem characterization, electrodes are extracted from the cell. It's 
crucial to ensure that the cell is discharged before disassembly to minimize 
risks. The process of opening the cell takes place in an argon-filled glovebox 
and involves several steps. Initially, the safety valve is opened or the casing is 
punctured. If feasible, the electrolyte is drained from the cell, following which 
the cell is left overnight under a vacuum to evaporate any remaining electro-
lyte, thereby reducing the risk of a short circuit during the cell opening. Sub-
sequently, the casing is carefully removed from the cell. The electrodes are 
then unrolled and visually assessed. 

In this work, the extracted electrodes are divided into segments to ensure 
that Regions of Interest (ROI) can be compared across different cells. The 
electrodes are further stored in pre-dried, plastic bags with labels indicating 
the segment’s numbers and their position in the cell (the positive terminal, 
negative terminal and the neighbouring segments). For additional electro-
chemical testing, part of the coating is mechanically removed. The absence of 
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the effect induced by electrode handling is verified using Scanning Electron 
Microscopy in conjunction with ion polishing (further details on the sample 
preparation are specified later). 

3.4 Electrochemical methods for LIBs ageing characterization 
The electrochemical characterization of the LIBs starts by analysing their per-
formance. The effects of the calendar and cycle ageing are generally differen-
tiated. For calendar ageing, a set of cells can be stored on a shelf (typically 
under various temperature and SoC conditions) and their performance is ana-
lysed periodically as a function of time.79 Cycle ageing is usually analysed at 
different temperatures, cut-off voltage, current rate and other factors of inter-
est as a function of the performed cycles. It is important to note that the con-
ditions of the battery performance in EV and battery testing often have dis-
crepancies as conditions are hard to be repeated. For the in-house battery test-
ing, a number of standard protocols can be applied depending on the aim of 
the experiment. For the evaluation of the battery capacity retention, reference 
performance tests are done and the capacity decay is reflected as a capacity 
retention vs number of full cycle equivalents (relation between total through-
put to nominal capacity of the cell). 

The cycling curve of a battery material is the convolution of the electro-
chemical responses of the electrodes and side reactions, which also take place 
in the electrochemical system. The lithium intercalation is a Faradaic process, 
which means it is associated with redox reactions (charge transfer reactions) 
processes. Non-Faradaic process involves the formation of the electrical dou-
ble layers that generate current.80 

The absence of a reference electrode in commercial cells, capable of de-
convoluting the contributions of the positive and negative electrodes, compli-
cates the electrochemical assessment during the ageing analysis. Additionally, 
the degradation inhomogeneity cannot always be assessed using standard 
methods on commercial cells.  

The extracted electrodes can be further analysed using either two-electrode 
or three-electrode setups. The two-electrode setup could be a full-cell or a 
half-cell. A half-cell includes a working electrode with lithium serving as a 
counter electrode, that assumes an "infinite" lithium inventory. In this setup, 
the working electrode is studied against a lithium reference, allowing for the 
assessment of such issues as the loss of active material. Both the three-elec-
trode cell measurements and half-cell measurements, enable the deconvolu-
tion of degradation contributions and facilitate more precise diagnostic evalu-
ations of the cell with better parameter control. 

The extracted electrodes can be assembled into a pouch cells, coin cells, or 
a specially designed operando cell. For assembling a pouch cell, which were 
mostly used in this study, a working electrode is punched out, positioned, and 
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then sealed under a vacuum along with a lithium chip, a separator (typically 
PP/PE), and an electrolyte (LP40, 1 M LiPF6 in 1:1 EC:DEC). 

The electrochemical evaluation methods in this thesis include cyclic volt-
ammetry, galvanostatic intermittent titration technique, incremental capacity 
analysis, and electrochemical impedance spectroscopy. Both full and half-cell 
measurements were also examined using Incremental Capacity Analysis 
(ICA) and Differential Voltage Analysis (DVA), providing a broad spectrum 
of analytical lenses to better understand the electrochemical behaviours and 
degradation mechanisms within the cells. 

3.4.1 Intermittent Current Interruption 
Intermittent Current Interruption (ICI) is a relatively new test protocol that is 
used to evaluate the resistance of the batteries.81 The method includes gal-
vanostatic cycling and short current pauses. The typical time of the constant 
current step is five minutes and the rest can vary from 2 to 10 s, and these can 
be varied significantly depending on the needs and properties of the cell under 
investigation. The potential response is recorded with significantly higher fre-
quency during the current pauses. The technique and the data analysis method 
were originally developed by Lacey et al. and derived resistances are valid for 
any battery cell where the potential response is diffusion-controlled within an 
appropriate time window after the current interruption.81–83 

The ICI method can be used to characterise energy loss processes broadly 
into time-independent and time-dependent quantities during the cell perfor-
mance. The parameters are derived per each current pulse. During a step, first, 
an instant drop of voltage governed by the internal resistance (termed R) takes 
place, which typically includes contributions such as ionic and electronic re-
sistances and charge transfer resistances in the electrode materials. The second 
part is the voltage relaxation driven by mass transport (diffusive) processes. A 
diffusion resistance coefficient, k, can be derived from parameters extracted 
from the voltage relaxation during the current interruption where 𝑑∆𝐸 is the 
potential change during the current interruption step and t is the time of the 
potential change:84 𝑘 =  − ∙ ∆ .           (3.1) 
Traditionally, the diffusion parameters are analysed using Electrochemical 
Impedance Spectroscopy (EIS) or Galvanostatic Intermittent Titration Tech-
nique. The k parameter is related to the Warburg parameter σ which is used in 
EIS analysis:84 𝑘 =  𝜎          (3.2) 

GITT and EIS are time consuming and EIS requires a special equipment. ICI 
does not significantly extend the experiment time and was shown to success-
fully reflect the diffusion values. 
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3.5 Material analysis methods for studying LIBs degradation 
Battery components include a wide range of materials with a number of chem-
ical elements and varying properties. As described before, battery materials 
contain light and heavy elements, solids and liquids, crystalline and amor-
phous materials. The analysis of battery components is therefore challenging 
yet exciting. The selection of an appropriate technique necessitates a thorough 
evaluation of the technique capabilities and limitations. The choice of tech-
nique can significantly impact the quality and accuracy of the acquired data 
and, consequently, results. 

In addition to that, the ability to perform in situ or operando analyses is 
beneficial for studying battery materials under realistic operational conditions. 
Techniques with operando capabilities provide dynamic insights into the ma-
terials as they operate, facilitating a more accurate understanding of their be-
haviour and degradation mechanisms. 

The work conducted within the current thesis framework was mostly fo-
cused on the analysis of the crystalline layered transition metal oxides which 
involved the significant presence of diffraction-based technique. The priority 
of studies was given to operando methods. However, some of the techniques 
have limitations to that. In such case, the closest approximation that allowed 
evaluation of the material state in conditions closest to its standard operation 
compromised with data collection quality was used. 

3.5.1 X-Ray diffraction 
X-ray diffraction (XRD) is a technique used to study the crystal structure and 
composition of materials.85 The active electrode materials studied in this thesis 
are crystalline, which means that their crystallographic structure complies 
with rules of symmetry and periodicity. The interaction of an incoming X-ray 
beam with such material occurs according to Bragg’s law (3.3) where n is an 
integer (n≥1), λ is the incoming radiation wavelength, dhkl is an interplanar 
spacing with hkl being Miller indices denoting index of a plane, and θ is the 
scattering angle: 𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃                                              (3.3) 
As a result of elastic interaction (no energy exchange), diffraction patterns are 
produced where the diffracted x-rays can be detected as intensity peaks due to 
the constructive interference. These diffraction patterns can then be used to 
determine the crystal structure and composition of the material.86 

XRD is a powerful tool for analysing battery materials as it can be used in 
situ, ex situ and operando on crystalline materials in the battery. It is limited 
with respect to the light elements, which is a significant limitation in the case 
of Li-ion battery electrodes, as it cannot directly show lithium. 

