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Abstract
To enable the continued development of better batteries, it is crucial to improve the
understanding of what happens inside the batteries during operation, especially at the
electrode surfaces. For this, operando and in situ ambient pressure X-ray photoelectron
spectroscopy (AP-XPS) battery studies have been utilized. However, these studies are
performed in open beaker cells, where the electrodes are separated by ∼1 cm. Large
separations between the electrodes has been found to result in distinct electrochemical
behaviour of the cell compared to closely spaced electrodes in a coin cell. In this work, a
new sample holder for AP-XPS at the HIPPIE beamline at MAX IV has been designed
that places the electrodes side-by-side, only separated by ∼1 mm. This setup has then
been compared to the currently used sample holder at HIPPIE, where the electrodes are
placed 14 mm apart. The influence of these two electrode placements on electrochemical
processes, surface composition, and resistances are investigated through in-house gal-
vanostatic cycling, XPS and electrochemical impedance spectroscopy (EIS) experiments.
This has been done by designing and 3D printing in-house sample holders that give the
same electrode placement as those designed for the HIPPIE beamline. The electrodes
of coin cells were also investigated to compare the performances of the beaker cells to a
more more realistic commercial battery. The experiments were carried out on commercial
lithium iron phosphate (LFP) and graphite battery electrodes, in a 1M LiPF6 in ethy-
lene carbonate/diethyl carbonate electrolyte. EIS measurement were carried out after the
open-current voltage had stabilized, followed by a single galvanostatic charge-discharge
cycle at C/10. XPS was then performed on cycled as well as on pristine electrodes. The
results show differences in the electrochemical processes in the beaker cells compared to
the coin cells, where the discharge capacity was smaller for the beaker cells indicating
some irreversible reactions. Furthermore, the result also indicate that the resistances in
the cells get larger when the distance between electrodes grows. While the electrode
placement has a negligible affect on the surface composition of the LFP electrodes, the
composition of the graphite electrodes varies substantially, with the largest difference still
being between the coin cell and beaker cells. From this work, it can therefore be con-
cluded that while the newly designed side-by-side electrode placement seems to reduce
the overall cell resistances, it can’t be concluded that there are any differences between
the electrochemical performance and surface composition of the electrodes between the
two beaker cells. Differences can however be seen for the electrochemical performance and
surface composition of the graphite for the coin cells in comparison to the beaker cells.
This is possibly explained by the large difference in electrolyte volume, rather than elec-
trode placement. This work brings in situ AP-XPS studies a step closer to commercially
relevant battery operation with the side-by-side electrode design and shows that there are
differences between beaker cells and coin cells which should be considered when AP-XPS
is performed.
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Abbreviations

AP Ambient pressure
CE Counter electrode
CEI Cathode electrolyte interphase
EIS Electrochemical impedance spectroscopy
LIB Lithium-ion battery
LFP Lithium iron phosphate
RE Reference electrode
RSF Relative sensitivity factor
SEI Solid electrolyte interphase
UHV Ultra-high vacuum
WE Working electrode
XPS X-ray photoelectron spectroscopy
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Chapter 1

Introduction

During the past decades, the global electricity consumption has steadily increased and
has now reached well over 20 000 TWh a year [1]. Most of this electricity comes from the
burning of fossil fuels [2]. This causes carbon, that was previous trapped in the earths
crust, to be emitted as CO2 in our atmosphere. In turn, the increase of CO2 in our
atmosphere drives the climate change we are witnessing [3], [4].

To eliminate the need for fossils fuel and stop the emission of CO2, more renewable
energy sources, like wind and solar power, must be utilized for the electricity generation.
However, these renewable sources come with challenges. Renewable energy sources are
not dispatchable, meaning that these energy sources can’t provide energy on demand.
For example, wind turbines can only generate electricity when it is windy and solar
panels can only generate electricity when it is sunny. To solve this, and allow the share of
electricity generation from renewable sources to expand, better ways of storing electrical
energy for later use are required.

One technology that can be used to store energy is batteries. Batteries can convert
electricity to chemical energy when the generation of renewable electricity is higher than
the demand. When the demand instead is higher than the generation, the chemical energy
can be converted back to electricity. The batteries of today are however accompanied
with challenges like capacity loss and thermal runaways. By improving the performances
of batteries, the storage of renewable energy can be made more effective and safer in the
future.

To develop batteries with improved performances, a deeper understanding of the batteries
of today are required. One part of the battery that has a large impact of the performance
and property of the battery is the solid electrolyte interface (SEI) - a thin layer of
decomposed electrolyte between the negative electrode and the electrolyte. An improved
understanding of the composition and formation of the SEI and how this in turn af-
fect the performance of batteries would be able to guide the development of new batteries.

A technique that can be used to probe and analyse the SEI is ambient pressure
X-ray photoelectron spectroscopy (AP-XPS). This technique allows for dip-and-pull
experiments, where the electrodes are placed in an open configuration, usually ∼1 cm
apart. For these experiments, the electrodes are dipped down in a beaker of electrolyte.
The electrodes can then be pulled up from the electrolyte slightly, creating a meniscus
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that can be probed using AP-XPS. However, this configuration only allow for probing of
one electrode due to the separation of the electrodes. Furthermore, concerns regarding
how representative these cells are of realistic batteries, where the electrodes are pressed
together with just a thin separator in-between, are raised.

This thesis focuses on developing and testing a new setup that allows for probing of both
the positive and negative electrode using operando AP-XPS. This will be done by altering
the electrode placement in so called dip-and-pull experiments to allow for probing of both
the positive and negative electrode. The different cell configurations will then be studied
to see how the electrode placement affects the performance and resistance of the cell as
well as the surface compositions of the electrodes. The aim is to design a new sample
holder, with a side-by-side electrode placement, for the HIPPIE beamline at MAX IV and
answer the following research questions:

• How does the performance of an operando AP-XPS battery cell changes when the
electrodes are placed side-by-side as opposed to 14 mm apart? How does these
performances compare to the performance of a coin cell?

• How does the resistances in an operando AP-XPS battery cell change when the
electrodes are placed 14 mm apart and side-by-side respectively? How does these
resistances compare to the resistances in a coin cell?

• How does the chemical composition of the surface on the electrodes in an operando
AP-XPS battery cell changes when the electrodes are placed 14 mm apart and side-
by-side respectively? How does these chemical compositions differ in comparison to
the chemical composition of the surface of the electrodes in a coin cell?

The scope of this work only includes investigation of three electrode placements, one
where the electrodes are placed 14 mm apart ("stacked" placement), one where the
electrodes are side-by-side and one coin cell configuration. The work is also limited
to only one set of materials and the scope will therefore not include how different
battery systems are effected differently by the electrode placement. The material choices
themself, where foil electrodes are used, do also impose limitations since they are bendy.
Investigations of the electrode placement in the side-by-side configuration will therefore
not be done on electrodes as close together as would be possible with rigid electrodes.

