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ABSTRACT 

  

As Li-ion batteries are increasingly used for large-scale applications like electric vehicles 

and grid energy storage, service lifetimes must increase from years to decades. Improving 

service lifetime requires a nuanced and multi-faceted understanding of how batteries 

degrade, and how various degradation mechanisms affect one another. 

Studying battery degradation often requires long-term cycling experiments, which are best 

done with machine-made cells using commercial form factors to accurately represent real-

world operating conditions. X-ray imaging and diffraction are two non-destructive tools 

that are used to study degradation in Li-ion batteries, but these studies are typically limited 

to either nano-scale, post-mortem characterization of materials, or low-spatial-resolution, 

in-situ characterization of commercial cells. Many such studies are also limited to cells 

with hundreds of cycles, which does not represent longer term degradation over thousands 

of cycles and/or decades of use. 

In this thesis, we use synchrotron-based X-ray imaging and diffraction to comprehensively 

study the structural and functional changes that occur in commercial cells after thousands 

of cycles. This work explores multi-scale effects that have not previously been observed 

and fills the gap between nano-scale and macro-scale in-situ imaging that exists in the 

literature. Time-resolved, operando experiments capture the kinetic effects of degradation 

and reveal their complex, spatially heterogeneous nature. The use of commercial-form-

factor cells in this work also provides new insights into how cell geometry, operating 

conditions, and even gravity can significantly influence the patterns of degradation that 

form after extended cycling. 
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CHAPTER 1 INTRODUCTION 

 
1.1 Motivation 

 

 

A massive global effort is currently underway to reduce greenhouse gas emissions and 

mitigate the impacts of climate change. Two major areas of focus in this transition are the 

transportation and energy generation sectors, which together accounted for 49% of all CO2 

emissions globally in 2022.1 Energy storage plays a critical role in the electrification of the 

transportation sector as well as the decarbonization of the energy grid. Although many 

energy storage technologies exist, Li-ion batteries have emerged as the preferred battery 

chemistry for these applications, due to their high energy density, high efficiency, low self-

discharge rate, and long service lifetimes.2,3 In the transportation sector, Li-ion batteries 

have become the dominant energy storage technology for electric vehicles (EVs), which 

accounted for 18% of global vehicle sales in 2023.4 In the electricity generation sector, 

battery energy storage system (BESS) facilities have become the fastest-growing type of 

grid-scale energy storage globally, and are expected to become the largest source of grid 

energy storage capacity, surpassing incumbent technologies like pumped hydro by 2030.5 

 

Although the use of Li-ion batteries in these applications is relatively recent, they have 

been widely used in consumer electronics since they were first commercialized by Sony in 

1991.6 However, the requirements of EVs and BESS facilities are very different than those 

of consumer electronics, especially when considering service lifetime. For example, to be 

competitive with an internal combustion engine (ICE) vehicle, an EV would be expected 

to have a service lifetime on the order of 10-15 years. Over this time frame, the battery 



2 
 

pack must deliver a sufficient number of charge-discharge cycles (known as ñcycle lifeò) 

and resist degradation over time (known as ñcalendar lifeò) while retaining enough capacity 

to maintain an acceptable EV range.  

 

Although 10-15 years would be competitive with ICE vehicles, there are reasons to target 

service lifetimes that are much longer. If an EVôs service lifetime was not limited by the 

battery pack, it could potentially last much longer than 10-15 years, as the EV drive train 

contains fewer moving parts than an ICE drive train, making it less prone to mechanical 

failure.7 Another reason to target longer service lifetimes is to facilitate high-cycle-count 

technologies like vehicle-to-grid connectivity. In a vehicle-to-grid system, the grid is able 

to draw electricity from parked EVs that are connected to bidirectional chargers, turning 

idle EV battery capacity into an energy storage asset for the grid and a potential source of 

passive revenue for EV owners. However, such a system would increase the cycle count of 

the battery, potentially accelerating degradation if the battery is not resistant to cycle-driven 

modes of failure. 

 

Improving the service lifetime of EVs improves not only the life-cycle cost of the vehicle, 

but also its life-cycle carbon footprint. Figure 1.1 shows the life-cycle emissions of an EV 

vs a comparable ICE vehicle. Initially, the carbon footprint of the EV is larger than the ICE 

vehicle, due to the emissions associated with extraction of minerals and complex 

manufacturing requirements for the battery.8 This initial emissions tally assumes that 

minerals are mined using mostly fossil-fuel-based energy, though this is expected to change 

as mining equipment is electrified in coming years. However, the life-cycle emissions soon 
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reach an equivalence point with the ICE vehicle, with the timing dictated by the carbon 

emissions of the grid used to charge the EV. After that equivalence point, the gap in life-

cycle emissions widens with each passing year. If one of the main goals of transitioning to 

EVs is the reduction of greenhouse gas emissions, then extending EV service lifetime is 

critical to maximizing this gap. A similar pattern is also typically seen for life-cycle cost, 

where an EV may require a larger up-front investment compared to an equivalent ICE 

vehicle, but the savings from lower maintenance and fuel costs result in larger net savings 

with each passing year. 

 

 

 
Figure 1.1: Life-cycle CO2 emissions of two comparable EV and ICE vehicles over time. 

The EV emissions are calculated using (a) electricity produced from the United States 

average mix of generation sources as of 2023, and (b) emissions produced using low-
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carbon grid comprised of renewables and nuclear energy. These calculations are made 

using the average annual mileage travelled by the American motorists (14,000 miles). 

Original figure created by Hannah Ritchie9 (reused with permission) and is based on data 

published by Miotti et al.8 

 

A similar argument can be applied to battery packs used for BESS facilities, but the scale 

(both in terms of size and time) is much larger. The storage capacity of a typical BESS 

facility can be well over 100 MWh (equivalent to about one or two thousand EV battery 

packs), with a service lifetime that is ideally on par with a wind or solar farm ï typically 

25 to 30 years.10,11 BESS facilities are major infrastructure projects with significant up-

front costs, both in terms of capital investment and carbon footprint. Extending the life of 

these facilities for as long as possible is critical to their economic viability and 

environmental sustainability. 

 

As service lifetimes of Li-ion batteries increase from years to decades, it becomes 

increasingly important to understand how batteries behave after extended cycling. 

Degradation in Li-ion batteries is a complex and multi-faceted process, involving a number 

of interdependent chemical, electrochemical, thermal, and physical processes. The 

behaviour of cells after long-term cycling can be difficult to accurately model and predict, 

posing a major challenge for the operators and battery management systems (BMSs) that 

control the battery pack. If a cell behaves in a way that significantly deviates from its 

modelled behaviour, it can lead to abusive, even unsafe, operating conditions that 

accelerate degradation. 
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Understanding how degraded cells behave is especially important for ñsecond-lifeò 

batteries, where a battery that is considered to have reached its end of life for one 

application is repurposed for another application. For example, an EV owner may consider 

the battery pack to have reached its end of life after the capacity degrades to a certain point 

(e.g. 70-80% of its initial capacity). While the EV battery pack may no longer provide the 

necessary energy density and range for an EV, it can still be repurposed at low cost as part 

of a BESS, where energy density is less of a constraint. A major challenge with this 

approach is that a second-life BESS facility will be comprised of many different cells 

and/or packs with different cycling histories and varying levels of degradation. Screening 

and validating incoming batteries is critical to operating the facility in a sustainable and 

safe manner. 

 

Taken together, these applications all point to the need to design batteries that last for 

decades, as well as the need to better understand how they behave after extended cycling. 

Improving our understanding of heavily cycled cells is critical to providing energy storage 

solutions for the renewable energy transition that are both economically and 

environmentally sustainable. 

 

1.2 Scope of This Work 

 

Commercial cell form factors are ideally suited for long-term cycling studies, as they are 

designed for long-term use and yield reproducible results that are representative of real-
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world operating conditions. The use of commercial cells is also important to understand 

how the effects of degradation propagate at throughout real cells, and how cell geometry 

can influence those patterns. Degradation in commercial cells is often studied using post-

mortem disassembly and destructive sampling.12ï14 While this approach provides valuable 

information, each post-mortem analysis requires terminating a long-term cycling 

experiment and losing a valuable, potentially information-rich cell. It also does not allow 

for operando experiments that would allow researchers to characterize non-equilibrium 

behaviour of the cell during cycling. 

  

To better understand the behaviour of cells after long-term cycling and extract as much 

information as possible before post-mortem disassembly, experimental methods are 

needed that can be used to non-destructively characterize commercial cells. While X-ray 

imaging and diffraction methods have been used for this purpose, these are often limited 

by spatial and/or time resolution needed to characterize subtle changes that occur in 

commercial cells after cycling.15 Between this low-resolution, in-situ imaging and nano-

scale, post-mortem imaging, there is a gap in the literature where the meso-scale effects 

of degradation (on the order of microns to hundreds of microns) have not been 

characterized in degraded commercial cells. Filling this gap is important to fully 

understand how degradation mechanisms propagate throughout the cell at different 

spatial scales and directly connect cell-level effects with material-level processes. 

Characterizing these effects on multiple time scales, from single cycles to the full lifetime 

of the cell, is also important to better understand how degradation affects the operation of 

the cell and how it progresses over time. 
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This thesis focuses on pushing the boundaries of X-ray-based imaging and diffraction to 

better characterize unmodified commercial cells. This is accomplished using synchrotron-

based techniques to achieve two main objectives: 

 

1. Characterize the effects of cell degradation (mechanical degradation in particular), 

how they affect the operation of the cell, and how they propagate through the cell 

at different spatial and temporal scales. 

2. Use this understanding to develop and assess strategies that can mitigate 

degradation and improve service lifetime. 

 

Applying this approach to cells that have undergone more extensive cycling (on the order 

of thousands ï even tens of thousands ï of cycles) is also a focus of this thesis, as most 

existing degradation studies in the literature are limited to cells with hundreds of cycles. 

As the service lifetime of Li-ion batteries increases, understanding the structural and 

functional changes that occur at advanced stages of degradation is becoming increasingly 

important. As this work will show, cells that are in advanced stages of degradation can 

show highly complex and spatially heterogeneous patterns of degradation. The advanced 

X-ray techniques used in this thesis are ideally suited for characterizing these patterns 

and how they affect the real-world operating behaviour of commercial cells.  

 



8 
 

CHAPTER 2 provides a general overview of Li-ion batteries, exploring electrode 

materials, electrode geometries, and commercial cell form factors that are relevant to EV 

and BESS applications. 

 

CHAPTER 3 provides an overview of degradation in Li-ion batteries, with a focus on 

mechanical degradation of positive electrode materials. This includes a discussion of how 

such degradation is typically characterized as well as a summary of the current state of the 

art for in-situ and operando X-ray imaging and diffraction. 

 

CHAPTER 4 describes the experimental methods, cells, and experimental setups used in 

this work. This includes a discussion of technique development, detailing efforts to adapt 

the endstations of X-ray imaging and diffraction beamlines for in-situ and operando 

experiments with commercial Li-ion cells.  

 

CHAPTER 5 describes multi-scale imaging of extensively cycled pouch cells with 

polycrystalline cathodes. The focus of this chapter is the impact of microcracking and how 

its effects propagate from the particle level to the cell level.  

 

CHAPTER 6 explores the effect of mechanical degradation on the kinetics and operation 

of the cell using spatially resolved, in-situ/operando X-ray diffraction (XRD) under both 

equilibrium and non-equilibrium conditions. 
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CHAPTER 7 uses the imaging and XRD techniques from in the previous chapters to assess 

the extent of microcracking under different cycling conditions as well as using different 

cathode materials. 

 

CHAPTER 8 investigates the role of electrolyte motion in cylindrical cells, which is linked 

to modes of degradation like non-uniform ageing and Li plating. Time-resolved CT scans 

show how excess electrolyte fluid is distributed in the cell, and how this distribution 

changes during high-rate cycling. The effect of gravity and cell orientation is also 

discussed. 

 

CHAPTER 9 provides a summary of the major conclusions of this work and potential 

avenues of future investigation. This includes a discussion of the limitations of the 

advanced imaging and diffraction techniques used, and how they could potentially be 

overcome. 
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CHAPTER 2 LITHIUM-ION BATTERIES 

 

This chapter provides a general overview of Li-ion batteries, starting with fundamental 

operating principles and basic components. This is followed by an exploration of 

commercial Li-ion battery cells from the material level to the cell level. This discussion 

focuses on materials and form factors that are most relevant to this thesis  ï primarily those 

used in EV and BESS applications. 

 

2.1 Basic Principles of Operation 

 

Li-ion cells are rechargeable batteries that store energy by transferring Li back and forth 

between two electrodes that store Li at different chemical potentials. This is done using a 

highly reversible process called intercalation, where Li ions are inserted into sites between 

atoms in the host materialôs crystal lattice.16 Figure 2.1 shows a schematic diagram of a 

typical Li-ion cell. The crystal structure on the left represents a graphite negative electrode 

(also referred to as the ñanode), where Li ions are intercalated between layers of graphene. 

On the right, Li is intercalated between layers of a transition metal oxide positive electrode 

(also referred to as the ñcathodeò). In most cases, the intercalation of Li results in structural 

changes to the host lattice, causing volume expansion of the material during lithiation and 

volume contraction during delithiation.17 During charge, an external power source is 

connected to the terminals of the cell, forcing an electric current to flow from the positive 

electrode to the negative electrode. As electrons move into the negative electrode, an 

equivalent number of Li ions to diffuse through an electrolyte solution from the positive 

electrode, moving from a low chemical potential to a high chemical potential. During 
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discharge, the opposite occurs, where electrons and Li ions are allowed to spontaneously 

flow from the negative electrode to the positive electrode. Both electrodes are deposited on 

a ñcurrent collectorò foil, through which electrical current flows between the electrode 

material to and from the terminal. A Cu current collector is typically used for the anode, 

while an Al current collector is typically used for the cathode. These metals are selected 

for the respective voltage ranges in which they are electrochemically stable, so as to avoid 

corrosion under normal operating conditions.18 

 

Between the electrodes in Figure 2.1, a layer of porous polymer separator keeps the 

electrodes electrically isolated from each other, while allowing for the free movement of 

Li ions through the barrier. The electrolyte solution through which Li ions diffuse consists 

of an organic solvent and a dissolved Li-containing salt. The solvent is generally carbonate-

based, and commercial electrolytes are comprised of multiple components and additives 

that improve the chemical stability of the cell.19 The formulation of electrolytes is deep 

subject and a major focus of R&D in the Li-ion battery industry, but it is outside the scope 

of this thesis and is not discussed here in detail. 
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Figure 2.1: Schematic diagram of a typical Li-ion cell with a graphite negative electrode 

and layered transition metal oxide positive electrode. Li ions are represented by green dots 

(crystal structures of negative and positive electrodes are discussed in detail in later 

sections). 

 

The voltage of the cell is determined by the difference in chemical potential of Li at each 

electrode, such that 

ὠ ‘ ὼ ‘ ὼ          2.1 
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where Ὡ  is the charge of an electron (which is negative in this equation) and ‘  is the 

chemical potential of Li in the positive and negative electrodes, respectively. These 

chemical potentials vary with the degree of lithiation, ὼ , of each respective electrode. 

Subtle changes in ‘ for both electrodes generate complex shapes in their respective voltage 

curves, some of which are discussed in the next section. 

 

The ñcapacityò of the cell refers to the net amount of current delivered during either charge 

or discharge. This can be defined for by integrating the current over the period of time 

needed to move from one predefined voltage endpoint to another. This is done 

experimentally by measuring the current flowing through the external circuit from the cell 

and calculating the capacity, ὗ, as follows: 

ὗ ᷿ ὍὸὨὸ          2.2 

where Ὅὸ is the cell current as a function of time, ὸ, which is integrated over the interval 

from ὸ  to ὸ . For the charge capacity, the applied current is integrated over the time 

required to charge the cell from the initial cell voltage to an upper cutoff voltage (UCV). 

For the discharge capacity, the current draining from the cell is integrated over the time 

required to discharge the cell from its initial voltage to the lower cutoff voltage (LCV). 

Although most of the charge current is associated with driving Li intercalation, there is a 

small fraction of current that is associated with parasitic electrochemical reactions20 

(discussed in more detail in CHAPTER 3). In general, these parasitic currents cause the 

charge capacity to be slightly larger than the discharge capacity over the same voltage 



14 
 

window and current. The ratio of discharge capacity to the immediately preceding charge 

capacity is known as the coulombic efficiency, ὅὉ: 

ὅὉ           2.3 

A theoretical cell with zero parasitic reactions would have a ὅὉ of exactly 1. In real cells, 

ὅὉ is generally below 1, with values closer to 1 indicating the reduced presence of parasitic 

reactions. ὅὉ values above 1 can result in some special situations, such as when there is a 

reservoir of excess Li somewhere in the cell that slowly increases the amount of Li ions 

available for intercalation (a quantity referred to as the ñLi inventoryò). 

 

While the schematic diagram in Figure 1.1 is adequate for explaining the fundamental 

operating principles of a Li-ion battery, this thesis focuses primarily on changes in 

electrode microstructure and its knock-on effects from the particle-level to the cell-level. 

The following sections provide a brief overview of common electrode materials used in 

industry, followed by a physical description of typical electrode microstructures and an 

overview of commercial cell form factors. 

 

2.2 Negative Electrode Materials 

 

Before the use of graphite as an intercalation material in Li-ion batteries, primary (non-

rechargeable) batteries existed that used Li metal as an anode.21 Li metal represents a 

theoretical limit for the negative electrode in terms of both the chemical potential of Li as 

well as the packing density of Li atoms in space. While considerable efforts are currently 
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underway to develop reliable secondary batteries that can reversibly plate and strip Li metal 

at the anode,21ï25 graphite is, at the time of writing, the negative electrode material used in 

the vast majority of Li-ion cells available on the market.26 Other options for negative 

electrodes do exist however, such as Li4Ti5O12 (LTO), which provides very long service 

lifetime due to the very low volume expansion that occurs during lithiation.27 However, 

the low energy density and comparably high cost of LTO compared to graphite make it a 

niche anode material that is mostly used for highly specialized applications. More recently, 

alloying materials like Si and SiOx have seen increased use in commercial cells due to their 

ability to store large amounts of Li.28 However, the large volume change (up to 280%29) 

that these materials experience during cycling currently restrict their use to composite 

electrodes, where the anode consists mostly of graphite with some amount (typically 5-

20% by weight) of Si. While the presence of Si is increasing, graphite is still the main 

negative electrode material used in Li-ion batteries.30 

 

The main advantages of graphite as an electrode material are its high energy density, good 

stability, and relatively low cost.16,26 The theoretical specific capacity (the amount of 

charge that can be stored per unit weight) of graphite is 370 mAh/g, with a low operating 

voltage of only 0.125 V (vs Li metal).31 Since the operating voltage of the cell depends on 

the relative chemical potential of the positive and negative electrodes (as shown in 

Equation 2.1), a higher cell voltage will be produced if a negative electrode with a smaller 

voltage vs Li/Li+ (higher chemical potential) is paired with a positive electrode with a more 

positive voltage vs Li/Li+ (lower chemical potential). In addition to the high specific 

capacity and low operating voltage, graphite also shows good electrochemical stability in 
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typical operating environments due to the formation of a passivating layer called the solid-

electrolyte interphase (SEI).32 This is discussed in greater detail in CHAPTER 3. 

