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Resumen

En los dltimos anos, la sociedad ha experimentado un notable incremento en la
demanda energética. Este crecimiento, combinado con el continuo aumento del ca-
lentamiento global relacionado con la dependencia de combustibles fosiles, resalta el
papel fundamental de la energia renovable en la transicion hacia un futuro sostenible.
En este contexto, la electrocatéalisis combinada con fuentes eléctricas renovables como
la edlica y la solar tiene la capacidad de generar productos quimicos que, a su vez,
son combustibles ricos en energia, reduciendo asi la demanda de combustibles fosiles.
De esta manera, surgen las células de combustible unificadas (URFCs, por sus siglas
en inglés), dispositivos que incorporan de forma regenerativa o bifuncional los pro-
cesos de electrolisis y celda de combustible, manifestdndose como una prometedora
tecnologia para la generacion de energia limpia y eficiente.

Sin embargo, el pleno potencial de esta tecnologia y su desarrollo se ve limitado
por diversos factores, entre los cuales destaca la reaccion de evolucion de oxigeno
(OER). La OER presenta un alto potencial de equilibrio (1,23 V vs RHE), con-
tribuyendo a la ineficiencia energética del sistema. Ademas, la reacciéon implica
multiples pasos de transferencia de electrones, asi como la formacion y ruptura de
enlaces O-H, lo que resulta en una cinética lenta. Esta baja velocidad de reaccion
hace aumentar el sobrepotencial y, en consecuencia, la energia necesaria para con-
ducir la reacciéon. La cinética lenta a su vez contribuye en al desgaste acelerado de
los electrodos implicados, limitando la vida 1til de las URFCs. Estos hechos en su
conjunto subrayan la necesidad de emplear catalizadores més eficientes y estables.

Actualmente, los catalizadores basados en 6xidos de metales nobles, como el
6xido de iridio y rutenio, son los mas eficaces para la OER debido a su alta ac-
tividad catalitica y estabilidad. Sin embargo, su alto coste y escasez limitan su
viabilidad comercial a largo plazo. Por lo tanto, existe una necesidad critica de
desarrollar nuevos catalizadores basados en 6xidos que sean méas econémicos, abun-
dantes y activos cataliticamente. Los ¢éxidos metalicos, como los de manganeso, han
mostrado un potencial significativo como catalizadores alternativos debido a su gran
disponibilidad en la tierra y su bajo coste. No obstante, su desempeno actual no es
comparable a sus predecesores, 6xido de rutenio e iridio, en medio acido (pH < 7).

La investigacion actual se centra en mejorar la actividad catalitica y la esta-
bilidad de estos ¢xidos mediante el estudio de las relaciones actividad-estructura y
estabilidad-estructura. Dado que los procesos electrocataliticos ocurren en la in-
terfaz electrodo-electrolito, la fisica de superficies, que estudia las propiedades y
procesos en la superficie de materiales solidos, emerge como una herramienta poten-
cial y esencial para comprender como funcionan estos catalizadores y como pueden
optimizarse para mejorar su eficiencia y actividad.

Teniendo en cuenta la importancia de combinar la fisica de superficies y la elec-
troquimica para entender la interfaz electroquimica y, por ende, el mecanismo de los
catalizadores, esta tesis doctoral se ha centrado en el desarrollo de una metodologia
experimental para investigar diferentes electrodos modelo (superficies metalicas y
oxidos) actuando como electrodos de trabajo en reacciones electroquimicas clave
para la generacion de energia renovable. Por ello, el primer objetivo fue adaptar y
desarrollar un sistema que combinara las capacidades de ultra alto vacio (UHV, por
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sus siglas en inglés) con técnicas electroquimicas. Durante el proyecto, se diseni6 y
puso en marcha un sistema de EC-UHV, combinando una celda electroquimica y
un sistema de transferencia limpia que evita la exposiciéon de la superficie al aire.
Este desarrollo implicé innovaciones técnicas para asegurar que el sistema pudiera
mantener las condiciones de UHV mientras se realizaban estudios electroquimicos a
presion atmosférica en una atmosfera de gas inerte, fundamental para obtener datos
precisos y reproducibles sobre las reacciones en la interfaz electroquimica. La camara
de UHV esta equipada con técnicas de analisis de superficies, como la espectroscopia
de fotoelectrones emitidos por rayos X (XPS, por sus siglas en inglés) y la difrac-
cion de electrones de baja energia (LEED, por sus siglas en inglés) / microscopia de
barrido por efecto tinel (STM, por sus siglas en inglés), que permiten investigar la
composicion quimica y la estructura cristalina de la muestra antes y después de las
mediciones electroquimicas, asi como su dinamica con el potencial aplicado. Esto
facilita la correlacion entre la respuesta electroquimica y la composicién y estruc-
tura del catalizador. Ademés, el sistema cuenta con médulos para sintetizar éxidos
binarios con estequiometrias y estructuras controladas, expandiendo la investigacion
de la actividad catalitica a sistemas con mayor relevancia practica.

Una vez desarrollado el sistema, se evalu6 su capacidad utilizando un electrodo
modelo de Au(111). Este electrodo fue seleccionado por sus caracteristicas bien
definidas y su relevancia en estudios electroquimicos. Se estudiaron sus propiedades
electroquimicas y se asignaron su composicion quimica y estructural mediante la
nueva aproximacion desarrollada. El sistema demostrd ser efectivo para mantener
la interfaz electroquimica, permitiendo una comprension més profunda del compor-
tamiento del oro bajo condiciones de oxidacién electroquimica. En particular, se
estudi6 el mecanismo de electro-oxidacion del Au, generalmente considerado como
un paso previo a la produccion de oxigeno en la OER. Este estudio revel6 informa-
cion critica sobre el rol de los iones y la dinamica de la electro-oxidacion a altos
potenciales anodicos, estableciendo cual es la fase catalizadora real en los anodos de
oro.

El éxito en el estudio del Au(111) proporcion6 una base solida para extender la
investigacion a sistemas mas complejos y relevantes, como los 6xidos de manganeso.
Gracias al uso de técnicas de UHV integradas en el sistema EC-UHV desarrollado,
se logré un crecimiento controlado de 6xidos de manganeso con diferentes composi-
ciones quimicas y estructurales sobre diferentes sustratos como la plata y el oro. Este
enfoque permitié evaluar el efecto que tiene diferentes variables de crecimiento, como
la naturaleza del sustrato, la orientacion del sustrato, el modo de crecimiento y las
condiciones de crecimiento (presion de agente oxidante y naturaleza del agente oxi-
dante), en la estructura cristalina y la composicién quimica de los 6xidos obtenidos.
Ademés, dado que el Au se oxida a potenciales muy altos, sirvié como un excelente
sustrato para el crecimiento de estos 6xidos, y permiti6 realizar estudios detallados
de las propiedades cataliticas de estos sistemas. De esta forma, se estudio la relacion
entre la estructura en la actividad y estabilidad a potenciales relevantes para la OER.
El estudio de los ¢xidos de manganeso reveld cual es la fase catalizadora real que
facilita la evolucion de oxigeno, proporcionando una comprension mas profunda de
la relacion estructura-actividad-estabilidad en estos materiales.

En conclusion, esta tesis ha demostrado con éxito la viabilidad de un sistema
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EC-UHV para el estudio quasi-in situ de reacciones electroquimicas mediante técni-
cas de fisica de superficie. El sistema desarrollado no solo ha permitido avanzar en
la comprension de la electro-oxidacion del Au, sino que también ha abierto nuevas
lineas de investigacion enfocadas en el estudio del mecanismo de la evolucion de
oxigeno y la dindmica de los iones a altos potenciales anddicos. El posterior estudio
de catalizadores modelos con relevancia en su actividad, como el estudio de éxidos
de manganeso, ha proporcionado informaciéon valiosa sobre las fases catalizadoras
reales en la OER, estableciendo una base para futuras investigaciones y desarrollos
en catalizadores mas eficientes y duraderos. La capacidad de crecer y evaluar difer-
entes composiciones quimicas y estructurales en condiciones controladas ofrece una
herramienta poderosa para el diseno racional de nuevos materiales cataliticos.

El enfoque integrado en esta tesis mediante el estudio sinérgico de EC y UHV
proporciona una herramienta poderosa para estudiar y entender los mecanismos
fundamentales de catalizadores metalicos y ¢xidos. El avance en la comprension de
la interfaz electroquimica y el desarrollo de nuevos catalizadores basados en ¢xidos
son cruciales para mejorar la eficiencia y la sostenibilidad de las tecnologias de celdas
de combustible y almacenamiento de energia, contribuyendo significativamente a la
transicion hacia una energia renovable y limpia.
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Abstract

In recent years, society has experienced a significant increase in energy demand.
This growth, combined with the ongoing rise in global warming related to fossil
fuel dependency, underscores the crucial importance of renewable energy in the
transition towards a sustainable future. In this context, electrocatalysis, combined
with renewable electric sources such as wind and solar, has the potential to generate
chemical products that are energy-rich fuels, thereby reducing the demand for fossil
fuels. This has led to the development of unitized regenerative fuel cells (URFCs),
devices that incorporate both electrolytic and fuel cell processes in a regenerative
or bifunctional manner, representing a promising technology for clean and efficient
energy generation.

However, the full potential of this technology is limited by various factors, among
which the oxygen evolution reaction (OER) stands out. The OER has a high equi-
librium potential (1.23 V vs RHE), contributing to the system’s energy inefficiency.
Moreover, the reaction involves multiple electron transfer steps and the formation
and breaking of O-H bonds, resulting in slow kinetics. This slow reaction rate in-
creases the overpotential and, consequently, the energy required to drive the reaction.
Slow kinetics also contribute to the accelerated degradation of electrode materials,
limiting the lifespan of URFCs. These facts highlight the need for efficient and stable
catalysts.

Currently, noble metal-based catalysts, such as iridium and ruthenium, are the
most effective for the OER due to their high catalytic activity and stability. However,
their high cost and scarcity limit their long-term commercial viability. Therefore,
there is a critical need to develop new oxide-based catalysts that are more econom-
ical, abundant, and still possess high catalytic activity. Metal oxides, such as those
of manganese, have shown significant potential as alternative catalysts due to their
availability and lower cost. Nonetheless, their current performance is not comparable
to that of noble metals.

Current research focuses on improving the catalytic activity and stability of these
oxides by studying the activity-structure and stability-structure relationships. Since
electrocatalytic processes occur at the electrode-electrolyte interface, surface physics,
which studies the properties and processes on the surface of solid materials, emerges
as a potential and essential tool for understanding how these catalysts work and how
they can be optimized to improve their efficiency and activity.

Considering the importance of combining surface physics and electrochemistry
to understand the electrochemical interface and thus the catalysts, this doctoral the-
sis has focused on developing an experimental methodology to investigate different
model electrodes (metal surfaces and oxides) as working electrodes in key electro-
chemical reactions. The first objective was to adapt and develop a system that
combined the capabilities of UHV with electrochemical techniques. This develop-
ment involved technical innovations to ensure that the system could maintain UHV
conditions while conducting electrochemical studies, which is crucial for obtaining
precise and reproducible data on reactions at the electrochemical interface.

During the project, a UHV system compatible with electrochemical measure-
ments was designed and implemented, combining an electrochemical cell and a clean



transfer system that prevents surface exposure to air. The UHV chamber is equipped
with surface analysis techniques such as XPS and LEED/STM, allowing investiga-
tion of the chemical composition and crystalline structure of the sample before and
after electrochemical measurements, as well as its dynamics with the applied po-
tential. This facilitates the correlation between electrochemical response and the
catalyst’s composition and structure. Additionally, the system includes modules for
synthesizing binary oxides with controlled stoichiometries and structures, expanding
the investigation of catalytic activity to systems with greater practical relevance.