In this thesis, the necessary information about batteries and X-ray Photoelectron Spec-
troscopy for battery studies will first be introduced in chapters two and three. This will
be followed by chapter four, where the studied setups will be described in detail. The
experimental method is then presented in chapter five, after which the obtained result
and associated discussion will be presented in chapter six. The final chapter of this thesis,
chapter seven, will conclude the main findings of this work and discuss the next steps for
this project.
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Chapter 2

Lithium-Ion Batteries

One type of battery that has become one of the most commonly used after they were
first introduce on the market in the early 1990s is the lithium-ion battery (LIB) [5]. They
are, for example, used for hand held devices, like phones and laptops, and in electrical
vehicles. The development of the LIB has been deemed very important and impactful,
which is illustrated by the awarding of the Nobel prize in chemistry in 2019 to John
B. Goodenough, M. Stanley Whittingham and Akira Yoshino "for the development of
lithium-ion batteries" [6].

LIBs use Li-ions as charge carriers through the electrolyte of the battery. The Li-ions
have a charge number of one, meaning that during operation a battery needs to move
one ion for every electron that constitute the electrical current used to power a load.
Lithium is a very light element and can easily give away electrons, meaning that LIBs
have high theoretical specific and gravimetric capacities, as well as a high cell potential [5].

2.1 Battery Operation
Batteries are electrochemical cells that can convert chemical energy to electrical energy
[7]. In a battery there are two electrodes with different electrochemical potentials that
are separated by an electrolyte, as illustrated in Figure 2.1a. The electrode with higher
electrochemical potential is referred to as the positive electrode and the electrode with
lower electrochemical potential is referred to as the negative electrode. The terms anode
and cathode are also commonly used for the negative and positive electrode, respectively.
These terms are however used inconsistently since the anode also refers to an electrode
that is oxidized and the cathode to an electrode that is reduced. For a battery, both
electrodes are both oxidised and reduced depending on if the battery is being charged
or discharged. Due to this inconsistency, the terms anode and cathode will not be
used further in this thesis. The electrolyte in between the electrodes is electronically
insulating, but still allows a charge to be conducted through the movements of ions.
When a battery is being discharged, electrons move from the negative to the positive
electrode through an external circuit, while ions move between the electrodes to keep the
charge neutrality and close the circuit. A common type of LIB is composed of lithium
iron phosphate (LFP) and graphite as the positive and negative electrode, respectively.
When the battery is charging, Li-ions leave the LFP, while at the same time, Li-ions
in the electrolyte intercalate into the graphite. The opposite happens during discharge,

3



which is illustrated in Figure 2.1b

(a) (b)

Figure 2.1: a) Working principle and components in a battery. b) Working principle
and components in a graphite-LFP LIB.

Even though LIBs are one of the most commonly used type of batteries, they still face
serious challenges. Among these, growth of Li on top of the negative electrode, as opposed
to intercalation, is one of the main ones [8]. These growths are called dendrites and can
lead to varies types of problems. First of all, so called "dead lithium" can form from
the dendrites [9]. This lithium is no longer in contact with the negative electrode and
can therefore not take part in the redox reaction in the battery. This leads to a loss of
capacity. Even more alarming, dendrites can cause a short circuit of the cell [10]. This
can in turn lead to thermal runaway and fires. To enable better and safer batteries in
the future, understanding the cause of these problems and finding solutions for them is
of utmost importance.

2.2 The Solid Electrolyte Interphase
The so-called solid electrolyte interphase (SEI) is a thin layer between the negative
electrode and the electrolyte, as depicted schematically in Figure 2.2 [11]. The SEI
forms primarily during the first charge cycle due to electrolyte decomposition [12], [13].
The layer is up to tens of nanometers thick and is usually thought to be arranged in
a "mosaic" structure with more inorganic species in the inner layer and more organic
species near the electrolyte [14]. When formed, a good SEI is insulating to electrons
but still allows ions to shuttle between the electrolyte and the negative electrode. This
ensures that the battery is still functional after the SEI formation. A similar layer of
electrolyte decomposition products is also found on the positive electrode, usually called
the cathode electrolyte interphase (CEI), although this layer is observed to be much
thinner than the SEI.

The composition of the SEI is of great importance to the performance of LIBs [15]. A
good SEI will protect the electrolyte from further decomposition and can even influence,
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and limit, the dendrite formation. To optimize batteries for safety, high capacity and
long cycle life, consideration of the SEI is crucial. Although we know the importance
of the SEI, there are aspects to its composition and formation that remain insufficiently
understood, especially in its in situ environment [16]. Gaining a deeper understanding of
the SEI and the SEI formation will therefore enable the further development of batteries
by informing material choices.

Figure 2.2: Schematic image of the mosaic structure of the SEI.
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Chapter 3

X-ray Photoelectron Spectroscopy on
Batteries

3.1 X-ray Photoelectron Spectroscopy
In 1921, the Nobel Prize in Physics was awarded to Albert Einstein for his explanation
of the photoelectric effect [17]. This effect describes how electrons absorb energy from
photons. If the energy of the photon is higher than the binding energy of the electron,
it is emitted from the atom. If the absorbed photon has a high energy, like X-rays, even
core electrons can be emitted, as is depicted in Figure 3.1a. After the emission of a core
electron, the atom relaxes to a lower energy state by having an electron from an outer
electron shell fall into the vacancy left by the emitted core electron. The excess energy
from the relaxation is either emitted as characteristic X-rays (Figure 3.1b) or transferred
to another electron that gets ejected from the atom and is known as an Auger electron
(Figure 4.1) [18].

(a) (b) (c)

Figure 3.1: Electron-photon interaction in matter. a) Emission of a core photoelectron.
b) Emission of characteristic X-rays during the relaxation after the emission of a core
photoelectron. c) Emission of an Auger electron during the relaxation after the emission
of a core photoelectron.

The photoelectric effect is used to analyse the surfaces of materials in X-ray photoelectron
spectroscopy (XPS). In XPS, X-rays of a known energy are irradiated on the sample
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surface, resulting in the absorption of photons and emission of core electrons from the
sample [19]. By measuring the kinetic energy of the emitted photoelectron, Ekin, the
binding energy of the electron, EB, can be calculated using

EB = Eλ − (Ekin + ϕ), (3.1)

where Eλ is the known X-ray energy and ϕ is the known work function of the spectrometer
used. The binding energies can then be used to determine the element present on the
sample surface.