In the current thesis, the studies of the powder diffraction were done in-
house using transmission mode on a STOE Stadi P diffractometer, utilizing 



 

 35

both Mo Kα radiation (Paper I, IV). In Paper I the samples were extracted 
from electrodes mechanically, homogenized using mortar and pestle and 
sealed in quartz capillaries in an Ar-filled glovebox in order to avoid degrada-
tion due to air exposure, which is known to be harmful for Ni-rich electrodes.87  

In Paper IV, the same diffractometer was used, but instead of placing elec-
trodes in the capillary, a pouch cell was placed in a holder and analysed during 
its cycling operando. The presence of conductive carbon and binder does not 
interfere with the measurements as those compounds are not crystalline and 
do not increase the background significantly. 

In Paper II, XRD was employed as a technique for Diffraction Radiog-
raphy. The cells were examined in their intact state, as the intensity and trans-
mission of synchrotron radiation are adequate for studying the commercial 
cells directly. Figure 7 displays both cells positioned on the sample stage at 
beamline P02.1 DESY, Germany. Diffraction radiography is an imaging 
method utilizing X-rays, where a raster scan is performed over the sample, 
and the resulting diffraction patterns are analysed. This technique facilitates 
the analysis of the crystallographic structure, allowing for spatial resolution of 
any changes in the material under study. 

Various approaches to XRD data treatment were also used in the study. For 
instance, classic Rietveld refinement was conducted on the operando data in 
batch modes using commercial software such as Topas,88 and FullProf.89 No-
tably, batch refinement mode typically necessitates a gradual alteration of the 
parameters, which is not always feasible with raster scans. Therefore, careful 
analysis and regrouping of the data are essential to ensure smooth refinement 
processes. 

Another type of XRD study that was done in this thesis is in situ nano-
resolved Scanning X-ray Diffraction Microscopy (Paper III). The photograph 
of the setup is demonstrated in Figure 9. The experiment was done using 
pouch cells with electrodes, extracted from the EV batteries. For that, a 
thinned electrode is used to ensure a single layer of the secondary particles. 
The data is typically processed and calibrated using the LaB6 standard powder 
reference and is processed to capture the gradient over a secondary particle. 
For example, conversion of the data to polar coordinates with the centre inside 
a particle can facilitate the data interpretation. The scripts for the data pro-
cessing are usually developed by the user in Python. 
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Figure 9 – Setup at NanoMAX beamline, MAXIV, Sweden. From Paper III. 

3.5.2 Scanning electron microscopy 
Scanning electron microscopy (SEM) is an analytical technique used to study 
the surface morphology and composition of materials. An electron beam inter-
acts with the sample. The focused electron beam performs raster scans over the 
sample mainly interacting with its surface. As a result, secondary electrons, 
backscattered electrons and X-rays are produced. The penetration depth can be 
varied using different acceleration voltages, which changes the energy of the 
incoming electron beam. For example, higher beam has higher probing depth 
and, therefore, its application allows to obtain the information on material. 

In the current work, two SEM-based methods are used: 
1. Secondary electrons scanning electron microscopy – the incoming 

electrons interact inelastically (energy exchange is present) with electrons of 
the studied material. The contrast of the image reflects material topology. 

2. Energy-dispersive X-ray Spectroscopy (EDX) – the incoming electron 
beam generates X-rays from the sample. The X-ray energy is specific to vari-
ous elements and excitation levels (K, L, etc). This technique can be used to 
study elemental distribution inside the materials. 

SEM has a wide range of applications for battery research: it can perform 
the characterization of solid crystalline and amorphous materials. Modern 
SEM equipment has air-tight transfer chambers, which allows to keep the sen-
sitive parts from interaction with ambient air. In-house SEMs usually allow to 
study only the surface of the samples, however, by using various sample prep-
aration methods (i.e. cross-section polishing) depth-resolved information can 
be obtained.90 

In Paper I and III sample preparation using ion-polishing was conducted. 
For that, the sample was installed on a holder using carbon tape. It ensured 
electric conductivity for the following measurements. The voltage and time 
were selected based on the electrode material and coating thickness. 
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3.5.3 Inductively coupled plasma optical emission spectroscopy 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is an 
analytical technique used to study the elemental composition by measuring 
the light emitted from excited atoms within the sample. In ICP-OES, a sample 
is introduced into a plasma generated by an inductively coupled radiofre-
quency generator. The energy imparted by the plasma excites the atoms within 
the sample, leading them to emit light upon decay. The emitted light is pro-
cessed by a spectrometer, which segregates the light into its constituent wave-
lengths and detects the light emitted by each element. The concentrations of 
the elements are typically deduced using calibration solutions. 

Sample preparation is a pivotal aspect of ICP-OES, particularly in the anal-
ysis of battery materials where different components require tailored prepara-
tion procedures. In the present study, analyses were conducted on active ma-
terial powders extracted from electrodes. To facilitate this, the material was 
initially detached from the current collector, followed by a filtration process 
to remove inactive compounds, achieved by dissolving the material in a mix-
ture of N-Methyl-2-pyrrolidone (NMP) and ethanol. Subsequently, the mix-
ture was digested using acids, and any residual carbon was eliminated through 
filtration. The analysed amounts of elements are typically normalized to the 
electrode areas or electrode material mass. 

3.4.4 X-ray Absorption Spectroscopy 
X-ray Absorption Spectroscopy (XAS) is an X-ray-based technique that facil-
itates the examination of the chemical state and local environment of atoms 
within materials. The procedure entails tuning the beam energy over a specific 
absorption edge, which is characteristic of particular atoms and types of elec-
tron excitations (edges). Generally, three distinct regions are observed in XAS 
spectra: the pre-edge, rising edge, and extended region. The pre-edge signal 
reveals the local coordination of the atom’s surroundings, while the rising 
edge is influenced by the chemical state of the material. An analysis of ener-
gies within this part is referred to as X-ray Absorption Near Edge Structure 
(XANES). The extended range is shaped by the constructive and destructive 
interferences between the ejected photoelectron and neighbouring atoms. Ex-
tended X-Ray Absorption Fine Structure (EXAFS) aids in determining the 
distances and coordination numbers of the atoms within the material.91 

The Paper V included EXAFS ex-situ post-mortem characterization. For 
that purpose, the electrodes were assembled into half-cells and delithiated. The 
samples were further packed in air free atmosphere and placed on a sample 
holder using kapton tape.  

In this thesis, XANES was used operando during the cycling of material in 
the pouch cell, offering real-time insights into the evolving structural and 
chemical dynamics. An example of the operando setup is presented in Figure 
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10. The data collection included a randomized electrode scanning in order to 
limit the beam damage, which is a highly relevant issue in synchrotron-based 
operando battery characterization studies.92 

 
Figure 10 – Pouch cell in the operando holder installed onto sample holder during 
beamtime on Balder beamline, MAXIV, Sweden. From Paper VI. 

3.4.5 Resonant X-ray Inelastic Scattering 
Resonant Inelastic X-ray Scattering (RIXS) is an experimental technique em-
ployed to analyse momentum, transferred energy, and polarization. Like XAS, 
RIXS is element-specific, with the energy of the incoming photon being spe-
cific to the element and edge in question. 

The RIXS process begins with an incoming photon exciting an electron 
from the ground state. This excitation promotes an electron from a filled core 
shell to the valence shell, while another electron from the valence shell de-
scends to fill the core hole. This transition is accompanied by the emission of 
an outgoing photon, the energy of which is measured using a spectrometer. 
The energy difference between the incoming and outgoing photons corre-
sponds to the energy of excitations within the sample.93 

Papers V and VII delineate RIXS studies conducted on NCA cathodes. 
For these experiments, the materials underwent charging/discharging in half-
cells, after which the electrodes were extracted and positioned on a sample 
holder. 
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4. Summary of key results and discussion 

This chapter consolidates key findings from Paper I to Paper VII, shedding 
light on the ageing processes within commercial cells designed for electric 
road vehicles, with a special emphasis on the positive electrode. The findings 
presented in Paper I serve as a foundation of the thesis work and cover the 
extensive degradation of commercial cells from the extended matrix of vary-
ing operation conditions. This thesis spans various scales of investigation, 
starting from the full cell analysis and delving into the deconvolution of single 
process contributions into battery ageing. Papers II and III explore the heter-
ogeneity of cell degradation, examining it both at the macro level of the pris-
matic cell and within the secondary particle level in situ, respectively. Paper 
IV focuses on the examination of structural changes within Ni-rich material 
and its relationship to dynamic processes occurring within the material during 
operation beyond the stability region. Paper V and Paper VI transition to an 
atomistic level, exploring respectively the role of the redox centres in the cath-
ode materials as well as the role of oxygen in depth ex situ and operando. The 
papers contextualize the findings within the framework of ageing. Paper VII 
extends the exploration to degradation products formed during cell cycling 
and follows the evolution of the hydroxide group in the cathode material upon 
ageing. Figure 11 illustrates the connection between the papers listed above. 