 

The structure of graphite is well known and its behaviour as an intercalation compound has 

been extensively characterized. Graphite consists of stacked graphene layers, where SP2-

hybridized carbon atoms form repeating planar hexagonal rings. Unlithiated graphite can 

exist in both hexagonal (2H) and rhombohedral (3R) phases, both of which consist of 

graphene layers that are offset from each other in repeating patterns. Figure 2.2 shows the 

structure of both unlithiated graphite (in the 2H form) and fully lithiated graphite, which 

exists as LiC6. The unlithiated 2H form is characterized by alternating graphene layers that 

are offset in such a way that each hexagon has a carbon atom from both adjacent layers 

located at its centre when viewed down the c-axis (as in Figure 2.2-a). This arrangement 

of alternating layers is known as an ABAB stacking pattern. 3R graphite has a similar 

structure of laterally offset graphene layers, but following a stacking pattern of ABCABC. 

When fully lithiated, Li atoms occupy the space between all graphene layers, with one Li 

atom at the centre of every other carbon hexagon (as shown in Figure 2.2-c). Note that in 

the fully lithiated state, the graphene layers are all aligned with one another and no longer 

show any lateral offset. 
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Figure 2.2: crystal structure of (a,b) unlithiated graphite and (c,d) fully lithiated graphite 

(LiC6). Panels (a) and (c) show orthogonal projections along the c-axis of graphite, while 

panels (b) and (d) show orthographic 3D renderings for each of the two crystal structures. 

The orientations of unit cell axes are shown in the bottom-left corner of panels (c) and (d). 

In all panels, carbon atoms are brown, and Li atoms are green. 

 

The lithiation of graphite occurs in distinct stages that give rise to plateaus in the graphite 

voltage curve.33 As Li is intercalated, it is energetically favorable to for layers to be filled 

in such a way that they are initially spaced out, with several empty layers between each 

partially filled layer. An illustration of these stages is provided in Figure 2.3, showing how 

the number of empty layers between Li-containing layers becomes smaller as graphite is 
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lithiated. The naming convention for graphite staging refers to the number of empty layers 

between Li-containing layers. For example, ñstage 4ò graphite refers to a structure where 

every fourth layer contains Li with empty layers in between, while ñstage 1ò graphite refers 

to every graphene layer containing Li. One stage is labelled ñ2Lò, where the ñLò refers to 

a liquid-like behaviour of Li in the Li-containing layers, where the lateral spacing of Li is 

less uniform than the ordered lateral spacing of Li present in the other stages. While full 

lithiation results in a volume increase in graphite of up to 10%, this change is not linear.34 

The change from stage-2L to stage-2 graphite, for example, causes a much smaller volume 

change than the transition from stage-2 to stage-1 graphite. 
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Figure 2.3: (a) Schematic illustrations showing different stages of graphite lithiation, with 

black lines representing graphene layers and green dots representing Li. (b) The voltage 

curve of graphite lithiation with plateaus labelled according to the transition between 

stages. 

 

In reality, the above description of graphite as a set of parallel, well aligned layers of 

graphene is a simplified model. Real graphite materials contain stacking faults, rotational 

misalignment, and other deviations from this idealized model.33 The graphite used in 
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commercial cells generally comes in two forms: natural graphite (NG), which is graphite 

that is mined as is directly from the earth, and artificial graphite (AG), which is produced 

synthetically from carbonaceous precursors that are converted into graphite by heating at 

very high temperatures.35 In general, NG tends to be better ordered (less misalignment and 

fewer stacking faults) than AG, but AG shows better capacity retention due to the ability 

of misaligned layers to limit the volume expansion and associated stress on the 

material.36,37 Cells containing both AG and NG are used in this thesis. 

 

2.3 Positive Electrode Materials 

 

While negative electrode materials are mainly dominated by graphite, there are many 

different types of positive electrode materials used in industry. The two most prevalent 

classes of materials are layered transition metal oxides (LiMO2, where ñMò is one or more 

transition metals), and olivine materials like LiFePO4 (LFP). Layered transition metal 

oxides are used in the EV sector and are the main focus of this thesis. However, it should 

be noted that LFP is currently the most used positive electrode material for BESS 

applications and is increasingly gaining market share in the EV sector.38,39 While LFP has 

generally lower specific capacity (~170 mAh/g) and lower average operating voltage 

compared to transition metal oxides (3.2 V compared to 3.7 V vs Li/Li+), the lower cost, 

excellent safety performance, and long-term stability of LFP make it attractive for 

applications that donôt prioritize energy density (such as BESSs and short-range EVs).40,41 

In addition to LFP and transition metal oxides, spinel materials like LiMnO2 (LMO) 

comprise another class of positive electrode materials that are of significant interest. While 

LMO may be a potential alternative to transition metal oxides, they currently suffer from 
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poor cycle and calendar lifetimes (especially at high temperatures) and are not as widely 

used in commercial cells.42 

 

Layered transition metal oxides have been used since the late 1990s, with LiCoO2 (LCO) 

being the cathode material used in the first commercial Li-ion cell (produced by Sony in 

1991).6 Since then, a variety of materials with different transition metal composition have 

been introduced to increase energy density, improve safety performance, and reduce Co 

content (an expensive metal that is chiefly mined in regions associated with ethical and 

environmental concerns).43 The two most widely used classes of layered transition metal 

oxides are LiNixMnyCozO2 (NMC) and LiNixCoyAlzO2 (NCA), where x + y + z = 1. LCO, 

NMC, and NCA all share the same hexagonal crystal structure, which is shown in Figure 

2.4. This structure is characterized by Li-containing layers (green) that are separated by 

layers of transition metal oxide octahedra (shaded in blue). Lithiation of LiMO2 materials 

produces a continuous change in lattice parameters under most operating conditions, as 

opposed to the staging behaviour produced by graphite.44 Exceptions to this, as well as a 

more detailed discussion of volume expansion, are provided in CHAPTER 3. 
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Figure 2.4: Generalized hexagonal crystal structure of layered LiMO2 with projections 

along the (a) a-axis and (b) c-axis, as well as (c) an orthographic 3D rendering. In these 

figures, Li atoms are green, oxygen atoms are red, and transition metal atoms are blue. The 

octahedra surrounding transition metal sites are shaded blue to aid in visualizing the 

layered structure. 

 

Many different types of NMC and NCA exist, each with different relative amounts of 

transition metals. These materials are typically named according to these stoichiometric 

ratios. For example, LiNi0.5Mn0.3Co2O2 is referred to as NMC532. In recent years, 

increasingly Ni-rich NMC and NCA materials have been developed to take advantage of 

the increased energy density that comes with higher Ni content. For both NMC and NCA, 

Ni oxidation/reduction is the primary charge compensation mechanism that maintains 

charge balance as positively charged Li ions enter and leave the host crystal structure. 

These Ni-rich cathodes have very high specific capacities: 198 mAh/g for NMC622 and 

215 mAh/g for NMC 81145 (both of which are cathode materials that are studied in this 

thesis). The drawback to this increased energy density is the associated increase in volume 
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change that causes mechanical degradation of the electrode. This is discussed in detail in 

CHAPTER 3. 

 

2.4 Microstructure of Electrode Layers and Particles 

 

Li-ion battery electrodes are composite materials consisting of electrode active material 

particles that are held together by a matrix of polymer binder such as polyvinylidene 

fluoride (PVDF).46 A conductive additive, typically carbon black, is also added to ensure 

electrical contact between particles as well as to the metal foil current collector onto which 

the electrode layer is deposited.47 Figure 2.5-a shows a scanning electron microscopy 

(SEM) image of a cathode material that has been labelled to highlight features of the 

electrode layer. The spherical agglomerates in this image are ñsecondary particlesò of 

cathode active material, which consist of tightly packed nano-scale crystallites, referred to 

as ñprimary particlesò. This type of electrode is referred to as a polycrystalline material, 

which is currently the most common form of cathode found in commercial cells.48 Between 

the secondary particles of active material, a matrix of polymer binder and conductive 

additive is visible, which is referred to collectively as the carbon-binder domain (CBD). In 

order to achieve the highest-possible energy density, the fraction of active material is kept 

very high in commercial materials ï typically greater than 94%.49,50 A similar approach is 

used for graphite anodes, with the major difference being the particle morphology. Figure 

2.5-b shows an example of a typical graphite anode, with flattened particles made from 

flakes of graphite. While a variety of particle geometries are possible, the morphology 

shown here is among the most common in industry.51 In general, the preparation of 
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composite electrode spreads with a polymer binder and conductive additive are essentially 

the same for both positive and negative electrodes. 

 

  

Figure 2.5: (a) SEM image of a positive electrode layer. Original figure by Nancy Dietz-

Rago of Argonne National Lab.52 (Modified and used under Creative Commons non-

commercial License 2.0).53 (b) SEM cross-section image of a graphite electrode layer. 

Secondary particle

Primary particle

Carbon-binder domain

b)

a)
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Original figure by Jeschull et al.54 (Modified and used under Creative Commons non-

commercial License 4.0).55 

 

Figure 2.6 shows a schematic of the manufacturing process for producing electrode layers 

that are used in commercial Li-ion batteries. A sheet of current collector foil is coated 

with a slurry that contains the active material, binder, and conductive additive. These 

components are typically dispersed in a slurry using an organic solvent like N-Methyl-2-

pyrrolidone (NMP).56 Once the slurry is coated, the electrode is heated to evaporate the 

solvent and allow the binder to fix the particles in place and adhere the electrode to the 

current collector. After drying, the electrode is compacted using a process known as 

ñcalenderingò, where a large compressive force is applied to the electrode layer using 

steel rollers.57 Figure 2.6 shows the coating and calendering process for a double-sided 

electrode, where electrode layers are applied to both sides of the current collector foil. A 

similar process is used to coat and calender single-sided electrodes. 

 

After calendering, the thickness of the electrode layer is typically on the order of tens of 

microns. A thicker electrode allows for higher cell-level energy density (due to the larger 

fraction of active material relative to the current collector), but it also results in greater 

polarization when the cell is charged at high currents. Cells are typically divided into 

ñenergy cellsò and ñpower cellsò, where the latter contains thinner electrodes made with 

high-rate-capability electrode materials, and the former contains thicker electrodes with 
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high-energy-density materials.58 In many cases, cells are designed for a particular 

application that involve some compromise of power and energy density. 

 

 

 

Figure 2.6: schematic diagram of the electrode coating, drying, and calendering process. 

The red arrow denotes motion of current collector foil and black arrows denote 

compressive pressure applied by calendering rollers. 

 

The electrode layers produced by this process are stacked or wound into an electrode 

assembly (discussed below) and inserted into a casing. Electrolyte is then added to the 

cell and the cell is sealed. Typically, the cell sits for some amount of time (typically held 

at a constant voltage) to allow for the electrolyte to percolate through the electrode pore 

network and wet the entire cell. The cell then undergoes a slow ñformation cycleò, to 

condition the cell and form a stable SEI before being shipped to market.59 
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2.5 Commercial Cell Form Factors 

 

The simplest cell form factor is a coin cell (also known as a ñbuttonò cell), a schematic 

diagram of which is shown in Figure 2.7. A coin cell consists of one positive electrode disk 

and one negative electrode disk (both single-coated), separated by a larger disk of separator 

material. This electrode ñstackò is housed in a steel casing that is sealed by ñcrimpingò two 

pieces of the casing together (the ñcanò and ñcapò). During this crimping process, uniaxial 

pressure is applied to the electrode stack via a steel spring and ñspacerò plate that distributes 

the load onto the electrode stack. Many different dimensions of coin cells exist, but most 

are 20 mm in diameter with a thickness of 2-3 mm. Coin cells are used widely in academic 

labs, as they can be assembled by hand using inexpensive equipment. The major drawback 

(to these or any other handmade cells) is that even a slight misalignment of the electrode 

disks or non-uniform distribution of pressure can significantly alter the properties of the 

cell.50 Machine-made coin cells are also used in industry, mostly for miniature electronics 

like watches and hearing aids. 
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Figure 2.7: A typical coin cell assembly for single-layer Li-ion batteries. Original figure by 

Murray et al.50 (modified and used under Creative Commons non-commercial License 

4.0).55 

 

While coin cells are used in academia and in niche commercial applications, they are not 

suitable for EV or BESS applications due to the much lower cell-level energy density that 

result from the small fraction of active electrode material relative to the total amount of 

inactive components (casing, spring, spacer, etc.). Cells built for these EVs and BESSs 

must reduce the amount of inactive material used and efficiently pack as much active 

material as possible into the cell in order to minimize cost and maximize energy density. 

Large-format commercial cells achieve high cell-level energy density by stacking or 

winding double-coated electrode layers into an electrode assembly that is housed in a cell 

casing.  
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Diagrams of common electrode assemblies are shown in Figure 2.8. In rectangular-

prismatic-shaped cells, discrete electrode sheets are stacked on top of each other, either 

with sheets of separator in between each layer (single sheet stacking) or wound in a 

serpentine fashion between sheets (known as ñz-stackingò). While stacking is an efficient 

geometry, it is very sensitive to any misalignment of adjacent electrode layers and can be 

difficult to manufacture efficiently.60 In cylindrically shaped cells, electrodes are always 

wound into a structure known as a ñjelly rollò, forming a spiral of alternating electrode 

layers that is inserted into a cylindrical casing. This jelly roll structure can also be made 

into a ñprismatic windingò to be inserted into a rectangular prismatic cell. The main 

advantage to using wound electrodes is that they can be easily manufactured in a 

continuous fashion using roll-to-roll machinery, as opposed to cutting and stacking discrete 

layers of electrode material.61 At the centre of both the cylindrical and prismatic electrode 

winding is an empty space known as the ñcore.ò This is where the ñmandrelò (a small bar 

or tab about which the electrodes are wound) is placed. The mandrel is typically withdrawn 

from the jelly roll after winding, though in some cells it is left in the core.62 
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Figure 2.8: Schematic diagrams of electrode stacking/winding schemes for different 

commercial cell form factors. Original figure by Wu et al.22 (Modified and used under 

Creative Commons non-commercial License 4.0).55 

 

In most Li-ion cells, the edge of the anode layer is allowed to extend past the edge of the 

cathode layer, resulting in an ñoverhangò region, where the anode has no cathode directly 

across from it. An example of this is provided in Figure 2.9, which shows a computed 

tomography (CT) scan the anode overhang region in a prismatic wound pouch cell. This 

is done to allow for a small amount of misalignment to occur between electrode layers. 



31 
 

The reason the anode is extended in this way, and not the cathode, is to prevent Li plating 

at the edge of the anode.63 Li plating is discussed in more detail in CHAPTER 3. 

 

 

Figure 2.9: cross section from a CT scan of a prismatic wound electrode, showing the anode 

ñoverhangò that is typically used at the edge of the winding to prevent Li plating. 

 

Once an electrode is wound or stacked, the electrode assembly is inserted into a cell 

casing. This casing can be one of three types of commercial form factor: cylindrical cells, 

pouch cells, and prismatic cells.64 Examples of these three form factors are shown in 

Figure 2.10 and are described here in detail. 

 

Cylindrical cells consist of a wound jelly roll housed in a stainless-steel cylindrical casing. 

These cells can come in a number of different dimensions, but one of the most common is 

the 18650 cell, which has a diameter of 18 mm and axial length of 65 mm. Larger 
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cylindrical cell form factors have recently been developed for use in EVs and other large-

format battery packs, including the 2170 cells (21 mm diameter and 70 mm length) and the 

4680 cell (46 mm diameter and 80 mm length). In all cylindrical cells, the rigid casing 

applies radial confining pressure to the tightly packed jelly roll. In an EV battery pack, 

cylindrical cells are typically arranged in a tightly packed configuration, forming an ABAB 

(alternating layers) packing of cells when viewed from the top down. The empty space 

between cylindrical cells makes this arrangement less efficient than other form factors in 

terms of pack-level energy density, though this space can be used to run air or water lines 

for thermal management.65 Cylindrical cells are used in EV battery packs by Tesla Motors 

and BMW, with hundreds ï in some cases thousands ï of cells in a single pack. Major 

manufacturers of cylindrical cells include Panasonic, Samsung, and LG Chem. 

 

Pouch cells are another common form factor, where the electrode assembly is vacuum-

sealed in a polymer-coated aluminum ñpouchò that provides a flexible, lightweight housing 

for the electrode assembly. If gas is generated in the cell due to parasitic reactions, the 

pouch will inflate or ñpillowò to a point before pressure builds up in the cell, whereas rigid 

cells like cylindrical cells will immediately start to build pressure when gas is generated.66 

The dimensions of pouch cells vary widely, but they generally have a rectangular prismatic 

shape that is flat in one of three dimensions. Cylindrical pouch cells also exist, though they 

are not a widely used commercial form factor.67 Small pouch cells used in consumer 

electronics (laptops, cell phones, etc.) are typically less than 5 mm thick, with width and 

length on the order of centimeters. Pouch cells used in EV battery packs are much larger ï 

typically more than 10 mm thick with length and width in the range of 100-400 mm.68 The 
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electrode assembly in a pouch cell can be either stacked or prismatic wound. Since 

rectangular pouch cells do not apply any confining pressure to the electrode assembly, 

modest external pressure must be applied to the cell in order to maintain reliable operation. 

In an EV battery pack, this is typically done by stacking the pouch cells and confining them 

in a rigid container that applies axial stack pressure in the through-plane direction.69 

Stacking the cells also provides better pack-level energy density compared to cylindrical 

cells, though thermal management can be more difficult.70 Pouch cells are used by many 

EV manufacturers, including Nissan, GM, and Ford. Major manufacturers of pouch cells 

include SK Innovation, LG Chem, and Samsung. 