Once the system was developed, its capability was evaluated using an Au(111)
model electrode. This electrode was selected due to its well-defined characteristics
and relevance in electrochemical studies. Its electrochemical properties were studied,
and its chemical composition and structure were assigned using the newly developed
approach. The system proved effective in maintaining the electrochemical interface,
enabling a deeper understanding of gold’s behavior under electrochemical oxidation
conditions. In particular, the mechanism of Au electro-oxidation was studied, gen-
erally considered a precursor step to oxygen production in the OER. This study
revealed critical information about the role of ions and the dynamics of electro-
oxidation at high anodic potentials, establishing the actual catalytic phase in gold
anodes.

The success in studying Au(111) provided a solid foundation to extend the re-
search to more complex and relevant systems, such as manganese oxides. Using
the UHV-EC system, controlled growth of manganese oxides with different chemi-
cal compositions and structures was achieved on a gold substrate. This approach
allowed evaluation of the structure’s effect on activity and stability at potentials rel-
evant to the OER. The study of manganese oxide revealed the actual catalytic phase
that facilitates oxygen evolution, providing a deeper understanding of the structure-
activity-stability relationship in these materials. Given that Au oxidizes at very
high potentials, it served as an excellent substrate for the growth of other materials,
including manganese oxides, enabling detailed studies of the catalytic properties of
these systems.

In conclusion, this thesis has successfully demonstrated the feasibility of a UHV-
EC system for studying electrochemical reactions using surface physics techniques.
The developed system not only advanced the understanding of Au electro-oxidation
but also opened new lines of research focused on oxygen evolution and ion dynamics
at high anodic potentials. The study of manganese oxides provided valuable in-
formation about the actual catalytic phases in the OER, establishing a foundation
for future research and development of more efficient and durable catalysts. The
ability to grow and evaluate different chemical compositions and structures under
controlled conditions offers a powerful tool for the rational design of new catalytic
materials.

This integrated approach provides a powerful tool for studying and understanding
the fundamental mechanisms of metallic and oxide catalysts. Advances in under-
standing the electrochemical interface and developing new oxide-based catalysts are
crucial for improving the efficiency and sustainability of fuel cell and energy stor-
age technologies, significantly contributing to the transition towards renewable and
clean energy.
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Introduction

Nowadays fossil fuels are acknowledged as our dominant energy resource. Nev-
ertheless, numerous investigations anticipate that, in the near future, the growing
global energy demand will exceed the available reserves of fossil fuels.[1] Further-
more, the adverse effects arising from these fuels, including pollution endangering
human health and the emission of greenhouse gases contributing to global warm-
ing, underscore the imperative for change.[2] The rapid depletion of these resources,
coupled with the worsening environmental repercussions of their extraction and uti-
lization, highlights the urgency of transitioning towards more sustainable energy
alternatives. Yet, this shift poses significant challenges, predominantly of political
and technical dimensions.

Water splitting, which results in the generation of hydrogen (Hs) and oxygen
(O9) gas, represents an environmentally friendly, sustainable, and fossil-free route
for producing hydrogen gas — an exemplary clean energy carrier.[3] To harness the
chemical energy encapsulated in hydrogen bonds for electricity generation, fuel cell
operation is essential. This process reverses the water splitting reaction, thereby
producing energy in the form of electricity from chemical compounds. A promising
technology for uninterrupted power supply integrates both processes in the so-called
unitized regenerative fuel cell (URFC). URFC systems, depicted in Figure 1.1, are
a dual-mode innovative technology that can switch between water electrolysis (to
generate Hy) and fuel cell operation (to convert chemical carriers into green electric-
ity).[4] They represent a compelling solution for achieving efficient and sustainable
energy storage and generation with minimal environmental impact and in the min-
imal weight[5].

In the electrolyzer mode, illustrated by yellow arrows in Fig. 1.1, external energy
that can be generated from renewable sources such as solar or wind power drives
the process. In this process water is supplied to the anode, where it is oxidized
to produce Oy, protons (H™), and electrons (e~). Protons migrate through the
electrolyte membrane to the cathode, while electrons flow through an external circuit
to the cathode, where they promotes the reduction of protons to form Hy gas. This
overall reaction (Eq. 1.1) comprises two distinct half-reactions: the oxygen evolution
reaction (OER) (Eq. 1.2) at the anode and the hydrogen evolution reaction (HER)



Figure 1.1: Diagram of an Unitized Regenerative Fuel Cell (URFC) system de-
signed for renewable power and hydrogen production in acidic media. The yellow
arrows depict the electrolyzer mode, where the system harnesses green energy from
wind and solar sources to electrolyze water (H20) into hydrogen (Hs), the ultimate
clean energy carrier, and oxygen (Os). Switching to fuel cell mode, illustrated by
orange arrows, the system converts hydrogen (Hz) back into water (H20), generat-
ing clean power in the process. Created with BioRender.com.

(Eq. 1.3) at the cathode of the electrolyzer compartment.

ELECTROLYZER,

ORR »OER
2H,0 = Oy + 2H, AE® =1.23V (1.1)
2H,0 = Oy +4H™" + 4de” Etho/0, = 1.23V (1.2)
AH" +4e” = 2H, Efp, g+ = 0.00V (1.3)
HOR+——HER
FUEL CELL

Conversely, in the fuel cell mode, illustrated by orange arrows in Figure 1.1, the
URFC generates clean electricity by utilizing previously produced Hs; and Oy gases.
H, is supplied to the anode, where it undergoes oxidation to produce protons and
electrons. Protons move through the electrolyte membrane to the cathode, while
electrons travel through an external circuit, generating electricity. At the cathode,
Oy gas is reduced by the incoming electrons and protons to form water. The overall
process reverses the electrolysis reaction, Eq. 1.1, involving also same two half-
reactions: the oxygen reduction reaction (ORR) (Eq. 1.2) at the cathode and the
hydrogen oxidation reaction (HOR) (Eq. 1.3) at the anode.
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Driving those electrochemical reactions at optimal rates requires specific catalyst
materials at the anode and cathode for each process. The electrolyzer’s efficiency can
be optimized separately from the fuel cell, ensuring that the overall roundtrip en-
ergy efficiency of the entire system is also optimized.|6] Focusing on the electrolyzer
compartment, the cathode half-reaction, the HER, is defined as a multi-step electro-
chemical process generating H, gas at reasonable currents even with small overpo-
tentials. From a catalyst perspective, overpotential () is the extra voltage required
beyond the thermodynamic equilibrium potential (E°) to drive the electrochemical
reaction at the desired current rate. The E° value for a particular electrochemical
reaction is determined under standard conditions, at 298.15 K and a pressure of
1 atm, relative to the standard hydrogen electrode|7|. In an acidic medium with
pH=0, this is easily reflected in Eq. 1.3, with E?{Jr/HZ equal to + 0.00 V for the
HER process.

In contrast to the HER, the OER on the anode side is recognized as the bottleneck
in the overall process. It is stated in Eq. 1.2, that the thermodynamic equilibrium
potential is + 1.23 V for the OER process as well as for water splitting reaction (Eq.
1.1). However, in real applications, the actual potential required to drive the reaction
is higher than this minimum due to various factors associated with the reaction (i.e.
high activation energy, mass transport limitations, high resistance, etc.) producing
kinetic barriers. Those barriers that cause slow kinetics of the oxygen-evolution
electrochemical reaction result in a substantial overpotential, which constitutes the
majority of the energy loss and limits the efficiency of water oxidation, consequently
jeopardizing electrolysis and URFC applications.|[8] This drawback arises from the
chemical process where four electrons must be removed from two water molecules,
breaking four O-H bonds to obtain an O-O bond, making it energetically demanding
and requiring efficient catalysts for high efficiency.

The pioneering studies of the 20th century have greatly influenced contemporary
research on developing new catalyst surfaces for next-generation devices. In this con-
text, minimizing overpotential is key to designing efficient electrochemical systems,
as it directly impacts their energy efficiency and performance. In catalysis, lower
overpotential indicates a more efficient catalyst, requiring less additional energy to
drive the reaction. Therefore, developing ideal OER catalysts and understanding
the mechanistic details involved in overpotential formation during the OER process
are crucial for optimizing oxygen electrochemistry.

One promising class of catalysts for OER are generally considered the oxides
of precious metals|9-11]. Only RuO; and IrO; are optimal catalyst in acidic me-
dia[12-14], although they exhibit instability under high anodic potentials[12]. In
alkaline media, many transition metal oxides such us nickel oxides|[15, 16|, cobalt
oxides|15, 17] and manganese oxides|18, 19] have revealed high activity for OER.
Their low stability in acidic conditions, however, prevents them from being used
in proton exchange membrane (PEM) fuel cells. Thus, developing optimal mate-
rials with enhanced catalytic capabilities and stability in acidic media stands as a
pivotal task for advancing sustainable energy production. Nonetheless, this long-
standing goal presents challenges due to the limited understanding of the mecha-
nisms governing the catalytic activity and stability of these materials. The lack of
fundamental insights into the structure-dependent molecular dynamics underlying



catalytic performance on such intricate materials difficulties the rational control over
their application. Hence, a comprehension of the macroscopic catalyst mechanism
in relation to its surface structure is imperative. Establishing a direct correlation
between catalyst performance and its structure, chemical composition, and reactiv-
ity is vital for identifying the key prerequisites for designing surfaces with specific
catalytic properties.

A direct correlation among catalyst chemical and structural surface properties
and its dynamic changes under operation is challenging due to the multitude of pa-
rameters that influence the catalyst-electrolyte interaction. A strategic approach to
elucidate the structure-dependent mechanism behind catalytic performance involves
rationalizing activity or stability trends of catalysts through a single-parameter de-
scriptor. This descriptor could be a microscopic property related to either the cat-
alyst or the catalyst-reactant interaction that governs the catalytic process, such as
lattice parameter, bond strength of intermediates|20], or the enthalpy change (AH)
associated with the transition from a lower oxide to a higher oxide[21], among other
possibilities.

Advancements in computational power and the implementation of new method-
ologies have significantly facilitated the study of catalyst activity and stability trends
through single-parameter descriptors. This progress has allowed the explicit de-
scription of OER activity using density functional theory (DFT) calculations. By
employing a straightforward linear free energy model, researchers have linked overpo-
tential to the binding energies of intermediate species.|10, 22-24| Studies have shown
that the binding energies of *OH, *O, and *OOH species on metal and metal oxide
surfaces exhibit universal linear scaling relationships, having an associated intrinsic
overpotential in each step.[22-24] This linear scaling relationship arises because all
potential-induced dynamic processes during OER occurs in the same active site.
Therefore, understanding which is the limitant-rate step and the real oxygen-based
catalytic phase on the catalyst surface that evolves the oxygen production becomes
paramount in crafting catalysts with optimal designs. Consequently, the design of
functional active surfaces capable of disrupting these scaling relationships between
energies could reduce overpotential, enhancing the activity and stability of surfaces
for OER. By revealing the surface-dependent dynamics of OER catalysis, the di-
rect activation of the OER mechanism through the modulation of the chemical and
structural properties of the catalyst surface could be achieved, specifically targeting
the actual active surface phase formed just before the production of oxygen.

However, there is a limitation in the theoretical scaling relationship to the ob-
tained experimental responses due to the restricted number of parameters that can
be evaluated by DFT.[22, 24| To uncover the dynamics of OER catalyst surfaces, a
comprehensive experimental understanding at the micro- and nanoscale is essential.
Progress in this area necessitates a thorough understanding of the processes occur-
ring at the electrode-electrolyte interface from macroscopic level and both micro-
and nanoscale perspectives. This involves delving into the fundamental chemical
and catalytic properties of surfaces and their phases, elucidating their relation to
macroscopic catalytic performance. However, the complexities of real catalytic sys-
tems and the limited availability of experimental techniques capable of probing the
electrochemical interface under reaction conditions with sufficient surface sensitivity



Chapter 1. Introduction 5

pose challenges to acquiring this knowledge.