 
Figure 11 – Overview of the papers presented as a function of the scale of the studied 
processes. 
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In the current chapter, the results are organized in descending order of the 
length scale: beginning with macro-level studies on the full cell, narrowing 
down to the electrode level, then to the structure level, and finally towards the 
atomistic level, with a focus on addressing fundamental questions important 
for ageing. Extensive cross-references between papers are employed in this 
summary as the thesis aims to correlate changes across scales and understand 
the underlying causes of performance decay in the cells. 

4.1 Cycle-life ageing of cells for electric cars 
The batteries in electric cars experience challenging operation conditions94 
that provokes various ageing mechanisms and further lead to a high level of 
uncertainty in predicting their long-term performance.95 This highlights the 
necessity of examining commercially relevant systems. The commercial cells 
used in this thesis were electrochemically cycled and studied in various con-
ditions: different SoC ranges, temperatures, and cell formats. Capacity reten-
tion trends are an important indicator of the degradation processes taking place 
inside the battery.96 The results of the cells’ performances are presented in 
Figure 12 for (a) cylindrical cells (Paper I) and (b) prismatic cells (Paper II). 
The studied cells showed two different types of capacity decline: sublinear 
degradation (Figure 12 (a)) and superlinear degradation (Figure 12 (b)). The 
first trend is considered typical for the cases where the degradation is driven 
by side reactions such as SEI growth. This type of degradation was found in 
all cells presented in Paper I with significant ageing of SiOx component. The 
second type of the degradation is typical for cells that decline due to Li plating. 
A more detailed study on Li plating was done on the cell and the Li plating 
presence was confirmed.97  
 

 
Figure 12 – The capacity retention of two systems: cylindrical cells (a) and prismatic 
cell (b) presented as a percentage of Capacity retained versus a number of Full cycle 
equivalents. From Papers I and II. 
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The cylindrical cells were examined under various conditions (details on the 
EoL status of the cell can be found in Table 1). Degradation was found to be 
similar for all cells cycled down to 0% SoC, suggesting that processes at low 
potentials are dominant and not significantly enhanced by elevated tempera-
ture when cycling under such conditions. Conversely, the cells cycled at 50-
100% SoC exhibited significant variation from other conditions and were 
found to be temperature-dependent. 

4.2 Ageing heterogeneity 
The degradation of batteries is known to be inhomogeneous. The sources are 
multiple: from inconsistencies introduced during manufacturing to differences 
in materials’ response during battery functioning. The heterogeneity of the 
battery is also a multiscale process. The differences in local SoC, for example, 
can be resolved within the battery in-plane or thickness geometry,97–100 elec-
trode scale,101–104 and secondary particle level.105–107 

4.2.1 In-cell heterogeneity 
In this work, two types of cells were investigated: cylindrical and prismatic. 
For the prismatic cell, the focus was on in-plane heterogeneity (Paper II). The 
cells were analysed after ageing using X-ray radiography (Figure 13). The 
XRD mapping was carried out in one plane of a prismatic cell and experi-
mental setup is presented in Figure 7 (b). In the collected patterns, peak as-
sessment was conducted and the position of the diffraction peaks hkl = 300 of 
NMC811 and hkl = 002 of LixC (lithiated graphite) was analysed in compari-
son to positions of the respective diffraction peaks in the fresh cell. Notably, 
such study averages the information within the thickness of the cell. The (300) 
reflection, originating from hkl = 300 plane of the NMC811 active material, 
was used for heterogeneity evaluation of the positive electrode as it reflects 
changes in c lattice parameter of the structure. Notably, the (300) reflection in 
Ni-rich layered oxide chemistries from R3m symmetry group is sensitive to 
the Li content in the structure.42 The change of the (300) reflection is not linear 
within the whole electrode potential span. The c lattice parameter, first semi-
linearly increases upon NMC811 delithiation until reaching ~4.0 V. After that, 
the c lattice parameter abruptly decreases. Figure 13 (a) displays the heatmap 
of the positive electrode (300) reflection shift. Interestingly, the data points 
indicate that the entire NMC811 material in the aged cell has a lower Li con-
tent compared to the fresh cell. This happens when some of the Li-ions are 
lost due to the various parasitic reactions and cannot be intercalated back into 
the positive electrode. This indicates that there is an increased LLI and ex-
plains part of the capacity loss. Moreover, the material’s state (degree of del-
ithiation) is visibly uneven across the cell. Two "hot spots" with higher 
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differences ∆q are identified: the spot labelled “3” indicates the area of the cell 
where the lattice parameter has the largest negative shift relative to the "fresh" 
value, implying lower degree of lithiation in the location. This suggests that 
the material in this area of the electrode has the most significant increase in 
the c lattice parameter. This area is located near the positive tab of the elec-
trode and it is likely that the lower degree of lithiation is linked to the current 
distribution gradient in this region. The second spot is labelled “1” and shows 
the highest lithiation state across the aged cell, while lithiation state is still 
lower than in the fresh sample. This indicates the region where the positive 
electrode has the lowest degradation. 

 

 
Figure 13 – Heatmap of prismatic cell radiography: (a) reflection shift corresponding 
to (300) reflection of the NMC811, (b) reflection shift corresponding to graphite. The 
colour scale shows ∆q values and follows the same scale for both figures. Heatmap of 
a positive electrode phase which operates independently form the graphite (c). The 
colour scale represents a relative presence of the phase. From Paper II. 

Figure 13 (b) presents a heatmap depicting the variance in the graphite reflec-
tion within the prismatic cell. The image is displayed in a similar manner as 
the positive electrode's reflection. Unlike the positive electrode, a portion of 
the graphite remains in the same state as in the fresh electrode, suggesting that 
the positive electrode may be more significantly impacted by ageing in this 
region. The distribution of reflection heterogeneity in the negative electrode 
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somewhat mirrors that in the positive electrode, albeit with contrasting trends. 
The hotspots are similarly located, yet exhibit opposing trends: in area “1” the 
material displays the largest deviation from the unaged material, indicating 
the highest lithium content within the cell. 

Figure 13 (c) presents a distribution of a phase that is part of the positive 
electrode opposite to the lithium plating region. This region is found to still be 
electrochemically active versus the lithium known to be plated on the negative 
electrode. This material is also located around the region “3”, close to the side 
with the positive tab, confirming that this part of the cell is significantly more 
vulnerable towards accelerated degradation. An improved cell and pack de-
sign are required to mitigate gradients in the cell ageing for longer and safer 
operating life. 

Investigating pronounced heterogeneities is challenging as the deviations 
in material degradation are observed both in-plane of the cell and along its 
length. Figure 14 displays photographs taken during the teardown of the cell 
characterized using XRD radiography. The degradation within the cell is so 
substantial that visual examination alone can trace the deterioration. However, 
for a more nuanced understanding, 3D analytical methods are essential, 
though they may not always be feasible for large-format cells. 

 
Figure 14 – Photographs from the Prismatic Aged cell teardown: (a) shows the begin-
ning of the jellyroll with the negative electrode at the top and the positive at the bot-
tom; (b) the middle of the jellyroll with separator at the top of the photograph, the 
negative electrode is in the middle and the positive electrode is displayed at the bot-
tom. On both photographs the negative electrode is displayed upside down to depict 
the facing sides of the positive and the negative electrode. From Paper II. 

Heterogeneity within the cell geometry of a cylindrical cell was also investi-
gated (Paper I). For that purpose, the electrodes extracted from the cell were 
divided into segments, where Region 1 was the closest to the casing of the 
cylindrical cell and Region 6 was at the cell core. The central region was also 
split into 3 segments: upper (at the positive terminal), middle, and lower (at 
the negative terminal). The evaluation of the capacity loss in these segments 
has shown that the positive electrode was preserved closer to the core within 
the cell roll and closer to the negative electrode within the cell height. The 
capacity loss variation across the measured regions was stronger at the posi-
tive electrode. However, the strongest damage was found in the centre of the 
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Region 4, see Figure 15. In the negative electrode, the capacity loss was 
mostly found to be stronger next to the negative terminal.  

