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Abstract

Corrosion results in huge annual costs and a large environmental footprint. The corrosion
rate of some alloys can be made negligible by the presence of a spontaneously forming
oxide film on the surface, a so-called passive film. Famous examples of alloys exhibiting
passivity are stainless steels. However, in some demanding applications, stainless steel
does not provide significant corrosion resistance. Instead, Ni alloys are used, which are
known for their excellent corrosion resistance. The nature, formation, and mechanism of
breakdown of the passive films that form on Ni alloys is, however, not well understood.

In this thesis, a combination of in sifu synchrotron-based methods has been used to
elucidate the chemistry and structure of the thin oxide films that dictate the corrosion
resistance, as well as the chemistry of the electrolyte above the sample surface to probe
the concentration of dissolved ions and their chemical state. This was also coupled with
the use of optical microscopy to provide a full-field view of the surface in situ.

It was found that the passive film on the studied Ni-Cr-Mo alloys mainly contains Cr oxides
and Mo oxides, while Ni does not participate in the oxide film. The film is only one
nanometer thick and forms rapidly upon exposure to oxygen. It was shown that even if the
initial oxidation kinetics are rapid, it takes time for a true steady-state composition to be
reached, and aging of the sample surface in air affects the oxide thickness and
composition. It was also found that Ni-Cr-Mo alloys exhibit a transpassive breakdown
mechanism that is different from that of typical Cr-containing alloys. This mechanism was
also found to be connected to the catalytic activity towards the oxygen evolution reaction,
which takes place at increased anodic potentials. Lastly, this thesis also covers some
method development of both X-ray-based and optical surface-sensitive methods that were
used to study the thin oxide films at the solid-liquid interface in situ.
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Abstract

Corrosion results in huge annual costs and a large environmental footprint. The
corrosion rate of some alloys can be made negligible by the presence of a
spontaneously forming oxide film on the surface, a so-called passive film. Famous
examples of alloys exhibiting passivity are stainless steels. However, in some
demanding applications, stainless steel does not provide significant corrosion
resistance. Instead, Ni alloys are used, which are known for their excellent corrosion
resistance. The nature, formation, and mechanism of breakdown of the passive films
that form on Ni alloys is, however, not well understood.

In this thesis, a combination of in situ synchrotron-based methods has been used to
elucidate the chemistry and structure of the thin oxide films that dictate the corrosion
resistance, as well as the chemistry of the electrolyte above the sample surface to
probe the concentration of dissolved ions and their chemical state. This was also
coupled with the use of optical microscopy to provide a full-field view of the surface
in situ.

It was found that the passive film on the studied Ni-Cr-Mo alloys mainly contains
Cr oxides and Mo oxides, while Ni does not participate in the oxide film. The film
is only one nanometer thick and forms rapidly upon exposure to oxygen. It was
shown that even if the initial oxidation kinetics are rapid, it takes time for a true
steady-state composition to be reached, and aging of the sample surface in air affects
the oxide thickness and composition. It was also found that Ni-Cr-Mo alloys exhibit
a transpassive breakdown mechanism that is different from that of typical Cr-
containing alloys. This mechanism was also found to be connected to the catalytic
activity towards the oxygen evolution reaction, which takes place at increased
anodic potentials. Lastly, this thesis also covers some method development of both
X-ray-based and optical surface-sensitive methods that were used to study the thin
oxide films at the solid-liquid interface in situ.
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Populdrvetenskaplig sammanfattning

Denna avhandling handlar om att forstd korrosion, hur det gér till, och hur det kan
undvikas. Men vad &r korrosion? Korrosion dr kemiska och elektrokemiska
reaktioner som ger upphov till forstorelse och friatning av metaller nédr de exponeras
for, till exempel, saltvatten eller en syra. Rost bildas nér jarn och legeringar av jarn,
s& som stél, korroderar. Detta sker nér metallen &r exponerad for syre, som finns i
luft och vatten. Korrosion resulterar arligen i stora kostnader. 4 % av alla landers
BNP spenderas pa service, lagning och andra kostnader relaterade till korrosion.
Framstillning av metaller slapper dven ut stora mangder vixthusgaser. Sd om vi kan
undvika korrosion sa skulle det d&ven ha en positiv klimatpaverkan.

Forskare har tidigare lyckats utveckla en del legeringar som spontant kan sta emot
korrosion. En legering dr ett metalliskt material som bestdr av en blandning av
grundédmnen. Den mest kdnda legeringen ar stal, som &r en legering av jarn och kol.
Rostfritt stal, som &r den mest kdnda korrosionsmotstdndiga legeringen bestar
framforallt av jarn och krom. Nér rostfritt stdl exponeras for syre eller vatten sa
bildas inte rost, som ar jarnoxider och hydroxider, utan en kemisk forening av krom
och syre, en kromoxid. Pa den rostfria stilytan bildas ett véldigt tunt skyddande
lager av denna kromoxid. Oxidlagret dr bara nigra f4 atomlager tjockt, ca en
nanometer. Detta dr 100,000 génger tunnare &n ett harstra.

Dessa tunna skyddande oxidfilmer som spontant kan bildas pa vissa metallytor
kallas for passiva filmer, da de far ytan av en metall, som annars skulle frétas sonder,
att bli ”passiv” dven i aggressiva miljoer. Passivitet hos vissa legeringar dr nagot
som studerats linge men det &r fortfarande debatterat och inte ett fullt forstatt
koncept. Aven material si som rostfritt stdl kan fi korrosionsangrepp i vissa
aggressiva miljoer, genom att det passiva oxidskiktet bryts ner och ej lingre &r
stabilt.

Inom anvéndningsomrdden dir rostfritt stal inte duger, till exempel inom
kemiindustrin, kdrnkraftverk och jetmotorer, si kan en legering av nickel, krom, och
molybden anvédndas. Ett material som alltsd inte &r jérn-baserat. Dessa
nickellegeringar dr kénda for att klara hoga pafrestningar och hdga temperaturer och
borjade utvecklas pa 1950 talet. Fran manga ars erfarenhet inom industrin &r det
vilkéant att dessa legeringar har ett utomordentligt korrosionsmotstdnd. Men
detaljerna kring den passiva filmen som bildas pé nickellegeringar, som ger upphov
till materialets korrosionsmotstand, ar inte sa vil kdnda. Hur det passiva oxidlagret
bildas, vad det bestar av och hur det bryts ner pé nickellegeringar &r vad denna
avhandling fokuserar pa att forsoka lista ut.

Att studera dessa oxidfilmer, 100,000 ganger tunnare an ett harstra, som existerar i
granssnittet mellan metall och vétska &r inte enkelt. Denna avhandling syftar dven
till att utveckla och forbéttra experimentella verktyg som vi forskare kan anvénda
for att studera dessa tunna, komplexa och viktiga oxidlager. De flesta experiment
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som dr del av denna avhandling har utforts pa sa kallade
synkrotronljusanlaggningar. Man kan likna det vid ett enormt mikroskop som later
oss forskare ”se” och studera pyttesma saker. MAX IV i Lund &r en sadan
synkrotronljusanldggning, en partikelaccelerator med en omkrets pa 528 meter
(samma omkrets som Colosseum i Rom), som skapar rontgenstralar som vi
anvander for vara experiment. Med hjélp av sddana storskaliga anldggningar har vi
kunnat fa en Okad fOrstaelse for de tunna oxidfilmer som ger upphov till
korrosionsmotstandet hos avancerade nickel-baserade legeringar.

Avhandlingen avslutas med ett antal artiklar. I de tre forsta (Paper I, Paper II och
Paper III) sa bestdms kompositionen och tjockleken pa de tunna oxidlagren som
spontant bildas pa tre industriella nickellegeringar. Det redovisas dven hur de initialt
bildas nir en icke-oxiderad metallyta exponeras for syre, samt hur lagring i luft kan
paverka den kemiska sammanséttningen och tjockleken pé de skyddande oxidlagren
som bildas pé ytan av dessa nickellegeringar.

I de tvé senare artiklarna i avhandlingen (Paper IV och Paper V) visas det hur det
passiva oxidlagret bryts ner under accelererade korrosionstester. Inom industrin &r
det viktigt att kunna gora trovérdiga accelererade tester av ett materials
korrosionsmotstdnd for att kunna forutsdga och veta, vilket material som klarar
vilket anvdndningsomrade. En ny och okénd korrosionsmekanism redovisas i
avhandlingen, en mekanism som uppkommer under accelererade korrosionstester
av vissa nickellegeringar. Denna korrosionsmekanism far som konsekvens att
materialen bedoms felaktigt. Det &r dd inte mojligt att hitta ndgon koppling mellan
hur materialen beter sig under de accelererade testerna, dir de presterar daligt, och
ute i den verkliga virlden hos anvindaren, dér materialen presterar mycket vél.
Denna nya kunskap kan tilldta industrin att utveckla nya och mer trovérdiga
accelererade testprotokoll for att méta korrosionsmotstandet av nickellegeringar.

De sista fyra artiklarna i avhandlingen (Paper VI, Paper VII, Paper VII, och
Paper IX) ar dedikerade till utvecklingen av yt-kdnsliga experimentella metoder
som kan anvéndas for att studera metallytor och de tunna oxidlager som potentiellt
kan skydda dem mot korrosion.
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Popular summary

This thesis covers the topic of corrosion, how it takes place, and how it can be
avoided. But what is corrosion? Corrosion is when chemical and electrochemical
reactions degrade and dissolve metallic materials once they are exposed to, for
example, salt water or an acid. Rust forms when iron and alloys containing iron,
such as steel, corrode. This happens when the metal surface is exposed to oxygen,
which can be present both in the air we breathe and the water we drink. Corrosion
results in huge costs annually. Up to 4% of each nation's GDP is spent on costs
related to corrosion, such as service and maintenance or loss of material. The
production of metals also emits large quantities of greenhouse gases. So, if we could
avoid corrosion, it could save huge costs as well as have a positive impact on climate
change.

Researchers have previously succeeded in developing alloys that can spontaneously
resist corrosion. An alloy is a metallic material consisting of different elements. The
most famous alloy is steel, which is an alloy of iron and carbon. Stainless steel,
which is the most famous corrosion-resistant alloy, consists mainly of iron and
chromium. When stainless steel is exposed to oxygen and water, it does not form
rust, which is iron oxides and hydroxides. Instead, a chemical compound of
chromium and oxygen is formed: chromium oxide. On the surface of the stainless
steel, a very thin layer of chromium oxide is formed. This oxide layer is only a few
atomic layers thick, only a few nanometers. This is 100,000 times thinner than a
human hair.

These thin protective oxide films that spontaneously form on certain metal surfaces
are known as passive films since they make a metal surface, which otherwise would
react and dissolve rapidly, to become “passive” even in aggressive environments.
The passivity of alloys has long been studied, but it is still debated and not fully
understood. Even materials such as stainless steel can be susceptible to corrosion in
certain aggressive environments, where the passive oxide film may break down and
no longer offer protection.

In applications where stainless steel does not meet the requirements, for example,
in the chemical industry, nuclear power and jet engines, alloys of nickel, chromium,
and molybdenum can be used. A material that is not iron-based. These nickel-based
alloys are known to withstand high loads and high temperatures and started to be
developed in the 1950s. From many years of empirical experience within the
industry, it is well known that these alloys exhibit exceptional corrosion resistance.
However, the details surrounding the passive films that form on these Ni-based
alloys, which give rise to their excellent corrosion resistance, are not well studied
and understood. The formation, the chemical nature, and the breakdown of passive
films on nickel alloys are the topics to which this thesis is dedicated.
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Studying these oxide films, 100,000 times thinner than a human hair, existing at the
interface between metal and an external liquid environment is not an easy task.
During this thesis, I have developed and utilized experimental tools that we, as
scientists, can use to study these thin, complex, and important oxide layers. Most of
the results in this thesis come from experiments that have been carried out at so-
called synchrotron radiation facilities. They can be compared to a large microscope
that allows us scientists to “see” and study tiny things. MAX IV in Lund is such a
synchrotron radiation source, a particle accelerator, 528 meters in circumference
(the same circumference as the Colosseum in Rome), which generates X-rays that
we use for our experiments. With the help of these large-scale facilities, we have
obtained an increased understanding of these thin oxide films that provide nickel-
based alloys with exceptional corrosion resistance.

At the end of the printed thesis, the scientific papers are attached. In the first three
(Paper I, Paper II, and Paper III), the thickness and composition of the thin oxide
layers that spontaneously form on the nickel-based alloys in air was studied. How
the oxide film initially forms once a bare metal surface is exposed to oxygen, as
well as how the effect of aging time in the air affects the oxide film composition and
thickness, was also studied.

In the two later papers (Paper IV and Paper V), it was shown how the passive oxide
layer breaks down during accelerated electrochemical corrosion tests. In industry, it
is important to be able to make reliable accelerated tests to assess the corrosion
resistance of different materials to know and predict which material can be used in
which corrosive conditions during applications. A new and unknown corrosion
mechanism is reported in the thesis. This is a mechanism that occurs during
accelerated tests of some nickel-based alloys, which makes direct assessment during
accelerated tests difficult for these alloys. It also means that there is no clear link
between the accelerated tests, where the material performs poorly, and the real-
world applications, where the material performs well. This new knowledge can
allow the industry to develop more credible and accurate accelerated tests for these
types of nickel-based alloys.

The last four papers of the thesis (Paper VI, Paper VII, Paper VIII, and Paper
IX) are dedicated to the development of surface-sensitive experimental methods that
can be used to study metal surfaces and the thin oxide layers that can protect them
from corrosion.

Xx1



Acknowledgments

First of all, I would like to acknowledge Edvin Lundgren, my main supervisor and
mentor during my PhD studies. I am grateful for all the opportunities, support,
freedom, and trust that you have given me, which has allowed me to evolve as a
scientist and as a person. You have given me the room to really grow, but you were
also always present to steer me back on track if needed. I am forever grateful!

Gary Harlow, my co-supervisor, thanks for being patient with me during my
master's thesis and the beginning of my PhD. And thanks for teaching me the basics
of electrochemistry. Thanks also to Johan Zetterberg, my second co-supervisor.
Thanks for creating a good work environment that allows for great scientific
collaboration between our divisions. I have always felt very welcome in combustion
physics.

I also want to acknowledge Jinshan Pan from KTH. Since around halfway through
my PhD, when I switched projects, you have been like a mentor and an in-official
supervisor to me. I am grateful for everything you have taught me about
electrochemistry and corrosion. It has also been a pleasure to work together during
numerous beamtimes and travel to conferences together.

Lindsay Merte, thanks for your razor-sharp, straightforward, and constructive
comments. Your scientific integrity is an inspiration!

Fredrik Hoo6k, thank you for all our interesting discussions and your wise
suggestions. I appreciate the time we spent together a lot.

Giuseppe Abbondanza, TVB! I still remember the nightshifts we did during the
first beamtime I joined, which was at the APS in Chicago. We had a lot of espresso
and a lot of interesting discussions. Since then, we have had many vacations,
beamtimes, deep scientific discussions, and, most importantly, good times. I hope
that we will continue to have all of the above! Monica, thanks for all the times I
could borrow Giuseppe, and thanks for your hospitality both in Malmé and in Italy.

Andrea Grespi, without you, the last years of my Ph.D. would have been much less
fun and much more difficult. Thanks for all the good times during beamtimes,
traveling, and vacations. Sei come un fratello per me.

Konstantin Simonov, thanks for all the discussions on XPS fitting and quantitative
data treatment. It is always a pleasure to meet, chat, discuss, have a beer, or enjoy a
conference dinner in Brussels.

Xiaoqi Yue, thanks for all the help with the countless beamtimes. Your hard work
and dedication during night shifts have definitely impacted this thesis positively! I
wish you all the best with your career.

XXii



Josefin Eidhagen, thanks for the help with all the sample preparation and help
during beamtimes.

