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Abstract

Rechargeable batteries store and release energy through interfacial electrochem-
ical reactions, making interfaces central to battery performance, lifetime, and
safety. In lithium-ion batteries, the solid electrolyte interphase (SEI) formed
between the electrode and electrolyte is essential for stable operation. The SEI is
chemically and structurally heterogeneous, participates in lithium-ion transport,
may evolve during battery operation and appear to host a permanent electric
potential gradient. However, many of its kinetic characteristics remain poorly
understood, largely due to the experimental challenges associated with probing
buried interfaces between the battery materials under operation. This thesis ad-
dresses these challenges by combining well-defined model systems with operando
ambient-pressure X-ray photoelectron spectroscopy (APXPS). By probing the
bulk electrolyte meniscus rather than the buried interface directly, SEI-related
processes can be investigated under working conditions. An electrochemical
test protocol exploiting the self-discharge and relaxation of the electric double
layer at the interface is introduced, expanding on existing electrochemical models
used with APXPS, to also capture information about the SEI. This approach
enables identifying the SEI onset and provides insight into surface reaction kinet-
ics. Additionally, in situ and operando experimental approaches are compared,
clarifying what interfacial information can be extracted from each and outlining
their respective advantages and limitations. Together, these results contribute to
a deeper understanding of SEI formation and interfacial dynamics in lithium-ion
batteries.

Keywords: lithium-ion battery, battery interfaces, solid electrolyte interface,
electrochemical potential, ambient-pressure photoelectron spectroscopy, operando,
in situ
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Chapter 1
Introduction

Rechargeable batteries can convert electrical energy into chemical energy during
charging, and the process can be reversed to release energy when needed during
discharge. The chemical reactions governing this energy conversion take place
at the interfaces between electrodes, which conducts electrons, and electrolyte,
conducting ions. Here, the charged particles can meet, and through the addition of
electrical energy, form new chemical species or structures, changing the chemical
potential of the battery. While simple in theory, more often that not, multiple
chemical pathways exists at the interface, creating a complex network of reactions,
some of which may not be reversible in nature. This means that the interfaces of
the battery are constantly evolving as the battery is operated and used. Because
of this, a battery’s performance, lifetime and safety are closely linked to its
interfaces. Understanding how they are evolving is therefore of great interest both
for existing technologies but also for next generation batteries.

As of 2026, the year of this thesis, the lithium-based battery is still the most
widely used battery technology in the world, largely because of its high energy
density and efficiency. The success of lithium in the world of energy storage can
be traced to its very high affinity to give electrons to other species, the highest of
any solid elements in the periodic table [1]. This makes lithium an ideal material
to use when building a battery, which relies on the movement of electrons. It,
however, also leaves lithium highly reactive to most types of materials, making
it difficult to work with, especially if only one type of reaction is coveted. The
operation of the battery is therefore dependent on the formation of the solid
electrolyte interphase (SEI), an interphasial layer between the electrode and
the liquid electrolyte. While it in early studies of the LIB system was shown
to stem from unintentional side reactions [2], it has proven to be the key to
lithium-based batteries working stably. Despite being a highly studied part of
the battery some of its characteristics, connected to both kinetics and chemical
composition, remains unresolved. Contrary to many oxide layers forming on metal
electrodes, the SEI is not just a passivating film, but participates in the movement
of positively charged ions across the interfaces of the battery. Furthermore, the
layer is typically heterogenous, with some parts being more compact and other
porous. The makeup of the SEI is dependant on the battery materials themselves
and its characteristics such as chemical composition, thickness and conductivity
may also change as the battery is operated [3-5]. Interestingly, it has also been
shown to contain some type of static electric field, potentially generated from the
gathering of charged species in the interphase [6, 7]. The profile, strength and
origins of this field has, however, been rarely described.

A reason for the lack of insight into the dynamics of the SEI is because they
are so cumbersome to unambiguously study. The SEI lies sandwiched between
two dense phases and a straightforward approach would perhaps be to simply
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separate the materials and probe the exposed surfaces directly. This introduces a
number of problems. Most characterisation techniques, especially those requiring
ultra-high vacuum, can alter or destroy the very species they aim to observe. Once
the battery is disassembled or exposed to vacuum, liquid species may evaporate.
Additionally, many interfacial reactions occur only under operating conditions
when all battery materials are in contact and under external bias, for example an
applied voltage. Even techniques designed to probe batteries under conditions
close to real operation suffer from inherent limitations. These include the need for
specialised cell designs, weak signals, or signals that are a convolution of multiple
simultaneous processes. In the case of X-ray-based methods, beam-induced
damage to the samples can further complicate interpretation. These challenges
are particularly pronounced for the SEI, which is typically tens of nanometers
thick and therefore requires both high interfacial sensitivity and careful control of
the probing conditions.

One way to address some of these complications is to simplify the battery itself
by using a model system. This allows to isolate specific reactions and phenomena
that would otherwise be hidden by the complexity of the battery materials.
Real batteries rarely contain single phase materials but components, such as the
electrodes, instead contain a mixture of, for example, oxides, polymers and metals.
No surfaces are perfectly flat and no bulk is homogenous, and while this typically
makes for a functioning battery, they make fundamental studies more difficult
since many variables change at once. In contrast, well-defined model systems
allow for the study of a smaller subset of reactions and in a more controlled
setting. While not exactly equalling the reactions of a battery they help to build
a fundamental understanding that can thereafter be applied to a real life battery
system.

Alongside choosing a simpler system, another strategy to overcome the challenges
of studying the SEI is to use characterisation techniques such as ambient-pressure
X-ray photoelectron spectroscopy (APXPS). Conventional XPS requires ultra-
high vacuum which is incompatible with the liquid electrolytes present in LIBs.
In contrast, APXPS is performed at slightly higher pressure, meaning some
electrolytes can be introduced into the measurement chamber. Analogous to
regular XPS, APXPS is a surface sensitive technique that can not only identify
atomic species but also information about their chemical state, such as their
surrounding atoms and oxidation state. While powerful, the limited probing
depth means that probing the SEI directly is still challenging. To work around
this limitation, previous studies have shown that bulk-sensitive measurements can
be used to infer about some of the reactions at the interface between electrode
and electrolyte [8, 9]. These methods, however, have not yet been able to resolve
reactions associated with the SEI.

Addressing this gap, this thesis demonstrates that SEI formation can be identified
by probing the bulk meniscus using APXPS. A cycling approach is introduced,
using the relaxation and self-discharging of the electric double layer, to extend
existing electrochemical models combined with APXPS to explicitly include SEI
formation. This method enables to identify the onset of SEI growth and provides
insight into the kinetics of surface processes. In addition, this work compares



different operational modes in APXPS measurements on model battery interfaces,
highlighting what information can be extracted from from in situ versus operando
measurements and discussing their respective advantages and limitations.
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Chapter 2
Electrode/electrolyte interfaces

Without electrode/electrolyte interfaces there would simply be no batteries, and
it is the presence of these interfaces that defines electrochemistry as a subfield of
chemistry. The spontaneous reactions between chemical species in the electrode
and the electrolyte release heat due to the lowering of the Gibbs free energy of the
system. When an additional electrode is introduced in the electrolyte, it instead
allows to divert electrons through an external circuit and what was previously
released as heat will now be in the form of electrical energy, a current, which
can be directed and used. Using two electrodes also makes it possible to apply
an external electric potential, driving non-spontaneous reactions in a controlled
manner and forming new species on the electrode [10]. Electrochemistry therefore
encompasses not only batteries but also the disciplines of catalysis, electrolysis and
electrodeposition. It is an extensive discipline and at its core lies the interactions
between electrode and electrolyte. This chapter will introduce the fundamental
principles of the interface with particular emphasis on electric potentials close
to the interface and the mechanisms enabling charge transfer across it. These
principles provide the theoretical basis required to understand how interphases,
particularly the SEI, form on battery materials and why their formation is central
to the performance, stability, and lifetime of electrochemical energy-storage devices

2.1 The bulk electrolyte

Before introducing electrodes, it is useful to first examine the bulk electrolyte, the
transport of charge in it, and the carriers’ interactions in the absence of an applied
external field. An electrolyte is by definition a medium which is non-conducting to
electrons but conducting to ions, both positively charged cations and negatively
charged anions. This being the basic condition, the electrolyte needs to be able to
release these species from their neutral state and make them available as charged
ions. Electrolytes can be grouped into several categories depending on how they
accomplish this. While ionic liquids and solid-state electrolytes are two of these
categories, this thesis will focus on electrolytes where a salt is dissolved in a liquid
solvent, thereby releasing the cations and anions in the salt from their ionic bond.
Electrolytes of this kind are standard in commercial Li-ion battery systems and
the ones that will be used in the experiments of this thesis [1, 11].

2.1.1 Solvation of salts

What constitutes a good solvent is its ability to quickly dissociate the cations and
anions from each other. A solvent molecule with a high dipole moment is typically
more successful at this as the end of the molecule with a higher positive charge
density will orient itself against the anion, and similarly the part of the molecule
with higher negative charge density against the cathode. The solvent molecules
arrange themselves around each ion, forming a stabilizing “shield”. Closer to the
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Figure 2.1: a) Solvation of a lithium salt, illustrating the preferential orientation of
solvent molecules around the Lit ion (red circle), while contact ion pairs may also form
between cations and anions (green beans). b) Solvation structure of ethylene carbonate
(EC) and propylene carbonate (PC), showing that the positive terminus of the molecular
dipole is shielded within the carbon ring

ion, which can be idealized as a point charge with a Coulombic potential, the
electric field is strong enough to align the dipoles of nearby solvent molecules. As
the distance from the ion increases, the field weakens, and the dipoles eventually
adopt random orientations. The region in which the solvent molecules remain
oriented by the ion’s field is referred to as the solvation sheath (Figure 2.1a). Only
the dipoles closest to the ion will follow along when the ion moves in the bulk
electrolyte. These are said to belong to the primary solvation sheath and the
average number of solvent molecules in this sheath is the solvation number of the
electrolyte [1, 12].

A high dipole moment, however, does not automatically mean that the solvent is
better at solvating all salts and their ions. The solvation will also depend on the
distribution of the positive and negative charge centres in the molecule. If, for
example, the centre of the positive charge T is located within the structure of
the molecule it may not be as accessible to the anions as the negative pole 6~ is
to the cations, as seen in Figure 2.1b. This is for example the case for the cyclic
carbonates ethylene carbonate (EC) and propylene carbonate (PC), where the
positive pole is located in the carbon-ester ring. As a consequence these solvents
will solvate the cation more than the anion [1]. In the case of LIBs, lithium salts
are used, where a Li" cation is paired with various types of anions. Organic
solvents, such as PC, EC or linear carbonate esters are typically used as solvents,
all of which solvate the cation better than the anion [11, 13, 14]. Furthermore,
as will be discussed further on, it is the solvation sheath of Li™ that plays the
greatest role on the formation and chemistry of the interphases formed between
electrode and electrolyte.

Finally, it should be said that the model presented above is only accurate if there
is enough solvent molecules to fill the primary sheath. If not, the Coulombic
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potential of the ions will not be screened and they will feel the field of each other.
This can lead to the formation of ion pairs, which can be seen as a middle step
between fully solvated ions and neutral salt crystals [1]. At which concentration
the ion-pair interactions start to dominate over the cation-solvent interactions
will depend on the salt and solvent themselves. In this work, no lithium salt
concentrations above 1 M (mole/litre) have been used. Both computational and
experimental studies generally agree that, at this salt concentration in non-aqueous
electrolytes, solvent—ion interactions dominate; however, the ions are not fully
screened [11, 15].

2.2 Introducing an electrode

In the preceding section, the electrolyte has been assumed to behave as a homo-
geneous bulk phase, where ion—solvent interactions are isotropic so that the fields
experienced by the solvent molecules and ions are the same in all directions. This
symmetry can be broken by introducing an electrode into the liquid electrolyte.
While the electrode could both be made up of only one material or phase, like
a metal, or multiple components, like a typical battery electrode, the general
structure is the same with fixed cation sites in the lattice and delocalised electrons
belonging to the conduction band which are free to move around. They produce
a very different local electric field to that of the electrolyte. Inserting an electrode
into the electrolyte causes a spatial redistribution of charges in order to reach
a new equilibrium between Coulombic fields. While some ions will be either
attracted or repelled to the electrode, most ions in the electrolyte will not be
considerably bothered by the new interface since they are far enough away to
not feel the field of the electrons at the electrode surface. Therefore they will not
reorganise themselves and a concentration gradient will only appear between the
interface and the bulk. This is the formation of the electric double layer (EDL),
a important component in electrochemistry that will affect both reactions and
kinetics at the surface [1, 12].