 
Figure 15 – A degradation heterogeneity within the roll of the cylindrical cell accessed 
electrochemically. From Paper I. 

Combining the results presented for the different commercial cells it is shown 
that heterogeneity is an important aspect of cell ageing. Notably, the spatial 
distribution trend of the degradation heterogeneity significantly varies be-
tween two cell geometries. This highlights that the heterogeneity in degrada-
tion is strongly influenced by cell design, and optimization of this should yield 
more long-term stable batteries. 

4.2.2 In-particle heterogeneity 
The heterogeneity within a secondary particle from an electrode of the cylin-
drical cell cycled at 40°C and 0-100% SoC (H0-100) was studied using in situ 
nano-resolved Scanning X-ray Diffraction Microscopy in Paper III. The 
choice of cell was motivated by highest ageing of the positive electrode that 
was presented in Paper I. The probed particles are displayed in Figure 16 (a), 
while the NCA reflection (300) q collected over the circled particle is dis-
played as a function of the particle radius r in Figure 16 (b - i). The (300) 
reflection intensity is shown as a function of q. The four lithiation states are 
demonstrated in the Figure 16: 3.60 (b, c), 3.85 (d, e), 4.15 (f, g), and 4.33 V 
(h, i). The change of the lithiation state of the material within the particle 
shows high heterogeneity at the beginning of the delithiation (Figure 16 (b, 
c)). This is might be a cause of the Li+ diffusion resistance increase shown in 
the sample in Paper I. During this in situ study, where the cycling includes 
potential hold during mapping collection, the heterogeneity is decreasing and 
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the particle performs further cycling with significantly higher homogeneity 
during cycling.  
 

 
Figure 16 – The distribution of the diffraction reflections as a function of position 
inside the particle and the potential of the electrode vs Li/Li+: 3.60 V (b, c), 3.85 V (d, 
e), 4.05 V (f, g), 4.33 V (h, i). From Paper III. 
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4.3 Evaluation of individual electrode contributions 
In order to standardize the evaluation of ageing processes within LIB cells, 
degradation modes are introduced. The evaluation of these degradation modes 
is typically conducted by analysing the electrochemical performance of the 
cells under study. While the alterations in the positive and negative electrodes 
upon ageing are interconnected, these changes are distinct and specific for the 
electrode chemistry and operational conditions. Paper I evaluates the degra-
dation in both the positive and negative electrodes, respectively, analysing and 
connecting the trends to the electrochemical performance of the full cell. The 
capacity loss, and changes in the Li+ diffusion resistance coefficient in both 
electrodes are illustrated in Figure 17 (a) and (b) respectively.  

Figure 17 (a) compares capacity loss measured in positive and negative 
electrodes after ageing cylindrical cells under various conditions. Notably, the 
degradation of all cells cycled at room temperature is dominated by capacity 
loss on the negative electrode. The same conclusion can be drawn for the high-
temperature cell cycled at a low SoC range. However, at higher temperatures 
cells that were reaching 100% SoC during their charge had a degradation that 
was dominated by the positive electrode capacity loss. High Ni content is sen-
sitive to operation in higher delithiation states,108 which supports the observed 
trends. However, the presence of SiOx complicates the ageing predictions as 
its instability is known to be linked to a strong degradation taking place in the 
particles: SiOx particle disconnection as a result of the volume change inside 
the material upon lithiation and delithiation as well as surface reactivity.42 

  
a b 

Figure 17 – The results of testing by varying temperature and SoC cycling conditions 
of the cylindrical cells is presented in the figure. The positive and negative electrode 
capacities are studied in half-cell configuration (a). The Li+ diffusion resistance coef-
ficient measured for the positive and negative electrodes studied at various conditions 
(b). From Paper I. 

Figure 17 (b) shows Li+ diffusion resistance coefficient values in both positive 
and negative electrodes. The negative electrodes show a decrease rather than 
increase in almost all cases, which can be caused by decrease in the tortuosity 
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in graphite because it is prone to exfoliation during the battery operation.59 
The same decrease can happen in the case of SiOx, the observations in mor-
phology indicated increased porosity upon ageing of the particle, which also 
will be shown later in this thesis. In the positive electrodes, the trend is the 
opposite, demonstrating an increase in Li+ diffusion coefficient for all cases. 
The strongest increase in Li-diffusion resistance coefficient is observed in H0-
100 sample. The heterogeneity studied in the sample in Paper II partially 
shows an inhomogeneous distribution in SOC within the particle, which in 
turn is likely an effect of an increase in Li+ diffusion resistance coefficient due 
to ageing. 

4.2 Ni-rich positive electrode degradation mechanisms 

4.2.1 Morphological changes 
Ni-rich materials are well-known for their susceptibility to particle crack-
ing.42,46,58,59,109 Several key factors should be considered when addressing the 
issue of particle cracking in Ni-rich materials: (i) it's crucial to distinguish 
between the stresses introduced into the material during synthesis and those 
developed during ageing, and (ii) the occurrence of particle cracking in the 
material is State of Charge (SoC) dependent, thus comparisons between fresh 
and aged materials should account for this aspects.46,110 

The investigation detailed in Paper IV illustrates the observations of the 
fresh (BoL) NCA electrode cross-section at various states of charge, utilizing 
SEM as shown in Figure 18. The images reveal the development of cracks 
within the material, which tend to extend further at higher degrees of delithi-
ation. Conversely, the material exhibits reduced particle cracking upon relithi-
ation. 

 
Figure 18 – Comparison of the same material from Fresh cell at different SoCs. From 
Paper IV. 

Considering the impact of reversible crack formation on the electrodes, a mor-
phology study was conducted on the positive electrodes of the BoL and H0-
100 samples (Paper I). The positive electrodes aged in various conditions 
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were studied in lithiated state and compared to fresh cells, and the SEM im-
ages of secondary particles are shown in Figure 19. The electrodes from the 
Fresh cell show mild particle cracking, which is most probably induced during 
manufacturing, e.g. stress introduced during synthesis or cracking resulting 
from calendering.41 Figure 19 (b) shows the positive electrode aged between 
0-100% SoC at 45°C (sample H0-100). In this sample, particles that contain 
voids in the centre were found. Such voids would have negative effect on the 
Li+ diffusion in such materials, which was also demonstrated Li-ion resistance 
increase (H0-100) in Paper I. The observed number of such particles clearly 
containing voids were small, however, the lack of observing such voids in a 
larger number of particles, can be related to the low statistics of such meas-
urements. 

 
Figure 19 – SEM cross-section images: (a) Fresh sample, (b) H0-100 sample. From 

Paper I. 

Interestingly, the primary particle microstructure has undergone significantly 
more changes, which were registered using TEM. Figure 20 demonstrates dif-
ferences between fresh (Figure 20 (a)) and aged materials (Figure 20 (b), (c) 
and (d)). The aged particles show a large number of pores formed upon ageing. 
In some cases, voids can be found already in synthesised materials both inter-
granular and in primary particles.111 However, in the present case, the porosity 
is clearly formed upon ageing. Interestingly, some of the pores are found to 
concentrate along the edges of the particles (Figure 20 (c) and (d)). Similar 
voids have been reported for other cathode chemistries and were connected to 
oxygen evolution.112,113 The pores are expected to reduce the stress in the ma-
terial formed upon delithiation. By existing inside the bulk of the material, 
they can alter mechanical properties of the bulk and could reduce the cracking 
of the particles. Apart from tungsten doping, which was found in the material 
(Paper I) and known for the particle cracking mitigation,114,115 such pores can 
partially explain lack of particle cracking. 
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Figure 20 – TEM image of NCA electrodes. From Paper V. 