In electrochemistry, surfaces play a pivotal role in catalyzing reactions and in-
fluencing their outcomes. Surfaces typically exhibit various low-coordination sites,
such as steps, kinks, and point defects, which are often more reactive than the basal
plane. These surface entities are frequently considered active sites during a catalytic
reaction, raising a longstanding question in heterogeneous catalysis about their in-
fluence on the activity and selectivity of the reaction. Indeed, surface polarization
and interaction with the electrolyte (solution) promote dynamic changes on active
sites and hence on surface. When an electrode is polarized during electrochemical
processes, several surface dynamics come into play. Firstly, polarization may lead
to surface rearrangements. This can involve the formation or dissolution of surface
oxides, changes in surface roughness, and alterations in the surface electronic struc-
ture. For example, during the OER, an electrode surface may undergo restructuring
to expose active catalytic sites or to stabilize intermediates involved in the reaction
mechanism. Secondly, chemical evolution occurs as a result of the interaction be-
tween the electrode surface and the electrolyte. Electrolytes can induce changes in
the chemical composition of the electrode surface, leading to the formation of new
surface species or the alteration of existing ones. This chemical and structural evo-
lution is crucial in determining the catalytic activity and stability of the electrode
during prolonged electrochemical operation. To date, there have been few experi-
mental studies that have attempted to demonstrate a direct correlation between the
catalyst’s activity and stability and its atomic and molecular surface structure.[25—
27| For this reason, historically, scientists predominantly relied on the traditional
empirical approach to formulate high-performance catalysts and enhance reaction
conditions.|2§]

As aforesaid, understanding the potential-induced surface dynamics is essential
for the understanding and design of novel catalysts. Here, the utilization of ultra-
high vacuum (UHV, base pressure below 1-107? mbar) techniques and the evolution
of more and more precise surface science methods provided a unique advantage.
This enabled the examination of single crystals’ surfaces, serving as model catalysts,
marking the exploration of surface properties at the atomic level [29, 30]. Many
surface science methods have been developed in the last few decades to investigate
surface properties [29]. These methods are very different among them and can be
classified based on the type of incident excitation probe used: electrons, ions or
photons.[31] These fundamental categories encompass a diverse array of techniques
utilized for analyzing the structure, composition and electronic properties of surface
materials, including spectroscopy, microscopy, and spectrometry, among others. In
particular, the use of surface science techniques in molecular studies of catalytic pro-
cesses yields pertinent data on the adsorption, transport, and reactivity of molecules
on metal surfaces|32-34] and oxide surfaces [35-38].

The most important shortcoming of traditional surface science studies conducted
under UHV conditions is the limited information they provide about the structure
of the catalyst surface under real reaction conditions. By exploiting innovative tech-
niques and cutting-edge instrumentation, the integration of surface science technol-
ogy with electrochemical reaction-based cell systems can revolutionized the investi-
gation of catalysis on both mesoscopic and nanoscopic scales.[39-42| This integrated



approach can furnishes insights into surface structure, chemical composition, and
kinetic data of electrochemical reactions from a surface science perspective unveiling
catalyst dynamics, thereby positioning the discipline at the forefront of physics and
physical chemistry.

The crucial step to perform synergistic studies of surface sciences and electro-
chemistry entails transferring the electrode from de EC cell (liquid solution at at-
mospheric pressure) to the surface analysis chamber under ultra-high vacuum con-
ditions. Ideally, this transfer should occur without inducing alterations in surface
structure or composition. The initial analysis of electrode surfaces utilizing UHV
characterization techniques traditionally involved a post-mortem study with a trans-
fer from liquid to UHV, exposing the electrode to air.[43, 44| This approach was em-
ployed to investigate, among other things, the corrosion process of metals through
AES and XPS [45]. However, the drawback lies in the lack of control over the surface
during air transport, leading to Auger spectra of the samples typically exhibiting
atmospheric contaminants such as C, O, and N.[43| As a result, this method often
promotes undesirable post-oxidation or adsorption processes, leading to distortions
in the post-characterized system as it was extracted from the EC. Therefore, study-
ing aroused non-inert, irreversible, or (meta-)stable phases in surface catalysts due
to oxygen evolution reaction dynamics requires a clean and controlled transfer of
electrodes between the electrochemical cell and the UHV surface analysis chamber.

Different transfer systems between UHV set up and an electrochemical cell have
been developed to address and surmount this challenge creating surface-analysis ap-
paratus that integrates multiple surface science techniques with an electrochemical
chamber.[46-50] This approach has significantly advanced the study of emersed elec-
trochemical phases by employing UHV-EC compatible systems that utilize various
surface-sensitive techniques, such as: X-ray photo-emission spectroscopy (XPS)[51],
scanning tunneling microscopy (STM)[52] and (SXRD)[53|. Despite effectively avoid-
ing uncontrolled chemical and structural changes in catalyst samples, this approach
raises several issues such us the alteration in hydrodynamic conditions, that al-
ters surface species only presented at the double-layer electrode-electrolyte interface
when voltage is applied. Consequently, pre- and post-electrocatalytic UHV char-
acterization of the catalytic surface aids identifying and evaluating non-reversible
dynamic surface changes [54] under electrochemical processes.

In essence, gaining a fundamental understanding of how local properties such
as chemical and structural composition of surface catalysts influence their catalytic
characteristics is a critical challenge in optimizing catalyst design. Achieving this
goal necessitates a comprehensive perspective at the micro- and nanoscale on surface
properties and their relationship to macroscopic catalytic performance and dynam-
ics. This endeavor faces obstacles due to the intricate nature of real catalytic systems
and the absence of experimental techniques capable of concurrently probing the elec-
trochemical surface interface during catalytic process with chemical and structural
surface-sensitive techniques on the same sample. The aim of this thesis is to address
these gaps by offering an experimental approach to comprehensively understand the
molecular aspects of the electrochemical interface. This involves uncovering the
dynamic chemical and structural changes during electrochemical processes such as
electro-oxidation and the OER. By revealing the genuine catalytic phases involved,
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this research aims to provide a systematic framework for developing more efficient
catalysts tailored for enhancing OER performance.

This thesis investigates the compatibility and effectiveness of integrating electro-
chemical methods with surface-sensitive physics techniques operating in UHV con-
ditions. The newly developed EC-UHV system’s capabilities are assessed through
model systems relevant to the OER. By employing this synergistic approach, the
thesis aims to offer comprehensive insights into the behavior of real electrocatalysts
mimicking operating conditions, with a specific focus on revealing surface chemical
and structural changes during the OER. The experimental strategy was designed to
establish a direct correlation between expected theoretical results, previous studies
on surface electrochemistry, molecular characterization, and macroscopic electro-
chemical measurements with surface characterization. The project involves con-
structing a modular setup enabling structural, chemical, and electrochemical analy-
sis on the same sample under controlled conditions. Methodological procedures for
integrated catalyst surface investigation via synergistic UHV-EC experiments are
outlined, emphasizing the development and providing a comprehensive overview.
To achieve these objectives the study involves first the construction of the UHV-EC
system in conjunction with photoelectron spectroscopy studies and structural imag-
ing of each sample before and after electrocatalytic measurements within a specific
UHYV chamber. The UHV experimental setup is designed to facilitate sample trans-
fer between UHV conditions and ambient measurements in an electrochemical cell,
employing a transfer stage under an inert and controlled atmosphere. Consequently,
after electrochemical conditions, the samples can be characterized under surface sci-
ence techniques, maintaining control over the pressure conditions during the transfer
back without exposure to air.

The structure of this manuscript is organized as follows. To begin with, since
this thesis integrates two different fields, the first two chapters provide a brief intro-
duction to the most crucial aspects of each — electrochemistry and surface science
— necessary for comprehending the discussion of the experimental results presented
in this thesis. Chapter 2 introduces the fundamental concepts of electrocatalysis
and surface electrochemistry, serving as the foundation for the entire thesis. This
chapter also elucidates the primary electrochemical techniques. Chapter 3 provides
a surface science perspective, offering brief insights into UHV system. It details
the techniques used for sample preparation and characterization before and after
electrochemical evaluation. Chapter 4 describes the experimental EC-UHV com-
patible setup designed as an starting point of this thesis and the process of its
implementation. Following, Chapter 5 delves into the system’s capability to inves-
tigate model anodic surfaces, like Au(111), at high anodic potentials analyzing the
electro-oxidation mechanism in acidic media and highlighting the role of anions.
This chapter also benchmarks the setup and relates its findings to the broader re-
search community. The final section of the thesis, explored in Chapter 6, focuses
on tunable manganese oxide structures and their implications on the OER response,
investigating the evolution of surfaces during the OER process. The manuscript con-
cludes with Chapter 7, offering concluding remarks and outlining future prospects



stemming from this project.



Electrocatalysis and surface
electrochemistry

In electrocatalysis, the effects of electrode material properties on the mechanism
and rate of electrochemical reactions at the electrode/electrolyte interface are stud-
ied in detail. As it was mentioned in the Introduction, this thesis aims to investigate
fundamental aspects of electrochemical model processes on catalyst surfaces from a
surface physics perspective, integrating electrochemistry and surface science. To this
end, this chapter provides a brief introduction to the general background related to
electrocatalysis and surface electrochemistry, offering a summary of essential con-
cepts for the surface science community necessary for a correct comprehension of
the present research.

This chapter addresses the core of surface electrochemistry, beginning with the
definition of a catalyst and the concept of the electrified interface, crucial for fa-
cilitating surface(-sensitive) electrochemical reactions. Understanding the catalyst’s
role and the nature of the electrified interface is paramount to exploring the intricate
mechanisms of electrochemical reactions occurring at the catalyst surface, where the
interaction between the catalyst material and the electrolyte significantly influences
efficiency and stability.

This chapter also includes a section dedicated to the Oxygen Evolution Reaction
(OER) mechanism, which is crucial for understanding how catalysts facilitate this
pivotal process in energy conversion technologies. It discusses the accepted mech-
anisms in acidic and alkaline media, which involve electrode oxidation leading to
oxygen evolution, and explores the theoretical dependencies on surface properties
and overpotential. Various electrochemical prediction tools based on thermody-
namic principles are described, including the Pourbaix diagram and Volcano plot,
which offer insights into optimal material properties for achieving high stability and
performance. The chapter also covers experimental analysis of the kinetics under-
lying the OER mechanism through Tafel slope analysis, elucidating the kinetics
of electrochemical reactions and providing deeper insights into reaction rates and
mechanisms.

To achieve a comprehensive macroscopic understanding, various electrochemical
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techniques such as cyclic voltammetry and chronoamperometry are explained. Each
technique is discussed in terms of basic concepts and principles, emphasizing its
relevance in studying electrocatalytic systems.

Concept of electrocatalysis: what is a catalyst?

Before delving into the area of electrocatalysis and its applications to electrocat-
alytic reactions, we should first define what a catalyst is.