 

The third major type of commercial form factor is the prismatic cell, which also has a 

rectangular prismatic geometry, but uses a rigid steel or aluminum casing. Like pouch cells, 

prismatic cells are flat and stackable, but the initial confining pressure is applied at the cell 

level rather than the module or pack level. Prismatic cells can use stacked electrodes, 

though prismatic wound electrodes are also used. Several companies use prismatic cells in 

their EV battery packs companies, including BYD, Wuling, and Volkswagen. Tesla also 

uses prismatic cells for its LFP battery pack on the Model 3. Major manufacturers of 

prismatic cells include CATL, Gotion, and BYD. 
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Figure 2.10: Examples of commercial cell form factors used in EV and BESS applications, 

including (a) cylindrical cells, (b) a pouch cells, and (c) a prismatic cell. Original figure 

from Wikimedia Commons71 (modified and used under Creative Commons non-

commercial License 4.0).55 

 

The overview of Li-ion batteries presented in this chapter is meant to provide context for 

the discussion of mechanical degradation in the chapters that follow. While many materials 

and form factors are used in EV and BESS applications, this thesis focuses primarily on 

Ni-rich NMC materials using prismatic wound pouch cells and cylindrical cells for in-situ 

and operando experiments. The next chapter provides an overview of degradation in Li-

ion batteries with a focus on mechanical degradation of the cathode. 
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CHAPTER 3 DEGRADATION AND CATHODE MICROCRACKING 

 

This chapter provides an overview of electrochemical and mechanical degradation in Li-

ion batteries. The term ñmechanical degradationò is used in this thesis to describe the 

adverse effects of mechanical stresses to which the internal components of the cell are 

subjected throughout their lifetime. Much of this thesis focuses on mechanical degradation 

of the cathode, which has become a major focus of academic and industrial research. This 

chapter provides an overview of the causes and effects of this type of degradation, followed 

by a summary of existing ex-situ methods that are typically used to study it. However, since 

degradation mechanisms in Li-ion batteries are complex and interconnected, it is first 

necessary to discuss more modes of degradation more generally. 

 

3.1 Degradation in Li-ion Batteries 

 

Li-ion batteries are remarkably stable electrochemical systems considering the reactive 

internal components from which they are made. In addition to being as electrochemically 

stable as possible, the materials used in Li-ion batteries must also be thermally and 

mechanically stable. However, all Li-ion batteries slowly degrade over time and repeated 

cycling due to gradual processes that reduce the ability of the cell to store charge. This 

decline in cell capacity is referred to as ñcapacity fadeò, which is typically a slow, 

incremental process in normally functioning cells. However, as the cell ages, the rate of 

degradation can suddenly increase, resulting in what is known as ñrollover failureò (also 

called ñknee pointò failure). Figure 3.1 shows examples (from a study by Ma et al.72 ) of 
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these two types of capacity fade, with a gradual fade shown in black for a cell containing 

a LiPO2F2 (LFO) additive and rollover failure shown in red for a cell containing the same 

LFO additive, plus 20% methyl acetate (MA). The causes of rollover failure can be varied 

and complex depending on the cell chemistry, but they generally result from either a single 

degradation mechanism that reaches some critical point, or a change from one gradual 

mode of degradation to a more rapid one.73 For the example shown in Figure 3.1, rollover 

failure resulted from increased rates of parasitic reactions and increased impedance 

associated with the addition of MA. Rollover failure is especially problematic, as it can 

make modelling and prediction of cell lifetimes very difficult. 

 

  

Figure 3.1: An example of gradual capacity fade (black) in a cell containing an LFO salt 

vs sudden rollover failure (red) in a cell containing LFO salt and 20% MA. Both absolute 
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(a) and normalized (b) capacity fade are shown. Original figure by Xiaowei Ma72 (modified 

and used under creative commons license 4.0)55 

 

Capacity fade can result from a combination of factors, including the loss of Li inventory 

(discussed in CHAPTER 2) and loss of active electrode material. Li inventory loss is 

caused by parasitic reactions that consume Li, making it unavailable for intercalation. 

Active material loss (also called active mass loss) refers to electrode material that becomes 

electrically disconnected from the cell, reducing that electrodeôs capacity to store Li. Li 

inventory loss and active mass loss can be the result of numerous processes, some of which 

are discussed below. 

 

Another important symptom of degradation is cell impedance growth, which is closely 

linked to capacity fade. All internal components in the cell contribute to its total impedance, 

including sources of ohmic resistance like material resistivity, passivation layers, and 

contact boundaries. Sources of ionic resistance also contribute to cell impedance, like 

electrolyte conductivity, pore network geometry, and the Li transport properties of the 

electrode. Impedance growth results in polarization of the cell that causes apparent capacity 

fade, especially at higher currents. This loss of capacity is due to the larger voltage 

difference generated by impedance that triggers voltage cut-off limits earlier than if the cell 

were charged at near-equilibrium currents. Figure 3.2 shows an example of this effect using 

two LFP/graphite cells that were cycled at different currents and temperatures, where the 

more polarized curve (red) encounters the upper cut-off voltage after transferring a smaller 



38 
 

amount of charge than the less polarized curve (black). In this case, the polarization results 

from the lower cell temperature and higher current used for the same type of cell, but a 

similar situation would also result if two cells with different impedance were cycled under 

identical conditions.   

 

     

 

Figure 3.2: Comparison of two LFP/graphite cells: one with low polarization (black) vs a 

cell with high polarization (red). The difference in polarization for these cells results from 

the different temperature and currents used for cycling. Original Figure by Eric Logan74 

(used with permission). 
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Current is generally described in terms that are relative to the capacity of the cell. This is 

done using a quantity known as a ñC-rate,ò which expresses current as a fraction or multiple 

of cell capacity. For example, if a cell with a capacity, C, of 100 mAh was cycled using a 

current of 10 mA, this would be referred to as a C-rate of ñC/10ò, whereas a current of 200 

mA would have a C-rate of ñ2Cò, and so on. The ñnear-equilibriumò current mentioned 

above would be on the order of C/50 or even C/100. The cells shown in Figure 3.2 were 

cycled using rates of C/3 (lower current) and 1C (higher current), respectively. 

 

Quantifying capacity fade is a relatively straightforward measurement, involving an 

analytical cycler that tracks the charge and discharge currents over time and integrates them 

at the end of each cycle.75 Quantifying impedance directly can be done via electrochemical 

impedance spectroscopy (EIS), where the cell is subjected to an AC frequency sweep and 

the response is analyzed.76 However, impedance can also be measured indirectly from 

cycling data by calculating the difference between the average voltage obtained during 

charge and discharge. This quantity, known as Ўὠ , is illustrated in Figure 3.2. The 

evolution over time and/or cycle number of both capacity fade and Ўὠ are reported for all 

cells used in this thesis. 

 

While capacity fade and impedance growth are symptoms of degradation, the underlying 

causes are potentially numerous and often interconnected. The sections below provide a 

high-level overview of well-known degradation mechanisms that lead to capacity fade and 



40 
 

impedance growth, with an emphasis on mechanisms that are linked to mechanical 

degradation. 

 

3.1.1 Electrode Passivation 

 

Both the anode and cathode react electrochemically with electrolyte at the electrode 

surface.16 As mentioned in CHAPTER 2, graphite forms a passivating SEI layer at the 

surface that is composed of electrolyte reduction products. Li is also incorporated into the 

SEI, making it unavailable for intercalation and contributing to capacity fade via Li 

inventory loss.77 The SEI also contributes to cell impedance, as a thicker SEI layer causes 

slower Li+ transport between the electrolyte and the graphite surface.78 The thickness of 

the SEI is typically on the order of a few nm to tens of nm.79 

 

Figure 3.3 shows a schematic diagram of SEI formation and thickness growth. SEI forms 

on any electrode particle surface that is exposed to electrolyte. The stability of lithiated 

graphite in the presence of electrolyte depends largely on the ability of lithiated graphite to 

form a uniform SEI layer that will effectively passivate the particle surface and limit further 

SEI growth. A significant amount of SEI growth occurs during the formation cycle, which 

consumes some amount of Li, resulting in an initial irreversible capacity loss. As the cell 

is cycled, new SEI is deposited over existing layers. If the initial SEI layer is uniform and 

stable, further capacity fade due to Li inventory loss will be minimal. If, however, the SEI 

is non-uniform and/or unstable, it will not effectively passivate the electrode surface, 

resulting in faster SEI growth rates over the lifetime of the cell that will consume more Li 
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and increase cell impedance.77 The amount of irreversible capacity loss in the first cycle 

varies depending on the electrolyte composition and choice of graphite, and can be as small 

as a few percent or as high as 20-30% (or more) of the initial Li inventory.80 

 

Even if the SEI is initially stable, it can be damaged during subsequent cycling (e.g. from 

mechanical stress due to graphite expansion and contraction). Any disruption of the SEI 

morphology will lead to excess thickness growth due to re-passivation, as well as other 

potential problems like gas generation.81,82 In addition to having a uniform morphology, 

the SEI must also be mechanically flexible to accommodate the mechanical stresses 

associated with intercalation. Under normal conditions, the rate of SEI growth can be 

reasonably approximated as proportional to ὸȾ, where ὸ is the operation time of the cell.77 

Deviations from this model typically occur when another process interferes with regular 

SEI growth. 
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Figure 3.3: Reduction of electrolyte to form SEI layer, with new layers forming over 

existing layers, consuming both electrolyte and Li ions. 

 

The exact composition of the SEI can vary widely depending on the combination of 

solvent, salt, and additives used in the electrolyte.83,84 In carbonate-based electrolytes with 

fluorinated salts (such as LiPF6), reduction products generally include polycarbonates, 

polyolefins, and Li-containing products like lithium ethylene decarbonate (LEDC), lithium 

ethylene monocarbonate (LEMC), Li2CO3, Li2O, and LiF.83,84 Strategies for controlling the 

SEI typically involve the use of additives that are consumed during SEI formation or 

coatings that favorably influence the morphology of the initial SEI layer.85 

 

Passivation also occurs at the positive electrode, with electrolyte oxidation products 

forming the ñcathode-electrolyte interphaseò (CEI). Characterization of the CEI is more 
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challenging than the SEI, and its structure and composition can vary from one cathode 

material to another, making it is less well characterized in the literature compared to the 

SEI.86,87 However, the CEI is similar to the SEI in that it is a polymer- and carbonate-

containing passivation layer that also consumes Li.86 The CEI tends to be thinner than the 

SEI, making it less of a concern for Li inventory loss.88 However, an unstable CEI that 

leads to poor passivation will lead to higher rates of other surface-mediated reactions with 

the cathode that are discussed below. 

 

3.1.2 Cathode Surface Reconstruction 

 

NMC and NCA have been observed to form surface layers of disordered rock-salt-type 

phases with low ionic diffusivity.89ï92 This contributes to impedance growth in the cell due 

to restricted Li-ion transport the cathode surface. A diagram illustrating cathode surface 

reconstruction is shown in Figure 3.4, where the layered structure in the bulk transitions to 

atomic layers of the disordered rock salt phase near the surface. This surface reconstruction 

has been linked to the localized reduction of the cathode surface by the electrolyte (as 

described above).91  
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Figure 3.4: Schematic of cathode surface reconstruction. Red dots are oxygen atoms, blue 

dots are transition metal atoms, and green dots are Li atoms. 

 

The thickness of the rock-salt layer can be measured directly using transmission electron 

microscopy (TEM), or indirectly via impedance measurements. Reported thickness values 

in the literature vary widely, ranging up to 20 nm.89 One reason for this variation is that the 

thickness of the rock-salt layer is highly voltage-dependent, with higher cutoff voltages 

linked to continuously increasing impedance during cycling.90 TEM imaging requires 

destructive sampling of the cell, making it impossible to directly observe the evolution of 

the rock-salt layer over time. 

 

3.1.3 Li Plating 
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Another process that can significantly impact the lifetime of a cell is Li plating, where 

metallic Li is formed within the cell. This occurs at the anode, where potentials are low 

enough relative to Li/Li+ that a localized overpotential can result in the reduction of Li+ 

ions, forming Li metal deposits on the anode surface. These overpotentials are more likely 

to develop when high C-rates are used and/or when the cell is charged at low temperature.93 

Figure 3.5 shows examples of graphite anodes from a study by Gallagher et al.,94 where 

cells cycled at higher current density show more extensive Li plating on the anode surface. 

Overpotentials can also develop in regions where Li+ ion transport is hindered, such as at 

the surface of an SEI with high impedance. Other processes such as localized depletion (or 

ñdry-outò) of electrolyte can also lead to Li plating. In CHAPTER 8, a unique example of 

Li plating will be discussed, where a study by Solchenbach et al. linked plating in large-

format cells to selective dilution (and reduced ionic conductivity) of the electrolyte after 

repeated fast charging.95 

 

 

Figure 3.5: Examples of Li plating on graphite anodes that were cycled in 

NMC622/graphite pouch cells that were cycled at the indicated current densities. Plating 
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of metallic Li (silver) on the graphite (black) is more extensive at higher current density. 

Original figure by Gallagher et al.94 (used under Creative Commons non-commercial 

license 4.0).55 

 

If these deposits maintain electrical contact with the anode, they can in principle be  

oxidized back into Li+ ions, but reversibly plating and stripping Li is very difficult due to 

the morphology of Li crystallites. Li metal tends to form dendrite structures, which in some 

cases can grow to the point where they puncture the separator and cause an internal short 

circuit.96 If a Li metal particle becomes electrically disconnected from the anode, then the 

Li in that particle will be removed from the cellôs Li inventory. Li metal is also very reactive 

with carbonate-based electrolytes, so its presence can also result in higher rates of Li loss 

and electrolyte decomposition due to SEI formation at the metal particle surface.97 

 

 

3.2 Mechanical Degradation 

 

Many of the degradation mechanisms discussed in the previous section are electrochemical 

processes that are mostly linked to capacity fade via Li inventory loss. In this section, we 

focus on the causes and effects of mechanical degradation at the cathode and how it affects 

the processes discussed above. The internal stresses that give rise to mechanical 

degradation can occur over multiple length scales, from the atomic scale to the full-cell 

scale. This section focuses mostly on mechanical degradation at the atomic- and particle-

scale, as the propagation of these effects to the meso- and macro-scale in commercial cells 
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is investigated in detail in CHAPTERS 5, 6, and 7. Since most of the work presented in 

this thesis involves Ni-rich NMC cathodes, this chapter focuses primarily on the 

anisotropic volume change that occurs in these materials, leading to fracturing within 

secondary particles ï a process known as cathode ñmicrocracking.ò This chapter also 

includes a brief review of strategies to prevent microcracking as well as a discussion of 

how microcracking is characterized using nanoscale imaging methods. 

 

3.2.1 Anisotropic Volume Expansion 

 

As mentioned in CHAPTER 2, NMC and NCA undergo reversible volume expansion and 

contraction during cycling as Li is intercalated and deintercalated. However, this volume 

change is highly anisotropic, as illustrated by Figure 3.6. When the cathode is delithiated, 

the a and b axis shrink, while the c axis expands throughout most of the charge.98,99 This 

expansion is due to the repulsion of oxygen atoms in neighboring octahedral slabs. In a 

lithiated state, this repulsion is supressed by the presence of Li between slabs, but as the 

cathode is delithiated, the repulsion is longer screened, forcing the slabs apart.100 The 

shrinkage of the a and b axes on the other hand is due to oxidation of Ni during delithiation, 

decreasing Niôs ionic radius and increasing the Ni-O bond affinity. A component of this 

shrinkage also lies along the c axis, and as the cathode is further delithiated, it overtakes 

the expansion due to oxygen repulsion, causing the c axis to shrink slightly near the top of 

charge.99 
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Figure 3.6: Anisotropic volume change of a layered oxide unit cell during delithiation. Blue 

arrows denote the contraction of the cell along the a and b axes, while red arrows denote 

the expansion of the cell along the c axis. Note: the magnitude of these changes is 

exaggerated in this diagram for the purposes of illustration. 

 

While the net volume change of the unit cell is negative during delithiation, the highly 

anisotropic nature of this strain can result in significant internal stress within the cathode. 

The magnitude of this change depends on several factors. Higher Ni content in the cathode 

increases its specific capacity, which also increases the magnitude of the volume change 

and the internal stresses that result.101 The size of the voltage window can also significantly 

impact the extent of volume change, with larger voltage windows causing larger volume 
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changes.98,99 For some cathodes, there is a critical point at high voltage where the high 

oxidation state of Ni depletes the charge on neighboring oxygen atoms. This causes the c 

axis to rapidly collapse, generating significant lattice strain and stress within the cathode.99 

For NMC with  ² 90% Ni  content and < 5% Mn, there is also a critical point (just above 

4.06 V in an NMC/graphite cell) where the lattice undergoes a transition from the H2 to 

the H3 phase.102 While this problem can be avoided by keeping UCV below the onset 

voltage of the H2-H3 transition, this approach effectively reduces the operational energy 

density of the cell. 

 

3.2.2 Cathode Microcracking  

 

In polycrystalline cathodes, the anisotropic lattice strain described above can lead to 

significant internal stresses within secondary particles. Figure 3.7-a shows an example of 

this, where tightly packed crystallites expand and contract in different orientations. In this 

figure, the orientation of the c axis along which the crystallites expand (during delithiation) 

is highlighted in red. The disordered orientation of crystallites creates complex spatial 

distributions of stress: for example, compressive stress would be experienced by 

neighboring crystallites that are positioned end to end along the c axis, while crystallites 

positioned side by side would experience tensile stress at the grain boundary. Since 

cathodes are synthesized in their fully lithiated state, these strains and associated stresses 

are greatest at the top of charge, where the cathode is in its most delithiated state.  
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A microscopic crack (or ñmicrocrackò) will develop at the grain boundary between 

crystallites if the stress at that grain boundary exceeds the materialôs fracture toughness. 

Microcracking was first observed in polycrystalline LiNiO2 by Dokko et al. in 2000.103 The 

initiation of microcracks are thought to initiate primarily at crystal dislocation sites in the 

cathode, followed by propagation along grain boundaries.104 Microcracks tend be 

concentrated towards the centre of the particle at first,105,106 where they may not initially 

be exposed to electrolyte (as shown in Figure 3.7-b). This initial microcracking can start 

very early on during cycling, and has even been observed during the formation cycle. Wade 

et al. showed microcracks forming in polycrystalline NMC811 near the top of the 

formation-cycle charge (data shown below in Figure 3.12).105 During the subsequent 

discharge, the crystallites expanded again, filling the cracks and making them invisible. 