To measure the kinetic energy of the emitted electrons, a hemispheric analyser is used,
which can be seen in Figure 3.2 [19]. When the sample is irradiated, the emitted
photoelectrons enter a lens-system where they are retarded and focused towards the
entry of the hemispheric analyser [20]. The hemispheric analyser has two concentric
hemispheres with different potentials. This creates an electric field within the hemisphere
that bends the path of the entering electrons. How much they are bent is determined
by their kinetic energy. Only certain trajectories hit the detector which is illustrated
in Figure 3.2, where each colour shows the trajectories that reach each photomultiplier
that is part of the detector. Electrons with more or less energy will be deflected too
much or to little in the the hemisphere to fit on either of those trajectories and can
therefore not be detected. This means that only electrons within a certain energy range
are detected. This energy range is defined by the pass energy. The pass energy is the
energy corresponding to the path with a radius of (R1+R2)/2, where R1 and R2 is the
radius of the inner and outer wall of the hemispheric analyser [21]. A lower pass energy
results in a better energy resolution. This is however accompanied by a lower signal
intensity since fewer electrons will hit the detectors.

To decide which energy ranges that are measured, the amount of which the electrons are
retarded is altered before the electrons enter the hemispheric analyser. This is done by
the electrostatic lenses. The electrostatic lenses shift the kinetic energy of the electrons
to the pre-selected pass energy, so together they define what energy range is measured.
The pass energy defines the size of the range, while the electrostatic lenses sweep the
kinetic energies through that range.

During the XPS measurements, the X-rays penetrate deep into the sample and photo-
electrons are subsequently produced throughout the bulk of the sample. However, it is
only the photoelectrons produced close to the surface that can escape the sample and
be detected. This is a result of the short inelastic mean free path of the electrons in
the sample, meaning that the average distance the electron travel before interacting
inelastically with the material is short. XPS is therefore a very surface sensitive
technique. How surface sensitive depends on the X-ray energy. Higher X-ray energies
produce photoelectrons with more kinetic energy, and these have a longer inelastic mean
free path compared to photoelectrons with less kinetic energy in the range of energies
relevant for XPS. Depending on the X-ray source, the probing depth can therefore vary
since it is approximated to be equal to three times the inelastic mean free path [21].
Usually, the probing depth is between 5 and 10 nm [22].

The obtained XPS-spectra show the number of electrons detected with a certain
kinetic energy, which gets converted to binding energy by equation 3.1 [19]. This
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Figure 3.2: Instrument used for XPS measurements.

means that peaks will show at binding energies corresponding to elements present
on the surface of the sample. Additionally, in the XPS spectra, different oxidation
states will shift the position of the peaks. This change of binding energy comes from
the change of effective charge felt by the electron [23]. For example, if a carbon
atom is bound to an oxygen or fluorine atom, some negative charge will be moved
away from the carbon. The remaining electrons will therefore feel a stronger positive
attraction to the atom core, resulting in a higher binding energy. This is what makes
it possible to analyse the chemical species, not just the elemental composition, using XPS.

Since the analyser only measures electron kinetic energies, irrespective of the process
generating the electrons, Auger electrons will also result in peaks in the spectra. But, as
opposed to the photoelectrons, these will be found at a constant kinetic energy instead
of constant binding energy for a certain element. This is however not just an unwanted
artifact. The Auger peaks will also give useful information about the material. For
example, in Cu, the oxidation state can be hard to determine without looking at the
shape of the Auger spectra [24]. The spectra will, apart from the photoelectron and
Auger peaks, also have a background originating from photo or Auger electrons that
have lost their energy in one or multiple scattering events [25]. If the X-ray light is not
monochromatic, photoelectrons emitted by bremsstrahlung can also contribute to the
background.

3.2 Ambient Pressure XPS
In XPS, the kinetic energy of the electrons emitted from the sample is used to determine
the chemical composition and environment of the surface of the sample. For this to work,
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the electrons need to reach the electron energy analyser without losing any of their kinetic
energy. This means that, traditionally, XPS has been performed in ultra-high vacuum
(UHV). In UHV, the electrons have a very low likelihood of interacting with remaining
gas particles and lose energy on their way to the electron energy analyser. Since the
size of the hemispherical analyser is in the order of decimeters, UHV is required in this
part of the system, otherwise the measured electrons would all go through scattering
events where the relevant information, the binding energies, would be lost. For systems
with liquid or gas phase components, the UHV environment is not viable since these
components would be pumped away. An alternative technique to UHV XPS can in these
instances be used instead: ambient pressure XPS (AP-XPS).

AP-XPS on liquid samples has been possible since the 70’s [26], and the technique has since
then been refined [27]. The technique relies on differential pumping where the pressure
incrementally gets lower in stages as the electron enters the lens system. This allows
for the pressure in the sample chamber to reach up to tens of millibars, while keeping
the pressure at the electron energy analyser at UHV. To minimize the interaction with
particles in the chamber, the sample is usually placed less than 1 mm from the analyser
nozzle and higher photon energies can sometimes be utilized to get a larger probing depth
that reaches through gaseous vapour.

3.3 Dip-and-Pull Experiments on Batteries
While AP-XPS removes the UHV constraints allowing liquid battery electrolyte to be
present in XPS measurements, further compromises need to be considered for performing
electrochemical cycling of a battery inside an AP-XPS instrument. In batteries, the
positive and negative electrodes are usually pressed together, only separated by a thin
separator that makes sure that the electrodes are not in electrical contact. With this
electrode configuration, the battery needs to be opened up to perform XPS measurements
on the electrode surface. Although these post-mortem studies of batteries can give a lot
of insight, so called "dip-and-pull" XPS experiments have been developed to study the
electrodes without disassembly [28]. For these experiments the electrodes are usually
stacked with a separation of over 1 cm as can be seen in Figure 3.3. The electrode
being studied, referred to as the working electrode (WE), faces the XPS analysis
nozzle while the counter electrode (CE) faces in the opposite direction. The reference
electrode (RE) are then placed in-between the WE and CE. During the experiment,
the electrodes are dipped in to the electrolyte. When they are pulled up again, a thin
electrolyte meniscus will form on the surface of the electrodes. This meniscus makes
it possible to continue the electrochemical operation while also taking XPS measurements.

The measurement protocol of dip-and-pull experiments can be designed differently
depending on the purpose of the experiment. Firstly, in situ measurements can be
performed. In these experiments, the charging/discharging of the battery takes place
with the electrodes in the dipped-down position, fully submerged in the electrolyte.
The charging and discharging is then paused and the cell voltage is held constant while
the electrodes are pulled up and measurements are performed. The electrodes are then
dipped down again to continue the charging/discharging. Another set of protocols
can be designed for operando measurements instead. During these measurements the
charge/discharge of the battery cell is performed in the pulled-up position at the same
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Figure 3.3: Setup for dip-and-pull experiments with working (WE), counter (CE) and
reference (RE) electrode.

time as the XPS measurements are performed. For these measurements, dipping of the
electrodes is only performed to renew the meniscus. The difference between an in situ
and a operando protocol can be seen schematically in Figure 3.4.