4.2.2 Transition metal dissolution in Ni-rich transition metal 
oxide electrodes 
The TM dissolution is a phenomenon often blamed for capacity fading and 
resistance increase in Ni-rich layered oxide-based LIBs. The reason behind 
this is that TM dissolution has an impact on both the positive and negative 
electrodes.61 The origins of the TM dissolution are still debated and include 
oxygen loss,62 disproportionation reactions,116 and acidic leaching.117 The 
TMs released from the structure into the electrolyte were found to be later to 
be deposited in the SEI. The latter results in the growing impedance of the 
LIB. 
 In Paper I, analysed materials aged under various conditions were studied 
using ICP-OES. The results show more Ni dissolution was found in the bat-
teries aged at higher SoC compared to the baseline (BoL sample). This agrees 
with general research, pointing towards a higher degree of the TM dissolution 
at elevated potentials.118 Moreover, the study points towards a possible corre-
lation of the TM dissolution to the oxygen evolution, which is also found to 
be more extensive at higher potentials (shown further in Paper IV and Paper 
V).62 As described before, TM dissolution influences both the positive and 
negative electrode, however, when comparing the Li+ diffusion resistance co-
efficient for the positive and the negative electrodes to TM dissolution, no 
correlation with the amount of TM was found (Figure 17). In case of the pos-
itive electrode, instead, other degradation mechanisms might be more detri-
mental for the electrode performance. In case of the negative electrode, deg-
radation due to TM deposition this may be influenced by the chemistry of the 
negative electrode, which included both graphite and silicon oxide. Increased 
TM content in the negative electrode is generally correlated with increased 
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resistance.119 However, no distinct correlation between resistance increase and 
the measured TM dissolution was found in the studied samples. Instead, it is 
possible that the resistance caused by the deactivation of the SiOx compound 
might be dominant in the studied systems and TM-induced resistance might 
be relatively small in comparison. 

 
Figure 21 – Ni content detected in negative electrodes of batteries aged within three 
different SoC ranges and two temperatures. From Paper I. 

Multiple studies have demonstrated that a Ni depleted region is formed upon 
ageing in the regions close to the surface of the particle, near the electrolyte.120 
It is shown that such a gradient can enhance materials’ properties and increase 
its stability.121 On the other hand, if a rock-salt layer is formed in the Ni-de-
pleted region, it can instead result in high resistance to lithium diffusion, thus 
increasing the overall resistance in the cell.122 Interestingly, no TM distribu-
tion gradient was found in Fresh and H0-100 aged conditions and therefore no 
connection between TM dissolution and Li+ diffusion resistance coefficient 
could be made within the frame of the study (Paper I). 

 
Figure 22 – EDX image of the particles from aged (right) and fresh (left) material 
showing distribution of Ni across the primary particles cross section. From Paper I. 
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4.2.3 Cation mixing 
Cation mixing is a common phenomenon observed in Ni-rich layered oxide 
materials.42,59,122–125 The term implies the diffusion of Ni atoms into the Li 
layer and occupation of Li sites. This results in an increase of the lithium dif-
fusion resistance together with a decrease in capacity as the material will lose 
the sites available for Li-ion accommodation. 

 There are a number of techniques that detect cation mixing including elec-
tron channelling X-ray spectroscopy,125 and XRD.123,124 The latter was used in 
the Paper I. The results presented in Table 2 have demonstrate that the highest 
cation mixing is found in samples cycled until 100% SoC at room temperature 
and 0-50% SoC cycled at elevated temperatures. In the case of the room tem-
perature, the trend is supported by the increase of the Li diffusion resistance. 
In the case of the elevated temperature, such a trend was not found, which 
indicates a different source for significant Li+ diffusion resistance increase. 
Table 2 – Crystallographic parameters of studied samples from cylindrical cell. 
Adapted from Paper I. 

Sample c/a I003/I104 
BoL 4.9785 (1) 1.316 

R0-50 4.9997 (2) 1.382 
R50-100 5.0007 (2) 1.186 
R0-100 5.0026 (2) 1.292 
H0-50 5.0102 (2) 1.389 

H50-100 4.9989 (2) 1.269 
H0-100 4.9972 (1) 1.378 

4.2.4 Oxygen evolution 
The gas evolution is a typical problem for Ni-rich layered oxide elec-
trodes.42,59,62,65,66,126 Particularly, oxygen evolution is monitored through side 
reaction products CO and CO2.65 It is proposed that the CO and CO2 originate 
from electrolyte degradation triggered by reaction with evolved oxygen.62,127 
There is a debate whether the gas formation is driven by reactions on the sur-
face of the particles or within the bulk.46,62,128 In addition, it is argued that the 
surface species from side reactions during material synthesis, storage and elec-
trode production are suspected to contribute to the CO2 signal.65 The amount 
of evolved gases is also suspected to be decreased due to the cross-talk be-
tween positive and negative electrodes as part of the evolved gas will be con-
sumed, which complicates the analysis of the system.129

  
 In Paper IV, an operando investigation was done to correlate the relation-

ship between changes in the crystal structure, electrochemical properties and 
gas evolution. The lithiation and delithiation of the full cell were performed 
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in parallel using operando XRD and OEMS setups, and the results are pre-
sented in Figure 23. 

 
Figure 23 – Combined XRD and OEMS operando measurements. From Paper IV. 
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The following parameters were derived: CO2 rate was measured using OEMS 
by registering channel m/z=44; c lattice parameter of NCA was refined from 
the XRD patterns collected while cycling the material; Li+ diffusion resistance 
coefficient k, derived lithium diffusion approximant k-2 and cell resistance R 
were measured using ICI cycling protocol conducted during both operando 
experiments. The results are displayed as a function of the normalized capac-
ity Q. During delithiation, the cell operation can be divided into the standard 
(< 4.1 V) and high-voltage (> 4.1 V) operating conditions. In the standard re-
gion, the c lattice parameter first showed growth in the standard operating 
conditions and then collapses during the high-voltage regime during delithia-
tion. The onset of the Li+ diffusion approximant supports the dependency of 
the interlayer distance and Li+ diffusion energy barrier shown earlier.46 In the 
high voltage region, an increase in Li+ diffusion resistance coefficient is fol-
lowed by CO2 increase. It supports the earlier reported information that the 
presence of molecular oxygen increases energy barriers for Li+ diffusion.130 
The study (Paper IV) does not propose a mechanism for the Li+ diffusion 
resistance increase as a direct correlation to molecular oxygen or c lattice pa-
rameter yet correlations supporting the presence of the oxygen evolution in 
the bulk can be observed. 

Further investigation of the oxygen release was done via direct observation 
of the molecular oxygen formed in the bulk of electrode material using RIXS 
(Paper V). To accomplish that, RIXS measurements of the Fresh and Aged 
H0-100 electrodes at various states of charge were done. The O K-edge RIXS 
maps are presented in Figure 24. The fresh electrodes (BoL sample) in the 
lithiated and delithiated states show a striking difference in the presence of the 
features related to the molecular oxygen species (the magnified image is 
shown on the right side of Figure 24). The observation of oxygen in bulk Ni-
rich materials was previously shown in Li-rich NMC131 and NCA in potentials 
beyond 4.7 V.43 The direct observation of the molecular oxygen in the working 
range of NCA material is shown for the first time in Paper V.  

The observation of the molecular oxygen evolution in the aged materials 
was done with an ex situ study of the electrodes at various SoCs. The inte-
grated spectra over the excitation energies 531.2 – 533.2 eV in Figure 24 are 
shown in Figure 25. An increase in the amount of the molecular oxygen with 
the delithiation degree is present for all samples: Fresh (BoL), Aged L (H0-
50) and Aged H (H0-100). At the beginning of the delithiation Aged samples 
clearly show the presence of the molecular oxygen. In contrast, the Fresh sam-
ple does now show a strong feature of the molecular oxygen at the beginning 
of the delithiation, however this observation might be hindered due to the ris-
ing edge of the elastic peak. It is concluded that the presence of the molecular 
oxygen in the fresh sample is small and results from the formation cycles. A 
clear increase of the molecular oxygen upon delithiation is visible in the Fresh 
samples.  
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Figure 24 – Comparison of the lithiated (a) and delithiated (b) electrodes. From Paper 
V. 

Comparing the samples at several stages of delithiation, the different trends 
are observed. At 50% SoC, the Aged L shows higher amounts of molecular 
oxygen compared to the Fresh sample. This might indicate that ageing pro-
motes oxygen evolution in bulk at earlier stages of SoC. At 100% SoC, in 
contrast, the largest amount of bulk oxygen is detected in the Fresh sample 
and with both Aged samples showing lower but similar amounts. This shows 
that oxygen is less active in charge compensation at the high SoC in the aged 
materials compared to the Fresh samples. 