2.2.1 A quick note on charge and potentials

In the electrode, any charge will be located on the surface [16]. While it later will
be seen that the total net charge of the electrode can be both negative or positive
depending on the direction of an externally applied voltage, for the recently
introduced electrode it is still zero. As a result of the nature of the electrode and
anisotropy of the interface, however, there will still be either a small accumulation
or depletion of electrons on the surface [1]. For the sake of simplicity, in this and
the following sections the surface of the electrode will be assumed to take on an
excess of negative charges when introduced into the electrolyte.

So far the fields and potentials described have been Coulombic, coming from ions
that were treated as point charges. The electrostatic potential ¢ can now instead
be defined between two points as the integral of the electric field [12, 17, 18|.
Before bringing the two phases together, ¢ = 0 in both bulk phases, respectively.
After dipping the electrode into the electrolyte, the redistribution of charges will
cause an electrostatic potential gradient to form, with the difference in potential

7
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between the two phases at the interface being A¢ = gelectrolyte _ gelectrode 5y q
A¢ > 0 if defined by the work needed to move a positive single charge. This value
is called the Galvani potential or inner potential difference of the interface.

2.2.2 The models of the electric double layer

Studying the EDL can be divided into two parts: 1) determining the strength and
capacity of the layer, or in other words the amount of excess charges at each side
of the interface compared to the bulk and 2) the profile of the layer, in what way
and how far the disruption causes reorganising of ions [12]. The former can be
studied by the surface charge’s relation to the surface tension of the electrolyte, a
field called electrocapillarity. The second is harder to probe, mostly because the
EDL in non-aqueous electrolyte is on the nanometer scale [17]. Therefore, the
structure is understood by models that have been proposed, tested, rejected and
reworked over the years, with no all-encompassing model existing to this day.

The earliest formulated model, the Helmholtz model (sometimes Helmholtz-
Perrin), was introduced in the second half of the 19th century and treated the
interface as a perfect capacitor in which the electrons and cations distributed
themselves evenly on the two sides of the interface [19-21]. Arguing that due to
thermal dynamics and the random movement of ions, there was no way for the
ions to orderly stay on the surface, Gouy counter-proposed that the concentration
of cation ions would instead diffuse from the electrode surface [22]. This eventually
became the Gouy-Chapman theory which described the potential as decaying
exponentially from the surface [23]. Stern thereafter suggested to combine the
two models to cover both the case of concentrated electrolytes, where the ions
tend to form a more compact capacitor-like layer, and diluted electrolytes where
the layer is more spatially extended [12, 24]. Despite its improved accuracy
over earlier models, the Stern model failed to explain why experimental results
varied depending on the anion present. Grahame therefore proposed that certain
anions can adsorb directly onto the electrode surface through short-range chemical
interactions rather than purely electrostatic attraction, a process referred to as
specific adsorption [25]. Because the mechanism anchoring the ion to the surface
is not governed by the electrode charge, these ions may remain adsorbed even
when their charge is identical to that of the electrode. The likelihood of a specific
ion adsorbing is connected to the weakness of its solvation sheath, with poorly
solvated anions being the most likely to adsorb to the surface [1]. The two-layer
model was consequently split into three with the innermost layer of specifically
adsorbed ions making up the inner Helmholtz plane (IHP), the ions closest to the
electrode without losing their solvation sheath making up the outer Helmholtz
plane (OHP) and finally the diffuse layer as described by the Gouy-Chapman
model. In 1963 the latest significant change to the EDL model was made with
Bockris, Devanathan and Miillen adding that solvent molecules may also be
present in the IHP. In their work they argued that since the solvent molecules
can orient themselves around the ions, they should be able to do the same to the
electrode surface [26]. The solvent molecules’ contribution to the potential across
the interface was, however, deemed to be very small compared to the adsorbed
ions. The BDM model can be seen in Figure 2.2a.

8
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Figure 2.2: a) Formation of the electric double layer upon immersing an electrode in
an electrolyte according to the Bockris—Devanathan—Miiller (BDM) model. The inner
Helmholtz plane (IHP) contains desolvated cations and may also include specifically
adsorbed anions, while the outer Helmholtz plane (OHP) passes through the first layer
of fully solvated cations followed by a diffuse layer. b) Schematic representation of
the Gibbs free energy activation barrier that must be overcome for charge transfer to
occur. ¢) Charge transfer reaction resulting in the deposition of neutral atoms on the
electrode surface, followed by possible diffusion of these atoms into the electrode bulk as
a secondary step.

These models together take into account the electrostatic interactions between
solvent and ions, ions and electrode, and solvent and electrode, the specific
adsorption to the surface of the electrode and the thermal dynamics of the bulk
electrolyte. The models were, however, all proposed and tested for aqueous
electrolytes, many of them dilute. Unlike EC and PC, in water, both poles of
the dipole moment on the molecule are readily accessible to surrounding solute
species, whereas in carbonate solvents the negative pole is more exposed, leading
to inherently different solvation environments. This difference can significantly
alter both the solvation mechanisms and the resulting structure of the electrical
double layer. In addition, more weakly solvated anions in non-aqueous electrolytes
promote ion-pair formation, an effect that is not adequately described by existing
EDL models and has been shown to be significant in both experimental and
computational studies [27-30]. The EDL models should therefore be treated more
like a starting point than an absolute truth when discussing electrode/electrolyte
interfaces.

2.2.3 Charge transfer at the interface

But what about reactions at the interface? The electrolyte can not accept
free electrons and the electrode can not house the solvated ions, but it is not
unthinkable that redox reactions could occur involving the delocalised electrons
in the electrode and chemical species in the IHP and OHP regions of the EDL.
Multiple electron pathways are theoretically possible, with one or more electrons

9
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either being supplied or accepted by the electrode. The former is possible with
the reduction of the cation, resulting in a neutral atom which is deposited on
the surface of the electrode (Figure 2.2¢). In the reverse process, the atom is
oxidised and the cation released into the electrolyte. These two are the simplest
examples of a charge transfer process which involves a charge being moved from
one side of the interface to the other. Partial reduction or oxidation of the ions in
the electrolyte, is also possible for some electrode/electrolyte systems, and would
mean the ion remains in the electrolyte, although with a changed oxidation state.
This is however not relevant in the topic of LIBs since Li" is very reluctant to
loose another electron [1, 12, 17]. Furthermore, the cases discussed above consider
only the reduction of the cation; however, since solvent molecules are also present
at the IHP, they are naturally also susceptible to reduction. Later in chapter
3 it will be shown that on LIB electrodes the reduction of Li* and the solvent
molecules can have a joint reduction pathway, resulting in the formation of the
SEI briefly mentioned in the beginning of the thesis.

Returning to the general electrode/electrolyte interface, attention is now directed
toward the factors governing the reactions in the first place. Reactions proceed
only when they lead to a reduction in Gibbs free energy. However, reducing the
Gibbs free energy is typically associated with some activation energy barrier AG*
which needs to be overcome (Figure 2.2b). The rate of the chemical reaction v is
given by

kT

V==c

T
e HT (2.1)

where ¢ denotes the bulk concentration of the oxidising or reducing species [12,
17]. This is a simple chemical rate equation which only takes into account the
thermodynamics of the reaction. The activation barrier will also be affected by
the EDL close to the surface which may either aid in overcoming the barrier or
hinder it depending on the work it performs on the involved ions in the electrolyte
[1]. Furthermore, AG* will typically not be equal for the corresponding redox
reactions meaning one reaction will occur at a higher rate, depleting the reactants
near the surface and changing the EDL. This will in turn counteract the previously
favoured reaction until an equilibrium has been reached. This equilibrium does
not necessarily mean no reactions are happening at the interface, but only that
the rates of the redox reactions are balanced and the net current is zero.

2.2.3.1 Some additional definitions

The above described redox reactions all depend on the charge transfer of the
electron at the surface. A distinction can be made between these processes and
the adsorption and desorption of species at the electrode surface, for example as
a result of the EDL forming. Since the former results in a charge transfer and
therefore current across the interface, they are called Faradaic processes with
the latter simply being non-Faradaic processes [12, 17]. They are often used
to distinguish between reactions happening across the interface and the pure
capacitive charging of the EDL.

Two other frequently occurring terms are the ideal polarisable electrode and
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ideal non-polarisable electrode and while there are no real-life electrodes fulfilling
the requirements of being ideal, they can still be used to describe the general
behaviour in certain voltage ranges. An ideal polarisable electrode describes an
interface where there is an infinite resistance to charge transfer, and therefore
only charging of the EDL and non-Faradaic processes occur. Contrarily, the NPE
has an infinitely low resistance to charge transfer reactions happening across the
interface [12, 17]. A real life-electrode may function as a polarisable electrode in
a specific voltage region since where there is no energy available to overcome the
AG?* of the reactions. With an externally applied voltage, however, the electrode
potential may be brought above the barrier to allow a reaction to occur. This is
the workings of the electrochemical cell.

2.3 The electrochemical cell

After closely discussing the potentials forming at one electrode in an electrolyte
it is clear that these two alone do not make a battery. There is no way to
control or change the direction of chemical reactions at the electrode surface
and concurrently, without an external circuit there is no means to utilise the
current in an application. Therefore, another electrode needs to be introduced
into the electrolyte. This electrode will naturally create an EDL of its own with
a Galvani potential across the interface. Connecting two electrodes to form an
electrochemical cell may result in a spontaneous current if it lowers the Gibbs free
energy of the entire cell, this being called a galvanic cell. Using a potentiostat
it is also possible to force transfer between electrodes, changing the potential
and forcing the cell to increase the total Gibbs free energy. This is instead an
electrolytic cell [10, 17]. A rechargeable battery is therefore a device made up
of at least one electrochemical cell and it will operate both as a galvanic and
an electrolyte cell depending on if the battery is being discharged or charged,
respectively.

2.3.1 The electrochemical potential model

In order to discuss the direction of current and potential fields in the full cell,
consisting of two electrodes in the electrolyte, without having to describe the
thermodynamic states of all involved species and the Coulombic forces between
them, it is useful to use a more macroscopic model. While there are multiple
ways to organise such a model, here one will be presented that divides the
electrochemical potential into a short range chemical contribution and a long
range electrostatic contribution. Such a decomposition will prove to be especially
useful when the model is combined with the XPS techniques of this thesis.

The electrochemical potential i of a species j in a phase «, is the work needed to
add such a species to that phase from a reference point, which can be in another
phase. It is given by:

R (22)
where 4§ is the chemical potential and ¢* the electrostatic potential, introduced
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CHAPTER 2. ELECTRODE/ELECTROLYTE INTERFACES

previously, with both referenced to the same reference phase. Depending on the
charge of the particle z; will take on a positive (cation) or a negative (anion)
integer, and for the electron z; = —1 [17, 18]. In this version of the equation,
the Faraday constant F' has the unit of C/mol and § a unit of J/mol. As XPS
instead deals with the energy unit of electron volt (eV), it is preferred to use here
as well and the equation can instead be written simply [9],

A = 1§+ 2500 (2.3)
If a species is neutral then z = 0, fif = pf and the electrochemical potential will
just be the chemical potential of the species. Furthermore, in a charge transfer
reaction, for example LiTgaining an electron to form metallic lithium Li, the
respective electrochemical potentials of the involved species are related through

Afi = fe + AL+ (2.4)

It should be noted that dividing the electrochemical potential into chemical and
electrostatic contributions is purely a concept and there is no way to experimentally
separate the two contributions and measure them individually, without making
assumptions about the system itself [18]. Additionally, the term chemical potential
might feel a bit obscure. If one would zoom in on any species far enough it would
be clear that all forces acting on it are Coulombic and therefore electrostatic in
nature, at least on small time scales. It is, however, a variable defined to show the
difference between the chemical nature of different species, neglecting the effects
of the long range electric field and is therefore a function of the Gibbs free energy:

aC;init
a _ . 2.
Hj ( on; >T,P,nj#i (25)

If temperature T, pressure P, and the concentration of other surrounding species
n; stay constant, the chemical potential is given by the change in the internal
chemical Gibbs free energy G;,; as a function of the change in concentration of
the species. Another way to express the chemical potential is through:

©§ = pd + RTInc; (2.6)

with ¢; being the concentration of the species, R is the gas constant and u? being
a standard state of the species at a given temperature T and pressure. Here, for
simplicity, the species in the solution is assumed to behave ideally, and therefore
the concentration is used instead of the activity. Any difference in concentration,
and therefore difference in chemical potential along an axis will lead to diffusion
of a species j in accordance with Fick’s law:

. D.cs
d
T = —D;Ve; = =2V, (2.7)
where Jj'-iif 7 is the flux of the species j and D is the diffusion constant. Similarly,
the flux of a charged particle due to a difference in the electrostatic potential, the
migration, is given by:

Djzjc;

migr __
T = — AN, (2.8)
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2.3. THE ELECTROCHEMICAL CELL

Combining the contributions from the diffusion and migration, the the Nernst-
Planck equation emerges, which describes the total ion transport J of a charged
species,

Djcj o Djzjc

_ Djc;
RT 1T TRT

RT

Djc; _ _
(Vi +2;V¢) = ——2VE;  (2.9)

Ty = RT

Vo =—
From this equation it becomes clear that the difference between electrochemical
potentials will drive the transport of species in the cell and that a species exper-
iences two simultaneous driving forces: a chemical force, due to differences in
concentration, and an electrical force, due to differences in in electric potential [1,
17, 31]. A charged species in either electrode or electrolyte, will move towards a
region of lower electrochemical potential until the concentration gradients weaken
and charge redistribution builds opposing electric fields, reducing the net driving
force until equilibrium or steady state is reached and the net flux J; diminishes.
While applicable on all electrochemical cells, the Nernst-Planck equation neglects
ion-ion interactions, making it only exact for very diluted systems where the
Coulombic fields do not significantly overlap [1]. It was previously discussed
that at the electrolyte concentrations used in this thesis, solvent-ion interactions
dominate. It is, however, important to note that the interactions of ion-pairs
might alter the contributions of the two fluxes.

