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Operando X-ray Imaging of Battery Electrodes
ANTOINE KLEIN

Department of Physics

Chalmers University of Technology

Abstract

Rechargeable batteries have become indispensable in modern society, enabling the
widespread use of portable electronics and supporting emerging demands in trans-
portation and grid energy storage. Increasing requirements for capacity, fast charg-
ing, and sustainability necessitate both a deeper understanding of existing tech-
nologies and the development of novel chemistries. At the heart of battery opera-
tion, complex electrochemical and structural transformations occur at the electrodes
across multiple length and time scales, posing significant challenges for mechanis-
tic insight and performance optimisation. This thesis addresses these challenges
by employing operando X-ray imaging and scattering techniques to investigate key
processes in lithium-ion, sodium-ion and lithium sulfur batteries (LiS). For Li-ion
batteries, the focus was on lithium plating on graphite electrodes, a key degrada-
tion mechanism. Lithium plating was tracked using X-ray tomographic microscopy
(XTM), and its interplay with the lithiation process of graphite was further investi-
gated with scanning small- and wide-angle X-ray scattering (SWAXS). The results
show that the use of electrolyte additives can delay the onset of lithium plating, that
plating also occurs in the bulk of the electrode, and not only at the graphite/sepa-
rator interface and that Li-plating is more localised with increasing current density.
It was also found that lithium plating has an influence on intercalation by slow-
ing down reaction kinetics. For Na-ion batteries, scanning S/WAXS was employed
to follow the sodiation process in hard carbon electrodes. The results show that
pore-filling is the dominant mechanism at low potentials (below 0.1 V), whereas
intercalation between graphene layers occurs continuously during sodiation. For
LiS batteries, XTM was used to track dissolution and precipitation of sulfur as a
function of current rates. The results indicate that the sulfur conversion kinetics
do not limit the cell’s final capacity. Instead, the capacity loss can be attributed to
incomplete utilisation of sulfur due to diffusion of soluble polysulfides beyond the
electrode, resulting in active material loss. The presented experimental and analysis
routes will hopefully encourage a more widespread use of X-ray imaging techniques
in the battery community.

Keywords: lithium-ion batteries, sodium-ion batteries, lithium-sulfur batteries,
X-ray imaging, XTM, SWAXS.
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"It is not a real scientific experiment until you use sticky tape."
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Chapter 1

Introduction

The continuous economic growth of modern society is driving an ever-increasing
demand for energy. Fossil fuels such as petrol, gas, and coal are consumed as
though they were unlimited and without environmental consequences. However,
the depletion of these resources, coupled with their significant contribution to en-
vironmental pollution, makes this approach unsustainable. A transition towards
clean and sustainable energy conversion technologies is therefore needed. One of the
main challenges in deploying non-carbon-based energy systems lies in their inter-
mittent nature (e.g., solar and wind power), which can be mitigated by integrating
efficient energy storage solutions. Lithium-ion batteries (LIBs), a well-established
technology, are particularly suited for this purpose due to their high energy density
[1, 2]. On a broader scale, the application of LIBs ranges from storing intermittent
renewable energy to powering portable devices and enabling electric mobility. As
part of efforts to reduce greenhouse gas emissions by 55 %, the European Union
has adopted the plan “Fit for 55” [3] by 2030. Meeting this ambitious target will
require significant advances in battery technology to develop electric vehicles, par-
ticularly in cost, energy density, lifetime, rate capability, material availability, and
sustainability.

Since their first commercialisation by Sony in 1991 [4], LIBs have benefited from
a tremendous effort of both material research and cell engineering. This effort has
brought LIBs specific energy from 80 Wh/kg up to 300 Wh/kg (at the cell level) while
the price per cell has decreased by 97 % [5]. LIBs still rely on similar active materials
as when introduced to the market 30 years ago. On the anode side, graphite is
the most common material thanks to its high theoretical capacity of 372 mAh/g,
reversibility, low cost and abundance [6]. Even though graphite has been used for a
long time, there is still room for improvement in terms of rate capability, especially
fast charging, and coulombic efficiency. High current densities put graphite into a
state where a degradation reaction is favourable to occur, called lithium plating,
which is a major threat to the cell’s safety [7, 8]. Thus, understanding lithium



plating in graphite electrodes and the conditions under which it develops is crucial
to improve battery performance and safety.

With the diversification of applications for rechargeable batteries, there is also an
increasing demand for improved performance and sustainability. This has spurred
research on new battery chemistries, such as sodium-ion or lithium-sulfur (LiS)
batteries. Replacing Li with Na as the active ion improves the sustainability, as
sodium is the 4th most abundant element in Earth’s crust [9]. However, in sodium-
ion batteries, graphite cannot be used as an electrode since sodium has weak binding
to the graphene layers [10], creating the need for new anode materials. To increase
the capacity, a promising pathway is to go from insertion mechanisms in LIBs to
conversion chemistries. LiS batteries are based on the conversion of elemental sulfur
to LisS via a pathway that involves soluble polysulfides [11]. However, a poor
cyclability related to active material loss holds the technology back from being
competitive compared to LIBs [12].

The key to reaching high performance in batteries is to understand the physical and
electrochemical processes taking place at the electrodes. These processes occur over
a large spread of time and length scales, making a complete comprehension of, for in-
stance, degradation, storage mechanisms and ion transport, challenging. In modern
batteries, such as LIBs, the intercalation processes occur in the crystal structure of
the materials, down at the angstrom level, but have undesirable macroscopic effects
that need to be addressed. For instance, lithium plating is a common degradation
mechanism where metallic Li is deposited on the graphite electrode instead of being
intercalated in the graphite particles. One of the challenges in sodium-ion batteries
is to understand the sodiation mechanism of hard carbons, a type of carbonaceous
material with a higher degree of disorder than graphite, and link its microstructure
with the energy storage reaction. Li/S batteries suffer from low coulombic efficiency
because of the poor sulfur utilisation. Monitoring the dissolution and precipitation
of sulfur particles is key to understand the complex conversion reaction mechanism.
A powerful way to tackle these challenges is to investigate the fundamental processes
directly in a working battery cell, making use of operando experiments. Synchrotron
X-ray-based techniques are particularly suitable for operando battery research. The
high energy and flux of photons enable fast measurements over many different length
scales by the use of a combination of scattering and imaging techniques [13].

The scope of this thesis is to build an understanding of processes taking place inside
a battery through operando characterisation with X-ray imaging. It aims to track
physical processes in electrode materials to build a mechanistic understanding of
the electrochemical processes. In Paper I, we investigated the effect of electrolyte
additives on Li plating. By using a scanning X-ray beam, we were able to confirm
the additional presence of lithium plating in the bulk of the electrode (Paper II).
In Paper III, we tracked the sodiation of a hard carbon electrode through operando



small- and wide-angle X-ray scattering (SWAXS) imaging and observed micropore-
filling inhomogeneities in the electrode. We found that the pore filling mechanism
occurs at low potential (< 0.1 V) and the intercalation mechanism occurs throughout
the discharge. Finally, in Paper IV, the dissolution and precipitation of elemental
sulfur in LiS cell were followed by X-ray tomographic microscopy during cycling at
different discharge rates.






Chapter 2

Batteries

This chapter aims to introduce the principles of batteries and a few examples of
battery technologies that are studied in this thesis. The word "battery" is originally
a military term, describing a group of cannons working together, and now also refers
to a series of electrochemical cells connected to power an electrical device. However,
in this thesis, the word battery will most often refer to a single electrochemical cell.

2.1 Basic principles of batteries

Figure 2.1: Electrochemical process of a Zn/Cly cell under a. discharge and b.
charge.

A battery converts chemical energy contained in active materials to electric energy
by an electrochemical reaction [14]. This principle is illustrated in Figure 2.1,
showing a battery composed of zinc (anode) and chlorine gas (cathode). At dis-
charge, spontaneous redox reactions take place when a load is connected: the anode
is oxidised, and the cathode is reduced. The flow of electrons created by the redox
reactions is compensated by a flow of anions (C17) and cations (Zn*") in the liquid
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electrolyte. The redox half equations are the following:
Reduction (cathode):

Clyg) +2e~ — 2C1 (2.1)
Oxidation (anode):
Zn — Zn** + 2e” (2.2)
Overall reaction (Discharge):
Zn + 012(9) — Zn*t + 201 (2.3)

If the process is reversible, the charge reaction may take place by connecting a
power supply that applies a constant flow of electrons (Figure 2.1b). Zn?* are
being reduced to Zn and CI~ oxidised back to chlorine, and equations 2.1 and 2.2
see their directions reversed. In battery research, the term "anode" often refers to
the negative electrode and the term "cathode" often refers to the positive electrode,
even though the use of anode/cathode depends on the state of the battery (charging
or discharging); the naming convention will not be changed in this thesis.

Between the electrodes, an ion-conductive medium, an electrolyte, ensures the trans-
port of the charged species via mass transport, such as migration or diffusion. The
electrolyte is typically a liquid (e.g., water or organic solvents) with a dissolved salt
to ensure ionic conductivity, and some batteries can also use a solid electrolyte [15].
The diffusion of ions in a solution follows Fick’s law, which describes the movements
of ions from high to low concentration according to:

DdC

J=_—_D—
dx

(2.4)
where J is the flux of ions, D the diffusion coefficient, and % is the one-dimensional
concentration gradient. In addition, migration refers to the movement of ions caused
by an electric field. In a battery, the electric field is produced by the difference in
potential between the two electrodes:

AE° = E5 — E° (2.5)

Each electrode has an intrinsic potential (also called standard potential E°) which
is driving electrons to spontaneously move from the electrode with the higher redox
potential (EY, positive electrode) to the electrode with the lower redox potential
(E°, negative electrode). The standard potential associated with the electrochemical
reaction is linked to the change in Gibbs free energy AG°, the number of electrons
exchanged n, and Faraday’s constant F' [14]:

_AGO
nk’'

AE° = (2.6)



Another important parameter of a battery is its capacity (in Ah or coulombs), which
is the number of electrons it can deliver or store. It can be measured by integrating
the current with respect to time:

C= /I(t)dt (2.7)

The active materials at the battery’s electrodes can thus store a certain amount
of electrons, and the capacity is often scaled by the mass of the active material to
obtain the specific capacity (Cs):

O, == (2.8)

Here, M is the molecular weight of the reactants, F' is Faraday’s constant, and n
is the number of electrons exchanged. The specific capacity is commonly expressed
in mAh/g and defines how much charge a material can store or deliver per unit of
mass. The energy output is often normalised by weight as well. It is called the
energy density or specific energy and is expressed in Wh/kg:

W = Ecy - Cs (2.9)

The specific energy can be determined at different levels. The active materials have
a specific energy, but at the electrode level, one needs to take into account the other
components, such as the additives that improve the conductivity or help keep the
electrode’s mechanical strength. At the cell level, one needs to consider the extra
metallic foils that collect the current, the separator and the electrolyte. Finally, the
battery pack weight must be considered, as well as other additional equipment, such
as a cooling system or electronic circuits that regulate the battery.

2.2 Lithium-ion batteries

Lithium-ion batteries (LIBs) have become the state-of-the-art technology when it
comes to secondary batteries. They cover a wide range of applications, such as
phones, laptops, and electric vehicles. Even though the first LIB was commercialised
in 1991 by Sony [4], their working principle has not fundamentally changed since
then. In a LIB, lithium ions are transported by a liquid electrolyte and inserted into
the electrodes. The positive electrode is most commonly a lithiated transition metal
oxide (LiMO,) or polyanionic materials such as lithium iron phosphate (LiFePO,),
and the negative electrode is based on graphite.

Originally, positive electrode materials were layered sulfides, e.g., TiSs, that could
intercalate lithium ions at 2.5 V, as shown by Whittingham et.al. in the 70s [16].
Subsequently, Goodenough et.al. pushed the cell voltage to 4 V by introducing
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lithium cobalt oxide (LiCoy, LCO) [17], while Yazami et.al. proved the possibility
of reversibly intercalating Li* in graphitic materials [18]. Finally, Yoshino et.al.
improved the electrolyte and safety [4]. In 2019, Whittingham, Goodenough and
Yoshino received the Nobel Prize in chemistry “for the development of lithium-ion
batteries”. The first LIB introduced to the market by SONY had only an energy
density of 80 Wh/kg, but this has, since then, been pushed to over 300 Wh/kg with

new types of active materials, electrolytes and engineering of the cell itself [19].

Figure 2.2: Schematic of a lithium-ion battery during charge.

Figure 2.2 shows a typical layout of a LIB. The usual negative electrode material
is graphite, which is a stack of graphene layers. Lithium ions intercalate in graphite
at a potential between 0.2 and 0 V vs. Li*/Li. Graphite offers both high specific
capacity (372 mAh/g), low electrode potential, and low cost (only made of carbon
atoms), making it an excellent negative electrode material. Section 2.3 provides
more details of lithium intercalation in graphite.

Other materials are also being investigated as alternatives to graphite for use in
lithium-ion batteries. Among them, silicon is an attractive material mainly because
it offers a high specific capacity of 4200 mAh/g of the Li-rich phase Li,Si (x = 4.4)
[20], which is more than ten times higher than that of graphite. The electrochemical
reaction between lithium and silicon is an alloying reaction, which is associated
with a large volume change between silicon and lithiated silicon (> 300 %) [21].
This change in volume during cycling is a major hurdle for the development of
silicon-based batteries, because it induces a repeated stress in the electrode and
the active material and leads to pulverisation of active material particles [22]. The
mechanical degradation leads to loss in electrical contact, which inherently reduces
the cyclability of lithium silicon cells. Solutions to mitigate the volume expansion
due to lithiation are based on modifying the microstructure of silicon. For instance,
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using porous silicon nanoparticles with a hollow core was demonstrated to cause
negligible outward expansion of the particles [23]. The microporosities act as a
buffer to the volume change, providing extra space for lithiated silicon to expand,
while the hollow core causes inward expansion of the nanoparticle. Another example
is to encapsulate silicon with a conductive material, creating a core-shell structure
[24].

Another anode material considered is lithium titanate (LiyTi5sO12, LTO), which un-
dergoes negligible volume change upon lithiation [25]. Lithium intercalates in LTO
at a relatively high voltage, at around 1.55 V vs. Lit/Li, and LTO has a lower
capacity (175 mAh/g) compared to other anode materials. This makes LTO inher-
ently safer than other materials because the intercalation reaction potential is far
away from the plating potential, making dendrite formation unlikely. Additionally,
the high voltage plateau prevents the electrolyte from reducing at the LTO surface,
which contributes to good cycle life and rate capabilities.

On the cathode side, there is a variety of active material options to choose from, de-
pending on the desired application for the battery, e.g., if high energy or high power
densities are desired. Transition metal oxides are the most common commercial
cathode materials. For instance, in LiCo,, lithium ions intercalate in the available
octahedral sites during the discharge, whereas only half of the lithium can be re-
moved during the charge form the structure before the release of oxygen, effectively
limiting the capacity to 140 mAh/g [26]. The limited capacity, high cost and envi-
ronmental hazard related to cobalt mining [27] pushed for other cathode materials
that rely less on cobalt (e.g., LiMnyO,, LiFePOy, or LiNi,Mn,Co,O, z4+y+2 = 1).
For instance, LiFePQOy is now widely used in car batteries because of its high cycle
life, low cost and sustainability [28].