In 1835, Jons Jakob Berzelius, a Swedish chemist, introduced the term "catalysis"
to describe chemical reactions influenced by a substance that remains unconsumed
in the process, seemingly playing no direct role in the reaction.[55] The term and
the highlighted phenomenon sparked extensive discussions throughout the 19th cen-
tury, culminating in the formulation of a widely accepted definition by the German
chemist Wilhelm Ostwald: "A catalyst is a substance that speeds up the rate of a
chemical reaction without becoming part of its final products".[56] Catalysis plays
a crucial role in a wide range of processes since the absence of catalyst typically
indicates a negligible reaction rate compared to its presence. The catalyst operates
by establishing intermediary compounds with the molecules involved as reactants,
presenting an alternative and faster route to the ultimate products. Therefore, the
catalytic process requires the existence of a surface where reactants can chemically
or physically be adsorbed and participate in reactions, leading to the formation of
products characterized by reduced activation energy (E,).|57, 58] A catalytic process
is schematized in Figure 2.1 which depicts the potential energy across the chemical
reaction for the conversion of reactants A and B into product C in absence of a
catalytic surface. A high energy barrier (represented in red) is observed. When the
reactants interact with a suitable catalytic surface, intermediates such as A-B un-
dergo stabilization, facilitating reactions with reduced energy barriers, as illustrated
by the blue curve. Thus, in the presence of the catalyst, the reaction occurs with
lower free energy.

The catalysis processes are classified as homogeneous or heterogeneous depending
on whether the surface is in the same state or a different state as the reactant, re-
spectively. According to this classification, electrochemical processes are considered
pure heterogeneous catalysis as the reactions involve a solid surface (the electrode)
and a solution in the liquid phase (electrolyte). In the majority of electrochemical
applications, the electrode remains chemically unchanged during the process due to
its general inertness, except in cases of electrodeposition, dissolution or corrossion
processes. Consequently, all electrode could be termed as electrocatalysts. However,
in electrocatalysis, a specific interaction between the catalyst’s surface and reactive
species is mandatory. An electrocatalyst is then defined as a surface that interacts
specifically with reactants, creating adsorbed (meta)stable reaction intermediates
(generally considered as true active catalyst). These intermediates subsequently
undergo the breaking and creation of new bonds until the reaction products are
generated, while the catalyst itself remains unaltered after the reaction evolves. In
practical terms, a material is considered an electrocatalyst when the formation of
these intermediate (meta)stable states significantly enhance the reaction rate com-
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Figure 2.1: Energy diagram of an exemplified (electro)chemical reaction: A +
B — C. Depiction of energy variation across the chemical reaction coordination,
showcasing the reduction of the activation energy facilitated by the presence of a
surface actuating as a catalyst. In this representation the activation energy of the
bare (electro)chemical reaction (FE,) is larger than the one occurring on a catalyst’s
surface (Egcqt). The activation energy for the reaction is notably reduced through
the existance of an stable intermediate formed on the catalyst surface.

pared to other electrodes.

A distinctive feature of electrochemical reactions and electrocatalysis is that
they are surface reactions involving electron transfer (ET), particularly in the case
of electrolysis due to the application of a potential. Oxidation-reduction processes,
or redox reactions, are the general terms used to describe these ETs. Reduction is
the process in which at least one electron is gained, whereas oxidation is the reversed
reaction in which one or more electrons are lost. Equations 2.1 and 2.2 present a
generalization of these reactions, respectively.

Red —ne” = Ox (2.1)
Oz +ne” = Red (2.2)

where Red represents the reduced species and Oz is the oxidized species. Since in
electrochemistry (EC) there should be a mechanism for maintaining charge transfer
equilibrium, the electrochemical cell should include a minimum of two electrodes
to establish a closed circuit. These reactions have the capability to produce energy
through spontaneous occurrences, such as in galvanic cells. In an electrolytic cell,
primary focus of this thesis, external electrical energy is introduced into the circuit
to facilitate a non-spontaneous reaction. In this case, oxidation occurs at the anode,
and reduction occurs at the cathode. Figure.2.2 provides an illustration of the
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Figure 2.2: Schematized electrochemical cell.

processes. Additionally, these electrodes serve as conduits for the electrons to travel,
allowing them to flow from the anode to the cathode via external cell wires. The
current, ¢, which travels through the external circuit is determined as follows:

i=A-j (2.3)

where A is the electrode area expressed in cm? and j is the current density in A/cm?.
By monitoring the current and following Faraday’s law equation:

t1

q= / idt = mnF (2.4)
to

where F refers to the Faraday constant 96485 C/mol, m is the number of moles (mol)

of the starting reactant, t is the time (s), and n refers to the number of electrons

exchanged per reactant molecule[59], the transferred charge, ¢, can be calculated by

monitoring the current.

An applied voltage between the two electrodes is generally required to drive
the reaction, and this potential must be bigger than the difference between the
standard potentials of the reactions occurring at the cathode and anode, F, or E.,.
Consequently, the following equation can be used to connect the Gibbs free energy
of the total reaction occurring within the electrochemical cell to the cell potential:

AG = —TLFEce” = —TLF(EC - Ea) (25)

If the reaction occurs under standard conditions, the relationship is as follows:

AG® = —nFE°

cell —

= —nF(E°— EY) (2.6)

The Nernst equation, AE = AE°+ RTln “'”d where R is the universal gas constant
and T the temperature, arises from the combmatlon of both, Equations 2.5 and 2.6.
This equation describes the dependence between the equilibrium potential (E), the
standard electrode potential (E?), and the thermodynamic activities of electroactive
species. Under equilibrium conditions, these activities are equivalent to their values
in bulk solution.|60]
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Figure 2.3: Categorization of the two different electrochemical ET reactions on
surface electrodes, being a) outer-sphere ET and b) inner-sphere ET.

Electrode reactions often involve multistage processes, with ETs representing
just one step in the hole mechanism. Usually, additional steps such as mass transfer
and chemical reactions occurring before and/or after ET, also have influence on the
electrode reaction. The overall rate of the reaction is governed by the rate constants
associated with these processes, and their modulation is controlled by the applied
voltage. However, the heart of electrochemical processes is the ET rate.

The electrocatalytic performance (i.e. the ET rate) is governed by the chemical
and electrical interactions occurring between the electrode surface and the electrolyte
(solution containing electroactive species). Electrical interactions in electrochemical
reactions can be categorized as either inner-sphere or outer-sphere E'T, based on the
character of the interplay between the electrode and electrolyte.[61] The distinction
lies in the ability of reactive or ligand species to either overrun the inner layer
of adsorbed water on the electrode surface, establishing a direct interaction with
surface, or remain outside, resulting in an indirect interaction. Visual examples
of both interaction types are illustrated in Figure 2.3a-b. In both scenarios, the
electron is transferred across the interface, typically spanning an order of magnitude
on the scale of 1 nm.|62]

A distinct classification is based on the overlap of electronic state of reactants
and the electrode surface during the transition state[63, 64]. In the context of weak
overlap ETs, the transition state remains indifferent to the spatial separation be-
tween reactants and the electrode. Conversely, strong overlap ET is significantly
influenced by the distance between the electrode and the reactant, exerting a pro-
nounced influence on the energy of the transition state due to the specific interaction
between the surface and reactant species. In this scenario, reactant is chemisorbed
through a chemical bond to electrode surface.

When considering both interaction classifications, outer-sphere reactions consis-
tently involve weak overlap interactions where species can be physisorbed, making
them non-electrocatalytic processes. In such reactions, electrons tunnel between
species in the electrode’s surroundings, and the reaction rate is determined by varia-
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tions in the ion environment. In the second case, inner-sphere reactions can exhibit
strong or mild overlap interactions depending on the characteristics of the electrode
and reactants. When inner-sphere processes entail strong overlap transfer is when
electrocatalytic events are identified. These electrocatalytic processes are influenced
by the specific solvation of reactants at the interface or alterations in the structure
of the electrified interface, leading to differences in a given catalysis reaction among
electrode materials.

The core of electrochemistry: the interface and
the adsorption processes

As I mentioned before, in electrochemical processes, the reaction occurs at the
interface that arise when an electrode and an electrolyte are in contact. This type of
interface is characteristic due to its chargeability. Upon the polarization of electrode,
electromigration of ionic charged molecules occurs onto opposite charge contained
in electrified contacts. An electrified interface is the name given to this chargeable
interface formed after polarization. The entire electrified interface maintains elec-
troneutrality; and a distinctive electric double layer emerges, featuring inner and
outer phases and a specific potential distribution. This formation arises from the
non-uniform distribution of charged particles from the electrode to bulk electrolyte.
On the inner side of the electrode there exists a specific charge density due to an
excess or deficiency of electrons in the surface layer, depending on applied polarity,
while the outer side is composed by counterions present in excess in the electrolyte,
possessing the opposite charge density. The resulting potential drop within this elec-
tric double layer is designated as the interfacial potential. The establishment of this
layer implies the creation of potent electrostatic fields at the interface, characterized
by a separation of less than 1 nm between the two sides of the electric double layer
and potential differences that may extend to several volts.|65]

Over approximately 100 years, a generally accepted model for the electrode /
electrolyte interface (electrified interface) has been established [65] and is schema-
tized in Figure 2.4. Various structural models have been proposed during this time to
describe the properties of this phenomenon. The initial assumption stated that non-
Faradaic processes occur at the interface, implying that no electron transfer takes
place and only adsorption processes occur. Following this assumption, Helmholtz
defined the interface as two rigid layers formed by the metal surface, with an excess
or deficit of charge, and an equivalent quantity of ions with the opposite charge.|39|
The interface becomes neutral as a result of the solvation of metal charges with ions
present in the electrolyte that have equal and opposite charges [39]. The name Outer
Helmholtz Plane (OHP) is given to this solvated ions layer (indicated in Fig. 2.4).
In this static model, adsorption is non-specific and purely based on electrostatic
forces. This holds true for solvated cations or anions with a strong solvation shells.
However, most anions and cations have weaker solvation shells. In such cases, they
are specifically adsorbed on the electrode surface through a chemical bond, forming
the inner Helmholtz plane (IHP). This chemisorption involves a charge transfer. In
the context described by Gouy-Chapman|66], the decrease in potential follows an
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Figure 2.4: Schematic diagram showing the potential decay across the electro-
chemical interface for a positively charged metal surface considering the accepted
double-layer model of the electrode/electrolyte interface.

exponential pattern as it traverses from the OHP to the bulk solution, progressing
through the diffusive layer. As a result, the potential variation through the elec-
tric double layer depends on the polarity of the metal surface and the adsorption
strength of the specifically adsorbed ions.

The widely accepted Gouy-Chapman-Stern-Grahame model|66], which effectively
elucidates the majority of experimental findings, is formed by integrating the Helmholtz
and Gouy-Chapman models (known collectively as the Stern model) with Grahame’s
insights on specific adsorption|[67].

Additionally, physical water molecules adsorption plays a crucial role in the elec-
trified interface. The applied potential and electrode nature have an impact on the
orientation of the water molecules at the contact. The lowest energy configuration
for such polar molecule or orientation is the conformation where its dipole moment
is aligned parallel to the electric field. Following this assumption, water molecules
align with the oxygen atom to face the electrode when it is positively charged. On
the other hand, water molecules orient the oxygen atom in the opposite direction
when the surface is negatively charged. The water’s direction adsorption has a
major effect on how quickly electrochemical reactions occur and which typology of
reactions are enhanced.

In contrast, within systems characterized by chemisorbed species from elec-
trolytes onto electrode surfaces—an occurrence of paramount importance in elec-
trochemistry—the traditional double-layer theory faces are inadequate in compre-
hensively elucidating the intricacies of structure and dynamics at the interface. [68|
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Factors such as the transformations in solvation shells when ions adhere to a surface
and the modifications they undergo during processes like charge transfer or adsor-
bents intercalation pose significant uncertainties. The challenge arises from the lack
of atomic-level characterization of solid/liquid interfaces.[69] In recent years, sub-
stantial efforts have been dedicated to provide the specific structures and chemical
states undergoing changes within the electrified double-layer, potentially leading to
a reevaluation of the generally accepted definition. In this domain, combining elec-
trochemistry with surface science techniques shows potential as a method to unravel
these intricacies. Various approaches and complementary probes for studying the
electrified interface over different time scales have been investigated. Chapter 4 will
extensively analyze the strengths and limitations associated with each approach.