Since the thickness of the meniscus does not allow for photoelectrons originating in the
electrode to be easily detected when soft and tender X-rays are used, many dip-and-pull
studies monitor the potential difference of the interface between the electrode and
the meniscus [29]. However, direct probing of the electrodes has recently also been
performed [30], [31]. To enable these studies, the so called precursor film is chosen as the
measurement area. The precursor film is the area on the very top of the meniscus and
it is thin enough that photoelectrons produced from the electrode can be detected, but
it still keeps the electrode surface wetted. To be able to probe through the meniscus,
tender X-rays are used to ensure the probing depth is large enough for these experiments.

The dip-and-pull experiments are however accompanied by some unwanted artifacts, of
which one is the Ohmic drop parallel to the meniscus [32]. A dip-and-pull study in the
field of catalysis by Bernadette Davies et al. showed that a factor that could contribute
to the observed Ohmic drop is the electrode separation between the electrodes [33]. This
study utilized dip-and-pull experiments to investigate the carbon monoxide reduction
reaction on Cu(111) with electrodes placed side-by-side, less than 1 mm apart. With
this electrode placement, a common aqueous meniscus between the electrodes could
be observed. This setup resulted in a reduction of the length charge carriers must be
transported compared to the usual, stacked, placement. The study concluded that the
changed electrode placement, with a shorter charge carrier path, could limit the Ohmic
drop.

The reduction of electrode distance in the side-by-side configuration might also make the
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Figure 3.4: Illustration of the procedure of in situ and operando experiments.

dip-and-pull cells more comparable to realistic batteries regarding the SEI composition.
A previous study, investigating the effects of electrode distance in coin cells, found that
the chemical composition of the SEI on deposited Li does change with electrode distance
[34]. For the cell with an electrode distance of 0.5 mm, the composition was similar to
the standard coin cell, where the electrodes were only separated with a thin separator (25
µm electrode distance). However, for the cell with an electrode distance of 2 mm, the
surface film was thinner and had less C, O and P containing species. This suggests that
having an electrode distance of ∼0.5 mm could be preferred over larger distances to make
conclusions about the composition of the SEI in realistic batteries. However, since the
electrodes in a dip-and-pull cell are not facing each other in the side-by-side configuration
used by Bernadette Davies et al., these distance effects might not be completely resolved
by their proposed setup geometry. Such a geometry has not yet been tested for batteries.
To do this is the core topic of this thesis, which can be seen in the following chapters,
where the design of a new sample holder is described and the role of electrode placement
for operando AP-XPS battery studies is experimentally investigated.
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Chapter 4

Experimental Setup and Materials

4.1 Design of Sample Holder
To investigate the role of electrode placement in AP-XPS studies, the sample holder
used for these experiments at the HIPPIE beamline at MAX IV was re-designed. The
sample holder previously used has the electrodes in a stacked configuration, where the
WE and CE separated by 14 mm and facing in opposite direction to allow for AP-XPS
measurements as shown in Figure 4.1a.

The re-designed sample holder has to fit on the manipulator at the HIPPIE beamline.
This meant that the top part of the sample holder was kept the same, apart from one
dimension. The diameter of the hole where the manipulator is attached was made 0.5
mm larger for the re-designed sample holder. This decision was informed by the fit of the
stacked sample holder currently in use, where the fit to the manipulator was almost too
tight. The bottom part, where the mechanism for electrode attachment is, was changed
to facilitate a side-by-side electrode placement (see Figure 4.1b). The side-by-side
configuration allows for investigations of both the WE/electrolyte and CE/electrolyte
interfaces during the experiments.

Since the electrodes need to be very close to the analyser during the XPS measurements,
the decision to clamp the electrodes from the back towards the analyser nozzle was
made. This ensures that even if the electrodes are of different thicknesses, the distance
to the analyser is the same. This allows for probing of both electrodes by just moving
the sample holder in the plane perpendicular to the analyser tip.

The clamp holding the reference electrode is composed of two parts. These parts are
clamped together with the reference electrode in-between. The two joint parts can then
be attached to the main part of the sample holder. The removability of these parts allows
for easier access to the parts that clamp the positive and negative electrode to the main
holder.

4.2 Materials
To isolate the role of the electrode placement, commercial materials are used for all
experiments. The standardization and reliability of the commercial materials ensure the
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(a) (b)

Figure 4.1: Setups used for dip-and-pull AP-XPS experiments. a) Previous design with
a stacked configuration where the electrodes are placed 14 mm apart. b) New design
where the electrodes are placed side-by-side, 0.65 mm apart.

comparability between different cells. For the electrodes, coated foils were chosen to
enable the same materials to be used in both the beaker cells and in the coin cells.

For the positive electrode, Al foil coated with lithium iron phosphate (LFP), LiFeO4, from
Customcells® were used (product item no. 13123, batch K - 1482). This electrode had
a reported area capacity of 2 mAh/cm2. For the negative electrode, Cu foil coated with
graphite from Customcells® were used (product item no. 100000020). This electrode had
a reported area capacity of 2.4 mAh/cm2. The electrolyte used was 1 M LiPF6 in ethylene
carbonate/diethyl carbonate = 50/50 (v/v) from Sigma-Aldrich.

4.3 In-house Experimental Setup

4.3.1 Beaker Cells

To allow investigating the role of electrode placement, simplified laboratory sample
holders that gave the same electrode placement as in the two sample holders designed for
HIPPIE beamline were designed. These sample holders were made to stand on their own
inside a glovebox as shown in Figure 4.2a and 4.2b. As part of the holder, a stabilizer
for the electrolyte beaker (10 ml glass beaker) was also designed to minimize the risk of
accidentally tipping the beaker. The stabilizer can be seen in Figure 4.2c. The in-house
sample holders were 3D printed in PLA with 100% infill to minimize the risk of trapped
air that could contaminate the argon filled glovebox.

For the electrode preparation, the foils were first cut in to strips (0.8 x 5 cm), where only
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(a) (b) (c)

Figure 4.2: Set ups used for in-house experiments. a) Sample holder with a stacked
configuration where the electrodes are placed 14 mm apart. b) Sample holder where
the electrodes are placed side-by-side, ∼0.65 mm apart. c) Stabilizer for the electrolyte
beaker.

about 2/3 of it was covered with active material. The uncovered part made sure that
there was access to the current collector (the foil) from the front of the electrode. The
electrodes were then dried in vacuum at 110◦C.

During the assembly of the cells, the foil electrodes were placed on top of Al rods (0.8
x 5 cm) that worked as mechanical support to keep the foils in the right position. The
electrodes and Al rods were placed on the sample holder, and all parts were clamped
together using crocodile clamps. Due to the weight of the cables connected to the po-
tentiostat, connecting wires were used to bridge the gap between them and the crocodile
clamps on the sample holder. The electrolyte beaker and stabilizer were put on a spacer
(12 mm) that made the electrodes reach almost all the way to the bottom of the beaker.
When the electrodes were put in place inside the beaker, 7 ml of electrolyte was added,
submerging 1.36 ±0.1 cm2 of the electrodes. This mimics the dipped down position for
the electrodes in a dip-and-pull experiment. A large beaker (1800 ml) was lastly put on
top of the sample holder to limit electrolyte evaporation inside the glovebox. The setup
can be seen in Figure 4.3.