The electrolyte typically consists of the lithium salt LiPFg dissolved in a mixture of
organic solvents [29] (e.g., ethylene carbonate (EC), propylene carbonate (PC) or
ethyl methyl carbonate (EMC)) in different ratios to improve the electrochemical
and thermal stability window. The voltage window at which LIBs are operating is
essential to achieve a high energy density, but at the same time, the electrolyte is
not stable in this window. In the voltage range at which LIBs are working (typically,
from 2.5 up to 4.5 V vs. Li*/Li [30]), the electrolyte will decompose at the electrode
surface, which is actually a vital process for stable cycling. The concept of a thin
layer of decomposition products formed at the electrode/electrolyte interface was
introduced by Peled in 1979 [31] and is called the solid electrolyte interphase (SEI). It
will prevent further electrolyte decomposition if the following conditions are met [32]:
(i.) a good mechanical stability and adhesion to the electrode for it to not detach in
case of swelling or cracking during cycling, (ii.) it should be electronically insulating
to prevent further decomposition and continuous consumption of the electrolyte,
(iii.) it should be an ionic conductor to allow Li* diffusion to the electrode and



(vi.) have a homogenous composition and distribution over the electrode to avoid
preferred reaction sites.

The SEI is composed of various organic and inorganic compounds, and its nature
depends on the electrolyte. Typical SEI products are LiF, Li,O, Li;COg3, and poly-
olefins [33]. The SEI is formed during the initial cycles as the potential of the
electrode decreases. Depending on the type of graphite, the current densities ap-
plied and the solvents and salt used, the SEI will be formed at different potential
[33] and can be controlled by careful initial cycling at low current densities. This
process is called the formation cycles and is essential for long-term cycling [34].

Figure 2.3: a. Voltage profile of LiFePO,—Graphite full-cell over 10 cycles at a
current of 1C corresponding to 2.0 mAh/cm?. b. Corresponding discharge capacity
and coulombic efficiency.

In this thesis, galvanostatic cycling was used to cycle batteries. It works by ap-
plying a constant current, and the potential response between the two electrodes
is measured. Measuring the charge released by the cell makes it possible to ex-
tract useful cell parameters such as its capacity, coulombic efficiency (capacitynarge
/ capacitygischarge) OF rate capability. The current is usually expressed with respect
to the capacity of the electrode and is called the C-rate. For example, a C-rate of
C'/n requires a current that corresponds to a full charge (or discharge) in n hours.

Figure 2.3a shows the voltage profile of the charge and discharge of a LEP-graphite
cell. The x-axis is given as the specific capacity (mAh/g) to be able to compare
different active materials or charge/discharge rates. The discharge capacity over
multiple cycles can be observed in Figure 2.3b as well as the coulombic efficiency.
The coulombic efficiency is an important parameter in batteries because it deter-
mines the cycle life. For example, a coulombic efficiency of 99 % means that the
battery retains 99 % of its capacity at each cycle and the capacity retention follows
a geometric decay. A battery in an electric vehicle is considered to have reached its
end of life when it can only deliver 70 to 80 % of its original capacity [35]. If we
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consider that the battery has reached 80 % of capacity retention in 1000 cycles, the
coulombic efficiency should be 0.8(z0m) % 100 = 99.98%.

When testing a battery, different configurations can be made to investigate the cell’s
performance. In a “half-cell” configuration, the negative electrode is a metallic Li
foil and has the function of being a large reservoir of lithium. The main advantage of
a half-cell configuration is that, despite having a two-electrode setup, it is assumed
that the potential of the metallic counter electrode is close to 0 V vs. M /M (M=Li,
Na, K, Mg, or Zn) since the reaction taking place is the plating or stripping of the
metal. Therefore, the overall potential of the cell can be assumed to be that of the
working electrode. A “full-cell” uses an actual active material at both positive and
negative electrodes. The battery is being tested in conditions closer to a commercial
cell to evaluate its performance.

2.3 Lithium intercalation in graphite

Graphite is a material made of carbon atoms, arranged in hexagonal layers called
graphene. The layers are stacked in an ABAB sequence, meaning that carbon atoms
do not have another atom directly above them and the layers are offset by half the
crystallographic c-axis spacing [36] (Figure 2.4). The layers are weakly linked by
van der Waals forces, making it possible to intercalate lithium ions by expanding
the interlayer gap [37]. The high reversibility of lithium intercalation was part of
the success of modern lithium-ion batteries [18].

Figure 2.4: Schematic of the graphite crystal structure. This representation has
been made with the VESTA software [38].

Lithium intercalation in graphite takes place at low potential, below 0.2 V wvs.
Lit/Li. Figure 2.5 shows the voltage profile of a graphite/lithium half cell during
intercalation. The overall intercalation reaction of Li in graphite can be summarised
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as:
xLit +xe” + Cs — Li,Cs(0 <z < 1) (2.10)

The different plateaus observed in the voltage profile correspond to the increased
concentration of Li in Li,Cs (0 < & < 1) or LiCy k = 6z [39, 40]. As lithium
intercalates, the interlayer distance between graphene planes increases, resulting
in an overall volume change of the bulk material and shift of the graphene layers,
leading to a AAA stacking [37]. Different studies show that upon lithiation, graphite
swells about 10-13 % in volume compared to its pristine state [37, 40-42].

Figure 2.5: Voltage profile of lithium intercalation in graphite with illustrations of
lithium intercalation stages. Lithium ions and carbon atoms are represented by red
and grey spheres, respectively.

The intercalation process takes place in different stages commonly denoted in liter-
ature as: 1L, 4(LiCs04), 3 (LiCs), 2L (LiCyg), 2 (LiCjs) and finally stage 1 which
corresponds to the final product LiCg [43]. Figure 2.5 shows the stages in the
voltage profile and their representative crystal structure. The plateaus mark the
existence of two-phase regions, one transitioning to the next, and slopes between
the plateaus indicate the end of a transition (i.e., one phase in present, see arrows in
Figure 2.5). The number (1,2,3 or 4) in the name of the different stages reflects the
number of graphene layers between layers occupied by lithium. The addition of "L"
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stands for "liquid" and expresses the fact that lithium does not have a specific or-
dering, and is therefore organised in a liquid-like phase. As the intercalation process
starts, the first stage 1L represents a dilute solid solution where traces of lithium
can be found in every inter-layer [44]. The system transitions early on to stage 4,
at a voltage below 0.2 V vs. Li* /Li. The next transitions, 4 and 3, are still up for
debate [45] on the exact crystal structure and ordering of the graphite layers. More
defined plateaus can be observed for the transition between stages 2 and 2L with
a progressive ordering of lithium between graphene layers. The final transition to
stage 1 shows up as a sharp drop of potential to 0 V vs. Li* /Li, indicating that the
intercalation process is finished. The intercalation of ions into the crystal structure
is associated with a change in the visible absorption of the lithiated graphite com-
pounds [46, 47]. The black/grey looking graphite is turning dark blue at stage 3,
then red in stage 2/2L to finally become gold at stage 1. At the electrode scale, the
intercalation process is generally not homogeneous, depending on the cell pressure
and temperature distribution and internal local resistances, which lead to different
lithiation states [7, 48, 49].

2.4 Lithium plating on graphite

Lithium plating is a common degradation mechanism during the lithiation of graphite
[50]. As lithium ions are intercalated in graphite, the potential of the electrode
drops close to 0 V vs. Li*/Li (Figure 2.5). Theoretically, the intercalation reac-
tion should stop at this limit, but under high current densities, high state of charge
(SOC) or low-temperature conditions [50], the potential can drop below 0 V and
trigger lithium plating instead of insertion. In addition, if graphite is already fully
lithiated (i.e., in case of a high state of charge or overcharging), there is no more
space in the electrode to accommodate Li™, which will result in an accumulation of
ions at the graphite-electrolyte interface, and lithium can plate and form a metallic
film at the surface of graphite. The SOC dependence of plating was studied by Petzl
et.al. who proposed a linear relationship between the mass of plated lithium and
SOC [51].

Charging at low temperatures increases the risk of lithium plating, typically, in the
temperature range of -20 °C to + 60 °C [52]. It is considered that below -20°C,
transport properties, like diffusion of lithium in graphite, ionic conductivity (in the
electrolyte and SEI), and charge transfer rate are significantly decreased [53]. At
low temperatures, lithium ions adsorb at the graphite interface faster than they can
diffuse into the electrode, resulting in an accumulation of charges and thus a rise in
the onset of lithium plating [54]. Additionally, low temperatures is leading to ion
depletion at the graphite/electrolyte interface [55], which increases the competition
between intercalation and plating. Once lithium plating is triggered, the reaction
will continue.
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There are two main effects on the battery when lithium plating occurs: a safety
issue and a capacity fade. Plated lithium typically grows in a dendritic fashion [56],
i.e., fractal, spiky structures that can lead to short circuits of the cell if they reach
the positive electrode. The short circuit can cause a rapid and uncontrolled increase
in temperature (also called thermal runaway) to the point where the battery fails
catastrophically and releases all its energy in the form of heat [57]. The capacity
fade over multiple cycles due to Li-plating is caused by different phenomena [53].
The first one is the loss of active material with the creation of dead Li. After
lithium has been plated, a fraction of it will be stripped back during the discharge;
it is thus called reversible lithium plating and does not lead to capacity fade. It is
also possible for plated lithium to re-intercalate back into the graphite if the cell
is left at the open circuit or while stripping lithium [47, 58, 59]. The proportion
of plated lithium that is not stripped back is simply not available anymore, which
causes a loss of lithium inventory and thus available capacity [60]. The plating and
growth of lithium also lead to new surfaces available for the formation of fresh SEI
[61], and the electronically insulating nature of SEI can lead to the disconnection of
dendrites from the electrode, creating dead Li. As seen in section 2.2, SEI is made of
various components from the electrolyte. This newly formed SEI on lithium causes
a continuous consumption of electrolyte, leading to further capacity fade [53].

2.4.1 Mitigation strategies

This section aims to introduce some strategies that help reduce or suppress lithium
plating on graphite during charging of a Li-ion battery. Here, three approaches are
considered: through the design of the cell, the modification of the electrode and the
use of electrolyte additives.

In commercial lithium-ion batteries, the cell is designed to have an excess capacity
on the anode (negative) side compared to the cathode (positive), also known as the
negative-to-positive ratio (N/P), which is then greater than one. The extra capacity
at the negative side acts as a buffer in case the battery is overcharged, preventing
lithium plating if the charge limit is exceeded. Typically, a N/P ratio of 1.2 was
found effective at reducing lithium plating [62]. The ideal ratio, however, depends
on the detailed design of the cell, as it can affect the distribution of current and
temperature, two parameters that are also important to prevent plating. The N/P
ratio can be seen as a security in the cell design, but cannot by itself prevent plating,
which can occur anyway if the conditions listed in section 2.4 are fulfilled.

Another strategy relies on the design of the electrode, for instance, by modifying the
electrode morphology. The tortuosity of the electrode is defined as the ratio between
the actual path of the ions in a porous electrode and the direct straight line path
between the top and bottom of the electrode [63]. The tortuosity has an influence
on ion transport in the electrode, which determines the local ion concentration.
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Ensuring that every active material particle is accessible to lithium ions is crucial
to prevent lithium plating. Habedank et al. used a pulsed laser to create holes
in the electrode to change the tortuosity [64]. The artificially created channels in
the graphite electrode improved the capacity retention of the cell by reducing the
formation of plated lithium, even at -15 °C.

The electrolyte plays a major role in preventing Li plating, and choosing the right
combination of salt, solvent and additives is crucial. For instance, the introduction of
low concentrations of additional species in the electrolyte is a strategy to mitigate
Li plating by changing the nature of the SEI. For instance, Jones et.al. showed
the beneficial effect of adding 0.1 M lithium bis(fluorosulfonyl)imide (LiFSI) to a
solution of 1.0 M LiPF6 in EC, EMC, and methyl propionate (MP) in a 20:20:60
volume ratio on preventing lithium plating at low temperatures (down to -50 °C)
[65]. This improvement was due to a reduced SEI resistance while also not altering
kinetics at the positive electrode because LiFSI creates an SEI rich in inorganic
lithium compounds, such as LiF [66, 67]. They also proposed that the addition of
2 % in concentration of vinylene carbonate (VC) increased the tendency for lithium
plating at low temperatures. On the other hand, it was shown by Burns et.al.
that VC can have a beneficial effect on plating [68] depending on its concentration.
VC increases the inorganic and polymeric components of the SEI, protecting from
further electrolyte decomposition [69].

2.4.2 Detection of lithium plating

The detection of lithium plating in LIBs is often considered a challenging task,
especially in commercial cells. The theoretical definition of the start of Li plating
is the electrode potential dropping below 0 V vs. Li*/Li. However, this simple
condition is most often hard to verify since the overall cell voltage is measured by
the difference in potential between the two electrodes in the cell. Thus, knowing the
actual potential of one of the electrodes is impossible in this setup. To address this
issue, one can introduce a third reference electrode, enabling one to determine the
potential of the individual electrodes. This simple and reliable method can detect
Li plating, but its implementation in battery cells requires design modifications that
can impact battery performance [70, 71].

Another method that can be implemented to detect Li plating is an analysis of differ-
ential capacity during delithiation. At delithiation, plated lithium will be stripped
first, i.e., at a voltage lower than the one for the de-intercalation process, and can
be observed in the voltage profile by an early plateau [72]. In differential capacity
analysis, this plateau is transformed to a peak, allowing an easy identification of the
lithium plating onset [65, 73]. This method can easily be applied while the battery
is being cycled since it does not require additional equipment or characterisation
methods.
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Figure 2.6: Optical microscopy image of a fully lithiated graphite electrode surface
and associated Raman spectra. The electrode comes from a cycled coin cell and is
put in an air-tight cell with a glass window, enabling Raman imaging of the electrode.

To identify plated Li after the battery has been cycled, it is possible to open the
cell and visually inspect the electrode. This method has the advantage of being
simple but is destructive, not quantitative and is limited to the plated lithium at the
surface of graphite[74]. Observation of lithium deposition can also be done by various
surface-sensitive techniques, e.g., atomic force microscopy (AFM) [75], transmission
electron microscopy (TEM) [76] or optical microscopy [56, 77]. These methods
can image the electrode and identify plated Li; however, they cannot provide a
quantitative analysis of the deposition, which is crucial to be able to compare studies
and carry out deeper analysis. Nuclear Magnetic Resonance (NMR) has a great
sensitivity to "Li, and can quantify the mass of plated Li and also determine the
type of plated morphology, whether it is mossy or dendritic, because of the different
orientations of lithium deposition in the magnetic field[78, 79].