2.3.2 Cell potential and voltage

With an electrochemical potential i defined, the driving force between two
electrodes in an electrolyte can also be expressed. This is the cell voltage F ¢
which will be expressed in V. Introducing multiple electrodes in the electrolyte,
each electrode would also have its own electrode voltage measured against a
chosen reference electrode (RE) and the electrode of interest in a system would
typically be called the working electrode (WE). Since the charge carriers in the
external circuit are electrons, the cell voltage of a two-electrode cell will be given
by

(g — ™)

- (2.10)

Eeey = Ewg — Epg = —

with e being the elementary charge [17, 18]. The negative sign in front of the
electrochemical potentials is due to the definition of voltage being the work to
move a positive charge through an electric field. In a three-electrode cell where
an additional counter electrode (CE) has been introduced, the cell voltage would
be calculated through

(e — p?) — (AP — ptP) (P — pg®)

B = — S . 2.11
ell e e ( )

Applying a voltage to a cell is therefore the same as changing the electrochemical
potential difference between the electrodes, which allows an electrolytic cell to
operate. A potentiostat does this by injecting or removing charges on the CE [32].
At the same time the RE should preferably act like an IPE without any charge
transfer across its surface so that its electrochemical potential stays unchanged.
In case of a two-electrode cell, the CE must also double as a RE, meaning that
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CHAPTER 2. ELECTRODE/ELECTROLYTE INTERFACES

there will be no way of separating the WE and CE individual contributions to
Eceii- In order to properly study the interactions of a specific electrode/electrolyte
interface, preferably a three-electrode cell should be used.

While the potentiostat allows determining changes in fi. of the electrodes, by
measuring F..;;, nothing has yet been said of i, in the electrolyte. While no
free electrons exists here, they could still be added through a charge transfer
reaction if thermodynamically favourable. An electron electrochemical potential
in the electrolyte ji¢ can therefore be defined which will be dependant on the
electrochemical potentials of the species involved in the charge transfer reactions
[17, 18]. How changes in fi¢' can be probed with APXPS is an essential part
of this thesis, and what that can tell about interactions at the interface will be
discussed in Chapter 4.

Running the cell as a galvanic cell, the maximum energy that can be output is
given by the change in the total Gibbs free-energy

AG = —TLFEcell (212)

where n is the number of electrons that are involved in the redox reactions of the
cell. Note that this energy is different from the one in equation 2.5, which was
denoted the chemical Gibbs free energy, neglecting electric contributions. In order
to utilise this energy in a battery, reactions have to take place both at the WE
and CE, in order to produce a net current in the external circuit [1, 17]. At the
cathode, a reduction of the charge carriers in the electrolyte takes place, leaving a
neutral species on or in the electrode. Through the external circuit, the electrons
will pass the application before oxidising another neutral species on the anode.
Which one of WE and CE acts like the cathode or anode, will shift as the cell
shifts between being a galvanic or electrolytic cell. It is therefore recommended
in the battery community to instead denote the electrode of higher electrode
voltage (i.e., the lowest electron electrochemical potential) at OCV the positive
electrode and the other the negative electrode [33, 34]. With these conventions
established, the interfacial concepts introduced here provide the foundation for
understanding the operation and design of lithium-ion batteries, which are the
focus of the following chapter.
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Chapter 3
Lithium-ion batteries

The success of the lithium-based batteries can be derived directly from the
electrochemical potential of the lithium electrode. Lithium has the lowest reduction
potential of any stable element, at -3.04 V vs. the standard hydrogen electrode [1,
35]. Pairing it with any other positive electrode material the resulting E..;; will
therefore be very high, leading to a high energy output as given by Equation 2.12.
This therefore leaves lithium-based cells as particularly attractive candidates for
storing energy. As seen in Equation 2.4 the electrochemical potential of neutral
lithium in a phase « can be expressed by the sum of g and ¢, .. A model
of the potentials in a lithium-based cell can be seen in Figure 3.1. Striving to
minimise the total electrochemical potential the lithium ions will redistribute
themselves, as they are the only charge carries able to do so. This will in turn
lead to adjustments of fi. in the two electrodes, creating a cell voltage. Using this
model it can be seen that E.¢; stems from the difference in uy; between the two
electrodes. The shuttling of lithium between electrodes as the battery is operated
will change the chemical potentials of the electrodes, and thereby change E..j;
[36].

3.1 The reactivity of lithium metal

In an idealized case, the most favourable negative electrode would be metallic
lithium itself, as it combines the electrochemical potential with the highest possible
specific capacity among practical electrode materials. In a lithium metal battery
(LMB), energy storage and release take place via the direct plating and stripping
of Li at the lithium metal/electrolyte interface. During discharge (i.e battery
working as a galvanic cell), lithium metal is oxidized at the negative electrode,
releasing electrons to the external circuit while lithium ions gets solvated in the
electrolyte and migrate toward the positive electrode, where they are intercalated
into the positive electrode material. During charging, this process is reversed,
and lithium ions are reduced and plated back onto the negative electrode surface.
Intercalation denotes the process where the lithium ion is inserted into a host
matrix, which lowers the electrochemical potential of the neutral lithium [37, 38].

In practice, however, realising LMBs is severely constrained by the high reactivity
of the metallic anode. Upon contact with the electrolyte, the metal surface under-
goes spontaneous reactions that lead to the formation of an interfacial passivation
layer. This is the solid electrolyte interphase (SEI) which is undoubtedly one of the
most important parts of lithium-based cells as it prevents further decomposition
of the electrolyte while being conductive to lithium ions, enabling the continued
movement of lithium across it [2, 39-41]. The importance and implications of
the SEI will be discussed in a later section. However, a further consequence of
the high reactivity and non-ideal interfacial behaviour of metal electrodes is the
tendency for irregular metal deposition during charging. Rather than forming
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Figure 3.1: Without electrolyte the electrochemical potentials of the metallic lithium,
lithium ions and electrons in the two electrodes can be seen schematically in a). All
potentials are referred to the vacuum level. When electrolyte is added (b), fiy;+ will
strive to equilibrate as it is the only charge carrier able to do so, forcing fie to shift.
E.cy; is thereby defined by the difference in the chemical potential of lithium fir;. Figure
adapted from [36].

a flat, uniform surface, the metal commonly deposits in a non-uniform manner,
creating pointy or porous structures [42]. Over time, this leads to the growth of
filament-like structures known as dendrites. Dendritic growth not only accelerates
interfacial degradation as new lithium surfaces are exposed but also presents a
significant safety risk, as growing metal protrusions can penetrate the separator
and cause internal short circuits [37, 43]. Almost all commercial lithium-based
batteries today are therefore of a host type where the metallic lithium anode is
replaced with an electrode material that can host lithium through intercalation
or alloying. This makes the lithium in the negative electrode less reactive and the
matrix can shrink and expand as lithium is inserted and removed. As a result,
intercalation batteries offer greatly improved cycling stability and safety compared
to their metal-based counterparts. This comes at the cost of a reduced energy
density due to the increased volume of the negative electrode material [33, 38|.

3.2 The intercalating LIB

Sometimes nicknamed the "rocking-chair-battery” the intercalating LIB was pro-
posed by Armand in the 1970s [44]. The central challenge in the early development
of intercalation batteries was to identify host materials capable of reversibly ac-
commodating lithium ions while maintaining structural integrity, favourable
electrochemical potentials, and long cycle life. On the negative electrode side,
graphite emerged as the preferred intercalation material [37]. Graphite is an
ordered carbonaceous material composed of sp2-hybridized carbon atoms arranged
in sheets of hexagonal rings. These sheets are in turn stacked and held together
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by weak van der Waals interaction, creating layers for the lithium ions to insert
themselves. The weakness of the interlayer bonding facilitates lithium insertion
and extraction as the distance between layers can change without to much stress
in the material. Electrochemically, graphite exhibits a voltage of 0.1 V vs Li/Li",
when fully lithiated [33, 38]. This means that E..j; is largely retained with relat-
ively small energy losses compared to LMBs. The combination of low operating
potential and structural stability has made graphite the benchmark negative
electrode material in lithium-ion batteries. Nevertheless, alternative materials
have been explored to further increase energy density. Silicon, for example, can
alloy with lithium to achieve substantially higher specific capacities, though its
large volume changes during cycling, inducing crack in particles and the SEI, pose
significant mechanical challenges [45, 46].

On the positive electrode side, lithium-ion batteries typically employ transition
metal-based materials that host lithium ions within layered , spinel, or olivine oxide
crystal structures. Common cathode materials include lithium cobalt oxide (LCO),
lithium nickel manganese cobalt oxides (NMC), and lithium iron phosphate (LFP)
[47, 48]. They all differ in redox potential and intercalation mechanism, resulting
in batteries with distinct voltage profiles and energy densities [49]. Compared
to the other cathode materials, LFP exhibits a very flat cell voltage curve as it
undergoes a two-phase transformation as the lithium is inserted [50, 51]. Due to
this plateau, LFP been utilised in certain works as a quasi-reference electrode, as
small changes in lithium stoichiometry has minimal effect on its electrochemical
potential [52-54].

Despite the improved stability offered by intercalation chemistry intercalation
electrodes operate at electrode potentials that lie outside the thermodynamic
stability window of most organic electrolytes [1]. In addition to the formation of
the SEI on graphite [55], a cathode electrolyte interphase (CEI), has also been
shown to form due to the oxidation of the electrolyte at high voltage cathodes
[56-58]. The CEI has been much less studied than the SEI, and it has sometimes
been discussed to be of less importance due to the electrolyte decomposition
being less prevalent on the positive electrode side [11, 58]. They are also typically
thinner and may partially overlap with the decomposition of the cathode material
[59, 60]. The SEI is generally more critical to cell stability and will therefore be
the primary focus of this work.

3.3 The solid electrolyte interphase

A good passivating SEI should be electronically insulating, preventing continuos
electrolyte decomposition, but still allow lithium ions to pass through to the
electrode for intercalation. Preferably it should also be chemically and mechanic-
ally stable as the battery is charged and discharged to ensure stable cycling of
the battery [37]. SEI formation occurs when a solvated lithium ion approaches
a sufficiently negatively polarised electrode surface. Due to the strong electro-
static interaction between Li' and its surrounding solvent molecules, the ions in
the primary solvation sheath are carried toward the interface as a coordinated
complex. At the low reduction potentials encountered at the negative electrode,
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these solvent molecules are thermodynamically unstable and undergo reductive
decomposition. Consequently, the structure of the lithium solvation shell plays
a decisive role in determining the chemical pathways available for electrolyte
reduction and thus the nature of the SEI that is formed [1].

