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Abstract

Electrochemical reactions like water-splitting or corrosion initiate at electrode-
electrolyte interface, and in some cases can also be closely linked. In particular, the
oxygen evolution reaction (OER) in electrolyzers and the oxygen reduction reaction
(ORR) in fuel cells are not only sluggish but can also lead to severe catalyst
degradation. A fundamental understanding of these processes is therefore essential
for developing more stable and efficient electrocatalysts for green hydrogen
technologies. However, probing the structure and chemistry of the electrode surface
remains challenging, because these species are ultrathin, amorphous, unstable and
buried beneath a thick dense electrolyte.

This thesis applies a range of ex situ, in situ and operando methods based on
synchrotron X-rays, electrons and visible light to understand the surface chemistry
of gold, platinum and nickel alloy 59 model electrodes under electrocatalytic
conditions. Emphasis is placed on developing total reflection X-ray absorption
spectroscopy (RefleXAFS) in real operando conditions, which is an underexplored
approach. The main model system studied in this thesis is gold, used to compare all
the techniques and to understand its stability and surface evolution during OER.
Nickel alloy 59, a corrosion-resistant material catalytically active towards OER,
serves especially as a secondary model system to validate and further investigate
the capabilities of RefleXAFS. Finally, the role of electrochemical oxidation of
platinum during ORR is investigated.

Overall, this work shows that ultrathin (hydr)oxide films control the stability and
activity of noble metals and corrosion-resistant alloys under electrocatalytic
conditions. These findings highlight the link between surface oxidation,
electrocatalysis and metal dissolution, and underscore the necessity of operando
studies and multimodal approaches to understand electrochemical interfaces.

viii



Popular summary

This thesis focuses on developing and using characterization methods, to understand
the behavior of materials during the electrochemical reactions involved in
electrolyzers, fuel cells and corrosion.

Electrochemistry studies chemical reactions where electrons move and generate
electricity, or vice versa where electricity causes a chemical reaction. Technologies
like batteries and phenomena like corrosion rely on these processes, and
understanding how they work at the atomic scale can help to design better devices
and materials for future technologies. For example, significant efforts are currently
underway to develop more efficient electrolyzers and fuel cells for green hydrogen
production and wusage, which could help replace fossil-fuel-based energy.
Electrolyzers can use electricity from renewable sources to split water into oxygen
and hydrogen, whilst fuel cells can use hydrogen and oxygen to generate electricity
and water when the wind is not blowing and the sun is not shining. These reactions,
which can also involve corrosion phenomena, take place at the interface between a
catalytic material, called electrocatalysts, and a liquid, mostly made of water, called
electrolyte.

To understand what is happening at the interface between the electrocatalyst and the
electrolyte, it is necessary to use characterization techniques that can probe the
interfacial atoms while the reaction is happening, which is not trivial. Synchrotron
radiation facilities, like MAX IV at Lund (Sweden), can generate an extremely
intense X-ray beam that can penetrate through gases, liquids and solids, carrying
information about their atomic structure and chemistry. Using dedicated
experimental setups and configurations, X-rays can be focused on the surface of a
material while it is splitting water, corroding, etc., revealing details of the
electrochemical reaction and the material's properties. In this context, the main
technique used in this thesis is “RefleXAFS”, an approach originally developed in
the 1980s that, however, has so far remained underexplored for this type of
application. Recent advances in synchrotron radiation sources and instrumentation,
and in electrochemical methodologies have opened new opportunities to fully
exploit the potential of RefleXAFS, as explored in this thesis (Papers I, II, VII,
VIII, and X). Additionally, complementary surface characterization techniques,
including 2D-SOR (Papers 11, V, and VI), AP-XPS (Papers 1V, VII, and IX),
STM (Papers III and VII), and SXRD (Paper V), were used.

Besides the development of surface characterization methods, this thesis aims to
improve our fundamental understanding of the electrochemical behavior of gold
(Papers I-VIII), nickel alloy 59 (Papers I and IX), and platinum (Paper X).
Across these studies, a consistent picture emerges: a few atomic layers of oxide or
hydroxide form at the surface of these materials and play a decisive role in
governing their catalytic activity and stability.

X



Sommario divulgativo

Questa tesi si concentra sullo sviluppo e sull’utilizzo di metodi di caratterizzazione
per studiare il comportamento dei materiali durante le reazioni elettrochimiche
coinvolte in elettrolizzatori, celle a combustibile e nei processi di corrosione.

L’elettrochimica studia reazioni chimiche in cui gli elettroni si muovono generando
elettricita oppure, viceversa, in cui I’elettricita induce una reazione chimica.
Tecnologie come le batterie e fenomeni come la corrosione si basano su questi
processi, ¢ comprenderne il meccanismo a livello atomico pud contribuire alla
progettazione di dispositivi e materiali piu efficienti e performanti. Ad esempio,
attualmente molta ricerca ¢ incentrata sullo sviluppo di elettrolizzatori e celle a
combustibile piu efficienti per la produzione e 1’utilizzo di idrogeno verde, come
alternativa ai combustibili fossili. Gli elettrolizzatori possono utilizzare elettricita
da fonti rinnovabili per scindere I’acqua in ossigeno e idrogeno, mentre le celle a
combustibile possono riconvertire idrogeno e ossigeno in elettricita e acqua quando
I’energia rinnovabile non é momentaneamente disponibile. Queste reazioni, che
possono anche coinvolgere fenomeni di corrosione, avvengono al confine
(interfaccia) tra un materiale catalitico, chiamato elettrocatalizzatore, e un liquido,
per lo piu costituito da acqua, chiamato elettrolita.

Per comprendere cosa accade a livello atomico, servono tecniche di
caratterizzazione in grado di sondare gli atomi presenti all’interfaccia mentre la
reazione ¢ in corso. Le sorgenti di radiazione di sincrotrone, come MAX IV a Lund
(Svezia), generano raggi-X estremamente intensi, capaci di penetrare gas, liquidi e
solidi, trasportando informazioni sulla loro struttura atomica e chimica. Utilizzando
apparati sperimentali dedicati, i raggi X possono essere focalizzati sulla superficie
di un materiale mentre esso scinde 1’acqua, si corrode, ecc., rivelando dettagli sulla
reazione elettrochimica e sulle proprieta del materiale. In questo contesto, la tecnica
di caratterizzazione principale di questa tesi si chiama “RefleXAFS”, un approccio
sviluppato originariamente negli anni 80 ma finora poco esplorato per questo tipo
di applicazioni. I recenti progressi tecnologici per la radiazione di sincrotrone e nelle
metodologie elettrochimiche hanno aperto nuove opportunita per sfruttarne appieno
il potenziale, come esplorato in questa tesi (Articoli I, I, VII, VIII e X). Inoltre,
sono state utilizzate tecniche di caratterizzazione superficiale complementari, tra cui
2D-SOR (Articoli I, V e VI), AP-XPS (Articoli IV, VII e IX), STM (Articoli III
e VII) e SXRD (Articolo V).

Oltre allo sviluppo di metodi di caratterizzazione, questa tesi mira a migliorare la
nostra comprensione su scala atomica del comportamento elettrochimico dell’oro
(Articoli I-VIII), della lega nichel 59 (Articoli I e IX) e del platino (Articolo X).
Da questi studi emerge un quadro coerente: pochi strati atomici di ossido o idrossido
si formano sulla superficie di questi materiali e svolgono un ruolo determinante nel
governarne ’attivita catalitica e la stabilita.
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1. Introduction

1.1 Motivation and background

For the past two centuries, electrochemistry has played an important role in the
scientific and technological advancement of our society. From batteries to
corrosion-resistant materials, electrochemical processes span a large range of
applications that power, protect, and sustain our everyday life!. Nowadays, many
technologies focused on reducing greenhouse gas emissions are based on
electrochemistry, e.g. batteries, green hydrogen production, direct air capture
technologies, etc.>* Green hydrogen production is related to this thesis and can be
achieved via electrolyzers that split water electrochemically using electrical energy
from renewable sources such as wind or solar power. This approach can be used to
cope with the natural fluctuations in renewable sources by converting electrical
energy into chemical energy, stored in hydrogen bonds*. When needed, this
chemical energy can be exploited using fuel cells, which operate on the opposite
process: hydrogen is recombined with oxygen, releasing electrical energy and water
as the only by-product’. However, there are still many issues limiting the efficiency
and the spread of these technologies. A crucial factor is the choice of electrocatalyst
materials, i.e. the active material that enables these reactions®*®. Currently,
expensive noble metals such as Pt, Ru, and Ir are commonly used in many
electrocatalysts for electrolyzer and fuel cell applications due to their high activity
and stability under these conditions**’. However, even noble metals are not entirely
inert in these harsh environments, measurements suggest that oxidation and
dissolution can take place and drastically reduce their lifetime and performance® 2.
The current lack of fundamental understanding of these phenomena hampers the
development of more robust electrocatalysts and electrochemical devices>!*. Part of
this thesis aims to contribute to this understanding, providing insights into the
electrochemical behavior of model electrocatalysts at the atomic scale.

The key processes described above occur at buried, electrified interfaces between
solid electrodes and water-based electrolytes, where chemical and structural
changes occur'*'®, The nature of these interfacial transformations are not directly
revealed by electrochemical measurements and detecting them ex sifu raises
fundamental questions about whether the observed chemistry and structure truly
reflect the state of the electrified interface under operating conditions'”'®. Hence, in
situ and operando surface-sensitive studies, complemented by electrochemical



measurements, are indispensable for revealing the behavior of such complex
interfaces at the atomic scale. However, this is not trivial to achieve. Traditional
Ultra-High Vacuum (UHV, < 10 mbar) techniques can provide atomic-scale
surface sensitivity, through the detection of electrons, but the instability of the
electrolyte in UHV limits these studies to ex situ conditions'”>'8. On the other hand,
if the electrolyte can be kept stable in UHV, it would hinder the detection of
electrons due to high attenuation of the signal. An ideal characterization technique
for electrochemical systems should provide comparable surface sensitivity to UHV
electron-based methods, yet without signal attenuation from the electrolyte.
Synchrotron X-rays are one of the best candidates for this purpose, thanks to their
high penetration power, tunable wavelengths and beam focus!'”'8. This applies
especially to grazing-incidence photon-in/photon-out techniques based on hard X-
rays (~10-100 keV), since the penetration power of photons is much higher than that
of electrons and increases with photon energy, while a grazing-incidence geometry
enables surface sensitivity!”. Another essential requirement in surface science to
establish structure-performance relationships of electrocatalysts is to use well-
defined model systems such as single-crystals and planar surfaces!>**?!. Lack of
clarity can arise from poorly defined electrode materials, e.g. nanoparticles on
carbon substrates or porous electrodes, which are typically used in electrocatalysis.
There are not many surface-sensitive techniques that can work under true operando
conditions using well-defined model systems, the most common are electrochemical
scanning tunneling microscopy (EC-STM)** and surface X-ray diffraction
(SXRD)'8, Although these techniques provide very useful insights on the structural
evolution of the electrode/electrolyte interface, less information can be obtained
from disordered phases, which are commonly formed at the electrode surface. In
this context, total reflection X-ray absorption spectroscopy (RefleXAFS) is a
powerful complementary approach®-2°. First developed in the 1980s272% this
technique remains underexplored for operando studies on electrochemical
systems®. By measuring the totally reflected X-ray intensity as a function of
incident photon energy, surface-sensitive X-ray Absorption Spectra can be obtained
to monitor both chemical and structural changes at the electrode surface,
independent of its crystallinity. Over the past decade, the emergence of 40
generation synchrotron light sources®, together with advances in beamline
instrumentation and experimental methodologies'”'*?%3! has opened new
opportunities for RefleXAFS studies to investigate electrochemical interfaces under
real operando conditions. Developing methods like RefleXAFS to reveal the
chemistry and structure of the electrode-electrolyte interface while the reaction is
happening is the key to understand the mechanisms that govern the electrochemical
performance of electrocatalysts. Hence, addressing this need is the main motivation
of this thesis.



1.2 This thesis

The focus of this thesis can be divided into two connected themes: I) the
development of operando RefleXAFS to investigate the electrode-electrolyte
interface. II) The application of RefleXAFS and complementary techniques to
characterize model electrodes in electrocatalytic environments, with a particular
emphasis on the electrochemical oxidation of single- and poly-crystalline gold
electrodes during the oxygen evolution reaction (OER), i.e. the main reaction
limiting the efficiency of electrolyzers. Additionally, this thesis addresses the
behavior of polycrystalline nickel alloy 59 during OER and of polycrystalline
platinum during the oxygen reduction reaction (ORR), i.e. the main reaction limiting
the efficiency of fuel cells. Since the OER is shown to involve electrocatalyst
degradation in a manner similar to corrosion, and since nickel alloy 59 is a
corrosion-resistant material, some of these findings are also linked to corrosion
science. Chapter 2 provides a brief introduction to the fundamentals of materials
science and surface science. Chapter 3 provides the basic concepts of
electrochemistry, with a focus on electrocatalysis and corrosion. Chapters 4 and 5
summarize the techniques employed to characterize these systems, while Chapters
6 and 7 briefly summarize the results and outlook of this thesis, respectively. A
collection of publications and manuscripts related to these findings is enclosed in
the thesis.






2.  Materials

This chapter introduces the basic concepts of material science and surface science,
with a focus on the surface processes relevant for this thesis, in particular surface
oxidation. A brief description of gold (Au), studied in Papers I-VIII, platinum (Pt),
studied in Paper X, and nickel (Ni) alloy 59, studied in Papers I and IX, and their
most common oxides and hydroxides structures is given at the end of the chapter.

2.1 Crystals, metals, oxides

This thesis revolves around the electrified interface between solids and liquids, with
a focus on the solid surfaces. In solids, the constituents (atoms, ions or molecules)
are tightly packed and held in fixed positions, giving the material a definite shape
and volume?2. Here, it is very useful to think of an atom simply as a sphere. When
these spheres are arranged in periodic arrays, we call it a “crystalline” solid. Thus,
a single crystal consists of a perfect solid lattice of particles with ideally infinite
long-range periodicity, in all directions of space (Fig. 1a)**.

a) Single Crystal b) Poly-crystal c) Amorphous Solid

Figure 1

a) Example of a single crystal, an ideally perfectly ordered material where atoms are periodically
arranged in three dimensions. b) Example of a polycrystalline material made of many randomly
oriented crystalline domains, called crystallites or grains. c) Example of an amorphous solid,
completely lacking long-range structural periodicity.

The samples studied in this thesis (Au, Pt and Ni alloy 59) can be classified as metals
or as mixture of different metals (metallic alloys), which are naturally found as



“polycrystalline”, i.e. solids composed of many small crystalline domains, each with
a different orientation in space or even a different atomic structure (Fig. 1b). In some
other cases, however, there are solids that even completely lack crystallinity, i.e.
atomic-scale periodicity, like glass, which are called “amorphous” (Fig. 1¢)**.

Thanks to their periodic structures, single crystal lattices can be classified by
their translational and rotational symmetries. In a three-dimensional (3D) space
there are only 14 distinct types of lattices, called Bravais lattices, each of them
characterized by a primitive unit cell, which is the smallest repeating building block
of a lattice®>. A primitive unit cell always contains one lattice point, which is
decorated with one or more atoms, ions or molecules, called basis of the crystal.
Sometimes it is useful to describe a lattice using a conventional unit cell that
contains more than one lattice point. Cubic cells define the most common Bravais
lattices found in nature and can be easily described by a single length ‘a’, equal for
all the edges of the cube, and 90° angle between them. There are three main forms
of cubic structures (Fig. 2): simple cubic (sc), body centered cubic (bcc) and face
centered cubic (fce)*. Sc exhibits the most straightforward unit cell, with one lattice
point at each corner of the cube. Assuming a basis of one atom and considering that
each lattice point is shared with 7 other neighboring cells, it can be seen that the sc
is a primitive unit cell containing one single atom. On the other hand, bec and fcc
are conventional cells that can be built starting from the sc: bce contains one extra
atom in the center of the cube, i.e. having a total of 2 atoms per cell, while fcc
contains one extra atom on each face of the cube, i.e. having a total of 4 atoms per
cell.

a) Simple Cubic b) Body-Centered Cubic c) Face-Centered Cubic

Figure 2

Cubic crystal lattices are defined by three types of unit cells: a) simple cubic, b) body-centered cubic,
and c) face-centered cubic.

