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Abstrakt

In dieser Arbeit werden die elektronischen und chemischen Strukturen von Fe,Ni(O,0H),-
Dunnschicht-Elektrokatalysatoren in Abhangigkeit von ihrer Zusammensetzung und im
Zusammenhang mit der Sauerstoffentwicklungsreaktion (OER) in alkalischen Medien untersucht.
Ziel der Studie ist es, zu verstehen, wie die elektronischen Zustande und chemischen Umgebungen
der Ubergangsmetalle und des Sauerstoffs durch Verdnderungen der Zusammensetzung und
elektrochemische Behandlung beeinflusst werden, die fur die Bestimmung der katalytischen
Aktivitat der Materialien verantwortlich sind. Zur Untersuchung der Katalysatoren sowohl an der
Oberflache als auch im Volumen wurde eine Vielzahl von spektroskopischen Techniken eingesetzt,
darunter Photoelektronenspektroskopie und Rontgenspektroskopie, wie z. B.
Weichrontgenabsorptions- und Emissionsspektroskopie sowie Hartrontgen-
Photoelektronenspektroskopie.

Die Charakterisierung der hergestellten Filme zeigte, dass mit steigendem Fe-Gehalt sowohl fur Fe
als auch fur Ni ein hoherer Oxidationsgrad zu beobachten war, zusammen mit einer starkeren Fe-O-
Ni-Kovalenz. Das Zusammensetzungsfenster von 10-20 at. % Fe wurde als kritischer Punkt in der
Probenreihe identifiziert, an dem die chemische Struktur signifikante Veranderungen durchlauft.
Dieser Bereich fallt auch mit der maximalen elektrokatalytischen Effizienz zusammen, was auf
einen direkten Zusammenhang zwischen der sich entwickelnden elektronischen und chemischen
Struktur und der katalytischen Aktivitat hindeutet.

Eine vergleichende Analyse von Proben mit derselben chemischen Zusammensetzung vor und
nach der OER deutete auf eine Anreicherung von Fe an der Oberflache nach der OER hin, was eine
Neuordnung der Bindungsumgebungen von Fe, Ni und O an der Oberflache impliziert. Auch die
Sauerstoffumgebung scheint sich zu verandern, wobei die spektralen Merkmale eher oxidahnliche
Eigenschaften aufweisen. Die Ergebnisse deuten auf ein Modell hin, bei dem Sauerstoff als
Koordinator zwischen den Ubergangsmetallen fungiert und deren Redoxaktivitat reguliert sowie
eine Rolle bei der Stabilisierung katalytisch aktiver Konfigurationen spielt.

Im spateren Teil der Arbeit wird Gber den Entwurf und die Entwicklung einer vakuumkompatiblen
operando-Elektrochemiezelle berichtet, die in situ und operando-
Weichrontgenspektroskopieuntersuchungen unter angelegter elektrochemischer Spannung
ermoglicht. Vorlaufige Offline-Tests haben die Funktionsfahigkeit der Zelle unter beamline-
ahnlichen Bedingungen bestatigt.

Zusammen bilden die aus den spektroskopischen Untersuchungen gewonnenen Erkenntnisse und
die Entwicklung der beamline-kompatiblen Operando-Zelle eine solide Grundlage fir weitere In-
situ-Untersuchungen, die eine Echtzeitbeobachtung der durch die OER induzierten
mechanistischen Veranderungen ermaoglichen.



Abstract

In this thesis, the electronic and chemical structures of Fe;Nii«(O,0H), thin film electrocatalysts are
investigated as a function of their composition and in the context of the oxygen evolution reaction
(OER) in alkaline media. The aim of the study is to understand how the electronic states and chemical
environments of the transition metals and oxygen are influenced as a result of changing composition
and electrochemical treatment, which are responsible for determining the catalytic activity of the
materials. A broad variety of spectroscopic techniques, including photoelectron spectroscopy and
X-ray spectroscopy, such as soft x-ray absorption and emission spectroscopy and hard x-ray
photoelectron spectroscopy, have been employed to study the catalysts, both at the surface and the
bulk.

Characterization of as-prepared films showed that with increasing Fe content, a greater degree of
oxidation could be seen for both Fe and Ni, together with stronger Fe-O-Ni covalency. The
compositional window of 10-20 at. % Fe was identified as a critical juncture in the sample series,
where the chemical structure undergoes significant changes. This region also coincides with the
maximum electrocatalytic efficiency, suggesting a direct correlation between the evolving electronic
and chemical structure and catalytic activity.

A comparative analysis of samples with the same chemical composition before and after OER
suggested Fe enrichment atthe surface post OER, implying a reordering on the surface of the bonding
environments of Fe, Ni, and O. The oxygen environment is seen to evolve as well, with spectral
features leaning more towards oxide-like characteristics. The findings point towards a model where
oxygen acts as a coordinator between the transition metals and regulates their redox activity, along
with playing a role in stabilizing catalytically active configurations.

In the later section of the thesis, the design and development of a vacuum compatible operando
electrochemical cell is reported, which enables in situ and operando soft x-ray spectroscopic
studies under applied electrochemical potential. Preliminary offline tests have confirmed the cell’s
operability under beamline-like conditions.

Together, the insights obtained from the spectroscopic studies and the development of the beamline
compatible operando cell lay a strong foundation for further in situ studies, enabling real-time
observation of mechanistic changes induced by the OER.
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1.1 Motivation

The world depends on fossil fuels as the primary source of energy and has done so for centuries. This
has resulted in a depletion of the fossil fuel reserves, and the continued release of greenhouse gases
such as methane, carbon monoxide and carbon dioxide have made it imperative to explore cleaner
and more sustainable energy options. These gases cause global warming which raises the
temperature of the earth’s surface as a result of greenhouse effect, becoming one of the leading
causes of climate change. Combustion of fossil fuels also causes air pollution, which directly
impacts human health through respiratory diseases. A combination of these effects has made it
essential to transition to alternative cleaner energy systems.

Hydrogen is one such promising alternative fuel and energy carrier. It can be used as fuel in
combustion systems or fuel cells to generate electricity. It can also serve as an energy carrier,
allowing for the storage and transport of electricity generated from renewable sources like wind and
solar. Production of hydrogen can be sustainably achieved via electrochemical water splitting,
commonly referred to as electrolysis, a process that uses electricity to split water into hydrogen and
oxygen.

The electrolysis process is a redox reaction, involving two half reactions: hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER). The former is the cathodic half of the electrolysis
reaction, where reduction results in the production of hydrogen and the latter is the anodic half
reaction, which results in the production of oxygen. OER is a challenging reaction, as it involves a
multi-electron transfer mechanism and is hence an energy intensive process. Theoretically, OER
should occur at a potential of 1.229 V vs Standard Hydrogen Electrode (SHE)", however, in reality
requires much higher applied potentials. The additional energy requirement is referred to as
overpotential, which results mostly from sluggish kinetics of the multi-electron OER process and the
several intermediates formed along the reaction pathway, that possess high activation energies. A
more detailed discussion highlighting the reasons behind the requirement of this overpotential is
presented in Chapter 2. The goal of developing an efficient electrocatalyst is to lower this
overpotential.

Currently, the most effective OER catalysts are based on noble metals such as iridium and platinum,
which are rare, expensive metals?. In laboratory scales, such catalysts are functional but challenges
arise when transitioning into large-scale, real-world applications. As a result, recent research has
focused on earth abundant transition metal oxides and hydroxides as probable OER catalysts*>%72,
Ni-based catalysts have shown promising activity as catalysts for HER in alkaline media®'®"2,
However, HER is a relatively less energy-intensive process as compared to OER and these catalysts
have unfortunatley not proven to be equally effective for OER. Eventually, it was discovered that
doping the same Ni-based oxides and hydroxides with iron leads to drastic improvement of their
activity as OER catalysts™'*'®, However, the precise mechanism by which iron enhances the
catalytic activity of these oxides and hydroxides remains unknown.

Several hypotheses have been suggested regarding the role of iron: enabling the formation of new
active sites, promoting a synergistic interaction between Fe and Ni centers, thereby stabilizing the
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higher oxidation states of both metals as and when they undergo oxidation. At the same time, the
stability of these catalysts remains a critical issue. Phenomena such as iron leaching, and structural
and compositional transitions between the different phases of these metals under operating
conditions can lead to degradation over time. A thorough understanding of the chemical and
electronic structure of the catalysts is thus important as without a proper understanding,
optimization of the catalysts will remain iterative rather than intentional. Throughout the rest of the
thesis, in several places, the chemical and electronic structure of the catalyst will be referred to as
simply “structure” to avoid redundancy.

To address this, in this thesis, soft and hard x-ray and electron spectroscopic techniques have been
used to study the behavior of FexNiix(O,0H), prepared by the Pennsylvania State University and
shipped to KIT, right after their synthesis, as well as after their participation in electrochemical water
splitting. The iron content (x) is systematically changed, to establish the correlation between
composition and catalytic behavior. The aim is to determine how iron incorporation affects oxidation
states, bonding environments, and overall catalyst structure. For the purpose of simplicity, the
material system is referred to as FENiOOH electrocatalysts.

A range of spectroscopic techniques have been used, each providing a different insight. X-ray
photoelectron spectroscopy (XPS) and hard x-ray photoelectron spectroscopy (HAXPES) provide
crucial information about the surface composition, oxidation states and chemical bonding
environments and how it changes after OER, x-ray absorption spectroscopy (XAS) probes
unoccupied electronic states and local coordination environments and x-ray emission spectroscopy
(XES) provides information about the occupied states, along with additional insight into metal-ligand
interactions.

Additionally, this work discusses the design and implementation of a novel operando
electrochemical cell, developed to enable in situ measurements under electrochemical conditions
at the synchrotron. The operando cell has been optimized to be implemented at the X-SPEC
beamline at the KIT-Light Source. Maintaining the integrity of the vacuum environment while
operating in a liquid environment is challenging, and the process of the development of the cell has
been addressed and discussed in detail.

The thesis is structured as follows:

Chapter 2 provides the theoretical background, introducing the spectroscopic techniques and
electrochemical principles relevant to the spectroscopic techniques relevant to the study of the
Fe«Ni:««x(O,0H), electrocatalysts. It also provides a brief survey of the nature and properties of several
electrocatalysts for water splitting9 and traces an evolution from the use of rare and precious metals
to more readily available transition metal based catalysts.

Chapter 3 describes the experimental setup, including details of the laboratory infrastructure,
beamline and associated instrumentation, synthesis and handling of samples as well as methods of
data analysis, and describes the pathway to the development of the synthesis protocol for the
samples studied in this dissertation.

Chapter 4 presents the spectroscopic characterization of the as-prepared FeNii«(O,0H),
electrocatalysts, establishing their initial chemical and electronic structure.
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Chapter 5 explores the evolution of the catalysts’ chemical and electronic structure and composition
post oxygen evolution reaction (OER), both at a surface level and within the bulk of the material.

Chapter 6 integrates the key findings of this work, providing an overarching summary and
interpretation.

Chapter 7 details the design, construction and preliminary testing of a novel operando
electrochemical cell developed to be implemented at the X-SPEC beamline at the KIT Light Source,
for in situ and operando studies.

Finally, Chapter 8 concludes with a summary of the research outcomes.
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2 Theory and Background of Methodology and Material Systems

In this Chapter, the fundamental concepts of spectroscopic techniques and electrochemistry
pertaining to the study of transition metal electrocatalysts studied through the course of this work
will be discussed. To fully understand the involvement of these transition metals in electrolysis, itis
essential to develop an understanding of the electrochemical aspects of the reactions as well as the
materials themselves. Crucial insight can be gained with the help of these techniques such as XPS,
HAXPES, XAS and XES, which shall be talked about in the following sections.

2.1 Spectroscopic Methods

2.1.1 Electron Spectroscopies

One of the most common and powerful techniques to study the electronic and chemical structures
of materials is photoemission spectroscopy (PES). The underlying photoelectric effect was initially
observed by Heinrich Hertz in 1887, the phenomenon was further investigated by William Hallwachs
and others, leading to the realization that light induces the emission of negatively charged particles
from metal surfaces’®. Albert Einstein’s groundbreaking work provided the theoretical foundation for
the photoelectric effect, introducing the concept of photons and establishing the relationship
between photon energy and emitted electron kinetic energy. This discovery led to him winning the
Nobel Prize in Physics in 1921". Subsequent experimental verification by Robert Millikan and others
provided strong evidence supporting Einstein’s explanation for the photoelectric effect. The
photoelectric effect can be observed when an incident photon transfers its energy to an electron,
allowing it to overcome the material’s work function and escape into the vacuum. PES is s direct
implementation of this effect, which results in the emission of photoelectrons, when the investigated
material is irradiated with x-rays. The kinetic energy of the emitted photoelectrons, with respect to
the vacuum level can be given by the following expression:

Exin = hv — Epin — ¢ (2.1)

where hv is the x-ray photon energy, E;;, is the binding energy of the electrons and ¢ is the work
function of the sample. Figure 1 shows a schematic representation of the photoelectron effect.
However, in practical photoelectron spectroscopy, since the sample and the spectrometer are in
electrical contact, the measured kinetic energy is referenced to the analyzer’s work function, as
explained in Section 2.1.1.1
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Figure 1: The photoelectric effect: an electron is ejected from the core level (1s in this example), and a photoelectron is
emitted into the vacuum. For the purpose of simplicity, the spin-orbit splitting of the 2p level is not shown.
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2.1.1.1 X-ray photoelectron spectroscopy

While photoemission spectroscopy (PES) provides valuable insights into the electronic structure of
materials by analyzing emitted electrons, its probing depth and accessible electronic transitions
depend on the energy of the incident photons. X-ray photoelectron spectroscopy or XPS is a direct
application of the photoemission process, and thereby the photoelectric effect. X-ray photoelectron
spectroscopy (XPS) was originally known as Electron Spectroscopy for Chemical Analysis (ESCA)
and was first developed by Kai Siegbahn and his group in Uppsala, Sweden in 1950s-60s'®. XPS
typically uses lower photon energies (soft x-rays, 200-2000 eV) to eject photoelectrons with high
surface sensitivity. In contrast, higher photon energies (hard x-rays, greater than 2 keV) can be used
to probe deeper into materials, which then would be referred to as hard x-ray photoelectron
spectroscopy (HAXPES).

The interaction between an electron’s intrinsic spin and its orbital angular momentum (L#0) results
in a phenomenon known as spin-orbit splitting, which causes some energy levels to split into two
distinct levels, forming a doublet’. This can be observed in orbitals with non-zero angular
momentum, which are p, d, f and so on. The total angular momentum of these two distinct levels is
denoted by j and can take two different values. For instance, for an electron that belongs to the 2p
orbital, the possible values of j are 1/2 and 3/2. This results in two peaks in the spectra and their
intensity ratio can then be determined following the 2j+1 rule. For the split states of the 2p orbital
thus, the intensity ratio of the peaksis 1:2, for d levels itis 2:3 and for f, 3:4. For simplicity, the 2p level
shown in Figure 1 is shown without the spin-orbit splitting.

For XPS as well, the kinetic energy of the emitted electrons can be determined by Equation (2.1). In
the equation, the work function refers to that of the sample (¢,), but the instrument itself has a fixed
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work function, ¢;. Since the sample and instrument are in electrical contact, a contact potential
difference, ¢ — ¢; arises between the two, for equalization of the Fermi levels (£7). The Fermi level
is the highest energy level electrons are capable of occupying at 0 Kin metals. In semiconductors, it
serves as a statistical reference point to describe the distribution of electrons while in insulators, it
does not physically correspond to an accessible energy level within the materialitself. Owing to these
differences, the Fermi level is a useful concept for distinguishing between metals, semiconductors
and insulators. Although photoemission is referenced to the vacuum level of the sample in theory, in
practical measurements, the analyzer’s work function is used as a calibration factor, which corrects
the measured kinetic energy such that the binding energies can be reported relative to the Fermi level
of the sample.

The recorded kinetic energy, with respect to the vacuum level, is therefore given by the slightly
modified version of equation (2.1):

Exin = hv — Epin — ¢; (2.1a)

This indicates that the data obtained from XPS measurements are independent of the sample’s work
function and rather are related to the instrument’s work function. This is a constant value, which gets
accounted for during calibration.

Spectral intensity, even though measured as a function of kinetic energy of the photoelectrons with
respect to the vacuum level, I(Ey;y,) initially, is converted to binding energies relative to the Fermi
level (£ using equation (2.1) which is defined as zero binding energy. The resulting spectrum,
[(Epin), provides material-specific binding energies, enabling the identification of elements in the
material.

Generally, XPS is used for measuring solids in several forms such as single crystals, powders and thin
films. These solids can be metals, semiconductors or insulators. However, since XPS requires
sufficient sample conductivity, measuring insulators poses challenges due to the buildup of surface
charge. Such charging effects can cause distortion of the measured spectra and complicate
interpretation, which has resulted in XPS studies to be performed on conductive or semi-conductive
materials. Fe.Nii«(O,0H), thin films (which will be introduced in Chapter 3) which can be
characterized as a semiconductor, will be studied and the results discussed in this dissertation.

In semiconductors, the electron states are primarily categorized into distinct energy levels that are
characteristic of their electrical and optical properties: core levels (CL), valence band (VB), and
conduction band (CB). VB is the highest energy band that is completely filled at absolute zero
(T =0 K) with reference to the Er CB is the next available energy band above the VB which is free of
electrons. CLs are deeply bound electronic states that are associated with the inner atomic orbitals.
They are localized states that do not participate in chemical bonding. Therefore, they can be thought
of as behaving like atomic orbitals, with no band dispersions. The key difference between the two
however is the discernible chemical shift observed in the binding energy of CLs, that happens due to
the varying chemical environments of the atom from which the electron is ejected. The VB is
influenced by chemical shifts as well, but since the energy dispersion is much stronger, it cannot be
evaluated. For example, higher oxidation states result in increased binding energy: because of loss
of an electron from the atom, a stronger attraction between the nucleus and remaining core
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electrons is established. In the FexNii«(O,0H), thin films that will be discussed in this thesis, a shift
to the higher binding energies of the Fe and Ni 2p core levels are generally indicative of the formation
of higher oxidation states. Figure 2 shows a schematic representation of the XPS process.

XPS
E y' N
[ ) A
A Ekin
Evac e A
e Conduction [0)
i Band (CB)
EF I }V"
[ Jyatence
Band (VB)
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hv Core
Levels (CL) |
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Figure 2: A schematic representation of XPS. Evac, Exin, Ebin, EF @and ¢ represent energy of the vacuum levels, kinetic energy of
electron, Fermi energy and work function of electron, respectively.

In XPS, both CL and VB states can be probed. Probing the CLs helps obtain information on the
chemical structure of the investigated material and probing the VB states provides information
mainly about its electronic structure.

The experimental set up for XPS consists of the following three main components: the x-ray source,
the analysis chamber under UHV (pressure in the order of 10°° mbar) and the hemispherical electron
analyzer. In the x-ray source, a filament acts as the cathode and the anode is made of the appropriate
material of choice. The two most commonly used anode materials are Mg and Al, which are also the
materials used in the laboratory based XPS measurements shown in this thesis. The filament or the
cathode is heated by an electric current, generating electrons. A high potential difference (15 kV) is
applied between the cathode and anode. The thermoelectrons, which are the electrons generated
as a result of the heated-up filament, are accelerated towards the anode and on interaction with the
anode material, x-rays are generated. The x-ray tube used by Réntgen in his 1895 discovery was
fundamentally similar to modern designs, though with significant differences. Contemporary x-ray
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tubes operate in a high-vacuum environment, whereas early versions functioned under partial
vacuum, relying on ionization of residual air molecules to generate electrons.

The resultant x-ray spectra comprise of two components. The continuous spectrum due to the
bremsstrahlung or braking radiation: the electrons emitted from the cathode are decelerated in the
target material and emit radiation as a result. On top of the bremsstrahlung are the characteristic x-
ray peaks. When an electron emitted from the cathode collides with the target material, it ejects an
inner-shell electron, creating a core-hole. To restore stability, an electron from a higher energy level
moves down to fill the vacancy, releasing an x-ray photon in the process. These electronic transitions
must follow the angular momentum selection rule, Al=%1, meaning that s-s transitions are forbidden.
The Siegbahn notation is used for characteristic x-ray transitions. It designates x-ray transitions
based on electron movement between atomic energy levels. Transitions from the L, ;(2p) to the K (1s)
level are the K, emission lines, M, 5 (3p) to K (1s) are the Kg lines, and so on. The Mg K, x-ray source
has an energy of 1253.6 eV and line width of 0.7 eV and the Al K, source has an energy of 1486.7 eV
and a line width of 0.85 eV. In our laboratory for Al Ka radiation, a monochromator (a quartz crystal)
is used to eliminate the KB line, bremsstrahlung and make the line width narrower. Even though this
reduces the intensity of the photoelectron beam, the resolution is improved manifold. The
photoelectron beam refers to the electron stream that is emitted from the sample as a result of
irradiation by the beam.

The photoelectrons are slowed down by electrostatic lenses before entering the hemispherical
electron analyzer, which consists of two concentric hemispheres with a potential difference applied
between them. This potential difference determines the pass energy which is the specific kinetic
energy required for photoelectrons to traverse the analyzer. To maintain a constant energy resolution,
the applied voltages are typically kept constant.

The inelastic background makes a significant contribution to the x-ray spectra obtained. It arises due
to the loss of energy of the electrons undergoing inelastic scattering as they travel through the
material before reaching the detector. As the electrons interact with the atoms within the sample,
they lose energy to generate a continuous background signal in the spectra. The shape of the
background signal varies with photon energy, nature of sample and sample thickness. Careful and
detailed analysis of the background is therefore necessary. A more detailed description of the
different ways in which this background can be analyzed is given in Section 2.1.1.3.

A theoretical understanding of the photoemission process can be developed using the time-
dependent first order perturbation theory. The transition probability per unit time, Wy;, from the initial
state, which is the ground state of the system, to the final state (1 electron ejected from the material,
changing the system to an (N-1) electron system) is given by Fermi’s golden rule?:

Here ¢; and ¢ are the initial and final eigenstates and E; and Erare the initial and final eigenvalues

of the unperturbed Hamiltonian ITO H’ is the interaction Hamiltonian describing the perturbation, My
are the transition matrix elements and the delta function ensures energy conservation.
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The interaction Hamiltonian is given by:
H=——Axp (2.3)

Where 4 is the vector potential of the electromagnetic field, p is the momentum of the electron, m
and e are the mass and charge of the electron respectively, and c is the speed of the light.

A few approximations are made when writing down Equation 2.3: The scalar potential is set to zero
and a linear opticalregime is assumed, allowing the omission of the quadratic termin A Additionally,
the dipole approximation is used, which implies that spatial variations of A over atomic distances are

neglected, resulting in VA =0. Furthermore, the commutation relation [ﬁ,’ K] = {AVA is applied to
obtain Equation? 2.3.

Considering that the investigated surface is homogeneous and of infinite thickness, the
photoelectrons are detected perpendicular to the sample and the angle between the x-ray source
and analyzer is the magic angle (54.7°) in the laboratory XPS set up. The intensity of an XPS spectrum
is approximated by the following relation:

I ~ oNA(E)T(E) (2.4)

The magic angle ensures that the angular asymmetry factors can be presumed to be unity?'. In the
above equation, o is the photoionization cross-section which is a measure of the probability of
photoemission to occur and is proportional to the square of the matrix element: ¢ o« X¢|Mg|?.

N is the concentration of the element in the investigated sample and A is the inelastic mean free path
or IMFP. The IMFP describes the distance an electron travels through a material before the intensity
of the electron beam decreases to 1/e of its initial volume. It is a function of the kinetic energy and
can be approximately described by the universal curve® shown in Figure 3. T is the transmission
function of the analyzer, which depends both on the kinetic energy and the pass energy of the
analyzer.
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Figure 3: The inelastic mean free path (IMFP) is shown as a function of kinetic energy. Experimental data from various
materials are averaged to derive the universal curve. The typical kinetic energy range explored in XPS along with the
corresponding IMFP values is highlighted by the blue dashed lines. Figure reproduced from ref??,

Figure 3 highlights that for XPS generated by Mg K, and Al K, sources, the kinetic energy of the
photoelectrons typically ranges between 100 to 1500 eV, while the IMFP varies between 1 and 3 nm.
This indicates that XPS is a surface sensitive technique. On the contrary, hard x-ray photoelectron
spectroscopy or HAXPES (hv > 2100 eV) enable slightly more bulk sensitive measurements.

In case of transition metals, XPS spectra can show multiplet splitting, which is a result of the strong
electron-electron interactions between the core-hole and the partially filled 3d valence shell. When
an electron is removed from the core level during photoemission, the resulting core-hole interacts
with the valence electrons to give rise to multiple final states. This results in various multiple final
states, each characterized by different combinations of spin and orbital angular momentum. The
various final states give rise to a characteristic multiplet structure in the XPS spectrum, where
instead of a single feature associated with a specific binding energy, a multiplet structure is
observed.

The underlying fundamental principle behind this phenomenon is the fact that the Coulombic
exchange between the core-hole and the d-electrons causes the energy levels to split into different
configurations. The final states manifest themselves as a series of peaks or shoulders in the
measured XPS spectra, producing a complex profile that cannot be explained by a simple single-
electron picture. In transition metals with unfilled d orbitals, such as Mn?', Fe*" or Ni*" the multiplet
split features reflect the various possible ways the core-hole can couple to the spin and orbital
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momenta of the remaining electrons in the d-orbital. The pattern and position of peaks is highly
sensitive to the oxidation states of the transition metals, their local coordination environment and
the symmetry effects of the surrounding ligands. Multiplet splitting thus provides a fingerprint that
helps to identify the chemical environment of the metal center.

Furthermore, ligand fields around the metal centers, such as oxides and hydroxides, can modify the
multiplet states by introducing additional splitting through metal-ligand interactions. These ligand
field effects therefore impact the energy separation of the final states, reflecting the extent to which
the d electrons are stabilized or distorted as a result of their surrounding chemical and electronic
environment. This significantly affects the catalytic activity of the metal centers.

In addition to the atomic multiplet effects, the XPS spectra of transition metal compounds can also
be affected by charge transfer interactions between the metal centers and coordinated ligands. In
systems with significant hybridization between metal d orbitals and ligand p orbitals, electron
density can be redistributed during the photoemission process. The different features arising from
these interactions reflect the degree of metal-ligand covalency and can provide valuable insight into
the nature of the bonding environment of the metals. For the electrocatalysts studied in this work,
namely Fe and Ni based oxyhydroxides, interpreting this covalency is critical as it impacts the redox
abilities of the catalytic centers during operation.