Commercial and state-of-the-art lithium-ion battery electrolytes typically consist
of mixtures of carbonate solvents combined with a lithium salt and functional
additives. This reflects the fact that no single solvent fulfils all required properties
simultaneously. Cyclic ester carbonates, such as EC, are primarily included to
promote the formation of a stable, passivating yet ion-conductive SEI, while linear
carbonates, such as diethyl carbonate (DEC) and dimethyl carbonate (DMC),
are added to reduce viscosity and enhance ionic conductivity. Additives are
further used to fine-tune interfacial stability and electrochemical performance
[11, 33]. EC is frequently mentioned as a key solvent for forming a stable and
ionically conductive SEI [61, 62]. In contrast, PC, despite its chemical similarity
to EC, fails to form a protective SEI on graphite under standard conditions. In
PC-based electrolytes, solvent co-intercalation into graphite layers is commonly
observed, followed by decomposition due to the low potential of the electrode. The
associated gas evolution and volumetric stress are believed to cause exfoliation
and mechanical breakdown of the graphite structure. While the precise origin of
this stark difference between EC and PC remains unsolved, several hypotheses
have been proposed. These include differences in the solubility of decomposition
products, with PC-derived species being less likely to precipitate and adhere to
the graphite surface, as well as subtle variations in molecular dipole orientation
that influence solvation structure and anion coordination [63, 64].

It has been reported that anions are generally less directly involved than solvated
lithium ions and solvent molecules, as they are electrostatically repelled from
the negatively polarized electrode surface. However, certain anions containing
fluorine, such as PFg , FSI™ and TFSI , have been proposed to undergo chemical
or electrochemical decomposition to form neutral or weakly charged species |1,
65, 66]. These decomposition products are assumed to be able to access the THP,
where they further decompose and contribute to the SEI.

Surface-sensitive characterization techniques such as XPS, along with infrared
spectroscopy and mass spectrometry, have revealed that the SEI is chemically
heterogeneous. Commonly reported inorganic components include lithium oxide
(Liz0), lithium fluoride (LiF) and less common lithium carbonate (LioCO3), while
organic constituents such as lithium ethyl carbonate (LEC), lithium ethylene
dicarbonate (LEDC), lithium methyl carbonate (LMC) and lithium ethyl methyl
carbonate (LEMC) were observed depending on solvents used [67-71]. Structur-
ally, the SEI is often described using either a mosaic or multilayer model, with
patches of different chemical components. Imaging techniques, including atomic
force microscopy, scanning electrochemical microscopy and cryogenic electron
microscopy, suggest that the interphase comprises a dense, inorganic-rich inner
layer adjacent to the electrode surface and a more porous, organic-rich outer layer
in contact with the electrolyte [68, 72, 73]. The total thickness of the SEI is
generally reported to be on the order of a 10-50 nm, although its exact thickness
is hard to probe due to its compositional gradients and dynamic nature [11, 74].
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3.3. THE SOLID ELECTROLYTE INTERPHASE

3.3.1 The EDL and the SEI

Due to how the EDL changes the position of charged species and governs which
electrolyte species are brought into close proximity with the electrode surface, it
follows that it plays a decisive role in determining the chemical composition and
structure of the SEI [75, 76]. Despite this, the explicit influence of the EDL on
SEI formation has received relatively limited attention in battery research until
recent years. Some computational studies have addressed this gap by explicitly
incorporating EDL effects into interfacial models [29, 77-79].

In one recent molecular dynamics study by Wu et al., the local concentrations of
solvent molecules, cations, and anions within the EDL were evaluated as a function
of electrode charge for both ether-based and carbonate-based electrolyte systems
[80]. By reconstructing the probability distributions of lithium primary solvation
sheath structures within the EDL, the authors demonstrated that the solvation
environment of lithium differs markedly from that in the bulk electrolyte and is
dependent on the charge of the negative electrode. Subsequent density-functional
theory calculations revealed that species in these interfacial solvation structures
exhibit reduction potentials that deviate from those in the bulk, highlighting the
importance of the EDL on the onset of electrolyte decomposition. Interestingly,
their model also suggest that, contrary to many experimental studies, anions such
as PFg~ and TFSI™ do not participate in the formation of the SEI in carbonate
electrolytes at all. The overall conclusion is that the strength and profile of the
EDL can modify the structure of the salvation shells and are therefore needed to
predict the reduction mechanisms in the SEI.

Naturally, the creation of an ionically conductive (and electronically non-conductive)
phase, such as the SEI, will in turn induce a new potential profile of the EDL

and change the environment for further electrolyte reduction and lithium inter-
calation. Work on this is, however, even scarcer. Previous post-mortem work on

cycled graphite electrodes using XPS has shown that an electrochemical potential

drop across the buried interface between electrode and SEI exists even after

cell disassembly [6, 81]. A model was proposed based on the formation of an

electric potential gradient from the accumulation of charged species at the buried

interface, for example polar solvent molecules or decomposition species, with

another hypothesis being the formation of a capacitive interface between two

phases within the buried interface. However, the exact cause of the gradient is

not yet clear.

A recent article by Kim et al. highlights the challenges with probing both the
potential profile of the EDL, the local concentrations of electrolyte species and the
chemical composition of the SEI, and propose combining advanced characterisation
techniques as a means of probing both electrostatic and chemical information
at the electrode/electrolyte interface [82]. They conclude that SEIs and EDLs
should be viewed as indispensable and interrelated interfacial structures and argue
that electrode/electrolyte interfaces must be studied “holistically” rather than as
isolated components. While no single characterisation technique has been shown
to fully resolve this complex interfacial interplay, APXPS provides a valuable
starting point as it offers surface sensitivity combined with chemical specificity
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and access to electronic state information. The following chapter will therefore
introduce XPS and APXPS and discuss its capabilities and limitations in the
context of probing battery electrode/electrolyte interfaces.
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Chapter 4
Ambient-pressure XPS

There are many techniques for studying batteries, and these can be broadly
grouped into different categories. Imaging techniques, such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and X-ray tomo-
graphy, are well suited to visualise morphological and structural features, making
them useful for observing how structures evolve and form within the battery
during operation [42, 83|. Diffraction-based techniques, including X-ray diffraction
(XRD) and neutron diffraction, provide complementary information by revealing
crystal structure, phase composition, and symmetry of the involved materials [84,
85].

The strength of spectroscopy techniques, such as X-ray photoelectron spectroscopy
(XPS), are their sensitivity to not only detect which chemical species are present in
a material but also identifying chemical states and quantities of these species. With
XPS, while depending on the lateral resolution of the instrument used, it is also
possible to determine the spatial distribution of elements on the surface and the
thickness of thin overlayers due to its high surface sensitivity [86]. More overlooked
within the battery field, however, is the possibility to probe the electrochemical
potential of electrons in samples using XPS. There is a close relationship between
the Fermi level of an electron and its electrochemical potential in a phase, which,
although derived from distinct areas of physical chemistry, are in fact equivalent
quantities [17]. Furthermore, while XPS is typically performed under ultra-high
vacuum conditions due to the short mean free path of emitted electrons in
gases, ambient-pressure XPS (APXPS) overcomes this limitation by enabling
measurements at elevated pressures, allowing the introduction of liquids such
as electrolytes into the analysis chamber. In this chapter the fundamentals of
APXPS will therefore be presented along with the methods used to study battery
cells and their interfaces, including synchrotron experiments.

4.1 The photoelectric effect

The underlying phenomenon behind photoelectron spectroscopy is the photoelec-
tric effect, which describes the emission of electrons from a sample when it is
exposed to photons of sufficient energy. When a photon is absorbed, its energy
is transferred to an electron, and if this energy exceeds the binding energy and
the energy needed to bring the electron to the outermost edge of the atom, the
electron is emitted, with any excess energy appearing as its kinetic energy (KE).
If the photons interacting with the sample have a fixed energy hv, the KE will
only depend on the binding energy BE of the electrons. The BE is most often
referenced to the Fermi level Er of the sample, and the energy needed to bring
an electron from this energy level to just outside of the atom is instead expressed
by the work function ¢sgmpie, as can be seen in Figure 4.1a. Additionally, any
changes in the chemical potential of the electron will result in a change of the BE

21



CHAPTER 4. AMBIENT-PRESSURE XPS

a)
Sample Spectrometer
O
N
KE
00 — hv
q)sam '''' —_—a
ple q)
EF I spec
BE
Core level
(C1s,01s..) = """

204 292 290 288 286 284 282
Binding energy (eV)

Figure 4.1: a) Diagram over the energy levels involved in the measurement of a
photoelectron. After being emitted from a core level, the kinetic energy of the electron will
be measured by the spectrometer. The work functions ¢ of the sample and spectrometer
is the difference between their respective Fermi levels and the vacuum level co. b) An
XPS carbon 1s spectrum showing the peaks of the PC molecule. Depending on the
surrounding atoms, the core level electrons will experience different binding energies.

with respect to Fr, resulting in a chemical shift of the BE and KE [86].

Measuring the KE of the electrons with a spectrometer therefore can give inform-
ation about the chemical state. However, the measurement of any free electron by
the spectrometer must involve adding the electron to the Er of the spectrometer
itself, overcoming the work function of the spectrometer ¢spe.. As a result, the
measured KE depends not only on the original BE of the electron but also on the
instrumental energy reference. To simplify, the sample is electronically grounded
to the spectrometer, thereby aligning their Fermi levels. The measured KE can
thereby be expressed through,

KE =hv — BE — ¢pec (4.1)

where ¢gpec will depend on the XPS instrument used. Due to the relation between
KE and BE as described in Equation 4.1, XPS data can be plotted with either
one as x-axis. However while the KE will depend on the energy of the incoming
photons hv, BE will not [86, 87]. To follow convention, the KE energy scale is
depicted as going from left to right while the BE energy scale goes from right to
left.

4.1.1 The chemical shift

Both electrons originating from the deeply bound core levels, close to the atomic
nucleus, and from the more weakly bound valence bands might be emitted in
the photoelectron process. While the valence electrons may by emitted by lower
photon energies, and are studied within the area of ultraviolet photoelectron
spectroscopy, XPS focuses on core levels. Their BEs are characteristic of specific
elements and they do not participate directly in chemical bonding like the valance
electrons. The BE of these core levels, however, are highly sensitive to the local
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electronic environment and can vary with the charge distribution at the atomic
site. Consequently, changes in chemical bonding and oxidation state lead to shifts
in core level BE [88, 89]. This can be seen in Figure 4.1b, where the BEs of the
emitted electrons coming from the 1s orbital of carbon atoms in a PC molecule
are shown. While all electrons contributing to the peaks belong to the same core
level, Cls, the peak positions show that the surrounding atoms will affect the BE
of the electron. The peak furthest at lowest binding energy of approximately 284.5
eV originates from photoelectrons emitted from the carbon in the CHjs-group.
When carbon atoms are bonded to more electronegative elements, such as oxygen,
these atoms withdraw electron density from the carbon. This reduced electronic
screening increases the effective nuclear charge experienced by the core electrons,
resulting in a higher core level BE [86]. Therefore the C—O and especially the
COj3 peak can be seen at the higher BEs of 287 eV and 290.5 eV, respectively.

Chemical shifts arising from changes in local bonding are, however, not the only
effects that can lead to peak shifts in XPS spectra. Other contributing factors are
spin-orbit coupling, differences in electric charge of the probed species and final-
state effects, where the core hole left by the emitted electron induces processes that
affect the BE of subsequently emitted electrons [87, 88]. Of particular importance
for this thesis is peak shifting caused by changes to the electrochemical potential
i of species within the probed phase. Before discussing this effect in detail, the
following section will first describe how the emitted electrons are measured by
the spectrometer.

4.2 Measuring photoelectrons

To measure emitted photoelectrons, an XPS experiment requires a sample, an
X-ray source, an electron analyser equipped with focusing lens and a detector,
all connected to the analysis chamber. These components are typically placed
under vacuum conditions for two main reasons. Firstly, a free electron, especially
of lower KE, will not travel far in a gaseous environment without interaction
with molecules, thereby loosing KE and with it information about the BE in the
sample [86, 90]. Therefore analysis chambers requires pressures on the order of
107% — 1079 mbar (0.1 — 1 mPa) [88]. Most XPS chambers, however, operates at
considerably lower pressures, typically 1078 — 107 mbar. This is because XPS
is an extremely surface sensitive technique, and even within seconds at higher
pressures gaseous species will adsorb onto the surface of a material, forming a
monolayer that can dominate the measured signal rather than the underlying
sample [86, 88].

4.2.1 The electron analyser

The electron analyser is responsible for collecting photoelectrons emitted from the
sample, spatially separating them depending on their energies. Emitted electrons
are first guided toward the analyser by a set of electrostatic focusing lenses, which
define the acceptance angle of the electrons and can also filter out electrons
from unwanted KE ranges [86]. The most widely used analyser configuration for
achieving high energy resolution in XPS is the concentric hemispherical analyser
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Figure 4.2: a) The CHA is the most commonly used electron analyser due to its
high resolution. The retarding lenses will select the wanted electrons and the CHA will
spatially disperse the electron on the detector by applying a radial electrostatic field. b)
To be able to introduce liquids into the analysis chamber, a differential pumping system
must be utilised where the pressure is gradually lowered from (near ambient conditions)
around the sample until reaching ultra high vacuum at the entrance of the analyser.