Besides pure metals, another class of materials crucial for this thesis and very
common in our everyday life are metal-oxides, i.e. the chemical compounds formed
upon reaction of a metal with oxygen. Differently from a metal, which is pictured
as a structure of positive ions held together in a “sea” of delocalized electrons, a
metal-oxide is predominantly characterized by stronger and more stable ionic bonds



with more localized electrons, leading to very different material properties®2. In fact,
oxygen is quite electronegative and will likely “steal” an electron from the metal
atom to fill up its outer shell. This electron transfer introduces the concept of
oxidation state, a formalism used to describe the effective charge of an atom within
a compound, indicating how many electrons the atom has lost or gained relative to
its elemental form. Oxygen in the oxide will be negatively charged (O*), while the
metal ions will be positively charged (M""). The opposite reaction to oxidation is
reduction, where the metal ion is supposed to re-gain the electron from the oxygen
to re-store its metallic state. In environments like water where not only oxygen but
also hydrogen is present, hydroxides or oxy-hydroxides can form, characterized by
the presence of additional hydroxyl groups (OH") in the lattice.

In general, most metals tend to react quite easily with oxygen and water, for example
iron is well known to naturally form rust due to corrosion. However, many metals
or alloys, e.g. silicon, nickel, aluminum, etc. can spontaneously form a thin native
passive oxide that prevents bulk oxidation and rapid degradation®*. Finally, there is
a class of metals that does not spontaneously oxidize in ambient conditions, called
noble metals, e.g. palladium, silver, iridium, platinum, gold, etc. A very stable
electronic structure makes these materials inert in many environments®®, but not
always. This thesis will address how the noble metals Au and Pt may be
electrochemically oxidized into their respective (hydr)oxides, and how the native
passive (hydr)oxides of Ni alloy 59 evolve under electrochemical polarization. The
most established bulk structures of Au, Pt and Ni alloy 59 oxides and hydroxides
are shown and discussed in Sections 2.3, 2.4 and 2.5, respectively.

2.2 Surfaces

So far, only 3D structures that ideally extend infinitely in space, called “bulk”, have
been discussed. However, real objects are finite in space and thus exhibit a surface
and an interface, i.e., the two-dimensional (2D) boundary between the bulk solid
and its surroundings, which often controls how the material interacts with the
environment. For example, a material can be made completely impermeable by
making its surface hydrophobic?; the color and optical properties of a material can
be modified by changing the surface capability to absorb light*®; a coating or thin
film can provide new mechanical properties such as toughness®’, erosion
resistance™, etc. Without ever modifying the bulk material, surface
functionalization at the micro- and nanoscale can completely transform an object
into something else. This concept is extremely powerful and has many
applications®*****! including electrocatalysis and corrosion.



In this context, it is necessary to describe surfaces in detail. When cutting a bulk
polycrystal along a random plane, its surface would show different crystalline
domains called grains, separated by grain boundaries. Assuming that all the domains
share the same crystalline structure but are differently oriented in space, each grain
will show a different surface orientation (Fig. 3). Hence, due to the presence of
multiple surface orientations, it is more complicated to establish structure-
performance relationships of polycrystalline materials. To fundamentally
understand the behavior of different surface structures, which is a central purpose
in surface science studies, well-defined model systems such as single crystals
become extremely useful.

Figure 3
Schematic drawing of a polycrystalline surface exhibiting grains with different orientations.

221 Atomic planes

As for bulk structures in 3D space, surface structures can be periodic in a 2D space
and can be described by 7 Bravais surface lattices, arising from the truncation of 3D
crystals®**2. A 3D crystal can be cut along a specific plane, labelled with Miller
indices h, k, 1, resulting from the position of the atoms in the lattice and their
distances**?. The most relevant and common fcc planes are shown in Fig. 4. The
differences between surface structures directly affect properties like surface energy,
amount of undercoordinated atoms, adsorption sites, movement of dislocations etc.
which can be crucial in determining the material properties, from their catalytic
behavior to their stability.



a) FCC (111) plane b) FCC (100) plane €) FCC (110) plane

d) FCC (111) top view €) FCC (100) top view f) FCC (110) top view
'/a}\/z * ]:a/vz ngz
a
g) FCC (111) side view h) FCC (100) side view i) FCC (110) side view

Figure 4

Main atomic planes of fcc cubic lattices. a,d,g) cutting the lattice along the (111) plane leads to an
hexagonal unit cell with 6 in-plane nearest neighbors and in-plane lattice spacing a/v2. b,e,h) The
(100) plane is less densely packed than the (111) surface, with 4 in-plane nearest neighbors and a
squared unit cell with in-plane lattice spacing a/+/2. c,f,i) The fcc(110) plane is the least densely
packed surface presented here, with 2 in-plane nearest neighbors and a rectangular unit cell of lattice
spacing a and a/v/2.

The first explanation for the appearance of specific geometries like triangles and
squares within the atomic planes finds its origins in 1611, when Johannes Kepler
proposed that equal spheres naturally pack most densely in triangular arrangements,
leading to 3D close-packed structures®. This “Kepler conjecture,” proven in 1998%,
explains why efficient packings like fcc are so common in nature. A second structure
that can achieve a close-packing density of ~74% in volume, exactly as much as for
the fcc, is called hexagonal close-packed (hep) (Fig. 5)%.



a) FCC stacking b)HCP stacking

c) FCC top view d)HCP top view

Figure 5
Schematic drawing of: a,c) fcc(111) planes stacking in an ABC sequence and b,c) hcp(0001) planes
stacking in an AB sequence. Both structures present an hexagonal 2D-lattice.

2.2.2 Surface reconstruction

The surface atoms are at the interface with the surrounding environment, they are
intrinsically under-coordinated with respect to the bulk atoms, and they can
experience surface stress***. Therefore, they might tend to lower their surface free
energy and stress by rearranging themself to form a new periodic structure that
differs from that of the ideal bulk-terminated lattice. This action will be countered
by the mismatch between bulk and surface atoms occurring due to reconstruction,
leading to a minimum surface energy configuration that results from the balance
between these two contributions*>*. The Au(111) reconstructed surface is also
known as “Herringbone” reconstruction (Fig 6), its unit cell is denoted as 22xV3.
The top layer densifies into a stripe pattern by insertion of an extra Au atom every
22 atoms along the [110] surface direction, causing a surface corrugation of 0.2 A.
The formation of this stripe pattern mainly releases the tensile stress in the top layer
along the [110], inducing a compression of ~4% with respect to the bulk lattice. This
mismatch along the [110] direction induces a periodic shift of the topmost atoms
between fcc and hep sites. Only a few atoms per unit cell are aligned with the bulk
positions, and the atoms in between the fcc and hep domains will occupy bridge-
sites. The stripe pattern is, however, not entirely stable and will be rotated by 120°
against each other to further reconstruct into a herringbone-like superstructure.
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a) Simulated and STM images of the Au(111) reconstructed surface, also known as Herringbone
reconstruction. b,c) Atomic details of the elbows. d) Top views of the first and second layers of the
unit cell. e) Simplified top view highlighting the fcc and hcp domains in the unit cell. This figure is
adapted from ref. [46], licensed under CC BY 4.0.

Figure 6

2.2.3 Adsorption and surface oxidation

There are other phenomena closely linked to surface reconstruction, such as surface
adsorption and oxidation. In heterogeneous catalysis, electro-catalysis, corrosion
etc. adsorption and surface oxidation are fundamental processes that govern the
(electro)chemical behavior and stability of solid surfaces***°. In this context, single-
crystal surfaces provide well-defined, reproducible systems allowing us to correlate
the atomic-scale structure to the material properties. In particular, the surface
structure can directly dictate how adsorption and surface oxidation processes take
place during a chemical or electro-chemical reaction. Vice versa, adsorption and
oxidation can induce changes in the surface structure.

Adsorption is the attachment of atoms, ions, or molecules from a surrounding
environment onto a solid surface affecting how the surface interacts chemically with
its environment, controlling reaction rates, selectivity, and overall efficiency. As an
example, the adsorption of atomic oxygen on Pt(111) forming an hypothetical
p(3x3) superstructure is shown in Fig. 7a,c, where the oxygen atoms occupy discrete
adsorption sites forming a surface lattice unit cell 3x larger than the Pt(111) unit
cell.

There are two types of adsorption mechanisms: physisorption and chemisorption,
depending on the strength of the bond between adsorbate and substrate*>*.
Physisorption is relatively weak, based on interactions such as Van der Waals
forces. Chemisorption is associated to a stronger chemical bonding and can be more
heavily affected by the specific adsorption sites, i.e. the structure of the surface. At
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a higher oxygen chemical potential, surface oxidation can take place, leading to the
formation of a distinct surface phase with new properties, such as structure, stability
and stoichiometry. Oxygen atoms can occupy several sites and layers in the surface
oxide, leading to a clear change in surface periodicity and bonding environment, for
example expanding the (111) lattice. An example of an hypothetical PtO, surface
oxide formed on Pt(111) is shown in Fig. 7b,d.

a) Adsorbed oxygen p(3x3) b) Surface oxide
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Figure 7
a,c) Example of an hypothetical p(3x3) overlayer of adsorbed oxygen on Pt(111). b,d) Example of
an hypothetical PtO, surface oxide formed on Pt(111). The structures are drawn using VESTA?.

For all the aforementioned phenomena, surface defects and surface diffusion play a
key role. For example, in heterogeneous catalysis and electro-catalysis, adsorbed
species usually diffuse on the surface between available adsorption sites before a
product is formed. These adsorption sites are typically separated by energy barriers
being smaller than the energy barrier for desorption®’. Similarly, the surface
morphology resulting from oxidation and reduction cycles depends on the mobility
of the atoms during oxide formation and decomposition®*>°. In these cases the
surface might show defects such as vacancies, islands, steps or kinks which are
generally more reactive and mobile than flat terraces®. These processes have a
certain degree of reversibility and probability to occur, in particular the diffusion
coefficients of e.g. surface adatoms and vacancies are shown to increase
exponentially with temperature and surface charge*>*, having thus crucial effects
on the material and device properties. The most relevant surface defects and
transport processes are summarized in Fig. 8.
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Figure 8
Schematic of elementary transport processes and surface defects, inspired by ref. [51].

Although surface diffusion processes can help describing the kinetics of
adsorption/desorption, dissociation of a molecule and onset of oxidation, an
explanation on the mass transfer during oxide growth at room-temperature cannot
be solely based on temperature driven diffusion. After a monolayer of oxide is
formed, what is the force that drives further oxidation? In the late 1940s Cabrera
and Mott proposed a theory to explain metal oxidation and oxide growth at
temperatures typically below ~300°C3>%, As shown in Fig. 9, the Cabrera-Mott
model postulates that upon adsorption and dissociation of oxygen molecules on the
metal surface, a charge transfer between metal and oxygen ions occurs, leading to a
strong electric field (E-field) built up across the metal-oxide interface. This E-field
is expected to be sufficiently high to drive the migration of ions through the
interface, which determines the rate of oxide growth. This theory has also been
demonstrated experimentally in a recent study®. As the oxide film grows thicker,
the E-field strength decreases, slowing down the transport of ions and thus the oxide
growth. As a result, the model predicts logarithmic growth kinetics which explains
why many metals in air form surface oxides of only a few nm that essentially
become self-limiting, observed in many studies***>’. Note that this model assumes
a steady supply of oxygen, while ion migration through the oxide is the rate limiting
step. However, especially as the oxide gets thicker, adsorption and electron transfer
kinetics can change significantly, affecting the oxygen supply, hence, the oxide
growth’®.
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a-e) Schematics of the steps involved in the Cabrera-Mott model of self-limiting oxide growth.
d) Logarithmic growth kinetics of the oxide thickness over time x(t) for different growth rates k.
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23 Gold

Au is a noble transition metal with a fcc crystal structure (a ~ 4.08 A), often referred
as the “noblest of all metals” thanks to its remarkable chemical and structural
stability in a large range of conditions®®. These properties make gold a
fundamentally interesting material, which often serves as a model system in surface
science and (electro)catalysis. Its plasmonic and surface-functionalization
properties further extend its relevance as a substrate in nanoscience and
spectroscopy. Among its crystallographic facets, Au(111) is particularly well known
for its herringbone reconstruction, which influences surface diffusion, adsorption
energetics, and reactivity. In electrocatalysis, gold is relevant for industrial
applications involving the conversion of chemicals®®!, oxidation of CO%,
alcohols®, sugars® and for the ORR®%®, and has served for fundamental studies on
noble metals surface oxidation®”°, dissolution'’°, OER mechanism’!"7* and other
electrocatalytic reactions’’>, Although gold electrochemical oxidation has been
studied for many decades and it is expected to take place in many of these processes,
uncertainties remain about the (hydr)oxide structures involved, the oxidation
kinetics, the link between activity and stability, etc. This lack of clarity is largely
due to the difficulties of probing these ultrathin, amorphous, and unstable phases.

a) Au,0; b) AUOOH
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Figure 10

a) Structure of bulk Au;O3 and b) DFT calculated structure of AuOOH, not proven experimentally. The
structures are drawn using VESTA*" with atomic coordinates from ref. [76,77]. The arrows denote the
crystallographic axes of the unit cells.

The most well-known and stable oxidation state of gold observed in the presence of
oxygenated species is Au®" forming an oxide Au,O; (Fig. 10a)’""%", but under
certain conditions, surface oxidation was also proposed to take the form of an
hydrous oxide Au,O3:(H,0),**#!, an hydroxide Au(OH);*, or an oxy-hydroxide
AuOOH" or other less common and unstable oxidation states®*3. Except for Au,Os3,
the bulk structures of the hydroxylated or hydrated Au** compounds remain
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substantially unknown. An example of a proposed structure of AuOOH calculated
with density functional theory (DFT) is shown in Fig. 10b. In general, it is expected
that most of the Au** compounds hold a square planar geometry with a bond length
around 2 A%,

2.4 Platinum

Pt is a noble transition metal with a face-centered cubic (fcc) crystal structure (a
~3.92 A), renowned for its exceptional catalytic activity and chemical robustness
under a broad range of conditions. Unlike Au, Pt is less inert, showing an
intermediate binding strength toward adsorbates, making it one of the most
extensively studied materials in surface science, heterogeneous catalysis, and
electrocatalysis®®> %8, As such, Pt is often found in real-world applications, including
electrolyzers and fuel cells. In particular, platinum is the state-of-art catalyst for key
reactions like the hydrogen evolution reaction (HER) and the ORR®®, Processes
like ORR often occur at potentials and conditions where surface oxides and
hydroxides can form, leading to dynamic surface restructuring and changes in
catalytic activity. Thus, understanding the electrochemical behavior of Pt is
essential not only for fundamental electrochemistry but also for improving the
performance and durability of fuel cells and electrolyzers. The precise nature,
structure, and stability of several oxidized surface species remain subjects of
debate’!#%° the most established reported bulk oxides structures include PtO and
PtO:, shown in Fig. 11.

Figure 11
a) Structure of bulk PtO and b) structure of Bulk PtO,. The structures are drawn using VESTA with
atomic coordinates from ref. [91,92]. The arrows denote the crystallographic axes of the unit cells.
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2.5 Nickel alloy 59

Thanks to the excellent mechanical and corrosion properties, Ni alloy 59 is used in
gas turbines, oil & gas, nuclear and chemical industries, for demanding applications
and harsh environments, such as high temperatures, corrosive media and high
mechanical strain conditions® *°. Although the bulk composition of Ni alloy 59 is
60.07% Ni, 22.7% Cr, 15.4% Mo, and 0.8% Fe, the native passive film protecting
the material is enriched in Cr and Mo. Due to the presence of Mo- and Ni-oxides
and hydroxides in the passive film, the material is found active towards OER. The
most relevant oxide and hydroxide bulk structures are shown in Fig. 12.

b) Ni(OH),

e) MoO;

. 4—‘\. °

Figure 12

Bulk structures of a) NiO, b) Ni(OH),, c) Cr,03, d) MoO,, €) MoO; The structures are drawn using
VESTA* with atomic coordinates from ref. [96—100]. The arrows denote the crystallographic axes of
the unit cells.
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3. Electrocatalysis and corrosion

This chapter provides the basics of electrochemical measurements and processes,
with a focus on water electrocatalysis and corrosion, which are both related to the
performance of electrolyzers and fuel cells. In particular, the electrocatalytic
reactions discussed in this chapter are the OER, coupled with the electrochemical
oxidation and degradation of Au (Papers I-VIII), and with the corrosion of Ni alloy
59 (Papers I and IX); and the ORR, coupled with the electrochemical oxidation
and degradation of polycrystalline Pt (Paper X).

3.1 Fundamentals of electrochemistry

Electrochemistry is a branch of physical chemistry that studies the relationships
between chemical changes and charge transfers at the electrode-electrolyte
interface, processes in which electrical energy can be used to drive a non-
spontaneous chemical reaction or to exploit a spontaneous chemical reaction to
generate electrical energy. This is possible to achieve using an electrochemical cell!,
for example the two-electrodes setup shown in Fig. 13a which is typically used at
the industrial level in electrolyzers, fuel cells, batteries etc.