Eventually, microcracks expand and propagate through the particle, becoming permanently 

visible at all states of charge (SoCs). After repeated cycling, microcracking can become 

severe enough that the electrolyte breaches the secondary particle, flooding its internal 

network of microcracks (as shown in Figure 3.7-c).107 This can have major consequences 

for the operation of the cell, which are discussed below. 
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Figure 3.7: Intergranular microcracking and electrolyte infiltration. (a) Diagram of a 

cohesive secondary particle with grain boundaries highlighted in blue. Red arrows denote 

the orientation of the c axis for each crystallite, while blue lines denote grain boundaries 

and the yellow background is the electrolyte. (b) Microcracks (white) form along grain 

boundaries near the centre of the particle. (c) After extensive microcracking, electrolyte 

infiltrates the particle.  

 

Although we primarily discuss microcracking here as the result of anisotropic lattice strain, 

it can also result from other sources of stress experienced by the cathode. Internal stress 

can also result from spatially non-uniform lithiation of the cathode, which can cause 

adjacent regions to have varying lattice dimensions.108 Cathode stress can also come in the 

form of external forces, such as stack pressure. Even before the cell is cycled, the cathode 

experiences massive uniaxial pressure during the calendering process that can cause also 

lead to microcracking.109  
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3.2.3 Effects of Cathode Microcracking 

 

One of the most direct impacts of cathode microcracking is active mass loss. As mentioned 

in CHAPTER 2, active mass loss results from active electrode material becoming 

electrically disconnected from the network of electrode particles and conductive additives. 

Active mass loss can happen both at the positive and negative electrode, but the effect on 

capacity fade can vary depending on the design of the cell. Commercial cells are generally 

built with an excess of anode capacity, so as to prevent Li plating due to overlithiation of 

graphite.110 Such cells are said to have an ñN/P ratioò (i.e. negative/positive ratio) that is 

greater than 1.0. When the cell is cathode-limited, active mass loss at the cathode (known 

as ñpositive mass lossò) causes a drop in cell capacity, while active mass loss at the anode 

(known as negative mass loss) would slightly reduce the N/P ratio. The latter case mostly 

becomes problematic if the N/P ratio is reduced to a point that compromises the safety of 

the cell. Active mass loss also affects the Li inventory, as any Li contained within an 

electrode particle at the time of disconnection would be trapped within that particle. 

 

Active mass loss can result from any process that disrupts the conductive network at any 

point from active particles to the cell terminal. This can occur due to degradation of inactive 

components involved in the conductive network, such as conductive additives, binder, 

and/or the current collector. However, in cells where these inactive components are stable, 

disconnection of the active material is the main source of active mass loss. Microcracking 

contributes to active mass loss when fractures become severe enough that particles are no 

longer in contact with neighboring particles or conductive additive. Figure 3.8 shows an 
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example of this process, where microcracking of a secondary cathode particle causes 

crystallites to lose contact with one another. In this case, those crystallites that are not in 

contact with conductive additive (highlighted in red) become disconnected and are no 

longer able to participate in Li intercalation. This disconnection is not strictly irreversible, 

as particles can in principle become reconnected if the surrounding electrode changes over 

time in such a way that the particle regains electrical contact. For example, recent work by 

Chahbaz et al. showed that a significant amount of lost capacity could be recovered from 

a cycled NMC111/LTO cell with extensive microcracking by simply increasing the stack 

pressure applied to the cell.111 The authors attributed this capacity recovery to disconnected 

cathode particles that were forced back into electrical contact by the increased stack 

pressure. 

 

 

Figure 3.8: Disconnection of cathode particles from conductive network. (a) A group of 

cathode particles (grey), connected by a network of carbon black (black). A particle 
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undergoing anisotropic strain is highlighted. (b) Inactivation of cathode particles that lose 

contact with the conductive network (highlighted in red). 

 

Aside from positive mass loss, the other main impact of cathode microcracking is the 

increase in electrode surface area that is exposed to the electrolyte. Figure 3.9 illustrates 

how this occurs. When the secondary particle is initially free of microcracks (Figure 3.9-

a), only its outer surface (highlighted in red) is exposed to electrolyte. Once microcracking 

is severe enough that electrolyte is able to infiltrate the particle (Figure 3.9-b), The surfaces 

of individual crystallites become exposed. The total exposed surface area (also highlighted 

in red) is clearly much larger than that of the sealed secondary particle. 

 

 

Figure 3.9: Increase in exposed cathode surface area due to microcracking. (a) Cohesive 

secondary particle with outer boundary (highlighted in red) exposed to electrolyte. (b) 

Cracked secondary particle after electrolyte infiltration with all crystallite surfaces exposed 

to electrolyte. 
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This larger exposed surface area causes a rapid increase in all the surface-mediated 

degradation processes discussed in the previous section, which can significantly impact the 

operation of the cell. One of the most noticeable effects is an increase in cell impedance, 

due to the formation of disordered rock-salt layers at crystallite surfaces, which 

significantly impedes the diffusion of Li into (and out of) the primary particles. Cells with 

extensive microcracking are much more polarized because of this effect. Any problems 

related to electrolyte oxidation (such as gas generation, salt decomposition, transition metal 

dissolution, etc.) will also be exacerbated by this increase in exposed surface area. 

 

Ultimately, the impact that cathode microcracking has on cell performance can vary widely 

from cell to cell depending on the severity of the microcracking, the extent to which 

electrolyte infiltration occurs, and the relative extent of the various surface-mediated 

reactions that are affected. What is clear, however, is that the effect is always in some way 

detrimental and needs to be prevented and/or mitigated. 

 

3.3 Strategies to Prevent Cathode Microcracking 

 

There are several ways that microcracking can be prevented and/or mitigated. As 

mentioned above, limiting the operating voltage window is one straightforward way to 

reduce microcracking by limiting extent of the anisotropic volume change that causes it. 

However, this is not practical for some applications that require deep cycling of the battery, 

such as diurnal storage of solar energy. Major efforts have been made over the past decade 
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to develop new materials and also modify existing materials so that they are resistant to 

microcracking. 

 

One approach is to limit the anisotropic volume change itself, which is often accomplished 

by integrating inactive dopants into the cathode during synthesis. This has been done using 

a variety of metal dopants (including Al, Mg, Si, and Ti, among others) that substitute into 

transition metal sites, stabilizing the oxidation state of Ni and/or suppressing lattice 

distortion.112 Another approach is to modify existing cathodes using coatings or other 

surface treatments. Coating of secondary particles is typically done to prevent electrolyte 

infiltration into the particle interior (as opposed preventing microcracking in the first 

place).113 Primary particles (crystallites) can also be coated or treated before 

agglomeration, which is done to improve the mechanical properties of the grain boundaries, 

making them more resistant to fracture.107 An advantage of surface coatings and treatments 

is that they can often be integrated into existing manufacturing processes, as opposed to 

developing new synthesis protocols.  

 

Another strategy is to modify the structure of the secondary particle in a way that alleviates 

internal stress. One way to accomplish this is the use of ñcore-shellò secondary particles, 

which generally consist of a high-energy-density core (often with higher Ni content) and a 

more stable (typically low-Ni) shell that is exposed to electrolyte.114 This approach requires 

appropriate pairing of core and shell materials as well as effective management of the 

resulting radial strain. A more recent method for restructuring secondary particles to 
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suppress microcracking was proposed by Xu et al., who devised a way to orient primary 

particles so that their c axes are radially aligned throughout the secondary particle.115 

 

While these strategies all approach the problem of microcracking differently, one thing 

they have in common is that they all employ polycrystalline electrodes that are ultimately 

still predisposed to microcracking along grain boundaries. A more recent strategy is to 

avoid the problem of intergranular cracking by removing the grain boundary altogether. 

This is accomplished using a type of material called a ñsingle-crystalò cathode, which has 

become the focus of intense research in both academia and industry.48,115ï118 A diagram 

showing the structure of a single-crystal cathode is provided in Figure 3.10-b, which is 

compared to the structure of a conventional polycrystalline cathode (shown in Figure 3.10-

a). While each particle in the polycrystalline material consists of an agglomerate formed of 

many nano-scale crystallites, each particle in the single-crystal material is itself a large 

crystallite on the scale of 1-4 Õm. As with previous figures, the red arrows in Figure 3.10 

denote the crystallographic orientation of the particles. While the single-crystal materials 

still experience anisotropic strain, there is no grain boundary with another particle along 

which a fracture can occur. While fractures and other crystal defects within the single-

crystal particle can still occur (which has been observed using nano-scale imaging119), the 

fracture toughness of these materials is dictated by the crystal itself, rather than the much 

weaker grain boundary. 
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Figure 3.10: (a) A polycrystalline cathode, where particles consist of nanocrystalline 

agglomerates. (b) A single-crystal cathode, where each particle consists of a single, large 

crystallite. Red arrows denote the orientation of the c axis expansion for each individual 

crystallite. The black shapes are particles of CBD that contain conductive additive.   

 

While single-crystal cathodes represent a new type of morphology, they are still composed 

of conventional, well-known layered oxide materials. Single-crystal cathodes have been 

shown to effectively suppress microcracking in cells made with NMC532, NMC622, and 

NMC811 materials, even after thousands of cycles.120,121 While these materials show 

excellent durability, their share of the cathode market is currently much smaller than that 

of polycrystalline materials. This is mostly due to the relative immaturity of fabrication 

processes and smaller relative scale of production.122 However, at the time of writing, cells 

with single-crystal cathodes are being produced commercially (e.g. by companies like LG 

Chem123), and improvements to synthesis and manufacturing techniques are ongoing. 
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3.4 Characterization of Cathode Microcracking 

 

While the presence of cathode microcracking may be indicated by its effects on the cell 

(like increased impedance), it is often difficult to isolate and diagnose cathode 

microcracking directly without the use of imaging methods. Because microcracks are very 

fine features that are much smaller than micron-sized secondary particles, direct 

observation of microcracks generally requires nanoscale imaging techniques. 

 

The most common technique used to characterize cathode microcracking is cross-sectional 

SEM, which is able to resolve cracks as thin as a few nm (depending on the system used) 

as well as individual primary particles.124 Cross-sectional SEM samples are prepared by 

disassembling a cycled cell, destructively sampling the electrode, and preparing a cross 

section of that sample. This is typically done using an Ar-ion cross-section polisher or a 

focused ion beam (FIB) system to mill down the cathode while minimizing sample 

preparation artifacts.125 Figure 3.11 shows an example of a cross-sectional SEM image of 

a Ni-rich NMC cathode (original figure by Ryu et al.17). The microcracking patterns 

described above ï where cracks follow grain boundaries and are concentrated near the 

centre of the particle ï are clearly visible in this figure. SEM imaging can be extended into 

3D using a technique called FIB-SEM, where successive layers are alternately polished 

back (using an in-situ FIB) and imaged, forming a stack of 2D slices. While this provides 

potentially useful 3D information, it is less common in the literature due to its high cost 

and long data collection times. 
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Figure 3.11: Example of cross-sectional SEM of cathode microcracking in a sample of 

polycrystalline LiNi0.9Mn0.05Co0.05O2 after 100 cycles. Original figure by Ryu et al.126 

(Modified and used under Creative Commons non-commercial License 4.0).55 

 

Another nanoscale 3D imaging method that has become more widely used is nanoscale 

computed tomography (nano-CT). Computed tomography (CT) is a 3D X-ray imaging 

technique that is described in detail in CHAPTER 4 and used extensively in subsequent 

chapters. While Nano-CT does not require destructive polishing of the sample like SEM, 

it has lower spatial resolution ï approximately 50 nm ï and sample size is still restricted to 

roughly 100 Õm in diameter.127 However, this spatial resolution is still sufficient to capture 

larger cathode microcracks. Figure 3.12  shows the nano-CT scans of NMC811 samples 

taken from cells that were charged to different voltages during the formation cycle (original 

figure by Wade et al.105). While nano-CT is non-destructive in the sense that the sample is 
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not destroyed during imaging, the small sample size still requires cell disassembly and 

destructive sampling from the electrode. Although the resolution is of nano-CT is lower 

than FIB-SEM, the imaged volume is much larger, allowing for imaging of tens of particles 

as opposed to a handful of particles. 

 

 

Figure 3.12: Nano-CT image of NMC811 particles at different states of charge during 

formation cycling. Original figure by Wade et al.105 (Modified and used under Creative 

Commons non-commercial License 4.0).55 

 

While the techniques described above provide direct, detailed imaging of microcracks at 

the particle level, the major drawback they all share is that they require post-mortem 

disassembly of cycled cells and destructive sampling of the electrode. This requires 

sacrificing valuable cells that may have cycled for months or years, and it does not allow 
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for operando imaging experiments to investigate the kinetics of the cell under non-

equilibrium conditions. Cell disassembly also involves disrupting the meso- and macro-

scale structure of the cell, potentially destroying valuable information about longer-range 

structural changes at that can occur during cycling.  

 

In order to non-destructively characterize the effects of microcracking at different spatial 

scales and observe the during cell operation, advanced X-ray techniques are required. The 

next chapter describes these techniques in detail and how they have been adapted in this 

thesis for in-situ and operando experiments with unmodified pouch cells as well as 18650 

cylindrical cells. A general overview of experimental methods, cell preparation, and 

cycling is also provided. 

 

 

  



63 
 

CHAPTER 4 EXPERIMENTAL METHODS 

 

This chapter focuses on two main techniques that are used for all the experiments presented 

in the subsequent chapters: computed tomography (CT) and X-ray diffraction (XRD). An 

overview of each technique is provided, followed by a description of technique 

development efforts and a summary of experimental parameters used for the experiments 

presented in subsequent chapters. The overview of CT imaging is more thorough than that 

of XRD, as XRD is a more commonly used technique in battery research with which 

readers are more likely to be familiar. 

 

Before the discussion of CT and XRD, we first describe the commercial-form-factor cells 

that are used in CHAPTERS 5-8. This is followed by a brief overview of synchrotron-

based X-ray sources, which were used for all CT and XRD experiments presented in this 

thesis. 

 

4.1 Cells used for In-Situ/Operando X-ray Experiments 

 

Two types of commercial cells are used in this thesis: prismatic wound pouch cells and 

18650 cylindrical cells. Pouch cells are used in CHAPTERS 5-7, to study microcracking 

using high-resolution CT and transmission-geometry XRD, while 18650 cylindrical cells 

are used in CHAPTER 8 for low-resolution, high-speed CT imaging of electrolyte motion. 

Both types of cells ï and their suitability for in-situ/operando X-ray experiments ï are 

briefly discussed here. 
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Pouch cells are very well suited to X-ray-based experiments, as their aluminum casing is 

relatively X-ray transparent and produces minimal scattering (compared to steel casings). 

The geometry of most pouch cells (discussed in CHAPTER 2) is wide and flat, which is 

ideal for techniques like synchrotron XRD, where diffraction patterns are typically 

collected in transmission geometry (discussed in detail below). Coincidentally, machine-

made pouch cells have been used extensively in our lab for many years to carry out long-

term cycling experiments. One of the advantages of using non-destructive techniques is 

that extra information on valuable cells can be gained without having to sacrifice them. 

Most of the cells used in this thesis were in fact built and cycled as part of other experiments 

well before this current project began. 

 

All of the pouch cells used in this thesis are 204035-sized wound prismatic pouch cells 

manufactured by Li-Fun Technology Co. (Zhuzhou, Hunan, China). The electrodes are 

coated, calendered, and wound on the assembly line, then the cells are sealed ñdryò 

(containing no electrolyte) before being shipped. This allows electrolyte filling and 

formation cycling to be done in the lab for each cell as needed. Figure 4.1 shows 

photographs of one of these cells. While dimensions of these pouch cells (20 x 40 x 3.5 

mm) are much smaller than typical EV or BESS pouch cells, they are still machine-made 

using the same manufacturing processes (coating, calendering, winding, etc.) as would be 

used for such cells. Many of the experiments described in subsequent chapters have since 

been repeated with larger (up to 200 x 200 mm), so the techniques used here are 

transferrable to other form factors. The jelly roll is housed in the main compartment of the 
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cell casing, with a flat section of excess casing forming a ñgas bagò that can be used to 

collect any gas generated during cycling without inflating the main compartment. A 

detailed discussion of the internal structure of these cells are provided using CT data in 

CHAPTER 5. 

 

 

Figure 4.1: Prismatic wound 204035-sized pouch cell used for all experiments in this thesis. 

Features and dimensions of the cell are labelled. 

 

Figure 4.2 shows a photograph of the cell fixture used to cycle these cells. This simple 

apparatus is comprised of a polypropylene cell holder with rubber blocks and aluminum 

spacers that are braced against the walls of the holder, applying modest stack pressure to 

the cell. Alligator clips are used to connect the cell to the cycler via a 4-wire connection. 

The cell holders connect to ports in a temperature control chamber that keeps temperature 

variations to within 0.1Á C of the setpoint. The example shown in Figure 4.2 is from a cell 

just after formation cycling, where the gas bags are slightly inflated before being cut open 

(in an argon atmosphere glove box) and resealed. 
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Figure 4.2: Pouch cells fixed in polypropylene cell holders with 4-wire connections and 

rubber blocks that apply stack pressure to the jelly roll. 

 

Cylindrical cells can also be used for X-ray-based experiments, though they generally 

require the use of higher-energy X-rays to penetrate the steel casing and thicker jelly roll. 

The cylindrical geometry is ideal for CT imaging, since (as discussed below) the apparent 

thickness of the sample is the same regardless of its radial orientation. While cylindrical 

cells can in principle be used for transmission XRD experiments, the relatively large cell 

diameters lead to peak broadening (also discussed below), and the significant scattering 

from the steel casing can be problematic. 
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In this thesis, the only cylindrical cells used are 18650 cells (a form factor described in 

CHAPTER 2). CHAPTER 8 focuses on two off-the-shelf 18650 cells made by a major 

commercial supplier: 

¶ A ñgraphite-onlyò cell with an NCA cathode and graphite anode 

¶ A ñSi-graphiteò cell with an NCA cathode and SiOx-graphite anode (exact 

fraction of SiOx is unknown but is thought to be near 5% by weight) 

 

The nominal voltage window of both cells is 2.5 to 4.2 V. Both cells were purchased in 

2015 and were initially cycled 20 times at C/20 from 3.0 to 4.2 V at a temperature of 40 C. 

Both cells were then placed in long-term storage at 3.6 V at room temperature until imaging 

experiments described in CHAPTER 8 were carried out in mid-2023. 