Raman spectroscopy has also been used to identify plated Li on graphite elec-
trodes [80, 81]. Lithium plating has a signature in the Raman spectrum because a
new species, lithium acetylide (LisCy), forms when lithium reacts with the SEI of
graphite. The triple C = C bond gives a Raman peak at around 1850 cm™!, and
can be used to locate specific spots where lithium plating occurs on the electrode
with Raman imaging. In Figure 2.6, an optical microscopy image shows in which
regions Raman spectra have been measured. The gold-looking ‘Region 1’ is a lithi-
ated graphite grain and displays the typical Raman G-band at around 1600 cm™!
[82]. In ‘Region 2’, one can identify a grey-looking phase associated with lithium
plating. The spectrum in this region shows a band at 1853 cm™! which is not present
in ‘Region 1"

X-ray imaging has been used to track lithium plating [41, 83-85]. X-ray tomographic
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microscopy can provide a 3D image of lithium microstructure while the battery is
being cycled. However, identifying lithium growing on a graphite surface is challeng-
ing in absorption-based tomography because of the poor contrast between graphite,
electrolyte-filled pores and deposited Li [86]. Using X-ray imaging techniques to
observe lithium plating will be further discussed in Chapter 3.

2.5 Sodium intercalation in hard carbons

Sodium-ion Batteries (NIBs) are an alternative to lithium-ion batteries with the
promise to improve sustainability, sodium being the 4th most abundant element in
Earth’s crust [9]. However, unlike lithium, graphite is not suited for sodium because
it cannot intercalate into graphite [87]. The inability of sodium to intercalate into
graphite is primarily governed by the thermodynamics of the system and can be
elucidated through density functional theory (DFT) calculations, which separate the
contributions of structural deformation and binding energy in forming a hypothetical
NaC, compound [10]. The structural energy arises from the deformation of the AB-
stacked graphite structure during intercalation and is higher for sodium compared to
lithium. For a stable graphite intercalation compound to form, this structural energy
must be compensated for by the binding energy. However, because the binding
energy of Na is insufficient to overcome the deformation cost, sodium intercalation
into graphite is thermodynamically unfavourable [10]. Hence, alternative anode
materials are needed.

Figure 2.7: Comparison between a. hard carbon and b. graphite structures. The
schematics and zoomed inset are not to scale.

Other types of carbonaceous materials have instead been investigated as anodes for
sodium ion batteries [87]. Among them, hard carbons (HC) are a promising class
of negative electrode materials with high specific capacity. For instance, Zhao et.al.
combined a 400 mAh/g HC anode with a layered oxide positive electrode to make a
cell with an energy density of 240 Wh/kg based on the materials used [88]. However,
this performance was reported for only 50 cycles and in a coin cell setup, far from
industry-standard pouch or prismatic cells. More recently, Contemporary Amperex
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Technology Co., Ltd. (CATL) announced the first generation of commercial sodium-
ion batteries featuring a hard carbon negative electrode and Prussian white positive
electrode, reaching 175 Wh/kg at the cell level [89].

Hard carbons are disordered materials and lack the long-range order of graphite,
granting them superior mechanical strength compared to graphite, hence the term
hard carbon [87, 90] Figure 2.7a.). Hard carbons contain microporosities that are
divided into two categories: the open pores are connected to the outside (in contact
with the electrolyte), and the closed pores are inaccessible to the electrolyte, with
a size ranging from 0.45 to 4 nm [90-92]. Moreover, the graphene layers in HC are
randomly stacked and oriented compared to the regularly oriented and spaced layers
in graphite (Figure 2.7b).

The extra space in the pores and between graphene layers enables new ways for
ion insertion, leading to a more complex storage mechanism compared to graphite,
with pore filling, defect adsorption, and intercalation between graphene layers, and
the sodiation mechanism is still up for debate [93]. A typical voltage profile of HC
sodiation is shown in Figure 2.8. Generally, the slope region has been attributed to
intercalation between graphene layers and the plateau region to pore filling [90, 93].
However, the structure of HC can vary considerably depending on the pyrolysis
temperature and precursor, which complicates the creation of a single model to fully
describe the storage mechanism. HC is synthesised by pyrolysis of various organic
precursors below the graphitisation temperature of 3000 °C [93], and the specific
synthesis temperature will influence both the pore size distribution and graphene
spacing [94]. Typical pyrolysis temperature range is between 1000 °C and 2000 °C,
giving a pore size distribution of 0.51 nm to 0.92 nm in radius [90]. High pyrolysis
temperature means that the structure is closer to the highly ordered long-range
structure of graphite. It is expected that elevated synthesis temperature (typically
at 2000 °C) reduces defect concentration and interlayer spacing, as well as increases
the nanopore size distribution in the hard carbon structure [90, 94].

Studying the sodiation process is a challenging task due to the complex structure
of hard carbons. However, scattering techniques are well-suited to understand how
sodium is inserted into hard carbon. For instance, with Raman scattering, the effect
of the pyrolysis temperature on the structure has been investigated. The HC Raman
spectrum shows the characteristic D (1350 cm™!) and G bands (1590 cm™!), related
to sp? carbon atoms bond stretching and breathing, respectively. The intensity ratio
of these two bands can be used as an estimation of the defect concentration in HC
(e.g., vacancy point defects) [90]. Small and wide-angle X-ray scattering (SWAXS)
can also be used to describe the hard carbon structure. By modelling the SAXS
pattern [90, 95|, it is possible to extract information on particle roughness and
micropore filling during the sodiation process. Raman spectroscopy and SWAXS
will be discussed in this thesis in Chapter 3 and Chapter 4.
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Figure 2.8: Voltage profile of the sodiation of commercial hard carbon at a constant
current of an HC-Na coin cell. Current corresponds to C/10 or 20 mA /g.

2.6 Lithium-sulfur batteries

Lithium-sulfur (LiS) is a promising next-generation battery chemistry to replace
the current state-of-the-art LIBs. The large specific capacity of elemental sulfur
(1672 mAh/g) compared to common positive electrode materials (140 mAh/g for
LiCo0y), the non-toxicity, and the abundance of sulfur make it a suitable choice for
sustainable, high-energy density batteries [12, 96]. A sulfur electrode is generally
made up of elemental sulfur, Sg, embedded in a matrix of conductive carbon and
a binder. The binder ensures that the composite electrode holds together, and the
carbon additive creates an electron-conductive network to electrically connect sulfur
particles as sulfur is an insulator (scheme in Figure 2.9a). The capacity of the cell
comes from the conversion of elemental sulfur to LiyS according to:

S +2Lit +2e” — LipS (2.11)

The conversion pathway in common ether-based electrolytes (typically 1M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt dissolved in 1,2-dimethoxyethane
(DME) and 1,3-dioxolane (DOL) in a 1:1 volume ratio) can be broken down into
several intermediate steps [97, 98]:

Sg + 2Li" + 2" — LigSg (212)
LigSg -+ 2Lt +2e — LZ'QSE;,TL -+ L’LQSn (n =4 — 6) (213)
LiySs_y, + LiyS, + 12Li" — 8LiyS (2.14)

At the beginning of the discharge, solid sulfur, Sg, is converted to the polysulfide
LiySg according to Equation 2.12. In common electrolytes, this polysulfide is sol-
uble, and the initial reaction then also involves a solid-liquid transition which is
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Figure 2.9: a. Scheme of a LiS cell with a sulfur-carbon composite electrode
combined with a Li metal counter-electrode. b. Voltage profile of a LiS cell at
discharge under a constant current of 1C corresponding to 3.4 mA /cm? and a mass
loading of 2.0 mg/cm?.

related to a plateau in the voltage profile (Figure 2.9b) between 2.3-2.4 V [98—
100]. Subsequently, long-chain polysulfides are converted to shorter-chain poly-
sulfides LiyS,(n = 4 — 6) in a liquid-liquid reaction (Equation 2.13), since these
polysulfides are all soluble in common electrolytes. This is reflected in the voltage
profile by the slope between the first high-voltage plateau and a second plateau
around 2.1 V. The lower plateau is a result of further conversion of LiyS,, to the end
product LisS [100]. The last step also involves a liquid-to-solid transition since LisS
is insoluble in most common electrolytes. The cell polarisation at the very end of
the discharge (a sharp drop of the potential) indicates that all the sulfur has been
converted to LiyS and the reaction is terminated.

Since intermediate conversion products, LiyS,(n = 3 — 8), are soluble in the liquid
electrolyte, they can diffuse out of the electrode and into the bulk electrolyte and
reach the counter electrode due to concentration gradients. Once at the lithium
surface, during the charge, they can gain an electron and reduce to shorter chains
and then diffuse back to the working electrode, where they are oxidised once again.
This reaction is known as the shuttle effect and is a parasitic reaction responsible
for the poor coulombic efficiency of many LiS batteries [101-103]. Another issue
connected to the solubility of polysulfides is that diffusion back to the cathode can
be slow. This leads to capacity fade during cycling as a part of the active material
is lost in the electrolyte [12].

Another important aspect of LiS batteries is the electrolyte/sulfur ratio (E/S), which
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needs to be as low as possible (around 1 pl./mg) to reach high energy densities [104].
However, a low E/S ratio means an increase in viscosity due to a high polysulfide
concentration in the electrolyte, which is causing an increase in the cell’s polarisation
and decreases the sulfur utilisation [105]. Furthermore, lean electrolyte conditions
activate the polysulfide shuttle effect by increasing concentration gradients, corrode
the lithium counter electrode and decrease the sulfur reaction kinetics [104]. At the
research scale, the E/S ratio is often reported to be > 20 uL/mg [106]. This gives
a false representation of cell performance since a flooded cell compensates for the
above-mentioned challenges.

One way of preventing the shuttle effect is by having lithium nitrate as an additive
in the electrolyte (LiNOs). LiNOs is effective because its decomposition products
form a protective passivation layer at the anode during the charge, and suppresses
polysulfide reaction [107]. However, this passivation layer continuously breaks down
and needs to be formed again over time. This leads to the consumption of lithium
nitrate, which in fact is a sacrificial salt to prevent the shuttle effect [104]. The use
of excess electrolyte or additives is typical in LiS batteries and can solve the shuttle
effect for a while, but these strategies only delay the eventual failure of the cell. In
addition, they lower the energy density, which is crucial for portable applications.

To circumvent polysulfides dissolution and loss of active material, another reaction
pathway can be followed, where elemental sulfur is directly converted to short-chain
polysulfides with a lower solubility compared to longer ones, called the quasi-solid
reaction pathway [98]. This type of reaction is enabled using different types of
electrolytes called sparingly solvating electrolytes (SSE). SSE rely on a low solu-
bility of polysulfides, which shortens the reaction pathway from Sg to short-chain
polysulfides. The limitations of SSE are caused by the slow kinetics of LisSs/LisS
conversion, the use of salts with low ionic conductivity and high viscosity [105, 108].
One example of SEE was developed by Nazar’s group, which is glyme-based [106],
and another electrolyte from CIC energiGUNE is based on sulfolane and a highly
fluorinated ether-based solvent [109]. In these studies, a low electrolyte to sulfur
ratio was used and still resulted in high specific capacities, i.e., high active material
utilisation.

An alternative strategy to liquid electrolytes for mitigating polysulfide diffusion is
the implementation of a solid electrolyte. Because diffusion of polysulfides is inher-
ently suppressed in solid phases, the shuttle effect and polysulfide dissolution can be
effectively minimised, thereby reducing sulfur loss and enabling long-term cycling
stability. Furthermore, solid electrolytes can inhibit lithium dendrite formation and
offer enhanced safety compared to liquid electrolytes by lowering the risk of ther-
mal runaway [110]. Despite these advantages, solid electrolytes are constrained by
their relatively low ionic conductivity, which limits overall cell performance. Typi-
cally, liquid electrolytes exhibit ionic conductivities on the order of 1072 S/cm [111],
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whereas solid electrolytes generally range from 1072 S/cm down to 107¢ S/cm or
lower at room temperature [110]. Additionally, solid electrolytes are prone to form
cracks due to their brittleness, which can increase internal resistances, build up
plated lithium and lead to a short circuit of the cell [112].

A massive research effort is needed to understand the complex sulfur conversion
reaction and improve LiS battery performance. Characterisation techniques such
as the X-Ray Diffraction (XRD) [100] have shown that polysulfides adsorb on the
fibres of the separator. Raman spectroscopy, [113], has been used to provide a better
comprehension of the evolution of polysulfide species in the electrolyte with selec-
tive solubility of fluorinated ether-based electrolytes. X-ray tomographic microscopy
(XTM) has been used to directly image sulfur particles and quantify their dissolu-
tion/precipitation throughout cycling [99, 114-116]. Tan et.al. used absorption-
based computed tomography to resolve a sulfur cathode and reported that the re-
action rate is diffusion-limited since the dissolution and precipitation of elemental
sulfur evolves from the cathode-separator interface [115]. More recently, Sadd et.al.
applied synchrotron-based XTM to demonstrate the complete dissolution of sulfur
and observe the precipitation of end-of-discharge product LisS with a phase contrast
reconstruction [99].
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Chapter 3

Battery characterisation with operando
X-ray techniques

The electrochemical reactions taking place in the battery’s electrodes are associated
with several processes that have effects over a large span of length scales, Fig-
ure 3.1. These processes are linked together, and processes at the atomic scale can
result in changes on the particle or the electrode scale, which affects the performance
of the battery overall. At the atomic scale, metal ions insert into the crystal struc-
ture and are associated with a change in oxidation state. For instance, in LiCoOs,
the lithium ions are intercalated in the octahedral sites of the crystal lattice and
compensated by the redox couple Co**/Co". However, during charge, it is only
possible to remove half of the lithium ions from Li;_,CoOy (z < 0.5) before the
structure starts releasing its oxygen, limiting the capacity to 50 % of the theoretical
one (140 mAh/g) [26]. In graphite, as discussed in section 2.3, lithium is being in-
tercalated between the graphene layers, which are expanding with increased content
of lithium and producing volume change of the entire electrode [6]. Such structural
deformations experienced by the electrodes over the battery’s lifetime can produce
macroscopic degradation, such as cracks, particle disconnection or delamination from
the current collectors, resulting in capacity loss [117]. Lithium-ion batteries rely on
reversible electrochemical reactions to store and release energy, but there are sev-
eral irreversible processes that can occur. The SEI formation in the early cycles is
irreversible because it is consuming materials from the electrodes and electrolyte in
order to create a protective layer [34]. Electrodes based on conversion reactions,
such as lithium-sulfur, are also subject to irreversible reactions. For instance, the
shuttle effect leads to loss of sulfur, but also soluble polysulfides can diffuse out of
the electrode and cannot participate any more in the capacity-producing reaction
[102].

All these processes are occurring while the battery is operating, and a powerful way
to study these issues can be done by performing operando characterisation. There
is a wide range of techniques that can be used operando, for instance, transmission
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Figure 3.1: Characteristic length scales of a battery system.

electron microscopy (TEM) [118], nuclear magnetic resonance (NMR) [119], optical
microscopy [77] or Raman spectroscopy [120]. Operando TEM offers imaging on the
atomic scale of the materials, providing information on ion intercalation, structural
changes and phase evolution in the electrode or SEI formation [118]. However,
TEM setup requires special cells that have large overpotentials, which can make
interpretation of the results challenging to link to more realistic cells. Additionally,
the electron beam can damage the materials by decomposing the electrolyte, which
can lead to gas formation.