(CHA). As shown schematically in Figure 4.2a, it consists of two concentric
hemispherical electrodes held at different voltages. Electrons entering the analyser
are spatially dispersed depending on their KE as they travel in the field between
the electrodes. Only electrons with a specific KE, determined by the defined pass
energy, follow a stable trajectory and reach the exit slit, while electrons with
higher or lower energies are deflected away. When collecting data for a spectrum
the analyser can be operated in two modes: either the voltage is swept by the
CHA electrodes, keeping a relative energy resolution across the spectrum, or
the electrons are retarded to a fixed pass energy by the lenses before reaching
the CHA, resulting in a constant energy resolution [86, 87]. The final energy
resolution given by the analyser will therefore depend on the set pass energy, how
stable the voltages of the hemisphere electrodes are, the area of the entrance slit
and the sensitivity of the detector after the CHA. For newer spectrometers the
energy resolution can reach as low as < 10 meV [88, 91, 92].

4.2.2 Enabling liquids in the analysis chamber

The ultra~high vacuum conditions required for conventional XPS make the meas-
urement of liquid samples effectively impossible, as liquids would evaporate almost
instantaneously under such low pressures. Consequently, techniques enabling
XPS measurements at elevated pressures were developed soon after the intro-
duction of the first XPS instruments [93]. The approach used to achieve this
has remained largely unchanged since then. In APXPS, a series of differential
pumping stages are positioned between the entrance to the focusing lenses and
the entrance of the CHA. At each stage, the pressure is progressively reduced,
ultimately reaching ultra high vacuum at the analyser entrance. A schematic
representation of this arrangement is shown in Figure 4.2b. This design allows
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the same analysers used for regular XPS instruments to be used also for APXPS
measurements [93, 94]. A downside of the differential pumping is, however, the
reduced electron collection angle, as only small apertures can be used between
the pumping stages to maintain the pressure gradient, leading to less electrons
reaching the detector. In addition, electrons must have significantly higher KE
to traverse the gas phase without excessive scattering, which makes the use of
higher photon energies needed. X-ray sources are commonly categorized into
soft (<2 keV), tender (2-7.5 keV), and hard (>7.5 keV) X-rays, with tender or
higher photon energies typically employed in APXPS experiments [95, 96]. The
sample must also be situated closer to the analyser cone to minimise the path of
the photoelectrons, with distances decreasing from cm to pm. Depending on the
type of atmosphere and system, measurements over a wide range of pressures can
be performed. Lab-based systems can operate at pressures up to approximately
100 mbar [97, 98] as claimed by the manufacturers, whereas large-scale facilities,
such as synchrotron-based APXPS endstations, which will be discussed below,
typically can operate at pressures up to 1 bar [99, 100]. Evaporation of liquids
will nevertheless still occur, meaning that measurements of liquid samples within
the analysis chamber will also include some signals from the gas phase.

4.2.3 Synchrotron experiments and the HIPPIE beamline

So far, the X-ray source itself has not been discussed. X-rays are typically
generated by bombarding a metallic anode with electrons emitted from a heated
filament. The choice of anode material determines the characteristic photon
energy produced, allowing different energies to be selected. To improve spectral
quality, a monochromator is commonly used to reduce the energy spread of the
emitted X-rays, as the achievable energy resolution in XPS cannot exceed the
line width of the photon source [86]. In practice, it is the X-ray line width, rather
than the electron analyser, that sets the lower limit of the energy resolution in lab
XPS measurements [87]. One of the key advantages of synchrotron radiation is its
narrow bandwidth, which enables improved energy resolution. Perhaps even more
important benefits are the high photon flux and the tunability of the X-ray energy,
providing higher flexibility compared to laboratory sources [101]. A synchrotron is
a large circular particle accelerator which utilises magnets to bend the trajectory of
electrons travelling close to the speed of light. It consists of an electron accelerator,
a booster ring and a storage ring in which electrons circulate in vacuum. The
diameter of the larger electron storage ring at the MAXIV synchrotron, located
in Lund Sweden, is 528 m [102]. Along the storage ring, multiple beamlines are
installed, each of which hosts one or more end-stations where X-ray radiation is
delivered and made available for experiments (Figure 4.3a). Just before the end-
stations, in straight sections of the ring, either undulators or wigglers are placed,
which both consists of series of magnets with alternating polarity. These force the
electrons to move back and forth perpendicular to the trajectory in which they
move, causing the electrons to emit coherent X-rays with high flux. Controlling
the undulator together with a monochromator at the beamlines enables the users
to select and change energy to the needs of their experiment.

The experiments of this thesis were performed at the solid-liquid end-station of
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Figure 4.3: a) A very simplified model of a synchrotron. Electrons are travelling close
to the speed of light inside the electron storage ring. Groupings of magnets, such as
the undulator, move the electrons back and forth causing X-rays to be emitted. The
X-rays can thereafter be used at the beamlines and endstations along the ring. b) The
solid-liquid endstation at the HIPPIE beamline at MAXIV. In the foreground is the
glovebox filled with argon enabling samples to be handled in an inert atmosphere. X-rays
enter the chamber from the left in the image through the metal tubes.

the HIPPIE beamline at MAXIV, seen in Figure 4.3b. Its energy range is 0.25 to
2.2 keV, spanning soft and lower region tender X-rays and the analysis chamber
is equipped with differential pumping stages that enable APXPS measurements
[99]. In addition, a glove box can be attached to the analysis chamber to provide
an inert atmosphere for sample mounting. As lithium-based samples are highly
sensitive to both oxygen and moisture, maintaining an inert environment is crucial
for the experiments presented in this work. The end-station glovebox was filled
with argon, and samples could be transported from the laboratory glovebox to
the end-station in sealed pouches, ensuring that no exposure to air occurred.

4.3 Combining APXPS and model battery cells

APXPS enables the introduction of liquids into the analysis chamber and has
therefore been applied to study electrochemical aqueous systems, where electro-
lytes were shown to be stable and withstand significant evaporation [96, 103,
104]. In contrast, extending APXPS to battery-relevant electrolytes presents
additional challenges, as many commercially used carbonate solvents exhibit
vapour pressures that are too high to be sustained under typical APXPS pres-
sures. Common linear carbonates such as DMC and DEC readily evaporate,
rendering them unsuitable for stable measurements [105]. EC has a sufficiently
low vapour pressure but is solid at room temperature, which complicates its use
in experiments where the temperature can not be raised. As a result, PC emerged
as the first battery-relevant electrolyte solvent to be successfully investigated
using APXPS at an analysis chamber pressure of around 0.2 mbar [105]. Under
optimised conditions using PC vapour as the background gas, evaporation of
PC-based electrolytes was found to be sufficiently slow to allow acquisition of
well-defined spectra (up to 1 h).
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4.3.1 Dip-and-pull experiments

Another remaining challenge of measuring electrode/electrolyte interfaces with
APXPS is the horizontal orientation of the electron analyser, which complicates
probing liquid surfaces. This geometry is dictated by the standard analyser
design and beamline layout at synchrotron facilities and is therefore fixed. This
geometry, however, can also be advantageous as it facilitates the formation of thin
electrolyte films that can be probed simultaneously with the electrode. Axnanda et
al. therefore proposed the first dip-and-pull measurement where a flat electrode is
dipped and subsequently pulled from the electrolyte so that a thin meniscus forms
on the surface [95], as shown in Figure 4.4a. In this configuration, electrodes are
mounted vertically on an a specialised sample holder connected to a manipulator
that can be moved in three directions. The WE, RE and CEs are mounted in
a stacked geometry so that the WE, which is the electrode of interest for the
APXPS measurements is facing the analyser. A picture of the real electrode setup
in the analysis chamber is shown in Figure 4.4b. The electrodes are connected by
electrical contacts in the sample holder to a potentiostat outside of the analysis
chamber and the WE is electrically grounded to the spectrometer, aligning their
Fermi levels. The electrodes are thereafter dipped into a beaker with electrolytes
so that a meniscus forms. Therefore, a voltage or current can be applied between
the electrodes while the liquid meniscus on the WE can be measured with APXPS.

The thickness of the meniscus formed will depend on the surface tension of
the electrolyte and electrode material, concentration and pulling speed of the
sample holder, but for PC-based electrolytes on a flat and non-porous electrode
is approximated by eye to be the pm range after the electrodes are freshly dipped.
The photoelectron inelastic mean free path in PC can be approximated using the
TPP-2M formula, and is ~5 nm for an electron with a kinetic energy of 1500 eV
[106], giving an approximate probing depth of 15 nm, if typical photon energies
around 2 keV are used. If this value is smaller than the meniscus thickness, both
the electrode and electrolyte could be probed simultaneously. This has been
done in several works using aqueous electrolytes where the meniscus typically is
thinner than for PC-based electrolytes. These works have given much insight into
the reactions, potentials and energy levels at the interface over a wide range of
research topics, such as semiconductor junctions [96], catalysis [104, 107, 108] and
corrosion [109, 110] to name some. A recent work claims that SEI formed on a
glassy carbon (GC) electrode in PC electrolyte can be probed through a 1 nm thin
precursor film at the top of the meniscus, that precedes the meniscus layer [111].
Later work from Krizan et al., also using PC electrolytes, demonstrated however,
that much thicker menisci than this (~20 nm) exhibited two to three orders higher
resistance than the bulk electrolyte [112]. It therefore remains uncertain whether
such a thin precursor layer can sustain electrochemical reactions comparable to
those occurring in the bulk electrolyte.

4.3.2 Probing the thick meniscus

An alternative measuring approach is to not measure the electrode/electrolyte
interface directly but instead only probe the thicker part of the meniscus, where no
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Figure 4.4: a) The measurement setup for a dip-and-pull cell measured by APXPS.
The electrodes are attached on a specialised sample holder that can be dipped and pulled
out of the beaker of electrolyte. The WE is grounded to the spectrometer. b) A close
up of the three electrodes dipped in the electrolyte. Due to the elevated pressures, the
analyser cone must be kept very close to the WE and meniscus.

signal from the underlying electrode is measured. This in case of the meniscus being
too thick or the excitation energy too low. Works by Kallquist et al., introduced
this approach together with an electrochemical model and showed that information
about the EDL and changes in chemical and electrostatic potentials could still be
obtained about both the electrode and electrolyte [8, 9]. By definition, the Fermi
level of a phase is equivalent to the electrochemical potential of the electrons in that
phase [12, 17]. Therefore, assuming that the core levels, which can be measured by
APXPS, shift together with the Fermi level of the probed phase, changes in Fermi
level can be directly correlated to changes in the electron electrochemical potential
of the phase AS. This assumption will hold as long as there is no chemical shifts
of the BE. Since the WE is grounded to the spectrometer, all spectra taken will be
referenced to i Z. This makes it possible to probe changes in the electrochemical
potential gradient between the electrolyte in the thick meniscus and the WE by
measuring any electrons emitted from the core levels of the electrolyte and their
peak shifts AKE = Ap¢ — AP, The electrochemical potential of the WE
can be changed by applying a voltage using a potentiostat, as discussed in the
previous chapter. If this change and possible resulting charge transfer reactions
do not change the chemical potential u!VE of the WE, Aji¢! is simply given by
the electrostatic contribution A¢"' ¥, which is equal to the change in voltage AV.
If the chemical potential of electron in the electrolyte is also constant through
the process of applying the voltage, the KE shift of the electrolyte peaks can be
expressed through AKE = —A¢® — (—A¢"E) = Ap"'E — A¢® with the change
in sign coming from z = —1 for the negatively charged electron [8, 9]. In the
EDL there will be an electrostatic potential gradient affecting all charged species.
However, if the measured photoelectrons are originating from electrolyte layers
far outside the diffusive layer, the electrostatic field should stay fairly constant,
even as the applied voltage is raised [96]. This would then lead to A¢®! = 0 for
these electrons and AKE = A¢pWF = AV. If these assumptions are fulfilled,
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changing the voltage between the WE and RE with 1 V would therefore result in
the electrolyte peaks in the spectrum shifting with 1 eV.