 
Figure 25 – O K-edge RIXS spectra displaying the region of O2 vibrations. The spec-
tra are integrated over the excitation energies 531.2-533.2 eV. The red box accents 
the difference between Fresh, Aged L, and Aged H samples at 0%SoC. From Paper 
V. 
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Evaluating the role of oxygen is invaluable in LIBs as it helps understanding 
oxygen-related degradation involving both the active material and the electro-
lyte. Enhancing the stability and reversibility of oxygen redox reactions could 
pave the way for improvements towards achieving higher capacities and more 
stable positive electrodes. 

4.2.5 Charge compensation in Ni-rich layered oxides and its 
change with ageing 
The redox reaction and charge compensation are the fundamental processes in 
LIBs. Traditionally, it is explained as a change in the oxidation state of the 
transition metals.13 However, the existence of anionic redox has now been 
widely discussed for an extended time, and the result of Paper V clearly 
showed that this is a process to be considered throughout the whole potential 
range.43,47,132,133An in depth evaluation of the charge compensation mecha-
nisms for TM-O6 environments was done in Paper V and Paper VI.  

Initially, the ex situ study of the fresh and aged electrodes was done to un-
derstand the roles of transition metals and oxygen in the charge compensation 
during material delithiation as well as to put the perspective of the ageing at 
different conditions into this context (Paper V). The Fresh samples and the 
samples aged in two SoC conditions (H0-50 and H0-100) were chosen as these 
electrodes demonstrate similar loss in capacity. The harvested electrodes were 
reassembled in half-cells and delithiated to SoC = 50 and 100%. The chemical 
state and local environment of the transition metals was studied using 
XAS/EXAFS and oxygen activity was evaluated using RIXS (shown above). 

The description of the changes observed in Ni, Co and O during battery 
operation in Fresh and Aged electrodes is schematically summarized in Figure 
26. In Fresh electrodes, Ni shows the strongest change of the oxidation state 
accompanied by the strongest size reduction of the oxygen coordination octa-
hedron Ni-O6. In contrast, Co experiences smaller chemical state changes and 
lower yet present reduction of the octahedra size. At the beginning of the del-
ithiation, the size of the Ni-O6 of the octahedron is significantly larger than 
the Co-O6. However, upon delithiation, both octahedra converge to the same 
size, in line with Ni-O6 undergoing more significant changes. In the aged sam-
ples, the difference in octahedra sizes in the lithiated state increases compared 
to the Fresh sample. Such changes in octahedra sizes can promote local strains 
and lead to particle cracking, which is observed upon delithiation and ageing 
(Paper IV). Another important aspect is the bond hybridization which is es-
tablished as another way of oxygen participation in the charge compensation.46 
Ni and Co exhibit difference in in hybridization with oxygen, where the results 
presented from Paper V indicate that stronger hybridization is found in Co-O 
bond than in Ni-O. This may influence the way TMs undergo ageing processes 
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as the local environment affects their electrochemical activity as well as local 
stability. 

 
Figure 26 – The scheme of proposed charge compensation mechanism in Ni-rich elec-
trodes. From Paper V. 

To further understand the behaviour of the transition metals, operando exper-
iments were conducted on both Fresh and Aged (H0-50 and H0-100) samples 
(Paper VI). The chemical states of Ni and Co were monitored throughout the 
delithiation of the NCA electrodes in Fresh, H0-50, and H0-100 materials. A 
linear combination analysis of the intermediate states is shown in Figure 27. 
The data gathered from operando experiments supports the findings from pre-
vious ex situ studies (Paper V), and broadens the understanding of the charge 
compensation process. 

Figure 27 (a) displays the shift in the main absorption edge ∆E0 of Ni and 
Co between the initial and final states during the delithiation of the Fresh sam-
ple, obtained from a linear fit of each spectra collected operando by using 
initial and final spectra as references. A pronounced difference in the charge 
compensation rates and the magnitude of the shift between Ni and Co is ap-
parent. Ni demonstrates a steady rate of oxidation, significantly surpassing 
that of Co until reaching ~4.0 V, at which point it markedly diminishes for Ni. 
By contrast, the oxidation trend for Co is semi-linear and the final oxidation 
state corresponds to a smaller energy shift compared to Ni. At the end of the 
delithiation, the shift of the Ni edge is ~30% greater than that of Co, under-
scoring Ni as a more pivotal charge compensator than Co. Intriguingly, in the 
aged cases (b) and (c), the rate of oxidation change ∆E0 for Ni and Co is more 
similar to each other in both H0-50 and H0-100 samples. The decrease of Co 
charge compensation is visible in Aged100 sample, however, the lack of 
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statistics at the elevated potentials does not allow to make a definite conclu-
sion whether is it the case. 

 
Figure 27 - Linear combination analysis of the transition from initial to final Ni and 
Co state in Fresh (a), H0-50(b), and H0-100(c) electrodes. Comparison of Ni and Co 
states in electrodes aged in various conditions as a function of half-cell potential (d 
and e respectively) and capacity (f and g respectively). From Paper VI. 

To aid ageing evaluation, Figure 27 (d) and (c) compares Ni and Co in differ-
ent ageing conditions as a function of the half-cell potential. In the case of Ni, 
the oxidation trend remains analogous for all studied conditions, despite the 
decrease of the total absorption edge shift by ~25%. In case of Co, the trend 
stays similar after the samples undergone ageing. In addition, the total ∆E0 of 
Co does not change significantly. However, for both Ni and Co, the shift of 
the measurements points towards higher potentials is observed, which is re-
lated to the electrochemical performance of the cell. This shift is due to the 
overpotential from formed degradation products upon ageing (Paper I) and 
local Li depletion in the material (Paper III). Due to the ageing, the material 
cannot be relithiated at the same conditions as Fresh electrode. That results in 
higher potential at the beginning of the delithiation. A comparison of the Ni 
and Co ∆E0 vs capacity is shown in Figure 27 (f) and (g) respectively. The 
oxidation state of the transition metals change is demonstrated to be linear 
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with the change of capacity. Interestingly, despite the transition metals do not 
exhibit significant change upon ageing, a slight difference in the activity can 
be observed. In particular, for Ni, only H0-50 sample has slightly decreased 
its activity. In case of Co, both Aged samples demonstrated higher oxidation 
rates upon ageing. This indicates that Co becomes more involved in the charge 
compensation upon ageing. 

Following the charge compensation trends is crucial as it provides valuable 
insights for the advancement of future materials. For example, coupling vari-
ous TM that could balance their respective redox activities, might be a good 
strategy for development of long-standing materials. 

4.2.6 OH formation 
Paper VII demonstrates the presence of OH-groups within the material’s 
structure or bulk of the material. Figure 28 shows RIXS O K-edge heatmaps 
of the fresh and aged (H0-50 and H0-100) samples in lithiated and delithiated 
states.  

 
Figure 28 – O K-edge RIXS heatmaps of 0% (a) and 100% (d) SoC in Fresh NCA 
electrode; 0% (b) and 100% (e) SoC in H0-50 aged electrode and 0% (c) and 100% 
(f) SoC in H0-100 aged electrode. From Paper VII. 
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The vibrations of the OH-group are situated around 536 eV. The most pro-
nounced difference in the quantity of detected OH is observed in fresh sam-
ples. Upon ageing, the quantity remains almost constant for both ageing con-
ditions. The formation of OH is attributed to a proton-exchange mechanism.142 
Most likely, the formed OH groups are situated in the voids previously shown 
using TEM (Paper VI), and within the structure where contact with the elec-
trolyte is limited. Interestingly, the amount of the detected OH correlates with 
the amounts of detected molecular oxygen (Paper V). It supports the sugges-
tion of the OH formation as a reaction of the protons, produced as a result of 
the electrolyte decomposition, and oxygen, which evolves from the structure. 
These formed OH species are detrimental to the LIBs performance as they 
consume Li-ions, thereby diminishing the capacity of the battery. 

4.3 Other components of LIB 
The current thesis is focused on the positive electrode and, therefore, a signif-
icant part of the results discussion is focused on corresponding degradation 
processes. However, as shown in Paper I, a significant contribution of the 
negative electrode ageing is present. Below, the key findings of ageing of 
other components of LIBs are highlighted. 