The term “electrode” represents an electrical conductor or semiconductor in an
electrochemical cell and is the conductive material in contact with the electrolyte.
In a two-electrodes setup, two electrodes are partially submerged in the electrolyte
and are placed in electrical contact externally through a metallic wire. In “aqueous
electrochemistry”, the electrolyte is always a water-based solution that serves as an
ionic conductor completing the electrical circuit. The working electrode (WE) is a
term used in scientific investigations to denote the sample under study, while the
counter electrode (CE) serves as a sink or source of electrons. As shown and
described in Section 3.2.1, a more sophisticated three-electrodes setup is typically
used for research studies.
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Figure 13

a) Schematic of a two-electrodes electrochemical cell. Using a potentiostat or a power supply, an
external potential can be applied between counter electrode (CE) and working electrode (WE) to drive
a non-spontaneous reaction. b,c) Depending on the sign of the applied potential, one electrode will
be the anode, where an oxidation reaction takes place, and the other will be the cathode, where a
reduction reaction takes place.

If an electrical potential is applied between WE and CE, using a potentiostat or a
power supply, the electrons will be forced to move through the wire from one
electrode (anode) to the other (cathode). This will result in an excess of either
negative or positive charges at the electrode surfaces, leading to ion movement in
the electrolyte (Fig. 13b,c). Moreover, as shown in Fig. 14a, the excess of electrons
at the cathode will raise the energies of all electronic states, while the lack of
electrons at the anode will lower their energy!!'°!. The suitable alignment of
electronic states allows for tunnelling of one electron from the cathode to the lowest
unoccupied molecular orbital (LUMO) of an atom/molecule in the solution,
inducing a reduction reaction (Fig. 14b), or from the highest occupied molecular
orbital (HOMO) atom/molecule in the solution to the anode, inducing an oxidation
reaction (Fig. 14¢)"'°!. However, it is not always necessary to apply an external
potential to observe an electrochemical reaction; depending on the electrode
material and the electrolyte solution, electron transfer can occur spontaneously. As
an example, anodic and cathodic reactions can take place when the electrons can
flow spontaneously from a less noble (more prone to oxidation) to a more noble
(less prone to oxidation) electrode, producing a current (see, for example, the
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Voltaic pile in 1799 and the Daniell’s cell in 1836'%%!% or more in general the
galvanic corrosion process!'®).
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Figure 14

a) Schematic of the energy level alignments modified by the applied potential, which drive
electrochemical reactions. b) At a sufficiently negative electrode potential, an atom or molecule in the
solution can be reduced. c) At a sufficiently positive electrode potential, an atom or molecule in the
solution can be oxidized. Adapted from ref. [1].

Through an electrochemical cell like the one shown in Fig. 13 it is then possible to
physically separate a single redox (reduction-oxidation) reaction into two separate
half-reactions, one taking place at the anode and one taking place at the cathode. A
redox reaction is a chemical reaction where one species is oxidized and one is
reduced, as in the water-splitting reaction:

2H,0 = 2H, + O, (1)

The oxidation state of H and O in H,O is formally +1 and -2, respectively, while the
oxidation state of molecular hydrogen and oxygen is 0. Hence, the overall water-
splitting reaction is a redox reaction where hydrogen gets reduced and oxygen gets
oxidized. This reaction can be split into two half-reactions, which in the case of
acidic water-splitting are the following:

2H +2¢" > Ha 2)
2H,0 > Oy +4e +4H*  (3)
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Reaction (2) is a reduction reaction representing the evolution of hydrogen gas
(HER) while reaction (3) is an oxidation reaction representing the evolution of
oxygen (OER). At the cathode, HER will take place, involving a charge transfer
from the electrode to the hydrogen ions. On the other side of the electrochemical
cell, OER will take place at the anode, where charge transfer occurs from the
electrolyte to the electrode.

The possible processes involved in an electrode reaction are summarized in Fig. 15.
There are four major contributions governing the reaction rate and thus the current
at the electrodes!'®?: I) mass transfer of species to/from the electrode surface; II)
preceding and ensuing reactions, e.g., dissociation, solvent reorganization or other
reactions with the surrounding environment; III) surface reactions
(adsorption/desorption); and IV) kinetics of electron transfer. The slowest process
will be the bottleneck of the electrode reaction, i.e. the rate-determining step. The
findings of this thesis are mainly related to contributions (III) and (IV), i.e. surface
reactions and electron transfer kinetics, where surface oxidation may be involved
and can change the reaction path and energy landscape.
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Figure 15

Possible processes/paths influencing an electrode reaction. Note that the “chemical reaction” step
consists of additional reactions with the environment, which may take place at the electrode surface
region or in the bulk electrolyte. Adapted from ref. [102].

However, even without electron transfer, depending on the charge of the electrode,
there will be attraction and adsorption of some counterions to balance the excess of
charge, as well as some preferential orientation of the polar water molecules in
proximity of the surface of the electrode. The accumulation of charges on the surface
driven by electrostatic forces can be seen as the behavior of a capacitor. This charge
re-distribution is referred to as the formation of the electrical double layer (EDL)!%?
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(Fig. 16a), initially proposed by Helmholtz in 1853. The overall result is two layers
of charge, called inner and outer Helmholtz planes (IHP and OHP), and a potential
drop confined in this region (Fig. 16b). The IHP is characterized by specifically
adsorbed ions, dehydrated ions and dipoles. The OHP is characterized by non-
specifically adsorbed ions which remain fully solvated (Fig. 16a). From the OHP,
the diffuse layer begins, where a concentration gradient of ions is expected until the
bulk concentration is reached. Depending on the extent of the potential drop in the
IHP, which is the strongest drop predicted across the interface in these conditions
(Fig. 16b), co-ions could also be found in the diffuse layer.
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Figure 16
Example of (a) the EDL, adapted from ref. [102], and (b) potential drop across the interface.

As mentioned before, the surface charge can be either positive or negative,
depending on the external potential applied as well as on the spontaneous interaction
between electrode and solution. A surface charge can indeed spontaneously build
up even without applying an external potential, at the open circuit potential (OCP).
Thus, there has to be a potential where the surface charge goes from positive to
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negative values and vice versa. This is called potential of zero charge (PZC)'. At
this potential, the surface charge is zero, there is no preferential accumulation of
ions and the water dipoles exhibit random orientation.

Fundamentally understanding the EDL and the electrode surface chemistry can help
to rationalize the potential drop across the interface between electrode and reactant
in solution. Redox species in the EDL might not directly experience the metal’s
Fermi level, but they will feel the local potential at their position, which can be
shifted with respect to the bulk. This, together with possible reorganization of the
EDL and the electrode surface, will affect the effective driving force for electron
transfer, and consequently the electron transfer kinetics.

The process of electron transfer was previously illustrated in Fig. 14 as a simple
tunnelling of electrons from one phase to another. The details of electron transfer
were rationalized by the 1992 Nobel Prize winner Rudolph A. Marcus, who
developed the theory of electron transfer in the 1950s'%1%, In Fig. 17a, the free
energy of the reactant state (R) and the product state (P) are plotted along the
reaction coordinate, which represents the collective motions of nuclei and solvent
molecules that respond to charge redistribution as we go from reactants to products.
Briefly, the theory is based on the fact that electrons motions are much faster than
nuclei motions, such that electron transfer, assumed to be radiationless, takes place
while molecules and solvent cannot rearrange. Therefore, there is an activation free
energy (AG*) for this process, corresponding to the Gibbs free energy barrier
required to reorganize the system into a transition state, where the free energies of
donor and acceptor states are equal (Fig. 17a)!!. In heterogeneous catalysis and
electro-catalysis, the rate of electron transfer is often the key rate-determining step
and depends exponentially on AG*. The role of a catalyst is indeed to reduce the
activation energy by providing more favorable reaction paths (Fig. 17b), thereby
increasing the reaction rate.
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a) Schematics of the energy diagram to illustrate Marcus’ theory for electron transfer. AG* is the Gibbs
free energy required to reach the transition state, where electron transfer becomes energetically
feasible. The reaction free energy (AG°®) is the overall thermodynamic driving force between R a P at
their equilibrium states. Adapted from ref. [101]. b) Schematic example of the effect of a catalyst on
the activation barrier for electron transfer.
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32 Electrochemical methods

3.2.1 Electrochemical cells

To conduct fundamental studies on the electrode-electrolyte interface, it is necessary
to have control of the energy of the electrons within the WE, i.e., of the WE
potential. This is impossible in a two-electrodes setup, where only the potential
difference between WE and CE can be measured and controlled. To control the WE
potential, a three-electrodes setup is required (Fig. 18), where the potential of the
WE is measured against a reference electrode (RE).

cathode anode

anode cathode

L=
-

Figure 18

a) Three-electrodes electrochemical cell, b,c) the potentiostat measures the potential difference
between WE and RE, while the CE acts only as a sink or source of electrons. As a result, WE and CE
will still be the cathode or anode as for the two-electrode setup, but the RE has a stable and well-
defined potential for reference.

Inside the RE, a fast and reversible reaction takes place, providing a stable and
reproducible electrode potential, against which the potential of the WE is measured.
There should not be any current disturbing the RE, which is close to an ideally non-
polarizable electrode, i.e. it should resist potential changes under small current
loads. In this configuration, the CE acts only as sink or source of electrons, but the
potential difference is now measured between an electrode with a known potential
(RE), and the sample (WE). As a result, it is possible to measure and thus control
the WE potential accurately!'®!. This is why in industry it is common to find two-
electrodes setups, where the main interest is in the overall cell performance, while
three-clectrodes setups are widespread in research studies.

25



There are many types of RE. Depending on the reaction they are based on, they can
be more or less suitable for certain types of electrolytes and for specific types of
experiments. In this thesis, a saturated silver/silver-chloride electrode (Ag/AgCl) or
a Reversible Hydrogen Electrode (RHE) were used, while it comes in handy to also
introduce the Standard Hydrogen Electrode (SHE). Starting from the latter one, the
SHE is based on the following reversible redox reaction of hydrogen protons to
molecular hydrogen:

2H"(aq) + 2¢” = Ha(g) 4)

The standard potential of this reaction at pH 0 (corresponding to a H" concentration
of 1 M) is typically declared to be the zero point on the electrochemical potential
scale, making this electrode the universal reference in electrochemistry. Every other
RE potential is reported against SHE. However, it is rather complicated to maintain
standard conditions for the hydrogen reaction in a RE, the SHE potential will shift
with pH according to the Nernst equation (eq. 1), which describes the electrode
potential (E) under non-standard conditions'?:

E=E0—E1(”H2) 1

7N (ans) (1)

Espg = 0 — 222 log( ! 2) = —0.059 * pH )
(ay+)

Where E°is the potential in standard conditions (0 V in the case of SHE), R is the
universal gas constant, T is the temperature, F is the Faraday constant (here
multiplied by a factor of 2 since two electrons are involved to generate one H»
molecule), py- is the partial pressure of hydrogen gas (1 bar in standard conditions)
and ay+ is the activity of hydrogen ions (related to pH by ay+ = 107PH in dilute
aqueous solutions).

Therefore, it is more convenient to work with the RHE, which operates based on the
same reaction of the SHE but at the actual pH of the test solution. The RHE is
considered pH-independent because its potential is defined to be 0 V at any given
pH, the RHE automatically adjusts to compensate the Nernst shift. The relationship
between RHE and SHE scales is:

ERHE = ESHE + 0059 * pH (3)

The saturated Ag/AgCl RE operates based on the following reversible redox

reaction'%?;

AgCl(s) + e~ = Ag(s) + Cl(aq) ®)]
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The potential of this reaction against SHE is ~0.197 V, and it can be converted into
RHE as follows:

ERHE = EAg/AgCl + 0059 * pH (4)
Where Epg/agc1 corresponds to 0.197 V.

The choice and design of the most suitable RE typically depends on their stability
and the cell design, but in general, there are plenty of optimization strategies that
can be done on an electrochemical cell or device: from the choice of RE and CE, to
the entire electrochemical cell geometry optimized to minimize ohmic drops and
mass transfer limitations, to accommodate bubble evolution, avoid contaminations,
etc. In this thesis, the electrochemical cells used (Fig. 19) are designed to perform
operando, in situ and ex situ studies at the electrode-electrolyte interface, hence,
they must also fulfill some other requirements.

All the cells shown in Fig. 19 are compatible with hat-shaped single- or poly-
crystalline samples used as WE. As RE, a mini-electrode either Ag/AgCl or RHE is
used, finally the CE used is a platinum rod or mesh. The electrochemical cell used
for operando studies (Fig. 19a) is entirely made of an highly inert polymer,
polyetheretherketone (PEEK), and it is used for RefleXAFS (Papers L, 11, VII,
VIII, X), surface X-ray diffraction (SXRD) (Paper V), and 2D surface optical
reflectance (2D-SOR) (Papers 11, V, VI) studies. An important reason here for
using PEEK is its relatively high transparency and high stability under the X-ray
beam, as well as its machinability. The cell for operando studies allows for
electrolyte flowing during measurements, which reduces mass transfer limitations
and facilitates the handling of bubbles evolving during water-splitting. From the
window placed on top of the cell, 2D-SOR microscopy can be performed, while
from the thin walls (200 um) at the neck of the cell, a focused hard X-ray beam can
penetrate through the electrolyte and impinge on the surface at a grazing incidence
angle. The cell shown in Fig. 19b is used for in situ ambient pressure X-ray
photoelectron spectroscopy (AP-XPS) studies (Papers 1V, V, VII, IX), where the
electrodes are attached to a manipulator and the electrolyte is stored in a beaker, all
of them kept inside a chamber at a pressure and temperature sufficient to prevent
the electrolyte from evaporating. The electrodes can be dipped in the beaker and
then withdrawn from the electrolyte to be studied after electrochemical treatment
while an electrolyte layer is still present on the surface. In this case, only the sample
holder is made of PEEK. Finally, the cell used for ex situ studies (Fig. 19c¢), entirely
made of PEEK, is used together with a transfer system to perform ultra-high vacuum
(UHV) studies (Papers I1I and VII). The sample is mounted on a manipulator and
the surface can be dipped in the electrolyte to form a hanging meniscus. The sample
can then be withdrawn from the electrolyte and transferred to a vacuum chamber for
ex situ studies after the electrochemical treatment.

27



* T
? Glass window b) i «— Manipulator
Sample i J
RE CE h0|dir ‘i‘
K RE
Potentiostat | I_ —
Sample L
(WE) CE
RE
(o)
Ny

Figure 19
Electrochemical cells used for a) operando 2D-SOR, grazing incidence XAFS and XRD studies, b)
in situ APXPS studies and c) ex situ UHV studies.

3.2.2 Chronoamperometry, Linear Sweep Voltammetry and
Cyclic Voltammetry

The main electrochemical techniques used and presented in this thesis are
chronoamperometry (CA), linear sweep voltammetry (LSV) and cyclic
voltammetry (CV). These techniques are widely employed to study interfacial
electron transfer kinetics and reaction mechanisms, as well as to assess the stability
and reactivity of the electrodes'. However, since they only probe the electrical
currents produced by electrochemical processes, these methods cannot directly
discern between all the processes involved, such as structural and chemical changes
of the interface, hence, they require complementary techniques to be fully
understood.

CA experiments consist of applying one or more potential steps (Fig. 20a) and
measuring the current response over time (Fig. 20b). In the example presented here,
the potential is first stepped up from Eg to E; at a time t; and a positive current spike
is observed, indicating an anodic process. The current exhibits a typical response
resulting from a combination of faradaic and non-faradaic processes where it
exponentially decreases and reaches a steady state. Traditionally, the term
“faradaic” is used to define those processes involving the transfer of electrons across
the electrode-electrolyte interface, driving reduction or oxidation reactions'. As a
counterexample, capacitive charging and discharging of the surface are non-faradaic
processes, which do not involve redox reactions. Faradaic and non-faradaic
processes cannot be easily distinguished, but usually in the CA response non-faradic
processes are mainly associated with current spikes at the time of the potential steps,
while faradaic processes dominate the steady state current. When the potential is
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stepped down to Eo at t5, the current shows the opposite behavior due to cathodic
faradaic and non-faradaic processes.