Surface-sensitive reactions: Well-defined surfaces
as simplified cases

The fundamental phenomenon of electrocatalysis is the interaction of reactive
species with the electrode surface, leading to the formation of the electrified inter-
face where electrical charge is transferred. Because of that, it is crucial to understand
the interface’s structure, which includes both the electrode surface and the species
in the solution. Commonly utilized catalyst structures, such as nanoparticles (NPs)
and polycrystalline surfaces, lack precise surface definition due to their composition
of mixed facets, steps, kinks, and defects, each exhibiting distinct crystal orienta-
tions and local electronic structures. Consequently, the electrochemical behavior
of these catalysts result from the combined contributions of numerous individual
sites, rendering them unsuitable for both experimental and theoretical inquiries at
the molecular or atomic level. To attain a comprehensive understanding of elec-
trochemical processes, it is preferable to employ atomically well-defined surfaces
characterized by an ordered two-dimensional arrangement of atoms, exemplified by
single-crystal electrodes. These distinctive surfaces enable a thorough microscopic
comprehension of the fundamental chemical and catalytic properties inherent to a
surface, in connection with its macroscopic catalytic performance.

A single crystal electrode is defined by its well-oriented surface, characterized by
a uniform distribution of active sites and uninterrupted periodicity. Atom positions
that are organized to form a periodic lattice can be used to classify the structure of
a single crystal.[70] Determining the crystal structure is possible by understanding
the repeat unit’s structure and the lattice’s periodicity. Unitcell is the name of the
fundamental repeat unit for the lattice. Face-centered cubic (fcc) lattices are found in
the majority of metals (Cu, Pd, Ag, Ir, Pt, Au) that are employed as electrochemical
electrodes.[71] This implies that the unit cell, representing the smallest repeating
arrangement of atoms within the bulk structure, takes the form of a cube with
atoms positioned at both the center and vertices of its faces. The figure illustrating
the bulk metal structure and atom distribution within the unit cell of an fcc lattice
is presented in Figure 2.5a.

Well-ordered surfaces are obtained by cutting the metal in a specific direction
parallel to a crystallographic plane, as shown in Figure 2.5b. Within a crystal
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lattice, this plane is characterized by Miller indices consisting in three numbers
named ’<hkl>"; which indicates the surface’s orientation in regard to the crystal
axis. The basal planes, or crystal faces with the lowest Miller index, are the most
commonly used surfaces in electrochemistry. There are three basal planes noted as
(111), (100) and (110) that are obtained by cutting the metals along the planes
shown in Figure 2.6.

Figure 2.5: a) Depiction of the unit cell in a face-centered cubic (fcc) lattice,
emphasizing the positions of atomic centers. b) Visualization of the plane defined
by the Miller indices <hkl>.

Figure 2.6: The face-centered cubic gold basal planes and the corresponding 2D
unit cells scheme. The different site types and each unit cell’s surface area (Sp)
value as a function of atomic diameter (d) are indicated for each basal plane.
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From an atomistic approach, the atomic arrangement producing different type
and number of catalytic sites plays a crucial role in catalysis. For this reason, surface
atomic density is an important surface parameter in surface electrochemistry. This
parameter refers to the number of atoms per unit area present on the surface. A
higher atomic density generally implies more atoms per unit area, potentially leading
to an increased number of active sites for catalytic reactions. However, it may also
result in increased competition between atoms on the surface, influencing reaction
selectivity. In contrast, in some cases, a lower atomic density could promote greater
mobility of reactants on the surface, which might be beneficial for certain processes.
The following equation can be applied to calculate the surface atomic density on
each basal plane:

n
Nyt = = 2.7
e Shkl 27)

where n is the number of atoms in the unit cell and Sy is its area, described in the
bottom part of Fig. 2.6 for each basal plane. For instance, in the case of gold, Au,
the (111) plane exhibits the highest atomic density, followed by the (110) and (001)
planes.

Also, it is possible to calculate the theoretical charge surface density (gnx) related
to any specific orientation for a complete monolayer (ML) of an specific adsorbate
(f=1 ML) by considering the number of transferred electron per one metallic atom
applying Faraday’s law using the equation 2.8.

qnit = Npgie = (2.8)

Shkl

where e is the elementary charge. Table 2.1 summarizes the values of Spr;, Npw
and gug (for the adsorption of monovalent ions) in Au basal planes, considering an
atomic diameter of 2.95 A.

In other words, the ¢ parameter refers to the distribution of charge on the
surface of a catalytic material due to the adsorption of a monolayer of molecules or
atoms. This concept is particularly relevant in understanding the electrochemical
processes that occur at the interface between the catalyst and the electrolyte during
reactions. In electrocatalysis, the adsorption of species on the surface of the catalyst
is a critical factor, helping to facilitate or promote particular reactions. This charge
distribution can influence the interactions between the catalyst and the reactants, the
energy barriers for electron transfer, and the overall efficiency of the electrochemical
reaction. Moreover, it is used to propose possible thickness of adsorbed species as a
function of its charge, used to propose dynamic mechanisms.

For example, a higher charge surface density in a specific orientation may enhance
the electrocatalyst’s ability to adsorb and activate reactant molecules, leading to im-
proved catalytic performance. Predicting and optimizing electrocatalytic processes
requires an understanding of the theoretical charge surface density associated with
the orientation of an adsorbed monolayer because it sheds light on the electronic
structure and electrostatic interactions at the catalyst-electrolyte interface.

It is essential to recall that all discussed in this section up to now concerns nomi-
nal structures that could potentially undergo reconstruction depending on their ther-
mal stability. In surface physics, surface reconstruction describes orderly structural



Chapter 2. Electrocatalysis and surface electrochemistry 19

Table 2.1: Calculated values of Syx;, Npr; and g (for the adsorption of monovalent
ions) in the case of Au considering an atomic diameter of 2.95 A.

Basal Plane  Spi;-10'® (em?)  Npg-10% (em?)  quig (uC-cm™2)

Au(100) 8.70 1.15 193
Au(110) 12.30 0.81 137
Au(111) 7.54 1.32 1.26 222

alterations that take place in a material’s outermost layer. Because the perfectly
terminated bulk surfaces in these situations are unstable, the surface atoms rear-
range to form a configuration that is more packed than would be predicted given
the fce crystallographic geometry, which is a structure that is energetically more ad-
vantageous.[71] These changes can significantly impact the properties and catalytic
activity of the surface. Specifically, surface reconstruction can have several effects
on catalysis:

1. Changes in Surface Topography: Reconstruction can alter the arrangement of
atoms on the surface, changing the surface topography and roughness. These
changes can affect the adsorption of reactant and product molecules, as well
as the mobility of surface atoms during catalytic reactions.

2. Modification of Active Sites: Catalysis often occurs at specific active sites on
the catalyst’s surface. Reconstruction can change the nature and availability
of these active sites, directly influencing catalytic activity. There may be a
reorganization of atoms that exposes or buries certain active sites, thus altering
catalytic efficiency.

3. Alteration of Adsorption Affinity: Reconstruction can also affect the adsorp-
tion affinity of reactant molecules on the catalyst’s surface. This is crucial since
the adsorption of reactant species is often the initial step in many catalytic
reactions. A reconstruction that modifies adsorption affinity can influence the
kinetics and selectivity of chemical reactions.

4. Effects on Energy Barriers: Reconstruction may alter the energy barrier as-
sociated with different steps of a catalytic reaction. This can impact reaction
rate and catalyst efficiency by facilitating or hindering certain processes.

This phenomenon happens, among others, in Au basal planes. The thermally
stable reconstruction of each Au basal plane is summarized in Figure 2.7.

The Au(111) surface, which is already densely packed, reconstructs into the so-
called (v/3 x 22) structure (see Fig. 2.7) that consists of a slight lateral compression
of the surface atoms in one of the three 110 directions.|72| This causes every 23rd
surface atom to be in register with every 22nd atom of the underlying bulk. The
surface atomic density in such structure is 23/22 times higher than the one of a
Au(111) bulk plane [73]. Thus, the g attributed to (v/3 x 22)-Au(111) recon-
struction is 232 pA - em~2 The Au(100) surface reconstructs into a hexagonal close
packed (hcp). This 111-like surface is slightly buckled because the top atoms are no



2.4. Understanding the Electrolyzer Bottleneck: Unraveling Oxygen Evolution
20 Mechanism

Figure 2.7: Simplified real space models for reconstructed low-index surfaces of
gold. From left to right: (v/3x22)-Au(111); (5x20) — Au(100); and(1 x 2) — Au(110).

longer in contact with the underlying bulk as schematized in Fig. 2.7. This results
in the creation of a surface layer that is denser than the bulk crystal underneath
in the Au(111) and Au(001) surfaces.|[74, 75] On the other hand, the density of the
Au(110) surface reconstruction is 50 % lower than that of the bulk crystal under-
neath it. The latter case reconstructs into the (1x2)-missing-row in which every
second row of atoms has been removed to yield narrow 111-microfacets in the 110
direction as clearly seen in the side view represented in the bottom part of Fig. 2.7.
Occasionally, a (1x3) or (1xn) with n = 5, 7, etc, reconstruction is observed with
correspondingly deeper grooves and larger 111 - microfacets|76].

Understanding the Electrolyzer Bottleneck: Un-
raveling Oxygen Evolution Mechanism

As mentioned in the introduction, the oxygen evolution reaction on the anode side
is identified as the bottleneck in the overall process taking place in the electrolyzer
department of an URFC. According to Eq. 1.2, the standard thermodynamic poten-
tial, E?{Qo 10y for the OER process is + 1.23 V. However, in practical situations, the
actual potential required to drive the reaction is higher since the reaction kinetics is
poor, requiring a significant potential difference from the thermodynamic potential.
Thus, the development of an active OER catalyst aims to lower the overpotential
(n). n can be viewed as the sum of kinetic activation barriers of several intermediate
steps involved during OER mechanism. Focusing on the role of oxygen-based inter-
mediates in the mechanism, various theoretical mechanism have been proposed. Our
attention will be directed towards the predominant and widely accepted mechanism,
which is integrated into free energy models.

For OER in an acidic solution, the mechanism is represented following the for-
mulation provided by Rossmeisl et al.[23] for both metallic and oxide surfaces as
follows:
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HO+%—*OH+H"+e AG (2.9)
*OH - O+ Ht +e- AG, (2.10)
H,O+2°0 - *OOH + H" +e~  AG; (2.11)
*OOH — Oy) + H  + 7 +x  AGy (2.12)

It is important to note that while the reaction mechanism in an alkaline envi-
ronment exhibits subtle variations, the intermediates involved remain consistent, as
described next:

OH™ —*OH +e¢~ AG, (2.13)

*OH +O0H™ = *0+ H,0+e  AG, (2.14)
*O+O0H™ —*00H +¢~ AG; (2.15)
*OOH + OH™ — Oy + HyO + e 4+ AG, (2.16)

In both mechanisms, OER proceeds only on an oxidized surface where *OH,
*OOH, and *O are reaction intermediates. Therefore, evaluating a catalyst on this
basis must include an assessment of the possible resultant species depending on
the pH of the medium, the surface stability, and the acquisition of kinetic data
to determine the rate-determining step (RDS), the overpotential and the exchange
current density.

2.4.1 Thermodynamics of OER: Pourbaix diagram and Gibbs
Free Energy of Intermediates

To effectively deploy water electrolyzers in URFCs technologies, highly stable
OER catalysts are essential to withstand metal corrosion and ensure long operational
lifetimes. Therefore, a thorough thermodynamic assessment of the most stable phase
under operating conditions is imperative.