It should be acknowledged that beyond its chemical aspects, the phenomenon of multiplet splitting
can also be explained quantitatively, which is commonly done in physics literature. One of the more
well-known explanations include the model put forth by Fadley and Shirley*, using exchange
interactions between the core-hole and the d shell. They showed that the energy difference between
the final states can be approximated by a term known as the exchange term, which is determined by
the spin alignment between the created core-hole and the valence electrons. In the simplest form,
the energy separation can be estimated as proportional to (25+1), where S is the total spin of the d
electrons, reflecting the difference between parallel and antiparallel configurations. Although the
detailed and complete calculations of these exchange terms is beyond the scope of this thesis, this
mathematical framework provides a more quantitative understanding of the origin of multiplet
features and their dependence on the electronic configuration of the transition metal centers.
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2.1.1.2 X-ray Auger electron spectroscopy

When a core-hole is created by an x-ray and is subsequently filled by an electron from a higher level,
which could either be from another core level itself or the valence band and the residual energy is
invested in the emission of a second electron, x-ray Auger electron spectroscopy (XAES) occurs. The
emitted electron is known as the Auger electron. The process is schematically represented in
Figure 4.
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Figure 4: Schematic representation of the XAES process, after the creation of the core-hole in XPS. The spin orbit splitting
of the 2p level is omitted for the time being. The figure does not include the hole-hole interaction energy visualization.

In Figure 4 the kinetic energy of the Auger electron is given by:
EAuger = Ex —Epq — EL2,3 —¢p—-U (2.5)

where Ex, Ei;,and Ejzzare the binding energies of the 1s, 2s and 2p orbitals respectively and ¢ is the
work function. U is the hole-hole interaction term, which represents the electrostatic interaction
between the two vacancies created initially. This additional interaction, which by nature is Coulomb
repulsion, raises the energy of the final state, so the emitted Auger electron has less kinetic energy
than can be predicted by a simplistic sum of the binding energies.

Thus, the Auger kinetic energy is independent of the initial photon energy. Contrary to spectroscopic
notation used in XPS, the Auger process uses x-ray notation.

A competing process of the Auger emission is x-ray fluorescence, which is a more probable route for
relaxation for the heavier elements. For lighter elements through, (Z<30) and the K shell, Auger
emission is more likely to occur?, as is evident from Figure 5.
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Figure 5: Calculated probability for K shell for competing Auger and x-ray emission, as a function of the atomic number Z.
Plot adapted from ref?*.

2.1.1.3 Synchrotron based (hard) x-ray photoelectron spectroscopy

A synchrotron is a circular particle accelerator where an electric field is used to accelerate the
particles and a magnetic field to bend their trajectory (bending magnets). The principle was first
proposed by Vladimir Veksler in 1944%, while Edwin McMillan independently developed and built the
first electron synchrotron in 1945%,

By virtue of travelling with a constant speed in a circular trajectory, the particles develop centripetal
acceleration. According to the classical theory of electromagnetism, they emit radiation because of
this acceleration. This radiation can be used as the light source for various experiments. One of the
essential components of a synchrotron is the storage ring, where electrons circulate at nearly
constant energy, providing a stable photon flux over a long period of time. At the KIT Light Source, the
storage ring is known as KARA, where electrons travel around the storage ring at 2.5 GeV?.
Synchrotron radiation is generated at bending magnets and specialized insertion devices, known as
wigglers and undulators, which are placed in the straight sections of the ring to enhance brilliance.
The components of a synchrotron will be discussed in further details in Chapter 3. Beamlines are
positioned tangentially to these sources, capturing the emitted radiation as it exits the storage ring.
When high energy electrons are injected into the undulator from the storage ring, they are forced to
oscillate and consequently lose energy to produce synchrotron radiation. The layout of the KIT Light
Source® is shown in Figure 6.
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Figure 6: Schematic layout of the KIT Light Source: microtron, storage ring, and beamlines (X-PEC beamline is on the lower
right side). Figure reproduced from ref?.

In Section 2.1.1.1 ithas been noted that bremsstrahlung contributes to the background in the spectra
obtained from laboratory-based x-ray sources, thereby obscuring weak signals. Synchrotron
sources, in contrast, enable the use of monochromators to precisely select a monochromatic and
tunable photon beam from the broad spectrum, consisting of a broad bremsstrahlung, that arises
from the bending magnets. The tunability of the synchrotron beam is one of its most significant
advantages, allowing researchers to optimize excitation conditions for specific chemical
environments to achieve enhanced surface sensitivity. Additionally, synchrotron-based x-ray
sources provide higher energy resolution, reduce instrumental broadening and improve signal to
noise ratios, resulting in sharper peaks in the spectra obtained. This makes synchrotron sources ideal
for high-precision studies of chemical shifts, oxidation states, and electronic structures in materials.

In this dissertation, hard x-ray photoelectron spectroscopy or HAXPES measurements were
performed at the double undulator X-SPEC beamline at the KIT Light Source®. The x-ray beam has a
high photon flux and is more intense and collimated than the laboratory-based x-ray sources.
Additionally, for the materials studied in this thesis, it is imperative to separate the Auger lines from
the core level peaks for the latter to be investigated properly. As it has been observed that there were
significant overlaps of the Auger peaks (Fe LMM and Ni LMM) with the core level peaks (Fe 2p and Ni
2p). By changing the excitation energy, the Auger lines can be shifted relative to core levels because
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the Auger electron energies depend solely on the atomic energy levels involved in the transition,
rather than the excitation source. Contrarily, core-level binding energies are measured relative to the
photon energy used to excite the electrons, as explained in Section 2.1.1.1. When the excitation
energy increases, the measured binding energy of the core-level electrons shifts accordingly, but
Auger electron energies remain constant since they are determined by the difference between
internal energy levels of the atom.

The experiments performed at the X-SPEC beamline for this work were conducted with a photon
energy of 2.1 keV, which characterizes them as HAXPES measurements.

As pointed out in Equation 2.4 in Section 2.1.1.1, there exists a relation between the concentration
of the element investigated, photoionization cross section, the transmission function, the intensity
and the inelastic mean free path or IMFP. For this dissertation, the ratio of concentrations of two
elements are determined from the HAXPES peaks with similar kinetic energies. In this case, Aand T
can be considered to be nearly identical. Also, it is assumed that the sample is uniformly distributed
within the analysis depth, ignoring surface segregation, contamination and inhomogeneities, which
may skew stoichiometric calculations. Then the ratio of the concentration of two elements A and B
in the sample can be written as:

Ng _ 1a/04

= 2.6
Np  Ig/oB (26)

Specifically, the Fe 2p/Ni 2p ratio can be determined from this relation, which is a crucial value that
will aid in the analysis of the electrocatalysts and the effect of oxygen evolution reaction (explained
in the next section of this chapter) on them. It is however worth mentioning that the measurements
at the X-SPEC beamline were conducted with the analyzer positioned at 90° relative to the incident
x-ray beam, therefore parallel to the direction of polarization of photon, instead of the magic angle,
described in Section 2.1.1.1.

The inelastic background in the XPS spectra could both be a hindrance, or a treasure-trove of
information about the nature of the materials and the different peaks. Analyzing the shape of the
inelastic background provides information about the depth distribution of elements in a material in
some cases, while in some other cases, it is important to strip the background efficiently to reveal
the true intensities of the peaks of the elements. Several models can be used to describe the
background in an XPS spectrum: the Shirley background, which assumes the background intensity
to be proportional to the number of electrons at higher binding energies that have undergone energy
loss. This is most appropriate for metals, especially alkali metals. Linear background, which is a
simple straight-line approximation, that although is not the best depiction of the inelastic
background, is the simplest approximation to use as the expected erroris small enough to not disturb
the evaluation. The Tougaard background, which incorporates an energy-dependent loss function to
account for the electron-electron scattering processes, making it more accurate for quantitative
analysis. It uses material-specific parameters to describe energy loss probabilities. In materials with
significant inelastic scattering, the Tougaard background is most suited. Figure 7 shows the different
types of background approximation for a Au 4f spectrum?®.
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Figure 7: Inelastic background approximation for Au 4f line: (a) linear background, (b) Tougaard background, (c) Shirley
background. Figure reproduced from ref®°.

The core-hole formed as a result of ejection of photoelectron has a finite lifetime T, in the order of
10" s which by Heisenberg’s uncertainty principle corresponds to a lifetime broadening of T = %,

which is in the order of 0.1 eV. This intrinsic lifetime broadening contributes to the broadening of the
photoemission peaks and is described by a Lorentzian function. The lifetime broadening also
depends on the measured orbitals. Furthermore, there are various factors contributing to the
experimental broadening, such as the resolution of the electron analyzer and the line widths of the
x-ray source, along with thermal, pressure and vibrational broadening. Collectively, experimental
broadening can be accounted for by a Gaussian function. For certain spectra such as the O1s
spectra, along with an appropriate background subtraction, fitting the spectra with a Voigt®! profile
also becomes essential for spectral deconvolution.
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2.1.2 X-ray Spectroscopies

2.1.2.1 X-ray absorption spectroscopy

The origins of x-ray absorption spectroscopy (XAS) can be traced back to the early 20th century,
following the development of tunable x-ray sources. The first recorded instance of XAS was presented
by Walther Kossel in his 1919 paper, Zum Bau der Rontgenspektren, where he documented the 3d to
4f transitions in uranium and thorium32. However, it was not until the 1960s, with the advent of
synchrotron light sources capable of generating intense and tunable x-rays, that XAS became widely
utilized for material characterization across various scientific fields. Since then, the fine structure
observed in absorption spectra has proven to be an essential tool for investigating the electronic,
magnetic, and chemical properties of materials. XAS measures how likely an x-ray photon is to be
absorbed by a sample as a function of photon energy. The incident photon energy is varied in
stepwise increments, while measuring a signal proportional to the absorption coefficient y of a solid,
liquid or gaseous sample. u is directly related to the absorption cross section g of the material, which
defines the probability of x-ray absorption. The absorption cross section and the absorption
coefficient can be related via the following relation:

u=No (2.7)

N is the density of atoms in the material, thus the u describes the amount of x-ray intensity absorbed
per unit thickness of material. The spectrum that is obtained as a result has the following key
features: with the increase in energy, the overall photon absorption decreases, reflecting the
quantum-mechanical nature of x-ray absorption by atoms. The absorption edges give rise to sharp
increases in the absorption coefficient, which is unique for each element and hence gives rise to the
absorption edges. Beyond the absorption edge, small oscillations in the absorption coefficient reveal
several structural details such as interatomic distances and coordination numbers, specifically for
molecules and solids.

Figure 8 shows the schematic representation of the x-ray absorption process at an atomic level,
which is illustrative of an incident x-ray photon exciting an electron form a core-level to an
unoccupied state in the conduction band, as in this representation, or even the vacuum level.
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Figure 8: Schematic representation of XAS.

The nomenclature for x-ray absorption features represents the core orbital from which the electron
is ejected. Figure 9 shows how the absorption edges react to the variation of incident photon

energies®:,

Absorption

Photon Energy

Figure 9: Schematic representation of variation of the atomic x-ray absorption coefficient as a function of the photon energy.
The characteristic saw-tooth like features with a sudden increase of the absorption at certain energies mark the absorption

edges. Picture derived from ref*s.
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The discontinuities in the spectra are labeled according to the atomic shell from where the excited
electron originates®. “K” describes a transition from 1s orbital, “L” from 2s or 2p and so on. The
angular momentum and spin-orbit coupling affect the energy of the ionization threshold, generating
a singlet for the K-transition and the L-transition appears as a triplet, with L, (2s) and L,, L; (2p).
Similarly, an M-transition will be a quintet.

Looking closely into one of the absorption edges in Figure 9, a fine structure of the spectrum can be
seen, which is a representation of the energy dependence of u. This gives rise to three distinct regions
to the spectra at each of the absorption edges: pre-edge, near-edge and post-edge. In the pre-edge
region, the energy of the incident photon is slightly lower than the ionization threshold of the core
level, allowing weak transitions to localized unoccupied states. As a result, only valence and outer
core electrons can be excited into the vacuum in the pre-edge region, yielding a relatively small and
gradually decreasing u. The near-edge region, also known as x-ray absorption near edge structure
(XANES) for hard x-rays and near-edge x-ray absorption fine structure (NEXAFS) for soft x-rays, occurs
when the energy of the incident photon approaches the binding energy of the core electron. At this
threshold, called the main absorption edge, transitions become possible from the ground state to
an excited state consisting of a core-hole, resulting in the photoionization of the core electron and its
ejection into the vacuum level. Beyond this energy, in the post-edge region, the absorption
coefficient p continues to decrease gradually but also exhibits oscillations due to interference
between the emitted photoelectron and atoms in its surrounding environment. These oscillations,
known as extended x-ray absorption fine structure (EXAFS), provide valuable information about the
structure of the material, such as the distance between neighboring atoms and, under high-quality
data conditions, the atomic number of the scattering atoms. Figure 10 shows a depiction of these
regions. XANES exhibits a more detailed fine structure compared to EXAFS due to reduced lifetime
broadening during measurement®. This is due to the fact the photoelectron in EXAFS undergoes
more inelastic scattering than those in XANES and hence have a shorter lifetime. The core-hole
lifetime and transition energy are related by an uncertainty principle, which causes Lorentzian
broadening of the discrete transitions of the absorption spectrum. This property is particularly
helpfulin “fingerprint analysis” of samples by comparing them to the spectra of reference materials.

EXAFS is beyond the scope of discussion in relevance to this work. NEXAFS or soft x-ray absorption
spectroscopic measurements are best suited to study the transition metal L-edges, as the 3d core
levels can be directly probed and K edges of lighter elements such as oxygen and carbon, whose 1s
core binding energy lies in the soft x-ray regime.
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Figure 10: K-edge x-ray absorption of a solvated transition metal complex. The division into the two characteristic spectral
regions, namely XANES and EXAFS are marked with a vertical line.

2.1.2.1.1 Detection modes in XAS

X-ray absorption spectra can be recorded using different yield modes, each suited to specific
experimental conditions and nature of sample.

1. X-ray transmission mode

One of the most widely used methods to record the absorption spectrum is the x-ray transmission
mode. The observable intensity detected in the experiment is the transmitted intensity of the x-ray
beam I.. To relate the x-ray absorption coefficient with it, Beer-Lambert law can be used:

I, = Ije™#4 (2.8)

Where |y is the incident x-ray intensity and d is the sample thickness. The absorption coefficient u is
a measure of the total absorbed x-ray intensity by the sample, which includes not only the atom
whose absorption one wants to measure, but all other atoms as well, which makes this a rather
unspecific mode of detection. Experimentally, a transmission measurement is most commonly
performed using an x-ray monochromator. A particular wavelength of the x-ray beam is selected and
both incident and transmitted intensities are measured for a varied range of wavelengths.
Transmission is performed mostly for the hard x-ray regime, where photons have sufficient
penetration depth to pass through moderately thick samples. In the soft x-ray regime, however,
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transmission measurements generally require ultra-thin samples, which could not be made possible
for the samples studied in this work.

2. Electronyield measurements

Electron yield measures the current generated by the backflow of electrons that fill the holes left
behind after emission of electrons from the sample following x-ray absorption. The energy
distribution of the emitted electrons is not considered in the case of total electron yield (TEY).
Techniques like partial electronyield (PEY) and Auger electron yield (AEY) use an electron analyzer to
examine specific energy windows. TEY is widely used due to its simplicity and effectiveness,
particularly for studying thin films, surfaces and interfaces of conductive samples where bulk-
sensitivity is not necessary. However, a primary limitation of this technique is sample charging
effects, making the method unsuitable for analyzing certain material systems, especially insulating
systems. If a sample is not conductive, charge transfer through the sample may not happen fast
enough to neutralize the charge removed from the sample through polarization. This may result in
significant shifts in the peaks observed.

Soft x-ray photons have penetration depths in the order of a few hundred nanometers, whereas the
photoelectrons and Auger electrons generated by them have a mean free path of only a few
nanometers. The photoelectrons generated within the bulk of the sample scatter inelastically,
subsequently triggering a chain reaction of electron emission and typically are unable to reach the
surface. This characterizes the electron yield measurements as highly surface sensitive®.

The electron yield measurements discussed in this thesis were measured using TEY that was
recorded using sample drain current method®’. For the reference materials, a thin layer of each of the
powdered samples were smeared on the surface of conductive silver tape to ensure charge transport
and avoid charging effects.

3. Fluorescence yield measurements

Fluorescence yield measurements use a photon sensitive detector to track changes in the number
of photons emitted from the sample, as a result of the core-hole decay, as the incident x-ray energy
scans through an absorption edge. This is a bulk sensitive technique.

When an x-ray photon is absorbed, a core-hole is created, leaving the atom in an unstable state. This
is followed by a rapid decay, as the core-hole is filled, typically by an electron from a lower lying
energy state. The excess energy can be released as either a fluorescence photon or through an Auger
electron emission. The probability of a core-hole to decay via fluorescence is however low for K shell
transitions of light elements, as the Auger process dominates at lower x-ray energies.

To ensure accurate measurements, a biased mesh or a grounded thin filter is placed between the
sample and the detector, to minimize interference from emitted electrons. If the sensitivity of the
detector is equal across all fluorescence energies, the output of the measurement is referred to as total
fluorescence yield (TFY). If the detector can sieve out emissions of only a specific energy range,
partial fluorescence yield (PFY) measurements are possible.
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This filtering of energy is usually achieved with the help of a dispersive element, such as a grating
based spectrometer. At the X-SPEC beamline, a plane grating monochromator (PGM) is used for this
purpose. The PGM uses a plane diffraction grating in grazing incidence mode to separate the
fluorescence photons by energy®. A practical advantage of the PGM is that it can maintain fixed
entrance and exit slits while scanning different photon energies, over an expansive energy range, by
adjusting a parameter known as the fixed-focus constant. This constant describes the incidence and
diffraction angles on the grating, preserving the focus with changing wavelengths. Therefore, by
carefully setting this constant, energy resolution and photon flux can be balanced, depending on the
nature and needs of the experiment.

Most modern PGMs, like the one at X-SPEC use a variable line spacing (VLS), which helps correct
optical aberration and maintain a high energy resolution across a broad range of energy. By working
at grazing incidence, the PGM is able to suppress the higher diffraction orders that could overlap with
the desired signal. These features hence make the PGM ideally suited for fluorescence yields in the
soft x-ray regime, where crystal monochromators would be less efficient.

Fluorescence yield is considered bulk-sensitive since emitted photons can escape from depths up
to hundreds of nanometers, depending on the incident x-ray energy®. This is because fluorescence
photons typically have similar or lower energy than the incident beam, allowing them to penetrate
the sample and reach the detector with minimal reabsorption.

Saturation effects and self-absorption

Saturation effect is a phenomenon that might hamper the signal obtained from both electron yield
measurements“, It is a result of limited escape depth of secondary electrons. During the process of
XAS, electrons generated only within a few nanometers below the surface are capable of escaping to
the detector. Absorption of x-rays deeper in the material does not add to the detected signal any
further. As a result, the measured signal stops increasing and appears to be saturated as it plateaus
with further increase in intensity of irradiating x-rays.

In fluorescence yield measurements, self-absorption happens when the fluorescence photons are
reabsorbed before they can reach the detector*'. This is possible when the emitted fluorescence
photons have energies overlapping with the absorption edges of the material. This reduces the
intensity of the detected photons, particularly for the photons emitted from deeper within the
material. In electron yield measurements, secondary electrons are reabsorbed before they can
escape to the surface and be detected. In materials with a high absorption or scattering cross
section, this is more likely to occur, as some of these electrons will either be reabsorbed or scattered
before they reach the surface, resulting in a lower measured electron yield. Self-absorption is
enhanced in cases of thick samples, hence, to minimize this, the samples studied were not thicker
than 100 nanometers. However, self-absorption effects are more likely to be observed in
fluorescence yield measurement due to the relatively longer escape depth of the fluorescence
photons as compared to that of the secondary electrons is electron yield measurements.
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2.1.21.2 Multiplet splitting

Incident x-ray excites a core electron and leaves behind a core-hole, which then interacts with
valence electrons, leading to relaxation effects that modify the final state of the system®. In
transition metal oxides, this core-hole induced relaxation can lead to multiplet splitting of the XAS
spectra: the resultant absorption spectrum shows multiple peaks corresponding to different final-
state configurations of the system. Additionally, spin-orbit coupling and different external ligand
fields also play a significant role in determining these final states and therefore the nature of the
multiplets. These effects are particularly pronounced in systems with localized states at the Fermi
level, where the core-hole can induce shifts in the energy levels of the final states. This splitting is a
result of the core-hole-induced relaxation and the strong electron-electron interactions, which are
not adequately described by either the one-electron band model or the strongly correlated limit. To
understand the shifts and splitting of the spectra in the final state, multiplet theory can be applied*.
The multiplet theory accounts for Coulomb interactions between electrons and the influence of the
ligand field. In the case of transition metals such as Fe, the final state of the system depends on the
spin orbital configuration of the 3d electrons.

Multiplet splitting observed in XAS of transition metal is governed by the core-hole creation. Strong
Coulomb interactions are experienced between the core-hole and the partially filled 3d valence
shell, when an electron from the 2p core level is promoted to an unoccupied 3d orbital resulting in a
2p® 3d™" configuration. These interactions lift the degeneracy of the possible final states, thereby
producing the multiplet structure of the final states, reflecting the allowed spin and orbital couplings
of the system.

The surrounding ligand field further distorts the symmetry of the d orbitals, splitting their energy
levels and modifying the distribution of intensity among the multiplet features. Additionally,
hybridization between the metal d states and the ligand p orbitals result in mixed electronic
configurations, also contributing to the multiplet structure. Collectively, these effects such as the
formation of the core-hole, the local Coulomb interactions, crystal field splitting and metal-ligand
hybridization, produce the multiplet structure of the transition metals in XAS.

The observed multiplet structure of the transition metal XAS can be described mathematically using
configuration-interaction models, where parameters such as Coulomb repulsion, charge-transfer
energies and hybridization integrals define the relative energies and intensities of the final states. It
is essential to recognize that these symmetry allowed final states are responsible for the multiplets
observed in XAS, providing valuable insights into oxidation states, coordination environments, and
catalytic function of the transition metals.
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2.1.2.2 X-ray emission spectroscopy

X-ray emission is a photon in-photon out process, in which a core-hole is filled by an electron from
the valence band. To create the initial state, a core electron has been removed and hence a core-hole
is created by a photon. The energy of the photon emitted in x-ray emission spectroscopy (XES) is the
energy difference between the levels involved in the transition. Figure 11 shows a schematic
representation of the XES process. The initial state of XES already consists of the core-hole, created
earlier and is not a part of XES, but for ease of understanding is shown in the figure in grey. The
emission process is shown in red. The XES process is governed by the dipole selection rule, Al = +1,
L being the angular momentum quantum number.
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Figure 11: Schematic of the x-ray emission process. The first step is shown in grey and the emission process is shown in red.

The intensity of the emitted photons in XES also depends on Fermi’s golden rule. Additionally, the
intensity of the XES signal is also governed by the exponentially attenuated intensity of the incoming
and outgoing photon. The attenuation lengths of x-ray through many types of materials are tabulated
in the literature**. The x-ray emission process is in competition with the Auger emission process. The
Auger emission dominates for low atomic numbers, specifically for the K-shell. XES is a
complementary technique to XAS, as it probes the occupied states. It is a helpful tool to determine
the oxidation states of elements and changes in the oxidation states can be tracked with the shiftin
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the emission spectra. Similarly to XAS, “fingerprint analysis” is possible in XES as well, by comparing
the spectra of the samples to similar reference materials.
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2.2 Electrochemical Background

2.2.1 Introduction

Electrolysis of water is a redox reaction that uses electricity to convert water (H,O) into hydrogen (H>)
and oxygen (O,)*. The reaction is induced by an external energy input, such as an electric potential,
applied to the electrochemical cell, in which the reaction occurs.

The overall redox reaction for electrochemical water splitting is given by:
1
Hy Oy = Hzg) +302(g) (1.1)

The oxidation process is the oxygen evolution reaction (OER) which occurs at the anode and the
reduction process is the hydrogen evolution reaction (HER), which occurs at the cathode.

In acidic medium, the HER reaction is the following:

2H* +2e~ > H, (1.2)
And the OER reaction is the following:

Hy0 — 50, + 2Hy + 2€” (1.3)
And in alkaline medium, the HER reaction is the following:

Hy0 +e™ > ~Hy + OH™ (1.4)
And the OER reaction is the following:

20H™ > Hy0 + 50, + 2e” (1.5)

Electrochemical water splitting in alkaline medium is schematically represented in Figure 12.
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Figure 12: Schematic representation of water splitting in alkaline medium. OER results in Oz generation (left) and HER in H:
generation (right).
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The standard potential for water splitting is 1.229 V at normal temperature (298.15 K) and pressure
(101.325kPa)'. However, this potentialis affected by changes that occur to these nominal conditions
and other factors such as thermal effects, catalytic activity, nature of electrodes and electrolyte and
kinetics of the reaction. Because of reaction barriers, the actual electrode potential required to break
the bonds in water is significantly higher. In acidic media, the cell voltage for successful splitting of
water is around 1.7-2.2 V, while in alkaline media, water splitting usually occurs between 1.7-2.4 V%8,
Processes such as nucleation, growth, detachment and transport of oxygen and hydrogen gas
bubbles results in an increase of the required potentials*’. The excess potential is referred to as
overpotential, n.

To lower the overpotential, the reaction is catalyzed by appropriate materials. Several such catalysts
have been explored and studied and the landscape of current research involving these catalysts will
be discussed in the next Section. In this thesis, the catalyst that will be studied is FexNi1«(O,0H),. Its
proven exceptional ability to catalyze electrolysis of water makes it an appropriate choice for further
analysis.

2.2.2 Electrochemical cell setup and electrodes

Apart from electrolysis, several analytical techniques that help characterize and compare the
efficiencies of several electrocatalysts can be performed in the electrochemical cell. The
construction of electrochemical cells involves understanding the fundamental processes that
require to be performed within the cell. Studying the voltametric behavior of electrode and cell
materials to optimize the design of the cell is hence essential.

In the present discussion, a customized three-electrode cell setup is used, manufactured by
Redox.me. The cell is made of PEEK (polyether ether ketone), which is a high-performance polymer?®,
Its merits include exceptional chemical resistance, mechanical strength and thermal stability,
making it a good candidate for use with corrosive electrolytes and under high temperatures, if
demanded by the reaction. The cell operates with a three-electrode setup, featuring separate
working, counter, and reference electrodes. A schematic representation of the front and the top view
of the cell is shown in Figure 13.

43



A

Figure 13: Front (A) and top (B) views of the three-electrode cell set up. (a) is the CE outlet, (b) WE inlet, (c) CE, (d) CE inlet,
(e) PEEK body, (f) glass chamber for counter electrode, (g) ceramic frit, (h) Cu contact for WE, (i) clamp screw (j) sample or
WE mount, (k) reference electrode, (l) lid for chamber for introducing gas, (m) WE outlet.

The schematic representation allows a view of the counter electrode (CE) outlet (a), working
electrode (WE) inlet (b), CE (c) and CE inlet (d). The body of the cell (e) is made of PEEK and the
chamber that holds the CE is made of glass (f) with a ceramic frit at the bottom (g). The electrolyte of
choice is introduced into this chamber and subsequently the counter and reference electrodes are
immersed in the electrolyte through their respective chambers. The working electrode is mounted on
a platform (j), which is screwed in with a clamp screw (i) and the copper plate (h) establishes contact
between the working electrode and the source of external potential. The reference electrode (RE) (k)
is next to the lid (1) which can be used to introduce gas into the cell, such as Ar or other inert gases,
with the intention of degassing the electrolyte, to get rid of dissolved oxygen or other impurities. The
CE and the WE outlets respectively (a, m) are passages for escape of gas bubbles that may form at
the CE and WE while an electrochemical reaction takes place. The CE inlet (d) acts as an entry port
for the electrolyte flow into the CE compartment, when an electrochemical flow reaction is
underway, butthatis beyond the scope of this thesis. The working electrode is mounted on a platform
(i), which is screwed in with a clamp screw (i) and the copper plate (h) establishes contact between
the working electrode and the source of external potential.