Measuring changes in peaks originating from the thick meniscus while the cell is
under electrochemical bias can therefore provide valuable insight into the electro-
chemical potentials at the electrode/electrolyte interface. In particular, deviations
from the expected 1 eéV/V trend could potentially give deeper information about
reactions and charge distributions at the surface. Potential origins for deviations
from the 1 eV /V trend were summarised by Rotannelli et al. in a recent paper
[94]. These are not solely connected to the electrochemistry of the interface but
could also be a result of poor meniscus stability. Deviations could stem from (i)
changes in the electron chemical potential at the interface induced by Faradaic
processes that would lead to the assumption of Au¢ and Au!¥Z not being zero,
(ii) the EDL extending beyond the thickness of the film, leading to A¢® also
not being zero, and (iii) instability of the RE resulting in AV not being what
is expected. Meniscus related issues leading to deviation include (iv) iR-drops
due to bad mass transport in the meniscus, causing a drop in the effective AV in
the meniscus, and (v) complete disconnection of the probed electrolyte on the
WE from the bulk electrolyte. Naturally, there could also be more unexplored
mechanisms contributing to a deviation. Interestingly, the formation of an SEI
has been shown to not lead to a deviation of the 1 eV/V trend when probing
the thick electrolyte film [8, 111]. This was motivated by the SEI only forming
a passivating surface layer and not changing the chemical potential of the WE.
Furthermore any changes to the EDL because of the layer did not cause any
changes in the electrostatic potential in the thick meniscus, although it can not
be ruled out that the profile of the potential has changed [8]. Just studying the
KE response to applied voltage steps does therefore not allow SEI formation to
be detected.

While (i) and (ii) could potentially bring more insight into the processes at the
electrode/electrolyte interface, deviations stemming from (iii), (iv) and (v) are
typically unwanted as they are a product of the cell measurement setup. This
is a limitation since the goal of any model system is to be as representative
of the real system as possible. In the two papers of this thesis, approaches to
distinguish between the mechanisms leading to deviation from the expected trend
are therefore presented and evaluated for a model battery system.
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Chapter 5
Measuring a model battery system with APXPS

The aim of this work is to develop and apply APXPS measurement approaches that
enable improved insight into reactions, kinetics, and electrochemical potentials
at LIB electrode/electrolyte interfaces. In particular, the focus is on probing
interfacial phenomena, such as SEI formation, under conditions that are closer
to real battery operations than ex situ measurements where no electrolytes are
present. To achieve this, the dip-and-pull technique is used and the comparatively
thick part of the meniscus is targeted to attempt to avoid higher resistances in
the meniscus compared to the bulk [112].

Not all battery electrode materials are compatible with a dip-and-pull configura-
tion. Commercial battery electrodes typically consist of thin coatings of active
material deposited on metal current collectors and are stacked to maximize surface
area and energy density. Such electrodes are mechanically fragile and cannot
easily be dipped into an electrolyte while maintaining their structural integrity
without additional support. Moreover, practical battery electrodes are highly
porous, designed to absorb electrolyte and provide ionic access to internal surfaces.
For porous electrodes, this prevents the formation of a well-defined and uniform
external meniscus in APXPS measurements. As a result, either solid electrodes
or very compact, low-porosity model electrodes must be used in this experimental
approach.

The model system employed in this work is therefore necessarily simplified. The
degree of simplification or alteration of the model system compared to real-life
systems depends on the specific measurement objectives, such as whether bulk
or surface properties are of interest. In this work, the primary goal is to study
surface-limited processes at the electrode/electrolyte interface, including SEI
formation and its impact on the electrochemical potentials of species close to
the interface. Consequently, it is more important that the surface chemistry
and electrochemical behaviour of the WE resemble those of negative electrodes,
such as graphite, rather than reproducing a full bulk electrode functionality.
Finally, it should be noted that the electrolyte volume used in the beaker-cell
setup in dip-and-pull measurements is orders of magnitude larger than that used
in commercial battery cells, where typically tens of micro litres are present in
standard CR2032 coin/button cells. The beaker used in the experiments of this
thesis contained ~8 mL of electrolyte. This must therefore be taken into account
when drawing parallels to real-life battery systems in the analysis of the data,
particularly with regard to mass-transport processes and electrolyte equilibration.

5.1 A model battery cell

Glassy carbon (GC) was selected as the WE material as it is single phase car-
bonaceous material and well established electrode material in electrochemistry
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[113, 114], making it a suitable model system for graphite electrode/electrolyte
interfaces. The electrochemical potential of glassy carbon versus lithium cor-
responds closely to that of graphite electrodes, with an open-circuit voltage of
approximately 3 V vs. Li/Li". The smooth and non-porous nature of glassy
carbon, however, makes it suitable for dip-and-pull measurements. GC electrodes
were previously used by Capone et al. as a negative electrode to study the
formation of SEI [111]. In addition, it has been shown that GC forms a SEI of
similar chemical composition to that formed on graphite [115, 116]. While on a
much smaller scale compared to graphite, GC has also been shown to support
intercalation of Li" of the surface layers [117]. These factors make GC a suitable
negative electrode for model battery systems. Bars of solid GC (50.0x8.0x1.0 mm,
HTW, Sigradur G) were polished using alumina slurry and lapping film with a
grain size down to 0.3 pm. They were thereafter rinsed in water, sonicated in
isopropanol and dried in a vacuum oven at 110°C for at least 12 hours.

As the meniscus of the CE is not measured in this experiment, lithium iron
phosphate (LFP) CE electrodes were prepared similar to electrodes for lab-based
coin cell testing by mixing LFP (Gelon Energy Corp.), carbon black (Alfa Aesar)
and polyvinylidene difluoride (PVDF) (MTI Corp.) in a weight ratio of 80/10/10.
The powders were mixed into a slurry by adding the solvent N-metyl-2-pyrrolidon
(Supelco) and coated with a doctor blade on 1.0 mm thick aluminium bars. The
electrodes were allowed to dry in air for 12 hours and then dried in a Biichi oven
in an argon filled glovebox (O2 <1 ppm, HoO <0.01 ppm) at 110°C for at least
12 hours. Lithium metal (Toyota Tsusho Corp.) was used as RE. Strips of lithium
were cut from an approximately 0.2 mm thick lithium ribbon, rolled and crimped
around a 1.3 mm thick copper wire. Just before assembly in the electrode holder
the surface of the lithium was scraped to reveal a fresh metal surface.

Two types of electrolytes were prepared to investigate whether the choice of lithium
salt would influence the electrochemical processes. In addition, electrolytes
with concentrations of both 1.0 M and 0.5 M were used to evaluate possible
effects related to mass transport and meniscus drying. Both commercial and
self-mixed electrolytes were included. While not universally the case, commercial
electrolytes can be expected to exhibit higher reproducibility and potentially
lower impurity levels and better compositional homogeneity. Two lithium salts
were used: lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium
hexafluorophosphate (LiPFg), both dissolved in PC. Commercial electrolytes
(Solvionic) with a concentration of 1.0 M for each salt were used as received and
were newly purchased prior to the experiments. Self-mixed LiTFSI electrolytes
were prepared in an argon-filled glovebox by dissolving LiTFSI (Solvionic) in
battery-grade PC (Sigma-Aldrich) to concentrations of 1.0 M and 0.5 M. Before
preparation, the LiTFSI salt was dried at 75°C for 12 hours in a Biichi oven.
The solvent was used as received without additional drying. All electrolytes were
degassed prior to transfer to the HIPPIE end station by placing them in a Biichi
oven under reduced pressure. This step was performed to minimise gas evolution
and excessive bubbling during the APXPS measurements.
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5.2 Measurement protocols

In the papers of this thesis, different cycling protocols and measurement strategies
have been developed to study the evolution of the electrochemical potentials at
the electrode/electrolyte interface. Here these APXPS measurement protocols
are presented together with a motivation for their use, providing the context
necessary for interpreting the results presented in the following chapter.

5.2.1 Studying charge transfer through cell voltage relaxation

So far, formation of the SEI has not yet been able to be distinguished by APXPS
using the dip-and-pull technique. In Paper I of this thesis, we therefore propose a
new strategy involving open circuit steps during electrochemical cycling. EDLs
formed at the WE/electrolyte interface by applied voltages results in an electro-
chemical potential drop across the interface that can be probed by APXPS. If
the external connections between WE and CE are opened and no charge transfer
reactions occur, the EDL is expected to remain largely unchanged. Since the
surface of the WE is still charged, measuring the electrolyte peak positions should
still yield a 1 eV/V relation. If, however, interfacial charge transfer reactions
are present, stored charge in the EDL is consumed, leading to self-discharge and
relaxation of the electrochemical potential. This relaxation of electrochemical
potential between the WE and electrolyte can be measured by APXPS and
therefore may provide insight into kinetics ad the interface. The cycling pro-
tocol of the relaxation measurements comprised three sequential steps, repeated
throughout the experiment and shown in Figure 5.1: (i) a voltage sweep, where
the WE potential was linearly driven to a set voltage at a rate of 1 V/s; (ii) a
voltage hold, maintaining the WE at the set voltage with respect to the RE by,
if needed, adjusting the current between WE and CE; and (iii), the cell was in
an open-circuit condition and only the electrode potential was measured to see if
relaxation occurs. The dip-and-pull cells were stepped from (ii) to (iii) when the
current had stabilised and from (iii) to (i) when the WE relaxation voltage had
started to flatten out, both after about 20 and 15 min, respectively.

5.2.2 APXPS measurement settings

The solid-liquid end station at HIPPIE is equipped with a Specs Phoibos-NAP
spectrometer, and for all APXPS measurements, a photon energy of 1800 eV was
used. The analyser cone of a diameter of 0.3 mm was oriented perpendicular
to the GC electrode and at an approximate distance of 0.6 mm, equivalent to
two cone diameters. The exact cone to sample distance was determined for each
cell individually based on optimal count rate and the spot size of the X-ray
beam set to 20x10 pm (VxH). During the measurement, two types of APXPS
measurement modes were used, scanning mode and snapshot mode. The scanning
mode allowed for detailed scans of the type shown in 4.1b. For these spectra an
energy step size of 0.1 eV and pass energy of 100 eV was used, with each core level
measurement spanning 20 eV taking 17 s. These were taken after approximately
15 min of constant voltage (ii) where the current had stabilised, and after 15 min
of relaxation (iii).
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Figure 5.1: The cycling procedure of the relaxation measurement consists of a constant
voltage step (i), a voltage sweep (ii) and an open circuit step where the cell voltage is
allowed to relax (iii). These steps are repeated at successively lower voltages. During
the voltage sweep, the electrodes are dipped in the electrolyte. During the relaxation
they are pulled up, allowing for time-resolved measurements to be taken of the meniscus.
Additionally, detailed scans are taken both at constant voltage and 15 min of relaxation.

Due to the length of the detailed scans, they can not resolve processes happening
on shorter second time-scales. In the snapshot mode, the spectrometer energy
window is fixed and spectra are acquired with short acquisition time but high
temporal resolution. This results in lower counts per second, and noisier data, but
allows for a time-resolved APXPS on sub-second timescales. In the experiments
of this thesis, a snapshot (spectrum) was taken every 0.3 s, including dead time
between scans. The energy step was set to 0.013 eV and the pass energy 100 eV.
During the measurement, the electrodes were constantly moved perpendicular to
the analyser cone at a speed of 0.005 mm/s to ensure a fresh spot on the meniscus
was probed. The time-resolved measurements were started with the cell in step
(ii). After roughly 50 spectra had been acquired, the cell was transitioned to step
(iii) and the acquisition continued until 500 spectra had been measured, with the
entire time-resolved measurement taking approximately 150 s.

5.2.3 In situ vs. operando dip-and-pull measurements

For time-resolved measurements, the electrodes must be withdrawn from the bulk
electrolyte as the voltage is applied or released. If the electrodes are withdrawn
from the electrolyte bath during both applying the voltage and transitioning
to OCV, this implies longer exposure of the electrolyte meniscus, which may
affect meniscus stability. In Paper II, we therefore investigate the effect of two
different measurement protocols that we call operando and in situ. These two
protocols are presented schematically in Figure 5.2 a and b, respectively. In
the operando protocol, the electrodes are dipped in the electrolyte once every
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Figure 5.2: a) In the operando protocol, the electrodes are only dipped in between
cycling steps to reform the meniscus. The voltage step is performed with the electrodes
pulled up and the meniscus formed. This allows for time-resolved measurements to be
taken at any step in the cycling process. b) In the in situ protocol, the voltage is applied
with the electrodes dipped in the electrolyte bath. The electrodes are pulled up and
the meniscus is formed just before APXPS measurements are taken. Generally, small
changes in the current are observed when the cells are either dipped or pulled out of the
electrolyte due to slight changes in the electrochemically active area as schematically
represented by the green lines.

repeated measurement step. Thereafter, all voltage control and subsequent
APXPS measurements are performed with the electrodes pulled up from the
electrolyte bath. Between the repeated steps, the electrodes are dipped again,
forming a fresh meniscus. This configuration allows time-resolved measurements
to be taken during the applied or released voltage. In contrast, for the in situ
protocol the electrodes remain immersed in in the electrolyte during this process
and are only withdrawn when the cell has reached a steady state (constant
voltage or constant current). The differences are therefore the duration for which
the electrodes are pulled and the position of the electrodes as the voltage is
applied or released. We performed detailed scans 15 min after the voltage set
to study possible differences between the described protocols. Paper II assess
these differences, identify situations where one may be preferred, and evaluate
how protocol choice impacts the reliability of the obtained results.
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Chapter 6
Results and discussion

This chapter presents a summary of the main findings of the two papers in this
thesis. Paper I shows the results of dip-and-pull APXPS experiments where voltage
relaxation is measured to follow the evolution of the electrochemical potential.
Paper II discusses differences between the in situ and operando protocols and
gives examples of best practices when performing dip-and-pull measurements on
model battery systems.