Giulio D’Acunto, thanks for all the good times spent together both at and outside
work. I learned a lot about XPS from you. Thanks for that!

The Combustion Physics team: Sebastian Pfaff! Thanks for all the fun times during
after-work, late-night lab sessions, and beamtimes. Lisa Rédmisch and Sabrina
Gericke, thanks for the help with beamtimes and for the fun after-work and parties.

Volkmar Koller, it was a pleasure to help with your beamtime, and I am happy that
you could help with mine. Thanks for all the good discussions and the suggestions
for good music!

The P21.2 team: Ulrich Lienert, thanks for all the guidance and support during
experiments and data analysis. Zoltan Hegediis, thanks for all the help with our
experiments, especially the macros!

The FlexPES team: Thanks, Alexei Preobrajenski, for the help with my first XPS
measurements during the COVID-19 pandemic. It turned out to be a good paper, 1
think! Since then, thanks for the support with experiments. Thanks also to
Alexander Generalov and Stephan Appelfeller for your help and support during
the experiments.

The HIPPIE team: Andrey Shavorskiy and Mattia Scardamaglia, thanks for the
help with beamtime applications, experiments, and data interpretation. We did not
do many beamtimes at HIPPIE, but it has resulted in several nice publications so
far. I will be back for more measurements!

Work should be fun! And that has definitely been ensured by all the people at
SLJUS. Special thanks to alumni and current students Ulrike, Nellie, Isac, Rosie,
Virgi, Rohit, Hanna, Hanna, Sandra, Lukas, Oskar, Yen Po, Dima, Denis,
Stefano, Zephyr, Ahmed, Vidar, Julia.

Patrik, the division would not be the same without you! Thanks for answering all
my questions about economics, and thanks for making the division a fun place to
work! Thanks also to Anne for making sure that the salary keeps coming.

Thanks to the Puglia family: Flavio, Massimo, Giovanni, Vito, Jack, and
Konstantin. Good times!

Thanks, Erik, Claude, Fredrik, Julia, Robin, Elin, Linus, and Patrik. I am very
happy to have a network of such good, supporting friends!

Lastly, I would like to thank my sister, Elvira, my entire extended family, my
mother, Karin, and my father, Ulf. Without your guidance, [ would not be where |
am today. Thanks for your unconditional love and support!

XXiil



List of abbreviations

Two-Dimensional Surface Optical Reflectance (2D-SOR)
Simple Cubic (SC)

Coordination Number (CN)

Body Centered Cubic (BCC)

Face Centered Cubic (FCC)

Molecular Orbital (MO)

Inner Helmholtz Plane (IHP)

Outer Helmholtz Plane (OHP)

Potential of Zero Charge (PZC)

Standard Hydrogen Electrode (SHE)

Reversible Hydrogen Electrode (RHE)

Saturated Calomel Electrode (SCE)

Point Defect Model (PDM)

Cyclic Voltammetry (CV)

Electrochemical Impedance Spectroscopy (EIS)
Polyetheretherketone (PEEK)

Ambient Pressure X-ray Photoelectron Spectroscopy (AP-XPS)
X-ray Photoelectron Spectroscopy (XPS)

X-ray Absorption Near Edge Structure (XANES)
X-ray Fluorescence (XRF)

X-ray Diffraction (XRD)

X-ray Reflectivity (XRR)

Scanning Electron Microscopy (SEM)

Energy Dispersive Spectroscopy (EDS)

Electron Backscatter diffraction (EBSD)

Grazing Incidence (GI)

XX1V



l. Introduction

We are all surrounded by metallic materials in our everyday lives. They are part of
the buildings where we live and work, and our modes of transportation, cars, boats,
bikes, and planes. They are essential to our industries, our ever-shrinking
electronics, and part of our art and musical instruments. Even things that do not
contain any metal, such as plastics, medicine, chemicals, wood, or concrete, are
produced with the help of equipment, tools, or factories where metallic materials
play a crucial role. The high strength, ductility, machinability, durability, and
thermal and electrical conductivity make metallic materials desirable in all these
applications. One can even claim that these metallic materials enable our advanced
and modern society [1]. This has also been true throughout history, where societal
advancements have been tied to technological developments. The fact that epochs
are named after the type of metal technology used, such as the bronze and iron ages,
hints towards the importance and strong tie between societal advancements and the
use and development of advanced metallic materials. Nowadays, we have moved
past simple iron and use several advanced alloys such as stainless and high-strength
steel, aluminum alloys for lightweight applications, zirconium alloys in the nuclear
industry, and Ni alloys in high-temperature and chemical plant applications.

As mentioned, metallic materials have several desirable properties, but the main
factor limiting the lifetime of metallic components in service is corrosion. We have
all seen it on our cars, bikes, and maybe some rusty nails around the house. That
might not seem so harmful, but costs related to service and maintenance caused by
corrosion result in an estimated annual bill of around 4 % of each nation's GDP [2,
3]. That is around 4 trillion USD every year! Corrosion causes enormous economic
damage, and the corroded materials cannot be fully recovered and recycled,
resulting in huge material waste [4]. If we then factor in the global CO, emissions
associated with the production of metals, which is responsible for 40 % of industrial
greenhouse emissions and 10% of our global energy consumption [5], it becomes
clear that corrosion also results in a significant environmental footprint [6, 7]. Leaks
in oil and chemical plants caused by corrosion are also severe environmental
hazards, and corrosion has historically caused numerous plane crashes, collapsing
of bridges, and sunken ships, resulting in the loss of human lives.

The reason why metallic materials corrode is relatively straightforward. Corrosion
can be seen as the path towards thermodynamic equilibrium since most metallic
materials, except a few so-called noble metals such as gold and platinum, are more



stable in their oxidized state under ambient conditions. This is also the state in which
we find iron, aluminum, chromium, and most metals in nature. They are all found
as ore, minerals where the metal atom exists in its thermodynamically favorable
oxidation state. Suppose the oxides on a metallic surface are soluble in water. In that
case, the material will degrade through a vicious cycle of oxide formation and
dissolution, which can be seen as the simplest example of aqueous corrosion. Since
we cannot change the laws of thermodynamics, we need to master the kinetics, or
rate of oxidation and dissolution, to "control" the corrosion process. All metals and
alloys, unless they are part of the few exceptions considered noble, oxidize under
ambient conditions. However, some metals and alloys can form thin, stable oxide
films that protect the underlying metal from further oxidation. This is now a
spontaneously forming protective barrier between the metal substrate and the harsh
oxidizing environment that can be the air we breathe and the water we drink.

These thin, stable, protective oxide films are called passive films since they make
an otherwise active metal passive in an oxidizing atmosphere [1, 8, 9]. This
phenomenon was first discovered in the 1800s when it was found that iron readily
dissolves in diluted nitric acid but not in concentrated nitric acid [10]. It was
postulated that the strongly oxidizing acid reacted with the iron surface and formed
a thin layer of iron oxide that stopped the further aggressive dissolution of the bulk
metal. Other famous examples of the phenomenon of passivity are stainless
steel [11] and aluminum alloys [12], which both form thin, stable oxide films.
However, metals and alloys capable of forming a thin protective oxide are not
immune to corrosion. This thesis would have been dedicated to a different topic if
they were. The thin passivating oxide films exist in a steady state, or kinetically
trapped state, living at the border of extinction. Low dissolution rates are balanced
by the formation of new oxide in a delicate fashion. Depending on the conditions,
this balanced steady state can tip towards the side of oxide dissolution, and if the
rate of oxide dissolution is faster than the rate of oxide formation, the metal substrate
will corrode rapidly. Ever since its discovery, passivity and passivity breakdown
have been extensively studied, but still, to this day, it is not fully understood. It is a
fundamentally complex problem to study [13].

To experimentally observe a few nanometers of oxide at the interface between liquid
and metal is not trivial, and very few techniques exist that can provide in situ
structural and chemical information at the solid-liquid interface. Traditional studies
of corrosion using electrochemical measurements have been extremely successful
over the years. However, such measurement only provides indirect information,
which leads to the need for speculations. To try and circumvent this, many studies
have been conducted where the sample is exposed to corrosive conditions and then
extracted and examined under ultra-high vacuum conditions where most surface
science techniques operate [11, 14]. To this day, it is not clear how the sample
surface and the protective oxide we want to observe may change upon removal from
the liquid, drying, and exposure to ultra-high vacuum. There is definitely a need for



new experimental approaches to illuminate the chemistry and structure of these thin
oxide films in realistic aqueous conditions.

In this thesis, a significant focus has been put on the utilization of synchrotron-based
techniques to probe the structure and chemistry of passivating oxide films in situ.
Emphasis has been placed on understanding the formation of the protective oxide
and the chemistry and thickness of the native air-formed oxide films that make the
starting point for our subsequent studies. A second focus has been to understand
how these oxide films evolve and eventually breakdown under simulated corrosive
conditions with the help of electrochemistry. Lastly, this thesis also covers some
methodology development where we have focused on different ways to combine
surface sensitivity, chemical sensitivity, and the possibility of probing the surface
through a liquid environment. However, obtaining a microscopic view of the surface
processes that occur in our electrochemical cell is also important. Therefore, we
have developed an optical technique known as Two-Dimensional Surface Optical
Reflectance (2D-SOR) that we have combined with our electrochemical cell. So, in
short, this thesis covers the development and utilization of novel in sifu and
synchrotron-based techniques to gain a deeper understanding of the formation and
breakdown of passive films.






2. Materials

In this chapter, a basic description of the materials studied in this thesis will be
given. The crystalline bulk metal and the Ni-based alloys studied in this thesis will
be introduced, followed by a description of relevant oxide structures. The concept
of surfaces will be discussed, which is important to the fields of corrosion and
electrochemistry since the reactions occur at the surface. The thin amorphous oxides
that make up the passive films will be introduced.

Crystals and alloys

A crystal is a solid state of matter where the building blocks of atoms or molecules
are arranged in a long-range periodic pattern. But what is the driving force for the
ordering of atoms? The answer to this question lies in thermodynamics, where we
need to consider the change in the Gibbs’ free energy, AG. For a given temperature,
T, AG is given by Equation (1), where AH is the change in enthalpy and AS is the
change in entropy.

AG = AH — TAS (1)

A system always strives to minimize its free energy, so if AG is negative, the
reaction or transformation is energetically favorable. For the formation of a crystal,
AS is typically negative since the positional degree of freedom of the atoms
decreases when they are assigned to well-defined sites in a crystal compared to that
of a liquid or amorphous solid. The term -7AS is hence positive, meaning that the
change in enthalpy must be negative for the formation of a crystal. When a crystal
is formed, a large number of favorable bonds are made, resulting in a lowering of
the enthalpy (energy), and when AH is sufficiently negative, it can drive crystal
formation. In a crystal where the atoms are ordered in a periodic arrangement, they
maximize the number of favorable bonds to the neighboring atoms compared to
unordered solids known as amorphous materials.

As stated earlier, crystals are solids with a long-range periodic ordering of atoms.
The arrangement of atoms can be described as a periodic crystal lattice, and to define
its structure, it is conventional to consider the smallest repeating unit, termed the



unit cell. The unit cell is defined by the length of the unit cell sides and the angles
between them. The simplest class of crystal structures are the cubic structures where
all the angles are 90°, and all the sides of the unit cell are of equal length. The Ni-
based alloys studied in this thesis have a cubic crystal structure. Here, only the cubic
crystal structures will be introduced, but there are many more possible periodic
arrangements of atoms in nature.

The most simple crystal structure is the Simple Cubic (SC), defined by a cubic unit
cell with one atom in each corner. Each atom in SC binds to 6 other atoms, so the
Coordination Number (CN) is 6. If one atom is placed at the center of the SC unit
cell, a Body-Centered Cubic (BCC) crystal structure is made. The CN of the atoms
in a BCC structure is 8. If atoms are placed at the face of each side of the SC, a face-
centered cubic (FCC) structure is realized where the CN is 12. FCC is the most
close-packed crystal structure (together with the hexagonally close-packed), and
there is no possibility of arranging the atoms to achieve a denser packing. The cubic
unit cells are shown in Figure 1 both as open ball and stick models to illustrate the
atomic arrangement clearly and more realistically as a densely packed arrangement.

Simple cubic (SC) Body centered cubic (BCC) Face centered cubic (FCC)

Figure 1: Unit cells of the cubic crystal structures are shown both as open and, more
realistically, as densely packed spheres.

Alloys are metallic solid solutions where atoms of different elements are mixed in
a structurally non-ordered fashion. The atoms of the different elements randomly
occupy sites in the crystal lattice. Steel, for example, is an alloy of iron and carbon.



Stainless steel is an alloy of mainly iron and chromium but may also contain
significant amounts of molybdenum and nickel. Most industrial materials are alloys
with a complex composition. Many criteria must be optimized when designing an
alloy, such as high strength, low creep rate, good corrosion resistance, and good
machinability. Many different alloying elements might affect these properties in
different ways. Empirically, chromium and molybdenum are, for example, well
known to increase the corrosion resistance of an alloy. The hardening of alloys is
often achieved by precipitation hardening, where small precipitates form in the
microstructure. Specific alloying elements are added to facilitate the formation of
these small particles, but this might not be good for corrosion resistance. When
designing an alloy, there is always a balance between all the different properties one
would like to obtain. However, a more intelligent approach to alloy design could be
achieved with a fundamental understanding of how the different alloying elements
behave and interplay during the oxidation and corrosion process.

Ni-based alloys
Most of the work carried out in this thesis is based on the study of a class of

industrial Ni alloys, namely Ni alloy 59, Inconel 625, and Inconel 718, with the
composition shown in Table 1.

Table 1: Elemental composition of the studied Ni-based alloys in wt%.

Grade UNS No Ni Cr Mo Fe Nb
Alloy 59 N06059 60.07 22.70 15.40 0.80 -
Alloy 625 N06625 61.53 21.53 8.63 4.38 2.32
Alloy 718 NO7718 52.28 18.34 2.91 19.50 5.10

These alloys are used in demanding applications and in harsh environments,
especially at high temperatures in combination with high mechanical strain, for
example, in gas turbines, sour oil and gas wells, the nuclear industry, and the
chemical industry [15]. These alloys are known for their excellent mechanical and
corrosion properties even at elevated temperatures and in very corrosive media [16-
20]. Out of the three alloys, a main focus has been placed on Ni-59, which is an
alloy containing mainly Ni, Cr, and Mo (Ni-Cr-Mo), which is the simplest of the
three and can serve as a sort of model system. Simplifying the system can be of great
help in unveiling the intricate and complex mechanisms associated with the
corrosion of industrial alloys.



Oxides

The metals we rely on in our society, such as iron, aluminum, chromium, nickel,
and copper, are all found in an oxidized state in nature. This is the most
thermodynamically stable state of most metal atoms. To obtain the metallic state,
the ore must be reduced. This has historically been done for iron by heating the ore
in a coal fire, which emits enormous amounts of CO» annually [21]. There are now
many initiatives to use electrochemically evolved hydrogen to reduce the metal ore,
which would greatly reduce CO, emissions [22]. Energy must be supplied to reduce
the metal oxide into the metallic state to be used in applications. When exposed to
an oxidizing environment, most metals are then transformed back towards
thermodynamic equilibrium, which means they are re-oxidized.