 

While relatively little is known about the above 18650 cells, the Li-Fun pouch cells are 

well documented, with detailed information on the cell composition and preparation 

provided here. 

 

4.2 Pouch Cell Specifications and Preparation 

 

Three types of Li-Fun pouch cells are used in this study with the following electrodes: 

¶ Polycrystalline NMC622 / natural graphite 

¶ Single-crystal NMC532 / artificial graphite 

¶ Single-crystal NMC811 / artificial graphite 
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CHAPTERS 5 and 6 focus exclusively on NMC622 / natural graphite cells, as they provide 

a good example of degraded polycrystalline materials that are thought to be used in 

conventional EV batteries. The techniques described in CHAPTERS 5 and 6 are then used 

in CHAPTER 7 to assess the effectiveness of the single-crystal cathodes at suppressing 

microcracking and its associated effects. Details on the construction and composition of 

these cells are provided here for reference and cycling conditions for each cell are described 

as needed in CHAPTERS 5-7. 

 

Polycrystalline NMC622 / natural graphite cells ï 402035-size wound prismatic-shaped 

pouch cells were manufactured by Li-Fun Technologies. Cells were shipped to our lab with 

no electrolyte, where filling, wetting, and formation were carried out. The cells consisted 

of an alumina-coated polycrystalline NMC622 positive electrode and a natural graphite 

negative electrode. Cathode composition was 96:2:2 (NMC622 : PVDF binder : carbon 

black) with a single-layer active material loading of 19.3 mg/cm2 and double-layer 

thickness of 134 Õm. The separator was made of polyethylene (PE) and coated with 

alumina on the cathode side. Anode composition was 95.4:1.3:1.1:2.2 (natural graphite : 

carboxymethyl cellulose binder : styrene butadiene binder : carbon black) with a single-

layer active material loading of 13.6 mg/cm2 and double-layer thickness of 194 Õm.  The 

cell capacities at 4.3 V were ~250 mAh during formation. After formation, the capacity at 

4.1 V and C/10 was ~220 mAh, which is the nominal capacity used for all C-rate 

calculations of all pouch cells in this thesis. Most of these cells were balanced to 4.5 V (i.e. 

the N/P ratio was calculated assuming that the maximum operating voltage is 4.5 V). One 

of the control cells (noted below) was made from identical materials, but came from a 
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different batch (manufactured at the same time) that was instead balanced to 4.3 V. The 

polycrystalline cathode used in this work was composed of conventional secondary 

spherical agglomerations of smaller primary particles that are hundreds of nm in size.  

 

Before cells were filled with electrolyte, they were cut open in an argon-atmosphere 

environment and dried under vacuum at 80ÁC for 14 hours. An electrolyte volume of 0.85 

mL (~1.0-1.1 g) was added to all cells in an argon-atmosphere environment, then vacuum-

sealed at a gauge pressure of ī90 kPa and a temperature of 165Á C using a compact vacuum 

sealer (MSK-115A, MTI Corp.). The electrolyte used was 1.2 M LiPF6 in a 3:7 mixture by 

weight of ethylene carbonate (EC, BASF, 99.95%, < 20 ppm water) and ethyl methyl 

carbonate (EMC, BASF, 99.9%, < 20 ppm water), respectively. A VC211 ternary 

electrolyte additive blend was used, which consists of 2 wt% vinylene carbonate (VC, 

BASF, 99.5%, <100 ppm water), 1 wt% TTSPi, Tokyo Chemical Industry Co., Ltd., 

>95.0%) and 1 wt% Methylene Methanedisulfonate (MMDS, Guangzhou Tinci Co. Ltd., 

98.70%). After filling, the pouch cells were held at a constant voltage of 1.5 V for Ḑ24 h 

to ensure adequate wetting of the electrodes. Subsequently, the cells were charged from 

1.5 V to 4.1 V at ~C/20 and discharged to 3.8 V at 40oC in a single formation cycle. The 

gas volume generated during formation was measured ex-situ for all cells. Lastly, the cells 

were brought into an Ar-filled glovebox, cut open to remove any gases generated during 

formation, and re-sealed under vacuum. 

 

Single-Crystal NMC532 / artificial graphite cells ï Single-crystal NMC532 (grade 

BDA5000 from Zhenhua (China)) and artificial graphite (grade AML400 from Kaijin, 



70 
 

China) were used in these cells.  Cathode composition was 96:2:2:2 (NMC532 : PVDF 

binder : carbon black : KS-6 conductive additive) with a single-layer active material 

loading of 21.1 mg/cm2 and double-layer thickness of 155 Õm. The separator was made of 

PE and coated with alumina on the cathode side. Anode composition was 95.4:1.3:1.1:2.2 

(artificial graphite : carboxymethyl cellulose binder : styrene butadiene binder : carbon 

black) with a single-layer active material loading of 12.2 mg/cm2 and double-layer 

thickness of 186 Õm. 

 

The cells were supplied dry, without electrolyte from Li-Fun and were filled and formed 

the same way as the polycrystalline NMC622 cells described above.  Instead of the VC211 

additive mixture used above, the electrolyte used in the NMC532 cells contained a mixture 

of 2% VC + 1% DTD (ethylene sulfate).  

 

Single-crystal NMC811 / artificial graphite cells ï Single-crystal NMC811 cells were 

made using artificial graphite (grade AML400 from Kaijin, China). The single side 

electrode loading of the cathode was 21-22 mg/cm2 with composition of 94:2:2:2 

(NMC811 :  carbon black : graphite : PVDF binder). The single-side electrode loading of 

the anode was 15 mg/cm2 with a composition of 95.4:1.3:1.1:2.2 (graphite : carbon black : 

carboxymethyl cellulose binder : styrene-butadiene binder) for the negative electrode.  

 

Cells were filled, vacuum sealed, and formation cycled as described above, except a 

vacuum drying temperature of 100 C (for 14h) was used to remove residual moisture. The 

electrolyte used for these cells was EC:EMC:DMC (dimethyl carbonate) in a 25:5:70 
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weight ratio (Shenzen Capchem) with 1.5 M LiPF6 and 2 wt% vinylene carbonate (VC) 

plus 1 wt% DTD as additives.  

 

4.3 Synchrotron-based X-ray Sources 

 

The techniques discussed in the next two sections are typically carried out in the lab using 

tube-based X-ray sources. While this is sufficient for many applications, there are cases 

where faster measurements, improved signal-to-noise ratio (SNR), and/or different beam 

geometries are required. Synchrotron-based X-ray sources use a particle accelerator to 

generate collimated, high-intensity beams that are ideally suited to such experiments.  

 

Synchrotron radiation is generated wherever relativistic charged particles are subject to 

acceleration that is perpendicular to their velocity.128 This occurs in any particle accelerator 

ring (including particle colliders), where strong magnetic fields are applied to direct 

particles along an orbital path. Figure 4.3-a shows a diagram of this process, where a stream 

of relativistic electrons is passed through a dipolar ñbending magnetò assembly, generating 

a highly directional beam of synchrotron radiation. Synchrotron rings are many-sided 

polygons, with bending magnets at each vertex that redirect electrons into the next straight 

section. Between these bending magnets, another type of X-ray source called an ñinsertion 

deviceò can also be used to generate X-rays. Figure 4.3-b shows an example of an insertion 

device, where an array of magnets with alternating polarity force relitavistic electrons into 

an oscillating path. Insertion devices generate X-ray beams with both higher intensity and 

(in some cases) higher photon energy.129 
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Figure 4.3: (a) A diagram of synchrotron radiation being emitted from a stream of 

relativistic electrons passing through a ñbending magnetò assembly. Original figure from 

Wikimedia Commons130 (modified and used under Creative Commons non-commercial 

License 3.0).131 (b) A diagram of a ñwigglerò insertion device, where an electron beam 

(blue) passes through an array of magnets with alternating polarity. Original Figure by 

Linus Pithan132 (modified and used under Creative Commons non-commercial License 

4.0).55 

 

A notable feature of synchrotron radiation is its highly directional geometry. While most 

X-ray sources are essentially point sources that emit photons radially, synchrotron beams 

have very low angular divergence.133 By collimating the beam further using slits 

downstream of the source, synchrotron beams can be made highly parallel. This parallel-

beam geometry has several important advantages for both CT and XRD that are discussed 

below. Another important attribute of synchrotron radiation is its extremely high brilliance 

(areal flux of photons), which can be several orders of magnitude greater than conventional 

X-ray sources.133 This allows for much faster measurements than could be achieved 
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otherwise, which is ideal for time-resolved experiments. Other features and effects of 

synchrotron radiation that are relevant to CT and XRD are discussed in their respective 

sections below. All CT and XRD data presented in this thesis was collected using 

synchrotron-based techniques. 

 

 

The energy profile of a synchrotron beam can be controlled either by using a 

ñmonochromatorò to generate X-rays with a narrow distribution of photon energies, or by 

using metal filters to generate a ñfiltered white beamò with a broader band pass. Figure 4.4 

shows schematic diagrams of these two approaches. The X-ray beam produced by a 

bending magnet or insertion device has a broad distribution of energies, referred to as a 

ñwhite beam.ò133 To produce a monochromatic beam, the incoming white beam is filtered 

using large, purpose-built single crystals to obtain a narrow, energy distribution (as shown 

in Figure 4.4-a).134 Photons with different energies will diffract off these crystals at 

different angles, allowing for a desired energy range to be selected by adjusting the crystal 

orientation and exit slits. While this can be accomplished with a single crystal, a second 

crystal is often used to keep the exit trajectory of the beam parallel to its entry trajectory. 

For XRD beamlines, Bragg diffraction is typically used to obtain highly monochromatic 

beam, whereas CT beamlines are built to generate less monochromatic beams with higher 

overall intensity (e.g. using Laue diffraction).135 A major advantage of using a 

monochromator is that the beam energy is continuously tuneable over a defined energy 

range. The major disadvantage of this approach is that much of the initial beam intensity 

is discarded. 
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In cases where maintaining beam intensity is more important than having a tuneable, 

monochromatic beam, filtered white beam can be used instead. In this case, the beam 

simply passes through one or more metal foils that act as high-pass or low-pass beam 

energy filters.136 The resulting distribution of photon energies is much broader than 

monochromatic beam, but the net intensity is generally much higher. An example of this 

is shown in Figure 4.4-b, where the integral of the intensity vs energy curve is much larger 

for the filtered white beam than for monochromatic beam. 

 

 

Figure 4.4: Two different approaches to controlling the energy profile of a polychromatic 

synchrotron beam. (a) A dual-crystal monochromator is used to produce a highly 

monochromatic beam using diffraction. (b) Metal filters are used to produce a beam with 

a broader energy distribution that retains more of the original beam intensity. 
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4.4 X-Ray Computed Tomography (CT) 

 

While both XRD and CT are used in this thesis, the majority of the results presented are 

CT imaging experiments. The overview of CT provided here is therefore more extensive 

than the subsequent overview of XRD. This overview is followed by a description of the 

in-situ/operando synchrotron CT methods that were developed and used in this thesis. 

 

4.4.1 Overview of CT 

 

When X-rays were discovered in 1895, their first major application was radiographic 

imaging.137 This simple technique involves placing an object between an X-ray source and 

some X-ray-sensitive detector (like a phosphorescent material) to produce a projection 

image of the object. X-ray CT is a 3D extension of this basic technique and has been used 

widely in clinical and research settings since it was first developed in the early 1970s.138 

Since that early development, advances in computing, detectors, and X-ray optics have 

significantly enhanced the capabilities of CT, especially for microscopic imaging. 

 

Collecting a CT scan involves acquiring a series of projection images at different angles 

that are then used to produce a 3D model that contains the complete internal volumetric 

structure of a sample.139 Figure 4.5 shows a simplified diagram of a typical CT scan 

geometry. The X-ray beam generated by the source (either a tube source or synchrotron) 

passes through the sample, where it is attenuated due to photoelectric absorption of the 
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sample. This attenuation follows the Beer-Lambert law, which can be stated in its 

exponential form as 

 

Ὅ  ὍὩ         (4.1) 

 

where Ὅ is the initial intensity of the beam, Ὅ is the transmitted intensity of the beam, and 

Ὠ is the thickness of the sample through which the beam passes. These quantities are all 

illustrated in Figure 4.5. The parameter ‘ is the linear attenuation coefficient, which has 

units of cm-1 and defines the extent to which a material will attenuate the incident radiation. 

This attenuation is proportional to the electron density of the sample, which is a function 

of that sampleôs composition and material density. As long as the sample is not opaque 

(Ὅ π) to the incident beam, a transmission image will be projected onto the sensor that 

contains features of the sampleôs internal structure. When CT imaging is done at higher 

resolution ï with effective pixel sizes in the range of approximately 1 to 100 Õm ï it is 

referred to as ÕCT. 

 

In this thesis, when a CT system is said to have a certain spatial resolution, that number 

refers to the systemôs effective pixel dimensions (unless otherwise stated). For example, if 

a certain system is said to ñhave a resolution of 5 Õmò, this means the pixels in that systemôs 

detector have an isotropic size of 5 Õm. As long as the resolution of that system is pixel-

limited, it would be able to resolve features that are roughly 3 pixels (15 Õm) or larger. 
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During a CT scan, the sample is rotated about a vertical axis while a series of projections 

is acquired. In a conventional CT scanner, a scan is completed after the sample completes 

one full rotation (360)̄. If the beam is parallel (e.g. from a synchrotron beamline), then 

only a 180-̄rotation is required. This is because the parallel beam produces an orthographic 

projection (as opposed to the perspective projection generated by a point source). This 

allows the second half of the rotation to be generated synthetically by copying and 

horizontally flipping the series of projections collected over the first half of the rotation. 

 

 

Figure 4.5: Simplified diagram of a CT experimental setup, illustrating variables that are 

defined in equation 4.1. 

 

The sample shown in Figure 4.5 is a cylinder, which is the ideal geometry for a CT sample. 

This is because the apparent thickness of a cylinder is the same at every radial angle. In 

samples that deviate significantly from a cylindrical geometry, like a flat panel, the 

apparent thickness will change dramatically as the beam passes along the through-plane 

direction vs the in-plane direction. In such cases, the steep drop in transmitted intensity 
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through the in-plane direction can produce drastic changes in SNR that result in poor 

contrast and reconstruction artifacts.140 Samples are generally mounted (or ñfixturedò) in a 

way that minimizes the change in apparent thickness during rotation. This is often achieved 

by mounting a sample with its longest dimension oriented parallel with the CT axis of 

rotation. 

 

In addition to absorption-based contrast, parallel-beam synchrotron projections also 

contain a contribution from differences in refractive index. This is due to self-interference 

of the parallel beam that results from refracted X-rays encountering a boundary between 

two materials with different refractive indices.141 This self-interference leads to 

constructive (bright) and destructive (dark) fringes near boundaries in the projection image. 

These can be reconstructed into a ñphase retrievedò image that estimates the refractive 

indices of the materials that give rise to the observed interference patterns. This greatly 

enhances the contrast of CT scans (especially for light elements) and is applied to all scans 

collected in this thesis using a popular algorithm developed by Paganin et al.142 

 

Reconstructing the series of projections into a 3D volume can be done in many ways, but 

by far the most common is an algorithm called filtered back projection (FBP). Figure 4.6 

shows an example of this algorithm and how it converges on a reconstructed image. For 

each projection in the series, a given row of pixels is ñsmearedò (back projected) along the 

angle at which the projection image was collected. The back projections are then 

superimposed onto one another, using high-pass, Fourier-based filtering to suppress the 

resulting blurriness and retain discontinuous features. This process is repeated for all the 
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rows of pixels in the projection images, generating a stack of reconstructed 2D ñslicesò that 

comprise a 3D volumetric dataset. In these reconstructed 3D datasets, the pixels (short for 

ñpicture elementò) that comprise the original projection images become ñvoxelsò (short for 

ñvolume elementò or ñvolumetric pixelò). In this thesis, both pixels and voxels are always 

isotropic (i.e. pixels are squares and voxels are cubes with equal dimensions). In Figure 

4.6, we can see that a ñreconstructionò with one or two back projections contains very little 

information, but as more and more back projections are added, a cross-sectional ñsliceò of 

the original image emerges (in this case after 180 projections). Reconstruction and phase 

retrieval were both carried out using the UFO-KIT software package developed at the 

Karlsruhe Institute of Technology.143  
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Figure 4.6: Examples of filtered back projection (FBP) reconstruction using different 

numbers of projection images to reconstruct an image using different numbers of 

projections as indicated.  

 

Different types of CT systems exist that are designed for various sample sizes and spatial 

resolutions. These systems generally fall into one of three categories, which are illustrated 

in Figure 4.7. Most clinical and lab-based CT systems use a simple ñcone-beamò geometry 

(Figure 4.7-a), where the beam from a tube-based point source is cropped into a square-

pyramidal shape using collimating slits. The diverging geometry of the beam allows for 

geometric magnification of the sample, where a sample placed closer to the X-ray source 

will project a larger image onto the detector (and vice versa). At high spatial resolution, 

this detector must also be placed close to the sample to avoid penumbral blurring of features 
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in the projection image.144 This limits the spatial resolution that can be used when imaging 

larger objects like commercial cells. 

 

To achieve nano-scale resolution, X-ray focusing optics are required, as shown in Figure 

4.7-b. The X-ray beam (from either a tube source or synchrotron source) is first focused by 

a capillary condenser, then the resulting projection image of the sample is magnified by a 

Fresnel zone plate placed downstream of the sample. Nano CT provides superior spatial 

resolution, with effective pixel sizes as small as 50 nm. However, the sample size must be 

very small (typically less than 100 Õm diameter) in order to be contained within the 

systemôs FoV and depth of field. A drawback of nano-CT systems is that X-ray focusing 

optics like zone plates are generally inefficient, which can result in long data collection 

times (especially for tube-based systems, where a single scan can require tens of hours).145 

 

Parallel beam CT using a synchrotron is typically carried out using an X-ray-sensitive 

scintillator that is optically paired to a visible-light camera, as shown in Figure 4.7-b. An 

optically paired detector is necessary to obtain high resolution with parallel-beam CT, as 

there is (almost) no geometric magnification of the sample by the beam itself. Instead, high 

spatial resolution is achieved by optical magnification of the scintillator image. The 

disadvantage of using an optically paired system is its low efficiency. The intensity of the 

original X-ray image will always be reduced by some amount, depending on the efficiency 

of the scintillator, the lens, and the sensitivity of the cameraôs optical sensor. Because of 

this, optically paired detectors are mostly used with synchrotron sources, where the initial 
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intensity of the beam is so high that such losses can be afforded. Optically paired tube-

based CT systems do exist however, such as the Zeiss XRadia Versa.146 

 

A major advantage of parallel beam CT is the absence of sample-size restrictions that are 

associated with nano-CT, and cone-beam ÕCT. The sample-source distances on 

synchrotron CT beamlines are typically tens of meters, so the only working distance that 

needs to be considered is the sample-detector distance. In most cases, this distance is on 

the order of centimeters (even at high resolution), making it possible to image centimeter-

sized objects at high resolution. It is because of this flexibility that parallel-beam 

synchrotron CT is so well suited to imaging commercial cells at high resolution, and all 

CT data presented in this thesis was collected using this geometry. 