6.1 Studying relaxation behaviour in open-circuit conditions

In Paper I, a number of dip-and-pull cells were cycled according to the voltage
relaxation approach presented in Chapter 5. Both detailed scans and time-resolved
measurements were taken of the thick part of the electrolyte meniscus before and
after the cell was transitioned to open-circuit to investigate interfacial processes
at the WE/electrolyte interface.

6.1.1 Peak position vs. cell voltage

Using the C-O peak position from PC for two cells, one with self-mixed 1.0
M LiTFSI in PC and another with commercial 1.0 M LiTFSI in PC, we can
follow their shifts with respect to the applied cell voltage, as shown in Figure 6.1.
Detailed scans were taken both at constant voltage and after 15 min in relaxation
at open-circuit. The relaxation data points are plotted at the voltage from which
the cell was released, rather than the actual cell voltage at the moment of the
XPS measurement, to more clearly illustrate the correlation with the constant
voltage measurement. Figure 6.1a shows the cells as they were cycled down from
OCV to 0.3 V and Figure 6.1b shows the commercial electrolyte cell as it was
cycled back up to 2.5 V.

While the constant voltage data for all cells looks linear up until approximately
0.5 V, there are some deviations from the expected 1 éV/V trend. Between OCV
and 0.7 V, the slopes are 0.90 €V /V for the commercial electrolyte and 0.86 ¢V /V
for the self-mixed electrolyte. In contrast, between 1.5 V and 0.7 V, the extracted
slopes are 0.98 eV/V and 1.04 eV/V for the two electrolytes, values that closely
match 1 eV/V. After 0.5 V, the deviation from the trend is expected as this
represents a voltage region where lithium intercalation in the GC can occur [117].
Here the chemical potential of the electrode is expected to change, reducing the
change in AKFE. Before 0.5 V, lithiation of the GC is however expected to be
minimal. As discussed in Chapter 4 on APXPS, a deviation may also be caused
by iR-drops in the meniscus which would reduce the effective applied field. This
drop is however expected to increase with current which in Paper I was shown
to increase with every voltage step. Since the deviation is the largest at higher
voltages (where the current is the lowest), this does not explain the deviation.
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Figure 6.1: a) The kinetic energy position of the C-O peaks as a function of constant
applied voltage for commercial (closed symbols) and self-mixed (open symbols) electro-
lytes as the cell is cycled to progressively lower voltages. b) The return cycling of the
commercial electrolyte cell. The relaxation data points (triangles) are plotted at the
voltage from which the cell was released, rather than the voltage the time of the XPS
scan. The dotted line at 1 V indicates the approximate onset of SEI formation.

Studying the relaxation data points in Figure 6.1a, they show different behaviour
to the constant voltage data points. First at higher voltages, relaxation peak
positions closely match those obtained during constant voltage holds, but as the
voltage decreases they deviate and form a plateau at around 1512.5 eV KE for
cell voltages between roughly 2 and 1 V. This indicates that a self-discharge of
the electric double layer is taking place, reducing the electrochemical potential
difference between the electrolyte and WE. Below about 1 V, the peaks shift
again toward the constant voltage values.

PC-based electrolytes containing lithium salts are known to undergo cathodic
decomposition between 0.6 and 1 V [118-120]. In Paper I, a similar decomposition
voltage was observed for the electrolytes in cyclic voltammograms recorded in a
beaker cell in an argon-filled glovebox. Furthermore, the current for the APXPS
cell was also shown to increase in this voltage range. The change in relaxation
behaviour below 1 V could therefore be attributed to SEI formation, or some
related process. Studying the data points of the return cycling up to 2.5 V for
the commercial cell (Figure 6.1b), the constant voltage data points follow a very
linear trend, however now with a slightly lower slope of 0.9 e¢V/V. Contrarily, the
relaxation data points now follow a linear trend with a slope of 0.24 €V /V across
the whole voltage range. At this stage of cycling, lithiation at low potentials
has shifted the chemical potential of the WE, resulting in a lower open-circuit
voltage, which also results in the relaxation data points being at lower values, as
the discharging of the EDL tends towards this new voltage.
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Figure 6.2: a) Each individual snapshot was fitted with an optimisation algorithm. Due
to the low acquisition time, the snapshot data is much noisier than for the detailed scans.
b) A 2D plot of a time-resolved measurement where the commercial 1.0 M electrolyte cell
was released from 1.1 V. The electrodes were constantly moved horizontally during the
measurement to avoid beam damage as indicated in the figure inset. The position of the
C-O peaks are marked by orange dots. The shifting of dots at snapshot 50 corresponds
to the transition from constant voltage to OCV.

6.1.2 Time-resolved measurements

The reason for all deviations from the 1 eV /V trend is however not completely
understood, for example the plateau between approximately 2 and 1 V for the
relaxation data points, where a slope of around 0.9 eV/V was seen for both
cells. In order to study the voltage relaxation process more closely, time-resolved
measurements were performed of a cell using commercial 1.0 M LiTFSI in PC
electrolyte as the cell was allowed to relax from the constant voltage steps. Figure
6.2a shows a XPS snapshot spectrum together with the optimised fit. This data is
much noisier than the detailed scans due to the low acquisition time of less than 0.3
s. A time-resolved measurement, consisting of 500 snapshots, taken as the cell was
allowed to relax from 1.1 V is shown in Figure 6.2b. Despite the noisy snapshot
spectrum a clear shift of the electrolyte peaks can be seen with the fitted C-O peak
positions marked. An advantage of time-resolved measurements is the ability to
analyse relaxation profiles and directly compare them with electrochemical data,
such as the voltage of the WE, Ey g. This enables identifying processes specific
to the WE/electrolyte interface as the KE data only will measure difference
in electrochemical potential across the meniscus. Moreover, the shape of the
relaxation curves can provide additional insight into the nature of the underlying
processes. While adopting a 1eV:V scale of the KE axis and Eyw g is intuitive,
aligning the absolute values is less so. Figure 6.3 show two different alignments
in a) and b) with the former aligning the two axis at the constant voltage. Due
to the higher noise level in the peak positions (Figure 6.3a), they were fitted
with a stretched exponential function for clarity. When plotting all time-resolved
measurement together, like in Figure 6.3b, only the first constant voltage step
at 2.5 V has been aligned with the corresponding initial peak positions. This
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Figure 6.3: a) The position of the fitted C-O peaks, and a stretched exponential
function fit of the peak positions are plotted together with the corresponding voltage of
the WE, Ewg as the commercial electrolyte cell was released from 1.1 V. b) The cell
current between WE and CE during the experiment. ¢) The exponential fit of the C-O
peaks as the cell is stepped from constant voltage (i) to relaxation (ii) (solid lines). The
corresponding Ew g is plotted in the same colour (dotted lines). The two axis have been
aligned at 2.5 V and are scaled 1 eV:1 V.

way, also deviations from the 1 ¢V /V trend become apparent in the figure as a
difference between the KE positions (solid line) and the EWE (dotted lines) in
the constant voltage set (grey shaded area in Figure 6.3b).

During the initial cycling step from the open-circuit voltage at approximately 3.0 V
down to 2.5 V, only minimal relaxation is observed in both the KE peak positions
and Ew g, indicating that the charge stored in the EDL remains largely unchanged.
As the voltage is further reduced from 2.0 V to about 1.1 V, both curves exhibit
clear relaxation toward higher KE and higher voltages. In this voltage range,
significant SEI formation is not expected, suggesting that the observed relaxation
originates from EDL self-discharge rather than surface passivation processes. The
observed behaviour here is similar to what is discussed in literature on the self-
discharge behaviour of double layer capacitors [121-123]. Charge redistribution
on the electrode surface may be a reason for self-discharge but is expected to
play a minor role here, as the glassy carbon WE is essentially without open
porosities [124]. We instead believe parasitic reactions involving minority species,
such as impurities, to be the more likely cause. Possible contributors to the
reactions include water reduction, reduction of solvent precursor such as 1,2-
propanediol, or reactions associated with trace HF formation from electrolyte

40



6.1. STUDYING RELAXATION BEHAVIOUR IN OPEN-CIRCUIT CONDITIONS

hydrolysis. These reactions would progressively discharge the EDL but slow in
rate as the electrostatic driving force decreases, consistent with the observed
flattening of the relaxation curves toward approximately 2 V. The shape of the
curves would also depend on the diffusion of these species and how quickly they
can move to the electrode surface to react.

Below 1 V| the relaxation behaviour changes noticeably. Both KE and Ewg
curves show a more abrupt initial response and faster stabilization, indicating
that different interfacial processes are taking place. This voltage range coincides
with typical SEI formation potentials, suggesting that electrolyte decomposition
and surface passivation dominate EDL discharge. After initial formation, the
passivating SEI would effectively prevent the previous parasitic reactions, no
longer causing a slow self-discharge. Below 0.7 V, deviations between KE and
FEw g increase, consistent with lithium intercalation into GC, which alters the
chemical potential of the WE and leads to deviations from the expected 1 eV/V
trend. At 0.3 V, no clear self-discharge is observed in the KE peak positions
because lithiation has shifted the WE chemical potential, establishing a new OCV
close to the applied voltage. As a result, the driving force for further discharge is
low. The step observed in the Ew g curve, but not in the KE data, is attributed
to an iR-drop across the cell, consistent with the increased current associated
with lithium intercalation in this voltage range. This can be seen in the current
data for the cell (Figure 6.3c), where the current increases significantly during
the 0.5 and 0.3 V voltage steps.

6.1.3 Deviations from 1 eV /V due to minority species.

With improved insight into what causes the relaxation behaviour in the model
battery system, the remaining unexplained deviations from 1 eV /V can be revisited.
In previous works, the high Li™ concentration in the electrolyte (1.0 M) has been
deemed sufficient to maintain a constant chemical potential of both ,u‘;:fi+ and
pet in the meniscus during cycling [8, 9]. While no free electrons exist in the
electrolyte, the electrochemical potential of an electron in the electrolyte can be
defined by the species involved in adding the electron to the electrolyte through
redox reactions [18]. In previous works, the relation u¢; = ¢, + /g has therefore
been used to motivate that if ,u‘;:fﬁ stays constant, so does u¢! [9]. However, this
assumption holds only if lithium is the sole redox-active species. Analysis of the
time-resolved relaxation data between 2.0 and 1.1 V shows EDL self-discharge,
and since this is above the expected onset for SEI, other processes needs to be
considered. This includes faradaic reactions with low-concentration impurities
such as water and 1,2-propanediol. In this same voltage range, deviations from
the ideal 1 eV /V scaling between electrolyte peak position and EWE are observed.
The consumption of low-concentration species, during parasitic reactions could
potentially generate local concentration gradients near the WE and within the
meniscus, violating the constant chemical potential assumption. As a result,
the electrochemical potential of electrons in the electrolyte would change locally,
leading to a deviation from 1 eV /V. This interpretation remains a hypothesis, and
further experiments are required to directly probe the concentration of minority
species and assess whether concentration gradients can develop on the relevant
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timescales.

6.2 Comparison of in situ and operando protocols

Chapter 4 discussed several possible sources of deviations from the ideal 1 eV/V
trend, some of which may arise from meniscus shape and stability rather than stem-
ming from electrochemical effects at the interface. In Paper I, it was shown that
time-resolved measurements provide deeper insight into interfacial mechanisms
compared to KE vs. applied voltage plots alone. Time-resolved measurements
have also been used to investigate iR~-drops by correlating delays in KE shifts with
electrochemical currents [112]. These measurements, however, require withdraw-
ing the meniscus from the bulk electrolyte for longer periods of time, which could
compromise its stability. In Paper II, these aspects were therefore examined by
comparing the in situ protocol and the operando protocol to identify strengths,
limitations, and reliability of each approach.