Metal atoms have an electronic configuration where losing electrons bring the atom
closer to the electronic configuration of a noble gas (which is the most stable). These
electrons, or charge density, that the metal atom wants to donate need to go
somewhere. This is where oxygen comes in. Oxygen wants to gain electrons to fill
up the outer shell and achieve a noble gas electron configuration. The metal cations
and oxygen anions can form a solid with strong ionic bonds that can be crystalline
or amorphous. The chemical bond strength of a material can be estimated from the
melting temperature, which, in principle, is how much thermal energy one needs to
provide to break the chemical bonds of the solid. Oxides generally have much higher
melting temperatures than pure metals [23, 24], indicating that metal-oxygen bonds
are stronger and more stable than metal-metal bonds. The most important oxides in
this thesis are those of Cr and Mo. The most stable oxidation state of Cr is 3+ with
an oxide stoichiometry of Cr,Os. For most corrosion-resistant alloys, Cr and its
oxide play a significant role in the formation of a stable oxide film. Mo has several
stable oxidation states, but the ones found in this thesis are Mo*" (M0O>) and Mo®"
(Mo00O3). The oxide structures of Cr.03, MoO,, and MoOs are shown in Figure 2. As
seen, both Cr,O3 and MoO, form a solid network, while MoOs shows a layered
structure without a continuous network of metal-oxygen bonds. This could explain
the thermal instability of MoOs, which was seen to disappear from the oxide film
upon heating [25]. Moreover, Mo was also found in the oxidation state of 5+ in the
oxide films on the Ni alloys in this thesis. There is, however, no well-defined
structure for the Mo" oxidation state. Its presence can be attributed to the very
disordered nature of the thin oxide films, a complex mixed oxide stoichiometry,
associated with defects in the oxide film, or be attributed to Mo*" hydroxide.



Figure 2: Atomic structure of oxides of chromium and molybdenum (Cr203, MoOz2, and MoOQOs3)
important for this thesis. The structure of MoO2 and MoO3 was extended beyond the unit cell
marked in black for better visualization. The structures are drawn using VESTA [26] with
atomic coordinates from Refs [27-29]. The arrows denote the crystallographic axes of the unit
cells.

Surfaces and atomic planes

In crystallography, it is important to be able to denote directions and lattice planes
in a crystal, as will be seen when talking about X-ray diffraction. To define
directions and planes, Miller indices are used, consisting of three integers: h, k, and
1. The three integers can define a direction, denoted as [hkl], a plane normal to that
direction (hkl), a family of directions (hkl), or a family of planes {hkl}. To
determine the Miller index for a specific lattice plane, one must first find where the
plane intercepts the unit cell's axes. To have the same notation for parallel planes,
the convention is set to take the intercepts' inverse and convert them to the smallest
possible integers. The three principal low-index planes defined by the Miller
indexes (100), (110), and (111) for the FCC structure are shown in Figure 3, together
with their surfaces. All electrochemical reactions, including oxidation and
dissolution, take place at the surfaces of materials. Surface structures are therefore
important and determine the function of the material. The atomic arrangement at the
surface will be different depending on how a crystal is terminated. The (111) surface
is the most close-packed plane with a CN of 9 since each atom at the surface bonds



to 9 other atoms. As shown earlier, bulk FCC has a CN of 12, so the surface atoms
are less coordinated than bulk atoms, which changes the chemistry at the surface
compared to the bulk. The CN for the (110) surface is 7, and the CN for the (100)
surface is 8.
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Figure 3: Top: Lattice planes defined by Miller indexes (100), (110), and (111) drawn in an
FCC unit cell as pink. Bottom: The atomic-scale structures of the (100), (110), and (111)
surfaces.

Thin oxide films on metal surfaces

Corrosion protection of passive metals and alloys is almost exclusively governed by
nanometer-thin oxide films on metal surfaces. Studying these thin oxide films and
their structural and chemical properties is the main focus of this thesis. While the
metal substrate is crystalline and well-defined, the oxide films that form on the
surface at room temperature are, to a large extent, amorphous. There are reports that
the atoms in the oxide films can have some degree of local ordering in the form of
nanocrystalline domains [30-33]. However, such ordering was not observed for the
thin oxide films on the Ni-based alloys studied in this thesis.

As stated above, according to thermodynamics, a piece of steel or Ni-based alloy
should completely oxidize when exposed to oxygen, and there should be no metal
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left at equilibrium. However, that is not what is observed practically. What happens
when a bare metallic surface is exposed to oxygen? When writing down the
chemical reactions, the metal atoms, M, will react with oxygen molecules to form a
metal oxide, where a and b define the stoichiometry of the oxide that depends on
the oxidation state of the metal M.

aM + bOZ - Ma02b

But which metal atoms do react? And do they react with oxygen atoms or oxygen
molecules? In “dry” oxidation, it is oxygen molecules that are the supply of oxygen.
But for the oxidation reaction to occur, the oxygen molecules need to dissociate.
The oxygen-oxygen bond of the molecules needs to be broken before they can react
to form metal oxide. Many metal surfaces are good catalysts for oxygen dissociation
and can, therefore, supply the metal atoms at the surface with reactive oxygen atoms
[34-36]. Electron donation can take place, and chemical bonds can be formed. This
is the initial stage of oxidation, the formation of the first monolayer of oxide. But
what happens when a monolayer of oxide has formed on the surface? There is now
a barrier between the two species that should react, metal and oxygen, in order for
the oxide to grow further. Here, we need to consider the diffusion in solids at room
temperature (in this thesis, most experiments were carried out at room temperature).
We also need to consider whether oxygen molecules can still dissociate. After the
formation of one monolayer of oxide, it is the oxide surface that is exposed to the
surrounding environment, which completely changes the energy landscape for
interactions with molecules. For a diffusion coefficient of 10’ m?/s (for oxygen in
vanadium oxide, taken from Ref [37]), the time required to diffuse 1 nm according
to random walk is 10° seconds. That is around 30 years! From this simple estimation
of the rate of solid diffusion at room temperature, we can clearly see that there must
be something else that drives the mass transfer during oxide growth.

More than 70 years ago, Cabrera and Mott developed a theory of the oxidation of
metals [38, 39]. They postulated that a strong electric field builds up across the thin
oxide film that can drive ion migration, which has then been experimentally
confirmed [40]. Considering a monolayer of metal oxide as the starting point, we
now want to understand how it can further grow. First, oxygen molecules adsorb
and dissociate into atomic oxygen at the oxide surface. Second, electron tunneling
can occur across the thin metal oxide (metal oxides are, in general, assumed to be
insulators and non-conductive, therefore, electron transport across this barrier
occurs by tunneling). Here, it is also assumed that the movement of electrons and
ions across the interface can happen independently of each other. The electrons that
tunnel from the metal substrate to the oxygen atoms adsorbed on the surface
generate oxygen anions at the surface. We now have a potential difference between
the metal and the oxide surface, which results in an electric field with an electric
field strength, E, as described in Equation (2),
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where V'is the potential drop across the oxide film, and d is the oxide film thickness.
The potential difference is in the order of magnitude of 1 V, which results in a very
large electric field, on the order of le7 V/cm, when considering that the oxide
thickness is on the order of a few nanometers (around 1-2 nanometers for the oxide
films formed on the Ni alloys studied in this thesis). In this electric field, metal
cations can move through the oxide film by field-assisted migration. The cations
can then form ionic bonds with the oxygen anions at the surface and, in this way,
build up the oxide lattice. A schematic illustration of this proposed mechanism is
shown in Figure 4 a).

The rate of ion migration is orders of magnitude slower than the electron tunneling
across the oxide. With a steady supply of oxygen, this results in a steady state where
there will always be a potential drop across the oxide since the oxygen anions form
much faster than the supply of metal cations to the oxide surface. Isotopic labeling
experiments have shown that it is indeed, to a large extent, the metal cations that
move in the electric field [41]. This can be due to the higher charge of most metal
cations (Cr*" and Mo®", which play a central role in this thesis) compared to the O*
ions. The metal cations should, therefore, experience a larger force in the electric
field. The radius of metal cations is also smaller than that of oxygen anions [42].
The rate of cation transport, dictating the rate of oxidation, depends on the strength
of the electric field. The electric field strength depends to some degree on the Mott
potential but mainly on the oxide thickness separating the charges of the oxygen
anions and metal cations. As the oxide grows thicker, the electric field strength
decreases, resulting in a decreasing oxide growth rate. This results in a logarithmic
description of oxide growth (the integral of the growth rate, which is proportional
to 1/d), as shown in Figure 4 b), which depicts the oxide thickness for a Ni-Cr-Mo
alloy measured using XPS (which will be introduced later) as a function of time in
10" mbar of oxygen. However, a logarithmic function never reaches an asymptotic
value, so according to this model, the oxide growth would continue forever only at
evermore decreasing rates. What experimentally is observed is that the oxide film
stops growing completely at some point once a so-called self-limiting thickness is
reached. What defines this thickness? Here, we again need to consider the
dissociation of the oxygen molecules at the surface. It was shown that the limiting
thickness for aluminum oxide on aluminum was caused by the diminishing driving
force for the dissociation of molecular oxygen at increasing oxide thicknesses [43].
So, at some oxide thickness, it is no longer favorable to dissociate oxygen molecules
at the oxide surface, which is necessary to further drive the oxidation reactions.
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Figure 4: a) Schematic of the Cabrera Mott model for oxide growth on metal surfaces. b)
Oxide thickness as a function of oxidation time for a Ni-Cr-Mo alloy determined using XPS in
108 mbar of oxygen.

The above model was developed for “dry” oxidation, which means only in the
presence of O,. Then, we may wonder if the formation of so-called native oxides
(oxides grown spontaneously in air) on industrial alloys follows this model. The
answer is yes, as far as we know [35]. But in air, with some level of humidity, water
also needs to be considered. At sufficient humidity, surfaces can even be covered
by a thin (nanometers) layer of liquid water [44]. This means that what we might
consider “dry” oxidation in normal ambient air, in reality takes place in a liquid
environment at the surface. This we can observe experimentally in the form of
hydroxide groups present on the surface after oxidation in air. Hydroxylation of the
oxide surface should not take place in the presence of only oxygen. There are also
reports in the literature of hydroxide layers several nanometers thick after oxidation
in air. This could indicate that some dissolution of the oxide film has occurred and
that metal ions dissolved in the solution are hydroxylated and precipitate at the oxide
surface. These phenomena cannot be described by simply considering “dry”
oxidation.
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3. Electrochemistry

Fundamentals

Electrochemistry is a branch of chemistry that is concerned with chemical reactions
coupled to the transfer and flow of electrons across a solid-liquid interface. The flow
of electrons is what is known as an electrical current, and an electrical current flows
in the presence of a complete electrical circuit and a potential difference.
Electrochemistry concerns the transfer of electrons between two phases: one
electrical conductor (metals or semiconductors) and one ionic conductor. In this
thesis, we will only consider aqueous solutions containing electrolyte species such
as Na*, Cl', H", and OH". The birth of electrochemistry can be seen as Alessandro
Volta’s discovery of the first working battery in the beginning of the 19™ century
[45]. This was a stack of different metals, namely copper and zinc, with a layer of
electrolyte in between, which resulted in the generation of electrical energy and a
potential difference, with a unit given by the name of the inventor, between the
bottom and the top of the metal stack. So why do two metals submerged in an
electrolyte generate a potential difference that can drive an electrical current?

At the surface of the two metals, or so-called electrodes, redox reactions are taking
place that involve electron transfer. Neither copper nor zinc are noble metals, so
both would spontaneously oxidize if not being electrically connected. However,
when the two electrodes have an electrical connection, electrons can flow. This
means that at one electrode, electron transfer will take place from the electrode to a
species at the electrode surface or in the solution. This is known as a reduction
reaction since the donation of a negative charge will decrease the oxidation state of
the reacting species. At the other electrode, electrons will be transferred from a
species at the electrode surface or in the solution to the electrode. This is an
oxidation reaction since the oxidation state of the species increases upon losing
electrons. Copper is more noble relative to zinc, which means that there is less
driving force for copper to be oxidized. This, in turn, means that when connected,
an oxidation reaction will take place at the zinc electrode, and the metallic zinc
surface will oxidize. This will be coupled with a reduction reaction at the copper
electrode surface where copper ions in the solution will be reduced, as shown in
Equations (3) and (4). This builds up a potential difference between the two metals
and an electrical current will flow. [46]
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An external potential can also be applied to drive or force electrochemical reactions.
The oxidation and reduction reactions can then be illustrated, as shown in Figure 5.
When a positive potential is applied to an electrode surface, the energy of the
electrons in the metal decreases, which is also associated with a decrease in the
Fermi-level energy. The Fermi level can then overlap with the energy level of an
occupied molecular orbital (MO) of a species in the solution (or with an electronic
state of the metal atoms at the electrode surface which results in surface oxidation,
which plays a crucial part in the formation of passive films as we will see later).
Electron transfer can then occur from the molecule to the electrode, which will be
an oxidation reaction. In contrast, if a negative potential is applied, the energy of the
electrons in the metal electrode, and the Fermi level energy, will increase and can
align with an unoccupied MO of a species in solution. Electron transfer can then
occur, which corresponds to a reduction reaction of the solution species. [37][47-
49]

No external potential Positive potential Negative potential
Electrode Solution  [Electrode Solution q Solution
Reduction
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Figure 5: Crude schematic of the electronic structures and potentials to illustrate the concept
of oxidation and reduction reactions at the electrode solution interface.

So far, we have only considered electron transfer as tunneling from one phase to
another without much detail. Rudolph A. Marcus developed the theory of electron
transfer in the 1950s [50, 51], for which he received the Nobel Prize in chemistry in
1992 [52]. Electron transfer is very rapid compared to nuclear motion. This implies
that as an electron is transferred from one phase or species to the other, the
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arrangement of the atoms and molecules is completely static, almost as if they were
frozen. That is how fast electrons are transferred. This, in turn, has some
implications. When an atom is oxidized or reduced, there is no time to rearrange its
environment. When looking at the free energy curves of the reactants and products,
as shown in Figure 6, we can see that the overall free energy can be minimized when
moving from the reactants to the products. But since electron transfer is so rapid that
no rearrangement of the atoms and molecules can occur, it means that an electron
transfer is also associated with a reorganization energy, similar to the activation
energy in thermally driven reactions. Just like the classical thermal activation
energy, the reorganization energy in Marcus’ theory of electron transfer can be
overcome by the thermal kinetic energy of atoms and molecules.

reorganizatio
energy

Free energy

............................... —
AG®

v
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Figure 6: Free energy landscape of electron transfer along the reaction coordinate or nuclear
coordinate. The rapid electron transfer is also associated with a reorganizational energy of
the reactants towards the products.

Next, let us take a look at where the electron transfer reactions actually take place,
which leads us to ask: what does the solid-liquid interface look like? Let us here
only consider the interface of a pure metallic surface in contact with an electrolyte.
In the following chapter, we will also consider a thin oxide on the metal surface.
Depending on the charge of the metal surface, it will be balanced by the attraction
and adsorption of cations in the case of a negative surface charge and anions in the
case of a positive surface charge. There will also be some preferred orientation of
the polar water molecules at the surface. Let us consider a positively charged
surface. The surface charge will be balanced by counterions, here anions, that screen
the electrolyte further out from the surface charge of the metal. The anions can be
specifically adsorbed at the surface (the region known as the Inner Helmholtz Plane
(IHP)). The anions can also be fully solvated at the surface in the so-called Outer
Helmholtz Plane (OHP). Further away from the surface, there will be a diffuse layer

17



with decreasing anion concentration that eventually reaches the bulk electrolyte
value. A schematic of this electrochemical double-layer region and the resulting
potential drop from the surface out towards the solution is illustrated in Figure 7.
When an electrochemical potential is applied to an electrode, this will result in the
formation of this double-layer structure. To achieve this, both ions and electrons
must move, which results in the charging of the surface in the same way as a
classical capacitor. There will also be an external potential versus a given reference
point, where the electrode surface polarity changes from negative to positive. This
point is known as the potential of zero charge (PZC), at which the capacitance of
the double layer reaches a minimum. [46, 47].
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Figure 7: Schematics of the electrochemical double layer and the associated potential
distribution into the solution phase.