NMR has been used to study lithium plating because the Li metal has a clear signal
compared to lithium ions intercalated in graphite or Li in the SEI [7, 79, 121, 122].
As an example, operando NMR has been used to detect the formation of lithium
and sodium dendrites on hard carbon electrodes [121], and the results revealed that
the quasimetallic Li in the hard carbon pores acts as a buffer for further lithium
deposition. NMR measurements produce a higher spectral resolution when the
sample is spun, which is impracticable in operando NMR [119].

To characterise batteries on the um to mm length scale, one can use optical imaging
of the electrode. The strength of optical microscopy lies in its simplicity, without the
need for an X-ray or neutron source, and the fact that visible light is non-destructive
to the materials. Optical microscopy has been used to study the evolution of lithium
dendrites [56, 77, 123] or the volume change of silicon particles during alloying
with lithium [124]. Optical microscopy is particularly powerful for colourimetric
measurements, for instance, with graphite particles that undergo a colour change
as they are being lithiated, enabling quantification of the battery’s state of charge
[46]. The main drawbacks of optical microscopy are that it is limited in resolution
to hundreds of nanometres due to the diffraction limit [125], and it often requires
modification of the cell with a transparent window that can limit the performance.
Another issue is that visible light cannot access the bulk of the materials, which
inherently restrains optical microscopy to surface analysis.

24



3.1 X-ray based characterisation techniques

X-rays were discovered by Rontgen in 1895 when he found out that a high volt-
age discharge tube could cause the fluorescence of a plate covered with barium
platinocyanide. He called this new unknown radiation 'X-ray" [126]. X-rays are
electromagnetic waves with a wavelength in the range 0.01-10 nm, which corre-
sponds to photons with an energy of 100 eV to 100 keV [127]. X-rays interact with
the electron cloud of the material, and two main interactions are possible: absorption
and scattering. The absorption of an X-ray photon involves the transfer of its energy
to an inner-shell electron, which can be ejected from the atom Figure 3.2a. This
is called the photoelectric effect, and it is the principle behind X-ray photoelectron
spectroscopy (XPS). Photons absorbed might promote excitation of electrons from
the core to the valence band or unoccupied states, and probing a sample with chang-
ing incident photon energy is the principle behind X-ray absorption spectroscopy
(XAS). The scattering effect is caused by the electromagnetic field of the incoming
photon inducing an acceleration of the electron, causing it to re-radiate light at the
same frequency (elastic scattering, Figure 3.2b).

Figure 3.2: Illustration of X-ray interaction with matter. a. photoelectric effect
that causes fluorescence and b. elastic scattering.

Nowadays, the best quality X-rays are produced at synchrotron sources where the
beam has a high flux, tunable wavelength and high brightness. Synchrotron radi-
ation facilities offer several advantages over conventional laboratory X-ray sources.
Their brilliance, defined as the photon flux per unit source size and angular diver-
gence, is up to eleven orders of magnitude higher compared to laboratory sources,
enabling extremely fast measurements and allowing for high spatial and temporal
resolution. In addition, synchrotron beamlines provide a high degree of experimen-
tal versatility, permitting a wide range of measurement configurations and making
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them particularly well suited for operando characterisation. An illustration of a syn-
chrotron is shown in Figure 3.3 where the storage ring, insertion devices (blue and
orange cubes representing the magnets of the undulators/wigglers) are represented.
Each beamline is specific to an X-ray characterisation technique, for instance, at the
Swedish synchrotron source MAX IV, Balder is specialised in X-ray absorption spec-
troscopy (XAS), HIPPIE in X-ray photoelectron spectroscopy (XPS), ForMAX for
SWAXS imaging and DanMAX for X-ray tomographic microscopy. XAS and XPS
will be discussed in this section, while SWAXS and XTM will be further discussed
in sections 3.1.1 and 3.1.2, respectively.

Figure 3.3: Illustration of the MAXIV synchrotron facility (Lund, Sweden) with
its storage ring, insertion devices and some of the beamlines.

Absorption of X-rays by an atom experiences a sharp increase around the binding
energy of the core electrons, known as the absorption edge. It is possible to scan
the absorption edge with a high energy resolution in a technique called X-ray ab-
sorption near-edge structure (XANES) to obtain information on the oxidation state
of the atoms, while the features beyond the absorption edge yield information on
coordination numbers and bond lengths [128]. As an example, XANES has been
used to investigate oxygen redox and transition metal charge compensation. Ogley
et al. [129] used XANES on LiNiggMng ;Cog 105 cathode and observed no evidence
of nickel oxidation at high voltage (above 4.2 V). XAS can also be used to address
the polysulfide shuttling effect in LiS batteries. Jia et al. performed operando XAS
and showed that a modified separator containing bismuth nanoclusters could stop
polysulfides migration towards the counter electrode, significantly reducing the shut-
tle effect [130]. Operando XAS have a limited use in the soft X-rays regime, where
X-rays with an energy below 1 keV have low penetration depth in the cell, which
produces unreliable information [131].

In an XPS experiment, the kinetic energy of the ejected photoelectrons is measured
and related to their binding energy, which can be used to identify chemical species,
their oxidation state and binding environment. Because these photoelectrons are
easily scattered by surrounding atoms, XPS is inherently surface-sensitive. The
technique is widely used to investigate the SEI in batteries, for example, by identi-
fying its organic and inorganic components [132]. However, performing XPS during
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battery operation is challenging, as measurements are typically conducted under
ultra-high vacuum, which restricts the use of liquid electrolytes. Moreover, both the
liquid electrolyte and the insulating SEI layer attenuate the signal by limiting the
number of photoelectrons that reach the detector. These factors make the develop-
ment of operando XPS cells particularly challenging. As an example, Kallquist et al.
[133] used ambient pressure operando photoelectron spectroscopy to study lithium
deposition on gold by indirect access of the interface, through the liquid meniscus
in a beaker cell.

3.1.1 Small- and wide-angle scattering

SWAXS provide information on the structure and morphology of a material through
elastic scattering of structures at a broad range of length scales, from atomic struc-
ture to the particle level and has been widely applied in battery research. The
principal strength of WAXS lies in its ability to determine lattice parameters, iden-
tify crystalline phases, and quantify their relative fractions. SAXS, on the other
hand, probes length scales characteristic of particle morphology (typically tens to
hundreds of nanometres) or porosities and provides insight into internal structures
and particle surfaces. The ability to track such structural evolution during battery
cycling has been significantly advanced by synchrotron sources, where high brilliance
and tunable energy enable high temporal resolution [13].

Building on these capabilities, WAXS has been particularly useful in elucidating
the structural evolution of graphite during lithiation [40, 48, 49, 134, 135]. The
lithiation of graphite is associated with an expansion of the inter-layer distance of
the graphene sheets, which causes an overall volume change of the electrode. This
effect was studied by Schweidler et al. [40], who used lab-scale operando WAXS to
quantify volume expansion of graphite during lithium intercalation in a pouch cell at
C/7. Operando WAXS provides continuous tracking of the transitions between the
different stages of lithiation (1L, 4, 3, 2/2L and 1), and their lattice parameters. The
authors followed the fraction of each lithiated stage to calculate the overall volume
expansion of graphite throughout (de)lithiation, showing that even partial lithiation
induces significant crystallographic strain and that total graphite expansion reaches
13 % at full lithiation (LiCg).

The lithiation process is itself not occurring at the same rate throughout the elec-
trode, creating heterogeneities that require the use of a focused X-ray beam to
obtain spatial resolution at the electrode scale. Finegan et al. [48] used synchrotron
XRD, with an energy of 72 keV on coin cells to map the lithiation front moving
from separator to current collector under fast charging conditions. Severe depth
heterogeneity was observed: near the separator, graphite rapidly reaches stage 1
(LiCs), while deeper regions initially remain as graphite or stage 3. Simultaneously,
the authors also addressed lithium plating, which was detected only within the first

27



20 pm from the separator, and explained by concentration gradients causing local
overpotentials and creating favourable conditions for lithium plating [136]. Plated
Li influences lithiation and can cause incomplete delithiation because LiCg and un-
lithiated graphite were found together, even after discharge. The depth-resolved
measurements reveal how electrolyte transport limits both intercalation gradients
and localised plating during cycling at high rates.

Similarly, Oney et al. used scanning WAXS to study the effect of graphite ageing
and measured the depth profile of lithiation [49]. A cell with a PFA body was used,
and a focused 3x3 pum? synchrotron beam (ID13, ESRF) with an energy of 23.5 keV
scanned the electrode, producing a 35x28 pixels map in 2 minutes. The authors
showed that ageing induces strong spatial variation in lithiated state, with inac-
tive particles distributed non-uniformly through the electrode thickness. Regions
near the separator show the highest inactivity, often remaining fully unlithiated or
stuck in intermediate stages, while central regions contain lithiated yet electrochem-
ically unresponsive particles. Two forms of inactivation were identified: “dead”
graphite and “slow” kinetically hindered particles, demonstrating that lithiation
heterogeneities fundamentally disturb reaction pathways in aged graphite. Overall,
these two studies [48, 49] demonstrate how X-ray scattering can reveal the pres-
ence of lithiation heterogeneities, predominantly near the separator, with this effect
becoming more pronounced at high current densities or in aged graphite.

SAXS and WAXS can also be used to study materials with less order than graphite,
for instance, hard carbons. SWAXS can yield information on the surface of hard
carbon particles, microporosities, and atomic arrangement, which are valuable pa-
rameters to study the sodiation of hard carbons [87, 90, 94]. As an example, a typical
SWAXS pattern from a hard carbon powder is shown in Figure 3.4. The contribu-
tion at low g-values accounts for the surface of the hard carbon particles, which can
provide information on the SEI formation on the particle’s surface at the beginning
of sodiation [120]. This would be reflected in a change of the slope at low q by
increased roughness of the surface of hard carbon particles [137]. The characteristic
shoulder at intermediate q comes from the difference in scattering length density
between the micropores and the surrounding carbon matrix [95]. When sodium
fills the micropores, this difference will decrease, which will lead to a decrease in
intensity of the shoulder [90, 94].

Operando SAXS was used by Kistu Iglesias et al. [90] to quantify how synthesis
temperature shapes the microstructure of hard carbon and influences the sodiation
process. At low pyrolysis temperature (1100 °C), the slope region of the voltage
profile (Figure 2.8) is more pronounced than the low voltage plateau, whereas at
higher pyrolysis temperatures (1400-2000 °C), the opposite effect is observed. SAXS
profiles show that higher pyrolysis temperatures lead to larger mean pore radii and
higher micropore volume fractions, visible as increased scattering intensity of the
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Figure 3.4: SAXS curve from a hard carbon powder. Low ¢ values (red) are the
contribution of the particles, the medium ¢ range (blue) contains information on
the micropores, and the high ¢ region (green) is the wide-angle X-ray scattering
(WAXS) range with crystal structure information.

micropore shoulder. By modelling the SAXS data, the pore size distribution could
be extracted, and demonstrated that microstructural evolution with temperature
directly affects sodium storage: hard carbon synthesised at higher temperatures
stores more sodium in micropores in the plateau region because pores and pore
volume are larger and more numerous, whereas lower pyrolysis temperature hard
carbon shows small micropores and lower reversibility.

At higher g-values, the WAXS region in the scattering pattern of hard carbon shows
a broad amorphous peak, often referred to as the (002) reflection peak, as it is analo-
gous to the diffraction peak of the stacked graphene layers of graphite [87]. Morikawa
et al. [94] showed that during sodiation, this peak shifts to smaller g-values, indicat-
ing an increased interlayer spacing associated with sodium intercalation. Addition-
ally, the authors observed another broad peak at around q = 2.0-2.1 A=, which was
associated with pseudo-metallic sodium cluster (i.e., amorphous sodium clusters in
the micropores [138]).

Operando WAXS can also be used to study lithium-sulfur batteries [100]. Conder et
al. directly observed soluble lithium polysulfides in a working Li—S battery—species,
typically invisible to diffraction due to the fact that polysulfides are in solution.
Fumed silica was used as an electrolyte additive, enabling the detection of long-chain
polysulfides when they adsorb on the separators, forming an organised nanometric
surface layer that produces two broad diffraction peaks in WAXS. Tracking these
peaks through cycling revealed the evolution of polysulfides across solid—liquid and
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liquid-liquid reaction regimes and correlates their disappearance with the formation
of crystalline LiyS at the end of discharge.

3.1.2 X-ray tomographic microscopy

XTM takes advantage of X-rays to penetrate through and produce images with mi-
crometric resolution. Synchrotron XTM has been used to study the degradation
mechanism in lithium-ion batteries from the cell level down to active material parti-
cles. As an example of a degradation mechanism, lithium plating has been visualised
by Ho et al. with XTM (8.3.2 beamline, Advanced Light Source, USA), and its in-
terplay with lithiation heterogeneity inside graphite electrodes under fast-charging
conditions [41]. A graphite/lithium half cell, in a PEEK body, was used, and a
spring maintained mechanical pressure between the electrodes. The cells were lithi-
ated at a desired state-of-charge, then measured with XTM while resting, and each
scan took 10-15 minutes. Following a 1C lithiation, the formation of a mossy lithium
layer at the graphite-separator interface was observed with XTM using a 22 keV
beam, producing images at 2 pm spatial resolution. Digital volume correlation
(DVC) was used to link volume change in the graphite electrode to the local state
of charge. DVC revealed that this plated-Li layer creates a transport bottleneck,
where graphite particles located tens of micrometres beneath the plated region re-
main under-lithiated, despite being far from the plating front. The state of charge
mapping shows that areas directly below plated lithium can fall below 30 % lithia-
tion even when the electrode as a whole receives a nominal 100 % state of charge.
The results also showed that during a rest period that followed a plating at 6C,
the difference in potential between plated lithium at the graphite/separator inter-
face and under-lithiated graphite creates a current that strips plated lithium onto
graphite particles, producing intense local ionic currents [59].

Lithium-sulfur batteries have been studied with XTM to visualise the morphological
degradation of LiS composite electrodes built on carbon fibre current collectors
[116]. Cells were cycled in coin cells and opened for XTM measurements after 1,2
and 10 cycles. XTM was performed at the BAMline beamline (Bessy, Germany)
with an X-ray energy of 18.5 keV and a voxel size of 0.438 pum. After the first
cycle, tomographic images show that sulfur particles shrink and diffuse into the
porous current collector, and after 10 cycles, are re-deposited near the electrode
top. The particle size systematically decreases with cycle number, which correlates
with capacity fading.