In this regard, the renowned electrochemist Marcel Pourbaix, made significant
contributions in 1945 with his development of the Pourbaix diagram, a pivotal tool in
electrochemistry first presented in the Atlas of Electrochemical Equilibria in Aqueous
Solutions|77]. A Pourbaix diagram, also known as a potential-pH diagram, graphi-
cally represents the thermodynamic stability of different surface phases as a function
of electrode potential (E) and pH of the environment. It is constructed based on the
Nernst equation, detailed in Section 2.1, which correlates the redox potential of an
electrochemical reaction to the concentrations of reactants and products.

As an illustrative example, Figure 2.8 presents the Pourbaix diagram for gold.
This diagram delineates distinct regions, each denoting a stable phase of gold under
varying conditions. Specifically, these phases include metallic gold (Au®), Au™ ions,
and gold (hydro)oxide with stoichiometry Au(OH )s. The black lines dividing these
regions indicate equilibrium conditions between both species at the designated con-
ditions, corresponding to specific electrochemical reactions according to the Nernst
principle. Additionally, highlighted in red, two crucial lines in every Pourbaix dia-
gram relate to the OER and the HER. These lines are critical because they mark the
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Figure 2.8: Pourbaix diagram of Au electrode, presenting the thermodynamic
stable phases as a function of the potential (E) and the pH. Adapted from[77].

potential limits beyond which water either decomposes to form oxygen or hydrogen,
defining the electrochemical window of an electrode.

So, this type of diagram is crucial for predicting the stability of catalyst sur-
faces. By identifying which phases remain stable at potentials near and above OER
regimen, researchers can select or design catalysts that retain their activity without
degradation from a thermodynamic perspective. However, as we will explore in de-
tail in Chapter 5, this approach only considers ideal scenarios and does not account
for the potential influence of ions present in the solution or kinetic factors.

Advancing in the thermodynamics of OER, Density Functional Theory (DFT)
methods are employed to compute not only the stability of final phases but also the
energies of OER intermediates (*OH, *OOH, and *O ) on various catalyst surfaces,
encompassing metals and metal oxides. The assessment of binding energies for each
step in the reaction mechanism enables the determination of whether a reaction step
is thermodynamically feasible in a given catalyst surface, requiring a zero or negative
change in free energy, and gives insight into the energy requirements for each step.
When all steps exhibit zero or downhill energy trends, the reaction can proceed
at "significant" rates. The calculations can be plotted in a free energy diagram,
graphical representation used to illustrate the changes in Gibbs free energy (AG)
that occur during a chemical reaction or process. It provides valuable insights into
the identification of the most energy-intensive steps (rate-determining steps).

The binding energies associated with each step of the OER reaction are summa-
rized in Figure 2.9, calculated for both an ideal and a real catalyst. Each reaction
step delineated before correlate with the Gibbs reaction energies denoted as AGy,
AGq, AG3, and AG4. Koper et al. [22] demonstrated a consistent scaling relation
for AG(OOH )ads - AG(OH )qqs independently of the surface nature, being approx-
imately 3.2 eV for a so-called "real catalyst" behaviour. Ideally, an "ideal" catalyst
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Figure 2.9: Gibbs free energy diagram of the intermediates comparing an optimal
and a real catalyst. Adapted from [79].

should exhibit an energy difference of 2.46 eV, corresponding to the transfer of two
electrons and protons between steps 1 and 3. This highlights that the rate-limiting
step and intrinsic overpotential observed in real catalysts stem from the formation
of *OOH.

The Gibbs energy difference between the ideal catalyst and the real catalyst
behaviour, following the scaling relations presented in Fig. 2.9, is 0.74 eV. With
an optimal distribution of the 0.74 eV offset across two steps, 0.37 eV is equated
to each reaction setp. This distribution sets the lowest achievable overpotential as
0.37 eV, which is consistent with the predicted overpotential for RuO,.[78] Not all
catalyst materials match with the performance of RuO,. Consequently, identifying
a straightforward surface with ideal binding energies for all intermediates in OER
catalysis appears unattainable. This limitation can be graphically analyzed in a
Volcano Plot, a fundamental tool for assessing catalytic activity.

Volcano plots are widely known as the figure of merit for surface- activity relation-
ship benchmarking, illustrating the overpotential in relation to an specific reactivity
descriptor such us lattice spacing, bond strength between metal and hydroxide ions
(M-OH)[80], or the heat of transition from lower to higher oxide|21]. For example,
Figure 2.10 presents a replication of the analyses conducted by Riietschi[20] (left)
and Trasatti|21]| (right), demonstrating the correlation between OER overpotential
and the energy of M-OH bonds on metal surfaces, and the heat of transition from
lower oxides to higher (AHJ?) in transition metal-based oxide surfaces, respectively.
These plots typically feature a peak resembling a triangle or an inverted parabola,
hence the term "volcano plots" due to their distinctive shape.

Volcano plots are frequently constructed to illustrate Sabatier’s principle, which
considers optimal surfaces to be those displaying moderate binding energies of reac-
tion intermediates to the catalytic surface.[81] In other words, an efficient catalyst
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Figure 2.10: Volcano plot showing the overpotential for reaching 1 mA/cm? for
OER against: (Left) energy of the bond M-OH in 1 M KOH electrolyte and (Right)
the heat of oxide transition, AHY, in acidic media. The data is digitized from [20]
and [21], respectively.

has a surface that interacts strongly with crucial intermediates to facilitate their
conversion into products but weakly enough to release them. This characteristic is
exemplified by RuOs,, positioned at the peak of the triangular volcano plot depicted
in Fig. 2.10, effectively meeting these criteria.

Hence, the computational advancements serve as a potent tool for forecasting
the catalytic properties of proposed materials, guiding synthesis design. However,
establishing direct connections between the simplified model surfaces and the highly
complex real catalytic systems is far from straightforward. The complexity of trans-
lating complexity of heterogeneous catalysts from thermodynamic principles to ex-
perimental depictions develops in a multifaceted manner, integrating a spectrum of
elements including spatial considerations, temporal dynamics, pressure, temperature
as well as both the chemistry and structure of the surface.|28, 82| Therefore, it is
also important to evaluate catalyst surfaces from a kinetic perspective.

2.4.2 Kinetics of OER: Tafel Slope

At the beginning of the 20th century (1905), Julius Tafel emerged as a pioneering
figure in electrochemistry. He revolutionized the understanding of electrode kinetics,
which form the basis for electrochemical reaction mechanisms. His discovery of a
quantitative method for benchmarking the HER on various electrode materials, and
his observation of an exponential relationship between applied current and potential,
marked a significant milestone in the field.|83] After his work, the initial attempts
to comprehend the OER mechanism experimentally were made in the 1940s and
1950s. Independent research groups conducted experiments using various electrode
materials finding similar results to what Tafel had previously found with HER: the
activity strongly depends on the material used [84-86]. They highlighted the chal-
lenge in comparing the activities of different materials due to significant variations
in the current density and measurement procedures.
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For a thorough understanding and comparison across various systems, Tafel for-
mulated an empirical principle, referred to as the first law of electrode kinetics. This
theoretical framework is based on the fundamental link between 7 (specific for each
catalyst material) and current density j, the primary relation in electrocatalysis,
described by the Butler-Volmer equation:

(1 —a)nFn anFn
e

RT RT
where j is the obtained current density, jo is the exchanged current density that
characterizes the current flowing in both directions when a reaction reaches equilib-
rium (expressed both in A-m™2) and « is a symmetry factor (a=0, 0.5, 1) related
with the symmetry among E and E, of the redox reaction|87|.

As indicated by Eq. 2.17, the current exhibits an exponential dependence on
the overpotential, n. Here, Tafel introduced a simplification of this relationship
expressing it in a logarithmic form, as shown in Eq. 2.18.[88, 89]

j = Jjolexp (2.17)

n==+ b logloi (2.18)
Jo

where, in electrochemical terminology, the plus sign denotes an anodic reaction,
while the minus sign indicates a cathodic reaction. ’b’ denotes the Tafel slope in
units of V- dec™!. This equation assumes near-equal concentrations at the electrode
and in the bulk electrolyte, enabling the current to be exclusively expressed as
a function of potential. Stated differently, it is predicated on the idea that the
electrode mass transfer rate is substantially higher than the reaction rate and that
the slower chemical reaction rate dominates the reaction.

The Tafel slope (b) varies depending on the RDS of the reaction. A step is
considered rate-determining if it is at least ten times slower than the other steps in
the mechanism [87]. In electrochemical kinetics, a reaction mechanism is described
by the types of steps involved: E for electrochemical steps where n electrons are
transferred, and C for chemical steps. Reactions involving the transfer of multiple
electrons typically occur through multiple sequential steps rather than a single step.
While two electrons may sometimes transfer simultaneously (bielectronic step), the
transfer of n electrons generally proceeds through n or more sequential steps, forming
a mechanism. At least n of these steps are electrochemical (E), while the rest can be
chemical (C). Possible sequences of these steps include EE, EEC, ECEC, and so on.
Variations among these mechanisms are manifested in different kinetic behaviors,
resulting in distinct values of the Tafel slope and hence different RDS.

Determining the electrokinetic mechanism and identifying the RDS of an electro-
chemical process involves several assumptions, including the symmetry factor and
the adsorption isotherm. Table 2.2 summarizes common electrode reaction mecha-
nisms, illustrating the range of Tafel slopes.[90] The numerical values were calculated
based on different symmetry factors () and adsorption isotherms () and are taken
from [87].

In the context of the OER, the Tafel slope is particularly informative for un-
derstanding the rate of the OER process under different experimental conditions
and revealing its underlying mechanism.[91] To unify the convention, the nogr was
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Table 2.2: Reaction mechanisms and Tafel slopes adopted from [87]| expressed in
mV /decade.

Mechanism a=0 a=0.5 a=1
0=0 0=0.5 60=1
E 60 v =a— 120 60 120 o0
EC - vy=1—60 60 00 -
ECE = EE 60 ~y=1+a—40 60 120 30
ECEC = EEC - vy=2—30 60 00 -

settle to the extra potential needed for a reaction to proceed at a certain rate fixed
in 10 mA/cm?.[92] With this agreement, various literature reports have documented
different values of Tafel slopes for the OER mechanism.[93, 94] A theoretical study
has identified a Tafel slope of 120 mV /dec when the surface species formed just be-
fore the rate-determining step predominates.|95] Conversely, if the surface adsorbed
species from the early stages of OER dominate, the Tafel slope decreases.|95] Specif-
ically, when Eq. 2.10 governs the overall rate, a Tafel slope around 30 mV /dec is
observed.|95] In some cases, although not extensively documented, the Tafel slope
varies with potential.[96, 97] To electrochemically elucidate the rate-determining
step and elementary steps, it is crucial to evaluate not only the smallest Tafel slope
but also all measured Tafel slopes at lower and higher current densities, respectively.

In summary, the experimental principle established by Tafel (Tafel slope) pro-
vided a method to evaluate the sequence of steps that make up an electrochem-
ical mechanism, such as electro-oxidation or OER. This is because the sequence
of steps influences the kinetic parameters, enabling the identification of the RDS.
However, the specific chemical nature or structure of the species involved cannot be
determined. This indicates that electrochemical kinetics are molecularly nonspecific,
which is ascribed to the fact that reaction rates in electrochemistry are measured as
electron fluxes and energies as electronic energies, regardless of the species involved.
Therefore, combining kinetic electrochemical evaluations with surface-sensitive tech-
niques is crucial for revealing the actual chemical and electrochemical phases that
emerge due to the application of a potential, particularly when a catalyst is in op-
eration.