The working electrode (WE) is the component where the reaction of interest occurs. In this work,
the working electrode is the Fe,Nii«(O,0H), film electrodeposited onto a gold coated wafer, providing
a well-defined active surface. The gold coated wafer provides a highly conductive and chemically
inert substrate that ensures uniform current distribution across the working electrode. This helps in
reproducible film growth during electrodeposition and minimizes variations in electrochemical
behavior, making it a reliable choice for preparing and characterizing the electrocatalyst films.
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An ideal reference electrode (RE) must hold its integrity of composition for the duration of an
experiment, to provide a stable potential for controlled regulation of the working electrode (WE)
potential®. It should be nonpolarizable, i.e. its potential should remain constant irrespective of the
current that flows through the RE. The reaction taking place at the electrode should be reversible,
allowing for the potential to be calculated from the Nernst equation and revert to its original potential
after the passage of current. The Standard Hydrogen Electrode (SHE) or Reference Hydrogen
Electrode (RHE) is the standard reference point for standard electrochemical reduction potentials,
with its potential E° defined as 0.0000 volts (V) at all temperatures by convention. Platinum is the
chosen metal for the production of most reference electrodes, because of its chemical inertness and
its catalytic activity for the hydrogen redox reaction, which ensures fast and reversible photon
exchange at the electrode. The redox process for this electrode is as follows:

2H* +2e™ 2 Hy, E%pyjpy y+ =0 (1.6)

The SHE is however not practical for use in the laboratory owing to challenges such as the need for
hydrogen gas at 1 atm, a platinum electrode coated with platinum black® and precise pH control at
0, which makes it fragile and complex to set up. Instead, alternative options have been resorted to.
The most regularly used electrode is the Ag/AgCl electrode, owing to its simplicity, affordability and
non-toxicity. The electrode solvent for such an electrode is generally 3 M KCL, which can be refilled.
The controlling redox reaction is the following:

AgCl+e™ = Ag+ Cl™,Egy 490 = 0222V vs RHE (1.7)

The potential of such a reference electrode however, requires pH correction® when comparing or
converting potentials measured with an Ag/AgCl reference electrode to the standard reference
potential scale, i.e. the SHE. The relationship that converts the measured potential to the SHE scale
originates from the Nernst equation, which relates the electrode potential to the activity of the
reacting species®. The conversion can be expressed as:

Esiip = Emeasurea + Ereference (1.8)
Where:
Esyr = Potential vs SHE
Ereasurea = Potential vs chosen reference electrode (Ag/AgCl)
Efeference = Standard potential of the reference electrode relative to SHE
For an Ag/AgCl electrode, equation 1.8 becomes:

Esue = Emeasurea + Ef(l)g/AgCl +0.059 * pH (1.9)

The 0.059*pH term arises from the logarithmic dependence of hydrogen activity on the potential, as
described by the Nernst equation, at 25°C.

In cases where a conventional electrode is not practical or available, a pseudo or quasi reference
electrode is used®. It is usually an inert metal wire, like gold or platinum or even silver, provided that
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it does not interfere with the system. The potential of a pseudo reference electrode is prone to drifting
which is changing with time while in use. To make sure that it provides a reliable reference
measurement, it is often compared to a conventional reference electrode to establish a standard. It
is a low-independence electrode, i.e. it has a low resistance to the flow of electric current, which
helps to compensate for its lack of fixed potential.

The counter electrode (CE) is essential for closing the electrical circuit®. The processes occurring
at the CE are complementary to those at the WE; if an anodic (oxidation) process occurs at the WE,
a cathodic (reduction) process occurs at the CE and vice versa. The potential of the counter electrode
is established according to the electrochemical reactions taking place in the cell. The material
chosen for the CE must be electrically conductive, should be chemically stable over a wide range of
potential in various electrolytes and should be mechanically stable. A convenient choice therefore
is Pt, which exhibits these properties.

2.2.3 Electrochemicaltechniques

Understanding the reactions requires monitoring of parameters such as overpotential, charge
transfer, resistance and current density, which are key indicators of catalytic activity and stability.
Cyclic voltammetry (CV) is one such key technique. In CV, the potential of the WE immersed in an
electrolyte is cycled and the resulting current is measured®. The changing potential of the WE is
monitored with the help of the RE. The voltage sweep is performed at a fixed rate. To conduct a CV,
the appropriate potential window, comprising of an initial, switching and final potential that would
be scanned during the experiment is set. A tentative range for performing such a potential sweep, on
an Fe.Nii«(O,0H), thin film with an Ag/AgCl electrode is 0-0.85 V*°. The scan usually begins at the
open circuit potential (OCP), where the solution is at equilibrium and no net current flows through
the system. A gradual increase to the switching potential occurs, where oxidation takes place,
followed by a reversal to the initial potential, allowing for reduction to occur. The current response,
as a function of the changing potential is recorded, which is referred to as a cyclic voltammogram?®.
A cyclic voltammogram of FeoNig is represented in Figure 14.
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Figure 14: Cyclic voltammogram of Fe1oNiso(O,0H). a denotes the start of the reaction, a-d is the forward scan. b marks the
onset potential, c is the anodic peak and d represents the onset of the OER reaction. e marks the reversal in the direction
of current, f marks the cathodic peak. g is where the transition back to a state closer to equilibrium starts and the reaction
terminates at h.

The electrolyte used is 1 molar potassium hydroxide (KOH). The counter electrode used is a Pt wire
and the scan is performed at a rate of 20 mV/s. As the experiment begins, the currentis minimal due
to the capacitive®® behavior of the WE. This behavior is denoted by “a”. Here the current is
proportional to the scan rate, indicating that the response arises from surface redox reactions, rather
than reactions involving bulk electron transfer. “b” marks the onset potential, where a significant
increase in current occurs. The anodic peak® is denoted by “c”, which coincides with the highest
current response during oxidation process. During the forwards scan “a-d,” oxidation occurs at the
WE where an electron lost by the reacting species from the WE is transferred to the counter
electrode. As a result, the current rises and the electrode potential reaches a maximum. The peak
“c” marks the point where the oxidation rate is maximized, before the rate decreases again as the
reacting species deplete near the electrode surface. “d” marks the onset of the OER reaction, where
the current increases rapidly due to the highly demanding nature of the OER reaction in terms of
energy. This point is significant in determining the overpotential for OER. “e” denotes the reduction
process, where the current reverses its direction. “e-h” represents the backward scan and “f” is the
cathodic peak, which is the reductive counterpart of “c” and represents the minimum current
generated by the system during reduction. The transition after the reduction process is marked by
“g” where the current starts to decrease, indicating that the system is transitioning back to a state
closer to equilibrium. The reaction is made to drive back to the starting potential, which in the case
of the reaction shown in Figure 14 is the OCP.
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2.3 Landscape of Current Research in Electrocatalysts for OER

The phenomenon of water electrolysis was first observed by Trootswijk and Diemann®” in 1789 and
has since been broadly investigated by researchers. As explained in Chapter 2.2, the electrolysis of
water has two fundamental half reactions: hydrogen evolution reaction or HER at the cathode and
oxygen evolution reaction or OER at the anode. To drive the electrochemical water splitting
thermodynamically, the energy barrier of 237.2 kJ mol” needs to be overcome, which corresponds to
an applied voltage of 1.229 V in the electrochemical cell'. The actual potential for OER though is
much higher, between 1.7-2.2 V*8, due to several factors such as nature of electrodes and reaction
kinetics, as discussed in Chapter 2.2. This warrants for the development of more active catalysts that
lower the over potential n for OER, in order to improve the overall efficiency of water electrolysis.

While numerous classes of oxide-based catalysts have been studied, increasing attention has
shifted toward specific layered transition metal systems that offer exceptional performance, atheme
explored in detail later in this chapter.

2.3.1 From noble metals to earth abundant alternatives: established trends in OER catalysts

Several novel materials have emerged as OER catalysts, such as metal chalcogenides®®%%¢",
oxides®3, nitrides®®® and polymer systems®®®’. Ru- and Ir-based oxides are among the most widely
studied and industrially employed OER catalysts, owing to their high activity in acidic media?®.
However, in acidic media, both RuO, and IrO, undergo further oxidation and subsequent dissolution
under high applied voltages, making them unstable during electrolysis®®®. Ru and Ir are also
expensive metals, which limits their large-scale applicability. In contrast, alkaline media allow for the
replacement of noble metal catalysts with more abundant and stable transition metal-based
alternatives”’". Understanding the limitations of these conventional catalysts is essential for
contextualizing ongoing efforts to develop cost-effective and durable materials, a central focus of
current electrocatalyst research.

Transition metal oxides represent a key class of materials for oxygen evolution reaction (OER)
catalysis, owing to their structural diversity and tunable electronic properties. Gaining insight into
the different types of oxide catalysts is crucial for rational catalyst design, as it enables a deeper
understanding of how specific transition metals and their coordination environments influence OER
activity. Currently, a wide range of compositions of transition metal oxides are under investigation to
find the most efficient catalyst for OER, in terms of cost-effectiveness, accessibility, activity, and
long-term stability. These catalysts can be broadly grouped into three categories: complex perovskite
oxides*S, spinel oxides®’” and layered oxy-hydroxides®'3.

Perovskite transition metal oxides are considered viable electrocatalysts due to their tunable
electronic structure and high intrinsic activity’2. They typically adopt an ABO, structure, where the A-
site cations are rare-earth or alkaline earth metals, 12-fold coordinated with oxygen, while transition
metals occupy the B-site, positioned at the center of corner-sharing oxygen octahedra. Substituting
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the A-site cation can influence the electronic environment of the B-site metal and thus modulate
catalytic performance. For example, replacing Sr®* with La®*" in compounds such as Sr.LaixFeO,
(0 = x< 1) has been shown to significantly enhance OER activity’®"*,

Spinel oxides have also demonstrated promising performance as efficient OER catalysts’®. These
oxides adopt the general formula AB,O,, where transition metal cations occupy the A-site in
tetrahedral coordination, while B-site cations are in octahedral coordination. This structural
arrangement allows for the incorporation of multiple transition metals in varying valence states,
facilitating the synthesis of a wide variety of compositions. The chemical environment of the
transition metal in the octahedral site can be tuned through both composition and synthesis
conditions, thereby enabling control over the material’s catalytic activity’®”’. For instance, in
NixC03x04 (0 < x < 1), varying the Ni content significantly influences OER performance.

Transition metal oxyhydroxides are among the most investigated and promising catalyst systems for
the oxygen evolution reaction (OER) in alkaline media,’®’® owing to their high activity and easy
availability.

In an experimental study by Sadiek et al. in 2011°, NiO nanoparticles were deposited onto glassy
carbon electrodes and tested for OER activity in 1.0 M KOH solution using cyclic and linear sweep
voltammetry. The NiO-modified glassy carbon electrodes demonstrated enhanced catalytic
performance, with reduced overpotentials and improved stability over multiple cycles, highlighting
the benefits of increased surface area and conductive pathways provided by the NiO nanostructure.
However, the study did not include detailed structural or surface characterization (e.g., particle size
or morphology), leaving uncertainties about the precise active sites responsible for the observed
activity. Li et al. in 2020 conducted a theoretical investigation on y-NiOOH, revealing that the
formation of Ni vacancies on the surface leads to fourfold-coordinated nickel sites, which exhibit
substantially lower overpotentials compared to pristine surfaces. These findings suggest that defect
engineering can dramatically enhance catalytic efficiency. Nonetheless, the study was limited to
computational modeling and lacked experimental validation of the predicted active sites.

While pure Ni based catalysts were studied and explored, several approaches also coupled Ni with
other materials to gauge their involvement in the OER process. In a study by Liao et al. in 2019, the
focus was on improving the OER performance of NiO by combining it with a conductive support
material such as polymeric carbon nitride (CN). This study explored a composite approach to
enhance practical catalytic performance. The NiO/CN composite materials were synthesized
through an in situ method and tested for OER activity in both 1 M KOH and phosphate buffer (pH 6.9).
The best performing sample achieved an overpotential of 261 mV at 10 mA cm~2 in alkaline media,
showing clear improvement over pure NiO and even outperforming commercial RuO, at higher
current densities, for instance 356 mV/cm? vs 379 mV for RuQO,. The enhancement was attributed to
better electrical conductivity and stronger interaction between NiO and the support material.
However, the study did not examine how the catalyst structure changes during OER, nor did it directly
confirm whether active NiOOH phases form during operation, a key factor in understanding long-
term performance. The work therefore highlights the value of composite design strategies for
improving Ni-based OER catalysts but also underscores the need for further investigation into their
active phases and long-term behavior.
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In a 2023 study by Gallenberger et al.'?, the stability of the NiOOH phase, considered the active
species during OER in alkaline media, was investigated in detail using sputtered NiO thin films. The
authors focused not on catalytic performance metrics but on understanding how stable NiOOH
remains when external potential is no longer applied. The electrocatalytic testing was conducted in
1 M KOH using chronoamperometry and cyclic voltammetry. The key finding was that NiOOH,
although formed under OER conditions, is highly unstable once the applied potential is removed. It
quickly decomposes back to Ni(OH), both in the electrolyte and in air, with the rate of degradation
varying depending on the environment and how the sample was handled post-electrolysis. The study
also proposed that even trace moisture (e.g., water vapor in air) can induce this phase reduction, and
that applying protective surface layers like dried KOH might slow the process but not prevent it
entirely. While this work provides valuable insights into the transient nature of NiOOH under practical
conditions, it also underscores a major limitation of Ni-based catalysts for OER: the active phase
may not persist beyond operation, complicating both catalyst evaluation and long-term viability.

Therefore, it is evident that while nickel-based oxides have shown considerable promise as OER
catalysts, they have limitations such as poor conductivity, limited activity in neutral media, and
instability of the active NiOOH phase outside operational conditions. Although composite systems
like NiO/CN have demonstrated improved performance, they often present challenges in pinpointing
the actual active phase under operating conditions. This raised the need to design catalyst systems
that not only enhance activity and stability but also allow the active site to be clearly identified and
studied over time.

2.3.2 Introduction and role of Fe in Ni-based oxide and hydroxide catalysts

Doping is a proven method to modify the properties of transition metal oxides and enhance their
catalytic activity. Introducing iron (Fe) into Ni- and Co-based oxyhydroxides has led to significant
improvements in OER performance. Thereby, NiFe-based oxides and oxyhydroxides have emerged as
one of the most promising catalyst systems for electrolysis in alkaline media. However, the specific
chemical and electronic effects by which Fe enhances activity are not yet fully understood. This
section explores studies which have attempted to describe how Fe incorporation influences catalyst
behavior and contributes to improved OER performance.

This growing interest in NiFe-based systems is also reflected in comparative activity studies across
a range of OER catalysts. One widely used approach is the volcano plot, which relates catalytic
performance to the binding energies of reaction intermediates. It illustrates that both overly strong
and overly weak adsorption can limit activity, with the highest performance observed at an optimal
intermediate strength. As shown in Figure 15, NiFe oxyhydroxides appear near the apex of the curve,
highlighting their favorable balance in adsorption energies and confirming their position among the
most active OER catalysts in alkaline media. The plot has been reproduced from ref®.
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Figure 15: Volcano plot showing the relationship between OER overpotential and intermediate binding energies for various
catalysts. NiFe-based systems appear near the apex, indicating high catalytic activity. Plot reproduced from ref®°.

In one of the earliest studies on NiFe systems, Corrigan in 1987 observed that small amounts of
iron, initially introduced unintentionally from the electrolyte, significantly improved the OER activity
of nickel oxide films. This effect was later confirmed through controlled addition of Fe, which
consistently enhanced catalytic performance. The results suggested that iron alters the electronic
environment of the nickel-based catalyst, making it more active. This study laid the groundwork for
research into intentionally incorporating Fe in Ni based oxide and hydroxide catalysts.

Trotochaud et al. in 2014'® advanced earlier observations on Fe-enhanced Ni-based catalysts by
systematically distinguishing the inherent activity of pure Ni(OH), from the enhanced performance
observed in Fe-containing systems. By using purified electrolytes and controlled film synthesis, they
showed that previously reported high activity in Ni(OH), systems was largely due to undetected Fe
incorporation. Their results demonstrated that Fe alters the electronic properties of the Ni
oxyhydroxide matrix in a way that enhances catalytic behavior, independent of conductivity or
crystallinity. This work shifted the understanding of Ni-based catalysts and firmly established Fe as
an essential component in achieving high OER activity.

Louie and Bell in 2013 investigated electrodeposited Ni-Fe oxide films with varying Fe content to
understand the role of Fe in enhancing OER activity. By systematically controlling the Fe:Ni ratio, they
observedthatintroducing Fe significantly improved catalytic performance, with peak activity at ~40%
Fe. Fe incorporation stabilized the amorphous Ni-Fe structure of the films during electrochemical
cycling. While the number of accessible redox-active Ni sites decreased at high Fe incorporation, the
authors did not determine whether Ni remained the sole active site. The study concluded that Fe
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plays a critical electronic role in improving OER kinetics but left the identity of the active site
unresolved.

Friebel et al. in 2015™ investigated the structural origin of the high OER activity in mixed NiFe
oxyhydroxides using operando high-energy resolution fluorescence detection X-ray absorption
spectroscopy (HERFD-XAS) and complementary DFT+U calculations. They systematically varied Fe
contentin Ni-based thin films and found that the exceptional activity correlates with the substitution
of Fe®* into the y-NiOOH lattice. A crucial aspect of the study was the identification of Fe as the active
site, asthe Fe atoms in octahedral coordination exhibited shortened Fe-O bonds, providing favorable
binding strength for key oxygen-containing intermediates involved in the OER process, which is
essential for maintaining high catalytic activity. Beyond ~25% Fe content, inactive y-FeOOH domains
begin to form, reducing overall performance. Thus, this work firmly established Fe as the key
catalytic center in NiFe oxyhydroxides and shaped future efforts to tailor electronic environments for
optimized OER performance.

Ahn and Bard in 2016% used surface interrogation scanning electrochemical microscopy (SI-SECM)
to directly probe the surface kinetics of Ni, Fe, and Ni-Fe oxyhydroxide catalysts for OER in 2 M KOH.
By applying time-resolved redox titration, they quantified how surface-active species evolved and
reacted, revealing two distinct types of sites: “fast” and “slow.” Importantly, in NiixFexOOH films
(x < 27%), the proportion of “fast” sites correlated closely with Fe content, providing the first direct
experimental evidence that Fe atoms in a NiOOH matrix are responsible for high OER activity.
However, at higher Fe concentrations (>25%), phase segregation was observed, leading to less
predictable behavior and reduced activity. While the study confirmed Fe as the likely active site in
well-dispersed NiFe systems, limitations included the uncertainty in site assignment and challenges
in reproducibly synthesizing films without phase separation persisted, because of poor control over
the amount of Fe in the samples. Care has been taken to rectify this for the samples discussed in this
work.

Chen et al. in 2015%® investigated the oxidation states of Fe in NiFe and Fe-only oxyhydroxide
electrocatalysts under OER conditions using operando Mdéssbauer spectroscopy. Catalysts were
synthesized directly on carbon paper to ensure mechanical stability and eliminate binder effects.
Their key finding was the first direct observation of Fe** in NiFe catalysts during active oxidation of
water. Although Fe** was detected at up to 21% of total Fe, it has been suggested that these sites
were not responsible for catalysis, as they could be found even when no external potential was
applied. While the study provided strong evidence for flexibility of oxidation state of Fe and its role in
enabling high-valent states, it did not definitively identify the active site and was limited by the
inability of Mdssbauer spectroscopy to detect low-concentration, transient species. Nonetheless,
this work highlighted the unique capacity of the NiOOH lattice to stabilize Fe* and the likely
involvement of Fe-centered mechanisms in OER activity.

Gorlin et al. In 2016® investigated mixed Ni-Fe oxyhydroxide catalysts across a wide range of
compositions to resolve the ongoing debate around their OER mechanism and the roles of Ni and Fe
during catalysis. Using a combination of operando differential electrochemical mass spectrometry
(DEMS) and quasi-in situ X-ray absorption spectroscopy (XAS), they tracked how faradaic charge was
distributed between oxygen evolution and metal redox changes. The study found that in Ni-rich
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systems, Ni was oxidized to +4 during OER, while in Fe-rich or mixed catalysts, Fe remained mostly
at+3 and the increase of the oxidation state of Ni was hindered. This suggested that Fe helps stabilize
the Ni in lower oxidation states and enhances the OER activity indirectly. While the exact active site
was not pinpointed, the data indicated a synergistic interaction where Fe promotes higher OER
selectivity and possibly catalytic turnover. A limitation of this study was the inability to detect the
short-lived Fe states with higher valency.

Li etal.in 2017% examined the effects of Fe incorporation in the electronic structure and OER activity

of Ni oxide catalysts, focusing on the changes in Nivalency. Using ultrathin films and a combination
of XAS and electron energy loss spectroscopy (EELS), they demonstrated that doping with Fe
promotes the formation of Ni** species up to a plateau at ~10% Fe. This finding correlated with
enhanced activity and it was determined that Fe acts as a Lewis acid, stabilizing the Ni species in
higher oxidation states. Spectroscopic data supported this by showing greater Ni-O covalency with
increased Fe content. It was inferred that Fe enhances OER performance indirectly by promoting Ni-
based reactivity, without definitively identifying an active site.

While Chen et al. in 20152 observed the formation of Fe** during OER and suggested high-valent Fe
species could be catalytically relevant, Li et al. 2017% argued that Fe does not act as the active site
but instead promotes the formation of high-valent Ni**, which drives the reaction. This fundamental
disagreement over whether Fe directly participates in the catalytic cycle or merely enhances Ni
reactivity reflects the ongoing discourse regarding the NiFe system and reinforces the need for further
studies regarding this system of electrocatalysts.

Zhang et al. in 2021%° addressed the ongoing debate over the active site in NiFe electrocatalysts by
combining electrochemical measurements with mechanistic analysis on planar electrodes
prepared via pulsed laser ablation (PLA). They argued that Ni is unlikely to serve as the catalytic
center, based onits inability to reach high oxidation states in aqueous media and electronic structure
considerations. Instead, they proposed high-valent Fe species, including Fe** and Fe®*, as the most
plausible active intermediates for OER. This assertion was supported by earlier operando
spectroscopic data and further reinforced by studies in non-aqueous media that allowed direct
observation of Fe®" reactivity. While the study strongly favored an Fe-centered mechanism, it relied
largely on indirect observations and theoretical arguments, and the precise nature and stability of
Fe®* under real aqueous operating conditions remain unresolved.

2.3.3 Active site of Fe-Ni oxyhydroxide catalysts and their chemical and electronic structures:
explored via electron and x-ray spectroscopic techniques

Despite extensive research on Fe-Ni oxyhydroxides, the identity of the active site and the specific role
of Fe remain actively debated. As discussed previously, studies have proposed that Fe either
promotes™® or inhibits®”-® Ni oxidation or alters the catalyst’s electronic structure in more complex
ways. To resolve these ambiguities, researchers have increasingly turned to advanced electron and
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x-ray spectroscopic techniques which offer element-specific insight into oxidation states,
coordination environments, and electronic interactions ex-situ as well as under operando
conditions.

Direct comparison between Ni-Fe based catalysts is complicated by differences in synthesis
methods, substrates, and testing conditions. However, many studies report a distinct redox peak
corresponding to the Ni**/Ni** redox couple, for the solid-state transition between Ni(OH), and
NiOOH prior to the onset of OER. This peak often shifts anodically in the presence of Fe, whether
intentionally added or present as a trace impurity. While this shift is commonly observed in
electrochemical analyses, its structural and electronic origin remains unclear. X-ray spectroscopic
techniques can help elucidate whether this shift reflects changes in Ni oxidation states, Fe—Ni
electronic interactions, or structural rearrangements. This section highlights key spectroscopic
investigations that have helped shape current understanding of the chemical and electronic
structure of NiFe based catalysts and their relationship to catalytic performance.

Wartner et al. in 2023%° applied operando resonant photoelectron spectroscopy (RPES) to directly
probe valence band features at the O 1s absorption edge, revealing the presence of metal-oxygen
hybridized states. These features, which align well with the Fermi level under applied potential, were
interpreted as possible indicators of active electronic states that facilitate charge transfer during
catalysis. Complementary measurements using partial electron yield x-ray absorption spectroscopy
(PEY-XAS) at the Ni L;-edge indicated the oxidation of Ni species, though the resolution was
insufficient to distinguish between resultant Ni** and Ni**. A significant limitation of RPES, as noted
by the authors, is its limited probe depth, which restricts analysis to near-surface regions and
requires correlation with bulk-sensitive techniques for a complete understanding. Nonetheless, the
study demonstrated how carefully chosen spectroscopic windows can offer valuable insight into the
active electronic environment of working Fe-Ni catalysts.

Drevon et al. in 2019% investigated the electronic structure of Fe-Ni (oxy)hydroxide catalysts during
the oxygen evolution reaction using in situ soft X-ray absorption spectroscopy (sXAS) at both the O K-
edge and metal K-edges. The thin film samples were electrodeposited and contained varying
amounts of Fe (typically around 25%). sXAS was performed under electrochemical OER conditions,
providing real-time insight into changes in bonding and oxidation states of the metal centers. At the
O K-edge, a pre-edge feature near 529 eV was observed and attributed to electron-deficient oxygen
species, potentially linked to the oxidation of nearby Ni or Fe centers. Notably, the Ni K-edge showed
a distinct edge shift from +2 to +3 under applied potential, confirming redox activity of Ni during OER.
In contrast, the Fe K-edge exhibited only minor changes, suggesting Fe remains largely in the +3 state,
although the authors could not rule out the existence of Fe** completely. The study emphasized the
synergistic role of Ni and Fe, with enhanced catalytic activity attributed to their electronic interaction
rather than the formation of higher-valent Fe alone. Active oxygen species were also proposed as
probable participants in the redox reaction, though their exact role remains yet to be resolved.
Overall, the work highlighted the value of in situ sXAS for analyzing redox contributions and
identifying oxidation state dynamics during OER catalysis.

In the study by Friebel et al. in 20153, previously discussed in section 2.3.2, bulk-sensitive operando
x-ray absorption spectroscopy (XAS) and extended x-ray absorption fine structure (EXAFS) analysis
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were employed to investigate the Fe-Ni oxyhydroxide system under OER conditions. The
spectroscopic data, supported by DFT calculations, indicated that Fe*" ions embedded within the
NiOOH lattice are likely the primary active sites for catalysis, while Ni plays a more passive role, as
structural support. However, the authors also acknowledged that K-edge XAS provides a bulk-
sensitive signal and may not fully reflect changes occurring at catalytically active surface sites. This
highlights the need for complementary surface sensitive techniques to fully capture the reaction
dynamics driving the OER activity.