4.3.1 Negative electrode 
Graphite and graphite-based composites are common negative electrode ac-
tive materials.94 The latter can have Si or SiOx as composite additives. 

The ageing of the negative electrodes is usually related to the SEI, formed 
on the contact of the electrode with electrolyte and changing properties de-
pending on the cycling conditions.59,67 In the case of SiOx, the compound age-
ing is associated with volume expansion and reduction resulting in Li trapping, 
LAM due to electric disconnection, etc.134,135 

The current study demonstrates the difference between fresh and aged neg-
ative electrodes. Cross-section SEM images were done for both cases (Figure 
29). The notable SEI is formed on the SiOx particle upon its ageing. The cross-
section indicates that the particle is partially disconnected from the surface. A 
close-up also shows that the material develops porosity within the particle. 
Such morphology change can affect Li+ diffusion as it increases tortuosity. 
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Figure 29 – SEM imaged of the negative electrodes: fresh (a, c) and aged (b, d, e). 
From Paper I. 

4.3.2 Separator 
A separator is a critical part of the Li-ion battery which is often understudied. 
The main function of the separator is to prevent electrical contact between the 
positive and negative electrodes, however, the latest trends in the separator 
design implement coatings that allow it to mitigate the thermal impact as well 
as produce scavengers upon electrolyte degradation.136–140 

Paper I has investigated separators extracted from Fresh and Aged cells. 
Upon ageing, the amount of the pores in the separator is visibly reduced but 
only below a threshold of ~20 µm. This can be related to clogging of the pores 
with decomposition products. When local pore blockage occurs, the local re-
sistance is increased. This result in decay in the cell performance. 
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Figure 30 – Pore distribution volume of the separator extracted from fresh and aged 
0-100% SoC 45°C cells. From Paper I. 
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5 Conclusions 

The transition towards transport electrification highlights many open ques-
tions about how large format battery cells and Ni-rich NMC/NCA electrodes 
age given their relatively recent market introduction, which in turn strongly 
motivates research in this direction. A thorough understanding of these ageing 
processes demands a multiscale approach, combining both fundamental and 
applied studies. 

The challenge in investigating ageing phenomena within commercial sys-
tems originates from the complex interplay of processes, coupled with the in-
herent limitations of the systems and existing analytical methods. The degra-
dation issues in commercial cells start with their initial heterogeneity. When 
operating, the system tends to degrade faster at vulnerable regions where the 
stress on the system is the strongest, accelerating further degradation. The 
identifications of such regions are vital for designing preventive measures to 
extend battery life. Papers I and II showcase various heterogeneities formed 
upon ageing. Both cylindrical (Paper I) and prismatic (Paper II) cells exhibit 
a distribution in capacity loss along the length and height of the electrode roll. 
This underscores the need for understanding the factors provoking degrada-
tion and cell design improvements tailored to different formats. 

In this thesis, the problem of heterogeneous ageing was observed across 
various scales. Paper III delves into the secondary particle level of the posi-
tive electrode material, revealing that cycling at higher SoC leads to heteroge-
neities in lithiation state of the material across the secondary particle, and this 
may possibly be linked to the higher Li+ diffusion resistance in the material 
and performance loss shown in Paper I. However, cycling at slower rates of 
the heterogeneous materials shows improved homogeneity, suggesting that 
periodic slow cycling can reduce heterogeneity within the material and extend 
battery life. 

Apart from heterogeneity within the electrode roll, degradation varies be-
tween the positive and negative electrodes, as further discussed in Paper I. 
The negative electrode capacity loss was dominant in samples reaching low 
SoC during cycling, correlated with the loss of electrochemically active SiOx, 
yet the negative electrode showed fewer changes in lithium-ion diffusion re-
sistance compared to the positive electrode. The positive electrodes, in con-
trast, exhibited a significant ageing dependence on both temperature and SoC. 
Operating at elevated temperatures and SoC conditions led to an increase in 
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TM dissolution and cation mixing, phenomena are expected for the Ni-rich 
materials. However, some of the previously reported detrimental processes 
were not seen to the expected extent. For example, the formation of secondary 
phases and particle cracking were shown to be less relevant in the examined 
commercial materials. This amplifies the importance of the studies conducted 
in close to user conditions. 

The degradation processes are specific to the operating potentials. Paper 
IV shows that the increase in the Li+ diffusion resistance is stronger at higher 
potentials and accompanied both by the decrease of the c lattice parameter and 
by CO2 evolution, that originate from a side reaction of the oxygen evolved 
from the structure and electrolyte. These two factors are believed to be the 
main limitation in the extension of the Ni-rich material operation potential and 
are shown to be correlated in Paper IV. The extent of the working range of 
the Ni-rich TM oxides might be done by either limiting access of the evolved 
oxygen to electrolyte or by suppressing oxygen redox. 

The understanding of the redox active species inside the material is highly 
important as it gives the fundamental knowledge of the battery operation. Pa-
pers V and VI were focused on understanding and resolving roles of Ni, Co and 
O in the charge compensation processes. Ni was found to be the main element 
performing charge compensation. Interestingly, the oxidation rate varies with 
potential. For example, the highest oxidation rate of Ni was found at lower po-
tentials, while Co participation was found to be linear and present to lesser ex-
tent over the full voltage range. Upon ageing, the Ni becomes on average less 
electrochemically active with the greatest decrease in samples aged by cycling 
in the full SoC range. In addition, the oxidation rate of Ni slows down at lower 
potentials. Meanwhile in the aged samples, Co does not change significantly. A 
way to mitigate the Ni oxidation rate decrease might be by introducing dopants, 
which would create a local environment for the transition metals in a way that 
promotes their charge compensation activity since the environment of the atom 
influences on its electrochemical activity. Additionally, participation of Ni and 
Co in TM-O hybridization is different. Upon delithiation, hybridization de-
creases: Co has shown the strongest bond hybridization and hybridization 
change in the delithiated state, compared to Ni. 

Additionally, this thesis provides insights into oxygen activities upon age-
ing (Papers V and VI). The participation of oxygen in charge compensation 
was found evident down to low potentials, documenting the first recorded for-
mation of molecular oxygen in bulk NCA at normal operating potentials. This 
underlines the importance of further research into anionic redox in this type 
of materials. With ageing, the evolution of oxygen at higher SoC decreases. 
This can be a result of a change in the local environment of the atom. The 
material design should account for the oxygen redox as its consequences are 
two-fold: the increase in capacity is beneficial, while the contact of diatomic 
oxygen promotes electrolyte degradation (Paper IV). One way to mitigate 
such drawbacks is to develop coatings which do not evolve oxygen and protect 
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the contact between active material and electrolyte or to increase the electro-
lyte stability toward reactive oxygen. Finally, utilizing an advanced character-
ization technique called Resonant Inelastic X-ray Scattering (RIXS), an OH-
group was identified in NCA compounds (Paper VII), which is presumably a 
product of electrolyte degradation at higher potentials. Understanding the deg-
radation products is crucial as it reveals the processes occurring within the 
material. 

The presented results demonstrate that the degradation is a process which 
is manifested at various scales. The use of the wide range of techniques allows 
to understand ageing and overcome technique limitations. Complementary 
analysis is shown to be important in connecting changes from atomic level to 
full cell performance decay. 

In summary, this study conducted a thorough investigation into the degra-
dation of commercial Li-ion batteries used in electric vehicles, where it is con-
cluded that establishing correlations between processes observed at various 
scales is highly significant. Moreover, examining commercial materials con-
tributes to a better understanding of relevant battery degradation. This work 
bridges the gap between advanced atomistic-level investigations and macro-
level observations of materials in general. It emphasizes the importance of 
studying the role of oxygen as it is crucial both during the cell operation and 
its degradation. The insights gained pave the way for two major directions: 
improving materials and cells, and enhancing characterization methods. 

Improving battery materials is a multi-faceted challenge. User require-
ments need to be compromised with material safety, environmental compli-
ance, and sustainability goals. While the currently used Ni-rich layered oxide 
positive electrodes largely meet user needs, they demand substantial enhance-
ments. Measures to mitigate heterogeneity at all scales are essential to extend 
material and battery lifespan. Additionally, doping and/or coating strategies 
are needed to stabilize the material at higher potentials, thereby boosting bat-
tery durability and safety. In general, a deeper understanding of redox pro-
cesses at different potentials and their alterations upon ageing is crucial. 