In contrast, typical voltammetry experiments consist of sweeping the potential
linearly in one direction (LSV) or cyclically up and down (CV) (Fig. 20c) while
measuring the current response (Fig. 20d). In the example presented here, the
potential is linearly increased up to an upper potential limit (UPL) E; and then
decreased back to its starting potential Eo, making a complete CV cycle. In this way
it is possible to follow adsorption/desorption or oxidation/reduction processes. An
important additional parameter introduced here is the potential scan rate, helpful to
investigate the kinetics of a process. The electric current response shown in Fig. 20d
may indicate that, during the anodic (upward) scan, an oxidation process could have
taken place, as can be seen from the anodic peak. During the cathodic (downward)
scan, a negative current peak is observed, suggesting that the oxidized species could
now be reduced. The anodic and cathodic peaks observed in the CV can also be
related to other processes, like adsorption and desorption, which are typically highly
reversible!'”!. In general, reversibility of a reaction is associated with how close in
potentials are its anodic and the cathodic processes and is once again associated with
electrode transfer kinetics, the EDL and the behavior of the surface.
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Example of a) an applied potential profile over time and b) current output over time in a
chronoamperometry experiment. Example of c) applied potential over time and b) current output over
applied potential in a cyclic voltammetry experiment.
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3.3 Water electrolysis

The water-splitting reaction requires a large amount of energy to happen. In fact,
the Gibbs free energy change (AG) for purely thermal water-splitting does not
become negative until the temperature is increased to about 4300 K at 1 bar'%’. The
advantage of using an electrochemical cell is that a different path is exploited, the
molecules are not “heated up” and AG is supplied as electrical work!® according to:

AG = —AE ;1 zF (5)

Where AE.;; is the cell potential (E.qthode — Eanode), Z 1 the number of electrons
involved in the reaction and F is the Faraday constant.

Thus, instead of requiring extreme thermal conditions, the reaction can be driven at
ambient temperature by applying a sufficient potential difference between the
electrodes'®. Under standard conditions, the minimum theoretical cell potential
required is 1.23 V, which corresponds to the Gibbs free energy change for the overall
water-splitting reaction. This value defines the thermodynamic stability window of
liquid water, as illustrated in the Pourbaix diagram (Fig. 21a), bound between the
HER at 0 Vsue and the OER at 1.23 Vsge. The sloped boundaries with pH arise from
the Nernst equation (eq. 3), which shifts the equilibrium potentials for both half-
reactions.

Pourbaix diagrams!'®® are widely used to study and predict the equilibrium states of
electrochemical reactions for elements in the presence of aqueous solutions on a
thermodynamic basis. These diagrams can be used to identify thermodynamically
stable phases in certain conditions, however, present some limitations. For example,
kinetic factors are not included in these calculations, the data are limited by the
reactions which have been considered, the chemical potential of a substance can
vary with the crystalline state of a solid compound, the activities of ions may differ
from their real concentrations, etc. Experimental factors like defects in a solid, types
of ions, temperature, role of electrocatalyst etc. require additional information, for
example from DFT calculations, to assist the construction of more accurate Pourbaix

diagrams'®.

In practice, real electrochemical water-splitting requires a larger applied voltage
than what is shown in Fig. 21a, due to kinetic barriers, as described in Marcus’
theory (Fig. 17). These appear as additional energy requirements beyond the
thermodynamic minimum, known as overpotentials (n)'. As illustrated in Fig. 21b,
an “ideal catalyst” at pH 0 would allow HER and OER to proceed exactly at their
equilibrium potentials, revealed by a large increase of cathodic current (HER) and
anodic current (OER). Real catalysts always present a shift of the onsets to more
negative potentials for HER and more positive potentials for OER. The role of a
good catalyst is thus to minimize 1, but it cannot completely be avoided. The net
effect is that the actual operating cell potential is increased by the sum of these
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overpotentials, together with ohmic and transport losses. This highlights the central
role of electrocatalysts to reduce kinetic barriers and thus bring the operational
voltage closer to the thermodynamic minimum.
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a) Standard Pourbaix diagram of water, adapted from ref. [110], licensed under CC BY-SA 3.0. b)
Examples of a voltammogram from a linear sweep between HER to OER potentials expected for an
ideal catalyst and a real catalyst in pH 0 solutions.

As can be noticed in Fig. 21a, different half-reactions of HER and OER are expected
to take place depending on the pH, which is a scale to express the concentration of
H" in the solution, inversely proportional to the concentration of OH". Table 1
summarizes the half-reactions of HER and OER for acidic and alkaline water-
splitting!!!.
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2H +2e > H, 2H,0 2> 4H +4e+ 0,

2H,0+2e>20H+H, 40H > 2H0+4e+0;

Table 1 Half-reactions of HER and OER for acidic and alkaline water-splitting.

First of all, it can be seen that in both alkaline and acidic solutions, the OER reaction
involves 4e” to produce one O, molecule, whereas the HER requires only 2¢” to
produce one H> molecule. This makes the OER reaction more complex than the
HER, involving multiple intermediate steps. Furthermore, the OER typically
exhibits slower kinetics than the HER, requiring higher overpotentials. The
electrons used to produce H» gas are provided from the anode, hence, the slow OER
kinetics in producing O, and electrons is often described as the bottleneck to
achieving efficient water-splitting. This is, however, not the only issue with OER,
which is also found to involve corrosion processes, especially in acidic conditions,
where only catalysts based on noble metals are sufficiently stable. Understanding
the OER process and its effect on electrocatalyst degradation is at the core of this
thesis.

The most widely accepted mechanisms for OER in acidic and alkaline solutions are
reported in Table 2'''. At low pH, where large amounts of H* are available in
solution, OER starts from the dissociation of water (I): a surface hydroxyl
intermediate (*OH) is expected to form upon release of one proton, and one electron
is transferred to the anode. Then, another electron is transferred to the anode and
another proton is released, leaving behind an adsorbed oxygen atom (*O) (ID).
Another water molecule is expected to react with adsorbed oxygen (III), producing
adsorbed oxyhydroxide species (*OOH) upon release of one proton and transfer of
one electron. Finally, the oxyhydroxide species decomposes to release molecular
oxygen, one proton, and transfers one electron, restoring the active site (IV). At high
pH, instead, there are large amounts of OH", which act as main reactants (I): OH
adsorbs, while one electron is transferred to the anode. Then, another OH is
expected to react with the adsorbed *OH to form adsorbed oxygen (*O), release
water, and transfer one electron (II). The adsorbed oxygen will react with another
OH to form adsorbed oxyhydroxide species (*OOH) and transfer one electron (III).
Finally, *OOH reacts with another OH", decomposing and releasing molecular
oxygen, water and transferring one electron, while the active site is restored. As a
universal rule, according to the Sabatier principle, the best catalyst should not bind
too strongly or too weakly with such intermediates''>!"3,
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(M H0+*—*OH+H +e¢ (I)*+OH — *OH + ¢

()*OH >0+ H +¢ (II) *OH + OH — O + H,0 + ¢
(II1) H20 + O — *O0H + H'* + ¢~ (IIT) O + OH — *O0H + ¢~
(IV) *O0H — * + 0, + H" + ¢~ (IV) *O0H + OH —* + 0, +H,0 + &~

Table 2 Proposed mechanisms for OER in acidic and alkaline solutions, “*” represents a metal active
site.

In both acidic and alkaline cases, 4e” are involved, and the surface pH is expected
to decrease during these reactions due to the release of H' in the acidic case, and
depletion of OH" in the alkaline case. The main difference between the proposed
mechanisms relies on the proton source: H>O at low pH and OH" at high pH, with a
hybrid case at neutral pH values. The energy required at each intermediate step to
form and break bonds determines the overpotential for OER, with one step typically
being the rate-determining step, depending on the electrocatalyst.

Despite these theoretical models are useful to rationalize what is happening at the
electrode-electrolyte interface, they may not capture some real-world complexities.
For example, these models often do not consider the surface beyond the adsorption
sites, assuming it is invariant. In realistic cases, the surface is often undergoing
oxidation, reconstruction or dissolution, that might favor different intermediates or
pathways. Particularly, it was shown that, for some oxides, molecular oxygen can
also be produced directly from the oxygen in the oxide lattice, without following
the conventional adsorbate evolution mechanism described above®!:!14,

So far, the formation of oxygen and hydrogen gas through water electrolysis has
been discussed, connected to the production of hydrogen of electrolyzers. In the case
of fuel cells, hydrogen and oxygen recombine to form water, as in the following
reaction:

2H, + 0; = 2H,0 (6)

Exactly as the opposite of the water-splitting reaction (reaction 1), H» is oxidized at
the anode and O; is reduced at the cathode. Focusing on the ORR, oxygen can be
reduced following a 4e” pathway producing water, or a 2¢” pathway where hydrogen
peroxide (H,0y) is the final product!!>. It is the role of the electrocatalyst to stabilize
the intermediate species with the right binding energy to promote one of the two
pathways. Platinum is the best elemental electrocatalyst existing for ORR, yet it
requires a significant overpotential, which limits the efficiency of fuel cells.
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3.3.1 Gold electro-oxidation

The use of single crystals with well-defined surfaces studied in diluted and
contaminant-free electrolytes provides a controlled system that allows to relate the
surface structure with the voltametric response!>®*8! An example of an Ar-
saturated, contaminant-free CV of Au(111) measured in 0.05 M H,SO, is shown in
Fig. 22. Two clearly visible peaks in Fig. 22a, anodic (positive) and cathodic
(negative), show up during the upward and the downward sweep, respectively. The
anodic peak around 1.3 Vagaeci is commonly associated to the oxidation of the
Au(111) surface. The current does not increase exponentially, but follows a peak-
like shape, suggesting that the oxidation stops when one or a few monolayers of Au
are oxidized, as investigated in Papers I-VIII. The same peak-like shape is
observed in the cathodic peak around 0.85 Vagagci associated to the oxide reduction.
It can be noticed that the two peaks are quite well separated in potential, the
thermodynamic onset of oxidation and reduction is usually found around the middle
point between oxidation and reduction peaks''®. The large overpotential observed
for oxidation and reduction indicates their high irreversibility, which is attributed to
slow kinetics of the processes or to the different stabilities of oxidized and reduced
species.

a) Au(111) CV in 0.05M H,S0, b) Close-up
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Figure 22
a) Au(111) CV in 0.05 M H,SO4 measured between -0.1 Vagagei and 1.5 Vagager at 50 mV/s. b) Zoom
in the region between 0.2 and 0.9 Vagiagei defined by the dashed rectangle in (a).

At lower potentials than the oxidation/reduction peaks, almost zero-current is
measured, and only small voltametric features are observed. This region is typically
characterized by only a small charging of the surface that induce restructuring of the
EDL, adsorption and desorption of species, etc. Figure 22b highlights the region in
the dashed rectangle of Fig. 22a between 0.2 and 0.9 Vagaeci. The small current
peaks observed are associated to the adsorption and desorption of sulphate and other
anions around 0.5 Vagagci in the forward (anodic) sweep and around 0.4 V ag/agci in
the backward (cathodic) sweep, respectively®. During these processes, lifting and
de-lifting of the Au(111) reconstruction have been shown to take place, e.g., see
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Paper VI. In this case, the reactions appears quite reversible. A sharper peak is also
observed around 0.8 Vagaecl in the anodic sweep and it has been associated to the
ordering of the adsorbed anions overlayer®. The reverse transition from
reconstructed to disordered anions overlayer is expected to appear also in the
backward sweep, but the cathodic current peak from the reduction of oxidized Au
layers is much stronger. As previously highlighted, such details are visible and
replicable only in the case of ultrapure electrolytes and well-prepared single-
crystalline surfaces.

3.3.2 Platinum electro-oxidation

Figure 23a shows CVs of polycrystalline Pt for increasing UPL in Ar-saturated 0.1
M HCIOs solution at 20 mV/s. Similarly to Au, a CV of polycrystalline Pt exhibits
anodic and cathodic peaks around 1 Vrue and 0.75 Vrug, respectively, associated
with oxidation and reduction of the Pt surface. The strong cathodic and anodic peaks
observed at lower potentials are associated with the adsorption and desorption of
hydrogen, respectively'!”. When the electrolyte is saturated with O (Fig. 23b), the
voltametric response is completely different. Pt is the most active elemental catalyst
for ORR, hence, it will promote the reduction of oxygen dissolved in solution. As a
result, the cathodic current observed in the LSV of Fig. 23b is mostly associated
with ORR and possibly also to the reduction of the oxidized Pt-layers''®, as
investigated in Paper X.
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Figure 23
a) Ar-saturated CVs on polycrystalline Pt in 0.1 M HCIO,4 at 20 mV/s for different upper potential limits.
b) O,-saturated LSV on polycrystalline Pt in the same conditions. From the supplementary material of
Paper X in this thesis.
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3.4 Passivity and corrosion

Corrosion is the main degradation process of metals, caused by chemical or
electrochemical reactions with the environment that involve oxidation and
dissolution of the metallic surface!'™. The capability of corrosion-resistant materials,
like stainless steels or Ni alloys, to resist general corrosion, relies on their surface
properties. A protective oxide or hydroxide layer of only a few nm can
spontaneously form on the surface once the material is exposed to air, slowing down
the oxidation and dissolution process. The so-called passive film acts as a kinetics
barrier against corrosion, significantly extending the lifetime of these materials'®.

The stability of corrosion-resistant materials is commonly assessed through LSV
studies, an example of LSV on a Ni alloy 59 in 1 M NaCl at pH 2 is shown in Fig.
24. In the cathodic region, the large increase of the current with more negative
potentials is associated with HER. At more positive potentials, the current initially
increases and then decreases, similar to what has been observed for the anodic
oxidation peaks in the CV sweeps of Au and Pt (see Sections 3.3.1 and 3.3.2). This
is the so-called “activation region”, where the surface gets oxidized to form a
passive protective layer of a few nm, preventing further oxidation. In fact, the
current does not increase with potential for a relatively large potential window,
indicating a lack of significant oxidation and dissolution. This is known as the
passive region, where the material is rather stable. At sufficiently high potentials,
however, a large anodic current is measured, suggesting a trans-passive behavior,
typically characterized by metal dissolution and subsequent rust formation.
Nevertheless, other reactions may contribute to the current and cannot be excluded
a priori.
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Figure 24
LSV for Ni alloy 59 in 1 M NaCl at pH 2 across the cathodic, passive and trans-passive regions.
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The formation and breakdown of the passive film can be described by the point
defect model'' (PDM), which is related to the Cabrera-Mott model described in
Chapter 2.2.3. In addition to the Cabrera-Mott model, the PDM considers the
presence of defects in the oxide layer as well as the possible dissolution of the barrier
layer into the electrolyte!”® (Fig. 25b). Oxygen vacancies are created at the
metal/oxide interface, while cation vacancies are created at the oxide/electrolyte
interface (Fig. 25b). These vacancies can move across the oxide to be filled at the
opposite interface. Note that in this case, however, the potential drop across the
oxide, which is the main driving force for these vacancies to move, is affected by
the applied potential (Fig. 25a).

a) Potential drop across the interfaces b) Point defect model: schematics
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a) Potential drop across the interface in the presence of a surface oxide. b) Schematics of the point
defect model. c) Summary of the reactions involved in the point defect model.
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The most important reactions (numbered from 1 to 5) involved in this process are
summarized in Fig. 25c. At the metal/oxide interface, metal atoms can oxidize and
incorporate into the oxide lattice, either by filling cation vacancies (reaction 1) or
creating oxygen vacancies (reaction 2). At the oxide/solution interface, oxygen
vacancies may be filled by oxygen originating from water molecules, provided that
water dissociation occurs at the oxide surface, or oxygen-containing ions (reaction
4). The capability to dissociate water, however, is not explicitly treated in the PDM,
but can be crucial for water-splitting applications. If oxygen incorporation depends
on water dissociation, the overall oxide growth rate could vary with oxide thickness
as well as its catalytic properties, leading to self-limiting films similar to
mechanisms proposed for gas-phase oxidation. In aqueous systems, however, self-
limiting oxide growth can also result from oxide dissolution at the interface, either
through cation ejection into the solution (reaction 3) or proton-induced chemical
dissolution (reaction 5), with or without charge transfer.

Under an applied electric field, cation and oxygen vacancy migration across the thin
oxide drives further oxidation: oxygen vacancies move outward, while cations
migrate inward. A high anodic potential produces a strong field, accelerating oxide
growth. As the oxide thickens, the field strength and consequently the growth rate
decline, consistent with the Cabrera-Mott mechanism. Experimentally, oxide
growth of common corrosion-resistant materials eventually reaches a steady-state
thickness, maintained by the balance between electrochemical oxide formation and
dissolution. Since chemical oxide dissolution reactions are largely potential-
independent, while growth reactions are potential-dependent, the steady-state
thickness typically increases with electrode potential and decreases with acidity
(lower pH). Even in the passive regime, a finite passive current persists, reflecting
the continuous electron transfer required to compensate for slow oxide dissolution.