Song et al. in 2018% performed operando hard x-ray absorption spectroscopy at the Fe and Ni K-
edges to study oxidation state and structural changes in Fe-Ni oxyhydroxide catalysts during OER.
They observed that Fe remained in the +3 state, while Ni was oxidized from +2 to +3, with changes in
Fe-Ni distances suggesting reorganization of the structure under applied potential. EXAFS was used
to analyze local coordination environments, but its dependence on model-based fitting can
introduce challenges in interpreting subtleties in complex systems. The study reinforces the value of
combining multiple spectroscopic techniques to gain a more complete picture of redox behavior and
structural evolution during catalysis.

Despite extensive investigation, the identity of the active site in Fe-Ni oxyhydroxide catalysts remains
unresolved, with studies supporting either Fe or Ni as probable active sites, or even a synergistic
interaction between them. This ongoing discourse is further complicated by the limitations of
commonly used techniques like hard XAS, EXAFS, and lab-based XPS, which often lack the surface
sensitivity or electronic resolution needed to fully capture catalytic behavior, if employed
individually. For instance, Fe K-edge spectra are relatively insensitive to oxidation state changes due
to core-level screening, while EXAFS relies more on model-dependent fitting that can obscure
complex local environments. In contrast, soft XAS and synchrotron-based HAXPES directly probe
valence-level 3d states, critical to catalytic activity, offering greater sensitivity to oxidation and
bonding changes at the catalyst surface.

The work in this thesis attempts to address these gaps by employing a combination of these
advanced techniques, available at the X-SPEC beamline, to gain clearer insight into the local
electronic structure and help resolve the question of the active site in Fe-Ni oxyhydroxide
electrocatalysts.
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3 Experimental setup

3.1 The Materials for Energy Laboratory

The initial XPS measurements were performed at the Materials for Energy (MFE) Laboratory, which is
located next to the KIT Light Source at Institute for Photon Science and Synchrotron Radiation
(IPS)/Institute for Technical Chemistry and Polymer Chemistry (ITCP). The laboratory also houses the
Ar-filled gloveboxes that are used for sample storage and handling, which will be explored in detailin
the next section.

Two types of x-ray sources can be used: the DAR-450 twin-anode x-ray tube that provides non-
monochromatized Al Ka and Mg Ka radiation with a characteristic energy of 1486.6 eV and 1253.6 eV
respectively and the SIGMA Surface Science MECS monochromatized Al Ka source with also a
characteristic energy of 1486.6 eV. For the purpose of this thesis, initially, measurements were
performed using both the monochromatized Al K, and non-monochromatized Mg K, sources. A major
difference between the two is the absence of the bremsstrahlung and radiation from secondary
transitions of the materials such as Kg transitions in materials as a result of the monochromatized
x-ray source. Photoelectrons and Auger electrons are detected by the Scienta Omicron Argus CU
analyzer. However, the spectra obtained in both cases revealed that there were significant overlaps
of the Auger peaks (Fe LMM and Ni LMM) with the core level peaks (Fe 2p and Ni 2p). Figure 16 shows
a picture of the MFE lab with the key components marked.

Electron analyzer
/

Mono X-ray
| 4 ;
X-ray | 1 source
source s ,

Analysis |1l X
‘Jl chamber ||

Figure 16: MFE lab, with the key components highlighted.
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3.2 Sample handling and storage

The samples, FexNii«(O,0H), thin films (that will be discussed in Chapter 3), were prepared by and
shipped to KIT by the collaboration partners at the Pennsylvania State University®'. They were stored
and handled in the Ar-filled gloveboxes (marked in Figure 16) to limit air exposure, as well as to ensure
that surface oxidation is avoided, as the concentrations of O, and H, are maintained below 1 ppm
inside the gloveboxes. They were directly introduced into the ultra-high vacuum (UHV) system
through the load lock, transferred to the preparation chamber and finally to the analysis chamber,
where XPS measurements are performed. The base pressure of the analysis chamber is lower than
10° mbar for the measurements. For measurements at the X-SPEC beamline, the samples were
transported via customized transport chambers, which can be loaded within the glovebox and
unloaded via the load lock directly at the end station where the samples are to be measured.
Figure 17 shows the closed (a) and disassembled (b) design of the transport chamber.

Figure 17: Custom transport chamber used to transfer samples from the glovebox in the MFE lab to the beamline, without
exposing them to air.

3.3 X-SPEC beamline at the KIT Light Source

The HAXPES, XAS and XES measurements were performed at the X-SPEC beamline® at the KIT Light
Source. The X-SPEC beamline facilitates measurements in the photon energy range of 70 eV-15 keV.
The most unique and convenient aspect of the X-SPEC beamline is the ability to perform experiments
with both soft and hard x-rays at the same sample spot position. This is achieved by the careful
placement of the different components of the beamline and switching them from one setup to
another as and when required. For photoemission spectroscopy, the photoionization cross section
rapidly decreases with increasing photon energy®, hence when performing HAXPES, (hv = 2 keV or
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higher), a beam source with high photon flux, that is a high intensity of photons delivered per second,
is required-a criterion which the X-SPEC beamline fulfils by minimizing the number of optical
elements. The beamline layout is shown in Figure 18.

X-rays are generated by the double undulator, as shown on the left of Figure 18. Each undulator
consists of a series of alternating magnetic poles that create a periodic magnetic field. The
undulators have a periodic length of 28 mm and 50 mm (U28 and U50 as shown in the figure) used
respectively for creating hard and soft x-rays. For the utilization of hard x-rays, all the soft x-ray
components are moved out of the beam path and vice versa. The undulator’s magnetic field can be
adjusted by adjusting the undulator gap mechanically to shift the energy of the emitted x-rays,
enabling precise tuning for different experiments. A bending magnet or a wiggler also serves similar
purposes as an undulator: the former keeps electrons on a closed orbit within the storage ring, and
when deflected by the magnetic field, emits radiation tangential to its path; the latter is similar to an
undulator in design, but operates with a stronger magnetic field and higher deflection parameter,
which causes the electrons to follow broader, fewer oscillations and results in a broader spectrum.
However, for the X-SPEC beamline, the undulators’ ability to produce sharp, tunable peaks and
narrow bandwidth radiation are more well suited.

Hard x-rays are monochromatized by a double-crystal monochromator (DCM) with pairs of Si (111)
or Si (311) crystals and the monochromatic beam is then focused by mirrors M1 and M2 onto the
samples at the different end-stations, which are the UHV and the in situ end-stations, marked as A
and B in Figure 18. Using both these crystals, an energy resolution of better than 0.6 keV can be
achieved up to an energy of 8 keV. This is an acceptable value for general HAXPES measurements.

L] DCM  FVLS-PGM

.‘~&~--~ ..“ ‘
UHV end-station ™. }

(A)
In-situ end-station

(B)

Figure 18: Schematic of the X-SPEC beamline. The top shows a bird's eye view of the design drawing. The bottom highlights
the most important components. Some of the key components are, from left to right: The undulator source with the two
magnetic structures(U28 and U50), the hard x-ray monochromator (DCM), the soft x-ray monochromator (FVLS-PGM), the
two hard x-ray mirrors (M1 and M2), and the two pairs of soft x-ray mirrors, used to focus the beam into A, the UHV end-
station (M3 and M4), and B, the in situ end-station (M5 and M6), respectively. The path of hard x-rays is shown in blue, and
the path of soft x-rays is shown in red. Figure reproduced from ref?.
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At higher energies, high flux experiments with larger experimental widths are valuable for several
applications as well.

Similarly, the soft x-rays are monochromatized by a focusing variable-line-space (FVLS) plane grating
monochromator. The PGM allows the choice between three gratings, and one can be chosen to cover
the entire soft energy range (below 2 keV). The three gratings possible to choose from are 400, 800
and 1200 lines mm™. The different gratings offer a trade-off between energy resolution and photon
flux. The XES measurements discussed in this work were performed with the 400 lines
mm”. Based on the energy range and the requirements of the particular experiment, the 800 and
1200 lines mm™ gratings are a likely choice for XAS and PES experiments. The resolutions that can be
achieved with these gratings stay well below 0.1 eV, up to a photon energy of 1 keV and are only
slightly above 0.2 eV at 2 keV. The XAS measurements reported in this thesis were performed using
either the 800 lines mm™ or the 400 lines mm™. For HAXPES measurements, the energy resolution
was determined from gold Fermi edge and 4f measurements, taking the experimental broadening of
the electron analyzer, which comes out to be 15 eV.

Two pairs of mirrors focus the soft x-ray beam onto the end-stations: M3 and M4 for the UHV and M5
and M6 for the in situ end-station. The resultant spot size for soft x-rays is <5 um (vertical) X 90 um
(horizontal). For hard x-ray operation, the beam goes directly to the DCM, and the monochromatic
beam is then focused onto either of the end-stations with the help of mirrors M1 and M2. For HAXPES
as well, a small spot size is desirable, to enable the operation of the electron spectrometer with high
transmission lens modes. It also allows measurements in the grazing incidence mode to maximize
the photon absorption in the probing volume. The hard x-ray beam spot size is <50 um (vertical) X
700 um (horizontal) for the first end-station, while the values are approximately 30% larger for the
second end-station.

The two end-stations of the X-SPEC beamline are the UHV and the in situ end-stations, marked as A
and B respectively in Figure 18. The former is tailored for ultra-high vacuum conditions, with a base
pressure in the order of 10° — 10" mbar. It is equipped for sample preparation techniques such as
sputtering, annealing and cleaving, and is kept contamination free. It is ideally suited for studying
surfaces and interfaces of samples. The latter, the in situ end-station is optimized for studying
materials under operando or near realistic conditions. The sample and the beamline environment
can be separated at this end-station and that enables the real-time monitoring of processes such as
catalysis and corrosion. In Figure 18, the path of the hard x-rays is shown in blue and the path of the
soft x-rays is shown in red. For HAXPES measurements, a Phoibos 225 electron analyzer (SPECS) is
used for detection of photoelectrons. It allows measurements of electrons up to a kinetic energy of
15 keV. The photoelectrons are collected at 90° with respect to the incoming x-ray beam. For XES
experiments, each of the end-stations is equipped with a high transmission soft x-ray spectrometer
with a resolving power of 2000 to 4000 and an energy range from 50 to 2000 eV is used which was
developed in-house®. For XAS measurements, different measurement detection schemes are
possible (discussed at length in Chapter 2), including TEY via sample current measurement, PFY
detection using different detectors at the two different end-stations. Both detectors have windows,
the one at the UHV end-station has a Kapton window and the in situ end-station has an aluminum
window.
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3.4 Sample Preparation and Synthesis

3.4.1 Sample Overview

The samples studied in this dissertation are FexNi«(O,0H), electrocatalyst thin films, prepared and
shipped to KIT by the collaboration partners at the Pennsylvania State University®'.

The films are metallic FeNi alloys with compositions controlled by the electrodeposition conditions.
For preparation of these catalysts, several research groups have explored various techniques such
as spray coating®, chemical co-precipitation® and electrodeposition''*%, Extensive studies have
shown that electrodeposition is the most efficient way of obtaining these thin films, as the electrolyte
composition can be engineered to provide the desired composition and nature of the
electrocatalysts. It is a low-cost, scalable technique and does not require very extreme reaction
conditions. In comparison, chemical co-precipitation may lead to poor uniformity and require
additional steps to transfer the material onto the substrates while spray coating limits the control
over catalyst morphology, making them less favorable techniques.

By varying the amount of Fe and Ni ions in the solvent used as electrolyte for electrodeposition, the
nominal Fe and Ni content in the sample can be varied, to fit the needs of the experiment. The
catalytic efficiency or the OER activity of the FeNi alloys is seen to increase for compositions with up
to 20 atomic % Fe'*®" 9899 gnd studies for this dissertation have been concentrated for up to 50
atomic % Fe. A compact morphology with uniform coverage over the substrate is expected. The
electrodeposition is performed on a gold coated silicon wafer, with a titanium adhesion layer in
between. The gold coating serves as a conductive base, ensuring efficient charge transfer during
electrochemical studies and spectroscopic measurements such as photoemission and surface
sensitive x-ray absorption. FeNi alloys are poorly conductive, especially in their oxidized or hydroxide
forms, limiting their activity without the presence of a conductive band, which is compensated for by
the Au coating.

Figure 19(a) shows a schematic representation of the different layers forming the sample. The
catalyst layer is representative of the FeNi alloy electrodeposited on the film. Figure 19(b) shows the
sample after electrodeposition, marked in the red circle.

(a) Fe,Ni;,(O,0H), (b)
gold coating

titanium adhesion layer
silicon wafer

Figure 19: (a) Schematic representation of the different layers comprising the sample. (b) Sample after electrodeposition,
marked by the red circle.
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To confirm the composition of the resulting films, two elemental analysis techniques were used,
namely inductively coupled plasma mass spectrometry (ICP-MS)*'% uysing an Agilent 7850 and
energy dispersive spectroscopy (EDS)*"'' using a Thermo Scientific Apero instrument. ICP-MS
allows for quantitative determination of the elements present in the film and EDS helps to obtain
qualitative information about the elements by detecting characteristic x-rays emitted from the
sample when bombarded with electrons. The Fe and Ni quantities were determined based on the
examination of their K-lines.

The physical characterization of the films was performed by measuring film thickness and surface
structure. The thickness of the films is calculated by measuring the charge passed through the
working electrode, in this case the substrate used for electrodeposition of sample, during the
electrodeposition process'®. The deposition time is varied from 30 seconds to 3 minutes, producing
catalysts with thicknesses ranging from 20 to 200 nm. However, it was discovered through several
electrochemical experiments that changes in thickness did not affect the OER activity of the samples
which show similar performance characteristics. The thickness of the samples studied in this
dissertation vary from 50-200 nm.

Cross-sectional SEM imaging (Figure 20 (a)) measured the underlying layers of the sample for precise
identification and measurement of film thickness. Surface SEM imaging (Figure 20 (b)) provided an
idea of the surface morphology of the films: the surface looked relatively homogeneous and free from
severe visible defects.

Figure 20: (a) Cross-sectional SEM image of the film (b) SEM image showing the film morphology. Images from ref*°.

The chemical and electronic properties of the catalyst (top-most layer in Figure 20(a) and the region
marked by the red circle in Figure 20(b)) are studied via several electron and x-ray spectroscopic
techniques.

For simplicity, in certain sections of the text, the FeNi.«(O,0H), thin films will also be referred to as
FeNiOOH thin films.
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3.4.2 Synthesis protocol of samples

Gold-coated aluminosilicate glass slides (Platypus Technologies) were used as substrates for the
electrodeposition experiments. They were cleaned with UV-generated ozone for 15 minutes (SC-UV-
I, Setcas LLC) to remove organic contaminants. Containers made of PEEK, Teflon, or polypropylene
were used exclusively to prevent contamination from Fe leaching, which can occur when glass is
etched by alkaline solutions. All containers were cleaned with 10% nitric acid to remove residual Fe
and Ni traces, and ultrapure water (18.2 MQ-cm, EMD Millipore) was used for rinsing.

The electroplating solution contained 10 mM of metal salts. Fe and Ni stock solutions were prepared
using iron (ll) sulfate heptahydrate (Sigma Aldrich, 215422, >99% pure), and nickel (ll) sulfate
heptahydrate (99.999% trace metals basis, Sigma Aldrich, 203890) dissolved in 0.1 mM sulfuric acid
(99.999%, Sigma Aldrich, 339741). The solution also included 0.1 mM sulfuric acid, 0.1 mM acetic
acid (99.99% purity, Sigma Aldrich, 64-19-7), and 0.1 M sodium sulfate (99%, Sigma Aldrich, 7757-
82-6). The sulfuric acid acts as the primary electrolyte, sodium sulfate as the supporting electrolyte
and acetic acid as the buffer, which is responsible for maintaining the optimum pH of the solution

Electrochemical experiments were conducted in a custom PEEK reactor based on a modified 2-
compartment cell with a 50 ml electrolyte volume (Redox.me, see chapter 2). A mini-Hg/HgO
electrode with 1 M KOH (85% ACS reagent, Sigma Aldrich, 131-58-3) served as the reference
electrode, while a coiled Pt wire was used as the counter electrode. FeNi films were electrodeposited
as metallic layers at a constant cathodic potential of -0.176 V vs RHE (-1.1 Vvs MMO in 1 M KOH).
Deposition durations ranged from 30 to 180 seconds to achieve the desired thickness.

All electrochemical measurements were performed using purified KOH electrolyte, 1 M in
concentration. Before it can be used as electrolyte, the KOH undergoes a rigorous purification
process to remove trace Fe contaminants. This is done to improve control over the exact
concentration of Fe in the electrolyte, so the intended concentration of Fe in the electrocatalyst is
not compromised with. The purification process involves the precipitation of Fe impurities via
Ni(OH), formation by the addition of nickel nitrate hexahydrate (99.999% trace metal basis, Sigma
Aldrich, 203874), which has been thoroughly discussed in the literature elsewhere. ICP-MS and the
absence of a Niredox peak shift ensures that the electrolyte is free of Fe contamination. This ensures
the prevention of unwanted incorporation of Fe into the electrolyte and/or the surface of the
electrodes and electrocatalyst. Before conducting OER measurements, the purified KOH was
saturated with oxygen for a minimum of 30 minutes. All electrochemical OER measurements were
carried out in the same reactor used for electrodeposition, with 20 ml of purified KOH. The scan rates
used for cycling were either 10 mV/s or 100 mV/s, until a steady state was reached. The voltage
window for conducting the cyclic voltammetry experiments was determined based on the Fe
content, ranging from 0.98 V vs SHE to between 1.6 and 1.9 V vs SHE, with the potential decreasing
with increasing Fe content.

Before experiments, the electrolyte was deoxygenated by purging with argon for at least 30 minutes.
Sulfuric acid for stock solution preparation was also degassed to eliminate dissolved oxygen before
adding metal salts.
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3.4.3 Modification to electrolyte recipe for sample optimization

In the electrochemical synthesis protocol developed by the Penn State University, changes were
introduced to improve the control over catalyst composition and tackle the challenges faced due to
pH instability. These optimizations include the replacement of boric acid with sodium sulfate-
supported acetic acid as buffer and the implementation of a purification process for the
commercially available KOH.

Buffering is an essential step during the electrodeposition of transition metal oxides and hydroxides
to maintain a stable local pH at the electrode surface'?'%41% |nthe absence of an appropriate buffer,
the pH of the solution can increase due to hydrogen evolution and local hydroxide generation.
Deposits formed under alkaline conditions lacking a buffer, exhibited inconsistent Fe content and
poor film morphology. These limitations were found to be related to local pH fluctuations at the
electrode surface, due to hydroxide generation during hydrogen evolution'®, To investigate the pH
dependence of the Fe and Ni metal species in solution, Pourbaix diagrams'® for Fe and Ni were
examined, along with the relevant solubility products'®’ for their hydroxides. It was found that Fe ions
are prone to precipitate at significantly lower pH than Ni'®, resulting in the need to develop an
electrolyte recipe with a buffer capable of maintaining the local pH within a controlled window, to
ensure the deposition of Fe and Ni deposition is as intended.

Boric acid is commonly used in alkaline deposition media for electrodeposition of Fe and Ni oxides
and hydroxides'®'"°, However, it was found unsuitable here due to its limiting buffering capacity.
Instead, acetic acid was selected, offering stronger buffering in the desired pH range of 4.5-6. To
support the low conductivity of acetic acid, sodium sulfate was added as a chemically inert
supporting electrolyte. Additionally, the initial samples were prepared in an open electrolyte bath,
which did not consider the possibility of contamination from the ambient air. The reaction vessel thus
was also updated with the electrolyte components, as a chamber made of PEEK that allows for it to
be sealed while the reaction takes place was used. The design and further utility of this chamber has
been explained at length in Chapter 2.

Parallelly, the possibility of Fe incorporation from trace Fe contamination from the KOH used to
conduct electrochemical experiment was addressed. This can affect the Fe to Ni ratio in the sample
and obscure the impact of intentional doping. This becomes a significant concern when working with
samples in the low Fe regime.

3.4.4 Overview of sample sets and treatment history

Table 1 shows the tabulated sample matrix explaining the chemical history, buffer system used in the
electrolyte system and the reaction vessel used for preparation of each sample.

Series 1 samples (S1) were prepared using boric acid buffer in an open electrolyte bath and Series 2
samples (S2) were prepared using acetic acid and sodium sulfate as a buffer system in a sealed PEEK
cell. x denotes the atomic percentage of Fe content in the samples.
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Sample description Buffer system Reaction vessel
(x, as prep/wt/wo OER)
x=1 as prep, S1 Boric acid Open electrolyte bath
x=15 as prep, S1 Boric acid Open electrolyte bath
x=30 as prep, S1 Boric acid Open electrolyte bath
x=50 as prep, S1 Boric acid Open electrolyte bath
x=1 as prep, S2 sodium sulphate + Sealed PEEK
acetic acid Electrochemical cell
x=3 as prep, S2 sodium sulphate + Sealed PEEK
acetic acid Electrochemical cell
x=10 as prep, S2 sodium sulphate + Sealed PEEK
acetic acid Electrochemical cell
x=13 as prep, S2 sodium sulphate + Sealed PEEK
acetic acid Electrochemical cell
x=16 as prep, S2 sodium sulphate + Sealed PEEK
acetic acid Electrochemical cell
x=20 as prep, S2 sodium sulphate + Sealed PEEK
acetic acid Electrochemical cell
x=40 as prep, S2 sodium sulphate + Sealed PEEK
acetic acid Electrochemical cell
x=50 as prep, S2 sodium sulphate + Sealed PEEK
acetic acid Electrochemical cell
x=1 wt/wo OER, S2 sodium sulphate + Sealed PEEK
acetic acid Electrochemical cell
x=5 wt/wo OER, S2 sodium sulphate + Sealed PEEK
acetic acid Electrochemical cell
x=20 wt/wo OER, S2 sodium sulphate + Sealed PEEK
acetic acid Electrochemical cell
x=50 wt/wo OER, S2 sodium sulphate + Sealed PEEK
acetic acid Electrochemical cell

Table 1: Overview of the sample sets and treatment history. x represents the Fe content in the sample and S1 and S2
determine which synthesis method was followed for each sample.
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3.4 Dataanalysis

The Tougaard background analysis for the Fe and Ni 2p spectra was performed using the Quantitative
Analysis of Surfaces by Electron Spectroscopy or the QUASES Tougaard software developed by Sven
Tougaard™" for accurate removal of inelastic background which is characteristic of transition metals.
The software uses theoretical cross-sections and energy loss functions tailored to specific material
systems.

For certain spectra such as the O1s HAXPES spectra, along with an appropriate background
subtraction, fitting the spectra with a Voigt profile also becomes essential for spectral deconvolution.
The Voigt profiles are a combination of Gaussian and Lorentzian profiles, enabling adjustments in
instrumental and lifetime broadening. The fits were performed in the Fityk''? software, where the ratio
between the Gaussian and Lorentzian functions can be varied to obtain an optimal fit.

3.5 Constraints of conventional laboratory-based x-ray sources and the need for HAXPES
measurements

To establish a preliminary understanding of the surface composition, XPS was measured using
conventional laboratory-based x-ray sources at the MFE laboratory.

The samples studied here are Fe Nii(O,0H), thin film electrocatalysts, with the following nominal x
values: x =1, 15, 30, and 50. This composition range was selected based on earlier studies indicating
that significant improvements in OER activity occur at relatively low Fe doping levels, often peaking
below or around 20 at.% Fe, with limited further enhancement beyond 50 at.% Fe®%%:113. The
compositions are referred to as nominal, reflecting the precursor solution compositions used during
synthesis rather than the exact stoichiometry in the films deposited. This convention accounts for
factors such as preferential incorporation, local pH fluctuations, and differential solubility, which
may cause deviations between the input and final film compositions'*. Although the improved
synthesis protocol allows better control over Fe incorporation, these uncontrollable factors can still
influence the distribution of Fe and Ni in the final product.
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Figure 21: XPS survey spectra of FexNii.x(O,0H)y thin films (a) measured with non-monochromatic Mg Ky x-ray source and
(b) measured with monochromatic Al K, x-ray source in the MFE laboratory.

Figure 21 shows the XPS survey spectra of the samples. Figure 21(a) shows the survey spectra
measured with a non-monochromatic Mg K, x-ray source, with an excitation energy of 1253.6 eV, and
Figure 21(b) shows the survey spectra obtained with a monochromatic Al K, x-ray source, with an
excitation energy of 1489.7 eV. Energy calibration was performed using sputter-cleaned Cu, Ag, and
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Au foils. All survey spectra reveal the presence of Ni and O in all samples. Fe is present in most
samples, although the signalis weak in the x=1 sample. The Ni 2p and Fe 2p peaks appear at ~852 eV
and ~710 eV, respectively. The O 1s peak is observed at ~532 eV. A prominent C 1s peak is observed
at ~284 eV. This feature is generally attributed to adventitious carbon; a thin layer of hydrocarbons
that accumulate on most surfaces exposed to the ambient atmosphere. The binding energy matches
the position for C-C and C-H bonds, and the absence of any intentional C source in the synthesis
supports this assignment and the reasoning behind C’s presence. Similar peaks are reported across
awide range of materials, including oxides and metals, due to surface adsorption of airborne organic
molecules or residual contamination from handling samples. Furthermore, the absence of higher
energy components of the peak which would signify the presence of other C-containing compounds
such as C-O or O-C=0, supports this inference’''®>'"¢, The C 1s peak is a feature in most XPS
analyses and is commonly reported in transition metal electrocatalysts exposed to air during transfer
or storage.

The presence of several other elements can be noted that are notintentional additions to the sample,
such as N 1s at ~398 eV, S 2p at ~168 eV, B 1s at ~190 eV, and Au 4f at ~84 eV. Assumptions can be
made regarding their source, some with greater certainty than others. The likely source of the Au 4f
signalis the gold coating over the aluminosilicate glass substrate, implying that the sample might not
have been homogeneously distributed across the sample, or a scratch might have been present at
the measurement spot. B could have been introduced onto the surface of the sample from the boric
acid used as buffer in the first synthesis protocol. Additionally, trace amounts of S can be present as
impurities or introduced during manufacturing of the aluminosilicate glass, especially if sulfate-
based raw materials are used'”. The N 1s signal is not expected based on the sample composition
and may result from trace environmental contamination introduced during handling or exposure to
laboratory conditions, such as adsorption of organic nitrogen compounds from the atmosphere,
contact with gloves or tools, or residue from earlier sample analysis within the analysis chamber.