6.2.1 Meniscus stability in APXPS measurements

The detailed spectra acquired during constant voltage holds can be directly
compared between the in situ and operando protocols. In Paper I, where the
in situ protocol was used during the applied voltage step, the cells showed high
reproducibility across both self-mixed and commercial electrolytes, as well as for
different lithium salts. Figure 6.4a shows the shift of the C-O peak position as
the applied voltage between the WE and RE is stepwise decreased, comparing
LiTFSI in PC electrolyte cells, one self-mixed in situ and three operando cells, two
using self-mixed electrolytes of different concentration and one with a commercial
electrolyte. For both protocols, the detailed scans were taken 15 min after the
voltage was swept but the electrodes of the operando cells were pulled up from
the electrolyte bath before the voltage sweep. A guide to the eye is included in
the figure, indicating a slope of 1 eV /V.

As in Paper I, an expected behaviour of KE energy shifts as a function of constant
voltage is a (near) 1 €V/V slope until approximately 0.5 V, where intercalation of
the GC leads to a lower slope. Two cells deviate from the expected trend, most
notably the operando cell containing 0.5 M self-mixed LiTFSI electrolyte, where
increasingly large deviations emerge at lower voltages. For this cell, a GC signal
is visible in all spectra at 1515.5 €V (Figure 6.1b) indicating that a thin meniscus
is being probed. Notably, between OCV and 2 V, where the spectra most closely
follow the 1 eV/V trend, the relative electrolyte peak intensity compared to the
GC peak, is higher, indicating a slightly thicker meniscus than for lower voltages.
The operando cell with 1.0 M self-mixed LiTFSI also shows deviations, though
mostly in the 1.1-0.7 V range. Surprisingly, between 2.5 V and 1.1 V where a
small GC peak can be seen in the spectra (Figure 6.4c), the cell follows the trend
quite well despite the thin meniscus. At these voltages however, as shown in the
current data of Paper I, the current is low as it is before the onset of SEI and the
main contribution is the decomposition of impurities. Therefore deviations from 1
eV/V due to iR-drops in the meniscus are expected to be small.

The two remaining cells, the in situ self-mixed 1.0 M electrolyte and the operando
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Figure 6.4: a) The kinetic energy position of the C-O peaks as a function of constant
applied voltage, comparing data from both cells cycled in situ and operando and higher
(1.0 M) and lower (0.5 M) concentration electrolytes. b) Fitted Cls spectra of the
self-mixed 0.5 M electrolyte cell and c¢) of the self-mixed 1.0 M electrolyte cell, both
cycled with the operando protocol. The vertical lines show the position of the C-O peak,
which is plotted in a).

commercial 1.0 M electrolyte, follow the expected trend more consistently across
the probed voltage range. While the spectra are not included here but shown
in Paper II, no GC signals were detected in any of the spectra of these two
cells. Overall, measurements obtained with thinner electrolyte films, where the
electrode’s GC signal becomes visible, show greater scatter and reduced reliability,
suggesting that such conditions warrant caution. Nevertheless, subtle deviations
are observed in the voltage window between 2.5 and 0.7 V for the in situ and
operando commercial electrolyte cells despite no GC peaks being visible. The
in situ cell deviates slightly from the 1 eéV/V trend at higher voltages before
recovering below ~1.5 V, a behaviour which in Paper I was discussed to be due
to reactions involving minority species. In contrast, the operando commercial
electrolyte cell follows the ideal trend down to ~1.5 V before the slope decreases.
Disregarding the electrolyte composition, which in Paper IT did not appear to
influence this behaviour for the in situ protocol, the primary differences between
the in situ and operando protocols are (i) the duration for which the electrodes are
in a pulled-up state and (ii) the position of the WE as the voltage is applied. In the
operando configuration, the voltage is applied across a thin and potentially drying
meniscus, making iR-drops more significant, particularly as the current increases
during SEI formation. This could therefore explain the deviation from 1.5 V and
forward, an effect that was not observed for the in situ cell. Contrarily, in the
2.5-1.5 V region where the in situ cell showed a deviation but the operando did not,
it could be possible that for the operando cell the minority-driven reactions are
suppressed due to the iR-drop causing an lower effective voltage in the meniscus,
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reducing the driving force for such reactions. Therefore, no deviation would be
seen as currents are very small.

6.2.2 Factors affecting meniscus stability

From Figure 6.4a, it can be seen that out of the operando cells, the commercial
electrolyte behaved most like the in situ cell and followed the expected trend
more closely. A reason for this might be the quality of the meniscus. Images
showing the electrolyte meniscus of a 1.0 M self-mixed electrolyte cell at the end
of cycling can be seen in 6.5a. An image of the corresponding commercial 1.0 M
electrolyte meniscus can be seen in Figure 6.5b. With the self-mixed electrolyte,
small particles are visible on the surface, which we attribute to salt crystals.
These visible salt crystals were only detected after the electrodes had been dipped
multiple times and were not present in all self-mixed electrolyte menisci examined.
In contrast, however, no particles are observed for the commercial electrolyte
at any stage during the experiment. We therefore emphasise the importance of
thorough mixing and maintaining clean conditions to minimize dust and particle
contamination to achieve a reliable meniscus. In addition, solvent evaporation may
be enhanced by the differential pumping of the analyser nozzle, which affects an
area much larger than the X-ray beam itself and can lead to localised drying when
the electrode remains stationary. Images of these effects can be seen in Figure
6.5¢ and 6.5d. We therefore recommend that detailed scans also be performed
under continuous electrode motion to minimise meniscus drying and that when
not measuring, the analyser nozzle is kept away from the meniscus area to be
probed.

6.2.3 Mass transport in the meniscus

For the two cells that deviated most strongly from the expected 1 €V /V behaviour,
the self-mixed 1.0 M operando and self-mixed 0.5 M operando cells, time-resolved
measurements as the cells are stepped to 2.5 V, 1.3 V and 0.3 V are shown together
with the corresponding current response in Figure 6.6. Any differences in the
response of the KE positions compared to the current response, measured between
WE and CE, would mean that mass transport differs between the meniscus and the
bulk electrolyte in the cell, meaning there is increased resistance in the meniscus
leading to an iR-drop.

For the 1.0 M electrolyte, the time-resolved measurements show very close agree-
ment between the electrochemical current and the shifts in KE, with no detectable
delay for any applied voltage step. This indicates that mass transport limitations
and iR-drops in the meniscus are negligible under these conditions. The freshly
formed meniscus is expected to be relatively thick, and drying effects are min-
imal compared to those observed during detailed scans. Only a minor deviation
is observed near 1.3 V, which is attributed to local meniscus inhomogeneities
such as salt crystals or other debris as discussed previously. In contrast, the 0.5
M electrolyte exhibits a delayed KE response relative to the current at 2.5 V
suggesting the presence of an iR-drop and sluggish mass transport within the
meniscus even though the electrodes were pulled just seconds before the start
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Figure 6.5: a) A photograph of a GC electrode pulled up from a self-mixed electrolyte
cell in front the analyser nozzle. Some small particles of what is believed to be salt
crystals can be seen. b) A photograph of a GC electrode pulled up from the commercial
where no particles can be seen. c) The differential pumping between the analysis chamber
and the electron analyser will cause vapour to be pumped out through the analyser cone.
When the electrodes were left up for longer amounts of time, a dried spot could be seen
on the electrode. d) The drying effect of the cone could sometimes be seen when the
electrodes were pulled up, leaving a visible streak in the meniscus.
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of the time-resolved measurement. At the two lower voltage steps, the delay
between current and KE data is however smaller. This behaviour is unexpected,
as the cell current increases for lower voltages and larger iR-drops and stronger
mass-transport limitations would normally be anticipated. The detailed scans for
this cell recorded after the time-resolved measurements (Figure 6.4a and b) showed
deviations from the ideal 1 éV/V trend and revealed a GC signal, indicating a thin
or drying meniscus that could hinder ion transport. Despite these indications,
clear iR-drop-related delays are not observed at lower voltages. Additionally, the
KE shifts for the 0.5 M electrolyte are smaller than those for the 1.0 M electrolyte
at comparable voltages, suggesting that mechanisms beyond iR-drops contribute
to the deviations. Increased noise and and bumps in the KE data shown for the
0.3 V voltage sweep could stem from salt crystals or debris, though the exact
origin remains unclear.

Overall, these results highlight the importance of time-resolved measurements,
which provide insights beyond the detailed scans and help distinguish between
iR~drop effects and other interfacial processes. It is therefore beneficial to employ
both in situ and operando approaches: first to compare detailed steady state
scans, and subsequently to use time-resolved operando measurements to rule out
iR~drops as the origin of the observed deviations, further strengthening hypotheses
about 1 eV/V deviations.
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Chapter 7
Conclusions and outlook

This thesis discusses the dip-and-pull method of ambient-pressure X-ray photo-
electron spectroscopy and its application to measurements of model lithium-ion
battery systems. In this concluding chapter, I summarise the main results and
conclusions from Paper I and Paper II, place them in context from my own
perspective, and discuss experiments that I consider particularly interesting to
pursue in order to move the science forward.

A technique based on self-discharge and relaxation of the EDL has been developed
that enables detecting the onset of SEI formation on the negative electrode.
Previously, this has not been possible using APXPS measurements of a thick
electrolyte meniscus. By applying time-resolved measurements, more detailed
insight into the kinetics at the electrode/electrolyte interface can be obtained,
even without directly probing the underlying electrode. The results show that
SEI formation passivates the carbon negative electrode and suppresses parasitic
reactions at the electrode surface. With an improved understanding of the different
kinetic regimes of the electrode/electrolyte interface, deviations from the expected
1 eV/V relationship between shifted electrolyte peaks and the applied voltage can
be analysed in greater detail.

We proposed a hypothesis that the electron chemical potential in the meniscus
cannot always be treated as constant when interfacial reactions are strongly
influenced by minority species in the electrolyte. This situation may occur at
voltages where the main electrolyte components, salt and solvent, have not yet
begun to undergo reduction to form an SEI. This hypothesis is used to explain
small deviations from the expected 1 eV /V relationship that cannot be accounted
for by simple iR-drops in the meniscus. However, no chemical analysis has
been performed to determine how large the concentration of such impurities
would need to be for this effect to become significant. It therefore remains unclear
whether consumption of minority species would noticeably alter the overall electron
chemical potential. Future work could investigate systems with controlled amounts
of impurity species, such as water, and correlate these concentrations with the
extent of SEI formation at different stages. It should also be noted that the overall
electrolyte volume in the APXPS electrochemical cells is large and only a small
fraction of that is present in the meniscus, which may lead to locally different
concentrations compared to the bulk electrolyte.

To better understand how meniscus thickness, stability, and electrode position
influence kinetic energy shifts and electrochemical potentials, experiments were
also performed comparing operando and in situ measurement protocols. These
protocols differed in the time that the electrodes were pulled from the electrolyte
and if the electrodes were in the pulled state when the voltage was applied. The
results show that thinner menisci are associated with less reliable measurements,
consistent with previous expectations [112]. In addition, and less well understood,
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is the observation that iR-drops may not always be the main cause of deviations
from the 1 €V /V relationship in very thin menisci. I believe that iR-drops
have often been the most convenient explanation for such deviations. However,
time-resolved measurement techniques enable a more nuanced analysis of these
effects. The papers included in this thesis clarify the available experimental options
for APXPS measurements on battery systems and aim to assist researchers in
selecting dip-and-pull methods that best match their specific research questions.
Potential challenges associated with probing thin menisci are also identified, along
with strategies to mitigate these issues through appropriate electrolyte selection
and measurement design.

As a final outlook, since the measurements presented here probe the thick electro-
lyte well outside of the electric double layer, the exact shape of the electrostatic
potential profile remains unknown. The original motivation for introducing the
voltage relaxation approach was to investigate the evolution of the potential profile
as the SEI was formed on the electrode, and which effects that could potentially
have on the kinetics of the chemical reactions. Although this was not achieved
in the present work, I remain interested in whether the technique still could be
used to detect the profile and if the same electrochemical potential gradients,
measured to exist between the SEI and electrode in post-mortem XPS measure-
ments on graphite electrodes [6, 81|, can still be measured when electrolytes are
present. One possible experiment could involve intentionally drying the meniscus,
gradually exposing and probing the SEI. Perhaps this could provide insight into
how this layer influences electrochemical potentials at the interface. It would
also be valuable to model electrochemical potentials using molecular dynamics
and density functional theory and to connect these simulations with APXPS
measurements. Such combined approaches may help predict how spectral peaks
are expected to shift under different applied voltages and enable more detailed
peak analysis.
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