4.3.2 Coin Cells

The coin cell electrodes were punched into circles with a diameter of 13mm and dried in
vacuum at 110◦C overnight. The coin cells were then assembled using 100 µl electrolyte
and a glass fiber separator (Whatman). The coin cell components can be seen in Figure
4.4
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Figure 4.3: In-house beaker cell setup inside of a glovebox.

Figure 4.4: Components of a coin cell. During assembly, all parts are pressed together
and sealed with a hydraulic crimper.
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Chapter 5

Experimental Methods

To investigate how the electrochemical performance, resistances and surface composi-
tion of a battery are affected by the electrode placement, three experimental methods
were used: galvanostatic cycling, electrochemical impedance spectroscopy and X-ray pho-
toelectron spectroscopy. In this chapter, these techniques will be introduced and the
experimental procedures will be described in detail.

5.1 Galvanostatic Cycling
During galvanostatic cycling, the battery is being charged and discharged with a constant
current. The current is usually set to get a specific C-rate, meaning how many times the
battery can be fully charged or discharged in one hour given the theoretical capacity.
The cycles are often limited by an upper and a lower cut-off voltage that are set based
on the material properties. By monitoring how the cell voltage changes with the total
charge transfer over time, the practical capacity and capacity degradation of the system
can be studied. This allows for investigation of the cell performance.

For this thesis project, one cycle of galvanostatic cycling was performed at a C-rate of
about C/10 for all three cell setups. For the cycling, three different potentiostats were
used: a Gamry reference 600, a Scribner 580 battery test system and a Biologic VMP-3.
The lower and higher potential limits were 2.5 and 4 V, respectively. The area of the
electrodes submerged in the electrolyte was 1.36 ±0.1 cm2 for the in-plane and stacked
beaker cells, and ∼1.33 cm2 for the coin cells. The uncertainty in area for the beaker
cells is calculated from an estimate of how accurately the electrode could be placed.
However, more uncertainties are most likely present since non-submerged parts of the
electrodes are probably soaking up electrolyte and therefore contributing to the total
capacity. How much this contributes is however hard to determine, which needs to be
taken into consideration when analysing the data. Given the areal capacity of the LFP
electrode (2 mAh/cm2), the currents used for the experiment were 0.272 and 0.265 mA.
For the stacked electrode configuration, the cycling was performed at 0.265 mA instead
of 0.272 by mistake. This resulted in a C-rate of 10.264 instead of 10. The discrepancy
in C-rate is however thought to be so small that it does not impact the conclusions that
can be drawn from the results.
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5.2 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is a common technique used to study
the impedance of a system [35]. During (potentiostatic) EIS, the current response of
a varying voltage input is observed as a function of the voltage frequency [36]. The
obtained result is usually displayed in a Nyquist plot, where the imaginary part of the
impedance is plotted against the real part. The resulting plot is usually comprised of
one or multiple semicircles. The size and position of the semicircles are related to the
impedance of the system. For a simple system, showing only one semicircle as in Figure
5.1b, the equivalent system can be represented by the parallel coupling of a resistance
and a capacitance in series with a resistance as in Figure 5.1b. In this simplified system,
the R1 resistance is usually related to the electrolyte, while the R2 resistance is related
to the charge transfer.

(a) (b)

Figure 5.1: The EIS behaviour (a) of the corresponding equivalent circuit (b).

For this work, EIS was performed with a Biologic potentiostat for the coin cell and a
Gamry reference 600 for the beaker cells. The electrodes were left at OCV for 4 hours
before measurement. The measurements were done at frequencies between 1 M Hz and
100 mHz in steps of 10 points per decade and 5 measures per frequency. The applied
potential was sinusoidal around the OCV with an amplitude of 10 mV.

5.3 X-ray Photoelectron Spectroscopy
To study the chemical composition of the electrode surfaces, post-mortem XPS was
performed on the positive and negative electrodes for the three cell setups. Before mea-
surement, the electrodes were cycled using the galvanostatic cycling protocol described
in section 5.1. For the two in-house beaker cell setups, ∼3x8 mm2 pieces of the LFP and
graphite foils were cut off and washed in 2 ml of dimethyl carbonate (DMC) by submerg-
ing and stirring the foils for 1 minute. The foils were then attached to the XPS-sample
holder using conductive copper tape. The coin cell electrodes were also cut into ∼3x8
mm2 pieces, after which they were rinsed with 1 ml DMC and attached to the XPS-mount
using copper tape. Pristine LFP and graphite foils were also cut and attached in the same
way, but without any washing. These were then used as references for the cycled material.
The electrode pieces were left to dry in the argon filled glovebox and then transferred
to the XPS analysis chamber using an air-tight transfer vessel to make sure they were
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kept under inert conditions during the entire transfer process. After the transfer, the
load lock was pumped overnight before the sample was introduced to the analysis chamber

For the XPS measurements, a PHI Versaprobe III XPS was used with a Al Kα X-ray
source (monochromatic, 1486.6 eV). Spectra were acquired for the F 1s, C 1s, O 1s, P
2p and Li 1s core levels for the graphite and the F 1s, C 1s, O 1s, P 2p, Li 1s and
Fe 2p core levels for the LFP. The pass energy for these measurements was 55 eV. A
survey spectrum was also acquired with a pass energy of 224 eV for all samples to detect
potential contaminants. For all measurements the step size was 0.1 eV with a time of 20
ms per step, the X-ray power was 50 W and the X-ray spot was 200 µm. Binding energy
calibration and referencing was not altered for the system.

18



Chapter 6

Results and Discussion

This chapter presents the result of the experiments performed during this project. The
results are also analysed and discussed to answer the formulated research questions of
how the electrode placement affects the electrochemical performance and resistances of
the cells as well as the surface composition of the electrodes.

6.1 Galvanostatic Cycling
Galvanostatic cycling allows to compare the capacities as well as the charge and discharge
potential curves for the different cells. The capacity performance of all studied cells can
be seen in Figure 6.1. The two beaker cells perform somewhat similar while the coin cells
have a larger capacity, both regarding charge capacity in relation to theoretical capacity
and discharge capacity in relation to the charge capacity. It can also be noticed that the
coin cell performance varies less between different cells since all four of the data points
from the coin cells overlap.

The discharge capacities of the coin cells are at over 80% of the charge capacity, while
the beaker cells have only retained about half of the charge capacity for the discharge.
All cells have a lower discharge capacity compared to charge capacity in the first cycle.
This is, to some degree, expected to be a result of the SEI formation [37]. However, the
degree of capacity loss in the beaker cells indicates additional irreversible reactions.