Figure 22 shows the HAXPES survey spectra of the same samples, measured with 2.1 keV excitation
energy, at the X-SPEC beamline. To improve the visibility of lower-intensity features, the intensity of
the Ni 2p region (845-900 eV) was attenuated by multiplying it by a factor of 0.7. The Auger region
(1229-1619 eV), which includes transitions such as Fe LMM, Ni LMM and O KVV were magnified by a
factor of 5 and overlaid above the full spectra for better visualization. Different from the laboratory
data presented above, the Auger peaks do not overlap with the Ni and Fe 2p peaks. This makes
HAXPES an essential technique to study the FeNiOOH thin films. Similar to XPS, Au 4f peak is visible
in the HAXPES spectra as well. The Si 1s peak likely originates from the aluminosilicate glass
substrate itself. The Si 1s electrons have a kinetic energy of approximately 260 eV, they can only
escape from the top 1-2 nm (IMFP of Si) of the material without losing energy. As a result, the
measurement remains highly surface-sensitive, and signals from deeper layers, such as the
substrate, would normally not be detected unless the overlayer is very thin, uneven, or has local
discontinuities. Therefore, in samples with local discontinuities or scratches or thin coverage,
substrate signals may become visible in the spectra, as it happens in the case of these samples
studied.
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Figure 22: HAXPES survey spectra of the FeNi thin film electrocatalysts, obtained at the synchrotron with an excitation
energy of 2.1 keV. To improve visibility of lower-intensity spectral features, the Ni 2p region (845-900 eV) has been multiplied
by a factor of 0.7. The Auger region (1229-1619 eV) is magnified by a factor of 5 and overlaid above the full spectra. All other
portions of the spectra were left as they were.
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3.6 Compositional complexity indicated by trends in Fe 2p spectra of initial series

The following section examines the initial sample set used in this study, focusing on highlighting the
limitations that motivated the modifications of the synthesis approach, from both a chemical and
spectroscopic point of view.

Preliminary attempts to analyze the Fe 2p HAXPES spectra using a two-component fitting model
revealed limitations in how well the initial sample set could be interpreted. The approach was based
on the assumption that the compositions at x=1 and x=50 represented distinct and relatively well-
defined chemical states of Fe, and that spectra from intermediate compositions could be described
as linear combinations of these two extremes. While this strategy provided a simple framework, the
resulting fits showed significant deviations from the measured spectra for several compositions. This
indicated that the electronic environment of Fe does not evolve in a linear or spectroscopically
additive manner across the composition range, and that the assumptions underlying the model were
too simplistic for the system under investigation. These limitations made it difficult to draw reliable
conclusions about the chemical trends in the series and pointed to the need for a more systematic
sample set to investigate the evolution of Fe states more effectively.

Figure 23(a) shows the Fe 2p spectra of all the samples and Figure 23(b) and Figure 23(c) show the fit
sum plots for samples x=5 and x=30. The former shows clear deviation from the experimentally
obtained spectrum.
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Figure 23: (a) HAXPES spectra of Fe 2p core level. Gradual changes can be observed in the Fe 2p spectra of the different
samples, as the composition changes. Attempted 2 component fitting of (b) x=5 and (c) x=30. The fit for x=5 is poor, as is
evident from the residual and the fit sum deviating from the spectra of the sample. The spectrum for x=30 is reasonably well
described by a linear composition of the two references, implying that it is a coherent intermediate state.

3.7 Transition to modified sample preparation: methodology and justification

Limitations observed in electrochemical studies by the collaborators motivated a transition to a
modified electrodeposition protocol®'. Essentially, uncontrolled and unpredictable Fe enrichment,
particularly in the low Fe regime hindered efforts to systematically corelate composition with the
observed catalytic activity. Even small deviations in Fe content caused significant changes in oxygen
evolution reaction (OER) performance, making it difficult to resolve the sharp enhancement in
activity.

To overcome this, a modified synthesis approach was employed, incorporating buffering agents such
as sodium sulphate and acetic acid, as a replacement to boric acid, to maintain a local pH of 4.5-6,
which stabilized the Ni and Fe ions in solution, minimizing unwanted precipitation.

This refinement enabled a near-linear correspondence between Fe concentration in the precursor
solution and in the final films, especially in the low Fe regime, where compositional precision is
critical as literature reports show them to be the most efficient in promoting OER. This is depicted in
Figure 24 as can be seen®'.
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The film composition was determined using a combination of inductively coupled plasma mass
spectrometry (ICP-MS) and energy-dispersive X-ray spectroscopy (EDS), as reported in a related
study by the collaborating group®'. This correlation held across the entire compositional range,
including both low and high Fe content samples, and provided a more reliable foundation for
subsequent spectroscopic analysis.
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Figure 24: Film composition vs precursor solution composition for FeNi films deposited using the improved protocol (blue).
The red line corresponds to data from the literature. The improvement brought on can be clearly seen. Adapted from
ref'"Sand ref®’.

Although spectroscopic complexity in the initial series did not directly drive the protocol change, they
later underscored the importance of having a better-defined and reproducible sample set. The
improved synthesis laid a stronger foundation for subsequent spectroscopic interpretation and
correlation between structure and activity, reinforcing the value of the refined electrochemical
control.
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4. Chemical and Electronic Structure of the As-Prepared
FexNi:.x(O,0H), Electrocatalysts

This chapter presents the results of spectroscopic investigations of the FesNii«(O,0H), thin film
electrocatalysts, investigating how the incorporation of iron affects the local chemical and electronic
stricture of the material. A combination of XPS, XAS and XES is used to probe changes in surface
composition, oxidation states, coordination environment and electronic states of Ni, Fe and O across
different sample compositions and treatments.

The work in this dissertation aims to address the open questions regarding the role of Fe in enhancing
catalytic activity, the condition of the active sites after OER, and the respective contributions of Fe
and Ni to the overall catalytic function. The spectroscopic results are corelated when possible, with
trends reported in the literature, in order to establish a relationship between observed structural and
electronic changes and catalytic behavior of the electrocatalysts.

4.1 Establishing the chemical and electronic state of the as-prepared samples

To determine the active chemical states of Fe and Ni during the oxygen evolution reaction (OER), it is
important to first characterize and analyze the nature of the as-prepared FeNi thin film catalysts. The
initial findings provide a basis to which electrochemical changes can later be compared to. The
analysis in this section focusses on the samples prepared by the modified synthesis protocol, which
has proven to have better control over the intended Fe to Niratio.

The subsequent spectroscopic analysis will focus on the Fe 2p, Ni 2p and O 1s core levels. To aid the
interpretation of the different spectral features, they will be studied in relation to spectra of reference
materials, representative of relevant chemical environments. The reference materials provide a
structural framework for studying the samples against, to distinguish between different chemical
states of both transition metals. Analysis of the O 1s spectra allows to determine the relative
contribution of oxide and hydroxide chemical states in the samples. FeNi thin film samples with x=1,
3,10, 13, 16, 20, 40 and 50 are studied.

HAXPES measurements were conducted for the samples at the X-SPEC beamline, with an excitation
energy of 2.1 keV, to obtain information about the film composition and to verify their nominal
chemical composition. Figure 25 shows the survey spectra of all samples.

The presence of Fe 2p, Ni 2p and O 1s peaks is consistent with the targeted composition of the
electrocatalysts. A clear trend is visible in the survey spectra: the intensity of the Fe 2p peak
increases with increasing x, while the corresponding Ni 2p peak decreases, consistent with the
nominal Fe-Ni distribution across the samples. The O 1s peak shows only minimal changes across
the different samples in the survey spectra, indicating that a closer look is necessary to be able to
identify the changes in the features of the spectra. The Auger peaks are shifted with respect to the
core level peaks, allowing for a clear view of the latter. To aid visibility, two changes have been made
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to the plotted data: the Ni 2p region has been scaled down by a factor of 0.7 to prevent it from
dominating the spectral features of other elements and the Auger peaks have been amplified by a
factor of 5 and overlaid on top of each spectra to highlight them.

As detailed in Section 3.5, a C 1s signal is detected across all samples at ~285 eV, attributed to
surface adventitious carbon. Si 1s and Au 4f signals are also consistently present across all samples.
The presence of these substrate-related peaks may be attributed to localinhomogeneities in the film,
such as thin regions or scratches on the surface.

A significant difference compared to previous films is the presence of the Na 1s signal, whose source
is likely the sodium sulfate used as buffer in the improved synthesis protocol. Additionally, traces of
Cu 2p is visible in several spectra. This could be an artefact arising from the Cu-contact used to
establish electrical conductivity between the sample substrate and the source of electric potential
in the new reaction chamber, the design of which has been discussed at length in Chapter 2.
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Figure 25: survey of as-prepared FexNi:.(O,0OH), thin films measured at 2.1 keV excitation energy. The Fe 2p, Ni 2p, O 1s core
levels are clearly observed, alongside signals from C1s, Na 1s, Si 1s and Cu 2p. The Ni 2p region is scaled down (x0.7) and
the Auger region is magnified (x5) and overlaid above the spectra to improve visibility.

4.1.1 Probingiron’s electronic environment: insights from Fe 2p HAXPES

The Fe 2p HAXPES spectra of the FeNiOOH thin film samples are shown in black and the spectra of
reference materials such as Fe metal, FeOOH, Fe,O; and Fe;O, are shown in blue in Figure 26(a).
Figure 26(b) shows the spectra overlaid on top of each other, which helps with identifying the changes
across the composition and the steady development of oxide nature. Across all compositions, a clear
spin-orbit splitting can be seen that results from the coupling between the spin and angular
momentum of the 2p electron, as explained in Chapter 2. This gives rise to the two principal
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components of the spectra: the Fe 2ps,at ~706.6 eV and the Fe 2p.,; peak at ~719.9 eV, with a spin-
orbit splitting value of approximately 13eV?.

Additionally, the spectra also show multiplet splitting, evident as broader features and shoulders to
the main 2psand 2p+2regions™ . The multiplet splitting occurs due to electron-electron interactions
in the final state after photoemission, as explained in Chapter 2. The unpaired 2p core-hole couples
with the valence electrons, resulting in a complex spectral structure. The magnitude and complexity
of the multiplet structure depends strongly on the oxidation state of Fe and its interaction with the
surrounding Ni and O atoms. For instance, high-spin Fe** ions typically exhibit more pronounced
multiplet splitting compared to Fe?* due to the larger number of unpaired electrons interacting with
the core-hole.
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Figure 26: (a) Fe 2p HAXPES spectra of as-prepared FexNii.(O,0OH), thin films obtained at an excitation energy of 2.1 keV,
shown in black. Spectra of Fe metal, FeOOH , FesO., Fe2Os are shown in blue. The characteristic spin-orbit splitting between
the Fe 2ps2 and Fe 2pi,2components is observed in all samples. Pronounced multiplet features are visible, consistent with
the spectra of the oxide references. (b) A closer look into the Fe 2p spectra of the samples, stacked on top of each other.
The spectra for FexNix(O,0H),with x=1 is shown in black, x=10 is green, x=16 is orange, x=20 is pink, x=50 is indigo and the
spectra of the reference materials are shown in blue.
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To understand the chemical environment of the transition metals in the FesNii(O,0OH),
electrocatalysts, it is beneficial to compare the different spectra of these samples with some known
reference materials with well-defined chemical compositions. This approach is referred to as
“fingerprinting” and is helpful in forming a fair idea about the neighboring environment of the Fe and
Ni in the samples. Figure 26 shows the comparison of the Fe 2p spectra of the samples with some
selected reference materials. The peak at ~706.6 eV corresponds to Fe metal, with a zero-oxidation
state. The Fe 2p spectra also exhibit a broad peak centered at 710.6 eV, which becomes more
prominent with increasing Fe content, indicative of iron in an oxidized state. As is evident from the
spectra of the reference materials, the binding energy of the broader peak aligns with reported values
for both Fe*", as for Fe,O3; and FeOOH and Fe®* species, as for Fe;0, suggesting the presence of a
mixed valence phase. The broadening of this peak at 710.6 eV could also be due to ligand effects,
such as the nature of coordinated oxygen (oxide or hydroxide environments). The shoulder may also
represent an Fe-O-Ni bonding in the FeNiOOH thin films™'°, The distinct peak at ~706.6 eV suggests
that the surface is only partially oxidized, as it resembles the Fe metal reference.

To analyze the Fe 2p core levels in the modified sample set, the two-component fitting approach
previously applied to the initial samples was repeated. While the model was found to be inadequate
for the initial series, as discussed in Section 3.6, it is applied here again to assess whether the
improved synthesis results in more consistent and chemically sound fits. This allows a direct
comparison of how the synthesis protocol and thereby the quality of samples influences the
applicability of the model. The two extreme compositions: x=1 and x=50 were used as reference
spectra, representing FeNiOOH thin films with the least and most Fe content, respectively. This
approach was based on the assumption that these two compositions correspond to distinct and
relatively well-defined chemical states of Fe, and that intermediate compositions could be described
as a linear combination of the two. This model effectively tests whether the evolution in spectral
shape across the series can be explained by a varying ratio of two fixed components, rather than
implying the presence of continuous or overlapping chemical states. From Figure 26, it is evident that
the peak at ~706.6 eV is predominant in the x=1 sample, while the feature at~710.6 eV dominates in
the x=50 sample. This trend indicates that metallic Fe is more prominent in the low-Fe sample, and
that increasing Fe content corresponds with a progressive oxidation of the Fe species, culminating
in the most oxidized state at x=50, as an initial hypothesis.

For each sample, the fitting was performed individually, but with a consistent approach. A linear
background was applied to all, and the amplitudes and binding energies (minor energy shifts,
creating offsets) of the two fitting components were allowed to vary during the fitting process. As a
first approximation, a linear background was applied to all spectra to keep the fitting approach
consistent and sufficiently simple for this stage of analysis. However, it should be acknowledged that
a linear background is not the best background estimation for systems with transition metals such
as Fe and Ni, as explained in Chapter 2. A much better background estimation is the Tougaard
background®, which will be applied to the spectra discussed in subsequent sections, where a
comparative study between as-prepared samples and post-OER treated samples will be performed.
Subtle changes in the post-OER samples are more critical and their interpretation requires more
rigorous approximations than a simplified linear background. For the purpose of the two-component
fitting, however, the linear background approximation provides satisfactory results.
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No additional broadening was applied to either of the components. This approach was adopted to
preserve the intrinsic line shapes of the spectra, without introducing any artificial modifications to
the spectral profiles. The fit was performed over an energy window of approximately 705 eV to 737
eV, taking into account both the Fe 2ps, and Fe 2p+; regions. The residual is a measure of how well

the fit works and was used as a guide for optimizing the fit results.

The results of the two-component fitting procedure for all samples are summarized in

Table 2.
Sample (x) Amplitude Amplitude Offset (eV) Offset (eV)
x=1 x=50 x=1 x=50

1 1.00 0.00 0.00 -

3 0.8089 0.2301 0.0293 0.1333

10 0.8127 0.2065 -0.1205 0.3100

13 0.6138 0.3260 0.0531 0.1741

16 0.3700 0.6425 0.0124 0.0100

20 0.0627 0.9900 0.03773 0.1330

40 0.2853 0.7275 0.3663 0.0688

50 0.00 1.00 - 0.00

Table 2: Summary of fitting parameters obtained from the two-component analysis of the Fe 2p HAXPES spectra of all the
samples. The amplitudes and energy offsets of the x=1 and x=50 components of the FexNiix(O,0H),thin films are reported.
The fit was performed in an energy window of 705-737 eV, with a linear background which was allowed to optimize itself for
the best fit. No additional broadening was applied.

Across the series, a trend is observed between the relative components of the two end points,
reflecting the variation in the chemical environment of Fe with composition. The energy offset
remained typically below 0.15 eV, confirming the stability of the reference components. The residuals
observed were low, validating the fit models.

The fits are shown for samples x=3, 10, 16 and 20 in Figure 27. The x=1 fitting component is shown in
blue and the x=50 is shown in green while the fit sum is shown in red.
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Figure 27: Two-component fits of the Fe 2p spectra for samples with x=3 (a), x=10 (b), x=16 (c), x=20 (d) and x=40 (e). The
experimental data (black symbols) are fitted using a linear combination of the x=1 (blue) and x=50 (green) components. A
linear background was applied, shown in brown. The agreement between the fit sum (red) and data represents the
soundness of the fit, also reflected in the residual, shown in yellow.

The good agreement between the experimental data and fit sum represents the soundness of the fit
model, also establishing that the spectra of the intermediate samples can be represented as a linear
combination of the two extremes. The residual is shown in yellow.

To further analyze the evolution of the chemical environment of the Fe across the series, the relative
contributions of the two components were extracted from the fits and plotted as a function of the
sample composition, in Figure 28. The error bars shown for each data point reflect the variation in
contributions from the components by slightly varying the fitting region, providing an estimate of the
uncertainty of the fit, depending on the energy window.

While the Fe 2p spectra of the intermediate samples can be effectively reproduced using a linear
combination of the x=1 and x=50 reference spectra, the variation in the relative contributions of these
components does not follow a linear trend with increasing Fe content. As can be seen in Figure 28,
the relative contributions of the x=1 and x=50 components remain relatively stable with increasing
Fe content, until ~10 at.% and above ~20 at.% Fe, with the most significant changes occurring
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between the two. This suggests that the chemical state of Fe may shift more abruptly within this
narrow composition window, rather than evolving gradually across the entire series. Therefore, while
the spectral shapes are well approximated by a two-component model, the material system likely
exhibits more complex chemical behavior than a simple interpolation between just the two discrete
states.
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Figure 28: Relative contribution of the x=1 and x=50 components in the two-component fit for the Fe 2p spectra across the
different FeNiOOH sample series. The x=1 component corresponds to the most reduced Fe environment, while the x=50
component reflects the most oxidized state. The data show a non-linear trend in component contributions, with minimal
variation at low and high Fe contents and a sharper transition observed between x=10 and x=20.

4.1.2 Insights from the evolution of Ni across the different compositions

To gain a more complete view of the chemical environment of all the samples across the different
compositions, the Ni 2p region was analyzed.

Changes in the chemical environment of Ni are expected across the different FeENiOOH samples. As
shown in the Fe 2p analysis, Fe exhibits a composition-dependent shift towards more oxidized
chemical states, particularly between the 10 and 20 at. % Fe. Such changes in one transition metal
species often have implications for the local electronic structure of its neighboring elements in mixed
metal systems such as the FeNiOOH electrocatalysts studied in this dissertation.

The Ni 2p region is characterized by a strong spin orbit splitting between the Ni 2ps. and Ni 2pq.,
peaks, at ~869.7 eV and ~852.6 eV, respectively, hence separated by 17.1 eV'®. As was noted for Fe
2p, multiplet splitting is seen in the case of Ni 2p as well. It appears as broad shoulders at higher
binding energies as compared to the main 2p.,, and 2ps, peaks'®'?'. The main Ni 2ps,, peak appears
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at an energy close to that of metallic Ni, with only weak features resembling other reference
materials, suggesting a predominantly metallic or reduced state for Ni prior to electrochemical
treatment, especially in the low Fe, high Niregime.

Comparison with reference spectra for NiO and Ni(OH), (digitized from ref'*' and ref'?* respectively)
helps assign identities to the different spectral features observed in the Ni 2p spectra of the sample
series. The dominant peak in all samples at ~869.7 eV closely resembles metallic Ni, a second, well-
defined peak at approximately 855.3 eV becomes increasingly prominent with decreasing Ni content
(i.e., increasing Fe content), as shown by the dashed maroon line in Figure 29.
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Figure 29: Ni 2p spectra of the as-prepared FeNiOOH thin film samples, shown in black, compared with the spectra of Ni
metal, NiO and Ni(OH). shown in green. The NiO and the N(OH)2 spectra have been digitized from ref'?? and ref'?3.

This binding energy is characteristic of Ni?* in NiO environments'*"'2® | indicating that an increase in
oxide character occurs with increasing Fe incorporation. However, the absence of strong satellite
features as seen in the cases of NiO and Ni(OH),'? is strong indication that in the as-prepared
samples, Niremains largely in a low oxidation state.
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To complement the analysis of the Fe 2p spectra, a similar two-component fitting approach was
applied to the Ni 2p region. As was done for the Fe 2p spectra, each intermediate spectrum is
modelled as a linear combination of the two end states, the x=1 and x=50 components. The
application of this approach to Ni aims to determine whether Ni undergoes changes comparable to
Fe 2p or maintains a stable chemical state across the series. A linear background was applied to
each fit and no additional Lorentzian or Gaussian broadening was applied.

The results of the two-component fitting procedure for all samples are summarized in Table 3.

Sample (x) Amplitude Amplitude Offset (eV) Offset (eV)
x=1 x=50 x=1 x=50

1 1 0.00 0.00 -

3 0.89331 0.1136 -0.0102 0.0462

10 0.9447 0.0539 0.0041 0.0006

13 0.9919 0.0353 -0.0044 0.1428

16 0.3543 0.63409 0.0117 -0.0016
20 0 1 0 1e-05
40 0.8946 0.0879 0.0643 0.0028

50 0.00 1 0.00 -

Table 3: Summary of fitting parameters obtained from the two-component analysis of the Ni 2p HAXPES spectra of all the
samples. The amplitudes and energy offsets of the x=1 and x=50 components of the FexNi:.(O,OH), thin films are reported.
The fit was performed in an energy window of 850-875 eV, with a linear background which was allowed to optimize itself for
the best fit. No additional broadening was applied.

Table 3 summarizes the parameters extracted from the two-component fitting. For each sample, the
table lists the optimized amplitude (relative contribution) and energy offset for both components. A
trend is observed in the relative contributions of the two end-member components, reflecting
changes in the chemical environment of Ni with increasing Fe content. The amplitude shift is
particularly pronounced between x=13 and x=20, marking a distinct transition in the dominant Ni
species. Energy offsets remained within +0.15 eV, indicating the spectral features of the reference
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components remained stable throughout the fitting process. The low residuals across all samples
further validate the reliability of the two-component fitting model used for Ni.

The relative contribution of the two components is shown in Figure 30. The two-component analysis
of the Ni 2p spectra shows a pronounced shiftin dominant spectral features between x=13 and x=20,
consistent with the transition region identified in the Fe 2p component trend. From x=1 to x=13, the
x=1 component dominates, indicating minimal change in the Ni chemical environment at lower Fe
contents. A sharp transition occurs at ~x=13 beyond which the x=50 component becomes the
primary contributor. This abrupt change suggests that while the Ni oxidation state remains stable at
low Fe concentrations, it is significantly altered at higher Fe content, likely due to Fe-induced
structural or electronic modifications. The parity between the Fe and Ni inflection points highlights a
coupled effect in the FeNiOOH sample matrix, although the nature of change in Ni appears more
abrupt than gradual.
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Figure 30: Relative contributions of the x=1 and x=50 reference spectra in the two-component fitting of Ni 2ps/,2 spectra
across the FeNi sample series. The x=1 spectrum represents a more reduced Ni environment, while the x=50 spectrum
corresponds to a more oxidized state. A sharp transition in dominant Ni species is observed between x=10 and x=20
suggesting a composition-driven shift in Ni’s chemical state, consistent with the evolution identified in the Fe 2p analysis.

Quantitative analysis of the Ni 2p spectra reveals a clear transition in composition that closely

resembles the trend observed in the Fe 2p region. While the Ni chemical state remains mostly

unchanged at low Fe content, a pronounced shift in spectral character is observed between x=10
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and x=20, with a growing contribution from Ni?*-like features. This is the same compositional regime
where the Fe 2p spectra exhibit their most significant changes, indicating a synchronized chemical
evolution of both metal centers. These results suggest that rather than remaining chemically inert,
Ni participates in the structural and electronic response to increasing Fe incorporation.

4.1.3 Qualitative analysis of O 1s spectra prior to electrochemical treatment

The oxygen environment plays a crucial role in determining the structure, stability, and
electrochemical properties of FeNiOOH electrocatalysts’?*?5, Oxygen can possibly exist in multiple
chemical states, including but not limited to oxide and hydroxide-like environments, each potentially
influencing catalytic performance by altering the coordination environment, electronic structure, or
oxidation state of the active metal centers.
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Figure 31: O 1s HAXPES spectra of as-prepared FeNiOOH thin films. Two main features are observed, corresponding to
oxides (lower binding energies) and hydroxides (higher binding energies). The broadness of the hydroxide peak is suggestive
of possible contributions from other oxygen species as well, such as adsorbed water.

Figure 31 shows the O 1s spectra of all samples. Two main contributions can be seen, the first
centered around ~529.5-531 eV, which is typically assigned to O% in transition metal oxides,
consistent with literature reports on transition metal oxides and mixed metal oxides'?®'2712%, The
second broader feature appearing between ~531-532 eV is generally attributed to hydroxide species
(OH’), commonly observed in transition metal oxides'?®'?"'28, The regions are marked by grey bars, to
clearly demarcate between the oxygen environments. The higher energy region of ~532.3-533.3 eV is
consistent with surface adsorbed water'®. The clear substructure within the broad O 1s feature in
each sample suggests that multiple oxygen species coexist. The shaded energy bands serve as visual
guides for interpreting the overlapping contributions from oxide, hydroxide, and adsorbed water on
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the surface of the samples. Subsequently, quantitative fitting of the spectra was performed,
to assess the changing relative contributions of the oxide and hydroxide chemical environments to
the spectra overall.

Figure 32 shows the representative fit for the sample x=10. The fits were performed using Voigt profiles
to determine individual chemical compositions of oxide-like and hydroxide-like environments
as a preliminary approximation, along with a linear background. The overall fit reproduces the
spectrum well. The same model was applied to all samples and they were fit simultaneously. The
soundness of the fit can be gauged by the residual.

I ! I ! I !
HAXPES
hv = 2.1 keV
O 1s L)
x=10
Fit sum
Oxides

Hydroxides

Intenisty

s
=S
S

Binding Energy (eV)

Figure 32: Representative O 1s HAXPES spectrum (x=10), showing fitted components corresponding to an oxide
environment in the material (Oz‘, ~529.5-530.0 eV), and a combination of the hydroxide and adsorbed surface water (OH",
~531-532 eV and ~532.3-533.3 eV respectively). The quality of fit supports the spectral interpretation used in the
quantitative comparison across compositions.

Figure 33 shows the relative contributions of the deconvoluted components to the overall O 1s
spectra. As discussed above, the higher energy peak also has contributions from surface adsorbed
water. A non-monotonic evolution of the relative intensities of these features were observed with
increasing Fe content. The hydroxide contribution significantly increases from x=10 to x=20, where it
reaches a maximum, before steadily declining again at higher Fe concentrations. At the same time,
the oxide content displays a corresponding decrease within the same compositional window, before
increasing again for x=40 and x=50. This closely mirrors the behavior observed in the Fe and Ni 2p
HAXPES fits, where the window between x=10 and x=20 stands out, as the range where Fe and Ni are
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seen to undergo significant electronic changes. A relatively high hydroxide contribution has been
reported in similar studies of Fe and Ni oxides, where surface associated OH- and H,O species play
a direct role in mediating redox transitions through proton-coupled electron transfer
mechanisms'%'¥"132 The subsequent decrease in hydroxide content at higher Fe levels may reflect
a reorganization of the surface or the emergence of more ordered, less hydrated oxide phases™:.
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Figure 33: Relative oxide and hydroxide plus water contributions from O 1s HAXPES fits across the FexNiix(O,0H), series.
An increase in the contribution of hydroxide can be noted within the compositional window of x=10 and x=20, consistent
with increases in surface hydration and metal oxidation.