In order to do well-defined and repeatable experiments in electrochemistry, we need
to control the potential. This is done by always measuring and applying a potential
difference with respect to a well-defined so-called reference electrode. This is an
electrode at which the potential is static under the experimental conditions.
Throughout this thesis, an Ag/AgCl reference electrode has been used. This is, in
principle, a silver wire in an aqueous solution of KCI. The wire and solution are
contained inside a compartment with a semipermeable membrane towards the bulk
electrolyte used in the experiment. All standard potentials in electrochemistry are
given with respect to the Standard Hydrogen Electrode (SHE), which serves as a
universal standard reference. The most common reference electrodes and their shifts
with respect to the SHE are given in Table 2.
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Table 2: The most common reference electrodes and their shift versus SHE.

Reference electrode Shift [mV]
Standard hydrogen electrode (SHE) 0
Reversible hydrogen electrode (RHE) -pH*59
Ag/AgCl -197
Saturated calomel electrode (SCE) -241

In an experimental electrochemical cell, three electrodes are used, as shown in
Figure 8. The working electrode, which is the sample of interest, the reference
electrode described above, and a counter electrode. The potential and current are
measured and controlled by an instrument known as a potentiostat. The potential is
controlled and measured between the working electrode and the reference electrode,
while the current flows between the working electrode and the counter electrode. In
order not to limit the current measurement, the counter electrode should have a large
surface area and be of an inert material to not contaminate the system. In this thesis,
a Pt rod or coiled wire was used as the counter electrode. To maintain a current
flowing through the electrochemical cell, there will be an oxidation reaction
happening at one electrode surface and a reduction reaction at the other. This is also
coupled with the movement of ions in the solution, which can close the circuit and
compensate for any buildup of charge at the two electrodes. The potential applied
defines if the oxidation reaction occurs at the working electrode or at the counter
electrode. From here on, we will use the term anode for the electrode where the
oxidation reaction occurs and the term cathode for the electrode where the reduction
reaction occurs.

WE RE CE i

C) WE RE CE

Figure 8: (right) Schematic of a three-electrode electrochemical cell with working electrode
(WE), reference electrode (RE), and counter electrode (CE). (left) A crude description of the
circuit inside the potentiostat.
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Traditionally, in chemistry, energy is supplied in the form of heat, and there are
energy barriers, or activation energies, for reactions to take place due to the
energetic cost of breaking bonds before new bonds can be formed. In
electrochemistry, the electrochemical potential is the driving force for electron
transfer and, hence, electrochemical reactions. The Butler-Volmer equation
describes the kinetics of a single electron transfer reaction, giving the relation
between the current, j, and applied potential, £, as shown below in Equation (5)
[53]. Here, jo is the exchange current density, a, is the anodic charge transfer
coefficient, a. is the cathodic charge transfer coefficient, z is the number of electrons
involved in the electrode reaction, F is the Faraday's constant, R is the universal gas
constant, 7 is the temperature, and 57 = E - Eq is the overpotential, where E¢q is the
equilibrium potential.

J = o fexp [#5577] - exp |25} 6)

The Butler-Volmer equation states that the rate of electrochemical reactions, which
is proportional to the current, increases exponentially with the applied potential
above the equilibrium potential for a given reaction. The equilibrium potential is
calculated from the Nernst equation, as shown in Equation (6) [46],

_ 0 E [OX]
Eeq =E° + F In ([Red]) (6)

where E’ is the standard potential, which is a thermodynamic property unique to
every electrochemical reaction or redox couple.

As stated above, the electrochemical current is directly proportional to the number
of electrons transferred every second. More precisely, one Ampere is equal to
6.24-10'® electrons per second. Michael Faraday realized that it is then
straightforward to calculate how much products have formed for a certain amount
of charge passed through the electrochemical cell, where the total charge is the time-
integrated current. Faraday’s law of electrolysis, which describes the mass of
product produced, is shown in Equation (7) [46],

-
Mm="F 7

where Q is the total electrochemical charge transferred during the reactions, M is
the molar mass of the product, and v is the number of electrons involved in the
reaction.

The Butler-Volmer equation is similar to the Arrhenius equation in that it is an
exponential equation determining the kinetics, or rate of a chemical reaction, as a
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function of energy. The Arrhenius equation is shown below in Equation (8), where
k is the rate constant, E, is the activation energy.

k~exp (i—;) ®)

The most significant difference between the Arrhenius and Butler-Volmer equation
is that in electrochemistry, the rate is not only governed by temperature but, more
importantly, by electrical potential.

The Butler-Volmer equation does, however, not consider the concentration of
species at the electrode surface, multi-step reactions, or solvation effects. During
electrochemical reactions, species are consumed and formed at the electrode
surface, altering the local concentration of products and reactants. These effects can
also influence the kinetics of electrochemical reactions.

Passivity

The phenomenon of passivity was briefly touched upon in the introduction, but let
us now delve deeper into this topic. Let us first look at it from an electrochemical
point of view with a simple polarization curve where the electrochemical current is
plotted against the electrochemical potential, as shown in Figure 9. According to the
Butler-Volmer equation, we expect the current of an electrochemical reaction to
increase exponentially as we increase the potential. At increasing cathodic
polarization, we see an increasing current due to the hydrogen evolution reaction
where protons are reduced. At slightly more positive potentials, the current initially
increases, followed by a rapid decrease in what is known as the active region. As
the potential is further increased, the current density remains at very low values
(uA/cm?) in a large potential window. This is the definition of the passive region,
where the potential can be further increased without an increase in the
electrochemical current. At sufficiently large anodic potentials, the current will
increase in what is known as the transpassive region. Now that we have seen some
experimental evidence of passivity, let us try to work out how passivity is achieved
and how it may break down. [54]
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Figure 9: Polarization curve of Alloy 59 in 1 M NaCl at pH 2.

Passive film growth

In Chapter 2, the Cabrera Mott model for thin oxide film growth was introduced for
gas phase oxidation. Here, we will consider how oxide films grow in an
electrochemical environment. This is described by the Point Defect Model (PDM)
developed by Digby Macdonald [1, 9, 55]. In the PDM, the oxide structure is
thought to consist of an oxide layer between the metal and solution phases, as shown
in Figure 10. Similar to the Cabrera Mott model for dry oxidation, this model only
considers the growth (or destruction of the film resulting from a negative growth
rate) and not the initial oxide formation from the bare metal surface. The thin oxide
layer is considered as a highly defective semiconductor containing metal cations,
oxygen anions, as well as cation and anion vacancies. The oxygen vacancies are
created at the metal/oxide interface, and cation vacancies are created at the
oxide/solution interface. These vacancies can move across the film to annihilate at
the opposite interfaces (oxygen vacancies are consumed at the oxide/solution
interface, and cation vacancies are consumed at the metal/oxide interface). The outer
hydroxide layer in the PDM originates from the hydroxylation and deposition of
ejected cations from the oxide layer. Since we now consider oxide growth in the
electrochemical realm, we also need to include the electrochemical potential. For a
metal in solution, there will always be a potential drop across its surface (unless the
metal surface is at the potential of zero charge), either due to the open circuit
potential or due to external polarization. This will result in a potential drop across
the oxide layer. Since we have a potential drop across the physical dimension of the
thin oxide layer (thickness in the range of one or a few nanometers), there will be a
large electric field across the oxide layer, similar as in the Cabrera Mott model, as
shown in Figure 7.
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Figure 10: Oxide structure according to the PDM and the corresponding potential drop across
the interface.

Now, let us consider the most important reactions that can take place at the
metal/oxide and oxide/solution interfaces, as shown in Figure 11. At the metal/oxide
interface, the metal atoms can be oxidized and incorporated into the oxide lattice.
This can be done either by filling a cation vacancy, as in equation (1) in Figure 11,
or by creating an oxygen vacancy, as shown in equation (2). At the oxide/solution
interface, an oxygen vacancy can be filled by an oxygen atom supplied by a water
molecule or an OH ion present in solution from the self-dissociation of water
through deprotonation, as shown in equation (4) in Figure 11. If indeed oxygen is
supplied from water molecules, the water needs to be able to dissociate at the oxide
surface or at an oxygen vacancy at the oxide surface. This is, however, not
considered in the PDM, but there might be some implications if the dissociation of
water determines the rate of incorporation of oxygen into the oxide lattice. This rate
constant could then depend on the thickness of the oxide, as was shown for oxygen
dissociation in gas-phase oxidation, which describes the mechanism for a real
steady-state self-limiting thickness [43]. However, in a solution, there are other
ways to achieve a self-limiting thickness for a thin oxide film [56]. The metal oxide
can dissolve at the oxide/solution interface by ejection of a cation from the oxide
lattice into the solution, which can involve further oxidation of the metal cation or
not, as shown in equation (3). The metal oxide can also be dissolved by a chemical
reaction with protons present in the solution, as seen in equation (5). This can also
include charge transfer or not. These are the reactions needed to describe the oxide
growth and its steady-state thickness.
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Figure 11: Chemical reactions system as part of the PDM. Vs: oxygen anion vacancy two
times positively charged, Vm*: metal cation vacancy with charge X, m: metal atom in the
metal, Mox: metal cation in the oxide lattice, vm: vacancy of a metal atom in the metal, M3*(aq):
metal cation in solution with charge 8, Oox: 0xygen anion in the oxide lattice.

In the electric field generated across the thin oxide film, cations and anions can
migrate across the oxide film with oxygen vacancies moving from the metal/oxide
interface towards the oxide/solution interface and cations in the opposite direction
during anodic polarization. This electric field is responsible for the driving force of
oxidation, which requires not only the change of oxidation state of the metal atoms
but also the movement of cation and oxygen vacancies, which essentially is the
movement of cations and anions in the opposite direction. Imagine now that we have
a very thin oxide film on the metal surface, and we apply a large anodic potential to
our electrode. This will result in a large potential drop across the oxide, which in
turn generates a large electric field. This will trigger the movement of cation and
oxygen vacancies, and the oxide film will start to grow. As the oxide grows thicker
under a constant applied electrochemical potential, the electric field strength in the
oxide layer will decrease, which in turn slows down the growth rate of the oxide
layer (again, similar to the Cabrera Mott model). As the oxide grows, the electric
field strength will continue to decrease but never reach zero. So, the oxide should
always keep growing thicker. But this is not what is observed experimentally. To
make the model agree with reality, we consider the always present, but slow
dissolution of the oxide layer. These reactions do not have to involve any transfer
of electrons (if 6=X in equations (3) and (5) in Figure 11) and are hence of a pure
chemical nature. This means that the rate of the dissolution reactions is independent
of the electrochemical potential and the resulting electric field strength. This is
different from the reaction involved with oxide growth, which is electrochemical
and hence has a rate that depends on the electrochemical potential. These two types
of reactions, oxide growth and dissolution, will at some point reach a balance, a
steady state, where the rate of oxide growth is equal to the rate of dissolution. This
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steady-state thickness is both potential and pH-dependent. As the potential is
increased, the steady-state oxide thickness will increase, and as the pH decreases,
so will the steady-state oxide thickness, as illustrated in Figure 13 a). This also
means that in the passive state of a metal, the electrochemical current is never zero.
There will always be a finite passive current due to the electron transfer associated
with the oxide growth, which is needed to keep up with the slow dissolution.

Passive film breakdown and corrosion reactions

In the previous chapter, the PDM was introduced for the passive state, where the
steady-state oxide thickness under electrochemical polarization was discussed. Let
us now have a look at how the oxide film can transition from a stable state into an
unstable state where passivity breaks down.

First, let us consider the effect of pH, and especially that of low pH. If we assume
that no change of oxidation state occurs during the dissolution of the oxide (6=X in
equation (5) in Figure 11), the rate of the dissolution is only dependent on the
concentration of protons, [H'], in solution, which is the definition of the pH as
shown in Equation (9).

pH = —log ([H*]) )

The dissolution reaction can then be expressed as shown in Equation (10)

MO;Z(+)(H+ - M{L +%H,0 (10)
There can then be a point where the rate of dissolution is larger than the rate of oxide
growth for a given pH. This means that no stable oxide film can form on the surface,
and the material will dissolve rapidly. The prediction of the thermodynamically
stable species as a function of pH and electrochemical potential is described in the
Pourbaix diagram developed by Marcel Pourbaix [54]. The Pourbaix diagram of Cr
is shown in Figure 12.
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Figure 12: Pourbaix diagram of Cr in 1 M NaCl at 25 °C. The dotted lines indicate the stability
window of water. Below, hydrogen evolution occurs, and above oxygen evolution.

As can be seen, there is a large potential-pH window where Cr,O; is the most
thermodynamically favored species. Under these potential and pH conditions, an
alloy rich in Cr will be in the passive state. But according to the Pourbaix diagram,
alloys relying on a Cr-rich oxide, such as stainless steel and many Ni alloys, would
not be stable in solutions with a pH lower than ~5 where Cr,0Os3 is no longer the most
thermodynamically stable species (this does not necessarily mean that solid Cr,O3
is thermodynamically unstable which is very important to point out), but instead,
the aqueous Cr** ion is the most stable. In practice, however, stainless steel and other
Cr-rich alloys can display stable passive films in very acidic solutions outside the
thermodynamically predicted stability window of the Pourbaix diagram. This is due
to the kinetics of oxide formation and dissolution. If the oxide film becomes thinner
due to chemical dissolution, the electric field strength would increase dramatically
and drive the reactions for oxide formation. Therefore, a kinetically stable passive
film can exist outside the thermodynamically stable region of the Pourbaix diagram,
as shown in Figure 13 b). Since passivity is a steady state phenomenon, governed
by kinetics, and not an equilibrium state, the Pourbaix diagram is not always the
best prediction for passivity and passivity breakdown. But as stated before, for a
given potential, there will be a pH value that is low enough to trigger a chemical
passivity breakdown of the oxide film. It is just often much lower in practice than
predicted by the Pourbaix diagram. [57]
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Figure 13: a) Oxide thickness for Ni alloy 59 as a function of potential for neutral and acidic
pH. Note that the oxide film grows thicker as the potential is increased and that the oxide is
thinner in acidic pH. b) Kinetic stability diagram for a Ni-Cr-Mo alloy as a function of potential
and pH adapted from Ref [57]. Note the large difference to the stability window predicted by
the Pourbaix diagram based on thermodynamic equilibrium.

Now, let us look into how the electrochemical potential might affect the stability of
the oxide film. In the previous chapter, we saw that the driving force for oxidation,
which is the electric field across the oxide layer, is potential dependent, and the
higher the anodic polarization, the thicker the oxide film would grow for a given pH
value. But is there an upper potential limit for this? Well, here we can have another
look at the Pourbaix diagram. Above, we discussed the effect of pH, which in
principle means moving along the horizontal axis in the Pourbaix diagram, where
we moved from stable and solid Cr,Os at pH above 5 to the aqueous Cr** ion below
pH 5. This did not include any change in the oxidation state of the Cr. But if we
move along the potential axis of the Pourbaix diagram, we will move into a region
where Cr** (in the solid oxide or in solution) is oxidized to Cr®". As seen from the
Pourbaix diagram, the most thermodynamically stable species of Cr®" are dissolved
in the solution at low pH. This means that if we increase the potential, we will move
into a regime where the stable Cr,Os will change oxidation state and become
soluble. This is known as transpassive breakdown and is usually associated with a
drastic increase in the electrochemical current compared to in the passive state.
However, the current might not be the best measure of true transpassive breakdown
since OER can also considerably contribute to the current at high anodic potentials
for catalytically active alloys [58, 59] and can also trigger passivity breakdown. It
is not only the pH and electrochemical potential that governs the corrosion rate or
can trigger passivity breakdown.

Empirically, chloride ions are known to initiate and facilitate corrosion. It is present
in many environments, such as seawater, salt on roads, in food, and in the chemical
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industry. This makes NaCl one of the most studied and widely used electrolytes for
corrosion research. Chloride ions can adsorb or bind to oxygen vacancies at the
oxide/electrolyte interface and can make complexes with the metal cations, which
facilitates their dissolution from the oxide surface [54]. The dissolution of the metal
cation is the rate-determining step for the dissolution in the passive state and,
therefore, determines the passive current density [60]. Chloride also plays a
significant role in localized corrosion (pitting corrosion), which was not observed
or studied in this thesis, but it deserves recognition since it is a widely observed
corrosion mechanism for many lower-grade alloys, resulting in severe damage to
the material [61-63].