Sadd et al. employ a glass capillary cell to achieve full-field operando X-ray tomo-
graphic microscopy, allowing the entire sulfur cathode to remain within the field of
view during discharge [99]. XTM was performed at the Tomcat beamline (Swiss
Light Source, Switzerland) at a X-ray beam energy of 21 keV and a field of view
of 0.8x0.8 mm? and a voxel size of 0.325 um. Each tomogram took 1 minute to
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complete and was acquired every 30 minutes, which enabled continuous cycling at a
C/10 current rate. XTM enabled direct, quantitative visualisation of sulfur, starting
with the complete conversion of solid Sg into soluble polysulfides early in the first
plateau, which are not observable anymore once dissolved. Image sequences from
operando tomography show that sulfur particles shrink and dissolve radially, with
sulfur particles further away from the centre of the electrode dissolving first. After
full dissolution of Sg, short-chain polysulfides convert to insoluble LiyS during the
second plateau. XTM slices reconstructed with Paganin phase-contrast [139] show
a progressive greyscale increase across the cathode towards the end of the discharge,
indicating the nucleation of LiyS on the carbon/binder matrix. Because LisS parti-
cles are smaller than the 1 um resolution, they do not appear as discrete particles but
as a uniformly distributed high-intensity layer coating all available internal surfaces.

Tan et al. directly visualised where and how sulfur re-deposits during charging XTM
[115]. XTM was conducted at the 1113 beamline (Diamond light source, UK) with a
22 keV X-ray beam, producing tomograms with a 2.1 x 1.8 field of view and a voxel
size of 0.81 um, on a lithium/sulfur cell with a PFA body. Tomogram acquisition
took 15 minutes, and the cell was held at open circuit during that time, then cy-
cled for 15 minutes until the next tomogram. After complete sulfur dissolution at
a C/5 current rate, elemental sulfur reappears only late in charge (85 % depth of
discharge), but not as a uniform layer. Instead, preferential redeposition within the
cathode microstructure was observed. Sulfur recrystallises first near the separator
interface, indicating that polysulfide transport is rate-limiting, because regions clos-
est to the separator are electrolyte-rich and experience the fastest access to incoming
polysulfides. During charging, redeposited sulfur forms oriented clusters rather than
returning to the initial uniformly dispersed morphology. These clusters are anchored
along ridges and cracks of the carbon-binder matrix, especially near larger pores,
showing that carbon-binder domain structure dictates nucleation sites.

3.2 Raman scattering

Raman scattering is a powerful technique to identify chemicals present in the battery
electrode and electrolyte. Raman spectroscopy is particularly useful to study car-
bonaceous materials and provides useful information about their structural evolution
when lithiated. Figure 3.5 shows the different Raman bands of hard carbon with
their associated vibrational movement. The D band represents sp? carbon atoms
bond breathing (1350 cm™!) while the G band represents bond in-plane stretching
(1590 cm™1). Deconvoluting the spectra provides more information about the nature
of the defects (Figure 3.5): the D’ band at 1620 cm™! originates from vibrational
movement of the surface graphene layers and is also associated with a stretching
vibration [140]. The D4 and D3 bands at 1200 and 1500 cm ™! are associated with
rings containing 7+ carbon and point defects, respectively [90].
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Figure 3.5: Raman spectra of a hard carbon sample with a deconvolution of the
different bands and an illustration of the D and G bands vibrational movement.

The analysis of the bands allows us to understand the relation between defects
in hard carbons and their pyrolysis temperature for its synthesis [90, 94| where
it was found that lower temperatures (1000-1400 °C) form HC with higher defect
concentration, while high temperatures (1500-2000 °C) produce more ordered HC
with a structure closer to graphite. The sodiation process can be followed in HC
with operando Raman spectroscopy, and the observation of the G band provides
information on sodiation [120]. At higher voltage (from 1 V to 0.02 V), the frequency
of the G band decreases due to the intercalation of sodium ions between the graphite-
like layers of hard carbon and defect adsorption. At voltage below 0.02 V, the G
band position remains constant, indicating that another sodiation mechanism has
to take place, which is likely pore filling [90, 141].

Another way of investigating battery materials and components with Raman spec-
troscopy is to provide spatial information of the material through mapping an area
of interest. Using a laser to scan the electrode is, for example, a way to locate the
deposition of plated lithium [80, 142]. Lithium plating reacts with the SEI to form
acetylide specie Li;Cy, which serves as a marker of lithium deposition [81, 143].

Raman spectroscopy can be a complementary technique to X-ray tomographic mi-
croscopy since it is possible to measure the Raman shift of soluble species. As an
example, polysulfides and radicals were identified with Raman spectroscopy by Sadd
et al. [144], and the results pointed out that the use of polysulfides as catholyte
(i.e., the cathode is in the electrolyte and there is no supporting salt) can increase
the migration of polysulfides and improve the performance of a LiS cell.
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Chapter 4

Experimental methods

This chapter aims to introduce the different methods that have been used in this
thesis and the cell design required to perform operando measurements.

4.1 Cell design for operando X-ray experiment

Cell design for an operando X-ray experiment is crucial to consider and often requires
special features depending on the technique used. The criteria that the cell should
meet are diverse and often require making compromises on, for instance, the size of
the electrode, stack pressure or volume of electrolyte. The field of view provided at
synchrotron sources is usually a few millimetres, which forces the scaling down of
the components of the cell compared to classical formats (coin cell or pouch cell) if
the goal is to have the cell in the entire field of view. On the other hand, measuring
only a portion of the electrode can be achieved to increase the spatial resolution
and reduce the measurement time. Additionally, the cell design has to be somewhat
close to a real cell to ensure similar electrochemical processes.

First, one needs to consider the materials that make up the body of the cell. Several
materials have been used in operando cells, namely quartz, polyether ether ketone
(PEEK) or perfluoroalkoxy alkanes (PFA) [41, 99, 115]. In Paper III, a quartz
capillary tube was used because the background signal is low compared to PEEK and
PFA in SWAXS imaging [145, 146]. The cell is shown in Figure 4.1. This cell design
is not meant for performance, as it is lacking features that are otherwise essential in
a standard cell. For instance, the capillary cell used did not have a separator or any
mechanical pressure and used a large volume of electrolyte (approximately 10 puL of
electrolyte for 0.1 mg of hard carbon).

The cell was assembled with a dip-coated pin in a hard carbon slurry and made of
85 wt.% HC, 10 wt.% PVDF binder and 5 wt.% carbon additives and then dried.
This process was repeated until a few mg of electrode was coated on a stainless steel
pin. Then the capillary was filled with electrolyte, and the other pin with sodium
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Figure 4.1: Schematic of the different components of the capillary cell with a
photography image highlighting the formation of a gas bubble as one of the major
drawbacks of the cell design [137]. Copper wires are soldered at the bottom and
top.

metal was inserted. The cell’s air-tightness was maintained by sealing the pin to the
capillary with a UV-curable glue.

The small electrode diameter (in the range of 0.8 to 1.2 mm) means that it is pos-
sible to scan the entire electrode in a few minutes with a beam size of 15x25 pm?.
The small electrode size also means a good transmission signal through its thick-
ness. Another advantage of the capillary cell is that the transparent glass, with no
separator, allows direct observation of the electrode and electrolyte, meaning that
quantitative analysis based on optical imaging could be carried out, as demonstrated
in other work [99].

One of the issues of the capillary cell design is that it is extremely fragile because
the capillary has a wall thickness of 150 ym to minimise the cell background. This
means that the assembly procedure of the capillary cell is challenging and requires
careful handling of the quartz tube. It is also difficult to precisely control the
distance between the electrodes, which leads to a cell that cannot be reproduced
exactly. Additionally, gas can be trapped between the pin and the capillary wall
when assembling the cell. It can eventually move when handling the cell or simply by
gravity move in the space between the electrodes (see the photograph in Figure 4.1).
This can severely reduce the cell performance or even lead to cell failure if the
bubble grows too big. Another issue comes from the dip-coated electrode on the
pin, which makes it difficult to know the cell’s actual capacity with great precision.
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The capacity was determined based on the volume of segmented SWAXS images
based on the density of hard carbon (1.5 mg/cm?).

Figure 4.2: Photograph and scheme of the tomography cell used for XTM ex-
periments, with a blow-up view of the battery stack showing the graphite-lithium
half-cell configuration.

An alternative cell design used for the XTM experiment is presented in Figure 4.2
with an illustration of the battery stack. In the experiment carried out at the
ID19 and ID15a beamlines (based on Paper I & IV, respectively) at the European
Synchrotron Radiation Facilities (ESRF) a cell made of (PEEK) with an internal
diameter of 1.5 mm was used. PEEK has a high X-ray transmission and is suitable as
a battery casing because of its good chemical stability. The middle section of the cell
(where the electrode stack is located) was further cut to reduce X-ray attenuation.
The pressure applied between the two electrodes is made by two metal plungers
(used as current collectors) held in place by ferrules and screws that ensure the
airtightness of the cell. The FOV achieved at ID19 (Paper I) was 1.48 x 1.48 mm?,
and with an electrode diameter of 1.5 mm, 97 % of the electrode can be captured
in the FOV. At the ID15a beamline (Paper IV), the FOV was 0.82 x 0.83 mm?,
meaning that only 53 % of the electrode was in one tomogram. This difference is
due to the fact that the half acquisition method was used at ID19, extending the
FOV (see section 4.2.2).

The PEEK cell design was improved by Dr Rizell [147] by the addition of a spring

35



Figure 4.3: a) Schematic of the improved tomography cell (based on the work of
[147]), with an additional spring that applies mechanical pressure to the battery
stack illustrated in b). WAXS contribution from the PEEK cell is highlighted in c),
and for SAXS in d).

and rubber o-rings to ensure the air tightness (Figure 4.3a). The spring provides
mechanical pressure between the electrodes, which can improve the cell’s coulombic
efficiency. This design is closer to realistic cells and should yield electrochemical
processes closer to industrial batteries. This design was used to perform scan-
ning SWAXS as the ForMax beamline (MAXIV, Sweden) on a graphite/lithium cell
(Figure 4.3b). As mentioned above, PEEK has a scattering signal (Figure 4.3c,d)
with peaks in WAXS (1.3-1.7 A-1 and 2.04 A‘l) and in SAXS at mid-q, measured
on an empty PEEK cell. In SAXS, the cell’s background signal was subtracted,
whereas in WAXS, since the signal does not overlap with the graphite signal, only
a linear background subtraction was used.

4.2 Characterisation methods

This section introduces the characterisation methods employed in this thesis. The
X-ray-based techniques contain small- and wide-angle scattering as well as tomo-
graphic microscopy, while visible-light scattering is used in Raman spectroscopy.

4.2.1 Small and wide-angle X-ray scattering

Small- and wide-angle X-ray scattering (SWAXS) are characterisation methods that
take advantage of the elastic scattering of X-rays by a material. SAXS provides
information on particle size and shape, while WAXS addresses crystallinity and
atomic arrangement. Small angles are generally defined between 0.1 and 10 °, thus,
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Figure 4.4: Schematic of a SWAXS setup in transmission mode. When the detector
is placed close to the sample, it captures the scattering at wide angles, while placed
further away, it captures smaller angles.

SAXS usually probes particles and structures from 1 to 100 nm [148] while at wide
angles (typically above 5-10 °), WAXS probes inter-atomic distances, usually at the
Angstom length scale.

A typical SWAXS setup in transmission mode is shown in Figure 4.4, where an
incident X-ray beam, defined by the wave vector k?;, impinges on the sample and is
elastically scattered at the angle 26. The scattered light is represented by the wave
vector k,. Since the scattering is elastic, the magnitude of k; and k, is equal, only
their direction is different. The magnitude of the scattering vector ¢ describes how
much the wave vector has changed in the reciprocal space and is given by:

L. 4
|q] = |ks — ki| = Tﬂsine (4.1)

where A is the X-ray wavelength and 6 is half of the scattering angle. The intensity
of the scattering signal (q) depends on the ability of a material to scatter light,
which is defined by the scattering length density p, which is proportional to the
electron density. The intensity of the signal recorded by the detector is the squared
Fourier transform of the scattering length density over the entire volume V' of the

illuminated material: )

10) = | [ p(ryemdr

In practice, resolving features in a scattering pattern depends on the difference in

(4.2)

scattering length density of a material and its surroundings [149]. Using ¢ instead
of the scattering angle is a convenient way of comparing scattering patterns, inde-
pendently of the wavelength of the incident light. Typically, the SAXS detector is
placed a few meters away from the sample, while the WAXS detector is placed up
to one meter away.

The principle behind WAXS (also called X-ray diffraction, XRD) is that when an
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X-ray beam of wavelength A\ hits an atom, it is scattered in every direction by the
electron cloud. Constructive interferences will occur at the angle 6 by atoms from
two adjacent planes separated by the distance d when Bragg’s condition is met and
is illustrated in Figure 4.5.

nA =2dsinf (n € N¥) (4.3)

The characteristic distances measured with SWAXS (atomic or particle distances in
WAXS/SAXS, respectively) can be approximated by combining equation 4.3 and
4.1:
2m
d=— (4.4)
4]

Figure 4.5: Schematic illustration of Bragg’s condition.

In this thesis, imaging of graphite and hard carbon electrodes was done with scan-
ning SWAXS, where a focused X-ray beam raster-scanned the material. Scanning
SWAXS produces a two-dimensional grid of measurement points, where each point
corresponds to a pixel in the resulting image. Each pixel of the image is a scattering
pattern. Figure 4.6 shows a graphite electrode that was scanned with a focused X-
ray beam. The detector images for each pixel are azimuthally integrated to produce
a l-dimensional scattering curve. In this example, we can observe the scattering
of PEEK that made the body of the cell in the 1.2-1.7 A~! range, and the sharp
crystalline peaks of graphite in the 1.7-1.9 A=! range. These resulting 1D scattering
curves represent the average scattering across the length of the electrode (1.5 mm).
The strength of scanning SWAXS is that it provides local information about the
microstructure and atomic arrangement, which makes it possible to detect hetero-
geneities within the electrode. The spatial resolution of the experiment is limited by
the size of the X-ray beam, which was at the ForMAX beamline 48x14 pum?, while
at the cSAXS beamline, the beam size was 25x15 um?.

In order to extract useful information from WAXS data, a fit of the diffraction peaks
has to be done. If the measurement was done with a perfect instrument on a perfect
crystal, the peak shape would be extremely sharp; so describing a peak shape with
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Figure 4.6: a) Picture of the ForMax beamline with the different elements of the
experiment. b) Example of a scanning WAXS experiment with the corresponding
detector image (c) of a scattering pattern obtained for one pixel and (d) its azimuthal
integration.

a mathematical expression is to account for the peak broadening. WAXS peaks
have a broadening caused by the instrument (e.g., size of the beam, wavelength
distribution or detector response) which is best modelled by a Gaussian function
G(z). Another source of broadening comes from the sample being non-ideal, i.e.,
there is a distribution in crystallite size and strain effect, which can be modelled
by a Lorentzian function F(x) [150]. A good representation of peak broadening can
be achieved by the convolution of a Gaussian and a Lorentzian function, called a
Voigt function. However, the convolution is computationally demanding, so a good
balance between physical realism and computational efficiency is achieved by using
a pseudo-Voigt function defined by PV (z) = $G(z) + 1 F(x), where:

S S | r/2
S o e ()

(4.5)

o is related to the full width at half maximum (FWHM, I') by T’ = 2v/2In 20 and p
is the position of the maximum. In this thesis, the WAXS peaks were fitted using
a pseudo-Voigt profile and a MATLAB built-in function 1sqcurvefit to find the
parameters 4 and o.