4.1.4 Complementary insights into the Fe and Ni electronic structure from L-edge XAS

PES provided important insights into the chemical states and environments of the metal and oxygen
species in the catalyst materials by probing the occupied electronic states. To obtain a more
complete picture of the electronic structure of the FeNIOOH electrocatalysts, particularly the
unoccupied states and the local coordination environments of the Fe and Ni, XAS is employed at the
Fe and Ni L edges. XAS probes unoccupied electronic states and is highly sensitive to oxidation state,
local symmetry, and metal-ligand interactions. In the following section, Fe and Ni L edge spectra will
be looked at, in correspondence to the spectra of some known references.

XAS measurements were recorded in both TEY and PFY modes. While a key difference between the
two lies in their depth sensitivity, there are also differences in detection mechanisms and sensitivity
to sample conditions, discussed in detail in Chapter 2. TEY, which detects electrons via the drain
current, is more surface sensitive and can be influenced by charging and roughness. PFY, which
measures emitted photons as a result of fluorescence, has a greater information depth and is more
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bulk sensitive, making it more suitable for probing features beyond the surface. In this context, PFY
is complementary to HAXPES.
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Figure 34: XAS spectra of Fe and Ni L edges of the FeNiOOH thin films and some reference compounds. The dashed lines
mark prominent features in the spectra.

The Fe and Ni L -edge XAS spectra of the samples, recorded in both TEY and PFY modes are shown
in Figure 34. Both the Fe and Ni L-edge XAS spectra exhibit pronounced multiplet structures, arising
from 2p®3d" > 2p®3d™ dipole transitions, controlled by Coulomb interactions, spin-orbit coupling
and ligand field effects.'*35'% The spectral features observed are explained in the context of charge
transfer multiplet splitting theory (CTMS)'2¢, surface and bulk differences and by comparing them to
the spectra of known references.

The Fe Ls-edge XAS spectra in Figure 34 evolve with increasing Fe content. Two primary features are
observed: a low-energy peak near 706-707 eV (labelled A) and a higher-energy multiplet centered
around 710 eV (labelled B). In low-Fe samples, peak A is more prominent, while in higher Fe content
samples, peak B intensifies.
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The Fe L; edge appears at 705-715 eV photon energy and displays a splitting pattern with multiple
peaks resolved across samples. The fundamental interactions responsible for the multiplet features
are such as:

Several electronic interactions in the final state of the Fe orbitals occur. These are primarily Coulomb
interactions between the 2p core-hole and the 3d valence electrons following the 2p > 3d excitation
and are further shaped by the ligand field imposed by the surrounding oxygen environment'¥”:1%_|n
an octahedral coordination geometry, this results in the splitting of the otherwise degenerate 3d
orbitals and gives rise to multiple transitions with distinct energy and intensities'®”'®, These features
are consistent with high-spin Fe®* species in oxide-like coordination, as observed in Fe,O; and
FeOOH references. Additional broadening of the peaks can be attributed to charge transfer
hybridization between Fe 3d and O 2p orbitals, which is typical in transition metal oxides with
significant covalency, contributing to the complexity of the multiplet structure’39:140.,

Alower-energy feature appearing around 705-706 eV is especially pronounced in samples with lower
Fe content. This feature is not prominent in the FeOOH and Fe,O, references but closely resembles
the L; edge of metallic Fe. Although its energy position is slightly shifted compared to pure Fe metal
(~706 eV), such deviations may result from local structural distortions, partial tetrahedral
coordination™', or alloying effects with Ni'*¢. The possible presence of Fe?*-like species such as FeO
or Fe;O, cannot be ruled out entirely, particularly in compositions exhibiting mixed valency.

The presence of both metallic Fe and oxidized Fe species confirms that the as-prepared samples
contain chemically heterogeneous Fe environments. Such mixed-valence configurations have been
reported to be beneficial for catalytic activity'#?'%, as metallic Fe can enhance electronic
conductivity, while oxidized Fe sites (Fe?*/Fe®*) can participate directly in redox reactions during the
oxygen evolution process. This combination of conductive and redox-active components may
contribute to the overall enhancement of electrocatalytic performance of the material'44145:146,

Comparison with reference spectra provides a clearer basis for interpreting these features. Metallic
Fe exhibits a strong, sharp signal at ~706 eV, while FeO, which has Fe in a +2 oxidation state, also
contributes significant intensity in this region. In contrast, FFOOH and Fe,O,, representative of Fe**
in octahedral environments, display a pronounced peak B, typical of high-spin Fe®. The spectral
evolution across the catalyst series suggests a transition from chemical environments containing
metallic or Fe?*-like species toward predominantly Fe®* -based coordination at higher Fe contents.

Although the lower energy peak A resembles metallic Fe L, feature, its presence in FeO and other
oxidized references indicates that it cannot be assigned exclusively to Fe’. Rather, the cumulative
evidence points to a mixed-valence Fe environment in the as-prepared samples, involving coexisting
Fe’, FeZ, and Fe* species. This interpretation is consistent with the Fe 2p HAXPES analysis
presented earlier, discussed in Section 4.1.1.

In transition metal complexes such as this, the surrounding ligands break the degeneracy of the 3d
orbitals through crystal field splitting. In an octahedral environment, this results in the splitting of the
d orbitals into lower energy t,; orbitals and higher energy e, orbitals, as described by the ligand field
theory. X-ray absorption at the Fe L; edge results in transitions from the occupied core level to these
unoccupied 3d -derived states, resulting in the signature multiplet splitting of the spectra. The two
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dominant peaks, referred to as A and B in the Figure 34 therefore are qualitatively associated with
transitions into the t,; and eg orbitals, respectively.

Additionally, the Fe-L; edge XAS spectra have been evaluated by measuring the energy separation
between the two dominant multiplet features at ~710 eV and ~708.47 eV. This approach is rooted in
the ligand field multiplet theory, which considers the effects of 2p-3d Coulomb interactions and
crystal field splitting on the final-state electronic configuration following the 2p - 3d transition ™47,
The ligand field theory forms the foundation of the CTMS, discussed earlier. CTMS builds on this by
also considering the interaction between the metal and its surrounding ligands. The spectral shape
is thus sensitive to the oxidation state and local coordination environment of the Fe center, with the
energy separation between peaks serving as a fingerprint for specific chemical states'®4,

The energy separation is calculated as following: difference in energy positions of the higher energy
peak B and the slightly lower energy peak A, as shown in Figure 34. This value evolves
non-monotonically across the sample series, as can be seen from Figure 35 and transitions
observed in trends are intrinsic features of the spectra. The data exhibit a distinct inflection at
x=20, where the separation reaches a maximum value of ~2.01 eV. Below and above this
composition, the values range in between ~1.5 and 1.7 eV. This is in agreement with the trend
observed in the analysis of the Fe 2p HAXPES spectra, where the two-component fit approach
revealed abrupt changes in the relative contributions of the reference components between
samples x=10 and x=20. This observation supports the hypothesis that discrete changes
occur in the electronic configuration within this range'®'¥:'%%_ The energy separation values of
FeNiOOH thin films with Fe concentrations up to 10 at. % are comparable to those of FEOOH and
Fe,Os, implying the presence of Fe®. It is suggestive that the x=20 sample goes through
significant structural rearrangement, which gives rise to its relatively higher energy separation of
the multiplets. A decrease in the values can be noted again, from x=20 to x=50, but as they do
not conform to any of the reference materials specifically, Fe can be presumed to exist in a
mixed-valence state in these sample compositions, as hypothesized earlier.
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Figure 35: Multiplet splitting energy at the Fe L;-edge as a function of Fe content in the FexNi:.«(O,0H)y thin films. A distinct
jumpinthetrendis observed between x=10 and x=20, corresponding to a compositional transition also identified in analysis
of Fe 2p HAXPES spectra, indicating changes in the electronic environment of Fe.

Even though the evolution of the spectra suggests a predominantly octahedral ligand environment
for Fe, the possibility of tetrahedral environments cannot be completely eliminated owing to the now
established mixed-valence nature of Fe. In such cases, the orbitals resulting from the splitting are
reversed in terms of energy, and the e orbitals lie at a lower energy as compared to the t; orbitals.
However this configuration has not been resolved in the current spectra.

Clear differences can be observed between the spectra measured in TEY mode, and that measured
in PFY mode in Figure 34. TEY, which probes the top few nanometers® of the sample, exhibits a
distinct higher energy multiplet feature at ~710 eV at the L; edge, arising from Fe®* sites in octahedral
coordination, as deduced above. In contrast, the PFY spectra, that probes deeper into the bulk of the
sample™®, displays a single, broad maximum centered around ~707 eV, with no corresponding peak
arising from multiplet splitting. This disparity indicates that the oxidation state and local chemical
environments of Fe differ significantly between the surface and the bulk. The uniform spectral shape
in PFY suggests that the bulk is chemically more homogeneous, with a predominance of Fe
environments that are either less oxidized or structurally disordered. Similar differences between the
surface and the bulk have been reported in Fe (oxy)hydroxides and mixed-valence oxides, particularly
in systems prone to ambient surface oxidation%%15"152,

To interpret the PFY data, it is important to consider detection specific artefacts. Fluorescence
spectra is susceptible to self-absorption and saturation effects, which results in the attenuation of
edge intensities, as discussed at length in Chapter 2. This effect is more prominently visible in the L,
edge. Compared to the L; edge, fewer fluorescence photons are produced after the excitation of the
L. edge, resulting in a weaker signal. The L, and L; edges also differ in terms of their origin, as the
former corresponds to 2p.,», 2 3d transitions and the latter corresponds to 2ps» 2 3d transitions'®.

Similarly, the Ni L edge XAS spectra were also recorded in TEY and PFY modes, as shown in Figure 34.
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The Ni L-edge XAS spectra of the FeNiOOH samples reveal a pronounced L, absorption feature
centered at ~852.6-853.0 eV, but notably lack the pronounced satellite feature at ~855 eV that is
typically observed in classical Ni** compounds such as NiO and Ni(OH), as can be seen from the
spectrain Figure 34.

In the spectra of the reference compounds, the satellite at ~855 eV arises from multiplet splitting
associated with a localized high spin 3d® Ni?* configuration in an octahedral ligand field'+55'%, |ts
absence in the as-prepared FeNIOOH electrocatalysts implies that Ni does not exist in +2 oxidation
state'. Instead, a Ni-O covalency is implied, consistent with more delocalized 3d states®'%'%°_|n
the context of the sample system studied in this work, this behavior reflects a combination of the
following: partial oxidation of Ni, a mixed valence state and modification of the ligand environment
due to the incorporation of Fe.

From the analysis of the two-component fitting results of the Ni 2p HAXPES spectra, a change in the
Ni structure is observed in the intermediate compositions between x=13 and x=20, but this is not
accompanied by the development of a distinct satellite feature at ~855 eV in the L-edge TEY spectra
to signify the presence of Ni?* as is seen in NiO. This indicates that while Fe promotes Ni oxidation,
the resulting Ni environment is electronically and structurally distinct from that in stoichiometric
NiO. The agreement between the HAXPES quantification and the subtle spectral shifts in XAS
supports a model where Fe induces oxidation of Ni, but within a chemically modified coordination
structure that does not give rise to known multiplet fingerprints that align with those of the references
studied.

In contrast to the Fe L-edge spectra, the Ni L-edge XAS spectra show no significant difference
between TEY and PFY modes across the different compositions. As it was established that the
absence of the satellite feature at ~855 eV in the TEY spectra eliminates the possibility of the
existence of a conventional Ni?* octahedral environment on the surface, likewise, the PFY spectra
confirms that the bulk mirrors this behavior. Incorporation of Fe into the samples therefore, has no
effect on the Ni species present within the bulk of the sample.

4.2 Initial electronic structure and its implications

The combined core-level and X-ray absorption spectroscopies reveal a composition-dependent
evolution of the local chemical environment in the as-prepared FeNiOOH electrocatalysts. Fe 2p
HAXPES and L-edge XAS analyses show that Fe is present in mixed-valent states across all
compositions, with features resembling a more reduced state of Fe persisting at the lower
concentration of Fe in the sample series. Multiplet splitting in the Fe L; edge varies non-linearly with
composition, indicating changes in oxidation state and ligand field strength, with x=20 emerging as a
key inflection point. Ni 2p HAXPES fitting confirms that Fe incorporation promotes Ni oxidation, with
a sharp increase in oxidized-like character between x=13 and x=20. However, Ni L-edge XAS spectra
lack the characteristic satellite features of classical Ni?* oxides, suggesting that oxidation occurs
within a disordered or covalent coordination environment rather than as distinct NiO phases. This
interpretation is further supported by the O 1s HAXPES results, which reveal a correlated rise in
hydroxide and surface adsorbed water content in the same compositional range, peaking at x=20.
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The consistent trends across all measurements point to a chemically significant transition near x=20,
where Fe and Ni undergo coupled oxidation. Beyond this point, the oxide and hydroxide signatures
diminish, suggesting a restructuring of environments that are active for the redox reactions. Together,
these findings establish a comprehensive picture of the electronic and chemical structure in the as-
prepared films and define the compositional threshold at which the Fe-O-Ni interaction most
strongly alters the surface and bulk properties of the material.
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5 Electronic and Chemical Structure Evolution of FexNii.x(O,0H),
Electrocatalysts upon OER Treatment

Understanding how electrocatalysts evolve following electrochemical operation is critical to gaining
insights into the origins of their catalytic activity and long-term stability. In heterogeneous
electrocatalysis, such as the catalysis promoted by the FeNii«(O,0H), thin films studied in this
dissertation, the surface of the material plays a significant role in determining the catalyst’s
performance. The oxygen evolution reaction (OER) is initiated by the adsorption of reactive
intermediates on the catalyst surface, as is typical in such systems. As a result, the surface of the
FeNiOOH thin films after OER can undergo reorganization due to the redox reactions such as
leaching or enrichment of Fe or Ni and changes in the coordination environment of the active metal
centers.

In this chapter, the transformations in a series of electrodeposited Fe«Nii(O,0OH), thin film samples,
prepared and shipped to KIT by the collaboration partners at the PSU®' are examined, by comparing
the as-prepared films with their post-OER counterparts

To track both surface and bulk related changes of electronic and chemical environments of Fe, Ni
and O as well as the changing oxidation states of Fe and Ni, complementary HAXPES, XAS, and XES
spectroscopies are used, which have been discussed in Chapter 2 and applied in Chapter 4.

By integrating the findings of the different measurements, a depth resolved picture of the
transformations brought in by OER, in relation to the constituent species of the FeNi«(O,0H),
catalysts will be developed.

5.1 Probing catalyst surface chemistry before and after OER via HAXPES

The samples studied in this section consist of FeNiOOH thin films with nominal Fe at. % of 0,1,5,20
and 50. For each composition, two samples were prepared: one as-prepared (without any
electrochemical treatment) and one subjected to the oxygen evolution reaction (OER). The scan rates
used for cycling were either 10 mV/s or 100 mV/s, until a steady state was reached. The voltage
window for conducting the cyclic voltammetry experiments was determined based on the Fe
content, ranging from 0.98 V vs SHE to between 1.6 and 1.9 V vs SHE, with the potential decreasing
with increasing Fe content.

For simplicity, the samples are denoted as “wt OER” (with OER) and “wo OER” (without OER).

Investigation of the x=0 sample, which is essentially a pure Ni film, helps examining modifications on
the surface of the Ni induced by OER thereby establishing a baseline for interpreting Fe-induced
changes in the mixed systems.

The HAXPES survey spectra was recorded for samples with and without OER treatment and are
shown in Figure 36 in red and black respectively. Fe, Ni, O core level peaks are visible across the
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series. The Fe 2p peak increases in intensity with increasing Fe content, becoming most pronounced
in the x=50 sample. Post OER, a subtle increase in the Fe signal is observed, even in the low Fe
samples. Contrastingly, the Ni 2p signal is most prominent in the low Fe samples, decreasing in
intensity as expected, with increasing Fe content. The Ni 2p spectra have been scaled by a factor of
0.7, for clear visualization of the other weaker peaks. A trend can be observed in the Ni 2p peak
signals where the peak intensity decreases slightly post OER. Enhancement of the O 1s peak can be
noticed after OER. Further analysis of detailed spectra will enable interpretation of the changing peak
intensities.

Weaker peaks attributed to Na, Si and Au are also detected. As discussed at length in Chapter 4, Na
is likely from residual buffer salts used during synthesis. The presence of Au and Si signals, despite
the nominal film thickness exceeding the IMFP of the corresponding photoelectrons, indicates that
the FeNiOOH film may be locally thin, uneven, or discontinuous.

Additionally, signals corresponding to Cu, Zn and Sn are detected in certain samples. The Cu signal
likely originates from the copper strip used to electrically connect the sample to the external power
supply. Trace Zn and Sn signals may arise from residual contamination in the sample preparation
chamber, as they were not observed consistently across all samples. Given their inconsistency,
these elements are not considered intrinsic to the FeNiOOH catalyst’s composition or central to its
observed activity. A more detailed discussion of compositional and spectral changes with Fe content
and OER treatment follows in subsequent sections, but broadly, a decrease in Ni 2p intensity and
changes in O 1s signal are consistently observed post-OER.
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Figure 36: HAXPES survey spectra (hv = 2.1 keV) of FexNiix(O,0H), thin films (x =0, 1, 5, 20, 50), before (wo OER, black) and
after (wt OER, red) OER treatment. Ni 2p signals in the pre-OER spectra have been scaled by 0.7 to help make other, weaker
peaks more visible. Peaks corresponding to Na, Si, Au, Cu, Zn, Sn, Cl, and N are marked.

Figure 37 shows the Fe 2p HAXPES spectra, measured at an excitation energy of 2.1 keV. Reference
spectra of Fe metal, FeOOH, Fe,O,, and Fe,;O, are shown in green for comparison. All spectra display
two primary features in the Fe 2ps,.region: a distinct peak at ~706.6 eV, and a broader peak centered
around ~710.6 eV, the distinct low energy peak resembles the position of Fe® in metallic reference
spectra, and the high energy feature is associated with oxidized Fe species. As seenin the references
and highlighted by dashed lines, this higher binding energy peak overlaps with features from both
Fe** (asin Fe,0,) and Fe** (as in FeEOOH and Fe,0,) and therefore cannot be unambiguously assigned
to a single oxidation state'®®'®" as was also seen for the as-prepared samples in Chapter 4. Instead,
it reflects a distribution of oxidized Fe environments, likely involving mixed-valence states and
delocalized electronic structures. In the post-OER samples, a clear increase in the intensity of the
oxidized Fe component is observed, accompanied by a relative decrease in the Fe’-like feature,
indicating a shift toward a more oxidized Fe environment at the surface.
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Figure 37: Fe 2p HAXPES spectra measured at 2.1 keV. Samples before (black) and after (red) overlaid and compared with
the spectra of some known references (green). Spectra have been normalized and scaled to the intensity of the Fe 2pa
peak of x=50, wt OER sample, for uniform comparison of signal intensity across all samples. Sn 3p signal is visible in the
x=1, wt OER sample.

At low Fe contents such as x=1 and x=5, the intensity of the Fe 2p spectra becomes more pronounced
after OER, primarily due to the growth of the broad peak centered at ~710.6 eV, associated with more
oxidized species. This is indication that the Fe on the surface becomes more oxidized upon
electrochemical cycling. At the same time, for both low and intermediate Fe contents such as x=20,
with the increase in intensity of the oxide-like peak, the metallic peak is attenuated, but not
completely eliminated, suggesting that while the surface transitions into more oxide-related species,
some of the iron remains reduced.

However, this observation varies for different compositions: for x = 5, 20, and 50, the metallic peak
diminishes post-OER, while for x=0 and to some extent for x=1, an increase in the signal representing
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metallic Fe is observed, suggesting differential behavior of electrons on the surface depending on
the nominal amount of Fe present in the samples. Additionally, the x=1, wt OER sample shows a
significant Sn 3p peak which is likely an artefact of sample preparation and can contribute to the
evolution of the spectra post OER. The coexistence of Fe, Fe*" and Fe®-like signals suggests a
chemically heterogeneous surface, potentially involving Fe-O-Ni bridging environments that arise
from local coordination with Ni centers in the mixed-metal hydroxide, which has been observed in
other such materials™®,

For a qualitative assessment of the changes in surface Fe content, the spectra in Figure 37 were
normalized with reference to the peak height of the Fe 2ps/, signal of the x=50, wt OER sample. As a
general trend, the as-prepared samples required larger scaling factors compared to their post-OER
counterparts. Although not strictly followed across all compositions, this trend suggests an increase
in the overall surface Fe signal after OER treatment, consistent with Fe enrichment at the surface.

A significant observation from the Fe 2p spectra in Figure 37 is the appearance of a clear Fe signal in
the x=0 sample after OER, despite being a nominally pure Ni film. The signal is absentin the pre-OER
sample, indicating that Fe might have been introduced during the electrochemical treatment. The
most likely explanation is contamination from the reaction chamber, which might have retained Fe
residues from the preparation of other Fe rich samples. A similar increase in Fe is also observed in
the x=1 wt OER sample, suggesting that a similar phenomenon might have occurred in this case as
well.

Similarly, the Ni 2p HAXPES spectra were also measured with an excitation energy of 2.1 keV and are
shown in Figure 38. The Ni 2ps» region in the pre OER samples is dominated by a sharp peak at
~852.4 eV, characteristic of metallic Ni, as can be seen from spectrum of the Ni metal reference
(denoted by the gray dashed line). After OER treatment, a distinct shoulder at ~855.5 eV emerges and
grows in intensity with increasing Fe content. This feature aligns with the peak observed in the NiO
reference spectrum, digitized from ref'?' (marked with purple dashed line), indicating progressive
oxidation of the Ni species on the surface, post OER.

An exception to this trend is the x=1, wo OER sample, where this feature is already present in the pre-
OER spectrum. When viewed together with the Fe 2p spectra of the same sample showing a
significant shoulder representing oxide-like characters even pre OER, it can be deduced that this
particular sample and composition may follow an evolutionary pathway that might be distinctly
different from the others. Even though the reason for such behavior remains unclear, the correlated
observations point towards an unusual distribution of electrons on the surface.

At higher Fe contents, the peak at ~855.5 €V, such as in x=20 and x=50 is present in low intensity in
the samples wo OER and increases significantly for those wt OER, indicating that with or without OER
treatment, increasing the Fe content in the samples increases oxidation of Ni, and OER enhances
and supports this oxidation further. Furthermore, the coexistence of the two features implies that the
Ni species exist in a mixed valence state on the surface of the catalysts.
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Figure 38: Ni 2p HAXPES spectra of the FeNiOOH thin films, before (black) and after (red) OER treatment, compared with
spectra of known references such as NiO, Ni(OH)2 and Ni metal, shown in blue. Spectra have been normalized and scaled
to the intensity of the Ni 2ps2 peak of x=50, wt OER sample, for uniform comparison of signal intensity across all samples.
The NiO and the Ni(OH). spectra have been digitized from ref'?® and ref'?? respectively.

To assess the relative changes occurring on the surface of Ni with respect to OER treatment, as was
donefor Fe, the Ni2p spectrain Figure 38 were normalized to the intensity of x=0, wo OER. Compared
to the as-prepared samples, post-OER spectra consistently required higher scaling factors,
indicating a relative attenuation of the overall Ni signal at the surface.

This trend is generally attributed to Ni leaching, surface Fe enrichment, or a combination of both
mechanisms that have been reported in Fe-Ni OER systems using techniques such as XPS, HAXPES,
and in situ spectroscopies' %263, For instance, studies have demonstrated Fe segregation to the

99



a) 120

Scaling Factor

surface during OER, accompanied by a decrease in Ni signal intensity, suggesting surface
reorganization and compositional changes™®'%>73,

Figure 39 presents a comparative analysis of the relative scaling factors used to normalize the Fe 2p
(a) and Ni 2p (b) spectra across the sample set. As mentioned earlier, the scaling factors were
determined through manual normalization, aligning the dominant spectral features across
compositions to enable a qualitative comparison. This is a commonly employed approach in

analysis of XPS spectra, to facilitate the variation of relative intensities across different samples with

similar compositions®41¢5,
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Figure 39: The relative scaling factors plotted as a function of composition for (a) Fe 2p core level and (b) Ni 2p core level.
The orange bars denote the scaling factors for the samples wo OER and the green bars denote the scaling factors for the
samples wt oer. For Fe 2p, the scaling factor is larger before OER as a general trend. While for Ni 2p, the scaling factors are

larger after OER.

For Fe 2p, the samples wo OER generally required larger scaling factors than their post OER
counterparts, consistent with an overall trend of surface Fe enrichment following electrochemical
treatment. In the case of Ni 2p, the trend is reversed: post OER samples consistently higher scaling
factors, indicating a relative attenuation of the Ni signal after OER. This implies that changes on the
surface occur post OER, induced by the OER itself, wherein the surface becomes more Fe rich.
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5.2 Quantitative surface composition from background-corrected HAXPES

The scaling factor approach explored in Section 5.1 provides a useful qualitative estimation for the
comparison of Fe and Ni signals on the surface and helped form a preliminary hypothesis regarding
the effect of OER on the samples. However, the interpretation of the analysis is inherently limited by
the significant and complex background present in all Fe and Ni spectra alike. Without accounting
for the inelastic scattering, the peak intensities cannot be accurately estimated, making it difficult to
draw conclusive quantitative inferences. To address this, a more rigorous analysis was carried out
using background corrected spectra.

Tougaard background subtraction was applied to the Fe 2p and Ni 2p spectra, to isolate the
photoemission signal from the surrounding inelastic loss structure.

The background was calculated using the QUASES-Tougaard software'', employing material-
specific reflection electron energy loss spectra (REELS) to model inelastic scattering more
accurately. REELS data for NiO and Fe,O,, measured at a kinetic energy of 2000 eV and obtained from
literature sources'™®'®’, were used to develop tailored backgrounds for each spectrum. These
materials were chosen as representative oxides for Fe and Ni, as their inelastic scattering
characteristics are supposed to bear close resemblance to those expected in the mixed metal oxide
environment of the samples. In contrast, using metallic Fe or Ni, or only mixed-valence compounds
like Fe,O,, would reflect the energy loss behavior insufficiently. This method offers a physically
realistic representation of energy loss, arising from the spectral complexity caused by overlapping
features and consistent multiplet splitting.

The four plots in Figure 40 show the Fe 2p and Ni 2p HAXPES spectra of FexNi1x(O,0H),samples, with
x=20, before (a and b) and after (c and d) OER.

In each case, the raw spectrum (red) is shown with the inelastic background (blue), calculated using
the QUASES Tougaard software. The region shaded in grey between the spectrum and the
background is the area considered for quantitative analysis.
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Figure 40: Background subtracted HAXPES spectra of Ni2p (a) and (c) and Fe 2p (b) and (d) regions for FexNi1.«(O,0H),, x=20
before and after OER. The background was modeled using REELS-derived Tougaard functions for Fe,O, and NiO, and the

regions shaded in grey indicate the area used for analysis of the intensity.

The shaded region of all four spectra were numerically integrated to obtain the total Fe and Ni
photoemission intensities. These background-subtracted intensities were then used to calculate the
Fe:Ni ratio at the surface for each composition in the series, before and after OER. These ratios are
then plotted as a function of nominal Fe content, which then is interpreted to gauge the degree of
surface compositional changes induced by OER. The results from this analysis provide strong
support to the conclusions obtained from the qualitative analysis with the help of scaling factors.