 

 

Figure 4.7: X-ray geometries used for various types of CT, including (a) cone-beam 

geometry (used for conventional CT with a tube-based source), (b) focused-beam geometry 

(used for nano-CT with either tube source or synchrotron source), and (c) parallel-beam 

geometry (used for synchrotron CT) with an optically paired scintillator. 
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4.4.2 CT Characterization of Degradation in Li-Ion Batteries 

 

Since tube-based CT is much more accessible than synchrotron-based CT, commercial 

cells are mostly imaged using tube-based systems. The working distances of cone beam 

CT restrict imaging in commercial cells to spatial resolutions of 10 Õm or larger.147 This 

type of ÕCT is commonly used to capture cell-level changes, including distortion of the 

jelly roll after cycling148,149 and structural changes (like pouch cell swelling) that result 

from abuse.66,150 Others have used ÕCT to characterize more catastrophic cells after going 

through thermal runaway.151 Paul Shearingôs group at University College London has even 

used synchrotron-based radiography and ÕCT to capture thermal runaway events in real 

time as they occur.152,153 Recently, high-throughput ÕCT systems have been developed for 

the purpose of in-line quality control (an application that has historically been limited to 

2D radiography). Companies like Glimpse Engineering have developed data mining tools 

that are meant to statistically analyze defects like deformation and inclusions using 

thousands of cell-level CT scans.154 

 

Most conventional ÕCT systems are not capable of directly imaging microstructural 

features like particle morphology, pore space, and microcracking. Such features can, 

however, be resolved using nano-CT systems, though this is mostly limited to  imaging of 

ex-situ samples. A major contributor in this field is Vanessa Woodôs group at ETH Zurich, 

whose lab has developed methods for characterizing pore network geometry, quantifying 

tortuosity, and tracking morphological changes using nano-CT.155ï159 Highly miniaturized, 

purpose-built cells have also been constructed for operando imaging with nano-CT 



84 
 

systems, which typically consist of single-layer cells with very small (1-3 mm) 

diameter.160ï162 While these specialized cells can provide detailed and useful information, 

they are not fully representative of commercial cell operating environments, nor do they 

allow for multi-scale imaging within the cell. One approach that has been used overcome 

this limitation is to combine lower-resolution in-situ ÕCT imaging of commercial cells with 

post-mortem, nano-scale imaging of electrode materials, capturing both cell-level and 

particle-level features.159,163ï165  While this multi-scale approach is informative, it still does 

not capture the meso-scale features of the cell at high resolution. 

 

As mentioned previously, a major advantage of using optically paired ÕCT systems is that 

micron-level (even sub-micron-level) scans can be acquired using commercial cells. While 

there are examples in the literature where such systems are used to study microstructural 

changes in cycled cells, they are relatively few in number. The first use of these systems 

for in-situ/operando battery experiments was published by Ebner et al. in 2013 to track the 

growth of microcracking in a tin oxide electrode.159 This was done using synchrotron ÕCT 

to image a miniaturized coin-style cell at a spatial resolution of 650 nm.159 Other electrode 

materials have since been studied using a similar approach (often at synchrotron 

beamlines), including lithium-sulfur,166 a tin-antimony alloy,167 and silicon-containing 

graphite.127 Other published studies have presented micron-level in-situ imaging of 

commercial cells, but only in off-the-shelf or lightly cycled cells.168ï171 

 

More recently, the above approach has been applied to commercial form factors like pouch 

cells, allowing for more detailed imaging and analysis of electrode-level features. Louli et 
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al., used an optically paired tube-based CT system to measure Li metal electrode thickness 

changes in anode-free NMC532 wound pouch cells.172 Vidal et al. also performed electrode 

thickness measurements in an NMC622/Si-C 18650 cell using a tube-based scanner with a 

resolution of 1.6 Õm (pixel size).173  

 

While many studies in the literature use the term ñmulti-scale imaging,ò they are 

generally referring to a combination of lower-resolution ÕCT and nano-scale (SEM or 

nano-CT) imaging of ex-situ samples. While this approach can be very informative, it 

leaves a gap between the nano-scale and the macro-scale in commercial cells that has not 

been widely explored in the literature. 

 

4.4.3  Development and Experimental Details of In-Situ/Operando CT  

 

This section describes in-situ/operando technique development efforts and provides a 

summary of the experimental apparatus and parameters used in this thesis. This includes 

an overview of the CT beamlines used in this thesis, followed by a description of high-

resolution pouch cell imaging, as well as high-speed operando imaging of 18650 cells. 

 

All CT imaging in this thesis was done at the Biomedical Imaging and Therapy136 (BMIT) 

beamlines at the Canadian Light Source (CLS). The CLS, Canadaôs national synchrotron 

facility, is a 3.9 GeV synchrotron ring located in Saskatoon, Saskatchewan, Canada. BMIT 

consists of two beamlines that were built parallel to one another, as shown in Figure 4.8. 
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A brief overview of these beamlines is provided here. For a complete description of all 

specifications and capabilities, please refer to the beamline publication by Gasilov et al.136 

 

The shorter of the two beamlines in Figure 4.8 is BMIT-BM, a bending-magnet beamline 

that is used mostly for filtered white beam imaging. Using different combinations of filters, 

BMIT-BM provides mean beam energies over a range of 19 keV to 33 keV, which is 

suitable for imaging smaller objects (on the order of 1-20 mm) that do not contain 

significant amounts of heavy elements. At higher resolution, the detector field of view 

(FoV) is generally limited by the dimensions of the camera sensor and/or scintillator, but 

at lower resolution, the vertical size of the beam cross section (approximately 3.0 mm on 

BMIT-BM) becomes limiting. Synchrotron beams are generally flat and wide, and in this 

thesis, the width of the beam is sufficiently large that the horizontal FoV is always detector-

limited. 

 

The longer beamline in Figure 4.8 is BMIT-ID, an insertion-device beamline with a 

superconducting wiggler that generates high-energy X-rays that are filtered using a double 

bent Laue monochromator. The useable energy range of this beamline is approximately 26 

to 140 keV, making it suitable for imaging larger cells with steel casings (even as large as 

4680 cells). The vertical beam dimensions are also much larger on BMIT-ID, ranging from 

7 to 9 mm (depending on the beam energy). While BMIT-ID can image larger objects, it 

is restricted to lower-resolution imaging (typically > 1.0 Õm) due to poor detector 

efficiency at high photon energies. The spatial resolution of most CT work done on this 

beamline ranges from 1.5 Õm to 50 Õm. 
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Figure 4.8: CAD model of the Biomedical Imaging and Therapy (BMIT) beamlines at the 

Canadian Light Source (CLS), which were used for all CT imaging experiments presented 

in this thesis. 

 

Imaging of pouch cells was carried out on both BMIT-BM and BMIT-ID beamlines. 

Full-cell scans were acquired on BMIT-ID using a beam energy of 50 keV and spatial 

resolution of 9.0 Õm. Since the pouch cells deviate significantly from cylindrical 

geometry, a pair of cells was stacked together (in a plastic tube) for each scan to reduce 

the aspect ratio of the sample (i.e. the ratio of the samples width to its thickness). Cells 

were mounted so that they rotated about their long axis, with the 20 mm width of both 

cells contained completely within the detectorôs FoV. In order to scan the full 40 mm 

length of the cells, multiple scans were collected in a vertical ñstack.ò Between each scan 

in this stack, the sample is offset by some amount that is smaller than the vertical FoV. 
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The overlapping imaged volumes are then ñstitchedò together into a single dataset using 

linear interpolation of grayscale values across the overlapping regions. 

 

All full-cell CT scans of pouch cells were acquired using an in-house detector system 

consisting of a 200-Õm-thick lutecium-aluminum garnet : Ce (LuAG:Ce) scintillator. 

This was paired with a PCO 4000 charge-coupled device (CCD) camera with a native 

pixel size of 9.0 Õm and sensor size of 4008 x 2672 (W x H) pixels. Scans were acquired 

using 3000 projections and an exposure time of 150 ms. 

 

High-resolution pouch cell imaging was carried out on the BMIT-BM beamline. Imaging 

pouch cells at high resolution is more challenging, as the highest mean beam energy 

achievable on BMIT-BM is 33 keV. At this energy, X-ray transmission through the cell 

in is very poor in the in-plane direction. Since the number of pixels in a cameraôs sensor 

is fixed, the detector-limited FoV goes down proportionally as the effective pixel size 

increases. The camera used for all high-resolutions cans has a sensor size of 2560 x 1280 

pixels (H x V). At the highest possible resolution on BMIT-BM (360 nm), the horizontal 

FoV is only 922 Õm.  

 

Using high resolution to image a smaller volume within a larger object is referred to as 

ñlocalò tomography. There is a degradation of image quality in local tomography scans 

when the FoV becomes much smaller than the sample at high resolution, due to 

interference in the projection image from parts of the sample that are not contained within 

the sample volume.174 While reconstruction algorithms like FBP can withstand this to 
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some degree, the interference from these features eventually becomes problematic at 

sufficiently small FoV, generating noise in the reconstructed image that obscures the 

features of the sample. Figure 4.9 shows an example of two scans collected for the same 

Li-Fun pouch cell at 1.5 Õm resolution. Insets in these images show the approximate 

location of the detectorôs FoV, as well as the orientation of the cell relative to the axis of 

rotation. Figure 4.9-a shows an example of a scan collected at the centre of the cell, 

where the cell is rotating about its major axis. In the resulting reconstruction, only high-

contrast features can be made out and essentially no detail is visible in the electrode 

layers. However, by tilting the cell at a roughly 45 ̄angle and scanning the region close 

to the corner, the image quality is significantly improved and much more detail is visible 

in the electrode layers. 

 

 

Figure 4.9: (a) poor image quality obtained when a high-resolution, local CT is collected 

at the centre of the pouch cell. The inset shows the approximate location and dimensions 
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of detector FoV and axis of rotation. (b) if the cell is rotated so that the scan is acquired at 

the corner (as shown in the inset) much better image quality is obtained.  

 

This measurement geometry is used for all high-resolution pouch cell scans presented in 

this thesis. In some cases, scans are taken somewhat further into the jelly roll, or may be 

offset by a few millimeters to image the ñflatò portion of the jelly roll, but this tilted cell 

geometry is still used in all cases. Figure 4.10 shows both a diagram and photo of the high-

resolution imaging apparatus, which includes a 3D-printed pouch cell holder that 

reproducibly orients the cell in this position. At the 360 nm spatial resolution, a sample-

detector distance of 10 mm or less is required to completely avoid penumbral blurring. The 

180Á rotation mentioned above is very helpful in this case, as the cell can be positioned so 

that it swings away from the face of the detector during the scan (something that cannot be 

done with cone-beam CT). 

 

All high-resolution scans on the BMIT-BM beamline were collected using white beam that 

was filtered with an Al filter (0.8 mm thick) and a Cu filter (0.2 mm thick) that provided a 

mean beam energy of 33 keV. A purpose-built optically paired X-ray microscope detector 

system built by Optique Peter (Lentilly, France) was used for all high-resolution CT scans. 

This system is fitted with an sCMOS camera (PCO Edge 5.5) mounted on a motorized 

stage that allows one of three different objective lenses to be selected. The scintillator 

material used in all three cases was Lu2SiO5:Tb (LSO:Tb).  Three spatial resolutions were 

used for high-resolution imaging: with effective pixel sizes of 1.44 Õm (a 5x objective 

paired with at 20-Õm-thick scintillator) 720 nm (a 10x objective paired with a 13-Õm-thick 
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scintillator) and another with a pixel size of 360 nm (a 20x objective paired with a 6-Õm-

thick scintillator). For 1.44 Õm and 720 nm scans, 2500 projections were acquired covering 

a 180 ̄arc of sample rotation. At 360 nm resolution, 1000 projections were acquired to 

limit radiation exposure and reduce the risk of motion artifacts. Exposure times were 400 

ms at 1.44 Õm resolution, 800 ms at 720 nm resolution, and 2.0 s at 360 nm resolution. The 

total scan time in each case was the number of projections multiplied by the exposure time 

(e.g. at 360-nm resolution, the scan time was 1000 projections x 2.0 s = 2000 s). 

 

 

 

Figure 4.10: Diagram and photo of the experimental setup used for high-resolution imaging 

of pouch cells. The mirror in this diagram reflects the visible-light image of the scintillator 

into the objective lens and camera. 
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For the 18650 cells imaged in this thesis, a much simpler geometry was used for ÕCT 

imaging. These cells were imaged only on BMIT-ID, as high-energy beam was required to 

obtain good X-ray transmission through the cell. While high-resolution imaging can be 

done on 18650 cells (down to approximately 1 Õm), only low-resolution operando 

experiments at high speed were carried out with these cells. All experiments were carried 

out using a beam energy of 70 keV, with the wiggler field set to 3.3 T. 

 

The purpose of the time-resolved 18650 cell imaging (discussed in detail in CHAPTER 8) 

was to study the effect of gravity on electrolyte motion with the cell at different 

orientations. To achieve this, CT scans were acquired using two different setups, both of 

which are shown in Figure 4.11. The first setup (Figure 4.11-a) shows what we refer to as 

the ñvertically orientedò setup, which uses a conventional synchrotron CT scan geometry 

where the axis of rotation (denoted by the dashed red line) is parallel to gravity. For this 

setup, a high-speed optical camera (PCO Dimax HS4) with a physical pixel size of 11 Õm 

was paired with a 0.5x demagnifying lens, providing an effective pixel size of 22 Õm. This 

setup used a 500-Õm-thick LuAG:Ce scintillator and a sample-detector distance of 55 cm. 

The FoV in this case was limited by the X-ray beam dimensions to 7.5 mm (340 pixels), 

while the horizontal FoV was limited by the size of the detector to 22.0 mm (1000 pixels). 

To scan the full length of the cell in this orientation, a vertical ñstackò of nine scans with 

overlapping FoVs was acquired at regular intervals (similar to the full-cell scans of the 

pouch cells described above). For each scan, 700 projections were acquired using an 

exposure time of 11 ms. The total time required to complete all 9 scans and return to the 

initial position was 365 seconds (6 mins, 5 sec). 
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Figure 4.11-b shows the ñhorizontally orientedò setup, in which the rotation stage was 

mounted on an L-bracket so that the axis of rotation is orthogonal to gravity. The faceplate 

of the rotation stage was levelled with respect to gravity using a manual bubble level, then 

the detector roll was aligned using a rotation cradle positioned underneath the detector. A 

second rotation stage was placed under the L-bracket, which was used to align the pitch of 

the rotational axis to pixel rows of the detector. Using a large-FoV detector to take 

advantage of the wide geometry of the synchrotron beam, this setup allowed us to capture 

the entire length of the cell in a single scan (rather than having to collect multiple vertically 

offset scans, as described above). This detector used a PCO Edge 5.5 scientific CMOS 

camera with a physical pixel size of 6.5 Õm. This was paired with a variable-magnification 

objective lens that was set to provide an effective pixel size of 26 Õm. The scintillator used 

was 1-mm-thick LuAG:Ce that was set at a distance of 100 cm from the sample. The 

horizontal FoV (along the axis of rotation) was 66.56 mm (2560 pixels) and the vertical 

FoV (orthogonal to the axis of rotation) was 8.58 mm (340 pixels). The vertical FoV in this 

case was not enough to capture the full diameter of the cell, but it was able to capture the 

core and a significant portion of the surrounding area. Each scan was acquired using 600 

projections and an exposure time of 90 ms. Including detector readout and motor reset time, 

the time step of each scan was 108 seconds ï a much better time resolution than the 

vertically oriented setup. 

 

Unlike the vertically oriented setup, the orientation of gravity relative to the cell changes 

radially as the cell is rotated. To mitigate this, the cell was allowed to rest at zero degrees 
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for 60 seconds between each scan. However, the time-averaged direction of gravity is 

somewhat different, radially, than this resting position. No motion artifacts were observed 

for the electrolyte, meaning that no significant movement of electrolyte occurred during 

the rotation. 

 

 

Figure 4.11: Synchrotron CT setup used for operando imaging of 18650 cells mounted in 

(a) vertical orientation using conventional CT setup and (b) horizontal orientation with 

motor stack mounted on an L-bracket. Blue boxes show the detector FoV and dashed red 

lines show the position and orientation of the CT rotational axis. 

 

The two setups shown in Figure 4.11 use a slightly different wiring scheme. The horizontal 

setup (Figure 4.11-b) shows a 4-wire connection, where the pairs of wires going to the 

negative terminal (gray) and positive terminal (red), are each soldered together at the 
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alligator clip, which is in turn attached to the leads on the 18650 fixture. The vertical setup 

uses a slightly different configuration, where the alligator clips were instead attached to 

short lengths (~9 cm) of single wire that each lead to their respective terminal (black for 

the negative terminal and red for the positive terminal). This was done initially to make the 

connections more flexible and avoid bad contacts during cycling, but after developing and 

testing a more secure fixture for the horizontally oriented experiments, this proved to be 

unnecessary. The main difference between these two setups in terms of cell operation is a 

somewhat larger polarization for the vertical wiring scheme compared to the horizontal 

setup (discussed further in CHAPTER 8). The main impact on the current study is that the 

UCV and LCV are triggered earlier for the vertically oriented cells compared to the 

horizontally oriented cells, resulting in a slightly narrower SoC window. 

 

To quantitatively analyze electrolyte and render it in 3D, it is necessary to perform a 

segmentation of the electrolyte. Because of the high beam energy and short scan times used 

above, the contrast-to-noise ratio of electrolyte in these datasets is inherently low, making 

direct segmentation and quantification difficult of electrolyte difficult. However, since 

there are points in the cellôs charge/discharge cycle where no electrolyte is visible outside 

the jelly roll, ñdryò scan can be used as a background image that is subtracted from all other 

frames in the time series. 