Improving characterization methods is another vital direction for future re-
search. Analysing systems relevant to users provides deep insights into the 
ageing processes they are prone to. Significant challenges arise from the com-
plexity and size of these systems, which pose limitations to many characteri-
zation methods. 

In conclusion, investigating battery materials from electric cars, despite its 
challenges, offers abundant opportunities for multiscale and interdisciplinary 
research. The materials used in electric cars require improvements to ensure 
longer and safer operations. Challenging yet exciting times are ahead for those 
who works towards electrifying the world's future.  
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6 Sammanfattning 

Klimatförändringar till följd av utsläpp av växthusgaser är ett av vår tids 
största problem. Ett viktigt område där utsläppen kan minskas är transportsek-
torn, som just nu genomgår en snabb förändring där fossila drivmedel byts ut 
mot elektriskt drivmedel. Litiumjonbatteriet (LIB) är i dagsläget en förutsätt-
ning för den utvecklingen då det har möjlighet att lagra en tillräckligt stor 
mängd energi per vikt och volym för att användas i elbilar. Tyvärr tenderar 
LIB att försämras med tiden, vilket slutligen leder till att batteriet behöver 
bytas ut. Detta är inte enbart kostsamt för konsumenten, utan ökar också den 
negativa påverkan som exempelvis tillverkning av LIB har på miljön. Den här 
avhandlingen fokuserar på att ge en ökad förståelse för försämringen av posi-
tiva elektroders aktiva material, främst LiNiCoMnO2 och LiNiCoAlO2 från 
kommersiellt tillgängliga batterier i elbilar.   

Många nedbrytningsmekanismer är kända sedan tidigare: aktivt material 
kan bli inaktivt på grund av förlorad elektrisk kontakt med resten av elektro-
den, vissa atomer kan lämna den aktiva strukturen eller omorganiseras på ett 
sätt som gör att materialet inte längre fungerar optimalt, och ibland kan materi-
alet brytas ner via oönskade kemiska reaktioner och bl.a. orsaka att materialet 
släpper ifrån sig gas. Alla dessa processer är negativa för batteriets funktion, 
inte bara för batteriets livstid utan också för dess säkerhet. Säkerheten hos 
batterier är extra viktig eftersom många av de används i närheten av männi-
skor. För att förbättra dessa batterier är det avgörande att förstå hur batteri-
komponenterna bryts ner. 

De huvudsakliga komponenterna i ett litiumjonbatteri inkluderar en positiv 
och en negativ elektrod, en separator och en elektrolyt. Energin omvandlas via 
redoxreaktioner vid elektrodernas ytor och lagras i de aktiva materialen i elek-
troderna. Det finns många olika typer av aktiva elektrodmaterial, var och en 
med sina fördelar och nackdelar. LiNiCoMnO2 och LiNiCoAlO2 är två exem-
pel på aktivt material som används i den positiva elektroden i de litiumjonbat-
terier som finns tillgängliga på marknaden idag, och tillika de material som 
står i fokus för den här avhandlingen.  
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Figur 1. Sammanfattning av de artiklar som ligger till grund för avhandlingen. 

Sju artiklar ligger till grund för avhandlingen och de sammanfattas schema-
tiskt i figur 1 samt i texten nedan. Avhandlingen tar sitt avstamp i en studie av 
hur de hela batteriernas prestanda försämras på grund av olika förhållanden 
under användning, där parametrar som temperatur och spänningsfönster vari-
erades. För att vidare förstå var och varför försämringen inträffar, demontera-
des batterierna och dess komponenter analyserades oberoende av varandra. 
Resultaten visar att en försämrad prestanda huvudsakligen kommer från oöns-
kade sidoreaktioner vid den negativa elektroden. Dock spelar försämringen av 
den positiva elektroden en betydande roll, särskilt för de batterier som använts 
vid högre temperaturer.  

Den andra studien syftar till att identifiera om några delar av elektroderna 
försämras mer än andra. I en tidigare studie identifierade allvarlig litiumpläte-
ring inuti dessa typer av batterier. På grund av den betydande mängd material 
som bygger upp batteriet kan man inte alltid använda standardmetoder för att 
analysera intakta större batterier. Detta gäller speciellt när man är intresserad 
av att se heterogeniteter i batteriets material. I studien användes röntgendiff-
raktion (diffraktionsradiografi), för att erhålla en millimeterupplöst 2D-visua-
lisering av de aktiva materialen. Undersökningen genomfördes i det lodräta 
planet genom batteriet, i ett batteri där kapaciteten hade sjunkit under 80% av 
den initiala kapaciteten. Resultaten visar bl.a att den positiva elektroden kan 
fungera under förhållanden där litiumplätering skett på motstående område på 
anoden. Den andra artikeln påvisade heterogeniteter i åldringen av batterier på 
millimeterskala, dock finns några av heterogeniteterna på en mycket mindre 
skala. Exempelvis behandlar studien i den tredje artikeln en enskild partikel 
av det positiva elektrodaktiva materialet. Genom att använda samma metod 
(röntgendiffraktion), men där mätpunkten är i nano-storlek, visas att li-
titeringsgraden också varierar i olika delar av partikeln. Resultaten visar även 
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att efter omfattande åldrande, kan långsam cykling till viss del bidra till att 
homogenisera sådana skillnader. 

Vidare fokuserar avhandlingen på specifika åldringsmekanismer som finns 
hos de positiva elektrodmaterialen. Den fjärde artikeln presenterar en analys 
av gasutveckling från den positiva elektroden och undersöker dess korrelation 
till strukturella förändringar som förekommer i den positiva elektrodens bulk. 
Där påvisades att samtidigt som materialets struktur förändrades ökar mot-
ståndet för litiumdiffusion i materialet och en gasutveckling sker. Vidare ob-
serverades koldioxid, som är en produkt när syre reagerar med elektrolyten. 
Syrets roll i det aktiva materialet är i fokus för den femte artikeln, och den 
avslöjar att bland annat att syre är delaktigt i laddningskompensationen. Även 
om syret är bundet till övergångsmetallerna, visar resultaten att bindningens 
karaktär skiljer sig för Ni och Co, och att detta leder till en viss skillnad i 
mekanismen för laddningskompensation för dessa ämnen. Vidare visar resul-
taten i studie fem att molekylärt syre utvecklas reversibelt i det aktiva materi-
alets struktur i ett större spänningsområde än tidigare känt. Å ena sidan, utökar 
formering av molekylärt syre den energi som materialet kan leverera, men å 
andra sidan kan det minska stabiliteten hos det aktiva materialets struktur. 
Dessutom reagerar utvecklat syre med elektrolyten när de är i kontakt. En an-
nan intressant observation i avhandlingen var bildning av porer inuti det positiva 
elektrodmaterialet. Porbildning bör ändra de mekaniska egenskaperna hos 
materialet och även påverka litiumdiffusionen, där båda faktorerna kommer att 
påverka batteriprestandan negativt. Den sjätte artikeln behandlar laddningskom-
pensationen i övergångsmetallerna Ni och Co. Ni är relativt Co initialt domine-
rande som laddningskompenserare. I det åldrade materialet minskar laddnings-
kompensationen för Ni medan laddningskompensationen för Co till större del 
bevarats. Den sjunde och sista artikeln ägnades åt nedbrytningsprodukter som 
hittades inuti cellen. Genom att använda en avancerad karakteriseringsteknik 
som kallas resonant inelastisk röntgenspridning (resonant inelastic X-ray scatte-
ring, RIXS), identifierades en OH-grupp i NCA-materialet, vilket troligen är en 
produkt av elektrolytnedbrytning vid högre potentialer.  

Sammanfattningsvis genomfördes ett djupgående arbete med att identifiera 
mekanismerna bakom försämringen av kommersiella Li-jonbatterier för elbi-
lar. Avhandlingen använder en kombination av avancerade tekniker som ger 
information på atomistisk nivå och tekniker som ger information på en mak-
roskopisk nivå. I avhandlingen undersöks material från kommersiella batte-
rier, vilket bryggar över från mindre modellbatterier, som ofta används inom 
akademisk forskning, till att förstå hur större batterier kan försämras i kom-
mersiella applikationer som exempelvis elbilar.   
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