Electrochemical techniques

2.5.1 Cyclic Voltammetry

In electrochemistry, the Cyclic Voltammetry (CV) technique is one of the most
extended techniques for electrokinetics study. CV is commonly used to perform
the first basic electrochemical characterization because to its simplicity. It provides
preliminary information about the kinetics of the redox processes that take place,
and it is also sensitive to the presence of contaminants, that allows testing the qual-
ity of solutions. To conduct CV measurements, a potentiostat-galvanostat and a
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Figure 2.11: Scheme of a three-electrode electrochemical cell connected to a po-
tentiostat. Within the cell, potential and current measurements are divided into a
Reference Electrode (blue) loop and a Counter Electrode (black) loop. The work-
ing electrode (red) potential is determined by measuring it relative to the reference
electrode (RE). The RE input possesses a high-impedance, ensuring that all current
is directed through the counter electrode (CE).

three-electrode cell within an electrochemical cell are required alongside the studied
solution. Figure 2.11 depicts the electrical circuit for the three-electrode cell config-
uration. More details about the specific experimental setup and the electrochemical
cell employed in this thesis will be given in Chapter 4.

The three electrodes are denoted as the working (WE), counter (CE) and refer-
ence electrodes (RE), where the working electrode is, in our case, the single crystal
sample of interest. The reference electrode provides a stable and constant potential,
as its name implies, against which the potential of the working electrode is referred
and measured. Therefore, a potentiostat maintains the working electrode’s potential
in relation to the reference so that current density flows between the counter and
working electrodes.

To be considered a reference electrode, the electrode must have a stable and
well-known electrode-potential at fixed conditions. The most commonly used RE
are standard hydrogen electrode (SHE) and normal hydrogen electrode (NHE). Both
electrodes are redox electrodes that forms the basis of the thermodynamic scale of
half-cell oxidation-reduction potentials.[98] The absolute standard electrode poten-
tial (E°) is estimated to be 4.44 + 0.02 V at 25 °C in both cases. However, to
form a basis for comparison with all redox reactions, the potential is declared to
be zero at any temperature. Both REs follow the reaction 2.19, but they exhibit
differences based on their assumptions regarding solution conditions. The SHE op-
erates under the assumption of ideal thermodynamic solutions, computing activities
of redox species, which may not always reflect practical conditions. In contrast,
the NHE considers the concentration of redox species, meaning under real solution
conditions.
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As seen before, the Nernst equation serves as the fundamental chemical thermo-
dynamic expression enabling the determination of the half-cell potential for a given
chemical reaction. As it is described in Eq. 2.20 and 2.21, the Nernst equation
attributed to both REs gives a half-cell potential of 0 V.

_ 1
9) +e = §H2(g) (2.19)

RT ag+ 2.303RT RT  ppy
E = F} —In—= = EY — H — l 2 (2.20
SHE it P, /D" HT/Hy F L 2. F" p° (220)
. RT, Cuyr 2.303RT RT
Exins = By + i = Bipsjmy = = pH = o gl (221)

where £, JHs is the standard potential of the half-reaction H*/H, which is 0 V; R
is the universal gas constant, 8.314 J/K - mol; T is the temperature in K; z is the
number of electrons transferred in the half-reaction which is one; F is the Faraday
constant, the charge transferred per mol, 964,853 C/mol; a is the activity of the
protons present in the solution which is ay+ = %# = 1; C is the concentration
of protons in the solution which is 1 M; pp, is the partial pressure of the hydrogen
gas which is 10° Pa and p is the standard pressure, 10° Pa.

Given that the SHE and NHE both possess a potential of zero, the cell’s poten-
tial is inherently equivalent to its own. Consequently, employing these electrodes
eliminates the need for adjustments to account for their individual potentials. In ad-
dition, they can be used over the entire pH range arising the third common electrode
called reversible hydrogen electrode (RHE) which follows the same concept exposed
before but whose potential depends on the protons concentration being dependent
on the pH of the solution and can be used directly in the solution. So, it con-
sists of a pH scale with voltage measurement. The potential expressed in the RHE
scale considering Eq. 2.21 and substituting the constant values, can be expressed as
follows:

ERHE = EIOHH/HQ —0.059 pH (222)

Nevertheless, incorporating such electrodes into the cell introduces certain lim-
itations, primarily stemming from the challenge of obtaining hydrogen gas that is
completely pure and dry. Even minute traces of impurities in the hydrogen gas can
render the electrode inactive and irreversible. One potential solution involves the
use of a Luggin capillary to connect the reference and working electrode compart-
ments. However, achieving electrical contact between these compartments relies on
the electrolyte film wetting the stopcock walls, consequently elevating the resistance
within our system.

Reference electrodes commonly used in CV experiments include genuine refer-
ence electrodes and pseudo-reference electrodes. A fundamental distinction exists
between a genuine reference electrode (such as SHE, NHE, and RHE) and a pseudo-
reference electrode, which does not have a zero potential but has a well-defined value
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relative to NHE. Pseudo-reference electrodes often rely on simple silver/silver chlo-
ride (Ag/AgCl) wires. The potential of an Ag/AgCl reference electrode can vary
depending on the concentration of the chloride solution. Because of this variabil-
ity, these electrodes are typically calibrated using a reference redox system, where
their potential is measured against either a standard redox system or a conventional
reference electrode.

In the scope of this thesis, we have opted for using Ag/AgCl pseudo-reference
electrodes, a widely used one. Due to the configuration we used, which will be
described in Chapter 4, the implementation of a Lugging in the electrochemical
system arises high noise interferences in the measurements and lab-safety protocols
prompting us to discard the use of the NHE reference electrode. For the Ag/AgCl
pseudo-reference electrode, the potential can be expressed as follows:

EAg/AgCl = ESHE — EZlg/AgCl = ERHE - OO59pH — E.Zg/AgCl (223)

In this thesis, two different Ag/AgCl reference electrodes were utilized. An
Ag/AgCl/KCI (3 M) electrode obtained from Hach was used to investigate gold
single-crystal electrodes in acidic media (Chapter 5), while the leak-less Ag/AgCl/KCl
(sat) electrode obtained from Innovative Instruments was employed in alkaline me-
dia for evaluating manganese oxide catalysts (see Chapter 6). Both electrodes were
calibrated against a Pt wire in a 1 M acidic solution bubbling 1 bar of pure Hy
yielding potentials of +0.285 V and +0.318 V vs RHE, respectively.

After description of electrical circuit and how the potential is referred, we can
give insights in CV technique. The CV consists in applying a potential sweep to
the WE, which is measured relative to the RE, and register the current density
flowing between the CE and WE as a function of time. The starting potential (£;)
is usually set to a potential where negligible current flows, the electrode is stable and
no chemical or electrochemical changes affected the electrode prior to measurement.
The potential undergoes a linear scan pattern, as illustrated in Fig.2.12a, at a scan
rate denoted by v (in V/s), typically ranging between 1 to 100 mV/s. The scan
progresses to the upper potential limit (), after which it reverses direction at the
same scan rate until reaching the lower potential limit (F2). The variant of this
technique, where the potential is not reversed and only one scan is conducted in a
single direction, is known as linear swept voltammetry (LSV).

The determination of the applied potential for each sweep before the reversal of
the scan direction is governed by Equations 2.24 and 2.25:

E=Ey+ut (2.24)
E = FE,— ot (2.25)

where v, the scan rate, is a critical parameter in CV and the analysis of its effect
can reveal valuable information about the nature of electrochemical processes or the
mechanism of complex electrochemical reactions.

A cyclic voltammogram is obtained by plotting the applied potential scan versus
the measured current, an example of obtained I-E curves is shown in Fig.2.12b. It
depicts an example of a reversible monoelectronic process current response in the CV
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Figure 2.12: Example of a cyclic voltammetry experiment for an electron transfer
process: Red = Ox + e~ in static conditions in a solution containing Red specie. a)
Potential scan applied to the WE as a function of time. b)Resulting cyclic voltam-
mogram, j vs. E plot, where anodic and cathodic regions of the plot are highlited
in blue and red, respectively. It is described how the background of the wave is

considered and which are the most important parameters: E,,/pe, Jpaspe, £° and
AE, .

for a simple reversible one electron transfer reaction that takes place at a standard
potential E(Oox JRed)’ the electrochemical process is described in the next equation:

OL(ag) £ €poray = Redagy;  E°(V) (2.26)

In the context of a reversible electrochemical reaction, the commencement of
the reaction hinges on the application of a sufficiently high potential, rendering the
thermodynamics favorable for the oxidation of the reduced species (Red,,). Initially,
when the potential is insufficient to trigger a reaction, the cyclic voltammogram (CV)
displays no current flow as the potential sweeps from E; to E,. Upon reaching a
potential where the oxidation of Red,, becomes feasible, the current rises, attaining
a peak at the potential £, due to the elevated concentration of the species in the
diffusion layer. This maximum is reached as more of the Red,, reactant is con-
sumed, necessitating increased diffusion from the bulk solution. At this juncture,
all available Red,, at the interface undergoes conversion to Oxz,,. Subsequently, the
current diminishes and stabilizes at Fsy as diffusion rate dominates. The anodic part
of the voltammogram (upper, depicted in blue) encapsulates the oxidation of Red,,
to Ox,4e. During the reverse potential sweep towards £, a similar pattern unfolds.
In this scenario, the reactant is Oz,, and the current reaches a maximum at FE,.
before being governed by the diffusion of Oz,, and returning to zero upon complete
conversion of available Oz,, to Red,,. The cathodic segment of the voltammogram
(bottom, portrayed in red) corresponds to the reduction of Oz,, to Red,,. Through-
out the CV experiment, the concentration of species in proximity to the electrode
undergoes temporal variation, aligning with the Nernst equation, as elucidated by
Eq. 2.27.
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) RT, Co,
EOx/Red - EO$/R€d + ?lnCRed (227)

The CV of a reversible process is characterized by different electrochemical pa-
rameters. When the transformation Ox = Red takes place at potentials F,, and
E,., the concentrations of Ox and Red at the electrode surface are equal and follow-
ing the Nernst equation (equation 3.9), £ = Eg, JRed = E% . E'1 corresponds to the
halfway potential between the two observed peaks. The two peaiis are separated due
to the diffusion of the analyte to and from the electrode. If the process is chemically
and electrochemically reversible, the difference between the anodic and cathodic
peak potentials, called peak-to-peak separation (AE,), is 57 mV at 25°C (2.22 %,
following equation 3.9), and the width at half max (AEz) on the forward scan of
the peak is 59 mV and is independent of scan rate.[99, 100] Under quasi-reversible
and irreversible conditions, AE), becomes higher than 57 mV and depends on the
scan rate.

For totally reversible systems, the anodic and cathodic peak current (i,, and
ipe) for an oxidation/reduction process varies with scan rate according to Randless-
Sevick equation:

i) = (2.60010°)n3 A D, Otk 13 (2.28)

red

where the initial factor number is calculated at 25 C, n refers to the number of elec-
trons interchanged, A is the area of the electrode in em?, Dgeq or Do, in reduction
and oxidation cases are the diffusion coefficients of the reduced or oxidized species
expressed in ecm?/s, Creq or Cp, are the bulk concentrations of the reduced or oxi-
dized species in mol/L and v is the scan rate in V/s. The same equation with the
contrary sign is applied for reduction processes. Therefore, 7, varies proportionally
with the square root of the scan rate. In the scope of this thesis, this equation will
be used to evaluate electrochemical active area (ECSA) of different manganese oxide
grown structures in order to normalize its catalyst performance in Chapter 6.