 

The steps of this electrolyte segmentation procedure are as follows, which are illustrated 

below in Figure 4.12: 
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1. Before the initial scan can be subtracted from all other scans in the series, the 

series must be registered to eliminate any drift that occurs during the 

experiment. This was done with the ñCorrect 3D Driftò plugin in Fiji,175 using 

a localized region of interest (ROI) at the cell cap was used for registration. This 

means that all frames in the series were registered with respect to the cell casing 

(which was assumed to not move or deform during the experiment). 

2. Having registered the time series, the initial scan was subtracted voxel-wise 

from each subsequent scan in the series. An example of this process is shown 

in Figure 4.12, where the initial scan (Figure 4.12-a) is subtracted from a scan 

in the same time series that contains a significant amount of excess electrolyte 

(Figure 4.12-b). Note that the resulting subtracted image (Figure 4.12-c) 

contains thin lines in the electrode winding and anode overhang regions. This 

is due to non-uniform deformation of the electrode winding during charge and 

these artifacts must be removed. 

3. A binary mask is applied to remove the artifacts described above. Figure 4.12-

d shows the mask in red, which was generated by threshold-based segmentation 

of the jelly roll and overhang region from the initial scan. This mask was dilated 

using a spherical element with a radius of 2 voxels to ensure that any non-

uniform motion of the electrode winding was removed. A different mask was 

generated in this way for each time series dataset. 

4. The resulting masked subtraction image (Figure 4.12-e) was then segmented 

using a grayscale threshold to produce a binarized image. The end result is 

shown in Figure 4.12-f, where the segmented electrolyte is false-coloured in 
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green and overlaid on the original grayscale image of that frame (Figure 4.12-

b). 

 

 

Figure 4.12: Sequence of steps in the electrolyte segmentation process (using the Si-

graphite cell as an example). The grayscale values of initial-state CT scan of the cell in a 

fully discharged state (a) are subtracted voxel-wise from the CT scan of time frame to be 

segmented ï in this case, a scan from the top of charge is shown (b). The resulting 

subtraction image (c) is then masked so that only the core and overhang of the cell are 

preserved, removing artifacts generated by non-uniform motion within the electrode 

winding. The region highlighted in red (d) is removed, producing the masked subtraction 

image (e). The electrolyte in the subtraction image is then segmented by grayscale 

thresholding to produce a binary image (f) where the segmented electrolyte is false 

coloured in green and overlaid on the original image. 
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4.5 X-ray Diffraction (XRD) 

 

XRD is a commonly used tool in Li-ion battery research for studying changes in the crystal 

structures of electrode materials. Since most battery researchers are likely familiar with 

XRD, this section focuses more on synchrotron XRD and how it differs from laboratory 

XRD systems. 

 

4.5.1 Overview of XRD 

 

XRD is an X-ray scattering technique that makes use of Bragg diffraction from planes in 

the crystal lattice. While XRD can be used to analyze single crystals, powder XRD (PXRD) 

is most often used in Li-ion battery research to characterize electrode powders that consist 

of many small crystallites in random orientations.176 When a crystalline sample is 

irradiated, diffraction will result from any crystal planes that satisfy the Bragg condition: 

 

ὲ‗ ςὨÓÉÎ—      (4.2) 

 

where ‗  is the wavelength of the incident beam, —  is the angle of diffraction, Ὠ  is the 

spacing of planes in a crystal structure, and ὲ  is an integer. A crystal structure will 

generally contain many such planes that produce multiple reflections, known as a 
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diffraction pattern. A diffraction pattern can be analyzed to obtain crystal structure 

information, such as the identity of crystalline phases, unit cell dimensions, strain, 

crystallite size, and preferred orientation.177,178 

 

In laboratory diffractometers, measurements are typically carried out in reflection 

geometry (also known as Bragg-Brentano geometry).179 An example of this geometry is 

shown in Figure 4.13, where a divergent beam from a tube-based source (usually a Cu K-

‌ ÁÎÏÄÅ  ÉÓ ÐÒÏÊÅÃÔÅÄ ÏÎÔÏ ÔÈÅ ÓÁÍÐÌÅȟ ÁÎÄ ÔÈÅ ÉÎÔÅÎÓÉÔÙ ÏÆ ÔÈÅ ÄÉÆÆÒÁÃÔÅÄ 8ȤÒÁÙÓ ÉÓ 

ÍÅÁÓÕÒÅÄ ÕÓÉÎÇ Á ÓÉÎÇÌÅȤÅÌÅÍÅÎÔ ÄÅÔÅÃÔÏÒȢ 4Ï ÃÏÌÌÅÃÔ ÁÎ 82$ ÐÁÔÔÅÒÎȟ ÔÈÅ ÉÎÃÉÄÅÎÔ 

ÁÎÇÌÅ ÉÓ ÁÄÊÕÓÔÅÄ ÕÓÉÎÇ Á ÇÏÎÉÏÍÅÔÅÒȟ ÁÎÄ ÔÈÅ ÄÉÆÆÒÁÃÔÅÄ ÉÎÔÅÎÓÉÔÙ ÉÓ ÍÅÁÓÕÒÅÄ ÏÖÅÒ Á 

ÒÁÎÇÅ ÏÆ ÁÎÇÌÅÓȢ $ÉÆÆÒÁÃÔÉÏÎ ÐÁÔÔÅÒÎÓ ÁÒÅ ÇÅÎÅÒÁÌÌÙ ÐÌÏÔÔÅÄ ÁÓ ÄÉÆÆÒÁÃÔÅÄ ÉÎÔÅÎÓÉÔÙ ÖÓ 

ς—ȟ ×ÈÉÃÈ ÉÓ ÔÈÅ ÁÎÇÌÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÉÎÃÉÄÅÎÔ ÁÎÄ ÄÉÆÆÒÁÃÔÅÄ ÂÅÁÍÓȢ 4ÈÅ ÄÉÖÅÒÇÅÎÃÅ ÏÆ 

ÔÈÅ ÂÅÁÍ ÁÎÄ ÄÅÔÅÃÔÏÒ ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅ ÁÒÅ ÃÏÎÔÒÏÌÌÅÄ ÕÓÉÎÇ ÓÌÉÔÓȟ ×ÉÔÈ ÔÈÅ ÃÒÏÓÓȤ

ÓÅÃÔÉÏÎ ÏÆ ÔÈÅ ÂÅÁÍ ÁÔ ÔÈÅ ÓÁÍÐÌÅ ÓÕÒÆÁÃÅ ÔÙÐÉÃÁÌÌÙ ÏÎ ÔÈÅ ÏÒÄÅÒ ÏÆ ρπ ÔÏ ςπ ÍÍ ÉÎ 

ÓÉÚÅȢ 
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Figure 4.13: Diagram of a conventional laboratory XRD setup in reflection (Bragg-

Brentano) geometry. 

 

Synchrotron XRD, on the other hand, generally uses a highly focused beam that is only 

hundreds (or tens) of microns in diameter. Synchrotron XRD is typically done in 

transmission geometry, where the beam is transmitted through a powder sample, producing 

radially diverging diffracted beams known as Debye-Scherrer cones.180 Figure 4.14-a 

shows an example of this geometry, where the Debye-Scherrer cones are projected onto a 

flat-panel CCD detector that measures the intensity of the resulting rings. These rings are 

then radially integrated about the beam centre, producing a conventional diffraction pattern 

(as shown in Figure 4.14-b). While a transmitted diffraction pattern can also be measured 

with a goniometer, an advantage to using a 2D detector is that it measures reflections 

simultaneously, rather than having to move mechanically through space. This makes data 
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collection times very short (typically on the order of seconds or even milliseconds). All 

synchrotron XRD data collected in this thesis uses this type of detector geometry. 

 

 

Figure 4.14: diagram of a typical synchrotron XRD measurement geometry. (a) a focused 

beam is diffracted by a sample, producing Debye-Scherrer cones that are imaged by a flat-

panel detector. (b) Diffraction patterns are produced by radial integration of Debye-

Scherrer rings. 

 

The diameter of ex-situ samples used for this type of measurement is typically less than 1 

mm. While conventional XRD requires several grams of sample, synchrotron XRD only 

requires 10-20 mg of sample, which is loaded into a small polymer capillary. Larger 

samples can still be accommodated as long as they are sufficiently flat, and if such samples 

are mounted on a translation stage, the small beam diameter can be used to map spatial 

variations across the face of the sample. While many other synchrotron XRD experiments 
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(and scattering experiments more generally) are possible, this type of transmission-

geometry mapping is the main focus of this thesis. 

 

4.5.2 XRD Characterization of Degradation in Li-Ion Batteries 

 

XRD has been widely used for decades to carry out in-situ and operando battery 

experiments. The first such experiments using an intercalation cell were done by Chianelli 

et al. in 1978, using a parallel-plate Li-TiS2 cell with an X-ray-transparent window181.  This 

basic scheme, where the cell is designed for characterizing one electrode in reflection 

(Bragg-Brentano) geometry using a tube-based X-ray source, has since been employed for 

numerous operando battery experiments. The first cell designed for operando XRD 

experiments in transmission geometry was a single-layer pouch cell developed by 

Gustafsson et al. in 1992.182 Many studies have since employed similar schemes, where in-

situ cells are assembled in-house that are purpose-built for a given experiment. While these 

cells are optimized for collecting high-quality XRD data and are well-suited for short-term 

studies, they are not designed for cycling over the many weeks, months, or years that are 

required to study long-term degradation. Commercially manufactured cells on the other 

hand are ideally suited for studying long-term degradation, as they are reliable, highly 

reproducible, and best represent the real-world operating environment. Unfortunately, 

unmodified commercial cells are often not suitable for in-situ XRD experiments using lab-

based diffractometers.183 Advanced radiation sources like are often required to for such 

experiments, especially for high-rate operando studies that require short measurement 

times. 
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In 2004, Rodriguez et al. used in-situ neutron diffraction to characterize lattice changes in 

a fresh, unmodified, commercial LiCoO2 (LCO) prismatic cell.
184 The first studies (to our 

knowledge) that used neutron diffraction to study long-term degradation in commercial 

cells were done by Helmut Ehrenbergôs group in 2012, where operando experiments were 

used to show subtle changes in LCO lattice parameters for cycled LCO/graphite 18650 

cells.185,186  

 

The first use of spatially resolved neutron diffraction to characterize a degraded 

commercial cell was done by Cai et al. in 2013.187 In this study, The authors showed that 

the SoC of cycled LMO across the width of the cell was not uniform, with lower local SoC 

towards the edges of the cell. The authors also observed the splitting of the LMO (222) 

peak into two components during operando experiments: an ñactiveò component that 

shifted during charge/discharge and a ñnon-activeò component that shifted more slowly. 

This non-active component has since become a focus of similar studies on degraded 

cathodes. 

 

More recently, high-energy synchrotron XRD (SR-XRD) has been adopted for operando 

battery experiments, though relatively few published SR-XRD studies exist that have used 

commercially manufactured cells to study degradation. Yu et al., used SR-XRD to map a 

large-format prismatic cell with a NMC cathode.188 As with the study by Cai et al., Reduced 

local SoC at edges of the cell was observed after charge, and single-point operando 

measurements showed changes in current collector lattice spacing and strain during 
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cycling. More recently, Leach et al. used a single-layer pouch cell (not commercially 

manufactured) to study the degradation of nickel-rich NMC811 after as many as 900 cycles 

at different C-rates.189 These mapping experiments showed non-uniform distributions of 

active and inactive cathode after extended cycling (similar to the results obtained by Cai et 

al. for LMO). However, the authors noted that the pristine cells also showed non-uniform 

SoCs just after formation, which was attributed to in-plane misalignment of the electrodes 

during cell assembly. These issues underscore the risks of using lab-built cells for such 

experiments. 

 

Despite these challenges, most operando XRD studies of cathode degradation have used 

single-layer pouch cells or coin cells. In 2017, Liu et al. investigated fatigued NCA using 

specialized in-situ single-layer cells with PTFE seals that were designed for long-term 

cycling.44 A kinetically hindered trailing ñshoulderò was observed for the NCA (113) peak, 

similar to the behaviour of LMO observed by Cai et al. Schweidler et al. showed a similar 

behaviour in cycled LiNi0.85Mn0.15Co0.05O2/graphite single-layer pouch cells, where the 

fraction of the fatigued cathode increased over 750 cycles at full depth of discharge 

(DoD).190 SEM images showed increased microcracking with cycling, while TEM data 

showed the presence of disordered rock-salt layers that grew thicker during long-term 

cycling. 

 

More recently, Xu et al. used NMC811/graphite coin cells with laser-thinned X-ray 

ñwindowsò to carry out long-term cycling experiments.177 After ~350 cycles, a non-active 

NMC component was observed at low SoC that remained after charging. The authors used 
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a three-component model to account for the different stages of degraded NMC, which they 

referred to as ñfatiguedò, ñintermediateò, and ñactiveò. These three components were 

modelled as three phases in a Rietveld refinement, each of which was assigned a fixed 

lithiation state. The implicit assumption with this approach is that each of the three 

components has their own characteristic SoC that is reached after charge. 

 

Among these examples, different profiles of inactive and/or kinetically hindered cathode 

components are observed for a variety of materials and cycling conditions. However, these 

studies all rely on simplified, single-layer cells to facilitate data collection and analysis. 

While these studies have provided valuable information on the kinetics of cycled cathodes, 

itôs unclear to what extent the resulting conclusions and modelling assumptions can be 

applied to commercial cells. While there are studies that have employed commercial cells, 

they have focused mostly on static, full-cell mapping of SoC after charge/discharge. While 

this approach has also been informative, operando experiments that explore changes in 

kinetic behaviour and how it varies at different spatial scales have not, to our knowledge, 

been published in the literature. It should also be noted that cycle counts in most of these 

studies are in the hundreds of cycles, which is much shorter than the expected lifetimes of 

EVs and BESS facilities where cycle counts number in the thousands. 

 

4.5.3 Development and Experimental Details of In-Situ/Operando XRD  

 

While In-situ and operando XRD experiments have long been carried out in both 

laboratory and synchrotron diffractometers, these experiments typically employ purpose-
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built single-layer cells with X-ray transparent (usually amorphous) windows.191 These cells 

are used because they produce high-quality XRD data that is free from interference due to 

cell casings, foils, and other components. On synchrotron beamlines, the single-layer 

geometry is ideal, as the electrode stack thickness is on the order of hundreds of microns ï 

a similar thickness to the capillaries discussed above that are used for ex-situ samples. 

While these in-situ cells are very useful, they are not often well-suited for long-term cycling 

experiments, with windows and seals leading to problems with reliability and 

reproducibility. As with miniaturized CT cells, they may also not fully represent the real-

world operating environment of a commercial cell. Single-layer pouch cells have also been 

used for synchrotron XRD measurements, but can also have issues with reliability and 

electrode misalignment.189 

 

The arguments for using machine-made wound pouch cells for XRD measurements is 

similar to those made above for CT. They are built for long-term cycling, reliable, 

reproducible, and have cell geometry that is representative of commercial EV and BESS 

cells. There are, however, some drawbacks and adjustments that must be made to the 

conventional measurement geometry, which are described here. 

 

While the flat geometry of the pouch cells described in Section 4.1 is generally well suited 

to transmission XRD measurements, the thickness is still significantly larger than the 

hundreds of microns typically used for ex-situ samples.  In transmission geometry, thinner 

samples are preferable in general, as they produce minimal peak broadening. This 

broadening occurs when a beam is passed through a thick sample, where diffraction occurs 
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throughout the thickness of the sample, producing Debye-Scherrer cones over a range of 

sample-detector distances. These overlapping cones become convolved on the detector, 

resulting in broadening of integrated peaks. 

 

In-situ measurements with pouch cells were initially carried out using a beam energy of 35 

keV, which required a sample-detector distance of 47 cm in order to obtain the necessary 

2ɗ range to capture peaks of interest. Figure 4.15-b shows a diagram of this setup, with the 

corresponding width of the measured NMC (113) peak shown in Figure 4.15-a (blue). 

Since the thickness of the cell is fixed, the only way to reduce this broadening is to increase 

the sample-detector distance. In order to retain the necessary 2ɗ range, the beam energy 

has to be increased, which decreases the wavelength (‗  and produces narrower cones 

(smaller 2ɗ).  Figure 4.15-c shows a diagram of this geometry (larger sample-detector 

distance and higher photon energy of 55 keV). The resulting peak width is greatly reduced, 

as shown in Figure 4.15-a. For comparison, a single layer of NMC was extracted from the 

pouch cell and measured using the 55 keV setup (green). Since the thickness of this single 

layer is very small (approximately 100 Õm), it represents a case where there should be 

essentially no broadening due to thickness. Comparing these three peaks, it is clear that 

broadening due to thickness has been effectively suppressed using the setup shown in 

Figure 4.15-c. Thicker pouch cells could in theory be mapped using transmission XRD, 

though they would require a proportional increase in sample-detector distance (and photon 

energy) to avoid this problem. Reducing broadening for these measurements is important, 

as many of the effects studied in CHAPTER 6 involve closely spaced peaks. 
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Figure 4.15: (a) Broadening of the NMC (113) peak produced by the thickness of the pouch 

cell measured at (b) a sample-detector distance of 47 cm (and beam energy of 35 keV) and 

(c) a sample-detector distance of 144 cm (and beam energy of 55 keV). This is compared 

to a single layer of cathode material (green) that produces negligible broadening due to 

sample thickness. 

 

All XRD data collection in this thesis was done on the Brockhouse X-ray Diffraction Sector 

(BXDS) using the Wiggler High-Energy (WHE) beamline at the Canadian Light Source.192 

This beamline uses a bent single-crystal Si monochromator to provide highly 

monochromatic X-rays over a range of 20 to 94 keV. Highly monochromatic beam is 

important for such measurements, as a wider energy distribution is another potential source 

of peak broadening (where a broader distribution of ‗ values would yield a proportionally 

broader distribution of 2ɗ angles). 

 

Two different types of XRD experiments were carried out in this thesis: static in-situ 

mapping of pouch cells (at top and bottom of charge) and time-resolved, operando 
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mapping during cycling. Figure 4.16 shows photographs of two experimental setups that 

were used for these experiments. Figure 4.16-a shows the static experiment setup, where a 

large-area detector (Varex XRD 4343CT) captures the full 360-degree arc of the Debye-

Scherrer rings. A sample-detector distance of 144 cm was used for this setup. For time-

resolved experiments (Figure 4.16-b), a high-speed photon counting detector (Dectris 

Eiger2 4M) with a smaller physical area was used, which covered only one quadrant of the 

Debye-Scherrer rings. The sample-detector distance used for this setup was 120 cm. 