Figure 41 shows the ratios plotted for the with (red) and without (black) OER samples. To obtain these
values, the integrated intensities of the Fe and Ni 2ps» peaks were converted to stoichiometric
values, using a relation derived from Fermi’s golden rule'®®, described in Chapter 2. It is as follows:

I~ oNA(E)T(E) (2.4)

Where | is the measured photoemission intensity, N is the atomic number density, ¢ is the
photoionization cross-section, A(E) is the inelastic mean free path, and T(E) is the instrumental
transmission function. While A(E) and T(E) are held constant under nominally identical experimental
conditions, synchrotron-based setups such as X-SPEC require additional consideration of the
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angular distribution of emitted photoelectrons. As such, observed surface intensities are influenced
not only by the elemental cross-sections but also by angular-dependent terms in the photoemission
process, including asymmetry parameters and measurement geometry.
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Figure 41: Estimated Fe:Ni surface ratios derived from background-corrected Fe and Ni 2ps/2 spectra using the respective
photoionization cross-sections. The ratios are plotted in red for the samples with OER and in black for the samples without
OER.

As explained in Chapter 2, the relative surface concentrations of two elements, A and B, can be
estimated using the simplified relation:

Ng _ 1a/04
N Ip/op

(2.6)

where lis the measured photoemission intensity, and gis the literature-based photoionization cross-
section. This model assumes uniform distribution within the analysis depth and neglects effects that
might potentially arise from surface segregation, contamination, and matrix-induced attenuation.
Under these assumptions, particularly valid for comparisons made at similar kinetic energies and
under identical measurement conditions T is rendered effectively constant for both Fe and Ni. While
minor variations in inelastic mean free paths cannot be completely ruled out, they are not expected
to significantly alter the relative intensities. The Fe:Niratio provides a quantitative measure of surface
composition.

Figure 41 shows the Fe:Ni surface atomic ratio across the samples series as a function of Fe content
and electrochemical treatment, namely OER, calculated from the background-corrected Fe and Ni
2p spectra taking into account the photoionization cross sections obtained from literature®*.
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The results from both the scaling factor approach and the more quantitative stoichiometric analysis
of the Fe and Ni 2p core level spectra confirm that Fe becomes more prominent at the surface after
OER treatment. This observation is consistent with a reorganization of the surface species during
electrochemical activation™ #1817 However, it should be emphasized that increase in the Fe
content at the surface does not linearly corelate with increased catalytic performance, as seen from
Figure 42 below®'. The highest catalytic activity occurs within the compositional window of 10-20 at.
% Fe, peaking at x=20.
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Figure 42: Specific activity and overpotential of FexNi:«(O,0H), electrocatalysts as a function of nominal Fe content. The red
curve shows the specific current density measured at 300 mV overpotential, while the blue curve represents the
overpotential required to reach 10 mA cm 2 The plot was obtained from ref.°’

Beyond this window, further addition of Fe causes a decline in catalytic activity. The electrochemical
measurements shown in Figure 42 were conducted in collaboration with Daneshpour et.al®' at the
Penn State University and have been included here to correlate spectroscopic trends with catalytic
performance.

Importantly, even in the as-prepared samples studied as a function of Fe content in Chapter 4, this
very compositional window was seen to stand out due to consistent indications of chemical and
electronic reorganization seen from the two component fits performed for Fe and Ni 2p core level
spectra. Following OER, the same window continues to show distinct changes in the chemical
environments, not only in terms of surface modifications but also in its correlation with increased
catalytic activity.
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5.3 Fe and Ni coordination: complementary information from L-edge XAS

To build on the insights obtained from the HAXPES measurements, the FeENiIiOOH electrocatalysts
are further explored using soft X-ray absorption spectroscopy (XAS) at the Fe and Ni L, ;-edges. While
HAXPES provided surface-sensitive information about changes in Fe and Ni content following OER,
L-edge XAS offers complementary information which is element specific in its sensitivity to oxidation
states, crystal field effects and the extent of 2p-3d hybridization, which as stated in Chapter 4, are
crucial to understanding the catalytic activity of the samples.

In this section, both pre- and post-OER states of the catalysts are analyzed.

Figure 43 shows the Fe L,3;-edge XAS spectra measured in total electron yield (TEY) mode for the
FeNiOOH samples before and after OER shown in black and red respectively. Two key features are
observed at the L, edge, labeled A (~708.5eV) and B (~710.5eV), which are associated with
Fe 2p,, 2> 3d transitions. Peak A is generally assigned to Fe?* or mixed-valence states in relatively
weak or symmetric ligand fields, while peak B is more indicative of Fe** species in stronger crystal
fields, particularly those with distorted octahedral coordination'®. These assignments are supported
by comparisons to reference compounds (top panel), where Fe*-rich environments (e.g., FeO, Fe,0,)
show dominant peak A, while Fe* references (Fe,O,, FEOOH) exhibit more pronounced peak B.

Upon close observation of the TEY spectra of the samples, several trends were observed across the
sample series. For x=1, both peaks A and B decrease in intensity after OER, implying dampening of
the spectral signature. This reflects an altered coordination environment for Fe post-OER. For x=5,
peak A increases while B decreases upon OER, suggesting a partial reduction of the Fe center.
Contrarily, for x=20 and 50, A is suppressed and B intensifies post OER, indicating a greater degree of
surface oxidation. These trends are highlighted with the help of red arrows, their direction indicating
the direction of change of intensity of features A and B.

These observations are consistent with the trends described in Chapter 4, where the energy
separation between A and B was interpreted as a measure of crystal field splitting. The increase in B
relative to A at higher Fe content and after OER suggests oxidation, as well as a shift in ligand
symmetry and coordination strength at the surface. Peak B, corresponding to transitions into e,
orbitals in an octahedral field?*'*¢'" | becomes more prominent with increased Fe® character and
strength of ligand field.
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indicate the direction of increase or decrease of features A and B of the spectra wt OER.

Although the trend is not monotonic with respect to the Fe content of the samples, a pattern can be
identified: surface Fe undergoes non-uniform but composition-dependent reorganization after OER,
with x=20 standing out as the composition where peak B is most enhanced post-OER relative to its
intensity before OER. This indicated surface oxidation and when correlated with the activity of
catalyst compositions shown in Figure 42, x=20 shows catalytically relevant configuration.
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Figure 44: Fe L23 XAS spectra of the FeNiOOH samples, collected in TEY (red) and PFY (black) modes. The spectra are
compared for the pre and post OER samples. The TEY and PFY spectra of each sample have been overlaid to track the
differences.

Figure 44 compares Fe L,3-edge XAS spectra acquired in total electron yield (TEY) and partial
fluorescence yield (PFY) modes for the samples with and without OER, enabling a depth-resolved
view of the electronic structure across the Fe,Nii«(O,0H), sample series. The nature of Fe on the
surface has already been discussed as revealed by the TEY spectra and previously by the HAXPES
spectra in Section 5.1 and Section 5.2. The following section investigates the bulk of the samples.

It is observed that the TEY spectra exhibit pronounced changes after OER, particularly in the relative
intensity of peaks A (~708.5 eV) and B (~710.5 eV), reflecting surface oxidation and ligand field
modifications. In contrast, the PFY spectra remain mostly unchanged across OER treatment and
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composition, indicating that the bulk Fe environment is comparatively stable and largely unaffected
by the reorganization caused at the surface by the electrochemical reactions.

However, subtle exceptions emerge. In the x=1, wo OER sample, PFY shows a faint shoulder at higher
energies, indicating some level of oxidation. This is significant as x=1, wo OER has shown unexpected
behavior earlier as well. Similarly, the PFY spectra of x=50, wt OER also shows a slight shoulder in the
higher energy region. This could indicate that as Fe content is increased beyond a certain point,
oxidation could affect more than just the surface of the electrocatalyst.

These isolated alterations in the PFY spectra highlight that while electrochemical activation primarily
affects the surface, it can influence deeper into the bulk depending on composition, especially at the
extremes.
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Figure 45: Ni L3 spectra of the FeNiOOH samples in TEY mode, for samples before (black) and after (red) OER. The spectra
of some known references are shown in green for comparison. Red arrows indicate the relative increase of peak D with
respect to peak C in the spectra wt OER for samples x=20 and x=50.

Figure 45 shows the Ni L5 XAS spectra in the TEY mode for the FeNiIOOH electrocatalysts for the
samples wo and wt OER, shown in black and red respectively. The spectra of some known references
are shown in green for comparison. The spectra display two key features, C (~852.6 eV) and D (~855.0
eV) marked by dashed lines, corresponding to multiplet structures arising from Ni 2p,, > 3d
transitions. In the x=0 and x=1 samples, the L, edge is dominated by peak C, with minimal intensity
at D, indicating a greater unoxidized or metallic nature’’ both before and after OER, with only slight
increase in spectral intensity at peak C post OER.
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Upon Fe incorporation and subsequent OER treatment, distinct changes are observed. In particular,
x=20 and x=50 post-OER samples show an increase in the intensity of peak D relative to C, as
indicated by red arrows in Figure 45. This suggests partial oxidation of Ni and the formation of Ni*
states. The evolution of the L; edge from a C-dominant to a more balanced C/D intensity profile
supports the hypothesis that Fe incorporation facilitates electronic and structural modifications of
the Ni site during OER. This reordering does not create pure Ni?* oxidation states, but a more mixed
state, influenced by Fe-O-Ni interactions and dynamic oxidation processes'®#"172173,

Figure 46 shows the TEY and PFY spectra of each sample overlaid with each other for comparison of
changes at the surface and in the bulk, as a function of OER. In all compositions, TEY spectra exhibit
more pronounced changes than PFY, confirming that electrochemical reorganization is confined to
the surface. In the x=0 sample, both TEY and PFY spectra remain nearly identical before and after
OER, indicating that without Fe, Ni remains mostly unaltered both at the surface and within the bulk,
as seen in Figure 45. For x=1 and x=5, subtle changes appear in TEY, particularly around peak D (~855
eV), while PFY remains relatively constant, reflecting surface related modifications.

At higher Fe contents, in contrast to the TEY spectra, whose changes have already been discussed,
the PFY spectra show little change. Across the series, the depth-resolved XAS data confirm that while
Ni undergoes structural adaptation in response to Fe incorporation and OER treatment, these
changes are mostly localized to the surface of the catalyst and diminish toward the bulk. These
observations are quite contrasting to those from the as-prepared samples in Chapter 4, where very
little difference could be noted between the TEY and PFY spectra of the Ni L, 3 spectra.
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fluorescence yield (PFY, black) modes before and after OER.
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5.4 Evolution of the oxygen electronic structure across catalyst states

After examining the behavior of the transition metals across the surface and bulk of the
FexNii«(O,0OH), system, the next step is to understand the role of oxygen in shaping the electronic
structure of the catalyst. Oxygen is not merely a passive ligand but plays an active role in tuning and
stabilizing the electronic configuration of the metal centers™*'*, This section therefore continues
the evaluation of the O 1s core level spectra, whose presence has already been noted from the
HAXPES survey spectra shown in Figure 36.

Figure 47 shows the O 1s HAXPES spectra for the samples with (red) and without (black) OER. The
spectra reveal two distinct features across all samples indicating the presence of at least two
distinctly different chemical environments. The peak centered around 529.5-530 eV is attributed to
oxides'®'27174  while the broader peak at 531-532.5 eV aligns with the presence of hydroxide
species’®'?”174 The as-prepared samples discussed in Chapter 4 exhibited a pronounced feature
near ~533 eV across all compositions, consistent with adsorbed surface water. While the intensity of
this high binding energy component decreases after OER, it remains significant in both wo and wt
samples shown in Figure 47.

Across the sample series, a general increase in the overall intensity of the O 1s spectra is observed
from x=5 to x=50 post OER, both in the higher and lower binding energy regions. This trend is
consistent with increased oxygen incorporation and the established fact that increasing Fe content
leads to greater surface oxidation. Sample x=0 also shows a similar increase after OER. However,
sample x=1 behaves conversely, the intensity of both oxide and hydroxide components diminish after
OER, deviating from the pattern seen in the rest of the samples. As previously noted in the analysis
of Fe and Ni centers, x=1 shows consistent outlying behavior, suggesting the occurrence of additional
or different phenomena in this specific sample.

The varied nature of the O 1s spectra thus warrants for a more rigorous, quantitative investigation,
explored in the following sections.
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Figure 47: O 1s HAXPES spectra for all compositions before (black) and after (red) OER, showing the evolution of surface
oxygen species. Two main peaks corresponding to oxide and hydroxide environments are clearly visible across all samples.

To assess the evolution of oxygen chemical environments quantitatively across the sample series,
the O 1s HAXPES spectra were analyzed using a refined fitting approach, accounting for the
differences in observed surface chemistry before and after OER. Each spectrum was modelled using
Voigt profiles corresponding to distinct oxygen species, namely, oxide, which was centered around
~529.4 eV as a starting parameter, hydroxide, centered around ~531.2 eV for the samples without
OER. These peak positions were based on literature values and served as starting parameters for the
fits, but were not fixed, small adjustments were allowed within chemically reasonable ranges to
account for the variations in sample composition and environment. Following OER, an additional
intensity at higher binding energy (~532.5 eV) was observed, which has been attributed to surface
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adsorbed species such as water. Therefore, a three-component model was used for the with OER
samples, incorporating oxide, hydroxide, and this higher BE feature.

The parameters for the Voigt profile for the oxide peak, such as the Gaussian width and shape
(inherently representing the Lorentzian width of the profile) were constrained globally across all
samples to ensure consistency and reduce the number of variables for the fit. Contrastingly, the
parameters for the hydroxide and adsorbed water components were allowed to vary freely to
optimize the fits, enabling the model to account for their variable characteristics. The O-H bond is
flexible and readily reorients itself via proton exchange, which can lead to variations in the local
chemical environment'’*>'7¢, These factors can contribute to the O 1s spectra in the form of peak
broadening and asymmetry. Literature reports have attributed these observations to vibrational
excitations and changing chemical environments'’®'”7,

Representative fit plots are shown in Figure 48(a) and (b) for the samples x=20, wo OER and x=20, wt
OER respectively.

A linear background was allowed to fit along with the Voigt profiles, shown in yellow. The oxide
component is shown in green, the hydroxide component is shown in blue and the third component
used to account for the higher binding energy components is shown in purple. The fit sum plot is
shown in red. The overall fit closely reproduces the experimental data, shown by black circles and
the residuals shown in pink confirms the high quality of the fit throughout the energy window for the
fit.
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Figure 48: O 1s spectra of (a) x=20, wo OER and (b) x=20, wt OER fit with two and three Voigt profiles respectively, accounting

for oxides (green), hydroxides (blue) and a profile dedicated to higher binding energy peaks (purple) in the sample wt OER
which has been identified as surface absorbed water, which becomes a significant contributor post OER.
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Figure 49 presents the results of the fits performed. For ease of understanding the changing trends
in relative oxide and hydroxide contribution in the spectra, the changing oxide component relative to
the complete O 1s signal as a function of nominal iron content and OER is shown, in orange for the
data before OER and green for post OER.
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Figure 49: Contribution of the oxide component relative to the entire O 1s spectra. The contribution before OER is shown in
orange and after OER is shown in green.

The data shows a nonlinear evolution of the oxide character as a function of Fe content and OER. At
x=0, the oxide contribution is comparable before and after OER. For x=1, a sharp increase can be
observed in the oxide fraction following OER. This increase can be attributed to the stabilizing nature
of Fe, and its promotion of structural synergy between Fe, Ni and O, which has been pointed out in
several sections before. Under OER conditions, Fe can stabilize higher oxidation states and promote
the formation of oxide-like species, thereby shifting the balance from hydroxide towards oxide
contributions. This highlights the unique sensitivity of the system to small amounts of Fe
substitution, which plays a significant role in modifying the chemical environment of the surface
during OER. At x=5, contributions from both states of the material converge, before the occurrence
of an inflection point at x=20 again, where the oxide fraction before OER is significantly higher than
the same before OER. This is indicative of consumption of existing oxide-like species on the surface
under reaction conditions. As seen earlier, x=10-20 at. % Fe has emerged as the compositional
window which is the most electrocatalytically active, as well as showing the most changes in terms
of chemical and electronic structure of the transition metals, this phenomenon at x=20 reinforces
that observation. At x=50 again, there is enhancement of oxide character post OER.

Therefore, there is no linear trend of changes in contribution from oxide and hydroxide like species,
OER does appear to increase the oxide like species for samples in general, except for=20.
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The observed patterns in changing hydroxide and oxide contribution to the whole spectra show that
apart from the Fe content, OER also plays a significant role in determining the chemical environment
of the oxygen species in the samples. Surface bound hydroxide groups are often directly involved in
the reaction mechanism. The changes in hydroxide contribution relate directly to the catalytic ability
of the electrocatalysts, as surface hydroxide groups act as intermediates during the OER reaction, in
alkaline conditions. An increase in the oxide signal, hence corresponding decrease in the hydroxide
contribution after OER could imply that some of the reactive species are consumed during the
reaction, resulting in a less ordered surface. Contrarily, a decrease in the oxide signal might suggest
that the surface becomes more hydroxide rich under operating conditions, possibly due to changes
that expose more reactive sites.

5.5 Probing metal-oxygen interactions through O-K absorption

While O 1s HAXPES enables differentiation between surface-bound oxide and hydroxide species
based on binding energy shifts, it does not provide information about the electronic structure or the
unoccupied states of oxygen. To further investigate how the oxygen environment evolves with Fe
incorporation and OER treatment, O K-edge X-ray absorption spectroscopy (XAS) is employed. This
technique probes transitions from the O 1s core level to unoccupied 2p orbitals, which are hybridized
with metal 3d states, offering element-specific sensitivity to changes in covalency and
coordination®,

Figure 50 shows the O K-edge spectra of the samples before and after OER in black and red
respectively obtained in total electron yield mode. Spectra of some known references are shown in
blue for comparison. The spectra display a pronounced pre-edge region beginning just below 530 eV
and extending to ~535 eV. These features are highly sensitive to local coordination and oxidation
environments of oxygen-bound transition metals’®'®, Evidently, a distinct pre edge feature
characteristic of molecular water is absent in the O-K edge XAS spectra, as visible from the
comparison with the reference spectra from literature'’. This is in contrast with the observation from
the O 1s HAXPES spectra, where a peak centered around a higher binding energy peak of ~532.5 eV
was needed for the deconvolution of the spectra of samples post OER, which is consistent with
weakly bound or surface adsorbed water. This disparity may arise due to the fact that the adsorbed
water species seen in HAXPES may be disordered, hydrogen-bonded or partially dissociated, which
would alter their electronic structure compared to isolated water molecules. As a result, the well
defined unoccupied molecular orbitals that give rise to the sharp pre-edge structure seen in the pre-
edge of O K XAS spectra of water is absent in the spectra of the samples.

In the Ni rich samples (x=0 and x=1), both before and after OER treatment, the O K-edge pre-edge
region displays one broad feature at ~529.4 eV and another, smaller feature at ~532.9 eV. The latter
feature closely resembles the corresponding peak in the Ni(OH), reference in the samples before
OER and is more pronounced in these low-Fe compositions, suggesting dominant O 2p-Ni 3d
hybridization in a relatively uniform ligand environment. Ni has persistently shown indications of
existing in a mixed valence state, but this similarity with the Ni(OH), reference for the O-K edge
suggests that some of the Ni species exist in a hydroxide environment. A partition develops in this
feature after OER, indicating a change in the chemical environment of Ni brought on about OER. The
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x=5 spectra remains unchanged after OER, suggesting that the hybridized states probed in this
particular sample remain stable after the reaction. However, this is in contrast to what is observed in
Fe, Ni and even O 1s HAXPES spectra, where significant changes occur post OER in the x=5 sample.
This implies that Fe-Ni-O systems can show site specific behavior, where oxygen ligand fields
stabilize earlier and exist in a state that is already ideal for catalysis and does not need further
adjustments.

Total Electron Yield
OK

water

Fe,O4

Fe(OH),

FeOOH
' x=50

Normalized intensity

x=20
x=5
x=1

Ni(OH),

x=0

Photon Energy (eV)

Figure 50: O K-edge XAS spectra of FeNiOOH thin films measured in total electron yield mode, for samples wo OER (black)
and wt OER (red). Reference spectra for selected oxide, hydroxide, and water-containing phases are shown in blue. Vertical
dashed lines mark the pre-edge region (~530-535 eV), corresponding to O 1s = 2p transitions hybridized with transition
metal 3d states.
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As Feisintroduced into the sample, the spectral shape of the pre-edge evolves. The ~529.4 eV feature
increases in relative intensity with Fe content and aligns with that observed in Fe(OH),, FeOOH, and
Fe,O; references, indicating growing contributions from O 2p-Fe 3d hybridization. In x=20 however,
post OER, this feature is suppressed. This redistribution of relative intensities in the pre-edge region
suggests the emergence of new hybridized states, specifically with Fe—-O-H character'®>'® | A similar
behavior is noted in x=50, where after OER the pre-edge feature is suppressed. The reshaping of the
pre-edge in higher Fe content samples, especially post OER, reflects a transition from Ni oriented to
a mixed Fe-Ni electronic structure, consistent with trends observed in Ni and Fe L-edge spectra and
surface-sensitive measurements.

The spectra were also obtained in partial fluorescence yield (PFY) mode and overlaid with the
corresponding total electron yield (TEY) spectra in Figure 51 shown in black and red, respectively.
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Figure 51: O-K edge XAS spectra of FexNi1«(O,0H),electrocatalysts recorded in total electron yield (TEY) mode, shown in red
and partial fluorescence (PFY) mode, shown in black. Clear differences can be spotted in the pre-edge region between the
two modes, representative of differences between the surface and bulk.
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Across the sample series, distinct differences between TEY and PFY in the pre-edge region can be
seen, reflecting depth-dependent variation in the local oxygen environment. In x=1, wo OER, both
TEY and PFY spectra remain the same before and after OER, as the peak at ~533 eV maintains its
shape and intensity across the different probing depths, implying that the sample is homogeneous
with respect to O 2p-Ni 3d hybridization. Post OER, there is a clearer separation between the peaks
at ~533 eV and ~531.7 eV, implying the development of a more heterogeneous environment across
the bulk and surface when OER is performed with the sample. x=5, wo OER, the TEY spectra shows a
distinct doublet with peaks at ~533 eV ad ~530.8 eV, while the PFY spectra resembles both spectra
of the x=1, wo OER sample. The same pattern is observed in the sample x=5, wt OER, reinforcing that
no changes are brought on to this sample with OER.

In x=20, before OER the TEY and PFY spectra resemble each other closely, except for the intensity at
~529.4 eV which is enhanced in TEY, indicating a subtle difference between the surface and the bulk.
After OER, both spectra are rather identical. OER therefore causes a convergence of the chemical
environment at the surface and the bulk.

Similarly, in x=50, before OER the spectra resemble each other with slight suppression of the whole
pre-edge region in the PFY spectra. After OER, similar to x=20, the TEY and PFY spectra converge as
the bulk and surface states become similar.

These trends highlight the depth-dependent evolution of the chemical and electronic structure of the
oxygen environment, indicating that both similarity and divergence of the oxygen chemical
environment is a function of both Fe content and OER.

5.6 Tracking OER-induced changes in occupied oxygen states

As discussed in Chapter 2, oxygen K-edge x-ray emission spectroscopy (XES) probes the occupied
states with O 2p character, including those hybridized with transition metal 3d orbitals. Figure 52
presents the O K-edge XES spectra for the Fe«Ni:«(O,0H),samples before (black) and after (red) OER,
normalized to total area of spectra. Reference spectra of relevant Fe and Ni oxides and hydroxides
are shown in green for comparison.

All samples exhibit a broad emission feature centered at approximately 525 eV, which has been
previously attributed to transitions involving O 2p states hybridized with metal 3d orbitals in Ni and
Fe compounds.

In the x=1 and x=5 samples, a shoulder near ~524 eV becomes more pronounced, particularly after
OER. This feature closely resembles that in hydroxide reference compounds such as Fe(OH); and
Ni(OH),, suggesting that the OER enhances OH" rich coordination environments in these samples.
These findings are consistent with the TEY spectra shown in Figure 51, where similar spectral shifts
were observed near the surface. Together, the XES and XAS data indicate that hydroxide-like oxygen
configurations dominate in Ni-rich samples, while increasing Fe content leads to more uniform
oxide-type coordination in the valence band structure.
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In comparison, the Fe rich samples, namely x=20 and x=50 show broader peaks that are more
symmetric in nature that lack a distinct shoulder structure, and the changes brought about by OER
are more subtle, such as slight broadening of the main peak at ~524 eV. These changes reflect
differences in the local oxygen environment.
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Figure 52: O K-edge x-ray emission spectra (XES) of the FeNiOOH samples before(black) and after (red) OER, shown with
the spectra of some known references.

A low-intensity shoulder at approximately 511 eV is visible in all sample spectra but is not present in
the reference compounds. Its exact origin is unclear, however, it may arise from oxygen states in
environments that are hard to identify based on the depth of knowledge in present circumstances,
specific to the catalyst films.

As demonstrated in the soft x-ray study by Holliday in 197584, oxide layers on transition metals and
alloys often exhibit broadened or asymmetric features due to structural disorder, mixed-valence
bonding, and chemically inhomogeneous surface layers. Holliday’s work further emphasizes that
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such deviations from ideal spectra are characteristic of real-world catalytic surfaces, especially
those undergoing redox cycling or electrochemical restructuring. In this context, the spectral
features observed here are consistent with a dynamically evolving oxygen environment shaped by Fe
incorporation and OER treatment, where local disorder, rather than discrete phase transitions,
dominates the electronic structure of oxygen.
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6. Summary of Findings

The cumulative insights from the spectroscopic and electrochemical investigations enable a broader
understanding of the relationship between the electronic and chemical structure of the FeNiOOH
electrocatalysts and their activity in the oxygen evolution reaction. Individual measurement
techniques allow for localized snippets of the chemical and electronic states of the transition metal
centers, as well as oxygen, but when looked at from a broader perspective, a more coherent picture
emerges. Spectroscopy and electrochemistry each provide partial insights into oxidation states,
bonding, and activity trends, the following synthesis shows how these pieces connect to explain the
relationship between structure and activity of the FENiOOH electrocatalysts.

A consistent theme that persists throughout the dataset is the central role of iron in controlling the
catalytic behavior of the electrocatalytic system. With increasing Fe content, both Fe and Nibecome
progressively more oxidized, with indications of strong Fe-O-Ni covalency. The synergistic interaction
between the elements peaks within the compositional window of 10-20 at. % Fe, which is also where
the catalytic activity of the material system is the maximum.

Beyond this window, which is associated with peak catalytic performance, deviations in
spectroscopic trends. These include changes in oxidation states, binding energies for the metal
centers with less consistent oxygen coordination. Together, these features point to structural and
electronic environments that no longer favor optimal catalytic behavior. This implies a breakdown of
the synergistic Fe-O-Ni interactions seen in the 10-20 at. % Fe. This supports the interpretation that
Fe actively shapes the surface properties of the catalyst.