The voltage curves for one cell of each configuration can be seen in Figure 6.2. All
measured voltage curves can also be seen in Figure A.1-A.3. The shape of the potential
curves during the charge and discharge looks similar between the two beaker cells, but
differs in some ways compared to the coin cell. One noticeable difference is that there
is a voltage peak before the longer plateau during the charge cycle (at about 2 hours of
charging) for the beaker cells that is not present for the coin cell. This peak could be
related to the nucleation of a new phase in the beaker cell electrodes, more specifically
to a high activation energy for the phase nucleation of the transition LiFePO4 →FePO4

[38], [39], [40]. Since this peak is not present for the coin cell, the nucleation of FePO4

does not seem to require as much activation energy in these cells. The difference in
transition pathway due to the higher activation energy in the beaker cell can potentially
cause irreversible reactions [41]. This could therefore contribute to the low discharge
capacity observed in the beaker cells.
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Figure 6.1: Comparison of the discharge capacity in relation to charge capacity and
the charge capacity in relation to theoretical capacity for the coin cell, side-by-side and
stacked electrode placement. Error bars are calculated from the uncertainty of the wetted
electrode area for the beaker cells (±0.1 cm2). Further uncertainties could be present
since the porous materials used could soak up electrolyte even in the parts that are not
submerged in the electrolyte. Notice that the data of the four coin cells are so similar
that their data points overlap.

Figure 6.2: Voltage curve during charge and discharge for the coin cell, side-by-side and
stacked electrode placement with a C-rate of ∼C/10. The charging curves start in the
bottom left and end in the upper right corner, while the discharge curves start in the
upper left and end in the lower right corner.
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Another difference between the voltage curves is the number of plateaus present for the
coin cell and beaker cells. For the coin cell, multiple distinct plateaus can be observed,
matching well with previous studies on intercalation/deintercalation of Li-ions in graphite
[42]. For the beaker cells, there is only one plateau. This could mean that other reactions
make the distinct plateaus less noticeable. It could also be that we only have one plateau
and that a large over-potential is seen when the next plateau is reached that makes the
voltage reach the cut-off voltage at 4 V. In this case, the first plateau is over 6 hours, which
means that the electrolyte must have wetted more of the porous electrodes to enable a
higher theoretical capacity than what was assumed by calculating the submerged area.
The differences observed could indicate that the electrochemical performance is affected
by the electrode placement. Since the differences are mainly observed between the two
beaker cells and the coin cell, other aspects, such as the open beaker cell or the difference
in electrolyte volume, could however also give rise to the differences in electrochemical
performance.

6.2 Electrochemical Impedance Spectroscopy
To investigate the role of electrode placement for the resistances in the different cells,
EIS has been performed in the frequency range between 1 MHz 100 mHz after 4 hours of
OCV. The EIS shows one semicircle followed by a tail for all cells, which can be seen in
Figure 6.3. The EIS can also be viewed individually for each cell in Figure A.4-A.6. It
can be noticed that the semicircle grows in size and moves to the right when the distance
between electrodes gets bigger. This indicate that the resistances are biggest in the
stacked configuration and smallest in the coin cell configuration. This could be further
supported by fitting the data to an R1 +C1/R2 equivalent circuit, as seen in Figure 5.1b,
coupled in series with a diffusion or Warburg component, W . The obtained parameters
from the fitting can be seen in Table 6.1.

The results show that both the resistance related to the electrolyte (R1) and the resistance
related to the charge transfer (R2) are significantly lower for the coin cell compared to the
beaker cells. Furthermore, between the beaker cells, the side-by-side configuration shows
lower resistances. The stacked configuration has more than twice the resistance for R1

and more than four times the resistance for R2 compared to the side-by-side configuration.

The results indicate that the electrode placement does affect the resistances of battery
cells. The low resistance of the coin cell could be a result of the small distance between
the electrodes, but also an effect of the pressure on the cell from the spring and casing.
Between the two beaker cells, the difference in the distance between the electrodes is likely
what causes the difference in resistances. However, this work has been performed with
a two-electrode setup where the negative electrode works as both counter and reference
electrode. This effectively means that the EIS has been performed with different reference
electrode placements in the different setups. Since the placement of the reference electrode
itself can influence the EIS, the difference in the reference setup can have altered the EIS
result [43]. To validate the result obtained in this work, EIS should therefore be performed
with a reference electrode placed close to the negative electrode for the beaker cells.
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Figure 6.3: Nyquist plot of the EIS data for the coin cell and the beaker cells.

Table 6.1: Resistances and capacitance obtained by fitting the EIS data to an R1 +
C1/R2 +W equivalent circuit for the stacked, side-by-side and coin cell configuration.

R1 [Ohm] R2 [Ohm] C1 [F]
Stacked 84.42 114.1 5.241 · 10−6

Side-by-side 32.5 28.31 20.65 · 10−6

Coin cell 4.392 2.98 13.32 · 10−6

6.3 X-ray Photoelectron Spectroscopy
To investigate how the cycling impacted the surface composition on the electrodes,
XPS was performed on both the positive and negative electrode in all cell configura-
tions. Additionally, XPS measurements were also performed on pristine graphite and LFP.

Survey spectra for the graphite samples are found in Figure 6.4 for all electrode
configurations as well as for a pristine electrode. From the survey, we can see that all
cycled cells show the same peaks at about 688, 530, 285, 138 and 57 eV, corresponding to
the presence of F, O, C, P and Li on all samples. However, the relative peak intensities
vary between samples, meaning that the elemental concentrations differ.

The elemental concentrations were calculated from the survey spectra as well as the
relative sensitivity factors given in Table A.1. The concentrations are presented in Figure
6.5. For pristine graphite, most of the signal comes from carbon which is expected
since the graphite itself is made up of carbon. Oxygen is also present on the surface.
The oxygen can come from the binder, although this can not be confirmed since the
manufacturer does not disclose the binder used in the data sheet. The oxygen can also
indicate that some contamination is present. Adventitious carbon species, which include
some oxygen, are a known problem for studies on surfaces [44]. This is because they are
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Figure 6.4: Survey spectra for pristine graphite as well as graphite cycled in the stacked,
side-by-side and coin cell configuration.

so common that they are hard to avoid. Because of this, they are a probable source of the
detected oxygen. This indicates that some of the carbon intensity is likely also due to con-
tamination. For the pristine graphite, small amounts of fluorine and phosphorus are also
found. These contaminations are, as opposed to the oxygen contamination, not expected.
The cause of it is likely environmental contamination from either the glovebox in which
the electrodes were mounted on the XPS sample holder or the XPS analysis chamber itself.