At a sufficiently high anodic potential, passive film breakdown occurs, consisting
of rapid dissolution and subsequent formation of a thick corrosion scale. For
traditional Cr-containing corrosion-resistant industrial materials, like stainless steel,
the mechanism of trans-passive breakdown is attributed to the oxidation of Cr** to
Cr®" in the passive film, which is unstable and dissolves. However, there can be
other mechanisms influencing this behavior, depending on the composition of the
passive film. As discussed in Paper IX, OER can play an important role in the
passivity breakdown of materials that are active towards water-splitting, like Ni-
based alloys, used in many industrial applications.
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4. Total Reflection X-ray
Absorption Spectroscopy

This chapter first briefly introduces the basics of X-ray interactions with matter and
the production of synchrotron X-rays. Then, after explaining the principles of X-ray
absorption spectroscopy, bulk and surface-sensitive measurement modes are
described, with a focus on RefleXAFS measurements and analysis. RefleXAFS
experiments can be found in Papers I, 11, VII, VIIL, and X, while traditional XAS
measurements can be found in Paper IX.

4.1 X-rays and their interaction with matter

When we use the term “light” in everyday conversations, we are often referring to
the portion of the electromagnetic spectrum that is visible to our human eyes,
something that should be addressed as “visible light”. Light is an electromagnetic
radiation that has a very broad range of wavelengths. From radio waves to gamma
rays, the wavelengths of light span from 103 to 102 meters, each of them exhibiting
different energies and properties (Fig. 26).
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Figure 26
The electromagnetic spectrum, adapted from ref. [121], licensed under CC BY-SA 3.0.
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X-rays, discovered in 1895 by the 1901 Nobel Prize winner Wilhelm Rontgen, are
a type of light located at the high-energy side of the electromagnetic spectrum, with
much higher energy (0.1 - 100 keV) and much smaller wavelength (0.1 A - 10 nm)
than what our eyes can detect. Due to these features, high energy X-rays have
specific penetration capabilities that are exploited to reveal hidden objects in e.g.
medicine diagnostics or airport security applications. Yet, this is not the only
advantage that X-rays can offer; their energy range matches those of core-level
electrons in the atoms, while their wavelengths are comparable to that of the
interatomic distances within matter. As a result, X-ray spectroscopy methods can be
used to ionize atoms and probe their chemical environment, while X-ray scattering
methods can be used to determine the atomic structure of a sample through
interference phenomena, like in diffraction'?.

The relation between wavelength (A) and energy (E) of X-rays can be described as:

hc  12.398
E= T ~ W [kEV] (6)

Where # it the Plank’s constant and c is the speed of light in vacuum. X-rays with
low energy are typically referred to as “soft” X-rays, while high energy X-rays are
generally called “hard”, but a clear cut-off energy dividing these two regions is not
well-defined. In some cases, the term “tender” X-rays is used to identify a region
between soft and hard X-rays. The most important distinction is that soft X-rays
have lower penetration power compared to hard X-rays. Therefore, soft X-rays are
more suitable to study the surface of a sample, while hard X-rays can be used to
probe the bulk of the sample or to reduce attenuation through gases and liquids. As
it will be discussed later in this chapter (Section 4.4), however, there are some cases
where also hard X-rays can be made surface-sensitive, i.e., by adopting a grazing-
incidence geometry.

The energy-dependent attenuation of X-rays through matter is determined by the
type and likelihood to occur of an interaction between the X-ray photons and the
electrons cloud surrounding the atoms'*. For an individual atom, these interactions
can be categorized into four processes: photoelectric absorption, incoherent
scattering, coherent scattering and pair production. Since pair production
predominantly occurs at photon energies above 1000 keV, much higher than the one
used in this thesis (below 100 keV), this process will be neglected in the following
discussion. The probabilities of these processes to happen are called “cross-
sections” and are not only energy-dependent but also element-specific. As an
example, Fig. 27a shows the X-ray attenuation cross-sections for Au calculated at
photon energies between 1 keV and 1000 keV. In this energy range and especially
at low energies, the total cross-section is dominated by photoelectric absorption, in
which an X-ray photon is absorbed by an atom resulting in an excited state. This
excited state has a short life-time, quickly relaxing upon emission of either an X-ray
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photon (see Section 4.3.1) or an Auger electron (see Section 5.4.3). The cross-
section for the absorption process is approximately proportional to Z*, where Z is
the atomic number, and to 1/E*, where E is the photon energy. However, as can be
seen in Fig. 27a, sudden “jumps” and additional features in the absorption cross-
section can be observed at specific energies, more details about these features and
the applications of this process to X-ray absorption spectroscopy will be discussed
later in this chapter (Section 4.3).
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Figure 27

a) Calculated X-ray attenuation cross-section for Au from ref. [123]. b) Attenuation of an X-ray beam
through a sample with homogeneous thickness x and linear absorption coefficient y. The incident
beam intensity is /, and the transmitted intensity is /. ¢) The transmitted intensity / as a function of
sample thickness x according to the Beer-Lambert law.

Apart from being absorbed, the X-ray photon can instead be scattered by an atom,
i.e., it can change its direction of propagation. In the case of inelastic (incoherent)
scattering, the energy of the scattered photon is not conserved, and part of the energy
is transferred to the scatterer. In the case of elastic (coherent) scattering, on the other
hand, the energy remains unchanged during the process. Up to roughly 100 keV
(for Au), coherent scattering is the second largest contribution to the total cross-
section, although is lower by several order of magnitudes compared to absorption.
Elastic scattering is crucial for diffraction studies, as it will be further discussed in
the next chapter (Section 5.2).

Given an X-ray beam with fixed energy, travelling through a slab of material with
a homogeneous thickness x and linear absorption coefficient x (Fig. 27b). We can
use the Beer-Lambert law to describe the intensity decay through the slab due to
photoelectric absorption, as follows:

I = Ioe_ﬂx (7)
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This formula shows that the intensity of the X-ray beam decays exponentially as it
penetrates through the material, falling to 1/e of its original value (I/Io ~ 37%) when
the travelling path x equals ', defined as the absorption length (Fig. 27¢). The linear
absorption coefficient u is the most important term of this formula and depends on
the element or composition of the sample and on the energy E of the X-ray beam,
as follows:

H(E) = 2k(E)B(E) (®)
Where k(F) is the wave-vector of the X-ray beam, calculated as:

KE) =55 O

And B(E) can be calculated as:

BE) = — Tt foB)  (10)

Where 1y is the Thomson scattering length and p,; is the atomic density of the
material. f, (E) belongs to the imaginary part of the atomic scattering factor:

f=htip=fp+f+i (1)

Plots of tabulated f; (E), f>(E) and of u(E) calculated using equation 8 are shown
in Fig. 28.
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Figure 28
a) Tabulated atomic scattering factors f; and f, of Au from ref. [124]. b) Calculated linear absorption
coefficient of Au according to eq. 8.

From a macroscopic point of view, if(E) represents the imaginary part of the
complex refractive index n(E) of the material:

n=1-6 + i (12)
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The imaginary part i (E) of the complex refractive index is due to photoelectric
absorption and inelastic scattering, while the real part /- § is due to elastic scattering,
where §(E) can be calculated as:

8(E) =T fi(E)  (13)

Where f;(E) is the real part of the atomic scattering factor. Hence, the complex
refractive index (eq. 12) describes both dispersion and absorption of X-rays in
matter. The real and imaginary components are not independent but are linked
through the Kramers-Kronig dispersion relations, consequently, absorption features
in B(E) produce corresponding dispersive variations in §(E), which strongly
influence the energy dependence of X-ray reflectivity?”-.

4.2 Synchrotron radiation and beamlines

In a traditional X-ray laboratory for e.g. diffraction experiments or for computed
tomography scans, the X-ray source typically consists of a target component
bombarded with electrons, accelerated through an electric field. A small part of the
electron beam energy is converted into X-rays via two processes: the deceleration
of electrons within the target generating X-rays with a broad and continuous energy
range (Bremsstrahlung radiation) and the emission of characteristic X-rays with
specific energies, depending on the target material, via the fluorescence process
(Fig. 29)'%. This type of technology has some important limitations regarding the
intensity, beam focus and energy resolution that can be achieved. In the 1960s-70s
it was realized that the synchrotron radiation emitted from charged particles
circulating in a storage ring was potentially much more intense and versatile.
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Figure 29

Example of an emission spectrum from a traditional X-ray lab source. The broad background is
characterized by the Bremsstrahlung radiation, while the sharp distinct characteristics peaks are
emitted via fluorescence process, whose energy depends on the target material. Adapted from ref.
[125] licensed under CCO 1.0.
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Modern synchrotrons are large-scale facilities where relativistic electrons travel at
near-light speed in vacuum and are forced to follow curved trajectories using
bending magnets. This process stimulates the generation of X-rays, similarly to the
Bremsstrahlung radiation, but with a much higher brilliance. The brilliance is a
common figure of merit used to define the quality of an X-ray source'??, as follows:

@ (A) [ Photons/second ]
(2m)2epey, L(mrad)?(mm? source area)(0.1% BW)

Brilliance = (14)

Where @(4) is the photon flux, &, and ¢, are the emittance in the horizontal and
vertical directions, respectively, determined by both the beam size and its
divergence. This means that the brilliance is proportional to the number of photons
per second per square millimeter of area per square milliradian of solid angle within
a bandwith of 0.1% of any given energy. A third-generation synchrotron can achieve
a brilliance up to 10 orders of magnitude higher than that from a home-lab X-ray
source. A schematic illustration of the main components of a synchrotron facility is
shown in Fig. 30.
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a) Schematic overview of a synchrotron radiation source, with bending magnets and insertion devices.
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As shown in Fig. 30a, electrons are first generated with an electron gun and then
accelerated in a linear accelerator to reach a certain energy (a few GeV or more)
before being injected into the storage ring. After injection, the electrons travel along
a ring-like polygon (storage ring) thanks to bending magnets that accelerate them
towards the center of the ring. As a result of the change in acceleration, electrons
emit broad-spectrum X-rays that depend on the curvature of the path, i.e. the
strength of the magnetic field. The possibility to tune the energy of X-rays is
essential to perform X-ray absorption spectroscopy experiments and can make other
X-ray based experiments more versatile. A more efficient way than bending
magnets to produce broad spectrum X-rays is to use a wiggler, which consists of a
series of magnets with opposite polarities placed in a row (Fig. 30c). This device
forces the electrons to “wiggle” back and forth producing more X-ray radiation than
a bending magnet, significantly enhancing the brilliance. If having a continuous
energy spectrum is not what is needed in an X-ray experiment, as for example in X-
ray diffraction or X-ray photoelectron spectroscopy, an undulator can be used (Fig.
30b). This device is still composed by rows of magnets with opposite polarities, but
the deflections caused by an undulator are small enough that the X-rays emitted
from each turn overlap and interfere. At some energies, constructive interference
causes a drastic increase in the intensity, while at other energies the intensity is
almost cancelled out. For both a wiggler and an undulator, which were introduced
with the third generation of synchrotrons, the divergence is much smaller than for
bending magnets. Yet, the smallest divergence is provided by undulators, thanks to
the smaller magnetic field employed. The beam divergence from the insertion
device is very important especially when it comes to achieve a tightly focused beam,
but it is always the combination of insertion devices and beamline optics that define
the real capabilities of a particular beamline.

A beamline is built tangent to the ring, and it is where the X-rays are conveyed to
carry out the experiment. Prior to the endstation, where the sample is finally
illuminated by X-rays, a system of optical components is used e.g. to focus the beam
(using mirrors), to discard photons not in the desired energy range (using
monochromators) or even to be attenuated and slitted down, if needed. As a result,
synchrotron beamlines can provide intense monochromatic radiation with tunable
energy (from UV to more than 100 keV), focused down to even nano-sized spots.
This allows many types of experiments, and each beamline is usually specialized
for a few of them. Most of the experiments presented in this thesis were performed
at MAX TV!2¢12% (Lund, Sweden) (Papers II, II1, IV, V, VII, VIII, IX, X) and
PETRA III, DESY!*13° (Hamburg, Germany) (Papers I, V, IX). MAX IV was the
first 4™ generation synchrotron facility in the world, characterized by the
implementation of a diffraction-limited storage ring®® (DLSR) for hard X-ray
experiments. It employs a multi-bend achromat lattice with a denser array of
magnets to better control the size and divergence of the electron beam, directly
enhancing the brilliance.
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As an example of a beamline configuration, Fig. 31 shows the optics of the Balder
beamline!*! at MAX IV, where operando time-resolved RefleXAFS experiments
were performed. Note that Balder is the only beamline presented in this thesis that
uses a wiggler as an injection device.
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Conceptual optical layout of the Balder beamline at MAX IV, where the beam from the storage ring
can be tailored for e.g. RefleXAFS experiments. Adapted from ref. [131].

4.3 Principles of X-ray Absorption Spectroscopy

Before discussing how to measure X-ray absorption spectra experimentally in
different modes, a brief introduction to the fundamentals of X-ray absorption
spectroscopy (XAS) is given. XAS, also known as X-ray absorption fine structure
(XAFS) spectroscopy, is used across many fields, from biology to geology and
environmental sciences, to probe the electronic and local atomic structures of
different species within a material. XAS can reveal the chemical environment,
oxidation state, coordination number and average atomic distances surrounding
atoms of a specific element in a sample'*. This technique is based on the photon
absorption process, where an X-ray photon is absorbed by an atom and transfers all
its energy to an inner-shell electron, which is excited to a higher energy state below
or into the continuum, generating a core-hole (Fig. 32a). For a core electron to be
excited and thus to participate in the absorption process, it is necessary that its
binding energy is equal or lower than the energy of the incoming photon. Hence,
each element will exhibit sudden “jumps” in the absorption cross-section at specific
energies where this condition is satisfied (Fig. 32b). These “jumps” in absorption
probability are called absorption edges and depend on the specific electronic
structure of an element, as well as its chemical environment, oxidation state and
coordination geometry. Based on this, X-ray absorption near edge structure
(XANES) spectroscopy focuses on the signal, proportional to the absorption
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coefficient, measured across a specific absorption edge, as in the yellow region of
Fig. 32c. XANES can be used as a chemical and structural fingerprint of the
absorbing atoms, often analysed in comparison to reference XANES spectra. This
thesis focuses on studying the XANES region of Au, Pt and Ni alloys, in particular
to follow their oxidation process and decipher their chemical environment.
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a) A schematic energy level diagram of the photon absorption process. b) Example of transitions and
corresponding absorption edges of an atom, adapted from ref. [133], under license CC BY-SA 3.0.
This process has a limited lifetime and will relax either through X-ray fluorescence or Auger emission
processes, discussed in Sections 4.3.1 and 5.4.3, respectively. c) Example of a XAFS spectrum
measured from a Au sample at the Au L3-edge. d) Visualization of the EXAFS process.

At higher photon energies, above the absorption edge, the photoelectrons are excited
in the continuum through the photoelectric process, as described in more detail in
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Section 5.1. In this energy region, the photoelectrons have sufficient energy to be
ejected by the ionized atom and to interfere with the surrounding atoms, causing
constructive and destructive interference in the absorption signal (red region in Fig.
32¢). The study of this region in the XAFS spectrum is called extended X-ray
absorption fine structure (EXAFS) spectroscopy and can provide information on the
local distances between the absorbing atom and the neighboring scatterers (Fig.
32d). A critical advantage of this method to obtain structural information compared
to X-ray diffraction is that there is no requirement for long-range atomic periodicity,
since the structural information comes from the local environment surrounding the
absorbing atoms.

4.3.1 Traditional measurements

XAS experiments are extremely versatile; they can be performed relatively easily
on, e.g., liquid solutions, powders, foils, etc. One of the main advantages of XAFS
for operando studies is the possibility to perform measurements based on photon-
in/photon-out processes. In this way, measuring photoelectrons can be avoided,
which have lower energies and undergo higher attenuation through dense media.
The XAS experiments performed in this thesis did not require any UHV system,
hard X-rays can penetrate air and liquids without undergoing strong attenuation. The
energy region of the X-ray photons chosen for the experiment, however, depends
on the absorption edge energies of the material, which limits the range of elements
that can be studied in this environment. For low-Z elements, where soft X-rays are
used, other methods such as total scattering should be explored'*.

Traditionally, XAFS can be measured in transmission or fluorescence mode'*. In
the first case, the transmissivity of the sample as a function of the X-ray energy, i.e.
the ratio between transmitted and incident beam intensities, is measured (Fig. 33a).
Both incident and transmitted intensities are usually measured with ionization
chambers, which consist of gas-filled chambers that measure the electrical charge
produced when the X-rays ionize the gas. This is the most straightforward
measurement mode, but the sample must be thin enough not to completely attenuate
the beam, as indicated by the Beer-Lambert Law.