An example of a fit is shown in Figure 4.7, where the different phases of lithiated
graphite can be identified based on their main reflection peaks in the region 1.7-
1.9 A—" according to section 2.3. The stage Gr’ refers to the early lithiation phase
of graphite, where lithium is diluted in graphite, which could be either stage 1L or
stage 4 [45]. Fitting the WAXS curve yields the area of each peak, which enables
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Figure 4.7: Fit of a WAXS pattern of the different phases of lithiated graphite

the determination of the phase fraction in the electrode under the assumption that
the sum of all phases is equal to 1.

4.2.2 X-ray tomographic microscopy

X-ray Tomographic Microscopy (XTM) is a particularly powerful method to access
the bulk of material and get detailed 3D information on micrometre length scales. It
is common to perform XTM at synchrotron radiation facilities where the high flux
enables the collection of fast tomograms at high resolution, even less than 1 pm.
Additionally, in a synchrotron-based experiment, it is easy to tune the beam energy
(in the range of 10 keV to 100 keV) and use a beam to reach high contrast and
spatial resolution.

Figure 4.8: Schematic of an XTM experiment at a synchrotron with initial data
reconstruction steps.

A typical layout for an XTM experiment is shown in Figure 4.8. The monochro-
matic X-ray beam illuminates the sample mounted on a rotation stage. The trans-
mitted signal is converted to visible light and is captured by a camera to produce raw
radiographs. Radiographs taken at different angles make a set of angular projections
that are computationally reconstructed to form 3D images [86]. The transmitted
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signal is attenuated by the sample according to the Beer-Lambert law:
I = Iye (4.6)

where [ is the transmitted beam intensity, [, is the intensity of the incoming beam,
d is the thickness of the material and p the linear attenuation coefficient. It is
the differences of p of each material that composes the sample that allows for the
determination of the different phases, since it is linked to the density of a material:

_ pZ
= ARs

(4.7)

where p is the density, Z the atomic number, A the atomic mass and E the X-ray
energy. From Equation 4.7, it becomes clear that the beam energy must be carefully
selected when designing an XTM experiment to achieve sufficient contrast between
the materials within the sample.

Figure 4.9: Calculated absorption as a function of X-ray energy of different cell
components in a Li/graphite cell. The calculation has been made by using the
website of the Centre for X-ray Optics at Lawrence Berkeley National Laboratory:
https://henke.1lbl.gov/optical constants/filter2.html.

Figure 4.9 shows the simulated transmission of the components of a Li-metal /graphite
cell as a function of X-ray energy. The thickness used in the simulation is typical
for the diameter of a cell used for tomography in this thesis. Copper almost fully
absorbs all the X-rays and can potentially shadow materials situated between it
and the detector, in contrast to lithium, which is almost X-ray transparent. The
separator made of glass fibre could potentially be an issue considering its high ab-
sorption, but it can also bring a good contrast to the materials of interest (graphite,
lithium). If the energy is too low, the transmitted beam will be attenuated too
much, and if the energy is too high, the contrast between the materials in the cell
will be poor. Theoretically, attenuation contrast should be around 13 % [86] so a
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suitable beam energy range can be 25-30 keV (Figure 4.9). An important aspect to
consider is also the potential damage that the beam can cause to the sample. The
exposure to high X-ray doses can induce material damage, particularly when using
high-brilliance synchrotron sources. Beam-induced damages include the breakdown
of the electrolyte or the deactivation of the electrode active material [151, 152].

Figure 4.10: 2D illustration of an object absorbing X-rays and its projection on
the detector at two different rotation angles. The sinogram is the combination of
all rotations for one row of the detector.

A simplified example of a tomography experiment on a single-phase object and
the projection on the detector is illustrated in Figure 4.10. The intensity profile
is different depending on the angle of rotation, and each angular step will give a
projection on the detector. The compilation of these projections on the detector
is called the sinogram. It is possible to reconstruct the original object from the
sinogram with a reconstruction algorithm. The reconstruction algorithm is based on
the Fourier slice theorem, which states that the 1D Fourier transform of a projection
of the object is equal to the 2D Fourier transform of the absorption coefficient pu,
evaluated along one slice [86]. The reconstruction of the projections is performed in
3 steps: (i) take the Fourier transform of the sinogram (which is all the projections),
(ii) apply a high-pass filter, and (iii) use the Fourier slice theorem by taking the
inverse of the 2D Fourier transform of the filtered set to obtain p. This algorithm,
called Filtered Back-Projection (FBP), can reconstruct the original object based on
the attenuation coefficient and is commonly used in XTM experiments. The filtering
step is essential to alleviate artefacts due to the finite number of projections since the
2D Fourier space cannot be mapped completely and some data are missing at high
frequencies, making simple back-projection often blurry compared to the original
image, see Figure 4.11. Typically, a high-pass filter (such as the Ram-Lak filter)
is used in the reconstruction algorithm.

In addition to attenuation, the X-rays can also be refracted, and the complex re-
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Figure 4.11: a. Original image of Chalmers logo, b. simple back projections
reconstructed image and c. with the addition of the filtering step.

fractive index can be expressed as:
n=1—0+1i8 (4.8)

where ¢ is the refractive index decrement and represents the change in phase of the
wave, and [ is the complex attenuation coefficient, which is related to the absorption
coefficient (u = 47/A). The phase change also yields information on the contrast
of the object, but the detectors only measure the attenuation and are not sensitive
to phase change (also known as the phase problem [127]). A common route to obtain
the phase information with attenuation-based data was proposed by Paganin et. al
[139]. The Paganin method works by filtering during the reconstruction of the high
frequencies produced by edges in a material and improving the contrast of images.

There are also other important parameters to consider in an XTM experiment, such
as the field of view (FOV) and the pixel size. The detector is composed of a pixel
array that has a certain size (e.g., a PCO Edge HS camera has 2560%2160 pixels with
a size of 6.5 ym) and, when combined with a magnification lens, will give the voxel
size. With the example of a PCO Edge camera combined with a x10 objective, the
voxel size is 0.65 pm and FOV is 1664 pym in height and 1404 pm in width, and, with
a x20 objective, the voxel size is 0.325 um, and the FOV is 832x702 pum?. Lowering
the voxel size to be able to resolve smaller objects with a larger magnification is
done at the cost of a smaller FOV. However, if the sample doesn’t fit in the entire
FOV, it is possible to perform "half acquisition" (Figure 4.12) tomograms where
the sample is displaced so that the rotation axis is close to the edge of the FOV and
the sample is rotated over 360 ° instead of 180 °. This is extending the FOV by a
factor of nearly two at the cost of doubling the acquisition time (the sample has to
rotate an extra 180 °) and also quadrupling the raw data produced. Half acquisition
tomograms were done in the experiment in Paper I, with a FOV of 1448x1448 jm?
and allowed to capture 97 % of the graphite electrode.
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Figure 4.12: Comparison between local tomography (a), where the sample rep-
resented by the white cylinder is bigger than the FOV and half acquisition that
doubles the FOV (b).

The resolution in the experiment is the size of the smallest feature that can be
distinguished in an image. With a 3D volume from a tomographic reconstruction,
the resolution is about 3 times the size of a voxel since at least 3 voxels are needed
to form an interface. As an example, the voxel size given by a detector was 0.332 ym
at the ID19 beamline, giving a resolution of approximately 1 um. Practically, the
determination of the actual spatial resolution can be done by plotting a line profile
of the intensity along a sharp interface. Figure 4.13 shows an interface between a
pore and a graphite particle where a line was drawn over the interface. The intensity
profile of this line is plotted, and from this plot, it is possible to extract the image
resolution. From Figure 4.13, the resolution is about 1.5 to 2 um, which is slightly
higher than the estimation from the voxel size (1 pum).

Figure 4.13: Determination of the resolution in a tomographic image. a. Zoomed
tomographic 2D slice where a line is drawn at a sharp interface between a graphite
particle (in bright colours) and a pore (dark). An approximation of the resolution
is given by the line intensity profile in b. at 10-90 % of maximum and minimum
intensities.

Getting quantitative data from XTM is often done by segmentation of the 3D data,
where the greyscale images produced by XTM have different values that can help
separate the materials present. A simple approach to realise that is to set a threshold
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Figure 4.14: Example of segmentation of one tomographic slice with the different
components of the cell (glass fibre separator and graphite anode). A blue overlay
indicates the dark pixel that can be identified as plated Li.

and create a binary image with the value 1 for every pixel above the threshold and
0 for the rest. That way, it is possible to quantify the number of voxels (and thus
the volume when multiplied by the voxel size) of one phase. Figure 4.14 shows
a tomographic slice of a Li/graphite cell with a glass fibre separator and copper
current collector. All the dark pixels in Figure 4.14 are identified as one phase
(plated lithium), and the other materials (graphite, copper, separator) are left out.
From here, it is possible to quantify the amount of plated lithium. One issue with
this simple segmentation approach is illustrated by this example, since the pores
filled with electrolyte would also be identified as lithium. Further analysis must
then be carried out to only include relevant data from the tomographic slices, such
as defining a region of interest (ROI), refining the threshold value, or changing the
segmentation method (e.g., growing a mask from a seed, texture segmentation or
watershed segmentation). On challenging datasets, a deep learning-based approach
can be used. It consists of manually labelling a selection of images as a training
sample for a neural network, capable of segmenting more difficult cases.

4.2.3 Raman scattering

Raman spectroscopy takes advantage of the inelastic scattering of visible light by
a molecule. The electromagnetic field of a monochromatic laser induces a dipole
moment in the molecule due to its polarisability, which is the ability of a molecule
to deform its electron cloud. When an incident light with a frequency vy and energy
hvyr, (h is Planck’s constant) hits a molecule, a light-scattering event occurs. Since
the energy of the photon is greater than the difference between the ground state and
the first molecular vibrational state (state "0" and "1" in Figure 4.15), the molecule
reaches a "virtual" energy state (represented by dashed lines in Figure 4.15). From
the virtual state, the molecule will de-excite spontaneously, back to a lower energy
state and emit a scattered photon. If this photon has the same energy as the incident
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laser, the phenomenon is called Rayleigh scattering and is the most probable event.
Raman scattering occurs when the scattered photon has a different energy compared
to the incident photon, and this event is about 1000 times less likely to happen than
Rayleigh scattering [153]. Two cases for Raman scattering can be distinguished:
Stokes scattering is when the photon has a smaller energy than the incident photon,
and anti-Stokes is when the molecule was already in an excited state "1", and the
de-excitation brings it back to the ground state, generating a photon with a greater
energy than the incident one. In a Raman spectrum, the Rayleigh scattering is
filtered out, and typically the wavenumber of the Raman shift is used Av = (i— ﬁ)
(in em™!) instead of the photon wavelength or energy. This makes the Raman shift
the same, regardless of the laser wavelength and allows the comparison of spectra

between instruments.

Figure 4.15: Energy diagram of the Stokes, anti-Stokes and Rayleigh scattering.
The upward back arrows represent the energy of the incident photon, and the colour-
ful downward arrows the energy of the scattered photon.

The frequency v of the vibration associated with a Raman band is related to the
masses of the atoms m, and my and the bond force between them K (Figure 4.16):

v=—|K(—+—) (4.9)
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Figure 4.16: Schematic representation of a diatomic molecule m; and my with a
bond force K.

There are different types of vibrations, and the allowed movement depends on
the symmetry of the molecule. The movement includes symmetrical and anti-
symmetrical stretching (in-plane change of the bond length), scissoring (or bending,
in-plane change of the bond angle), rocking (in-plane oscillation of the angle of
a group of atoms), wagging (out-of-plane change of the bond angle) and twisting
(oscillation out of plane of a group of atoms).

Raman scattering is often regarded as a surface-sensitive technique because the
laser must directly interact with the sample to generate scattering events. The total
scattered signal depends on the probed volume, which is determined by the laser
cross-section and the skin penetration depth, 4:

1
5= :
e (4.10)

where f is the laser frequency, p the magnetic permeability, and o the electrical

conductivity. A stronger Raman response can be achieved by increasing the laser
wavelength, thereby enhancing the penetration depth. Conversely, highly conductive
materials such as metals generally yield weak Raman signals due to their very limited
penetration depth.
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Chapter 5

Results

This chapter presents the results of the work carried out in the thesis, and also
includes the papers attached. It highlights how X-ray imaging techniques were
employed to investigate different battery materials and also presents complemen-
tary results from Raman spectroscopy not included in the attached papers. First,
the detection of metal plating on carbon electrodes using XTM and WAXS is pre-
sented. This is followed by the use of scanning SWAXS as a tool for visualising
heterogeneities within carbon-based electrodes. Finally, the chapter discusses how
quantitative information can be extracted from imaging techniques to gain insight
into degradation phenomena.

5.1 Metal plating in carbon electrode

5.1.1 X-ray methods

In Paper I, operando XTM was used to detect the presence of lithium plating on
a graphite electrode and follow its evolution during lithiation and delithiation. The
graphite/lithium cell presented in Figure 4.2 was lithiated at 1C for one hour, fol-
lowed by delithiation, also at 1C until the voltage reached 3 V. During this process,
tomographic scans were acquired every 10 minutes, with 4000 projections distributed
over 360 ° with an exposure time of 15 ms per projection, bringing the total measure-
ment time for one tomogram to 60 s with the half acquisition method. Figure 5.1
shows the voltage profile and reconstructed cross-section slices during the lithiation
and delithiation cycles. Graphite appears as grey particles, the electrolyte fills the
glass fibre separator as a grey phase with bright spots above the graphite electrode
and the copper current collector, which attenuates all the X-rays, is the bright phase
at the bottom. At around 35 minutes into the lithiation and onwards (Figure 5.1e-
g), a new black phase, identified as lithium, appears at the interface between the
graphite electrode and separator. Other interfacial phenomena, such as SEI, cannot
be mistaken with plated lithium in those images because SEI is usually 10-50 nm
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Figure 5.1: a) Voltage profile during lithiation/delithiation of graphite at 1C,
with circles indicating when tomograms were taken. b) Zoomed in reconstructed
vertical slice after lithiation for one hour. Cell components are indicated together
with the identification of plated Li. Reconstructed vertical slices during lithiation
(d—f) and delithiation (h—i). Tomograms of the pristine electrode, post-plating and
post-stripping (c, g, j) were taken at open circuit voltage.

thick [154], and the plated lithium observed in all cells has a thickness of several
orders of magnitude higher (10-100 pm). Moreover, the image resolution is around
1 pm, making the observation of SEI impossible.

Plated lithium grows into tall and fractal structures (dendrites) at the interface and
even inside the separator (Figure 5.1b). The images from delithiation (Figure 5.1h-
j) show that plated lithium is being stripped away, although not completely, since
a thin layer of lithium remains at the end of delithiation, which is believed to be
"dead lithium", i.e., Li which is electrochemically inactive.