For the cycled electrodes in the stacked, side-by-side and coin cell configurations, the
surface composition changes compared to the pristine graphite electrode. It can be
observed that the stacked and side-by-side configurations result in a surface compo-
sition similar to each other. They both have large amounts of fluorine and lithium
and only ∼10% (atomic percentage) carbon and oxygen. For the coin cell, on the
other hand, carbon and oxygen make up over 40% and 20% of the total composition,
respectively. At the same time, the coin cell graphite electrode has significantly less
fluorine and lithium. This indicates that the graphite surface in the coin cell has
much more organic species in the formed SEI, while the beaker cells have an SEI with
more inorganic species containing lithium and fluorine. Another explanation for the
excess fluorine and lithium could be that it is from electrolyte salts that could not be
removed during the washing procedure. Phosphorus is not present in large amounts
on any of the samples, but shows the largest presence on the stacked beaker cell electrode.

For the LFP, the survey spectra can be seen in Figure 6.6. Here, peaks can be found
at about 710, 686, 285, 531, 136 and 56 eV, corresponding to the presence of Fe, F,
O, C, P and Li on the electrode surfaces. The different peaks show about the same
relative intensity for all cycled samples, indicating that the elemental concentrations are
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Figure 6.5: Mean atomic concentration of graphite for the stacked and side-by-side
beaker cell configurations, as well as for the coin cell configuration and pristine graphite.
Error bars show the standard deviation from measurements on different spots on the
sample.

about the same on all samples after cycling. The indication of small differences in the
elemental concentration between the cycled cells is further supported by Figure 6.7. The
differences between the different samples are smaller compared to the graphite samples.
As with the graphite, higher concentrations of fluorine can be observed for the beaker cell
configurations, but the difference is considerably lower. For the lithium, it is instead the
coin cell configuration that shows a slightly higher concentration. The compositions of
the cycled electrodes are also similar to the pristine LFP. This indicates that the surface
composition of the LFP does not change as much during cycling, compared to the graphite.

The LFP electrodes are made out of LiPFeO4, which stoichiometrically means that
the concentration of Li, P and Fe should be the same, while the concentration of O
should be about four times higher than the other elements on pristine LFP. This fits
with the measured concentrations of the F, Fe and O. However, the Li concentration is
almost ten times higher than expected. The reason for this is unknown, but a possible
explanation is that the Li is present to a greater extent on the surface compared to the
bulk. A significant carbon concentration is expected since carbon is included in the
binder and conductive carbon additive for the LFP electrodes [45]. However, similar
to the graphite, some of the carbon signal probably originates from contamination as well.

For further evaluation, detailed spectra of the C 1s, F 1s and P 2p core levels were fitted.
For the graphite spectra, seen in Figure 6.8, we find a peak in the C 1s spectrum for
pristine graphite at 284.5 eV, corresponding to graphitic carbon (sp2). We can also see a
peak at 285 eV for saturated hydrocarbons (sp3). At even higher binding energies (286,
289, 290 and 292 eV) we find evidence indicating increasingly higher oxygen coordinated
carbon, further supporting the existence of some contamination on the samples. The
binding energies of the peaks in F 1s (687 eV) and P 2p (doublet at 137 eV) match
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Figure 6.6: Survey spectra for pristine LFP as well as LFP cycled in the stacked, side-
by-side and coin cell configuration.

Figure 6.7: Mean atomic concentration of LFP for the stacked and side-by-side beaker
cell configurations, as well as for the coin cell configuration and pristine LFP. Error bars
show the standard deviation from measurements on different spots on the sample.

LiPF6 decomposition products, confirming that these species come from glove box
contaminations

For the cycled electrodes, we can see that the graphite peak in the C 1s spectra at about
284.5 eV decreases for the coin cell configuration and disappears almost completely for
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Figure 6.8: Fitted spectra for the C 1s, F 1s and P 2p core level for pristine graphite as
well as cycled graphite in the coin cell, side-by-side and stacked configuration. The coin
cell, side-by-side and stacked spectra were calibrated to have the C-C/C-H peak at 285
eV. For the pristine spectrum, no calibration was needed.

the two beaker cell configurations. The larger decrease for the beaker cells indicates that
the photoelectrons cannot get through the SEI/surface layer for the beaker cell electrodes,
meaning that we probably have a thicker SEI/surface layer on these electrodes compared
to the coin cell electrode. Furthermore, even though the concentration of carbon is similar
between the electrodes cycled in the two beaker cells, it can be noticed from the fitting
that the C 1s spectrum looks different. The side-by-side configuration has more species
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with higher binding energies, possibly corresponding to oxidized carbon (288, 290 and
291 eV) and species with C-F bonds (293 eV). The stacked configuration, on the other
hand, has more signal from the peak at 285 eV, corresponding to saturated hydrocarbons.
This could indicate differences in the surface composition. However, another possible
explanation is that the high energy signals from the side-by-side configuration originates
from charging of the sample.

For the F 1s and P 2p peaks on the cycled graphite electrodes, the fittings show slight
variations as well. For the coin cell electrode, the two distinct peaks are seen for the F 1s
core level at 685 and 687 eV, assigned to LiF and oxygenated salt decomposition product
(LixPOyFz), respectively. The two doublet peaks at about 137.5 and 135.5 eV for the P
2p core level, corresponding to bonding environments in the LixPOyFz, are also distinct
peaks.

For the stacked cell, the positions of the F 1s peaks are about the same as for the coin
cell, the LiF peak is however much smaller in comparison to the LixPOyFz peak. The
two peaks in the spectra are therefore no longer separated. The doublet peaks for the
P 2p core level have both moved to higher energies (137 and 138 eV, respectively) and
the ratio of the P-O peak is smaller than the P-F peak in comparison to the coin cell.
Since the binding energies are closer together compared with the coin cell, the two peaks
are not separated here either. For the side-by-side cell, a third peak emerges at about
688.5 eV for the F 1s core level in comparison to the coin and stacked cell. The high
energy suggests that this is caused by charging. This is consistent with the P 2p core
level, where the P-F doublet peaks are at higher energies (139 eV) compared to the other
cells. The P-O doublet peak is still at about 136 eV, which is about the same as for the
other cells. This suggests that the charging affects a phosphorous and fluorine containing
specie. A likely candidate is LiPF6.

For the side-by-side configuration, different spots also gave different spectra. The
spectra of the F 1s and P 2p core levels for two different spots on the same sample
can be seen in Figure 6.9. The peak at about 691 eV (688 eV peak with calibra-
tion) is significantly larger in spot 2 for the F 1s core level. A high energy peak
at 141 eV is also accompanying this large peak in spot 2, which is seen in the P
2p spectrum. This indicates that there is electronically isolated LiPF6 present on
the surface and that this LiPF6 is unevenly distributed. This can explain why the
concentration of Li and F is higher for the side-by-side beaker cell compared to the
coin cell. However, this does not explain this phenomenon completely since the stacked
cell also has a high concentration of Li and F while simultaneously not showing clear
signs of charged LiPF6. One explanation could be that the main peak, now labelled
as LixPOyFz, for the stacked cell originates from LiPF6 that does not experience charging.