Electrochemical techniques

Electrochemical techniques have been used extensively and have improved our
understanding of electrochemical phenomena that take place on electrode surfaces.
However, these techniques do not provide any direct chemical or structural
information from the surface, which leads to the need for speculation. But combined
with other techniques, they serve as indispensable tools to access the
electrochemical behavior, which can then be correlated with spectroscopic or
structural techniques to get a complete understanding of how surface chemistry and
structure are connected to the material behavior.

Polarization curve

One of the most fundamental electrochemical measurements is to measure the
electrochemical current as a function of potential. This can be known as a
polarization curve or a cyclic voltammogram (CV) if the potential is cycled back
and forth several times. We have already encountered a polarization curve in Figure
9, where we saw how the current varies as the potential is linearly increased for a
sample of Ni alloy 59 in a 1 M NaCl solution at pH 2. During a polarization curve,
the potential is linearly increased from a starting point to a maximum potential at a
given sweep rate. The potential sweep rate influences the measured current, and
typically, during corrosion experiments, a slow sweep rate is used (1-0.1 mV/s).
This allows the system to stay close to thermodynamic equilibrium. This also
minimizes the contribution from any non-faradaic processes to the measured
current, such as the charging of the electrochemical double layer. At very high
sweep rates, the apparent overpotential for a reaction will increase since the system
has not been given enough time for the reaction to take place.
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Electrochemical impedance spectroscopy

To study the resistive and capacitive properties of the solid/electrolyte interface, and
in particular the passive film at the surface, frequency modulation can be used. This
is done with Electrochemical Impedance Spectroscopy (EIS), in which a sinusoidal
wave with a given amplitude is superimposed on the applied potential. The
measured current will then also be sinusoidal with a given amplitude and phase shift
relative to the applied potential. Here, we also need to introduce or remind us about
the impedance or the complex number representation of electrical resistance. A
normal resistor has no imaginary contribution, while a capacitor has a purely
imaginary contribution and is frequency dependent, as shown in Equation (11),
where o is the frequency, and C is the capacitance. This furthermore introduces a
phase shift of 90 degrees to the measured current.

Z: =1/jwC (11)

This implies that at infinitely high frequencies, the impedance of a capacitor is zero,
while the impedance is infinitely large at a frequency of zero, which, in principle, is
direct current. These different responses of electrical circuit elements can be
exploited and explored using frequency-based spectroscopy, which is the premise
for EIS. The most common (and most simple) circuit used to model the passive film
on metals is shown in Figure 14, together with the corresponding impedance spectra.
At high frequencies, the resistance of the circuit is defined only by the solution
resistance Ry, and at low frequencies, it is dominated by the resistance for charge
transfer (this is not really the same as the resistance of the barrier layer since one
also needs to consider if there are other reaction that are thermodynamically possible
such as OER and HER at sufficient anodic and cathodic potentials). At intermediate
frequencies, the impedance is governed by both the capacitor and the charge transfer
resistance. EIS data can be represented as a Nyquist plot where each data point
measured at a separate frequency is plotted in the complex plane of the impedance
(imaginary part on the y-axis and real part on the x-axis). One can also illustrate the
data using the Bode plot where the magnitude of the impedance (in logarithmic
scale) and the phase shift of the measured current are plotted against the frequency
of the AC potential component in logarithmic scale.
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Figure 14: a) Equivalent circuit to model EIS data of an alloy in the passive state. b) Nyquist
representation of EIS data. c) Bode representation of EIS data.

Mott-Schottky analysis

One can take the frequency-modulated analysis one step further to study the
semiconducting properties of the thin oxide films on the metal surface through the
Mott-Schottky analysis (same Sir Nevil Mott, who developed the theory of
oxidation of metals introduced above). As discussed in the chapter about passive
film growth, the PDM relies on cation and anion vacancies as modes of transport of
charged species across the oxide film in the presence of the electric field. With Mott-
Schottky analysis, the concentration of these “dopants” or defects can be calculated
from the slope of the inverse square of the capacitance plotted against the potential,
as shown in Equation (12) [64],

2
qeggNy

%=

—( )(E — Epp) (12)
where C is the capacitance, ¢ is the elementary charge, & is the vacuum permittivity,
¢ 1s the dielectric constant of the oxide, £ is the applied potential, and Ep is the so-

called flat band potential.
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Electrochemical cell for synchrotron experiments

Most of our in situ synchrotron experiments have been performed using our own
dedicated electrochemical flow cell [65-68], as shown in Figure 15. The cell is made
of polyetheretherketone (PEEK) and has a thin window (200 um) where the X-rays
can pass through. The sample, which has a top-hat shape and acts as the working
electrode in the cell, is mounted from below. From the top, a glass window is
mounted, which gives optical access for simultaneous 2D-SOR measurements.
From the sides, the inlet and outlet for the electrolyte are mounted, which is
circulated using a peristaltic pump from a glass bottle reservoir. From the sides, the
reference and counter electrode are also mounted. This cell is dedicated to hard X-
ray studies where the 8 mm of water in the beam path does not significantly
attenuate the signal. We have found that the practical limit lies somewhere around
10 keV. The rotational symmetry of the cell allows us to perform measurements
where rotation of the sample is necessary (this is essential for surface X-ray
diffraction, which is an excellent technique used to study surface structures in
electrochemistry [68-70]) and when access from the side of the cell is of interest as
was done with XRF.

Fused silica window Electrolyte

inlet
Reference / Counter Electrolyte
electrode electrode outlet D

Sample

T

Figure 15: Electrochemical cell used for in situ hard X-ray and 2D-SOR studies seen from
two different projections. Reproduced from Ref [66].
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4, X-ray based techniques

Introduction to X-rays

X-rays were discovered in 1895 by Wilhelm Réntgen [71], who later received the
first Nobel prize in physics for his discovery in 1901. At the time of the discovery,
it was an unknown form of radiation, but it is now well established that it is
electromagnetic radiation, just like the visible light that our eyes can detect, but with
a much smaller wavelength and much higher energy, as shown in Figure 16. Today,
X-rays are used in medical applications both as diagnostic tools and in treatments.
X-rays are used at airports and customs to image the interior of luggage and even
entire trucks. X-rays are also used extensively in science and technology to
determine the structure and chemistry of matter. The specific energy range of X-
rays makes them an excellent probe for studying matter. X-rays have the right
energy range to interact with and excite core-level electrons in atoms, which is
exploited to probe the chemical environment of the atoms within a sample. The
highly energetic X-rays are also penetrative, making it possible to probe hidden
structures such as the bones in a broken arm at the hospital. The wavelength of X-
rays is also of the same length scale as the distance between atoms. When X-rays
interact with a crystalline sample, interference effects can be utilized to determine
the structure of the crystal.

33



THE ELECTROMAGNETIC SPECTRUM

Penetrates

Eth [ v [ N 7 N
Atmosphere?
Wave(l'::lge::; Infrared | Visible Ultraviolet X-ray

103 102 105 5x106 108 10710 10712

hfimaed & + o

Buildings Humans HoneyBee Pinpoint Protozoans  Molecules Atoms  Atomic Nuclei

Frequency
(Hz)
104 108 1012 1015 1016 1018 1020
Temperature
of bodies emitting
the wavelength
il 1K 100K 10,000K 10 Million K

Figure 16: The electromagnetic spectrum spanning from radio waves to gamma rays and
contains the spectral ranges of visible light and X-rays that were used in this thesis. Image
credit: NASA.

Electromagnetic radiation, such as X-rays and visible light, is characterized by the
wavelength and frequency of the electromagnetic waves. The wavelength, A, and
frequency, v, are coupled by the speed of light and are energy-dependent, as shown
in Equation (13) below, where 4 is Planck's constant, and c is the speed of light. [72]

E=—=hv (13)
Electromagnetic radiation can be described using a vector formalism, which will be
used later in the coming chapter. The light is then characterized by its wave vector,
K, which has a direction and a magnitude, as shown in Equation (14) below. [72]

_zm
K| =2 (14)

For X-rays, a complex refractive index is used to describe the interaction with
matter, as shown in Equation (15) below.

n=1-58+ip (15)
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Contrary to visible light, in the X-ray regime, materials have a refractive index, n,
lower than unity (since the refractive index is defined as the ratio of the speed of
light in vacuum divided by the speed of light in the medium a refractive index less
than one would mean that X-rays travel faster than the speed of light in matter,
which would defy a fundamental law of physics. This is, however, not the case since
it is the phase velocity that is faster than the speed of light, not the speed at which
energy or information travels for X-rays in matter). Therefore, total external
reflection of X-rays can occur at the interface between a less dense material and a
dense material, such as a solid surface in air or liquid. The angle at which this takes
place is known as the critical angle for total external reflection [73]. This is used
extensively in X-ray optics to focus and redirect X-ray beams and gain surface
sensitivity during measurements, as will be shown later. The imaginary part of the
refractive index for X-rays relates to the mass attenuation coefficient related to the
absorption of X-rays in the medium.

X-rays can interact with matter through different mechanisms. An incoming X-ray
can be absorbed by an atom, or it can be scattered (here we ignore inelastic scattering
and pair production). Absorption by an atom can lead to the ejection of a
photoelectron, which is the basis for XPS. The probability of absorption as a
function of energy can be measured as in XANES, and when the excited atom
relaxes, a fluorescence photon is emitted, which is measured in XRF. All these
phenomena related to absorption depend on the electronic structure of the atom and
are hence connected to the chemistry of matter, which is probed by the mentioned
spectroscopic techniques. Scattering of the X-rays can lead to constructive
interference at various length scales depending on the arrangement of the atoms in
space. XRD and XRR rely on the scattering of X-rays and are, therefore structure-
sensitive methods.

Synchrotron radiation and beamlines

Traditionally, X-rays were generated using X-ray tubes where electrons are
accelerated towards a metal target [74]. When the electrons are decelerated in the
metal target by deflection due to the interaction with charged particles, namely
electrons and nuclei, a broadband spectrum of X-rays is emitted called
bremsstrahlung. The atoms in the metal target can also be excited and re-emit the
absorbed energy as electromagnetic radiation in the X-ray range, resulting in sharp
peaks in the X-ray spectrum. These sources are still used in medical applications
and lab-based scientific instruments.

A new type of X-ray source emerged in the 1960s by accelerating electrons radially
in a magnetic field [72]. This is known as synchrotron radiation [75]. Modern
synchrotrons are particle accelerators where relativistic electrons are traveling near
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the speed of light in vacuum. The path of the electrons is in the shape of a polygon
with straight segments and many bends, as shown in Figure 17 a). The electrons are
directed in the curved path by bending magnets. Synchrotron radiation is emitted
with a broad divergence when the electrons bend in the magnetic field [74]. More
sophisticated ways have been developed to generate synchrotron radiation with a
smaller divergence, where the electrons travel through a periodic array of magnets
oriented in opposing polarity. This forces the electron to make many sharp turns as
the pole of the magnetic field switches, and the electron “wiggles” through the
magnet array, emitting synchrotron radiation in the forward direction with a low
divergence [74]. There are two main types of insertion devices, namely wigglers
and undulators, both of which are based on these arrays of opposing magnetic poles,
as shown in Figure 17 b) and c). In an undulator, the magnetic field is smaller, and
therefore, the deviation of the electrons from their initial trajectory is small, resulting
in smaller and less divergent X-ray beams. The undulator is designed such that the
electromagnetic radiation produced at each magnetic pole interferes constructively
such that a narrow energy spectrum is achieved with a primary energy as well as
higher harmonics. A wiggler uses larger magnetic fields such that the electrons
“wiggle” with a larger amplitude, which results in a broad energy spectrum and a
larger spot size [76, 77]. The relativistic nature of the electrons in the storage ring
results in synchrotron radiation being produced in the forward direction with a low
divergence in the insertion devices [74]. Compared to X-ray tubes, synchrotron
sources can generate monochromatic and broadband radiation with tunable energy
in a broad energy range from UV light to hard X-rays with an energy of more than
100 keV. Synchrotrons also generate a photon flux many orders of magnitude higher
than lab sources [72], and the X-rays can be focused down to a spot of a few tens of
nanometers [73]. All these properties of synchrotron radiation make it a very
suitable and versatile tool for studying the atomic structure and chemistry of
materials under operating conditions. The research in this thesis was carried out at
the first 4™ generation synchrotron facility in the world: MAX IV in Lund, Sweden
[78-80], as well as at PETRA III, DESY in Hamburg, Germany [81, 82].
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Figure 17: a) The polygon-shaped electron storage ring of a synchrotron with bending
magnets and insertion devices. b) Schematic illustration of an undulator insertion device. c)
Schematic illustration of a wiggler insertion device.

Once the synchrotron radiation is generated in the dedicated insertion device, it
enters the so-called beamline, where the properties of the beam are tuned before it
reaches the end station, where the experiments are performed. Typical elements of
a beamline are shown schematically in Figure 18, which depicts the HIPPIE
beamline at MAX IV. The first element is usually a mirror to take a significant
amount of the heat load of the intense X-ray beam as well as to collimate the beam.
Afterward comes the monochromator, which is a crucial part of every beamline. The
monochromator is used to select the energy of the X-ray beam and make it
monochromatic. This is done by using either two large single crystals as in a Double
Crystal Monochromator (DCM) [83, 84] or two gratings as in the Plane Grating
Monochromator (PGM) [85, 86]. From the crystal or grating, the X-rays diffract,
and the initially polychromatic beam is spectrally dispersed since the diffraction
angle is energy dependent, as will be seen in Bragg’s law. From Bragg’s law, we
can also understand why crystals work for hard X-ray beamlines but not soft X-ray
beamlines (100-2000 eV). For a Si(111) crystal, which is commonly used in DCM,
a primary diffraction angle of 90 degrees is reached at 3.7 keV. Therefore, a grating
with a larger lattice spacing than a crystal is needed to diffract the soft X-rays at a
lower angle for a monochromator to function. After the monochromator, more
focusing elements can be added. These can be curved mirrors that make use of total
external reflection [87, 88] or Compound Refractive Lenses [89], which work
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similarly to optical lenses used in optics, only that the dense material of an optical
lens has to be replaced with a less dense material in the X-ray regime since the
refractive index of dense materials is lower. Since CRLs require the transmission
through matter for focusing, these optical elements work only for hard X-rays where
attenuation is less of an issue. After all these elements that have collimated,
monochromatized, and focused the X-ray beam, the X-rays can then go to the end
station where the experiments are performed.

The research in this thesis is based on several different synchrotron X-ray
techniques, and several beamlines have been used throughout my work and will be
listed and briefly introduced below.

O
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FlexPES, at MAX 1V, is a soft X-ray undulator beamline with a photon
energy range of 40 to 1500 eV dedicated to XPS and Near Edge X-ray
Absorption Fine Structure (NEXAFS). We have used the Surface and
Materials Science end-station dedicated to XPS of solid samples in
UHYV [90]. Papers I, 11, and III are based on data from FlexPES.

HIPPIE at MAX 1V is a soft X-ray undulator beamline with a photon energy
range of 250 to 2200 eV dedicated to AP-XPS. We have used the
electrochemical AP-XPS end station with a dedicated dip and pull
setup [91], as shown in Figure 19. Papers IV and VI are based on data from
HIPPIE.

P21.2, the “Swedish Materials Science” beamline at PETRA 1II, is a high-
energy undulator beamline with a photon energy range of 40 to 150 keV
dedicated to diffraction, small angle scattering, and imaging. At P21.2, we
have used our own electrochemical flow cell described in Figure 15 and
performed in situ XRD, XRR, and XRF combined with electrochemical
control, as shown in Figure 20. Papers I, and IV are based on data from
P21.2.