For thicker samples, the X-ray fluorescence (XRF) signal as a function of incident
beam energy can be measured instead. The XRF process is based on the relaxation
of the atom from an excited state upon photon absorption. The core-hole generated
through photon absorption is filled with an electron from an outer-shell at a higher
energy level. The electron loses energy during this relaxation process by emitting a
photon (called secondary or fluorescent X-ray) and the energy difference between
these two electronic states corresponds to the energy of the emitted photon (Fig.
33b). The XRF intensity as a function of the X-ray energy is proportional to the
absorption probability, hence, it can be used to measure the absorption coefficient,
although for too thick and dense samples, there can be deviations that complicate

48



the measurements. Another relaxation process can take place instead of XRF, which
is the emission of an Auger electron, discussed in Chapter 5. An example of XAS
measurements in fluorescence mode can be found in Paper IX, where in situ
XANES was used to probe the chemistry of dissolved products during OER on Ni
alloy 59.
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Schematic representations of bulk-sensitive a) transmission mode XAS measurements and the
photoelectric absorption process and b) fluorescence mode XAS measurements based on the X-ray
fluorescence emitted after photoelectric absorption.

4.4 Surface-sensitive measurements

Transmission mode measurements are inherently bulk sensitive, since the X-ray
beam must penetrate the material. Measurements can be made more surface-
sensitive by adopting a grazing-incidence (GI) geometry'??, where the X-ray beam
impinges on the surface at a shallow angle, and measuring the fluorescence signal
or the reflected beam intensity (Fig. 34). As discussed below, for flat, reflective
substrates, the surface sensitivity is maximized in the case of total external
reflection, at very small incident angles. While the surface sensitivity in total
reflection conditions is theoretically the same for both fluorescence-mode GI-XAFS
and RefleXAFS, it is challenging from an experimental point of view to avoid bulk
fluorescence signal contributions from surface defects or facets of realistic samples
and, in the case of thick samples (like single crystals or industrial alloys), from even
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a small portion of the incident beam not being focused on the sample surface.
Additionally, in operando studies, it can sometimes be difficult to find a suitable
position for the fluorescence detector next to the surface while using a rather bulky
electrochemical cell. An alternative to fluorescence-based GIXAFS in total
reflection is to perform RefleXAFS measurements, which consist of measuring the
totally reflected beam as a function of the incident beam energy. Through a set of
slits that define the angular acceptance, only the photons that are totally reflected
from the surface are detected, hence, the surface sensitivity can be maximized,
independently on the sample thickness. An example of GI-XANES measurements
performed in fluorescence mode can be found in Paper IX, while examples of
RefleXAFS measurements can be found in Papers I, 11, VII, VIII, and X.

Fluorescence
detector

P

A4 oa
R".:.‘:.}‘

Ion chamber

Figure 34

Schematic representation of surface-sensitive GI-XAFS measurements in fluorescence mode or
measuring the reflected beam (RefleXAFS). The incident beam impinges on the surface at an angle
0 and the fluorescence or reflected beam intensities are measured as a function of the incident beam
energy.

The refractive index (eq. 12) links the grazing incidence angle with the X-ray
penetration depth, which determines the surface sensitivity. For most materials, §
and B are usually in the order of 107 and 10, respectively, meaning thatn < 1. As
aresult, total external reflection conditions can be achieved when X-rays travel from
a medium with n closer or equal to 1, e.g. vacuum, air or water, towards any
investigated material in this thesis. Total external reflection means that the
reflectivity of the surface (the ratio between reflected and incident beam intensities)
is ideally 100%, i.e. the beam is completely reflected and only interacts with the
topmost atomic layers of the sample surface. However, this phenomenon is only
possible for a perfectly flat surface and, most importantly, if the grazing incidence
angle of a tightly focused X-ray beam is set below a critical angle of a few mrad.
The Snell’s law of refraction can be used to calculate the critical angle a, for total
external reflection'??, as follows:

a. =268 (15)
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As a result of total external reflection, an evanescent wave propagates along the
surface and its intensity decays exponentially towards the bulk. The surface
sensitivity drastically increases, reaching a penetration depth of a few nm (Fig. 35).
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Figure 35

a) An X-ray beam impinging at a grazing incidence angle on a sample. In the case of total external
reflection where ideally 100% of the beam is reflected, the black box highlights the interface region where
this happens, as shown in (c). b) X-ray penetration depths calculated for a perfectly flat Au substrate at
the interface with vacuum for beam energies 11.8 keV and 12 keV, from ref. [135]. The values drop to
around 1.36 nm when the angle 6 is set below the critical angle (~0.32 deg). c) Schematic of the
evanescent wave forming at the surface in total external reflection conditions (Courtesy of L.R. Merte).

In total reflection conditions, when the energy of the X-rays is close to an absorption
edge, the contribution of the imaginary part of the refractive index S(E) is not
negligible due to resonance effects related to photoelectric absorption
phenomena'??. As a result, the intensity changes of the totally reflected beam when
the energy varies across an absorption edge primarily reflect XAFS features and can
be used as a fingerprint of the chemistry and structure of the surface. An example
of ex situ raw RefleXAFS measurements on a Pt(111) single crystal for different
incident angles is shown in Fig. 36. At high incident angles, surface sensitivity
decreases, and major deviations from traditional XAFS features are observed.
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Ex situ raw RefleXAFS spectra measured at Balder for different incident angles on Pt(111).

In this thesis, RefleX AFS is used for a qualitative analysis of the surface chemistry
and its oxidation/reduction in operando conditions. A detailed quantitative analysis
of the RefleXAFS data could provide information on e.g. the surface roughness and
thickness of the surface oxides but requires advanced mathematical modelling of
the reflectivity?* that is beyond the scope this thesis, focused on the experimental
work. The qualitative analysis of RefleXAFS mainly consists of normalizing the
reflectivity with the same procedure used for standard XAFS measurements and
comparing it with XAFS references measured in transmission mode. Furthermore,
the RefleXAFS results have been combined and compared experimentally with
other techniques, in particular AP-XPS, 2D-SOR and SXRD, to support and
complement the findings.

An example of a raw spectrum measured on a Au(111) single crystal using our
operando setup is shown in Fig. 37a. The measured reflectivity (Ir/lo) exhibits a dip
and additional resonance features across the Au Ls-edge, with a background that
increases with energy due to the increasing penetration of the X-rays through the
electrolyte. As for traditional transmission-mode XAS data analysis, the pre-edge
and post-edge backgrounds are subtracted from the In(Io/Ir) (Fig. 37b) and finally
the edge-step is normalized to 1 (Fig. 37c). Normalized RefleXAFS spectra are
called 1’ to make a distinction with the actual absorption coefficient p. Examples of
normalized RefleXAFS spectra measured operando on Au(111) during CV are
shown Fig. 37d, showing a “whiteline” increase around 11925 eV and additional
XAFS changes at higher energies, associated with surface oxidation, e.g., see Paper
VII. These spectra changes can be highlighted by plotting the difference-spectra
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(Fig. 37e), used for a comparison with reference XANES spectra or to follow the
relative changes between spectra at different potentials.
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a) Examples of a raw RefleXAFS spectrum measured in operando conditions on Au(111). b) The
background subtraction procedure consists of taking the logarithm of the raw data and subtract the
post- and pre-edge background, followed by a normalization of the absorption edge step to one. c)
normalized RefleXAFS spectrum. d) Example of normalized RefleXAFS spectra measured on gold
during electrochemical oxidation in 0.05 M H,SO., from Paper VII. e) Difference RefleXAFS spectra
where the spectrum measured at OCP in (d) is subtracted from the remaining spectra shown in (d).

At Balder, operando RefleXAFS was used to perform surface-sensitive absorption
spectroscopy while the sample was completely submerged in the electrolyte and
under electrochemical potential control. In particular, surface oxidation and
reduction dynamics of a Au(111) single-crystal (Papers II, VII, VIII) and Pt
polycrystal (Paper X) electrodes during sweep voltammetry were monitored. The
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results from the electro-oxidation of Au(111) were also compared with 2D-SOR
(Papers II and VI), AP-XPS (Papers IV and VII) and SXRD (Paper VI). A photo
of the Balder setup for RefleXAFS is shown in Fig. 38a, where the electrochemical
cell shown in Fig. 19a was used. During the experiment, the incident beam was
focused on the sample in a way that the beam footprint was smaller than the sample
size. This configuration enables us to maximize the totally reflected beam intensity,
while the angular acceptance was set by motorized vertical slits placed between the
sample and a tilted ionization chamber, which was used to measure the totally
reflected beam intensity.

Operando RefleX AFS was also performed at the P64 beamline of PETRAIIL, DESY
using the same electrochemical cell of Balder, but in this case the experiment was
always performed at a fixed potential and with a de-focused beam, and the totally
reflected beam was measured with a photodiode and slits taped in front of it with a
fixed gap (Paper I). Here, the electro-oxidation of a Au polycrystal and the
corrosion of a Ni alloys during OER were investigated, a photo of the P64 setup for
RefleXAFS is shown in Fig. 38b. The RefleXAFS results of Ni alloy 59 were
compared with AP-XPS results in Paper IX. Furthermore, at P64, XAS experiments
in fluorescence modes through the electrolyte and at grazing incidence on the
corroded samples were also performed on Ni alloy 59, to detect the dissolved species
and corrosion products (Paper IX).
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Figure 38
Photos of the RefleXAFS setups at a) the Balder beamline of MAX IV (Lund, Sweden) and b) the
P64 beamline of PETRAIIl, DESY (Hamburg, Germany).
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4.4.1 Beam-induced effects during RefleXAFS measurements
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a) Consecutive RefleXAFS Au L3-edge spectra measured on two surface regions of a polycrystalline
gold sample during electrochemical polarization at ~2.3 Vgye in 0.05 M H,SO,. b) Example of a 2D-
SOR image of the sample surface (~7.5 cm in diameter) where beam damage is visible along the
beam footprint (e.g. dashed white square). b) SEM image of the sample surface and c) Zoomed in
SEM image of the damaged area, indicatively from the dashed white square in (c). From Paper I.

During the RefleXAFS measurements at P64 (DESY) (Paper I), beam-induced
effects were observed while studying the electrochemical oxidation of Au during
OER at electrochemical potentials above 2.2 Vrye. In these conditions, the surface
(hydr)oxide signal was decreasing over time (Fig. 39a) and a black stripe along the
beam footprint was visible with 2D-SOR (Fig. 39b). To further prove that this was
an effect of long exposure under the beam, a fresh region of the sample surface was
measured, showing that the (hydr)oxide signal was restored. Continuous exposure
of the new region to the beam produced the same effect again; this process was not
observed at lower potentials. After the experiment, scanning electron microscopy
(SEM)'* showed that the damaged region (along the beam footprint Fig. 39¢) had
a completely different morphology (Fig. 39d). One explanation for this phenomenon
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is that the X-ray beam was directly photo-reducing the (hydr)oxide, evidence of X-
ray induced photo-reduction of ions has also been reported in previous literature'’.
If the sample cannot be moved continuously across the beam, it might help to spread
the beam over a larger surface area to reduce the exposure of a given region.
(Hydr)oxide reduction might also be induced by the secondary electrons emitted
from the electrolyte and the sample upon ionization, enhanced by a cascade effect! .
In this case, minimizing the volume of irradiated electrolyte can help decreasing
beam-induced effects.
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5. Complementary techniques

In this chapter, the basic principles and implementations of additional techniques
used besides RefleXAFS are briefly described, i.e., operando 2D-SOR (Papers 11,
V, VI) and SXRD (Paper V), in situ AP-XPS (Papers IV, V, VII, IX) and finally
ex situ XPS, STM, Auger Electron Spectroscopy (AES) and Low Energy Electron
Diffraction (LEED) using an electrochemistry-to-UHV transfer system (Paper I1I
and VII). Using complementary techniques was important for validating and
comparing RefleXAFS measurements with more established quantitative methods
and for providing further insights into the electrochemical properties of the model
electrodes.

5.1 X-ray Photoelectron Spectroscopy

XPS is a powerful technique used in surface science to study the chemical
composition, oxidation states and electronic properties of a surface. This technique
is based on the photoelectric absorption process, introduced in Chapter 4, and
focuses on the detection of the photoelectrons ejected from a core-shell into the
continuum upon photon absorption (Fig. 40a). The kinetic energy E; of the
photoelectrons is measured using an hemispherical electron analyzer and depends
on the binding energy (BE) E; of the core-level, the incoming photon energy (PE)
hv and the workfunction of the surface @'*, i.e., the energy to remove an electron
from a solid surface into vacuum:

EkZEb—hv—@ (16)

The photoelectric principle was introduced by Albert Einstein in 1905'%, for which
he received the Nobel Prize in 1921. After calibrating the BE by measuring the
Fermi level or a well-defined core-level, a plot of the intensity of the signal versus
the BE can be obtained (Fig. 40b). From these spectra, it is possible to identify the
elements present in the near-surface region of the sample, since the core-level BEs
are element-specific. Binding energies are also sensitive to the chemical
environment of the photo-electron emitting atom'#!. This means that we can observe
a shift in BE due to e.g. the changes in the chemical surroundings of the photo-
electron emitting atom. A careful analysis of these spectra can also provide
quantitative information on the amount and composition of these phases'**.
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a) Energy level diagram representing the ejection of a photoelectron into the continuum and creation
of a core-hole due to absorption of an X-ray photon. The zero of the BE is set to the Fermi Level
(Erermi)- b) An example of a normalized, background-subtracted and fitted Au 4f AP-XPS spectrum
from Paper VIl measured at ~13 mbar of water vapor on gold after dipping it into a 0.05 M H,SO4
electrolyte. The Au 4f components are assigned to metallic gold, oxidized gold and undercoordinated
metallic atoms at the metal/(hydr)oxide interface.
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Electrons interact more strongly with matter compared to photons and, especially at
low energy, they cannot travel far through a solid. The high surface sensitivity of
XPS is given by the short inelastic mean free path (IMFP) of electrons'**. The IMFP
(M), indicates the average distance an electron can travel through a solid before being
inelastically scattered. The empirical universal curve for the IMFP of electrons is
shown in Fig. 41 and is used as an approximation of the real IMFP.
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Figure 41
Universal curve of the IMFP (A) of electrons as a function of their kinetic energy. At these values, the
signal has already decayed to ~37% of its original intensity and at 3A the signal has decayed to just
~5%, which provides a good estimation of the information depth of XPS. From ref. [144], under license
CCBY-SA 3.0.

As an example of the capabilities of XPS and the relation between information depth
and photon energy, Fig. 42a shows spectra of Au 4f;, measured at the FlexPES
beamline of MAX IV (Lund, Sweden) in UHV conditions (~10''-10"'° mbar) for
increasing X-ray photon energy. The spectra are normalized to the main peak at BE
84 eV, attributed to the Au 4f7,, core level from bulk gold. An additional component
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can be observed around 83.75 eV and originates from the surface layer. The shift is
due to the differently coordinated surface atoms as compared to bulk atoms. The
surface component is more visible at low photon energies, e.g. 170 eV and 220 eV,
due to the low kinetic energy of the photoelectrons and the high surface sensitivity.
With higher photon energies, the kinetic energy of the photoelectrons increases,
hence, photoelectrons from increasing depth can escape the material and reach the
analyzer. As a result, the bulk to surface ratio increases with the photon energy as
shown in figure 42b.
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Figure 42

a) XPS measurements in UHV of the Au 4f7, core level at different photon energies (PE). The spectra
are normalized to the maximum of the spectrum. The component shifted to lower binding energies is
attributed to the surface core level, which becomes less pronounced at higher photon energies. b)
Qualitative estimation of the peak-to-peak ratio of bulk vs surface components as a function of PE.
The kinetic energy of the electrons increases with PE, thus the information depth increases.

Without UHV conditions, it would be much harder to detect photoelectrons at such
low kinetic energies, due to the strong attenuation of the signal through the gaseous
environment between sample and analyzer. However, liquids are unstable at such
low pressures, limiting the study of electrochemical interfaces with traditional UHV
XPS to ex situ conditions, as performed in Paper III. The next section (5.1.1) will
show how XPS measurements at near-ambient pressure (NAP-XPS or AP-XPS) can
be performed to study electrochemical systems in situ, as performed in Papers IV,
V, VII and IX.
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5.1.1 From vacuum to ambient pressure to electrochemistry

There are two main problems that need to be overcome to perform XPS at non-
vacuum conditions'?’. First, as previously discussed, the short IMFP limits the
distance that the photoelectrons can travel to reach the analyzer without being
scattered by the gas molecules. The use of higher photon energies would increase
the IMFP of photoelectrons, but at the expense of surface sensitivity, while the
cross-section for photoelectric absorption would decrease. A significant
improvement can be achieved by maximizing the photon flux and using the most
advanced synchrotron radiation facilities. Nevertheless, it is also necessary to place
the sample surface close enough to the analyzer cone. For gas pressures around 1
atm (~10° mbar), which is relatively high for common AP-XPS setups, electrons at
~100 eV can only travel for around 1 pm through the gas. To avoid pressure
inhomogeneities at the sample surface, the entrance aperture diameter of the
analyzer cone (nozzle) must be in the same order of magnitude of the distance from
the sample. Furthermore, in these extreme conditions, a focused X-ray beam must
come at shallow angles to not hit the analyzer cone. More commonly, AP-XPS
experiments are performed at pressures of 10s of mbar, with sample-nozzle
distances of 0.1-1 mm!®’,

Second, the hemispherical analyzer must be kept in a low-pressure environment
(<10 mbar) due to the high voltage differences in the electron detector. Otherwise,
discharging through the gas may occur. Additionally, the electrons would also
scatter significantly before reaching the detector if the pressure is too high. The most
successful approach to avoid these issues was developed in the past three decades
and consists in decreasing the pressure sequentially by differential pumping before
the electrons can reach the hemispherical analyzer (Fig. 43). A series of pumping
stages with decreasing pressure are mounted between the cone and the
hemispherical analyzer. An aperture between each stage allows the electrons to
travel through, and they are focused using electrostatic lenses to maximize the
signal.