The reason why charging was observed is not known. The graphite electrodes used for
this work were however observed to be very fragile and flaky and it is therefore possible
that parts of the electrode detached and became electronically isolated post cycling. It is
also possible that certain insulating species create parts that are electronically isolated.
To further evaluate this, re-doing the measurements on a graphite electrode cycled in the
side-by-side configuration could be done. This could also verify that the charging only
affects the dried LiPF6 and not other parts, like the organic species. This is important
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Figure 6.9: Fitted spectra for the F 1s and P 2p core level for two different spots on the
same graphite electrode cycled in the side-by-side configuration. The spectra are shown
without calibration of the binding energies.

since the C 1s spectrum of the side-by-side electrode looks different compared to the
coin cell and stacked cell, indicating that different species form with this configuration if
charging does not impact them.

The spectra and fits of the measurements on LFP electrodes can be seen in Figure
6.10. For the C 1s core level, the spectra of the cycled LFP look very similar to
the spectrum of pristine LFP. At 284.5 eV, a peak corresponding to sp2 carbon is
seen, probably originating from the conductive additives of the electrode. At higher en-
ergies (285, 287 and 289 eV), saturated hydrocarbons and oxidised carbons are also found.

For the pristine LFP electrode, some differences can be seen for the F 1s and P 2p
core levels compared to the cycled electrodes. Only one doublet peak can be found on
the LFP electrode for the P 2p core level, located at 134 eV. This peak corresponds to
LiFePO4. For the F 1s core level, the signal is too small to distinguish from the noise.
After cycling, a second doublet peak appears at 136.5 eV alongside the LiFePO4 peak
for the P 2p core level. This peak is attributed to a P-F bond, which agrees with the
emerging peak at 686 eV in the F 1s spectra. The three different cell configurations for
the cycle cells look similar for all core levels, indicating that the electrode placement does
not affect the surface composition of the LFP.
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Figure 6.10: Fitted spectra for the C 1s, F 1s and P 2p core level for pristine LFP
as well as cycled LFP in the coin cell, side-by-side and stacked configuration. The coin
stacked spectra was calibrated to have the C-C/C-H peak at 285 eV. For the pristine coin
cell and side-by-side spectra, no calibration was needed.

In conclusion, graphite electrodes show higher concentrations of lithium and fluorine on
the surface if they are cycled in beaker cells compared to coin cells. The signal of graphite
is also lower for the beaker cells, indicating a thicker SEI/surface layer on the beaker cell
electrodes. For the beaker cells, there might be some differences between the stacked and
side-by-side configuration. However, this cannot be concluded based on this work alone
since charging is suspected for the electrode cycled in the side-by-side configuration. Fur-
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thermore, for the LFP no significant differences can be observed between the electrodes
cycled in different configurations. This means that it is possible that the electrode place-
ment affects the surface composition of the graphite, but not the surface composition of
the LFP. As with the electrochemical performance, the observed differences between the
two beaker cells and the coin cell could however be related to the open cell configuration
or the electrolyte volume as opposed to the electrode placement.
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Chapter 7

Conclusion and Outlook

This thesis project investigated the role of electrode placement in cells used for
operando and in situ AP-XPS experiments. This was done by comparing two beaker
cell configurations, with a side-by-side and a stacked electrode placement, as well as
a coin cell configuration. The galavanostatic cycling showed differences in the voltage
curves between the beaker cells and the coin cell which indicates different LFP phase
transition pathways. The lower discharge capacities of the beaker cells also indicate
an overall worse electrochemical performance for the beaker cells. Furthermore, EIS
experiments suggest that the resistances increase with distance between the electrodes
as the stacked electrode placement showed the highest electrolyte and charge transfer
resistance. However, it should be noted the measurements were carried out without a
reference electrode, which might affect the results. For the surface composition of the
graphite electrode, XPS measurements demonstrate that the electrodes cycled in beaker
cells have a higher concentration of salt-derived elements (F, P, and Li) and a lower
concentration of solvent-derived elements (C and O) compared to the coin cell electrode
after cycling. The differences in chemical species between the two beaker cells could not
be reliably compared due to unusual spectral shapes for the side-by-side cell possible
caused by differential charging. For the surface composition of the cycled LFP electrodes,
no significant differences can be observed between the different configurations. These
results show that is is possible that the electrode placement plays a role in the surface
composition of graphite. However, the observed differences could also be a result of the
difference in electrolyte volume. For the LFP, no differences could be observed between
the different cells during the first charge-discharge cycle.

The results of this work have shown that the electrode placement can possibly affects
the electrochemical reactions, electrode surface composition and resistances in LIBs.
However, other aspects could influence these results, such as the open cell configuration
of the beaker cells and the differences in electrolyte volume between the beaker cells
and the coin cell. This knowledge should be taken into account when dip-and-pull
experiments are performed. This work has also presented a new design for the sample
holder for dip-and-pull AP-XPS experiments that will enable measurements on both the
positive and negative electrode. The project has therefore contributed to the field of
AP-XPS by allowing for new AP-XPS experiments, where both the positive and negative
electrode can be probed. It has also contributed to the field by showcasing that the
results obtained with a dip-and-pull setup cannot necessarily be directly transferred to a
more realistic battery.
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To continue this project, EIS measurement with a three-electrode setup should be carried
out to validate the interpretation of the resistances. Furthermore, additional post-mortem
XPS on the graphite electrode in the side-by-side configuration should be performed more
carefully to confirm or invalidate the unusual spectra obtained previously. Future work
should also include investigating the performances of the beaker cell setups in a pulled-up
state. This should encompass testing if a common meniscus can be created in the side-
by-side setup. Finally, dip-and-pull experiments with the new sample holder should be
performed, both to compare its performance to the stacked sample holder and to utilize
its ability to probe both the positive and negative electrode.
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Appendix A

Supplementary Information

A.1 Galvanostatic cycling

Figure A.1: Galvanostatic charge/discharge of all coin cells. The charging curves start
in the bottom left and end in the upper right corner, while the discharge curves start in
the upper left and end in the lower right corner.
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Figure A.2: Galvanostatic charge/discharge of all beaker cells with a side-by-side elec-
trode placement. The charging curves start in the bottom left and end in the upper right
corner, while the discharge curves start in the upper left and end in the lower right corner.

Figure A.3: Galvanostatic charge/discharge of all beaker cells with a stacked electrode
placement. The charging curves start in the bottom left and end in the upper right corner,
while the discharge curves start in the upper left and end in the lower right corner.
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A.2 Electrochemical Impedance Spectroscopy

Figure A.4: EIS obtained with the coin cell configuration.

Figure A.5: EIS obtained with the side-by-side configuration.
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Figure A.6: EIS obtained with the stacked configuration.

A.3 X-ray Photoelectron Spectroscopy

Table A.1: Relative sensitivity factor (RSF) of different elements.

Element F 1s O 1s C 1s P 2p Li 1s Fe 2p
RSF 3.23 2.36 1 1.91 0.0883 2.686
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