Furthermore, the chemical heterogeneity between the surface and the bulk of the material system,
which becomes most evident in the Fe-L edge XAS spectra, underlines the importance of performing
a more depth resolved inspection, when interpreting the changes in the structure of the catalysts
with reference to their electrocatalytic activity. The Fe spectra therefore show distinct differences
depending on probing depth. In contrast, the Ni spectra remain largely unchanged with both
increasing Fe content and after OER in the bulk, with modifications only at the surface.

Crucially, the oxygen environment emerges as a key driving force behind the evolution of the catalyst
structure. Within the critical compositional window of 10-20 at. % Fe, both oxide and hydroxide
related species at the surface increase simultaneously, reflecting a more complex oxygen-transition
metal interaction. Post OER, the oxygen spectra become more oxide-like in character, which when
viewed in parallel to the increased oxidation of the metal centers, highlights the strong covalent
relation forming between the metals and oxygen. As these changes coincide directly with the peakin
catalytic activity, it suggests that oxygen, beyond being merely a ligand, actively participates in the
catalysis.

Collectively, these findings suggest an evolving metal-oxygen framework, where Fe, Ni and O interact
synergistically to influence the catalytic activity of the material system. Instead of determining one
catalytically active metal center, which has been the general approach for these materials in the
research community'®'%#".18% the data studied propose a model in which oxygen acts as somewhat
of a bridge, coordinating the redistribution of electrons between the metal centers and changing
chemical environments, as a function of composition and electrochemical treatment.
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7 Operando cell: structure and design

7.1 Introduction

To understand the catalytic behavior of an electrocatalyst during electrolysis, it is essential to study
the material operando, that is, while it functions under reaction conditions, with simultaneous
acquisition of spectroscopic and electrochemical data. This is distinctively different from in situ
experiments, where the material may be exposed to a reactive environment, but not necessarily
under active operating conditions. Operando soft x-ray spectroscopy offers unique insights into
surface and interface chemistry, which are critical for reactions such as the oxygen evolution
reaction (OER). Unlike hard x-rays, which primarily probe bulk structure, soft x-rays can access
shallow core levels, such as the O K-edge, enabling direct observation of oxygen related species at
the catalyst-electrolyte interface, which is the site of catalytic activity.

Successful operando experiments using soft x-rays require several conditions. First, proximity to a
high-flux beamline capable of accommodating an in situ or operando set-up, such as the X-SPEC
beamline at the KIT Light Source (detailed in Chapter 3). Second, a dedicated electrochemical cellis
required, one that integrates beam access, vacuum sealing, electrolyte compatibility, and real-time
control over reaction conditions. Third, the working electrode must be electrically accessible: in this
system, the catalyst-coated membrane is in contact with an external circuit, allowing the application
of controlled potentials to drive the electrochemical reactions for OER, which have been explained
at length in Chapter 2. Lastly, the entire cell assembly must be compatible with high-vacuum
environments, since soft x-rays are strongly attenuated by air'®5, limiting their effective transmission
over even short distances.

In the preceding chapters, the structural and compositional evolution of FENiIOOH catalysts was
analyzed extensively through ex-situ techniques, both in the as-prepared state and following
electrochemical cycling. While these results provided criticalinsight into the structural evolution and
phase behavior of the catalyst, they remain inherently limited in their ability to track the behavior of
short-lived intermediates and dynamic states that emerge only under applied potential. To address
this limitation, the present chapter describes the design and validation of a custom-built operando
electrochemical cell. The cell is tailored for soft x-ray spectroscopy and optimized for
implementation at the X-SPEC beamline®.

7.2 Challenges in soft x-ray operando measurements

Implementing soft x-ray spectroscopic techniques in an operando electrochemical environment
comes with several technical and practical challenges. These arise from the inherent properties of
soft x-rays, such as their short attenuation length, already talked about in the introduction, and from
the specifics that arise from requiring to conduct electrochemical reactions within a confined,
vacuum-compatible cell geometry. This section outlines the core limitations imposed by these
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constraints and highlights how each has influenced the material choices, mechanical layout, and
operational parameters of the operando cell developed in this work.

7.2.1 Vacuum requirements

Soft x-rays (below ~2.1 keV) are strongly attenuated by air, particularly near the O K-edge (~530 eV),
where the attenuation length is less than 0.3 mm. This implies that even the minutest exposure to air
can significantly reduce photon flux and degrade signal quality. To minimize absorption thus, soft x-
ray spectroscopy is typically carried out under vacuum, particularly along the beam path and in the
sample chamber. While ultra-high vacuum is sometimes used to reduce contamination and improve
stability, the sample region can often operate at lower pressures, such as below 1 mbar, orin helium-
filled environments where absorption is less severe than in air.

In operando experiments involving liquid or ambient-pressure environments, a core design challenge
is presented: creating isolation between the sample environment and the vacuum in the beamline.
The most common solution is to use a thin, x-ray transmissive membrane to form a sealed interface
between the vacuum and the sample chamber. This membrane must be thin enough to ensure high
x-ray transmission, yet robust enough to withstand the pressure difference across its surface, often
exceeding 1 bar. Membrane rupture is a known risk in such setups and must be alleviated through
mechanical reinforcement, differential pumping, or fast-closing interlock valves. These
requirements impose strict constraints on material selection, membrane support structures, and
overall cell geometry.

7.2.2 Bubble formation within the cell and beam damage

Many operando environments involve dynamic chemical reactions, temperature changes, and
radiation exposure, all of which can result in gas evolution and physical instability. In liquid-phase
studies, high photon flux can lead to local heating and radiolysis of the solvent, producing gas
bubbles that interfere with measurement stability’®®. However, in electrochemical systems such as
water electrolysis, the focus of this work, bubble-formation is not merely a side effect but a direct
result of the catalytic reactions themselves. During the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER), molecular oxygen and hydrogen are continuously generated at
the working and counter electrodes, respectively, and emerge as gas bubbles near the electrode
surface.

These bubbles can scatter or absorb the incident x-ray beam, disrupt local electrolyte composition,
and in some cases block the catalyst surface and prevent further reaction from occurring'” '8¢, To
mitigate these effects, operando cells must incorporate continuous electrolyte flow, carefully
optimized chamber geometry, and mechanisms for thermal and gas dispersion.

7.2.3 Attenuation of signal by liquids

In classical soft x-ray liquid cell configurations, where the x-ray beam must pass through a bulk liquid
layer, film thicknesses are typically restricted to less than 100-200 nm to reduce absorption and
preserve spectral features'. However, this constraint does not directly apply to the present cell
design. While the catalyst is electrochemically active and is in contact with the liquid electrolyte on
one side of the membrane, the soft x-rays enter from the opposite side, the surface of the membrane
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that faces the vacuum, thereby not travelling through the liquid. This geometric design choice
eliminates the possibility of attenuation of x-ray signal by liquid.

Even so, liquid near the membrane surface can introduce scattering, reduce stability of beam
alignment, or contribute to secondary absorption if not properly controlled. These risks are mitigated
through careful optimization of the flow path, and incidence angle of the beam, ensuring that signal
loss from the surrounding electrolyte is minimized without compromising electrochemical
operation.

7.2.4 Sample conductivity and electrical accessibility

The operando cell developed in this work is designed specifically for electrolysis reactions, while
performing soft x-ray spectroscopy experiments simultaneously. While the membrane (which acts
as the working electrode and will be discussed in detail later in the chapter) on which the FeNiOOH
is electrodeposited in this setup is conductive, owing to a gold layer beneath the electrodeposited
FeNiOOH catalyst, a key challenge lies in reliably establishing electrical contact between this
surface and the external power source during operando measurements. The contact must be
mechanically secure, chemically stable in electrolyte, and precisely positioned to avoid obstructing
the x-ray beam or stressing the membrane. Without such accessibility, electrolysis cannot proceed,
and the operando functionality of the cell is compromised. Ensuring this connection is therefore a
central design consideration in the development of the electrochemical operando cell.

7.3 Survey of existing cell designs

Several operando and in situ cell designs have been developed to enable soft x-ray measurements
in liquid or electrochemical environments. These designs vary widely in terms of materials,
mechanical aspects and compatibility with vacuum systems. While each contributed important
solutions to the challenges discussed above, additional input had to be made to tailor the design for
the requirements specific to the material system being studied here. The following section reviews
key designs, grouped by their core features, and highlights their relevance to the cell developed in
this work.

7.3.1 Cellto study gas/solid interface

Heske et al.”® in 2003 developed a stainless-steel mini cell to study the interfaces of liquids and
solids by soft XES. The design consists of a stainless-steel body, glued to the surface of the sample
being studied, which in this case is Culn(S,Se),, with a UHV compatible epoxy glue. An aluminum
spacer defines a narrow channel between the sample and a polyamide window. The latter is filled
with high resistivity water and subsequently sealed with the same epoxy glue, together with the
polyamide window, thus making it safe to be transferred into the UHV chamber. This configuration
enables photon-in/photon-out measurements through the liquid layer and allows the detection and
study of reactions taking place at the interface. As the incident x-rays are required to traverse through
both the liquid layer and the polyamide window, its intensity is significantly attenuated. As a result,
only synchrotron sources with very high photon flux could provide spectra of sufficient quality, and
this limits the usefulness of the design for routine or more demanding operando studies.
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Benkert et al.”" in 2014 developed a gas cell designed to study the electronic structure of gases and
gas/solid interfaces using soft x-ray emission and absorption spectroscopies. The cell allows in situ
measurements under atmospheric pressure, with the sample gas separated from the vacuum of the
analysis chamber by a thin window membrane. Temperature regulation up to approximately 600 °C
is possible, for which the cell was constructed with metallic components, and a constant mass flow
can be maintained with gas flow lines to refresh the gaseous sample continuously. The cell also
accommodates solid-state samples, enabling studies of gas/solid interfaces for surface catalytic
reactions at elevated temperatures.

The cell is particularly effective for functioning at elevated temperatures, however, the design is not
compatible with liquid environments.

7.3.2 Liquid microjet system

Lange et al.”® in 2010 introduced a high-resolution setup for soft x-ray emission spectroscopy of
liguids using the microjet technique. By injecting a fine stream of liquid directly into vacuum, the
design eliminates the need for x-ray transparent membranes, enabling very high spectral resolution
and minimizing window-related losses. Because no chamber walls or membranes were involved in
the beam path, material compatibility issues were largely avoided. The setup required continuous
high-speed flow through a glass capillary, with the vacuum chamber built from standard stainless-
steel capable of withstanding UHV conditions.

This design successfully avoids membrane failure risks by eliminating physical windows. However,
such a design is incompatible with electrochemical studies that require a defined working electrode,
stable sample positioning, and the ability to apply and control potential during measurement.

7.3.3 Liquid cells with membrane windows

Fuchs et al.'® in 2008 developed a membrane-based liquid cell designed for temperature-controlled
soft x-ray studies. The cell encloses a liquid layer behind a thin membrane, allowing operation under
vacuum while enabling x-ray absorption spectroscopy of liquids. It also includes a temperature
control mechanism for the sample volume. The cell body is made of Teflon, which was chosen for its
chemical inertness and thermal stability. Temperature control was integrated via a copper heat-
exchange plate attached to the chamber body, and the sample volume was confined behind the
membrane without active flow.

This design is well suited for soft x-ray absorption and emission studies of liquid samples at
controlled temperatures, offering good vacuum compatibility and stability.

The lack of the possibility of integration with electrode feedthroughs limits its suitability for
electrochemical applications, particularly those involving gas evolution. Without active bubble
removal or electrode control, it cannot be adapted for operando electrolysis measurements.

Blum et al.’®® developed one of the first soft x-ray compatible flow through liquid cells, integrated into
the SALSA end-station at Beamline 8.0.1 of the Advanced Light Source (ALS). The design features a
thin silicon nitride window to isolate the liquid sample from the vacuum chamber, enabling high-
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resolution x-ray absorption spectroscopy (XAS) of liquids. The cell was optimized for stability under
beam exposure and included provisions for sample exchange and temperature control.

This design provided a working demonstration of stable soft x-ray transmission through the windows
and introduced sealing under vacuum with the help of a membrane. The cell however was not
equipped for the mitigation of bubble accumulation, hence was limited in its ability to study
reactions that involved the evolution of gases.

Schwanke et al.”® in 2014 presented an electrochemical cell compatible with soft x-rays, which
integrates a three-electrode configuration within a vacuum isolated system. The body of the cell was
constructed from PEEK (polyether-ether ketone), a chemically resistant polymer compatible with
vacuum and possessing excellent mechanical stability, making it well-suited for operando
electrochemical environments. A thin Si;N, membrane serves both as the x-ray window and as the
substrate for the working electrode, allowing soft x-ray transmission while also maintaining electrical
connectivity. The cell can support continuous electrolyte flow and was used to investigate
electrochemical depositions and catalytic processes under operando conditions.

This design provided a strong foundation for integrating electrochemical control with soft x-ray
spectroscopy and its use of PEEK as the structural material was a key inspiration for the cell
developed in this work.

7.4 Mechanical layout of the operando cell designed

The operando electrochemical cell developed in this work was designed with the dual aim of
supporting electrochemical water-splitting reactions and enabling simultaneous soft x-ray
spectroscopic measurements at the X-SPEC beamline. Its mechanical structure reflects a deliberate
effort to resolve the specific design challenges outlined in Section 7.2. The layout takes inspiration
from several earlier designs, detailed in Section 7.3. Numerous modifications were necessary
however, to adapt to the needs of dynamic, gas-evolving electrochemical water splitting or
electrolysis experiments using the FeNiOOH catalysts.

Figure 53 (a) and (b) show the design and internal structure of the operando electrochemical cell.
Figure 53(a) shows an exploded schematic of the main components, namely the central catalysis
chamber, where the sample or the working electrode is placed, the left and right copper sheets, the
gold coated silicon nitride membrane supported by a silicon wafer, and the Viton O-rings used for
sealing. The cooper sheets are positioned such that external contact can be established between
the sample and the source of electric potential that drives the electrochemical reaction. Figure 53(b)
shows a top-down view through the translucent cell body, highlighting the internal layout of the
catalysis chamber, fluid channels and electrode feedthroughs. The channels are configured such
that the two liquid inlets and outlets are positioned perpendicular to the electrode connections. The
central region, marked with a red circle, is the convergence point of all four channels and is
essentially the catalysis chamber that aligns with the x-ray transmission window.

The cell body is made of PEEK, selected for its robustness against chemicals, vacuum compatibility
and ability to hold its structural integrity under vacuum. PEEK is also hon-conductive and thermally
stable. The internal liquid chamber is sealed using Viton O-rings. Of the two, one O-ring provides the
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(a)

primary seal between the liquid chamber and the membrane, while the other acts as a buffer to
prevent over compression of the membrane at the time of assembly.

The membrane is clamped with the help of a stainless-steel compression plate. Mechanical hard
stops are built in into the design of the cell to protect the membrane from unwarranted stress.

The x-ray beam is directed through the center of the stainless-steel compression plate as shown in
Figure 53(a).

Silicon wafer

Figure 53: (a) Exploded 3d view of the operando electrochemical cell assembly. The central catalysis chamber, flanked by
copper sheets, the gold coated silicon nitride membrane, supported by silicon wafer, sealed by Viton O-rings.
(b) internal schematic view of the operando cell, showing the layout of the liquid channels and electrode and liquid

feedthroughs.

The electrode feedthroughs house the counter electrode and the reference electrode, a Pt and Ag
wire respectively. Together with the working electrode, they replicate a three-electrode configuration
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suitable for electrochemical measurements, the details of which have been discussed at length in
Chapter 2.

The internal liquid chamber is elliptical in shape, aiming to promote a smoother electrolyte flow
across the membrane and eliminate sharp corners that might lead to uneven circulation. While the
effects of this geometry on the flow of electrolyte and removal of the gases formed as a result of
electrolysis have not been tested previously, this design was motivated with the aim of reducing the
angular, stagnant regions within the chamber thereby facilitating the passage of gas bubbles, a
phenomenon found difficult in existing rectangular cell layouts. The chamber is connected to four
ports, each designated for electrolyte inlet, outlet, reference electrode and counter electrode. The
inlet and outlet are offset at obtuse angles to the electrode feedthroughs, allowing for a lateral flow
path across the membrane surface, supporting continuous electrolyte exchange. Figure 54 shows
the cross-sectional view of the cell.

The circulation of the liquid is achieved by a peristaltic pump, maintaining continuous flow through
the chamber during electrochemical measurements. This helps in the stabilization of the reaction
conditions within the catalysis chamber. The total volume of the chamber is approximately 3.4 pL.

X-ray beam

Figure 54: Cross-sectional view of the operando electrochemical cell showing the internal flow geometry, including the
liquid inlet and outlet, x-ray beam path through the membrane and position of the fast-acting liquid valves.

A safety interlock system is implemented to protect the beamline in the event of membrane failure.
Pressure activated valves are installed at the electrolyte inlet and outlet at the time of assembling
the cell. The valves theoretically have a response time of 2 milliseconds. Fast response gauges at the
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beamline end station are capable of automatically detecting a pressure increase, in the event of
membrane breakage, which trigger the valves to close down and isolate the liquid circuit to prevent
backflow into the vacuum chamber.

The valves are mechanically supported by a stainless-steel ‘X’- shaped bracket, which anchors the
cell and maintains proper alighment with the beamline flange, shown in Figure 55.

Clamped to the
beamline flange

Figure 55: Stainless-steel support bracket for assembling of the operando electrochemical cell. The bracket is clamped to
the beamline flange through the holes indicated in the image. The central ports are meant for accommodating the fast-
closing valves.

The silicon nitride (Si;N,) membrane is 100 nm thick, which serves as the substrate for catalyst
depositions, as well as the soft x-ray transparent window for the x-ray spectroscopic experiments
and were obtained from Silson limited. To ensure electrical conductivity, the membrane is sputter
coated with a 10 nm gold layer, over a 5 nm titanium adhesion layer. This conductive surface allows
the membrane to act as the working electrode during electrolysis, while sufficiently transmitting soft
x-ray photon at the O K, Fe L and Ni L edges.

The choice of membrane material is made based on an assessment of chemical and thermal
stability, minimal x-ray absorption, mechanical strength and compatibility with vacuum and alkaline
electrolytes.

The copper sheets, as explained earlier, establish electrical contact between the membrane which
acts as the working electrode and the external source of potential. Importantly, this configuration
allows for the checking of electrical connections even when the cell remains under vacuum. By
measuring continuity across the cables connected to the copper sheets used for establishing
external contact, it is possible to assess the membrane’s connectivity and whether it has been
adequately tightened.
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The x-ray transmission characteristics of the different components of the membrane were evaluated
using the Center for X-Ray Optics (CXRO) online attenuation length calculator. The calculations were
performed at photon energies corresponding to O K-edge, Fe L-edge and Ni L-edge, which represent
the spectral regions which can be probed in the FeNiOOH catalysts. Each layer’s transmission was
evaluated individually, and the total effective transmission was calculated by squaring each value to
account for the two-way passage of beam through the electrolyte and membrane. The values were
ultimately obtained by multiplying across the cumulative layers. The results are summarized in
Table 4. The results indicate that the membrane adequately transmits soft x-rays across all the
relevant absorption edges. The same evaluation protocol can be used to assess performance of the
membrane materials at other photon energies, as well as to evaluate the usability of other commonly
used membranes such as silicon carbide (SiC).

Layer thickness OK Fel Ni L
100 nm Si3N, 0.7 0.8 0.72
10 nm Au 0.75 0.8 0.85
5nmTi 0.95 0.97 0.98
Net 24% 38% 49%

Table 4: Simulated x-ray transmission of the multilayered membrane, 100 nm Si;N, /5 nm Ti/ 10 nm Au at photon energies
corresponding to the O K (~530 eV), Fe L (~708 eV), and Ni L (~852 eV) absorption edges. Transmission for each layer was
calculated using the CXRO attenuation length tool, then squared and multiplied to determine the net membrane
transmission.

7.5 Preliminary results and functional validation

To assess the workability of the operando electrochemical cell, a series of preliminary laboratory
tests were conducted, with the aim of verifying the structural integrity of the cell, liquid circulation
and electrical connectivity under conditions replicating those that would be encountered at the
beamline.

The three-electrode setup described in Section 7.4 was used to perform cyclic voltammetry in 1 M
KOH at a scan rate of 100 mV/s. The resulting voltammogram is shown in Figure 56, which exhibits
redox features suggestive of an active electrochemical interface, confirming that the cellis operable.
However, the observed peak positions deviate from those expected for clean polycrystalline gold,
which could be due to several factors such as a drifting reference electrode (pseudo reference
electrodes tend to drift after prolonged use), unintentional exposure of the copper connections or
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any other unprecedented factor. Further refinements and tests specific to beamline conditions will
be necessary for further operation of the cell.
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Figure 56: Cyclic voltammogram of a gold coated SisNs membrane in T M KOH, recorded at a scan rate of 100 mV/s using
the operando cell. The reference electrode used is a Ag wire.

Figure 57 shows the assembled operando cell with the three electrodes mounted and the working
electrode externally connected. The layout shown here is a laboratory-based replication of what the
beamline configuration would look like.
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Figure 57: Photograph of the operando electrochemical cell fully assembled in its beamline-compatible flange setup. The
three-electrode configuration with the wires for establishing external contact with the working electrode are shown.

134



8 Conclusion and outlook

In the preceding chapters, detailed spectroscopic investigations were performed on FesNii«(O,0H),
thin films, which in recent years, have emerged as promising electrocatalysts for electrolysis of
water. They were studied as a function of iron content and chemical history: before and after
participation in the oxygen evolution reaction (OER). Awide range of x-ray and electron spectroscopic
techniques have been used to shed light upon the evolving chemical and electronic structure of the
samples. One of the key goals of this study is to determine the effect of Fe incorporation in the
predominantly Ni-based oxides and hydroxides and track the evolution of the electronic and
chemical structure of the catalyst as a function of Fe content. Additionally, the work also analyses
the changes brought on to the catalyst by electrochemical cycling, thereby attempting to identify the
catalytically active framework within the material system.

To gain a preliminary understanding of the FeNiOOH thin films, they were initially studied as
synthesized. Conventional laboratory-based XPS studies were deemed inconclusive, as it was found
that the core level peaks of Fe and Ni were interrupted by the Auger lines. Thus, all relevant further
measurements were carried out at the X-SPEC beamline at the KIT Light Source. HAXPES
measurement at 2.1 keV and soft XAS measurements at the Fe and Ni L-edges revealed strong
covalent Fe-O-Ni interactions within the samples in varying degrees across different compositions.
With the incorporation of Fe, this covalent interaction became stronger and Ni became increasingly
oxidized. The compositional window within 10-20 at. % Fe was identified as a critical point as it
showed consistent spectral and quantitative transitions, including shifts in the Fe and Ni oxidation
states and the spectral weight of the different components in the O 1s spectra. The attempt made to
express the intermediate samples as a linear combination of the two extreme components, namely
the x=1 and x=50 samples for the Fe 2p spectra revealed a sharp transition within this window,
marking an increase of the x=50 component, indicating increased oxidation. A similar trend was
observed withinthe 13-20 at. % Fe window, for the Ni 2p spectra. The O 1s spectra were deconvoluted
to determine the relative contributions of oxide and hydroxide and a pronounced increase in
hydroxide contribution peaking near 20 at. % Fe coupled with a decrease in oxide contribution was
observed.

These findings become a strong basis for the hypothesis that this is the most electronically relevant
compositional window, where both Fe and Ni undergo increased oxidation. The oxygen environment
too reflects these results. The observations from the L-edge XAS spectra of Fe and Ni corroborate
these findings. Additionally, as XAS was obtained in both TEY and PFY modes, a depth resolved
picture can be drawn of the samples, which indicated that at the Fe L-edge, while the surface showed
pronounced changes as a function of changing composition, the bulk remained rather unchanged.
The surface and the bulk can therefore be considered as chemically heterogeneous in terms of ligand
field effects, with respect to Fe. However, the Ni L-edge showed no significant differences between
the surface and the bulk. This strengthens the idea that Fe is seat of major activity in the FeNiOOH
electrocatalysts, as widely acknowledged by current research.

Once such a baseline was established, the samples were investigated in pairs as the same
composition was studied before and after they participated in the OER process. Quantitative
analyses were performed to determine the effect of OER on the Fe and Ni environments on the
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surface. Tougaard backgrounds were subtracted from the Fe 2p and Ni 2p core level spectra of the
samples before and after OER, by modelling the inelastic loss functions of each, by blending REELS
spectra of NiO and Fe,Os;. The background subtracted spectra were then used to estimate the
stoichiometric Fe:Ni, using a simplified transition probability estimate based on the Fermi’s golden
rule, allowing the intensities of the peaks to be related to the relative content of Fe and Ni. Post OER,
a consistentincrease in the Fe:Ni ratio was observed, especially for samples within the intermediate
compositional window with the 10-20 at% Fe. Fe enrichment on the surface as a result of OER thus
can be noted, with a corresponding increase in oxidation of Fe, with little change in the Ni spectra
post OER, as seen from the Ni L edge XAS data. Post OER, the Fe L edge TEY XAS show significant
changes, such as increased oxidation, while the PFY spectra remain mostly unchanged, indicating
that OER does not affect the bulk of the samples as much as it does the surface. The Ni L edge spectra
on the other hand show only subtle variations at the surface and almost none within the bulk,
reinforcing the hypothesis that Fe plays a more active role in the redox reaction taking place during
OER, while Ni is less active, providing structural support.

This was reinforced by the preliminary results obtained when scaling factors of the spectra were
compared, before background subtraction. At this point, it was imperative that the changing catalytic
structure be compared with the activity of the catalysts. The catalytic activity was seen to peak within
a narrow compositional window of 10-20 at. % Fe, beyond which, the catalytic activity declines. This
is proof that the changes observed within this window in the spectroscopic measurements bear
direct relation to the catalytic activity of the samples. Furter increase of Fe concentration within the
sample destabilizes the catalytically active Fe-O-Ni configuration, thereby resulting in the decline of
the catalyst’s efficiency.

The oxygen environment was also seen to evolve depending on the composition and as a result of
OER. Again, the x=20 sample was observed as a critical transition point within the sample set. Within
the compositional window mentioned above, an increase in both oxide and hydroxide environments
was noted. Post OER, however, there was an overall increase in the oxide-like features, hinting at the
formation of more covalent interactions between the metal centers and oxygen.

Another major aspect of this dissertation is the design and development of a custom operando
electrochemical cell, compatible with high vacuum environments. The cell enables in situ and
operando spectroscopic measurements under the application of external electrochemical potential.
The design of the cell integrates electrolyte flow, electrical conductivity, gas bubble passage, while
remaining vacuum compatible. First offline tests were conducted with the cell in the laboratory, in a
set up replicating the physical conditions of the beamline. Satisfactory results were obtained,
indicating that the operando electrochemical cellis functional.

The study thus has given information regarding the chemical and electronic state of the samples
before and after OER and inferences have been based on how OER ultimately affected the local
bonding environments of the transition metal centers as well as oxygen. As a next step, the samples
have to be studied under operando conditions, for the purpose of which the operando
electrochemical cell has been developed.

An important consideration is the fact that all analyses and inferences have been based on the
assumption that the samples are homogeneous or as homogeneous as possible. However, the
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possibility that some of the samples might be inhomogeneous exists. This would then affect the
properties of the samples in different spots.
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