P64, the “advanced XAFS” beamline at PETRA 1II, is a hard X-ray
undulator beamline with a photon energy range of 40 to 150 keV dedicated
to high time resolution XAFS and XAFS on diluted systems [92]. At P64,
we used our own electrochemical flow cell described in Figure 15 and
measured XAFS from dissolved metal ions in solution and the chemistry at
the surface after corrosion in grazing incidence with the setup shown in
Figure 21. Papers IV and IX are based on data from P64.
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Figure 18: lllustration of the main elements in a synchrotron beamline. This particular
illustration is for the HIPPIE beamline at MAX IV, taken from Ref [91].

'g Sample hoer
A Sampl

y

@ 3

RE

|

3 !‘1%‘;;1

\

7

Figure 19: Experimental setup inside the chamber at the HIPPIE beamline, MAX IV. a) The
sample is in the dipping position for electrochemical exposure. b) The sample is in the
measuring position.
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X-ray photoelectron spectroscopy

XPS was developed by Kai Siegbahn, who was awarded the Nobel Prize in Physics
in 1981 "for his contribution to the development of high-resolution electron
spectroscopy” [93]. XPS is now a cornerstone of experimental material science and
surface science and is a widely available tool in laboratories around the world [94,
95].

The basis of XPS is the photoemission process (or photoelectric effect), described
first by Einstein in 1905 [96] for which he received the Nobel prize in 1921, where
an incoming photon is absorbed and excites a core-level electron of an atom that is
emitted into the continuum, as shown in Figure 22 a). This results in the creation of
a core hole in the excited atom and a photoelectron. The kinetic energy, £, of the
emitted photoelectron, depends on the photon energy, /v, the binding energy of the
core-level electron, Ep, and the work function of the surface, @, which is the energy
needed to remove an electron from a solid surface into vacuum, as shown in
Equation (16).

E,=hv — E — ® (16)

Once the photoelectron has been generated, we also need to detect it. Spectroscopic
techniques based on electrons have several advantages since electrons are easily
focused, their energy is easily tuned by electric fields, they are relatively easy to
count, and with an electric field, they can be spectrally separated in energy. This
makes it relatively straightforward to analyze the intensity of the emitted
photoelectrons as a function of their kinetic energy, which is performed using a
hemispherical electron energy analyzer [97]. The kinetic energy scale can then be
transferred into the binding energy scale using Equation (16), and plotted as shown
in Figure 22 b). The zero on the binding energy scale can be calibrated by measuring
the Fermi level or a well-defined core level (for that, Au 4f is often used). [98]
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Figure 22: a) Simple schematic of the photoemission process where an electron is excited
from a core level into the continuum upon absorption of a photon. b) XPS spectra of the Ni
2pss2 core level form the Ni-Cr-Mo alloy.

There is one more property of electrons that must be added to the list above, and
that is the strong interaction with matter. This means that the low-energy
photoelectrons cannot travel far in condensed matter, and as a result, only the
photoelectrons that are generated near the sample surface can escape and be
detected. The mean-free path, 4, of electrons as a function of kinetic energy in solids
shown in Figure 23 is known as the universal curve. The mean free path is defined
as the distance where the intensity has decayed to 1/e, or 63.2 %, of the original
value. The information depth, d, in XPS experiments, where around 95 % of the
measured signal originates, is usually defined as d=34. The strong interaction of
electrons with matter is both a blessing and a curse. It makes XPS an inherently
surface-sensitive technique (5-30 A, as seen in Figure 23), but it also means that,
without a large effort, XPS is limited to operation in UHV. In the next chapter, we
will see how it is possible to move beyond that and perform XPS under near-ambient
pressure.
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Figure 23: Electron mean free path as a function of the electron kinetic energy. Data is taken
from Ref [99].

The binding energies of core levels of different elements are usually well separated
in energy, such that individual photoemission lines can be studied without overlap.
This allows for a clear identification of the elements present in any given sample in
the probed volume. However, core-level binding energies are not only elemental
specific. They also depend on the chemical environment of the specific atom, and
the difference in the binding energy of a core-level electron that can arise from
chemical bonding is called a chemical shift. A clear example of chemical shifts in
an XPS spectrum is seen in the famous example of the ethyl trifluoroacetate
molecule shown in Figure 24, where the four chemically different carbons have
different chemical shifts. The origin of the chemical shift can be explained by
considering the screening of the charge of the nucleus by the valence electrons. For
example, fluorine is very electronegative and wants to accept electrons to achieve a
full 2p® electron configuration. The carbon atom binding to the three fluorine atoms
in Figure 24, therefore, has much less of its 2p electron wavefunction localized
around its nucleus. Therefore, the C 1s core electrons are more strongly bound by
the unscreened nucleus, and we can experimentally observe that as a higher binding
energy for the C 1s photoelectrons originating from the carbon atom binding to three
fluorine atoms. The opposite would be the case when looking at the F 1s
photoemission spectra. The fluorine atoms that accept electrons from the carbon
atom to achieve the full 2p°® electron configuration would have more screening of
the nucleus by increased electron density in the valance 2p orbital. This will result
in lower binding energy of the F 1s electrons for fluorine binding to carbon
compared to a free fluorine atom. [100]
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Figure 24: Chemical shift of the C 1s core level for different carbon species in the ethyl
trifluoroacetate molecule taken from Ref [101].

An example of chemical shifts in the Ni 2p3, Cr 2ps32, and Mo 3d spectra from the
Ni-Cr-Mo alloy studied in this thesis is shown in Figure 25. Just like in the example
of carbon binding to electronegative fluorine above, metal oxides exhibit higher
binding energies than the metallic components, and the higher the oxidation state,
the higher the binding energy is, as seen from the Mo 3d core level spectra, which
contains several oxidation states. From the deconvolution of the spectra, the
chemical states that exist in the probed volume near the surface are determined.
Quantitative analysis to determine the amount of each chemical state, or the
composition, in the oxide film and in the metal substrate underneath is possible
based on the photoelectron intensities of the deconvoluted components. Here, the
photon flux (which is energy dependent at the synchrotron beamlines), the
photoelectric cross-section, the attenuation of the photoelectron signal escaping
through the solid, and a theoretical layered model of the interface must be carefully
considered.
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Figure 25: Example of XPS spectra of Ni 2ps2, Cr 2psz, and Mo 3d from the native oxide
formed on the Ni-Cr-Mo alloy.

The thickness of thin films can also be determined using XPS [102]. This
quantitative analysis relies on the strong attenuation of the photoelectrons as they
travel through the solid. For a clean metallic surface, the XPS spectra would only
show a strong signal associated with the metal, as shown in Figure 26 a). If a
monolayer of oxide was formed on that surface, a component would appear at higher
binding energy in the spectra associated with the oxide, and the metallic component
would decrease slightly in intensity due to attenuation of the photoelectrons from
the metal substrate through the thin oxide layer, as shown in Figure 26 b). As the
oxide film grows thicker, the oxide signal would continue to increase while the
metallic signal would continue to decrease, as shown in Figure 26 a). At some point,
the oxide would be so thick that all photoelectrons from the metal substrate are
scattered and lost before they could escape and be detected. From this simple
thought experiment, we can see that the ratio between the oxide and metal signal is
related to the oxide thickness.

Considering a simple over-layer model as the oxide in Figure 26, the photoelectron
intensity originating from the metal substrate, /,, can be written as shown in
Equation (17), and the photoelectron intensity originating from the oxide layer, /.,
can be written as shown in Equation (18) [103-105],

)

d
Iy = NpApo - e 7ox (17)

_ (1 — D
lox = NoxAoxo - |1 e fox (18)

where ; is the number of atoms per unit volume in matrix i, 4; is the mean free path
of the photoelectrons in matrix i, ¢ is the photoelectric cross-section, and d is the
oxide layer thickness. By dividing and rearranging the expressions for the oxide and
metal signal, we arrive at the expression shown in Equation (19). [102, 106]
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For a more complex model with several layers consisting of different elements that
are measured with different photon energies, a large system of equations can be
constructed and solved to obtain the atomic concentrations in each layer as well as
the thicknesses. [107, 108]
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Figure 26: Oxide and metal component in the Cr 2ps/2 spectra during oxidation from a clean
metallic surface to a thick oxide layer with corresponding schematic layered models.

Ambient pressure X-ray photoelectron spectroscopy

As stated in the previous chapter, electrons interact strongly with matter. This makes
XPS an inherently surface-sensitive technique. But this also means that the sample
must be analyzed in UHV. Otherwise, the photoelectrons would be scattered and
lost before they could ever be detected. The above statement and the limitation to
UHYV were true until the 1970s when Siegbahn’s group in Uppsala developed the
first near ambient pressure XPS instruments dedicated to the study of liquid/vapor
interfaces [109]. The instrument developed in the 1970s was limited to less than 1
mbar, but now it is possible to perform AP-XPS at pressures up to 1 bar [110-112].
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The technique has also seen a significantly growing interest since the beginning of
the 2000s [113].

Since the attenuation of electrons is high in a gas phase atmosphere, the path of the
electrons needs to be minimized for XPS to be possible to perform at elevated
pressures. This is done first by placing the cone, or nozzle, that accepts electrons
into the electron analyzer system close to the sample surface. For the case of the
HIPPIE beamline where our AP-XPS experiments were performed, the distance
between the sample and the nozzle is 300 um, and a pressure of 17 mbar was used.
To place the analyzer close to the sample also requires a small spot size of the X-
ray beam. The second important development is the introduction of differential
pumping and electron focusing in the pumping system [114] between the sample
compartment and the electron analyzer, which is required to operate under high
vacuum, as shown in Figure 27. To separate the sample compartment containing the
gases from the X-ray source (lab source or synchrotron beamline), an X-ray
transparent window is used. In this way, a pressure in the high millibar regime can
be maintained in the sample compartment while the X-ray source and the
hemispherical analyzer are kept in vacuum. [115, 116]
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Figure 27: Schematic of an AP-XPS instrument with differential pumping and electrostatic
focusing of the electrons between the sample compartment and the hemispherical electron
energy analyzer. Taken from Ref [117].
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In 2015, an elegant solution was presented for how AP-XPS could be used to study
the solid-liquid interface under electrochemical control [118]. Since then, several
papers have been published using this approach [108, 117, 119-126], and the
technique is available at several beamlines [91, 118, 127] and lab based instruments
[128, 129]. To combine electrochemistry and AP-XPS, a thin liquid film of
electrolyte needs to be created on the sample surface. This is achieved by the so-
called “dip and pull” method, as illustrated in Figure 28, where the sample can be
submerged into the electrolyte and then retracted while still maintaining a thin liquid
film on the surface. This thin film can be maintained with some effort, and the area
probed by XPS can then be under potential control. In this thesis, the dip and pull
method was used in a quasi in situ approach where the sample was fully retracted
after exposure to the electrolyte while still maintaining a thin film of liquid water
on the electrode surface, as seen in the O 1s spectra shown in Figure 27 c). This
removed the cumbersome worry of maintaining a stable thin electrolyte meniscus
with potential control, and all the core levels from the multi-component Ni-Cr-Mo
alloy could be measured reliably, which allowed for detailed quantitative analysis
to be performed. Since we only used AP-XPS to study how the passive film evolved
upon anodic polarization (which is the formation of a stable oxide layer that will not
disappear once the potential is terminated), the true operando conditions with full
potential control were not necessary in this case. In the future, it would be interesting
to study the dynamics of passive film growth with time resolution under potential
control, which is something that is possible to perform with AP-XPS and the dip
and pull method. Other advances in the field of combining XPS with
electrochemistry deserve to be mentioned as well, where the offset droplet method
[130], lab based setups [129], and closed cells with a thin electron transparent
membrane [131, 132] have been shown to provide surface spectroscopic
information in an electrochemical environment.
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Figure 28: a)-b): Schematic of setup used to combine AP-XPS and electrochemistry through
the so-called "dip and pull" approach. Dipping of the sample is seen in a) to expose it to the
electrolyte, and pulling is seen in b) where the sample is retracted and AP-XPS spectra are
collected. ¢) O 1s XPS spectra measured in 10 mbar (lowest pressure we could achieve in
the electrochemical chamber at the HIPPIE beamline), 17 mbar of water vapor (vapor
pressure of our electrolyte), and after exposure to the aqueous electrolyte. Note the
appearance of the water vapor peak and the growth of the liquid water peak after introducing
water vapor in the chamber. After exposure to the electrolyte, the liquid water peak further
grew.
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X-ray absorption near edge structure

Above, we discussed how surface chemistry could be explored by studying the
ejected photoelectrons after photoionization. In this chapter, we will instead focus
on the absorption event and how that can be used to learn about the chemistry of
materials.

In X-ray Absorption Near Edge Structure (XANES), the probability of an atom
absorbing a photon, which is proportional to the absorption cross section (or
absorption coefficient), is measured as a function of the photon energy. This will
give rise to a characteristic absorption spectrum for a given material where an
increase in the absorption cross section is seen when the X-ray energy is sufficient
to excite a core-level electron to an unoccupied electronic state or into the
continuum (the electrons that are analyzed in an XPS experiment), as shown in
Figure 29 a). This sharp increase in the absorption coefficient is known as the
absorption edge. Before the edge, in the so-called pre-edge region, electronic
transitions can occur from the core level to an unoccupied bound electronic state.

(a) (b)
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Figure 29: a) Absorption process of a core electron to an unoccupied electronic state. b)
XANES spectra of different Cr species.
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The features in a XANES spectrum originate from the electronic structure of the
specific atom that is probed and depend heavily on the chemical environment and
bonding geometry of the atom that is studied. Examples of XANES spectra of
different Cr species are shown in Figure 29 b). XANES is an elemental specific
technique since the core-level binding energies of different elements are well
separated, especially in the hard X-ray regime. The interpretation and modeling of
XANES spectra is complex, and it is therefore often used as a fingerprinting
technique, which is also how the technique was used in this thesis. This requires a
comparison of XANES spectra from the sample of interest with spectra from
reference material, which are also measured at the beamline. These references are
often measured from powdered material pressed into pellets, metallic foils, or ions
in solution. During a XANES experiment, the absorption of the X-rays in the
material is measured. This is most commonly performed in a transmission geometry
by measuring the attenuation of the X-ray beam derived from the intensity before
and after the sample. It can also be measured in fluorescence mode, where one
measures the total fluorescence intensity and assumes that the absorption is directly
proportional to the fluorescence detected.

Since XANES relies on the detection of photons, it is an inherently bulk sensitive
technique compared to XPS. In this thesis, XANES was measured in the electrolyte
to determine the chemical state of the dissolved metal ions during corrosion
experiments. It was also measured in a grazing incidence geometry, as will be
explained in more detail later, to study the chemical state of corrosion products
deposited on the sample surface.

X-ray fluorescence

After a core hole is generated through photoelectric absorption, the atom will relax,
which can be done by the filling of the core hole with an electron from a higher
energy level. The difference in energy between these two electronic states is then
emitted, when the atom relaxes, in the form of a photon with a characteristic energy
in the X-ray regime, as shown in Figure 30 a). This is known as X-ray Fluorescence
(XRF), which is a technique that provides elemental information obtained from the
spectra of emitted Fluorescence X-rays, as shown in Figure 30 b). XRF was used in
this thesis to quantify the amount of dissolved metal ions in the electrolyte solution
in situ while the sample was electrochemically polarized to drive dissolution and
passivity breakdown.
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Figure 30: a) Emission of a characteristic X-ray after filling of a core hole by a higher energy
level electron. b) Example of XRF spectra from dissolved Ni and Mo in the electrolyte.

X-ray diffraction

Shortly after discovering X-rays, scientists realized that the periodic structure of a
crystal could act as a grating for X-rays where interference effects give rise to X-
ray Diffraction (XRD). This was awarded two Nobel prizes, in 1914 to Max von
Laue and in 1915 to father and son Bragg, who derived the famous Bragg's law that
will be introduced shortly. But let us start at the beginning and first introduce the
scattering of X-rays from a single electron as a point-scatterer.