A similar setup is used at the HIPPIE beamline!*>*6 of MAX IV (Fig. 44), where
the electrochemical in sifu experiments on the electrochemical oxidation of gold and
the corrosion of Ni alloys discussed in this thesis were performed (Papers IV, V,
VII and IX). The electrochemical cell was introduced in Fig. 17b. An electrolyte
beaker could be placed directly in the chamber at 10-20 mbar water vapor, and kept
at around 10 °C using a copper cooling plate, maintaining equilibrium between gas
and liquid and thus preventing evaporation. The electrodes are mounted on a
manipulator that allows for x-y-z axis movements and for connection to an external
potentiostat. First, the electrodes are dipped in the electrolyte and the
electrochemical treatment is performed. Then, the electrodes are fully withdrawn
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from the beaker and brought close to the analyzer for AP-XPS measurements, while
an electrolyte layer remains on the surface.
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Figure 43
Schematic of an AP-XPS setup based on differential-pumping and electrostatic lenses.

HIPPIE setup

Figure 44

Photos of the AP-XPS setup at the HIPPIE beamline of MAX IV using a dip-and-pull approach where
a) the sample is first dipped and polarized and b) the sample is then withdrawn from the electrolyte
and brought close to the analyzer for AP-XPS measurements.
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5.1.2 Beam-induced effects during AP-XPS measurements

A similar beam-induced effect to the one observed with RefleXAFS (Fig. 39) was
observed during AP-XPS experiments on the electrochemical oxidation of gold
(described in Paper IV). In this case, however, reduction of the gold (hydr)oxide
under the beam was observed already at lower potentials. An example of the
disappearance of the (hydr)oxide signal is shown in Fig. 44a, where the sample was
first oxidized and then exposed under the beam, always probing the same surface
region. This effect could be mitigated by moving the sample across the beam during
the AP-XPS measurements (Fig. 45b,c).
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Figure 45

AP-XPS scans measured after electrochemical oxidation of gold at ~2Vgpe in 0.05 M H,SO,4 while a)
the sample was kept a fixed position and b) the sample was moved across the beam. c) ratio between
(hydr)oxide and metallic signal over time for the two measurements. From Paper IV.

An explanation for the stronger beam-induced effect observed during AP-XPS
compared to RefleXAFS could be attributed to the higher absorption cross-section
at lower photon energies (Fig. 46). Another factor that can play an important role is
the lower penetration through the material in case of total reflection during
RefleXAFS, producing less secondary electrons.
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a) Cross-section of Au at different energies as shown in Fig. 27a, the cross-sections at the energies
used for the RefleXAFS experiment at Balder (12 keV) and for the AP-XPS experiment at HIPPIE (1.2
keV) are highlighted in blue and red, respectively.

5.2 X-ray Diffraction

XRD is a powerful tool to reveal the atomic structure, phases and crystallinity of a
sample. The mechanism of XRD relies on the elastic scattering of an incoming plane
wave by a periodic crystal lattice, where each scattering atom in the solid becomes
a source of secondary radiation, emitting a spherical wave. These waves can
interfere constructively or destructively along certain directions. If the crystal lattice
is well-ordered, a three-dimensional interference pattern will be produced,
providing information about the crystal structure. The relation between this
interference pattern and the crystal structure was derived by Max Von Laue, for
which he was awarded the Nobel Prize in 1914, and by William Henry Bragg and
his son William Lawrence Bragg, who were awarded the Nobel Prize in 1915. These
formulas are briefly described in this chapter; a detailed derivation can be found in
the relevant literature.
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a)

Figure 47

a) Schematic repesentation of elastic scattering from two crystal planes, visualized according to the
Bragg diffraction principles. b) Schematic representaion of eleastic scattering from two atoms,
according to the Laue formulation.

Bragg’s law is derived considering the elastic scattering of a monochromatic wave
impinging and reflecting at the same angle § on two infinite crystal planes separated
by a distance d, as shown in Fig. 47a. In the case of elastic scattering, the X-rays do
not lose energy during scattering, i.e. the wavelength A remains constant. The X-ray
scattered by the second plane travels a longer path compared to the one scattered by
the first plane. This path difference is equal to 2dsin(@), and determines if the
scattered outgoing waves are in phase or out of phase. If the path difference is equal
to an integer multiple of the wavelength nA, the outgoing waves are in phase and
interfere constructively, forming one wave with twice the amplitude and same
frequency. If instead the waves are out of phase, they interfere destructively and
cancel each other out. As a result, Bragg’s law is the condition that needs to be
satisfied for constructive interference:

2dsin(6) = ni (17)

From this condition it can be seen that for a family of planes (hkl) and a fixed A
there are infinite but discrete 6 values that can produce constructive interference and
thus define a diffraction pattern. Note that in an XRD experiment, the detector
measures 26 which is the angle between the direct beam and the diffracted beam.
Another important conclusion from (17) is that if d < A/2 there would not be any
diffraction, highlighting the importance of using sufficiently small wavelengths to
study atomic structures.

Von Laue’s formulation can be derived by considering monochromatic
electromagnetic radiation with wavevector k (|k| = 2n/A) incident at an angle 6 on
two scatterers separated by a vector R (|§|:R), as shown in Fig. 47b. For elastic
scattering events the energy is conserved, hence, the scattered wavevector k'
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intensity remains the same (|E’)| = |E| = 2m/L). In the general case where the outgoing
wavevector can have a different direction (8°), the path difference (S+S’) is equal to
Rcos(8)+Rcos(8°), giving the following condition for constructive interference:

Rcos(0) + Rcos(68") = na  (18)

Using the wavevectors this equation can be rewritten as:

Tl

Rk Rk
T
Since |k'| = |E| = 27/A, it follows that:

= ni (19)

R- § =2mn (20)

Where a = k' —k is the change in momentum during scattering.

To further discuss this, it is necessary to briefly introduce the reciprocal lattice,
which is the Fourier transform of the real atomic lattice. An infinite and perfectly
periodic atomic lattice can be described by a set of 3D vectors R= ua; +va, +
was where u,v,w are integer numbers and @y, @,, @5 are the real basis vectors. R can
be seen as an extension to the 3D space of Rin Fig. 47b and eq. 20. From the real
lattice, we can define its reciprocal lattice with a set of 3D vectors K= hb_l) + kb_2> +

lb_3) where A,k,/ are integer numbers and b_{, b_z),b_; are the basis vectors. The
reciprocal lattice must fulfill the condition:

el KR=] 1)

Equation 21 is fulfilled only if K - R = 2mn, from which is possible to derive the
relationships between real space and reciprocal space basis vectors:

a,xas azxa; a;xa,
b1=2n% b2=2ﬂ% b3 =27T#
a;-(az xaz) aq-(az xaz) aq(az xaz)

FromK - R = 27m it can also be derived that to have constructlve 1nterference and
thus satisfy eq. 20 Q has to be a vector of the reciprocal lattice of R,ie. Q =K.

To visualize which points in reciprocal space can be reached by Q for a specific
length and direction of k and any possible direction of k it is common to use the
Ewald sphere. An example of a section of the Ewald sphere is shown in Fig. 48a,
where the radius of the circle is given by k. For a given direction of ¥, the Laue
condition will be fulfilled when the sample is rotated such that a reciprocal lattice
point intersects the circle (Fig. 48b).
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Figure 48

a) 2D representation of the Ewald sphere where the Laue’s condition is fulfilled for a specific scattering
angle. The visible reflection is highlighted by the red circle. b) If the sample is rotated azimuthally
around its origin (0,0,0) to another angle, the same reflection disappears.

5.2.1 Surface X-ray Diffraction

The diffraction pattern observed on the detector, is related to the crystal’s reciprocal
lattice. In the case of bulk diffraction from a single crystal (Fig. 49a), the crystal
acts as a 3D grating for the X-rays producing a pattern of intense and well-defined
Bragg spots (Fig. 49b,¢). In the case of SXRD, the beam is focused on the surface
at shallow incident angles (Fig. 49d). In this case, the signal from the surface is
enhanced and new features can be observed'*’. The reciprocal lattice of an ideal 2D
surface does not consist of Bragg spots, it is made of diffraction rods, because it is
a periodic structure in a 2D space, lacking structural periodicity in the out of plane
direction (normal to the surface). As a result of the scattering from a semi-infinite
crystal, the SXRD pattern is characterized by the so-called crystal truncation rods
(CTRs) (Fig. 49e,1). If the surface presents an ordered adlayer of adsorbate species,
or a well-defined surface reconstruction, or an ultra-thin oxide or similar, new
diffraction rods appear in the diffraction pattern, with a different periodicity. These
are called superlattice rods (SLRs). Note that the diffraction patterns shown in Fig.
49c,f are measured at high energies (several tens of keV) to increase the portion of

the reciprocal lattice (a-range).
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Figure 49

a,b,c) Concept of bulk diffraction from a single crystal and example of its diffraction pattern from an
experiment at P21.1 (DESY) on Al(111), where also the electrochemical cell and water contribute to
the total scattering. A beam stopper is placed to attenuate the direct beam, which would increase the
background and also damage the detector due its very strong intensity. d,e,f) Concept of surface
diffraction from a single crystal and example of its diffraction pattern from experiments at P21.2
(DESY)on Au(111). Beam stoppers are placed to attenuate both the direct beam and the Bragg spots.
In this way the background is reduced and it becomes possible to see the CTRs and SLRs.

A limitation of diffraction-based methods is that only crystalline structures can
produce a well-defined pattern. RefleXAFS is a good alternative to probe the
chemistry and structure of the surface in case of amorphous species, but the energy
used for RefleXAFS measurements is limited to the absorption edge energies of the
sample, while SXRD can be used at high energies on any material, which is useful
to penetrate the electrolyte and thus perform operando or in situ experiments.

In addition to operando X-ray absorption spectroscopy studies, the same
electrochemical cell shown in Fig. 19a was used for operando 2D-SOR and for
tomographic SXRD (TSXRD) at the P21.2 beamline of PETRAIII, DESY. A photo
of the setup is shown in Fig. 50. TSXRD'*® is a new method developed by J.
Gustafson and H. Sj6 at Lund University to investigate polycrystalline surfaces in
operando conditions. Through this collaboration, we studied the orientation-
dependent electro-oxidation of a polycrystalline gold sample and demonstrated the
feasibility of TSXRD in electrochemical environments (Paper V).
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and mask

Figure 50
Photo of the TSXRD and 2D-SOR setup at the P21.2 beamline of PETRAIIl, DESY (Hamburg,
Germany).

53 2D Surface Optical Reflectance Microscopy

Over the past decade, 2D-SOR has emerged as a simple yet powerful and relatively
inexpensive tool for investigating reactive surfaces in gas-phase and
electrochemical environments'®, as well summarized in Paper VI. The basic
principle of 2D-SOR is to measure the change in reflectance of a surface during a
reaction, in our case using a 660 nm LED light (red) (Fig. 51b). Thanks to a
transparent glass window mounted on top of the operando cell, 2D-SOR can be
easily combined with electrochemical measurements and grazing incidence hard X-
ray methods like RefleXAFS or TSXRD (Fig. 51a). As a result, complementary
information can be obtained and the surface can be monitored during measurements,
for example to check for beam-induced effects. Understanding the changes in
reflectance, however, is not trivial, since they can be due to roughening, changes in
surface refractive index and optical properties or interference effects arising from a
layered structure. Several of these features are discussed in Papers II, V and VI,
where Fresnel’s equations were used to relate the (hydr)oxide thickness to the
change in optical reflectance. An example of normalized 2D-SOR images of a
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Au(111) single crystal acquired during cyclic voltammetry before and after
oxidation is shown in Fig. 51c¢ and 51d, respectively.
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Figure 51

a) Schematic of the electrochemical setup for 2D-SOR combined with RefleXAFS. b) Components of
the 2D-SOR microscope. c¢,d) Normalized 2D-SOR image of Au(111) during CV in 0.05 M H,SO4
before and after electrochemical oxidation. From Paper Il and VI.

54 Ultra-High Vacuum methods

Due to the short IMFP, many electron-based methods require a UHV system.
Furthermore, in ex situ studies, the presence of contaminants can alter the surface
after the electrochemical treatment or even make it impossible to probe the surface
due to excessive electron attenuation through the contaminant layer. To this end, a
transfer system that avoids exposure of the sample to air and thus minimizes the
presence of contaminants after an electrochemical treatment can be used'’. The
portable transfer system presented in this thesis (Paper III) was used at Lund
University and at the FlexPES beamline of MAX IV to study the electrochemical
oxidation and surface restructuring of Au(111) after CV. A schematic drawing of
the setup used at Lund University is shown in Fig. 52.
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Figure 52
A schematic drawing of the transfer system attached to the UHV system at Lund University. From
Paper Il

A photo of the setup at Lund University is shown in Fig. 53, where a preparation
chamber allows for single crystal preparation using a sputter gun and electron-beam
annealing, as well as for thin films deposition using molecular beam epitaxy (Fig.
53a). Furthermore, the system is equipped with STM, LEED and AES for surface
analysis (Fig. 53b). In addition, at FlexPES, ex situ XPS was performed. The
procedure consists of transferring the as-prepared sample, from the preparation
chamber to a transfer chamber filled with Argon and then to the electrochemical
cell, where the surface is dipped and then carefully retracted by a few mm to form
a hanging meniscus (Fig. 53c). This configuration allows to expose only the (111)
surface to the electrolyte. Once the electrochemical treatment is performed, the
sample is withdrawn from the electrolyte and rinsed with ultrapure water. The
treated sample is then moved to the transfer chamber, separated from the UHV
system and the electrochemical cells through gate valves, and then pumped down to
UHV. Then, the sample can be transferred to the UHV system for surface analysis.
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Figure 53

a) A photo of the transfer system connected to the preparation chamber at Lund University. b) A
photo of the analysis chamber attached to the preparation chamber, equipped with AES, STM, and
LEED. c) A photo of the meniscus formed in the electrochemical cell after dipping the sample in the
electrolyte and then retracting it by a few mm.

5.4.1 Scanning Tunnelling Microscopy

STM was developed in the early 80s by the 1986 Nobel Prize winners Gerd Binnig
and Heinrich Rohrer'!. Thanks to the possibility to probe single atoms of
conductive (or semi-conductive) surfaces, this technique revolutionized the field of
surface science. STM measures the tunnelling current between the surface and a
sharp metallic tip, the current decreases exponentially with increasing sample-tip
distance and thus provides extremely high sensitivity. The tip is ideally terminated
by a single atom (Fig. 54), which is essential to achieve the best atomic resolution.
Tunnelling current is measured while a bias voltage is applied between tip and
sample and the tip must be very close to the surface (down to a few A), which is
possible thanks to piezoelectric actuators that precisely control the tip and the
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sample positions. The tip is then scanned across the surface, measurements can be
traditionally performed either in constant current mode or constant height mode. In
constant current mode, the height of the tip is adjusted through a feedback system
to keep the current fixed to a setpoint, hence, the z-position of the tip is mapped
across the surface. This mode safer when measuring large non-flat surfaces, where
the tip can crash into islands and other defects. In this thesis, surface roughening of
Au(111) due to oxidation-reduction was studied, thus the constant current mode was
always used. An example of an STM image of the reconstructed Au(111) surface is
shown in Fig. 54, where a herringbone reconstruction is clearly visible on the atomic
terraces.

Figure 54
A simple schematic of the STM tip measuring tunneling current from a metallic surface and an
example of a pristine Au(111) surface measured with STM at Lund University.

All the STM measurements shown in this thesis were performed at ~10"'! mbar,
which greatly helps to improve the quality of the measurements and especially
minimizes the presence of contaminants on the surface and on the tip during
measurements. Note that STM does not necessarily need a UHV environment, for
example, there are setups where STM can be directly performed in liquids®,
although it is difficult to achieve reasonable image quality under electrocatalytic
and corrosive conditions, due to high currents, dissolution, bubbles evolution, etc.
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5.4.2 Low Energy Electron Diffraction
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Figure 55

a) Schematic of a LEED apparatus, from ref. [152], licensed under CC BY-SA 4.0. b) A LEED
pattern from a pristine Au(111). c) LEED diffraction based on Bragg’s law and d) on Von Laue’s
formulation.