The work in Paper I also involved the comparison between electrolyte additives.
As it was stated in section 2.4.1, VC and LiFSI are two SEI-modifier additives com-
monly used in lithium-ion batteries. VC is known to create a mechanically strong
polymeric SEI, while LiFSI forms a SEI rich in inorganic compounds such as LiF.
These differences in SEI composition could explain some differences in the morphol-
ogy of plated Li observed in Figure 5.2. With the baseline electrolyte, a rather
uniform layer of plated Li is observed at the graphite separator interface, which
could be associated with "mossy" lithium. With additives in the electrolyte, the
morphology of the deposition is rather different, with more dendritic-like structures
being observed.
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Figure 5.2: Cross-sectional images from the end of lithiation for the cells with a)
LP57 b) LP57 + VC, and ¢) LP57 4 LiFSI electrolytes.

From the tomographic images, lithium plating can be reliably identified only at
the graphite—separator interface, where lithium provides strong contrast against
the other cell components. However, as illustrated in the segmentation shown in
Figure 4.14, additional pixels within the bulk of the electrode could be classified
as lithium from greyscale thresholding. The space between graphite particles is
expected to be filled with electrolyte, yet they exhibit a greyscale intensity close to
that of lithium. This similarity makes it challenging to determine whether these
features correspond to actual lithium plating or are just the normal bulk electrode.
One could expect to see an expansion of this black phase and increasing inter-particle
distance in the case of plated lithium in the bulk electrode, but this observation is not
obvious from the tomographic images alone and would require further segmentation
work.

Figure 5.3: a) Illustration of the battery stack composed of lithium metal, sepa-
rator and graphite with the approximate size of the focused beam and b) WAXS
contour plots of the graphite (1.7-1.9 A=) and c) plating (2.5-2.6 A=) regions. d)
Voltage of profile during lithiation at C/5, the cell was overcharged to 150 % (cor-
responding to 7.5 h) of its capacity to intentionally trigger plating. e) spatial map
of lithium peak area over the region of interest from fitting WAXS patterns in each
pixel during lithiation.

51



This challenge was one of the main questions to address in the experiment carried
out in Paper 11, to be able to detect plated lithium even in the bulk of graphite,
and to do that, operando scanning SWAXS was employed. The experiment, carried
out at the ForMAX beamline (MAXIV, Lund), used the same graphite electrode
as in Paper I. A focused beam of 48x12 pm? was used to scan the electrode, and
the scanning area was made of 3 lines with 31 points each, with a step size of 48
by 12 pm horizontally and vertically (Figure 5.3a). The total scanning area was
cropped to a region of interest (ROI) to avoid the contribution of the separator and
copper current collector, as well as limit the partially crystalline signal of PEEK in
the WAXS pattern, which reduced the scanning area to 2 lines. Scanning SWAXS
enabled to spatially and temporally resolve the evolution of the lithiation state of
graphite (Figure 5.3b), which will be further discussed in section 5.2 on lithium
plating.

Li plating can be identified by a diffraction peak (110 peak) around 2.5 A1 ap-
pearing in the WAXS pattern (Figure 5.3c). The lithium peak was fitted using
a pseudo-Voigt profile, and the area of the peak for each pixel was converted to a
colour scale and plotted as an image that represents the spatial distribution of plated
lithium (Figure 5.3e). The electrode thickness was approximately 50 pum, and the
ROI covers the first 12 to 36 pm below the separator, so plating is indeed located in
the bulk of graphite. Plated lithium seems to start from the edges of the electrode
and propagate toward the centre. At the end of the lithiation, the signal of plated
lithium can be detected in the whole electrode, but with more intensity towards
the edges. XTM was also performed in Paper II (see supporting information),
providing visual confirmation of plating in bulk graphite. The difference in term of
plating location between Paper I and Paper II (surface or bulk, respectively) can
be explained by the use of different cell design: the pressure applied in the cell’s
stack in Paper IT was more important with the additional spring, providing shorter
electrode distant and reduced internal resistances, which can prevent lithium growth
at the interface of the separator. Another difference is that the cell in Paper II
had an extra polypropylene separator placed between the glass fibre separator and
graphite. Polypropylene-based separators are known to have sub-micrometre pore
size [155], whereas the distance between glass fibres is around tens of micrometres.
The small pore size of the polypropylene separator could help to contain plated
lithium in the bulk electrode and limit its growth inside the separator.

Scanning SWAXS was also used to detect Na-metal plating in a hard carbon elec-
trode in Paper III (Figure 5.4a). In this experiment, a capillary cell was used, and
the electrode was scanned with a focused beam of size 25 by 15 um horizontally and
vertically. In this way, an image of the electrode can be made with contrast from the
different features in SWAXS (e.g., particle surface, micropore filling, metallic cluster
and intercalation). The spatial and temporal evolution of these features during the
sodiation process will be further discussed in section 5.2. WAXS in particular could
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Figure 5.4: a) Schematic of scanning SWAXS set up at the cSAXS beamline (SLS,
Paul Scherrer Institute). The hard carbon electrode placed in a capillary cell is
illuminated by a focused X-ray beam that is scanning the sample (b), forming a
map made of SWAXS patterns. c¢) Average WAXS curves of the electrode in the
early stages of sodiation of the electrode (op 1-5) and d) during the later stage of
sodiation (op 5-7, post) at the onset of plating. e) Scanning WAXS images of the
intensity distribution of the peak for metallic sodium 2.08 A~! and pseudo-metallic
sodium intensity difference map compared to pristine electrode.

detect the (110) peak of metallic sodium and pseudo-metallic sodium clusters in
the micropores of hard carbons, as shown in Figure 5.4c,d, which are the average
patterns of all the pixels of the end of sodiation. In this study, the applied current
of 14 pA corresponds to roughly 0.8C based on the segmentation and density of
hard carbon and the cell was cycled for 90 minutes (190 % of the capacity), making
overcharging trigger sodium plating. Spatially resolved images were created by the
WAXS signal of the Na-metal peak for every pixel and are shown in Figure 5.4e.
Here, plating of Na-metal seems to be starting from the bottom of the electrode,
close to the current collector, and progresses into the hard carbon electrode.

There are notable differences in the location of metallic deposition between the
lithium/graphite system and the sodium/hard-carbon system. In the lithium case,
metallic lithium is detected both within the bulk of the graphite and as dendritic
structures at the graphite—separator interface. In contrast, metallic sodium in the
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hard-carbon system is found primarily near the current collector. Several factors
could explain these differences. First, the cell configurations are fundamentally
different. The capillary cell used for hard carbon applies no mechanical pressure
between electrodes, which likely alters the current distribution compared with the
PEEK cell used for graphite, where a spring maintained a pressure of approximately
910 kPa. Additionally, the capillary cell had no separator, which may further in-
fluence deposition behaviour. Second, preferential metallic deposition close to the
current collector could indicate a low electronic conductivity in the electrode due
to the dip coating method. Finally, the micro-pores of hard carbon become filled
with sodium in a pseudo-metallic state, as indicated by the broad amorphous WAXS
peak. This pseudo-metallic signal is particularly intense in the region close to the
current collector (see Figure 5.4d), suggesting that pores with a high degree of
pseudo-metallic sodium could serve as favourable precursors for sodium plating when
the electrode is overcharged. This could reveal a fundamentally different metallic
deposition mechanism between hard carbon and graphite, where the additional mi-
croporosities of hard carbon act as a buffer for metallic deposition, as suggested in
another study [121].

5.1.2 Raman spectroscopy

This section highlights how Raman spectroscopy can be used to detect lithium plat-
ing through its reaction with the SEI and study the sodiation of hard carbon. This
section is not part of any papers and is exclusive to the thesis. Raman spectroscopy
was performed on a LabRAM HR Evolution (Horiba Jobin Yvon), which was cali-
brated before each measurement with a Si plate.

Raman mapping is particularly useful when performed with a confocal Raman spec-
trometer, which uses a microscope to precisely focus the laser to specific regions of
interest with a resolution of a few micrometres. In this work, a graphite/lithium coin
cell with LP574+VC electrolyte was overcharged to 150 % of its nominal capacity
at 1C. The cell was then opened in an argon-filled glovebox and transferred to an
air-tight Raman cell equipped with a glass window (see below). Figure 5.5a shows
a microscope image of the selected area of the graphite electrode. The left-hand
side of the image shows a golden "region" characteristic of lithiated graphite (LiCyg)
[46], while metallic lithium can be seen covering the graphite grains on the right-
hand side. Raman mapping was performed by scanning a 75x75 pm? area with a
632 nm laser, using 20 steps in both the X and Y directions (Figure 5.5b). Each
spectrum was acquired with a 30-second exposure repeated three times to improve
the signal-to-noise ratio, resulting in a total measurement time of approximately
10 hours. In “Region 1” (Figure 5.5c), the G band appears at 1600 cm™!, con-
firming the presence of lithiated graphite, as pristine graphite typically shows this
band closer to 1580 cm™! [82]. In contrast, “Region 2” displays the characteristic
LisCy band at 1853 cm™!, formed through reactions between the SEI and plated
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Figure 5.5: a) Microscope image of a lithiated graphite electrode that was over
lithiated to 150 % of its capacity at 1C, and b) an overlap of the mapping area
showing every spatial point where Raman spectra were taken. c¢) d) Raman spectra
showing the G band and the Li;Cy peak in "Region 1" and "Region 2", respectively.
The Li;Cy peak intensity was integrated and put into a colour map in e).

lithium [80, 81, 143]. Notably, the G band is absent in Figure 5.5d, likely be-
cause plated lithium blocks the laser from reaching the underlying graphite. The
integrated LioCy band intensity for each scan is plotted in Figure 5.5e, producing
a spatial map in which each pixel corresponds to the local band intensity. This
distribution correlates well with the metallic deposits observed in the microscope
image. With Raman mapping on graphite, plating is observed with the same elec-
trolyte (LP57+VC) used in Paper I and correlates with XTM results (Figure 5.1,
where heterogeneous lithium deposition is observed. The main limitation of Raman
mapping is the trade-off between measurement time, scanning area, and spectra
quality. Larger scanned regions provide more representative information on metallic
deposition, but achieving comparable spectral quality requires substantially longer
acquisition times. Another limitation comes from the fact that plated lithium is
physically blocking the graphite underneath from the laser, which prevents the de-
termination of the lithiation state.

Raman spectroscopy can also be used to follow the sodiation of hard carbon. In
the operando cell used here, a glass window enabled optical access, and holes were
made in both the sodium counter electrode and the glass-fibre separator to allow
the laser to reach the hard carbon electrode (Figure 5.6a). During sodiation at
C/20 (corresponding to a current of 70 uA), Raman spectra were acquired in a fixed
position on the electrode every 10 minutes, with an effective measurement time of
3 minutes per spectrum. For each Raman spectrum, the position of the G band was
determined, and its evolution is shown in Figure 5.6¢c together with the voltage
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Figure 5.6: a) schematic of the operando cell for Raman spectroscopy with b) a
picture of the actual cell. ¢) Voltage profile of a hard carbon/sodium cell cycled at
C/20 with the evolution of the G band position.

profile of the hard carbon half-cell. Interaction of sodium ions with hard carbon
can modify the C-C bonding environment and shift the G-band position, a change
associated with sodium intercalation [120] or surface adsorption [92]. Since this
was the first cycle, SEI formation is expected at the start of the charge, which is
reflected by a small feature around 1 V early in the sodiation process. The G-band
position remains constant during SEI formation, indicating that no intercalation
occurs between 2 and 0.7 V-—consistent with previous observations [120]. After
SEI formation, the G band redshifts from 1600 cm™! to approximately 1540 cm™*
throughout the sloping region of the voltage profile, signalling sodium intercalation
between the graphene layers and surface adsorption on surfaces and defects of hard
carbon. The relative contribution of these two mechanisms strongly depends on
the defect concentration of the hard carbon, which is influenced by the synthesis
temperature [90]. During the plateau region (below 0.1 V), the G-band position
again remains constant, indicating that a different storage mechanism dominates,
namely micropore filling. This mechanism is examined in more detail in the following
section using scanning SWAXS.

5.2 Scanning SWAXS to detect heterogeneities in

ion storage in carbon materials

In Paper III, the SWAXS signal of hard carbon that provides information about
its microstructure was used to study the sodiaiton process. The low-q region (q =
0.0045-0.007 A‘l) reflects the particle surface, and changes in this region, such as
those caused by SEI formation, are expected to increase the scattering intensity.
Figure 5.7b shows an average SAXS curve of all the scans with an increase in the
surface-related signal, which was fitted using a power law. The evolution of this
contribution is presented in Figure 5.7d. The increase is most pronounced at the
beginning of sodiation, consistent with initial SEI formation, but it continues to
grow throughout sodiation, indicating ongoing surface reactions, likely due to SEI
evolution. The mid-q region (q = 0.12-0.4 A~1) corresponds to scattering from
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Figure 5.7: a) Voltage profile of the hard carbon/sodium cell with grey lines
indicates when scanning SWAXS measurements were performed, and the inflexion
point characteristic of plating is pointed out. b) SAXS curves of the averaged
intensity over the full projected area of the electrode for the first five operando
scans. The inset shows a magnified view of the g-range corresponding to scattering
from micropores. ¢) WAXS curves of the averaged intensity over the full projected
area of the electrode for the first five operando scans. d) Overlay of the line plots of
the average intensity in selected g-regions corresponding to the different mechanisms
of sodiation during the electrochemical process. e).Difference maps of the averaged
intensity in the microporous region. f) 2D slices extracted horizontally and vertically
from the tomograms of the averaged intensity in the microporous region

the micropores of hard carbon. The shoulder feature in this region arises from the
electron density contrast between the empty micropores and their surrounding car-
bon matrix. As sodiation proceeds, the electron density of the micropores increases
due to pore filling, reducing this contrast and causing a decrease in the scatter-
ing intensity. Initially, the scattering intensity of the micropore region increases
(Figure 5.7d), which can be associated with sodium intercalation since it increases
the electron density of the carbon matrix around the micropores [90]. Thereafter,
the intensity decreases, with the strongest decrease observed during the low-voltage
plateau (op 3-5), consistent with extensive micropore filling. Two-dimensional maps
were generated by integrating the scattering intensity of the micropore region for
each pixel in the scanning SAXS dataset and normalising to the pristine electrode
(Figure 5.7e). One can note that during op 3-5, the relative intensity does not
decrease uniformly across the electrode but shows larger decreases near the current
collector, indicating a higher degree of pore filling in this region.

The 002 peak in WAXS (Figure 5.7c¢) is analogous to the graphite (002) diffraction
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peak but significantly broader due to the more disordered nature of hard carbon.
This peak (q = 1.2-1.9 Afl) was fitted with a Gaussian profile, and its position
was used to determine the interlayer spacing of the turbostratic graphene layers
(dooe = 2m/qoo2). The interlayer spacing increases continuously during sodiation
(Figure 5.7d), indicating that intercalation is not only limited to the sloping part
of the voltage curve but can also occur during the plateau. At first, this appears
to contradict the Raman results, which show no intercalation signature during the
plateau (Figure 5.6). However, this discrepancy can be explained by the fact that
shifts in the Raman G band are more strongly influenced by defect-related surface
adsorption than by interlayer intercalation, as suggested in [92].