 

 

 

Figure 4.16: (a) XRD setup for in-situ pouch cell experiments using a large-area, low-speed 

detector. (b) XRD setup for operando measurements using a smaller-area, high-speed 

detector. 
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For both of the above setups, the cell was mounted on a 3D-printed holder using a 4-wire 

connection to the cycler, as shown in Figure 4.17. The cell and holder were affixed to a 

high-precision translation stage that moves the cell in the plane perpendicular to the beam. 

This allowed for reproducible and precise positioning of the cell, which is critical for 

applications like time-resolved mapping, where raster scans are repeatedly collected over 

many hours. 

 

 

Figure 4.17: Photograph of a cell mounted on a translation stage for an operando mapping 

experiment. A 4-wire connection is used to connect the cell to the cycler. 

 

Finally, Figure 4.18 shows an example of a full XRD pattern acquired from the control 

cell, using the static setup pictured in Figure 4.16-a. Since the beam passes through the 

entire electrode stack, reflections from all electrodes and current collectors are visible, with 
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several overlapping peaks in the range of 5 to 8Á. This is a major drawback of doing these 

measurements with a multi-layer commercial cell, as there is no way to avoid such 

interference. Rather than attempt to deconvolute this region of overlapping peaks, this 

study focuses mainly on the NMC (113) peak, as it is free from interference and its position 

has a near-linear relationship with lithiation state.177 The lithiated graphite (00l) family of 

peaks (3 to 4Á) is also analyzed in this study, as it is also free from interference and its 

relationship to lithiated graphite staging has been well characterized in the literature. 

 

 

Figure 4.18: Full pouch cell XRD pattern collected at 55 keV. Peaks are assigned to 

electrode and current collector materials as labelled. The graphite (002) and NMC (113) 

peaks are the focus of XRD experiments described in CHAPTER 6. 
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The methods, technique development efforts, and specifications discussed in this chapter 

were used to generate the results presented in the remaining chapters of this thesis. We 

begin first with an investigation of microcracking and its effects on the cell using multi-

scale synchrotron ÕCT.  
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CHAPTER 5 MULTI-SCALE IMAGING OF CATHODE 

MICROCRACKING AND ITS EFFECTS 

 

This chapter contains material that has been published in two peer-reviewed articles,  J. 

Electrochem. Soc. 169, 080531 (2022) and J. Electrochem. Soc. 169, 020501 (2022). The 

author of this thesis was responsible for designing the experimental plan, collecting 

imaging data, and processing/analyzing the results presented in this chapter. This was done 

in consultation with Sergey Gasilov, who advised on imaging technique development, and 

Jeff Dahn, who advised on interpretation of the imaging data. Cells were assembled and 

cycled by Roby Gauthier. These cells were originally made for another project that focused 

on the effects of varying Depth of discharge (DoD) during long-term cycling.193 

 

5.1 Introduction 

 

To fully understand the impact of cathode microcracking, we must determine how its 

knock-on effects propagate throughout the cell. While microcracking has been extensively 

characterized at the particle level using post-mortem sampling and nano-scale imaging, this 

approach does not capture the meso-scale environment at the electrode level. To understand 

microcracking at the particle, electrode, and cell level, a multi-scale approach is needed 

that can be done in situ with commercial cells. While microcracking has been studied 

extensively using ex-situ microscopy there are, to the authorôs knowledge, no published 

studies where micron-level in-situ imaging has been done using heavily cycled commercial 

cells. 
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In this chapter, we explore how cathode microcracking propagates throughout the cell 

using in-situ ÕCT scans of unmodified Li-FUN pouch cells. Non-destructive Imaging is 

carried out at the cell level, electrode level, and particle level to capture the multi-scale 

effects of microcracking. To demonstrate the advantages of this approach with a simple 

cell matrix, a set of three polycrystalline NMC622 / natural graphite pouch cells was 

imaged: 

¶ A control cell (formation cycled only) 

¶ A ñlightly cycledò cell that was cycled to 25% DoD for one year 

¶ A ñheavily cycledò cell that was cycled to 100% DoD for 2.5 years 

 

Details on the cycling conditions of these cells are described below. Most of the discussion 

in the following sections focuses on comparison of the heavily cycled cell to the control 

cell (with the lightly cycled cell referenced occasionally). ÕCT images presented in this 

chapter confirm the presence of extensive microcracking after deep cycling, resulting in 

striking morphological changes occurring at the particle level that have not been previously 

observed. High-resolution images of the cathode electrode in different regions in the cell 

(including damaged/delaminated areas) show how the meso-scale effects of microcracking 

can be strongly influenced by cell geometry. This approach produces a complete picture of 

structural and morphological changes occurring in the cell at different spatial scales, 

providing a powerful tool for assessing mechanical degradation in commercial form-factor 

batteries. 
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5.2 Long-term Cycling of Pouch Cells 

 

 

All cells in this chapter were cycled continuously at 40ÜC to a UCV of 4.1 V at a rate of 

C/5. the ñlightly cycled cellò was cycled continuously for approximately 1 year (3797 

cycles) to 25% DoD (3.77 V to 4.1 V). The ñheavily cycledò cell was cycled continuously 

for approximately 2.5 years (2380 cycles) to 100% DoD (3.0 V to 4.1 V). Both cycled cells 

had checkup cycles approximately every 500 hours. The checkup cycles consisted of full 

range cycles (3.0 - 4.1 V) at C/10. Each cycle consisted of a CC-CV charge and a CC 

discharge. A CC-CV charge consists of a constant-current (CC) charge from the LCV to 

the UCV, followed by a constant-voltage (CV) hold at the UCV until the current decreased 

to C/20. 

 

 

Figure 5.1 shows plots of the absolute (Figure 5.1-a) and normalized (Figure 5.1-b 

discharge capacity and voltage polarization (ȹV) vs. time for the two long-term cycled 

cells that were imaged in this study. Sparse data points from each of the datasets are from 

100% DoD C/10 checkup cycles (taken approximately every 500 hours). The heavily 

cycled cell (cycled for 2380 cycles to 100% DoD at C/5) is the main focus of this study. 

The most important observations come from comparison of this cell to the control 

(formation-only) cell. The lightly cycled cell (cycled for 3797 cycles to 25% DoD at C/5) 

is also provided as an example of a cell that has been cycled under conditions that should 

impart much less stress on the cathode due to the reduced magnitude of anisotropic volume 

expansion. Full-cell and sub-micron ÕCT scans were collected for all three cells, but 

electrode-level scans were acquired only for the control cell and heavily cycled cell. 
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The cycling data in Figure 5.1 for the heavily cycled cell (red) shows steady capacity loss 

and increased voltage polarization over the 2.5-year timeframe in which it was cycled. The 

rate of capacity fade for the lightly cycled cell (blue) is significantly lower than that of the 

heavily cycled cell. The rate of increase in voltage polarization is also somewhat flatter 

than that of the heavily cycled cell. A comprehensive analysis of cycling data and the 

effects of DoD, calendar age, and C-rate on cell performance in these cells is provided by 

Gauthier et al.193 and is not the focus of this study. 

 

 

Figure 5.1: (a) Absolute and (b) Normalized discharge capacity and ȹV vs time for two 

NMC622/NG pouch cells presented in this study. Both cells were cycled at a rate of C/5 at 

40oC to an UCV of 4.1 V. The ñlightly cycledò cell (blue) was discharged to 25 % DoD 

and cycled for 1.5 years, while the ñheavily cycledò cell (red) was cycled to 100% DoD 
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and cycled for 2.5 years. Sparse data points from each of the datasets are from 100% DoD 

C/10 checkup cycles (taken approximately every 500 hours). 

 

5.3 Multi-Scale In-Situ CT of Pouch Cells 

 

Before exploring the multi-scale imaging data from the pouch cells, we will first provide 

an overview of the CT data to be presented. As discussed in CHAPTER 4, the output of a 

CT scan is a 3D volumetric dataset that contains the complete internal structure of a 

sample. Figure 5.2-a shows a 3D rendering of a full-cell scan for the control cell 

(formation cycled only). Although volumetric renderings can be useful for visualizing 3D 

data, small details and low-contrast feature are often lost in the process. The remaining 

CT data in this chapter is presented in the form of 2D sections that are extracted from 

these 3D datasets. An example of these sections is shown in Figure 5.2-b, where the 

orientations of ñradialò and ñaxialò sections are shown. These 2D sections can be thought 

of as a thin section of the cell with a thickness of exactly one voxel. 

 

In Figure 5.2-b, the prismatic wound geometry of the jelly roll is visible (which is 

described in more detail below). From the radial section in Figure 5.2-b, a close-up 

section of the electrode stack is shown in Figure 5.2-c. CT scans are generally rendered 

as absorbance images, where brighter voxels denote strongly attenuating materials, and 

darker voxels denote weakly attenuating materials. The brightest (most attenuating) 

material in Figure 5.2-c is the Cu foil current collector on which the anode is deposited. 

The anode is one of the darkest regions in this scan, as the X-ray attenuation of graphite 



118 
 

is very weak compared to the other metal-containing components. The thick, bright layers 

are the cathode, with the thin dark line at the cathode centre representing the Al current 

collector. 

 

Figure 5.2: (a) 3D rendering of a full-cell scan acquired for the control cell. (b) The same 

CT data for the control cell, but rendered as two orthogonal 2D sections through the 

midpoints of the cell. (c) higher-resolution scan with labels indicating which layers are the 

anode, cathode, and associated current collector foils.  
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Figure 5.3 provides an overview of the full multi-scale imaging approach used in this 

chapter. At 9.0 Õm resolution, (Figure 5.3-a) the entire cell is contained within the 

detectorôs FoV, allowing for analysis of larger-scale effects like deformation and/or 

swelling of the jelly roll. At 1.44 Õm resolution (Figure 5.3-b), electrode layers are better 

resolved, allowing for more precise measurements of electrode thickness while still 

providing a large enough FoV to capture the full thickness of the jelly roll. At a resolution 

of 720 nm (Figure 5.3-c), individual particles are clearly visible, though small features of 

the particles (such as facets, microcracks, etc.) are not well resolved. At this 

electrode/particle-level scale, the imaged volume is 1.8 mm, which is still large enough to 

capture meso-scale features of the cell electrode stack. Finally, at 360 nm resolution (Figure 

5.3-d), most particles (and the pore space between them) are well, and fine features like 

microcracks are visible. 
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Figure 5.3: Examples of multi-scale CT scans, all collected from the same control cell. This 

includes (a) a cell-level scan at 9.0 Õm resolution (b) an electrode-level scan at 1.44 Õm 

resolution, (c) an electrode/particle-level scan at 720 nm resolution, and (d) a particle-level 

scan at 360 nm resolution. 

 

For the remainder of this chapter, the control cell and cycled cells are compared at these 

various spatial resolutions. We start at the full-cell level, then move to the electrode level, 

and finally, the particle level. 

 

5.3.1 Full-Cell CT 

 

Figure 5.4 shows a comparison of full-cell scans for the control cell (Figure 5.4-a,b) and 

the heavily cycled cell (Figure 5.4-c,d) using 2D radial sections. Blue dashed lines overlaid 
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on a projection image of the control cell indicate the positions from which the 2D sections 

were extracted. Current collector tabs (which connect the current collectors to the terminals 

of the cell) in the core of the jelly roll  are visible in Figure 5.4-a,c. The brighter and thicker 

of these tabs is Cu and the dark-gray, thinner tab is Al. The other radial sections in this 

figure (Figure 5.4-b,d) show the region below the edge of the current collector tabs. An 

axial section of the heavily cycled cell (Figure 5.4-e), shows how far down the Cu current 

collector tab runs along the length of the cell.   

 

There are several notable differences between the full-cell scans of the control cell and the 

cycled cell. The swelling of the jelly roll after cycling is readily apparent in the radial 

sections, especially in the flat regions towards the radial midpoint of the cell. The shape of 

the control cell appears to be slightly concave in the flat part of the cell, whereas the cycled 

cell is flat or even slightly convex in the same region. In the control cell, a significant 

amount of space is visible in the core of the jelly roll, and gaps are also visible between 

electrode layers in the flat region (these scans were acquired with no stack pressure applied 

to the cell). No such gaps are visible in the cycled cell, as electrodes appear to have 

expanded to fill those spaces. The jelly roll also has expanded to fill the space in the jelly 

roll core, with electrode layers conforming to the shape of the current collector tabs. At the 

ñturnò regions (i.e. the two radial ends of the jelly roll) the curvature of the innermost layers 

is also much tighter (smaller radius) than in the control cell.  

 

In the regions surrounding the Cu tab in Figure 5.4-c, there is a marked distortion of the 

jelly roll geometry as the electrode layers appear to buckle near the tabs (highlighted in this 
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figure with yellow arrows). This appears to have caused localized delamination of the 

positive electrode in those areas, especially on the concave side of the distortions. There is 

also distortion of the jelly roll and signs of cathode damage near the Al tab, though this is 

less severe. The damage actually most severe in the region below the axial edge of the Cu 

tab, as shown in the radial section in this region (Figure 5.4-d). In fact, this damage extends 

from the edge of the Cu tab all the way to the edge of the electrode, as shown in the axial 

section of the heavily cycled cell (Figure 5.4-e). In all these cases, damage is correlated to 

areas that are near the tabs (especially the thicker Cu tab), where the electrode stack 

deforms around the tab as it expands. 
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Figure 5.4: (a, b) 2D radial sections taken at the indicated positions in the cell (blue dashed 

lines) from the full-cell scan of the control cell. (c, d) The same set of cross sections taken 

from the heavily cycled cell. (e) A longitudinal section taken at the indicated position 

(dashed blue line in (d)) for the heavily cycled. Yellow arrows indicate regions where 

damage of the electrode structure is visible. 
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Another major difference between these cells is the amount of excess electrolyte. All three 

cells in this study were filled with 1.0 ml (0.85 g) before cycling, resulting in flooding of 

the space around the jelly roll. This is shown for the control cell in Figure 5.5-a, where the 

light gray voxels are electrolyte and black voxels are gas. After cycling, the lightly cycled 

cell shows only small amounts of excess electrolyte remaining, and the heavily cycled cell 

shows none at all. All three cells were imaged at 50% SoC (3.6 V). The disappearance of 

electrolyte in these cells after cycling can be explained by the increase in electrode pore 

space that results from cathode microcracking. As particles crack and the cathode swells, 

the total amount of cathode pore space increases, drawing in excess electrolyte via capillary 

action. In addition to this effect, some electrolyte is also likely being consumed to form 

SEI. As the total pore volume in the jelly roll increases, the excess electrolyte is depleted 

until the point where the pore volume exceeds the volume of electrolyte. Once this occurs, 

there will not be enough electrolyte to fill the pore network and localized dry-out will begin 

to occur. In electrolyte-poor regions, this can generate increased local impedance, higher 

local temperatures, and faster localized rates of parasitic reactions. 
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Figure 5.5: (a) Excess electrolyte outside the jelly roll in the control cell. (b) The same 

region imaged at the same SoC (50%) for the lightly cycled cell, showing only a small 

amount of remaining electrolyte. (c) The same region for the heavily cycled cell, which 

shows no excess electrolyte at all. The contrast in these images has been adjusted to clearly 

show the electrolyte. 

 

5.3.2 Electrode-Level CT 

 

While the effects described above can be captured at 9 Õm resolution, there are meso-

scale and micro-scale changes that are too small to be resolved in these full-cell scans. To 

capture cathode swelling that may be as small as a few microns, higher-resolution scans 

are needed. The benefit of first collecting the full-cell scans is that certain areas of 

interest can be identified and targeted for high-resolution imaging. The data presented 

here show subtler changes in electrode geometry that require spatial resolution on the 

order of microns.  
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Figure 5.6 shows higher-resolution scans of the control cell (Figure 5.6-a) and the heavily 

cycled cell (Figure 5.6-b) at 1.44 Õm resolution. A striking difference between these two 

cells is the significant thickness growth in the cathode for the cycled cell compared to the 

control cell. This thickness growth is especially pronounced in the flat portion of the jelly 

roll (where the curvature is lowest). The cathode thickness in fact appears to taper off as it 

runs from the ñflatò region of the jelly roll into the ñturn.ò The grayscale texture of the 

cathode has also changed significantly: the control cell shows high-contrast particles with 

bright spots and dark regions, while the cathode in the cycled cell is characterized by a 

more washed-out, low-contrast texture. These two effects (thinner cathode in the turn and 

the change in grayscale texture) are investigated below at higher resolution. 

 

 

Figure 5.6: Electrode-level CT scans (1.44 Õm resolution) of (a) the control cell and (b) the 

heavily cycled cell. 
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To better characterize the change in electrode thickness in the flat and turn regions, further 

imaging was carried out at 720 nm resolution. Figure 5.7 shows a comparison of scans that 

were collected for the control cell and the heavily cycled cell, where transition between the 

flat and turn regions was imaged. Double-layer cathode thickness measurements are taken 

in the flat region (on the left-hand side of the image) and in the turn region (on the right-

hand side). These measurements show uniform thickness in the control cell, but in the 

heavily cycled cell, the cathode is approximately 19 Õm (12%) thinner in the turn region 

than in the flat region. More detailed measurements of this region are discussed below. 

 

In Figure 5.7, insets are provided for both cells that show magnified regions of the cathode. 

Aside from the thickness growth of the electrode layer that was noted previously, it is clear 

from this data that the overall particle size has also increased significantly as a result of 

cycling (at least for the larger particles that are visible in these scans). The well-resolved 

pore space in the control cell cathode is more poorly defined in the cycled cell, indicating 

that particle boundaries are now diffuse and the previously ñemptyò pore spaces between 

particles now contain cathode (and/or other) material. Many of the cycled cathode particles 

have visibly darkened centres (especially the larger particles). These darkened regions 

indicate hollowing of the particles, which has been observed previously using nano-CT, 

and is thought to be caused by radial microcracking that leaves a void at the centre of the 

particle.106 The boundaries of these hollow centres are quite diffuse, indicating that there 

is a gradient of cathode density that gradually decreases towards the hollow centre. 
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Figure 5.7: Electrode/particle-level scans (720 nm resolution) taken in the flat-turn 

transition region of (a) the control cell and (b) the heavily cycled cell. Insets show 

magnified sample regions from the cathode layer for each cell. Measured electrode 

thickness values are indicated at endpoints in the transition region.  










































































































































































































































































































































