When an electron interacts elastically with X-rays, it starts to move in the electric
field of the electromagnetic wave due to its charge. The electron starts to oscillate
with the same frequency as the incoming radiation and, in turn, induces a new
electromagnetic field, emitting X-ray radiation spherically [72]. If we have two
point scatterers that emit two spherical waves, these will overlap and interfere
destructively and constructively in different directions. Considering instead
scattering from a crystal containing many atoms (which in turn contains many
electrons that are responsible for the interactions with X-rays as described above) in
an ordered periodic structure, the scattered radiation will interfere constructively in
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very specific directions, as seen in Figure 31. This is what is known as X-ray
diffraction. The directions in which the scattered X-rays will interfere constructively
is described by Bragg's law [133], derived by father and son Bragg, who received a
Nobel prize, as mentioned earlier. The equation is derived by considering scattering
from two atomic planes separated by a distance d. A primary beam of X-rays
intercepts the crystal with an incidence angle # and is scattered with an equal exit
angle 6 from the top and bottom atomic planes. The path difference between the X-
rays scattered from the top and bottom atomic planes is equal to 2dsin(8), and if this
path difference is equal to an integer multiple of the wavelength, n4, the two waves
will interfere constructively. Now, the famous Bragg's law is derived, which is
shown below in Equation (20). Notice that the angle 0 is used in Bragg's law, but in
a diffraction measurement, the angle 20 is measured, which is the angle between the
primary beam and the scattered beam.

2dsin(0) = ni (20)

Figure 31: Scattering from a solid crystal resulting in constructive interference governed by
Bragg's law.
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Figure 32: Definition of the scattering vector Q during a scattering event between the
scattered beam K and the primary beam Ko.

The scattering vector Q describes the momentum transfer during a scattering event,
which can be graphically illustrated, as shown in Figure 32. Mathematically, the
scattering vector can be defined as the difference between the scattered propagation
vector and the incoming beam propagation vector Q = K - Ko [72]. As seen in Figure
32, the magnitude of the scattering vector, g, is related to the scattering angle and is
mathematically described as shown below in Equation (21), where 4 is the X-ray
wavelength and 6 is the scattering angle. The magnitude of the scattering vector is
a common unit to use in XRD instead of the scattering angle since it is wavelength
independent.

q =1Q| == sin(6) @1

For X-ray diffraction measurements on single crystals, the sample must be rotated
to fulfill the diffraction conditions in different directions, and a pattern of discrete
spots would be seen. If several crystallites in the volume of the X-ray beam are
randomly oriented relative to each other, there will be more atomic planes oriented
such that the diffraction condition is met. In the extreme case of an infinite number
of crystallites, there would be a crystallite with a set of lattice planes that meet the
diffraction condition for each direction, which adds up to solid rings in reciprocal
space or on the detector. This is what is known as powder diffraction, and the rings
are called powder rings, as seen in Figure 33. Thinking in terms of Bragg's law, that
there will always be crystallites oriented so that Bragg's law is fulfilled for an infinite
number of crystallites. The powder rings all correspond to a specific momentum
transfer and lie at a scattering angle of 20 relative to the direct beam. Each ring
corresponds to diffraction from a specific set of lattice planes rotated differently in
real space.
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Figure 33: 2D diffraction pattern recorded on an area detector and the corresponding one-
dimensional diffraction pattern for a CeO2 sample with an FCC structure.
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Figure 34: Influence of lattice strain on peak position. Tensile strain leads to a shift toward a
lower scattering angle, and compressive strain results in a shift toward a higher scattering
angle.

The position of the atoms in the crystal lattice may systematically deviate from their
equilibrium position, which is known as strain. This can originate from externally
applied forces; if a compressive force is applied to a crystal, the distance between
lattice planes in that direction will decrease, and if a tensile force is applied, the
lattice plane spacing will increase. If the lattice plane spacing changes in real space,
the diffraction peaks will shift in reciprocal space, as seen in Figure 34. Due to the
reciprocal nature of the transformation between real and reciprocal space, if the
lattice plane spacing increases in real space, it will shift to a lower momentum
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transfer in reciprocal space, resulting in a lower scattering angle and vice versa. This
makes diffraction very suitable and sensitive to measure and quantify the
displacements of atoms in a crystal. The strain € in a direction [hkl] in a lattice can
be calculated as shown below in Equation (22), where di is the lattice plane spacing
with Miller indices hkl, and @ is the equivalent lattice plane spacing but un-
strained.

ekt = (dni — A /i (22)

Grazing Incidence Geometry

Since electrochemical reactions take place at the surface of the electrodes, it is of
great interest to obtain structural and chemical information from the surface. As
discussed, XPS is an inherently surface-sensitive technique. However, the strong
interaction of electrons with matter also makes it difficult to perform real
electrochemical experiments in situ combined with XPS. XRD and XANES, which
are not electron-based techniques and rely on hard X-rays, are not inherently
surface-sensitive. However, the surface sensitivity of these techniques can be
enhanced by performing the measurement in a grazing incidence geometry where
the X-ray beam intercepts the sample surface with an incidence angle of less than
one degree, as shown in Figure 35. When the X-ray beam enters the sample at such
low incidence angles, the path length of the X-rays becomes very long without
penetrating very deep into the sample. This results in a decay of intensity, following
Beer-Lamberts law, as the X-rays penetrate into the sample. As a result, the X-rays
that escape all originate from a volume close to the sample surface.

Detector

Figure 35: Grazing incidence geometry where the beam intercepts at the sample with an
incidence angle a and the detector is scanned out of plane. Note that the Q vector changes
direction as the detector is moved.
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The incidence angle can be chosen below the critical angle for total external
reflection to further increase the surface sensitivity. The penetration depth or
information depth is defined as the depth into the sample surface from which 1/e, or
63% of the scattered signal, is generated [134]. The penetration depth as a function
of the incidence angle is shown in Figure 36. Both geometrical effects and total
external reflection are considered. As can be seen at incidence angles larger than the
critical angle, the penetration depth is governed by geometrical effects, but below
the critical angle for total external reflection, the penetration depth decreases more
than one order of magnitude. So, to be surface-sensitive, the incidence angle should
be chosen below the critical angle. The critical angle for X-rays is shown in
Equation (23) below,

a. =V26 (23)
where ¢ is the real part of the refractive index of the substrate material, the real part
of the refractive index is related to the scattering of X-rays.
The penetration depth, Zg.., considering only geometrical effects, is shown below in

Equation (24),

__ sin(a)-sin (B)
Zgeo = Lsin(@+sin(8) 4
where « is the incidence angle, £ is the outgoing angle, and u is the attenuation
coefficient of the material, which is energy dependent.
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Figure 36: Penetration depth of X-rays in a grazing incidence geometry as a function of
incidence angle for Pd at 18 keV.
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The penetration depth, Z..;, considering the effect of total external reflection, is
described in Ref [134] and can be written as shown in Equation (25),

A
5 j |(@2-a2)? +457~ (a2 ~a2)?

where 4 is the X-ray wavelength, a is the incidence angle, a. is the critical angle,
and /£ is the imaginary part of the refractive index related to absorption.

(25)

Zerit =

X-ray reflectivity

A technique that is based on grazing incidence is X-ray Reflectivity (XRR), where
the intensity of the reflected X-ray beam is measured as a function of the incidence
angle [135]. Similar to XRD but at a larger length scale, interference can occur
between X-rays reflected at the interfaces of layers on a surface, which gives rise to
constructive and destructive interference of the reflected X-ray beam at different
incidence and exit angles, as shown schematically in Figure 37 a). An experimental
XRR profile for the Ni-Cr-Mo alloy is shown in Figure 37 b). The position of these
maxima and minima depends on the thickness of the films on the surface as well as
their density (which affects the refractive index). At low incidence angles, below
the critical angle for total external reflection, the full intensity of the beam is
reflected. At angles above the critical angle, the reflected intensity rapidly decays
several orders of magnitude. The decay of the reflected intensity depends on the
roughness of the sample surface and the interfaces of the surface film. This
technique is excellent for studying the thickness of thin oxide films on metal
surfaces in real in situ electrochemical conditions. The measured reflectivity curves
are modeled by calculated reflectivity profiles based on a physical layered model
where the thickness, density, and roughness of each layer are defined [136, 137].
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Figure 37: a) Schematic of X-rays reflected at the oxide surface and metal oxide interface
giving rise to constructive or destructive interference. b) XRR curve measured for the Ni-Cr-
Mo alloy in a 1 M NaCl solution, indicating the presence of a thin oxide film.

In situ vs. operando studies of electrochemical interfaces

Since electrochemical reactions take place at the surfaces of the electrodes, it is of
great importance to understand the atomic structure and chemistry of the surface
since it governs the reactivity and stability of the surface. As we have seen, electron-
based techniques serve as the primary tool for surface scientists since they are
inherently surface-sensitive. However, they become problematic to use in
combination with liquid environments. These problems we can circumvent, as with
the case of AP-XPS, which can be combined with electrochemistry. However, this
still poses many challenges since the electrochemical reactions in the thin liquid
layer that is probed with AP-XPS in the “dip and pull” method, are far from the
electrochemical conditions that take place in a bulk electrolyte. With hard X-ray
methods such as GI-XRD, we can measure the sample surface under true operando
conditions where the sample is exposed to a bulk electrolyte environment and
electrochemical potentials can be applied. Here, one significant drawback is that
diffraction methods are not sensitive to amorphous structures, and we have seen
from experience that oxide films that form on metal surfaces at room temperature
in electrochemical conditions are not ordered. Therefore, we are “blind” to these
thin oxide films from a diffraction point of view. With XRR, we can see even the
amorphous thin oxides in true operando conditions. However, with XRR, we do not
get any chemical information from the surface, only morphological. This leads us
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to use XANES in total reflection mode, which makes a bulk-sensitive technique
surface-sensitive. With this technique, we can study the surface chemistry in true
operando conditions. With both XANES, AP-XPS, and XRR, we can see the
chemistry, thickness, and morphology of the thin oxide films on the metal surface
under electrochemical conditions.

Beam damage and beam-induced effects

The advancements that have been made in the photon flux and brilliance of X-ray
sources have enabled many new experiments and opened the door for new scientific
questions that people could only dream of pursuing when X-rays were first
discovered. But with the recent developments of 4™ generation synchrotron storage
rings, such as MAX IV, the damage or alterations to samples is becoming an
important issue. Under static experimental conditions, any alterations of the signal
over time when the sample is exposed to X-rays can be attributed to beam damage
in a straightforward way. However, during a time-resolved or in situ experiment
where structural and chemical changes are expected to happen, it is difficult to
separate contributions originating from beam damage from the desired real effects
one wants to observe and investigate. [ 138]

X-rays primarily interact through photoelectric absorption in the energy range of 10
eV to 50 keV [139]. Every photoelectric absorption event is accompanied by a
cascade of electrons and the generation of ions and radicals [ 140], and the generated
electrons are thought to play a significant role in the beam damage phenomena in
organic molecules [141]. The nature and extent of beam damage is highly material-
system specific [142], which hints towards a complex range of mechanisms that can
contribute to what, in the end, is observed as alterations of a sample caused by X-
rays.

Exposing water to X-rays can induce radiolysis, generating reactive radicals [143,
144], which makes water a very strong oxidizer when irradiated. This we have
observed during an experiment of corrosion in an oxygen free environment where
rust (iron oxyhydroxide), which is not supposed to form under such conditions, was
observed where the beam had impinged on the sample. This observation we cannot
explain in any other way than the radiolysis of water, which generates oxidizing
radicals.
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Figure 38: XANES data from the electrochemical surface oxidation of a Au polycrystal. Upon
several sequential XANES energy sweeps, the Au oxide was reduced, as seen from the
decreasing white line intensity. This was repeated in a second area, and the same effect was
observed.

In Chapter 2, the Cabrera Mott model for oxidation of metals was introduced. This
model predicts a self-limiting thickness when the barrier for dissociation of oxygen
on the oxide surface is considered [56]. Surprisingly, our group once observed that
the oxide film on Al locally grew thicker in the area exposed to the X-ray beam
when the sample was measured in air. This was attributed to the photodissociation
of oxygen in the air [145], which removes the necessity for molecular oxygen to
dissociate at the oxide surface. Irradiating the oxygen molecules in the air may also
generate oxygen radicals or other strongly oxidizing species. This has also been
observed for platinum [146].

Photoreduction is also a commonly observed form of beam damage [138, 147, 148].
This we have experienced when working with electrodeposition and
electrooxidation of gold. Au ions in solution are spontaneously reduced to the
metallic form, which can be observed by the appearance of the metallic gold
diffraction peak over time when the system is being irradiated. Also, solid Au oxide
is reduced to its metallic state upon exposure to radiation, as seen in Figure 38. For
oxides, it has also been observed that cations and anions can move to interstitial
sites in the oxide lattice by the creation of Frankel defects [149, 150]. Combined
with strong electric fields across thin oxide films, as in electrochemistry, this can
result in the migration of these defects, which alters the electrochemical interface
[151].

The Ni alloys have proved to be a system resilient towards beam damage, and
damage was not clearly observed in this thesis work. However, measures were taken
to reduce the amount of beam damage whenever possible, and several suggestions
exist in the literature [116, 138, 152-154]. In our case, this was done by minimizing
the exposure of a given area by spreading the beam footprint over the surface, as
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well as moving across the surface and not measuring at the same point twice. A
good way to monitor if beam damage occurs is to stay at one position and measure
over time in static conditions to see if any changes in the signal are observed.
Another thing to keep in mind for grazing incidence studies of electrochemical
systems is to minimize the amount of beam that goes through the electrolyte without
hitting the surface. This means having a sufficiently small vertical beam size such
that the entire beam is spread across the sample surface. This will reduce the amount
of unnecessary radiolysis in the water. For scattering studies, such as GI-XRD,
XRR, or surface XRD, where one is not limited in energy to a specific absorption
edge as in XANES, higher X-ray energies are beneficial to reduce the amount of
beam damage since the absorption cross section decreases as a function of energy
to a larger extent than the scattering cross section [139]. Another helpful method is
to use 2D-SOR in conjunction with the X-ray measurements. The 2D-SOR may
easily detect any beam damage as a darker streak across the surface, which is a
fingerprint of radiation-induced changes of the surface, as seen in Figure 39 [68].
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Figure 39: a) Example of beamdamage of a Au(111) surface during a surface XRD
experiment of Au electrooxidation and reduction. The dark streak across the surface is beam-
induced damage. Modified from Ref [68]. b) SEM image of the surface region without beam
damage. c) SEM image of sample area with beam damage.
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5. Complementary techniques

Two-Dimensional Surface optical reflectance

2D-SOR is a rather trivial but useful technique where collimated light (we have
operated this technique in the range of visible light) is impinging normally to a
sample surface and is reflected and subsequently detected. This technique, which is
sometimes also called reflectance microscopy, was introduced by Onderwaater et
al. in 2017 [155, 156]. Since then, it has been further developed in the field of
thermal catalysis and electrochemistry, in part here at Lund University [65, 66, 68,
157-166]. The 2D-SOR setup is shown in Figure 40 a). An LED light (660 nm)
shines onto a beam splitter and is directed down towards the sample surface at
normal incidence. Part of the light is reflected and travels up the microscope before
it is detected. An optically transparent window at the top of our electrochemical cell
dedicated to in situ synchrotron experiments allows for the combination of 2D-SOR
with electrochemical measurements, as shown in Figure 40 b). A typical 2D-SOR
image of the Ni alloy microstructure after preparation is shown in Figure 40 c).