To obtain spatially resolved insight into heterogeneities in hard-carbon sodiation,
SAXS tomography was performed on ex situ samples. Three electrodes were anal-
ysed: pristine, partially sodiated, and highly sodiated. In SAXS tomography, the
sample is rotated from 0 to 180 °, and a SAXS pattern is collected at each an-
gle. Reconstruction using the algorithm developed by Liebi et al. [156] produces
a three-dimensional volume in which each voxel contains a full scattering pattern,
allowing spatially resolved analysis beyond the line-averaged information obtained
in scanning mode. The main limitation of SAXS tomography is the long acquisi-
tion time, on the order of several hours in this study, compared to the 10-minute
acquisition of scanning SWAXS, making it unsuitable for operando measurements.
Figure 5.7f displays cross-sections extracted from the reconstructed 3D volumes,
where the colour scale represents the average scattering intensity of the micropore
region (q = 0.12-04 Afl). For both the partially and fully sodiated samples, the
scattering intensity decreases relative to the pristine electrode, confirming micro-
pore filling. Importantly, the decrease is not spatially uniform: different regions
show varying degrees of pore filling, indicating that sodiation induces increasing
heterogeneity within the electrode as the degree of sodiation increases.

Figure 5.8: a) Average phase fraction of the electrode. b) Spatial and temporal
images of the different graphite phases and lithium peak area evolution during lithi-
ation at 1C. Red boxes indicates roughly the onset of lithium plating.
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Scanning WAXS was also employed to monitor the lithiation of graphite in Paper I.
The diffraction peaks of the different graphite stages were fitted using a pseudo-Voigt
profile, and the phase fractions were calculated under the assumption that > f; = 1,
where f; denotes the fraction of each graphite phase (stage 1, 2/2L, 3, graphite’, and
graphite). As shown in Figure 5.8a, the electrode initially contains a mixture of
graphite and graphite’ (stage 4 or stage 1L graphite), likely due to incomplete con-
version of graphite during SEI formation cycles prior to the experiment. Graphite
then goes through the different phases when lithiated, in order of transformation,
stage 3 (LiC30), stage 2/2L (LiCjz_15) and finally stage 1 (LiCg). At the end of
lithiation, the electrode consists of approximately 50 % stage 2/2L, 25 % stage 3,
and 25 % stage 1, indicating incomplete lithiation despite the 150 % overcharge.
This heterogeneity becomes more evident in the spatially resolved images of Fig-
ure 5.8b. In the images, the colour scale reflects the phase fraction of the various
graphite phases and the integrated area of the lithium (110) peak. The graphite
and graphite’ regions convert relatively uniformly into stage 3 and stage 2/2L early
in the process. However, the left-hand side of the electrode continues to lithiate and
eventually forms stage 1, while the right-hand side remains at intermediate stages
and never reaches stage 1. This asymmetric behaviour correlates with lithium plat-
ing on the right-hand side of the electrode, as evidenced by the increasing area of
the metallic lithium peak. The presence of plated lithium slows down the lithiation
kinetics, meaning that portions of the electrode affected by plating lithiate more
slowly than those that lithiate normally. Scanning WAXS experiments can further
reveal how current density influences lithium plating. At C/5, which represents
a moderate current density, overcharging produces relatively homogeneous plating
across the electrode (Figure 5.3e). By contrast, at 1C (considered as high current
density, Figure 5.8b), plating becomes highly localised to one side of the electrode,
significantly hindering the lithiation process in that region.

The results highlighted from Paper II & III with operando scanning SWAXS, pro-
vide powerful examples of resolving heterogeneities within battery electrodes. Such
spatially and temporally resolved measurements reveal that lithiation and sodiation
reactions progress unevenly, driven by gradients in ionic and electronic conductiv-
ity, or local changes in interfacial properties, such as lithium plating. As a result,
different regions of the electrode may experience delayed intercalation, enhanced
pore filling, or preferential metal deposition. These heterogeneities can lead to un-
even utilisation of active material, amplify mechanical stresses within the electrode,
build internal resistances and promote localised side reactions, which, all combined,
reduce performance and accelerate ageing.

59



5.3 Getting quantitative information from tomo-
graphic images

X-ray tomography produces reconstructed greyscale images that reflect the electron
density of the materials in the sample, which, often, by itself, is limited to a qual-
itative analysis of tomography data. This section aims to give more details about
the methodology for extracting qualitative data from an XTM measurement.

Figure 5.9: a) Tomographic cross-sectional slice showing different examples of
quantitative data extraction. b) Volume of plated lithium and electrode thickness
change over time during lithiation at 1C for the baseline electrolyte (LP57) and the
addition of VC. ¢) Electrode height maps for LP57 and LP57+VD electrolytes.

In Paper I, lithium plating on a graphite electrode was analysed in different ways.
Since there is a good contrast between the separator and lithium deposition, it
was possible to do a simple threshold segmentation to quantify the amount of
lithium (Figure 5.9a). The porosities between graphite particles that have the
same greyscale intensity as lithium were removed by cropping the image. The
graphite expansion due to lithiation was quantified by measuring the electrode’s
height at different points and for multiple slices to get an estimation of the average
thickness change of the electrode during lithiation and delithiation. The amount
of plated lithium and the evolution of the electrode thickness change are shown in
Figure 5.9b for the baseline electrolyte LP57 and with the VC additive. With
LP57, the onset of lithium plating occurs in the first 5 minutes of lithiation at 1C,
whereas the addition of VC seems to delay the start of the deposition. It is also
possible to observe the stripping of lithium during delithiation and notice that with
the baseline electrolyte, there is some lithium still present at the end of delithiation,
indicating the presence of dead lithium, i.e., lithium that is disconnected from the
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electrode and does not participate in any electrochemical reactions. Conversely, with
LP574VC, the amount of dead lithium is significantly lower. The electrode thick-
ness change is an indication of the state of charge of graphite, as it has been shown
that graphite undergoes a change in volume of 13 % when fully lithiated [40]. In the
case of the baseline electrolyte, the electrode thickness does not reach these values
and plateaus at around 5 %, indicating incomplete lithiation. This goes accordingly
with Paper II, which used the same graphite and electrolyte (LP57) and showed
the incomplete lithiation state of graphite, though with more precision on the lithi-
ation stages with scanning WAXS. With the addition of VC in the electrolyte, the
electrode thickness increased up to 12-13 %, which can be related to the delayed
plating with graphite being able to reach a higher degree of lithiation. However, this
process does not seem to be reversible since for both electrolyte systems, the relative
thickness change does not come back to zero. Measuring the electrode thickness in
the manner used in this thesis can become unreliable when lithium plating occurs
within the bulk of the electrode. In such cases, it is not possible to distinguish
whether the overall thickness increase arises from graphite expansion due to inter-
calation or from the accumulation of plated lithium. The morphology of deposition
was further analysed in the height maps (Figure 5.9c¢), which are a 2-dimensional
projection of the height of the lithium deposition; the graphite electrode surface is
represented in black in the colour scale. With LP57, plating deposition is thin and
rather homogenous, whereas with LP574+VC, lithium deposition is island-like and
growing taller.

In Paper IV, a sulfur/lithium cell was cycled, and X-ray tomographic measurements
were acquired during the conversion process, and the voltage profile is shown in
Figure 5.10a. Initially, the electrode is composed of elemental sulfur, identified as
bright, granular particles, embedded in a carbon and binder matrix (Figure 5.10b).
During the high voltage plateau (around 2.4 V), the elemental sulfur conversion to
soluble polysulfides takes place (equation 2.12). Since polysulfides are in solution,
it is not possible to visualise them with XTM and at the discharge, no elemental
sulfur is visible (Figure 5.10c), only the carbon matrix remains. At the end of the
charge (Figure 5.10d), it is possible to observe the redeposition of elemental sulfur
particles, although they are not distributed evenly in the electrode, a phenomenon
that has also been previously reported in literature [115]. Additionally, it seems
from the tomographic image that not all the sulfur was converted back during the
charge, which could explain the poor coulombic efficiency of the first cycle (78 %).

Analysing and segmenting sulfur particles in this dataset is particularly challenging
compared to the identification of lithium plating in Paper I because the sulfur
particles have a similar greyscale intensity to the fibres of the glass fibre separator.
Figure 5.10e illustrates this by giving an example of a slice where sulfur particles
and fibres coexist; even for the naked eye, it is difficult to distinguish the sulfur
particles. Figure 5.10f shows that threshold segmentation fails to separate sulfur
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Figure 5.10: a) Voltage profile of a sulfur/lithium cell (discharge and charge)
at 0.2C. b) pristine, ¢) end of discharge and d) end of charge tomographic slices
extracted from reconstructed volumes. The yellow square indicated the size of the
region of interest used for further analysis. e) tomographic slice showing sulfur
particles (highlighted by yellow circles) and fibres from the separator, and f) binary
image showing threshold segmentation. g) Neural network segmentation was able
to isolate sulfur and remove fibres. h) Particle size distribution of the pristine
and redeposited sulfur at the end of the charge. i) Voltage profile and normalised
greyscale intensity as a function of time.

particles and fibres, causing an over-segmentation. Instead, a neural network was
trained on challenging slices, and the sulfur particles were manually labelled. This
produced a much more realistic segmentation (Figure 5.10g) where the fibres are
successfully removed from the image, and the sulfur particles can be segmented.
The careful viewer will notice that the fibres with the higher greyscale intensity are
also picked up by the neural network segmentation. Since this error is consistent
throughout all the slices, it is possible to evaluate the segmentation error from a
slice known to contain no sulfur, such as one at the end of discharge.

From the binary image, a connected component algorithm (bwconncomp, MATLAB
function) was applied to separate and label individual sulfur particles from the
pristine and end-of-charge scans. Each particle was associated with a sphere of
the same volume, and particles were binned with a step of 1 um of the equivalent
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diameter of the sphere to calculate the particle size distribution (Figure 5.10h).
Particles with an equivalent diameter smaller than the image resolution of 1.5 ym or
bigger than the sieve size of 45 um (the sulfur particles were sieved before electrode
coating) were removed from the distribution. Using the volume fraction to represent
the size distribution reflects better the particle contribution to the capacity, where
small particles might be over-represented in number but account for a small fraction
of the total volume and hence capacity. The size distribution is rather broad in
the pristine scan, from 2 to 30 um. At the end of the charge at 0.2C, the average
particle size is smaller, going down from 17 pm in the pristine electrode to 13 pum
after charge.

The low voltage plateau at 2.1 V (Figure 5.10a) is characteristic of the conversion of
polysulfides to solid compounds (LiSs and LiyS). LisS should give rise to a brighter
phase at the end of charge. This is, however, not observed (Figure 5.10c¢), and could
be due to the fact that solid particles precipitate below the image resolution, making
them not directly visible in the image. To resolve the solid end-product of sulfur
conversion, the mean greyscale intensity of the average of 30 slices of the electrode
was calculated and scaled by the average intensity of 125 lithium slices through
the lithium counter electrode. The lithium greyscale intensity is not expected to
change through the charge and can thus be used for normalisation. Figure 5.10i
shows this normalised greyscale together with the voltage profile against time. The
normalised greyscale undergoes a sharp decrease during the high voltage plateau,
which corresponds to the dissolution of elemental sulfur particles. During the low
voltage plateau, the intensity increases again and reaches a maximum at the end of
discharge, which could indicate that LisSs and LisS are indeed being formed, and
the nucleation of these species starts halfway through the discharge. Individual LisS
particles are not resolved with XTM directly, which suggests that their size is below
the image resolution of 1 ym. Additionally, this uniform deposition can lead to the
formation of a layer of LisS known for being an insulator [157], which could limit
the electron transfer of the polysulfide conversion reaction and explain the poor
capacity at the end of the discharge. During the following charge, the normalised
greyscale decreases, indicating the dissolution of LisS, which can also be suggested
by a voltage plateau above 2.2 V.
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Chapter 6

Conclusions and Outlooks

In this thesis, X-ray imaging techniques have been used to track morphological
changes in battery electrodes through operando measurement, with high temporal
and/or spatial resolution. The complex chemistry and large variety of battery sys-
tems require advanced characterisation methods to reach the deepest understanding
possible of the processes and degradation mechanisms. The results show that fast
data acquisition in synchrotron-based X-ray techniques enabled to track the dif-
ferent processes taking place in a graphite electrode, from the classic intercalation
of lithium ions to the normally unwanted metallic deposition. Operando scanning
SWAXS provided spatial and temporal resolution of the electrode, indicating that
plated lithium influences the intercalation by slowing down the reaction kinetics.
Scanning SWAXS also allowed to follow changes in micropores and interlayer spac-
ing of a hard carbon electrode as an indicator of the sodiation state, with the corre-
lation of electrochemical data. We show that the pore-filling mechanism responsible
for the energy storage is not spatially homogeneous in the electrode, and the degree
of inhomogeneities increases with the state of charge. XTM enabled the direct ob-
servation of a sulfur composite electrode, giving detailed insights into the dissolution
and precipitation of elemental sulfur. Through the analysis of the size distribution
of sulfur particles, we showed a decreased overall particle diameter compared to the
uncycled electrode after the charge. The complete dissolution of elemental sulfur
even at high current densities indicates that the conversion reaction into long-chain
polysulfides is not rate-limited.

Placing the different projects of this thesis into a broader perspective highlights
the critical importance of cell design in operando X-ray measurements. The selec-
tion of materials used for the cell assembly must be carefully considered, as they
directly influence the background in SWAXS measurements and can limit the sen-
sitivity to subtle structural changes. More importantly, the results presented here
demonstrate that the mechanical pressure within the cell plays a decisive role in the
degradation mechanisms that develop during cycling. The absence or uncontrolled
pressure allows other electrode properties, such as electronic conductivity or parti-
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cle morphology, to lead to non-uniform sodiation and lithiation, as well as the onset
of metal ion plating. These findings show that cell design is not a practical con-
straint for operando measurements but an active factor shaping the electrochemical
behaviour and degradation of the electrode.

With the knowledge gained throughout the different projects presented in this thesis,
several promising directions emerge for future research. First, bridging WAXS and
XTM on the intercalation state of graphite could be achieved through digital volume
correlation, which tracks displacement fields within the electrode and may provide
improved insight into local volume expansion, potentially at the scale of individual
graphite particles. The constant improvements of synchrotron facilities, particularly
in brilliance and acquisition speed, could further enable the capture of nucleation
processes with higher temporal resolution, whether related to metal plating or the
precipitation and dissolution of sulfur species. Improvements in spatial resolution,
such as those provided by X-ray nano-tomography, will open the possibility to re-
solve processes below the micrometre length scale. For example, nano-tomography
could be employed to investigate LisS nucleation in Li-S batteries or to elucidate
how sodium plating develops within hard carbon particles in relation to microp-
orosities. Illuminating a small area of the electrode with the high brilliance of the
synchrotron sources would inherently increase the radiation dose received by the
materials, so any beam-induced damage would need to be addressed to avoid low-
ering data quality. Additionally, neutron imaging techniques could be considered to
detect metallic deposition since neutrons provide a better contrast between Li/Na
with carbon materials and low attenuation with other cell components. However,
neutron techniques usually have a lower flux than X-ray techniques, which limits
temporal and spatial resolution. The new European Spallation Source in Sweden
could help the development of neutron images.
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