LEED'* is based on the diffraction of an electron beam (typically in a range of 50-
200 eV) incident at 90° on the sample surface, the back-scattered electrons are
collected on a fluorescent screen where a diffraction pattern can be observed (Fig.
55a). Since it is a diffraction-based technique, LEED can provide information on
ordered surface structures, for example in Fig. 55b it is possible to see the typical
pattern of the reconstructed Au(l111) surface characterized by an hexagonal
reciprocal lattice where each Bragg spot exhibits a star-shape due to the 3 domains
of the reconstructed surface, with a larger surface unit cell (22X\/3) and rotated by
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120° against each other. The basics of X-ray diffraction previously explained still
hold for electron diffraction (Fig. 55¢,d), with A=h/v2mE.

5.4.3 Auger Electron Spectroscopy
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a) Schematic energy level diagram of the Auger electron emission process. b) AES apparatus,
adapted from ref. [154], licensed under CCO 1.0. c) Example of an AES spectrum measured on a
pristine Au(111).

AES* was used in the works presented in this thesis to detect contaminants and
surface oxides on Au(111). Auger electrons are secondary electrons emitted from
an outer-shell when an excited atom relaxes by filling a core-hole level (Fig. 56a).
An alternative mechanism of relaxation to the AES process is XRF, described in the
previous chapter (Section 4.3.1). The characteristic kinetic energies of the Auger
electrons can be used as a fingerprint technique to identify the species present on
the surface. A schematic of the AES apparatus and an example of an AES measured
from a pristine Au(111) surface is shown in Fig 56b and 56c, respectively.
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6. Summary of papers

A substantial portion of the work presented in this thesis is centered on the
development and application of RefleXAFS (Papers L, 11, VII, VIII, X), using gold
electro-oxidation as main model system. More broadly, the thesis encompasses two
overarching research directions. The first is primarily dedicated to the use of
methods for investigating model electrode surfaces under ex situ, in situ, and
operando conditions, including 2D-SOR (Papers 11, V, and VI), AP-XPS (Papers
IV, V, VI, and IX), STM (Papers III and VII), and SXRD (Paper V). The second
addresses the stability and electrochemical properties of Au (Papers I-VIII), Pt
(Paper X), and a Ni alloy 59 (Papers I and IX) under reactive conditions.

Paper I

Probing the electrode-liquid interface using total-reflection X-ray absorption
spectroscopy

In this work, we demonstrate the ability of RefleXAFS at the P64 beamline to detect
nanoscale surface oxides on model electrodes under constant electrochemical
polarization. RefleXAFS was developed in the 1980s and mainly applied to
sputtered thin films. Here, we employ a versatile operando electrochemical cell to
study more realistic samples (polycrystalline Au and Ni alloy 59), independent of
sample thickness. Polycrystalline Au in 0.05 M H,SO4 forms a relatively thick Au*
oxide/hydroxide layer during OER, with indications of a thin layer of Au®** species
already present before the OER onset. Ni alloy 59 undergoes passivity breakdown
during OER, but exhibits a different surface chemistry in alkaline and acidic
conditions. A higher Ni** content is observed at low potentials in alkaline (pH 12)
compared to neutral (pH 7) conditions, whilst in both electrolytes a thick MoOs-rich
corrosion scale forms at higher potentials during OER. Results at pH 7 agree with
AP-XPS data (Paper IX), confirming comparable surface sensitivity of
RefleXAFS. Measurements were performed with a de-focused beam at energies as
low as 8 keV and acquisition times of several minutes per spectrum, averaging 2-3
scans to achieve a good signal-to-noise ratio.
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Paper 11

Following the electrochemical oxidation of Au(111) in real-time using surface
optical reflectance and total-reflection X-ray absorption spectroscopy

In this work, we combine 2D-SOR and RefleXAFS to follow the electrochemical
oxidation and reduction of Au(111) during CV in 0.05 M H,SO4. By leveraging the
capabilities of the Balder beamline and a 4" generation synchrotron source (MAX
IV), RefleXAFS spectra were measured in a few seconds and there was no need to
average several spectra to achieve a good signal-to-noise ratio. As opposed to High
Energy SXRD, which was previously combined with 2D-SOR and CV in real-time
(reported in Paper VI), RefleXAFS can be used to directly disentangle the
contribution of surface oxidation to the changes in optical reflectance. As a result,
the thickness of a self-limiting Au*" oxide/hydroxide layer forming prior to the OER
onset was calculated using the Fresnell equation. The thickness was estimated to be
~5 A, in good agreement with previous studies and with the charge integrated from
the reduction current peak in the CV.

Paper 111

A transfer cell for ultra-high vacuum surface analysis of samples exposed to
electrochemical environments

In this work, we developed a transfer system to study ex situ in UHV the surface
chemistry and structure of Au(111) after electrochemical treatments, with STM,
LEED and AES in the home-lab UHV system, and with XPS at the FlexPES
beamline of MAX IV. First, roughening of the surface was investigated as a function
of electrochemical oxidation-reduction cycles in 0.05 M H2SOy4, then the stability of
the electro-oxidized surface in UHV conditions was studied. In agreement with
previous studies, the progressive roughening follows a linear trend within the first
10 oxidation-reduction cycles. Additionally, we show that the thin (hydr)oxide
formed prior to OER is unstable in UHV conditions, instead a thick Au,O3 phase
formed during OER at high potential can be detected.

Paper IV

Thickness and chemistry of electrochemically formed oxide films on Au(111) probed
with ambient pressure X-ray photoelectron spectroscopy

In this work, we study the electrochemical oxidation of Au(111) in 0.05 M H,SO4
using AP-XPS with a dip-and-pull approach. The experiment follows the same
procedure described in Paper IX for Ni alloy 59, where the sample is dipped in the
electrolyte, electrochemically polarized and then fully withdrawn from the
electrolyte for quantitative AP-XPS measurements. This simplified approach
enables to adopt better mitigation strategies of beam-induced effects as well as to
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perform electrochemical measurements at high current densities, e.g. during OER.
In agreement with 2D-SOR and RefleXAFS from Papers II and VII, the Au(111)
surface is shown to form a self-limiting Au(OH); film of ~5 A, while at higher
potentials, during OER, a thicker mixed-phase of Au(OH)3:/Au,O; is proposed to
grow, following a Stranski-Krastanov mode.

Paper V

Surface orientation-dependent electro-oxidation of a polycrystalline gold electrode
In this work, we combine 2D-SOR, AP-XPS and Tomographic SXRD to follow the
electrochemical oxidation of different grains of a polycrystalline Au model
electrode in 0.05 M H>SOs. Previous 2D-SOR studies (reported in Paper VI),
suggest that the changes in optical reflectance associated to surface oxidation of
different grains take place at different potentials during CV depending on the surface
orientation. By performing in situ AP-XPS measurements on three different grains
separately, this trend is confirmed. Furthermore, TSXRD is used to follow this
behavior in real-time under operando conditions and compared to 2D-SOR and AP-
XPS. Although TSXRD cannot clarify the structure of the amorphous (hydr)oxide
layer detected with AP-XPS, it can be used to follow the interfacial roughening,
showing a similar trend to 2D-SOR and providing additional information.

Paper VI

2D-surface optical reflectance for use in harsh reactive environments

This review paper summarizes the recent use of 2D-SOR in harsh reactive
environments, from gas-phase catalysis to corrosion and electrocatalysis studies.
2D-SOR is shown to be a powerful, cheap and easy-to-use method to follow the
surface changes, like surface oxidation and beam-damage, with extremely high
sensitivity. To understand these changes, 2D-SOR is combined with a range of
complementary techniques, such as RefleXAFS. In the case of gold, both techniques
indicate a thickening of the (hydr)oxide layer during OER, in agreement with
Papers IV and VIL

Paper VII

An ultrathin hydroxide film governs the stability and reactivity of gold for the
oxygen evolution reaction

In this work, we combined time-resolved operando RefleXAFS and Inductively-
Coupled Plasma Mass Spectrometry with in situ AP-XPS and ex situ STM to gain
a comprehensive view on the electrochemical behavior of Au(111) in 0.05 M H,SO4
before, during and after OER. We show that Au(111) forms a self-limiting
hydroxide layer prior to the onset of OER, which behaves in a similar way to passive
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films on corrosion-resistant alloys. This passive film serves as the catalytically
active surface and controls electrode dissolution and restructuring during potential
cycling. Under OER conditions, the surface undergoes rapid oxidation and
dissolution, suggesting a de-passivation mechanism linked to OER, similar to the
passivity breakdown of Ni alloys described in Paper IX. Although AP-XPS reveals
a transition from a pure Au** hydroxide to a thicker, mixed Au*" oxide/hydroxide
phase during the OER, RefleXAFS indicates that the local structure remains
indistinguishable between thin and thick (hydr)oxide films, consistent with the
persistence of a square-planar coordination.

Paper VIII

Linking surface chemistry and dissolution of Au(l111) in H>SOs and NaOH
electrolytes: pH and scan rate effects

In this work, we combine operando RefleXAFS with Inductively-Coupled Plasma
Mass Spectrometry to follow surface oxidation and dissolution during CV for
different scan rates and upper potential limits in 0.05 M H,SO4 (pH 1.3) and 0.05 M
NaOH (pH 12.6). We show that in both media an ultrathin, self-limiting Au(OH)3
film forms prior to the onset of the OER. However, the hydroxide film thickness,
stability, and dissolution dynamics differ in the two electrolytes. In NaOH,
oxidation initiates at lower potentials but proceeds slowly, yielding a thinner, more
stable film that remains passive at high potentials. In contrast, in H>SOs, the film
rapidly grows thicker, and undergoes de-passivation near the OER onset, leading to
a sharp increase in dissolution. During film reduction in NaOH, significantly higher
dissolution is observed, despite a thinner film being reduced, compared to H,SOs.
Potential scan-rate variations show that dissolution during the reduction step in
NaOH and the de-passivation step in OER are the most sensitive to the scan rate
during the CV cycle.

Paper IX

The oxygen evolution reaction drives passivity breakdown for Ni-Cr-Mo alloys

In this work, we combine in situ APXPS, XANES, XRF, GI-XRD and XRR to study
the passive film growth and breakdown of a Ni alloy 59 under static anodic
polarization at increasing potentials. The material remains stable and passive up to
the OER onset, where surface enrichment of Mo®" oxide and Cr** hydroxide is
observed, accompanied by severe alloy dissolution. /n situ XANES measurements
from the electrolyte suggest the absence of Cr®* as a dissolution product, indicating
that the observed passivity breakdown mechanism differs from the typical
transpassive dissolution behavior of Cr-containing alloys.
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Paper X

Platinum surface oxides govern the cathodic overpotential of the oxygen reduction
reaction

In this work, we used operando RefleXAFS supported by DFT calculations and
microkinetic modelling to resolve the structure of surface oxides on a
polycrystalline platinum electrode and their impact on the ORR activity. We
identify the formation of surface oxide motifs with both 4-fold and 6-fold oxygen
coordination and show that platinum spontaneously oxidizes at the OCP under O,
saturation. Furthermore, we show that the oxide coverage increases with upper
vertex potential, slower scan rates, and extended hold times at OCP. Crucially, we
demonstrate that ORR onset is delayed until these oxides are reduced, following an
inverse relationship between oxide amount and ORR activity.
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7. Conclusion and Outlook

This thesis focused on the development and application of RefleXAFS combined
with additional ex situ, in situ and operando methods to investigate the surface
evolution of model electrodes (Au, Pt and Ni alloy 59) in electrocatalytic
environments. Au single- and poly- crystals were the main model systems used to
benchmark RefleXAFS for electrocatalysis applications, especially thanks to their
popularity, ease of surface preparation and well-established electrochemical
response. On the other hand, Ni alloy 59 served as a secondary benchmark material
for corrosion applications, where previous in situ studies were used for comparison.
In contrast to Au, Ni alloy 59 is an industrial material presenting several alloying
elements and different surface chemistry, enabling further exploration of the
capabilities of RefleXAFS. Besides method development, Au and Pt were used as
model systems to understand the surface processes involved on noble metals during
the OER and the ORR, respectively. These mechanisms are important to design
more efficient electrocatalysts for electrolyzers and fuel cells applications, where
sluggish reaction kinetics and electrocatalysts degradation are crucially limiting
their commercialization. Ni alloy 59, on the other hand, is a highly corrosion-
resistant alloy that is catalytically active towards the OER, which complicates the
interpretation of its electrochemical response, as the measured current can arise from
both passivity breakdown and OER.

Among the main findings of this thesis work, it is shown that, even for noble metals,
surface oxidation occurs rather easily in electrochemical environments and crucially
affects the electrochemical properties, including reactivity and stability. The
presence of a distinct surface (hydr)oxide of a few atomic layers during the OER on
Au and during the ORR on Pt, exacerbates the complexity of these dynamic
interfacial processes. The surface does not necessarily follow the bulk behavior,
hence, it requires dedicated surface-sensitive methods to fundamentally understand
its chemistry and structure at the atomic-scale. Although studies on Au and Pt
electrochemical oxidation and on Ni alloy 59 corrosion may appear to belong to two
distinct fields of electrochemistry, i.e. electrocatalysis and corrosion science,
respectively, these materials can show similar behaviors. These surfaces form a
passive film under certain conditions, which can undergo de-passivation during
OER, leading to substantial dissolution and further oxidation. I believe this evidence
highlights that surface oxidation, electrocatalytic activity, and metal dissolution are
strongly linked.
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As shown by the ex situ studies in UHV on Au, the phases formed during the
electrochemical treatments are highly unstable upon withdrawal from their
electrochemical environment, highlighting the importance of adopting in situ and
operando approaches. Yet, performing real operando studies under electrochemical
polarization control is extremely challenging, since the sample must be buried
beneath a thick, dense electrolyte. Furthermore, these (hydr)oxide layers are
typically amorphous, complicating the use of diffraction-based methods. AP-XPS
provided excellent surface sensitivity and chemical sensitivity, but the low mean
free path of photoelectrons limits the electrolyte film thickness in the analyzed area
to a few nanometers. This limitation can introduce mass-transfer issues and a
significant potential drop such that the actual electrochemical potential at the point
measured with AP-XPS might not be the true electrochemical potential applied with
the potentiostat. As a result, we adopted a dip-and-pull approach where the sample
was first exposed to the electrochemical environment and then studied in ~13 mbar
water vapor, which was sufficient to keep the electrolyte layer stable on the
electrode surface. This in situ approach allowed also to mitigate beam-induced
effects and was useful for a quantitative and detailed analysis of the chemical
species at the surface, but it simply cannot catch the dynamic transformations taking
place during reaction and under potential sweeps.

To address this gap, we employed RefleXAFS to monitor the chemical environment
at the surface of model electrodes during static and dynamic electrochemical
polarization. RefleXAFS was first developed in the 1980s, but it remains
underexplored for these types of applications, especially with more recent and
powerful X-ray sources like 4™ generation synchrotrons. The experiment consists
of measuring the totally reflected beam as a function of the incident beam energy.
This is a hard X-ray technique based on a photon-in photon-out process, therefore
the limitations posed by electrolyte attenuation can be more easily mitigated.
Adopting a total-reflection geometry is crucial to achieve a comparable surface
sensitivity to AP-XPS. By leveraging the capabilities of a 4™ generation synchrotron
and the recent technological advances in beamline instrumentation and spectro-
electrochemical cells design, we achieved an unprecedented signal-to-noise ratio,
enabling us to detect sub-nanoscale (hydr)oxides with beam energies as low as 8
keV and spectral acquisition rates as low as 1 Hz. Further advancement in this
direction can be achieved by e.g. designing electrochemical cells that reduce the
path of the beam through the electrolyte, hence reducing the attenuation of the beam.
Otherwise, an alternative to RefleXAFS for low-Z elements with low absorption-
edge energies is grazing-incidence total-scattering measurements, but this needs to
be further explored. Quantitative analysis of RefleXAFS data is less trivial
compared to other well-developed methods, but combining RefleXAFS with other
techniques, such as 2D-SOR and AP-XPS, is a powerful approach to tackle this
problem and gain additional insights. Performing multimodal studies was indeed
necessary to gain a comprehensive understanding of these electrochemical
processes.
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I believe that these experimental methods and multimodal studies can help to
increase our fundamental understanding of electrochemical interfacial processes.
Furthermore, these insights can contribute to the development of more efficient and
cost-effective electrocatalysts for green technologies, such as electrolyzers and fuel
cells, as well as to the development of better corrosion-resistant materials.
Moreover, these approaches have the potential to be expanded to other relevant
material systems and research fields in electrochemistry, important for the progress
towards a more sustainable society.
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