The reflected intensity depends on the roughness of the surface, the optical
properties of the surface that are material-dependent, and interference effects arising
in thin films on the surface. For very thin oxides in the range of nanometers, the
intensity decrease of the reflected light is very low. For the well-defined surface
oxide formed on Pd, which is 2.5 A thick, the intensity of the reflected light
decreases by only 0.3 %, but this is well within the accuracy of 2D-SOR [159]. With
2D-SOR, we can follow relative changes in reflected intensity and report the
reflected intensity with respect to the intensity at the time of potential zero. It is
trivial to measure changes in reflectance upon subjecting a sample to
electrochemical polarization, but it is less trivial to attribute these changes to some
physical or chemical change of the surface. Therefore, 2D-SOR works as a great
complement to other surface-sensitive techniques or to disentangle the local
electrochemical response from a heterogeneous surface.
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Figure 40: a) Schematic of the 2D-SOR setup. b) Combination of 2D-SOR with an
electrochemical cell for synchrotron studies. c) Example of a 2D-SOR image of a Ni alloy
sample (Ni 59).

Scanning electron microscopy

Scanning electron microscopy (SEM) is a technique used to image objects in the
micron to submicron range. In the SEM, an electron gun is the radiation source,
emitting electrons in the energy range of 1 keV to 30 keV. The electrons are
accelerated down a column and focused to a point at the sample surface by
electromagnetic lenses. This focused point is then raster scanned across the sample
surface. The incident electrons can interact elastically or inelastically with the atoms
in the sample. During inelastic interactions, electrons can be emitted from the atoms
in the sample. These electrons are termed secondary electrons (SE) and have low
energy compared to the incident electrons. Due to the lower energy, SE have a lower
mean-free path inside the bulk of the sample, which means that only SE generated
close to the surface can escape and be detected. Figure 41 shows the excitation
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volume from where different signals can escape in the SEM. As seen, the SE can
only escape from a small volume close to the sample surface. This makes SE
imaging surface sensitive and increases the resolution since the SE are only
generated within a small volume with the same area as the focused electron beam.
SE imaging does not result in much chemical or compositional contrast. The most
substantial contrast in secondary electron imaging is the edge contrast. When the
incident beam hits an edge, more secondary electrons can escape, and the edge
appears bright. SE imaging was used to study the corrosion scales that formed on
the surface of the Ni-Cr-Mo alloy after corrosion, as shown in Figure 42 a). The
electrons can also be back-scattered and detected. Back-scattered electron (BSE)
imaging can result in chemical contrast, where heavier atoms scatter the electrons
more strongly, or channeling contrast where crystalline grains of different
orientation can be distinguished as in Figure 42 b).

e Electron beam

Sample surface

. Secondary electrons
Interaction volume

Back-scattered electrons

Characteristic x-rays

Figure 41: A schematic cross-section view of the excitation volume of different signals
generated in SEM.

The SEM can also be coupled with Energy Dispersive Spectroscopy (EDS), where
XRF is induced by the excitation of atoms in the sample by the primary electron
beam. In this way, EDS spectra can be collected at every point in the image to make
a spatially resolved map of the elements present. This technique has a low energy
resolution, which does not allow for the separation of different chemical states but
only elemental information.
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Electron backscatter diffraction (EBSD) is another technique performed in an SEM
where, at each point, the backscattered diffraction pattern is recorded and analyzed
such that the local orientation of crystalline material can be determined at each point
in the image. This results, in the end, in a map of the crystallographic orientation of
each grain in a polycrystalline material.

(a)

Figure 42: SEM images. a) Secondary electron image of corrosion scales formed on the Ni-
Cr-Mo alloy surface. b) Back-scatter electron image of the Ni-Cr-Mo alloy microstructure.
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6. Summary of papers

The papers included in this thesis can be separated into three main topics. First, the
study of passive film formation and their thickness and composition. Second, the
study of passive film breakdown under electrochemical conditions. Lastly, this
thesis also covers some method development dedicated to new ways of studying
electrochemical surfaces in situ with means of optical and X-ray-based techniques.

Passive film formation

Paper 1.

Thickness and composition of native oxides and near-surface regions of Ni
superalloys

In this paper, XPS and XRR were used to study the thickness and chemical
composition of the spontaneously air-formed native oxide films on three different
grades of industrial Ni-based alloys (alloy 59, 625, and 718). Both XPS and XRR
reveal that the surface of all three alloys is covered by a 1 nm thick oxide layer. On
top of the oxide layer, one monolayer of hydroxide is present. The oxides were
enriched in Cr**, Mo*>%", and Nb*>" oxide, while no Ni was present in the oxide,
even if Ni is the base metal in the alloy. The alloy composition right under the oxide
layer was also accessed with XPS, and it was found that Ni was heavily enriched
while Cr and the other oxide-forming elements were depleted just underneath the
oxide film. It was also found, using thermodynamics, that the oxide composition
correlated with the enthalpy of oxide formation for the metal elements in the alloy.

Paper II.

Dynamics of early-stage oxide formation on a Ni Cr-Mo alloy

In this paper, the early-stage oxide formation on Ni alloy 59 was studied in situ
using XPS. The experiments were carried out in the UHV system at the FlexPES
beamline, and the native oxide was removed by argon sputtering. Afterward, O, was
dosed at 10® mbar while XPS was measured. Immediately upon oxygen exposure,
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Cr** oxide, Mo*", and Mo®" oxide were formed, and after 20 L of O, exposure, a
self-limiting thickness was reached. It was found that this self-limiting thickness
was caused by the depletion of Cr and Mo near the surface. A mechanism to explain
the bi-layer oxide model observed for Ni-Cr-Mo alloys is also proposed.

Paper II1.

Synchrotron XPS and Electrochemical Study of Aging Effect on Passive Film of Ni
Alloys

In this paper, XPS was used to study the effect of aging time on the oxide
composition, thickness, and electrochemical properties of Ni alloy 59 and 625. The
native air-formed oxide film was measured, then the sample surfaces were cleaned
by argon sputtering to remove the oxide. The clean metallic surfaces were then
exposed to air for 5 minutes, after which XPS was again measured. It was found that
after 5 minutes in air, the oxide film was thinner and less Cr-rich compared to the
sample stored in air for one month. It was also found that the open circuit potential,
which is proportional to the nobility of the surface, was much lower right after
polishing but reached the same value as the aged samples after one hour in 1 M
NaCl electrolyte. This study indicates that even if the initial oxide formation is rapid,
there are changes occurring in the oxide thickness and composition also during
longer timescales.

Passive film breakdown

Paper IV.

The Oxygen Evolution Reaction Drives Passivity Breakdown for Ni—Cr—Mo Alloys

In this paper, AP-XPS, XANES, XRF, GI-XRD, and XRR were combined in situ
together with electrochemical methods to study the passive film growth and
breakdown during electrochemical polarization of Ni alloy 59. It was found that the
material is stable and passive until the onset of the Oxygen Evolution Reaction
(OER), where an enrichment of Mo®" oxide and Cr** hydroxide is seen on the
surface. At the onset of OER, severe dissolution of the alloy also takes place. From
the quantitative analysis of the dissolution current, it was found that the OER
contributes significantly to the total measured electrochemical current. From in situ
XANES measurements from the electrolyte, it was possible to exclude Cr®" as a
dissolution product, which indicates that the observed passivity breakdown
mechanism is different from the typical transpassive breakdown mechanism of Cr-
containing alloys. Lastly, this mechanism of passivity breakdown is discussed in
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relation to the degradation of electrocatalyst model systems of IrO, and RuO, under
OER conditions.

Paper V.

Operando Surface Optical Reflectance Microscopy Study of Corrosion Film
Growth on a Ni-Cr-Mo Alloy During Anodic Polarization

In this paper, 2D-SOR was used to follow the formation of corrosion products on
the surface of Ni alloy 59 at increasingly elevated potentials. The growth of
corrosion products on the surface results in constructive and destructive interference
of the light reflected from the metal/corrosion product interface and the surface of
the corrosion product film. This gives rise to oscillations in the 2D-SOR intensity
while the corrosion product film is growing. From these oscillations, the total
thickness and the growth rate of the corrosion products could be determined. The in
situ 2D-SOR data was complemented by ex situ SEM and EDS measurements of
the corrosion product morphology, thickness, and composition.

Method development

Paper VI.

In situ quantitative analysis of electrochemical oxide film development on metal
surfaces using ambient pressure X-ray photoelectron spectroscopy: Industrial
alloys

In this paper, AP-XPS combined with electrochemistry was used to study the
passive film growth of Ni-59 in situ. The methodology of “dip and pull” was
expanded to industrial alloys with multiple elements to be measured. To facilitate
this, AP-XPS was measured without potential control, which allowed for increased
stability of the system. This made it possible to perform a quantitative analysis of
the oxide film thickness and composition where the water layer and attenuation of
the photoelectrons through the water vapor environment were considered.

Paper VII.

An electrochemical cell for 2-dimensional surface optical reflectance during
anodization and cyclic voltammetry

In this paper, an electrochemical flow cell was developed for combining 2D-SOR
and synchrotron measurements with electrochemistry. A glass window at the top of
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the cell gives optical access for 2D-SOR measurements from the electrode surface
while exposed to the electrolyte and under potential control. As a proof of principle,
anodization of Al, cyclic voltammetry of Au(111) and Pt(111) was used. It was
found that the derivative of the 2D-SOR signal follows the current in the cyclic
voltammogram.

Paper VIII.

Operando Reflectance Microscopy on Polycrystalline Surfaces in Thermal
Catalysis, Electrocatalysis, and Corrosion

In this paper, the 2D-SOR capabilities were further developed into a microscope
and applied to detailed studies of polycrystalline materials with three examples: CO
oxidation over polycrystalline Pd in the gas phase, electrooxidation and reduction
of a Au polycrystalline surface, and cyclic voltammetry of a duplex stainless steel
sample. The 2D-SOR data was also complimented with EBSD in the case of Au and
Pd, which allows for the direct correlation between surface orientation and the 2D-
SOR signal. This also enabled the disentanglement of the global electrochemical
current response into the contribution from each grain in the case of Au. It also
allowed us to establish the relationship between surface orientation and
overpotential for surface oxidation.

Paper IX.

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

In this paper, a demonstration of in situ total external reflection XANES applied to
electrochemistry is presented. By measuring XANES in total reflection, very high
surface sensitivity can be achieved for an otherwise bulk-sensitive technique. Two
case studies are chosen: the anodic polarization of a Ni-Cr-Mo alloy in sodium
chloride at pH 7 and pH 12, as well as the electrooxidation of a gold polycrystalline
surface in sulfuric acid. For the Ni alloy, a difference in surface chemistry was
observed, with more Ni(OH); present in pH 12. At higher anodic potentials, thicker
layers of MoOs were observed at both pH 7 and pH 12. For the gold sample, a thin
layer of Au(OH); (sub-nanometer) was detected at the potential corresponding to
surface oxidation in the cyclic voltammogram. At higher anodic potential where
OER occurs, a thicker (few nanometer) hydroxide layer was observed. This shows
the capabilities of the technique to detect nanometer thick oxide layers during
operando conditions in an electrochemical environment.
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7. Summary & Outlook

This thesis has focused on the development and utilization of in situ and operando
synchrotron and optical techniques to access structural and chemical information
from the solid-liquid interface of electrode surfaces exposed to an electrolyte.
Electrochemistry is vital not only for understanding and studying corrosion but also
for electrocatalysis, fuel cells, and batteries. The electrochemical properties, such as
stability and reactivity, are governed by the atomic structure and the chemistry of
the electrode surface. It is, therefore, vital to understand, measure, and quantify the
structure and chemistry of the electrode surface under realistic electrochemical
conditions. Traditional electron-based surface-sensitive techniques operated in
UHYV have provided detailed chemical and structural information and have been the
backbone of surface science for decades [167, 168], but these techniques are not
compatible with electrochemistry. Due to the presence of the electrolyte, which is
an absorbing medium compared to vacuum or the gas phase, the electrode surface
is notoriously difficult to study under realistic conditions [169].

In this thesis, I have worked with advanced techniques that make it possible to
bridge the realm of electrochemistry and surface analysis with varying degrees of in
situ capabilities. AP-XPS provides excellent surface sensitivity and chemical
sensitivity. However, this technique is difficult to operate in combination with
electrochemistry, and the low mean free path of photoelectrons limits the electrolyte
film in the analyzed area to a few nanometers. This introduces mass-transfer issues
and a significant potential drop such that if measured under “potential control”, the
actual electrochemical potential at the point measured with AP-XPS might not be
the true electrochemical potential applied with the potentiostat. We have also
developed and used XANES in total reflection for electrochemical studies. This is
a hard X-ray technique that relies on photons in and photons out, which means that
penetrating through millimeters of electrolyte with the X-ray beam is no problem.
It is, however, less trivial to deconvolute the spectra and assign specific chemical
states. Also, quantitative analysis of oxide film composition and thicknesses is not
yet developed for this technique, but I believe that it holds great potential. GI-XRD
and XRR can be used in true operando conditions, just like total reflection XANES,
and can provide structural information from the interface exposed to an electrolyte
and under electrochemical conditions. These X-ray-based techniques, which do not
provide any spatially resolved information from the surface, can be combined with
2D-SOR to obtain a microscopic view of the sample surface during the experiments.
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This can be used for detailed analysis of oxide formation or to follow the growth of
corrosion products. But it can also be a valuable tool to check, in real-time at the
synchrotron, for beam damage, heterogeneous sample behavior, and bubble
formation, which can indicate the presence of, for example, oxygen evolution.

With these techniques, I have been able to follow the passive film growth and
breakdown of Ni alloys under electrochemical conditions and at elevated anodic
potentials. From studies in UHV, we have characterized the native oxide films on
these Ni alloys in detail, and with AP-XPS, we could also perform a detailed
quantitative analysis of the oxide films after electrochemical exposures. From the
combination of all the above-mentioned X-ray-based techniques, I could obtain a
detailed picture of the passivity breakdown at increased anodic potentials and
attribute this to the presence of the oxygen evolution reaction, which induces
passivity breakdown through a mechanism that was previously unknown and
different from that of typical Cr containing alloys.

I believe that the techniques and methodology used and developed during this thesis
can have a great impact on the electrochemical community, and it opens the door to
tackle open questions that were previously difficult to answer with conventional
electrochemical techniques or traditional ex sifu surface analysis. I also believe that
electrochemistry is an increasingly important topic with applications that may have
a great impact on the societal challenges that we face. Very important research
fields, such as CO, reduction into useful chemicals [170, 171], green production of
H, for use in industrial sectors and energy storage [172], fuel cells [173], batteries
[174], as well as corrosion, are all encompassed by the field of electrochemistry.
Corrosion results in huge costs [2 , 3], and the production of metals is responsible
for 40 % of industrial greenhouse emissions and 10 % of our global energy
consumption [5, 175]. Therefore, a fundamental understanding of corrosion and
corrosion inhibition could have a significant impact on reducing greenhouse gas
emissions.

With the advances in modern synchrotrons, dream experiments can become a
reality. For example, with operando AP-XPS combined with electrochemistry, the
passive film formation at anodic potentials and reduction at cathodic potentials
could be studied in real time to elucidate the dynamics of oxide formation, which
governs passivity. Also, operando AP-XPS combined with electrochemistry could
be used to study the interaction of organic corrosion inhibitors with metal surfaces
in realistic aqueous conditions to obtain a better understanding of the interplay
between these molecules, metal or oxide surfaces, and the aqueous environment.
Total reflection XANES could be used in real time to study the active state and the
degradation mechanism of important electrocatalysts for OER, which is the
bottleneck in green H> production. These materials could be Pt and IrO; for acidic
conditions, as well as more earth-abundant and affordable materials such as Ni and
Co oxides and hydroxides used in alkaline media. XANES measured in situ from
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the electrolyte could also be used to shed light on the degradation mechanism of
electrocatalysts by studying the chemical state of the dissolution products.

I am happy, and I feel privileged to have been able to contribute (however
insignificantly) to the body of human knowledge. And I hope that the advances in
experimental methodology that came out from this Ph.D. thesis may help to tackle
some of the great societal challenges that we have in front of us.
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