Furthermore, there exists the potential for one or multiple species to adsorb
onto the electrode surface. In scenarios involving the oxidation of an adsorbed Red
specie (Red(qds)), producing an oxidized specie, Oxqqs, (without accounting for any
desorption of these species and potential faradaic currents originating from reactions
of the dissolved species), the cyclic voltammogram assumes a configuration akin to
that depicted in Fig.2.13b. The peak current in this context is determined by the
following equation:

, n?F?
lp = imVAgtotal (229)

where 6,4 is the total surface coverage. The peak current is proportional to v
in this case and E,, is equal to E,.. Nonetheless, the cyclic voltammogram (CV)
profile illustrated in Figure 2.13 corresponds to a reaction that is entirely reversible
under Langmuir isotherm conditions. The extent of irreversibility in the reaction
and potential lateral interactions among adsorbates can introduce variations in the
observed shapes.
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Figure 2.13: Cyclic voltammetry profile for the oxidation and reduction of surface
adsorbed R. The square indicated the width potential value related with Langmuir
isotherm.

Moreover, numerous complexes exhibit multiple reversible redox processes in-
volving two electrochemical steps, as highlighted by Bard and Faulkner[101|. The
appearance of the voltammogram is contingent upon the disparity in the formal po-
tential of these two electrochemical steps. When the second electrochemical step is
more thermodynamically favorable than the first, the voltammogram mimics a Nern-
stian two-electron transfer, resulting in a peak-to-peak separation (AE,) of 28.5 mV,
distinct from the 57 mV anticipated for a one-electron process. As the thermody-
namic favorability of the second electron transfer diminishes, AE, expands until it
peaks at slightly over 140 mV. At this juncture, the waveform bifurcates into two
distinguishable waves, each exhibiting AE, = 57 mV.

The concepts outlined in this section pertain to model cases that address ideal
situations. Nevertheless, in practical scenarios, mechanisms may involve various
combinations of electrochemical stages (reversible, quasi-reversible, or irreversible),
homogeneous reactions, and adsorption stages. In such cases, the interpretation of
1-E curves becomes more intricate.

2.5.2 Chronoamperometry

Chronoamperometry, CA is a potential step method that utilizes the same equip-
ment as the CV technique, described in the previous section. In this technique a
perturbation known as potential step is applied to the WE in reference to the RE,
and the change in the WE current density over time after the polarization is recorded.
The applied potential program is depicted in Figure 2.14a. The working electrode’s
potential swiftly transitions from an initial potential F;—where no faradaic pro-
cesses take place—to a subsequent potential E5, where the intended electrochemical
reaction initiates. In this case, the current flowing between CE and WE is measured
over time polarization. The typical response obtained in a CA is schematized in
Fig.2.14b and c. Generally, along the first 50 us approz. the faradaic current den-
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Figure 2.14: a) The potential program outlines a chronoamperometry experiment
wherein the redox species is non-electroactive at F; but undergoes reduction at a
diffusion-limited rate at E,. b) The graphical representation of current versus time
results from the chronoamperometry experiment, indicating that the redox process
is entirely governed by mass transport. ¢) The current versus time plot is generated
on a planar electrode, adhering to the Cottrell equation.

sity obtained throughout coincides with the double layer charging at the start of the
test, but its influence decays quickly being negligible.

Chronoamperometric transients can exhibit various profiles, depending on the
nature of the redox process, electrochemical configuration, and the applied potential.
Considering a reaction, such as the example in Equation 2.26 where a specie called
Red is oxidized to Ox at a given E°, different profiles may emerge in the j-t plot. In
cases where the kinetics for oxidizing Red are so fast that the concentration of Red
at the electrode surface is nearly zero at applied potential (FEs), the process is totally
governed by mass transport. This scenario is shown in Fig.2.14b. As the current
read-out is proportionate to the concentration gradient, a continuously decay in
the chronoamperometric current response is observed. In this situation any applied
potential higher than F; will yield the same i vs. t plot. For a planar electrode in
this case, the electrode current response follows the Cottrell equation:

1
bulk 13
n b ACkT Dy

id(t) ==+ 11
T212

(2.30)

In a contrary scenario, when the applied potential (Es) is at a value where the
oxidation of Red is less efficient, Red remains largely unaltered and a relatively con-
stant current value is measured over time as it is depicted in Figure 2.14c. In this
situation, the process is not under pure diffusion control and the current-time depen-
dency differs deviating from the Cottrell equation. For numerous electrocatalytic
reactions, achieving diffusion control requires a significantly large overpotential. Un-
der these conditions, other electrochemical or chemical processes may occur before
reaching these overpotentials.
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Surface Science Techniques

After providing insights into the fundamental aspects of electrocatalysis and
surface electrochemistry, Chapter 2, we will now delve into the surface science per-
spective. For those unfamiliar with surface science and UHV-based systems, it is
important to briefly explain what UHV systems are. Ultra-High Vacuum systems
are specialized environments where the pressure is extremely low, typically below
1 - 107 mbar, meaning there are virtually no molecules in the gas atmosphere.
These systems are essential for conducting precise and uncontaminated measure-
ments and processes because they keep surfaces clean and free of contaminants over
time-scales of the experiment. UHV prevents surface oxidation from contact with
water molecules in the air and contamination from hydrocarbons. This is partic-
ularly important in surface science, where even tiny amounts of air can interfere
with sensitive processes. Achieving and maintaining UHV involves stages of rough
pumping, high vacuum pumping, and specialized UHV pumping, along with con-
stant monitoring and contamination control. Despite their complexity and cost,
UHYV systems are crucial for advanced scientific and technological applications.

By bridging the pressure gap between ambient pressure electrochemistry and
UHV conditions, we employ highly surface-sensitive techniques. This chapter of-
fers a concise overview of the methodology, describing the working principles and
functionalities of the main surface science experimental techniques employed, with
a specific focus on aspects relevant to this study. First, we describe the cleaning of
single crystal samples through UHV means and the growth of model catalysts by
chemical vapor deposition (CVD) in an oxidative environment. This is followed by
the UHV characterization techniques, being our primary technique, X-Ray Photoe-
mission Spectroscopy (XPS), complemented together with surface structural char-
acterization techniques at the meso- and nanoscale, namely Low Electron Energy
Diffraction (LEED) and Scanning Tunneling Microscopy (STM) as well as ambient-
Atomic Force Microscopy (AFM), respectively.

These techniques have played a pivotal role in this thesis elucidating the chem-
ical, electrical, and surface structural properties of as-grown or potential-induced
metal (oxides) structures both preceding and after electrochemical tests. This ca-
pability is crucial for examining the relationship between macroscopic, mesoscopic,
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and nanoscopic properties, thereby unraveling the structure-activity and structure-
stability of electrodes in electrochemical processes.

Preparation and Growth of materials

In surface electrochemistry the electrode surface quality and cleanliness are crit-
ical factors that directly impacts the success of the investigations. The presence
of uncontrollable defects or impurities on the surface can significantly alter mea-
surements, including electrochemical characteristics. Hence, a well-defined cleaning
protocol is necessary prior to conducting any experiments. In this thesis all sam-
ples were prepared under extremely clean and controlled conditions in UHV and the
main surfaces investigated are single crystals, properties described in section 2.3.

To prepare the samples, the procedure entails a series of cycles involving both
sputtering and annealing:

B Ion sputtering: A noble gas, typically Ar, is used in a pressure around 107
mbar through a sputter gun. Ar is ionized with a focused ion beam at an energy
of 0.5 to 2 keV directed against the sample that is placed in front. Such an
inert gas is chosen because it avoids additional sources of contamination being
impossible its binding to the surface. In this process, the surface is bombarded
with argon ions, removing atoms layer by layer from the surface. Thus, a large
number of defects are created on the surface. In the case of samples that are
only used for UHV characterization a 1 keV is enough, while for oxides coming
from EC experiments up to 2 keV is needed when high anodic potentials are
applied.

B Annealing: A thermal heating process is required to reconstruct the surface.
The annealing process consists in increase thermal energy in the sample using
a tungsten filament heater situated behind the sample and a cooling system
to avoid possible manipulator desorption. For Au(111) case, the samples were
heated up to 1,000 - 1,100 K; whereas for Ag(001) sample 700 - 750 K were
reached. This process were done for 10 - 15 minutes reaching final pressures
below 10 mbar and avoiding high pressures during the process.

The growth of functional metal-based materials, for instance like the case of Mn,
are usually accomplished by evaporation in a preparation chamber using an elec-
tron beam (e-beam) evaporator. It is an standard UHV technique used for growing
well-ordered thin films in controllable conditions.[102] In the scope of this thesis, a
FOCUS FEM 3s evaporator was employed for the growth of manganese oxides, de-
scribed in Chapter 6. The evaporator consists in a crucible surrounded by a filament.
The crucible is constructed using a material that does not chemically interact with
the metal to be deposited and has a higher sublimation temperature compared to
the metal, in this case tungsten or W is used. During the experimental deployment,
an electric bias is applied to the filament, imposing a high voltage ~ 2 kV. This
voltage is applied between a tungsten filament and the material source, which in this
case is a high purity Mn pellet (99.95%) housed in a crucible. The electron beam
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retrieved from the filament is undergoes acceleration and is directed towards the
crucible by the high voltage, supplying the necessary energy to rise temperatures
up to 2,773.15K. This heating up promotes atoms sublimation and evaporation
into the chamber. A water cooling system is integrated and configured to refrigerate
the evaporators so that the heating of the crucible is optimally localized, avoiding
overheating of the system.[103] As a result of this configuration, the surroundings
are kept at a low temperature, ensuring high purity evaporation.

Another key feature of these evaporators is the inclusion of an ion suppression
mechanism which purpose is to remove ions from the beam and ensure that the atoms
that arrives at the substrate are neutral. It is achieved by the application of an extra
voltage at the suppressor electrode. On this way defects can be minimized. The
growth rate was calibrated before and after each evaporation process using a quartz
microbalance. Throughout the growth process, the growth rate was continuously
monitored using the embedded flux monitor.

Throughout the execution of this thesis, different surfaces have been prepared
and investigated. Specifically Au(111) and Ag(001) single crystals, along with grown
manganese oxide (MnOx) structures. Au(111) was chosen to test the capability of
the compatible ambient pressure-UHV setup to unveil model electrochemical reac-
tion dynamics, such us electro-oxidation and the OER (see Chapter 5). The selection
of Au(111) as a model system is due to its extensive study in both surface science
and electrochemical fields. Furthermore, due to its inertness and high resistance to
dissolution, Au(111) serves as an ideal substrate for growing metal oxide model cat-
alyst structures, particularly MnOx. Since the growth of MnOx in Au(111) surface
is complex, we selected Ag(001) as an alternative model surface for this purpose.
Thus, the growth of MnOx on Ag(001) and Au(111) will be explored in Chapter 6 in
conjunction with testing MnOx as a potential anode in electrolyzer compartments
catalyzing the OER.

Apart from the samples presented in this manuscript, various metallic samples
have been studied in the context of this thesis, but for consistency, those results will
not be included in the present manuscript. For example, the Pt(111) surface was
tested as a benchmark sample between ambient and UHV electrochemistry because,
alongside gold, it is one of the most studied electrochemical systems. Following a
PhD stay at Alicante University with Prof. José Solla, these samples were used to
adapt the surface electrochemistry methodology learned there to the methodology
developed in this thesis, aligning with the proposed objectives.

Additionally, attempts were made to grow ruthenium oxide by UHV means to
serve as a model catalyst for OER, in conjunction with Pt evaporation for HER,
forming a bi-catalyst system. However, no potential ruthenium oxides were ob-
tained using direct Ru(0001) oxidation with either molecular or atomic oxygen.
Consequently, this data will not be included in this manuscript.



38 3.2. X-Ray Photoemission spectroscopy (XPS)

X-Ray Photoemission spectroscopy (XPS)

Originally known as electron spectroscopy for chemical analysis (ESCA), X-ray
photoemission spectroscopy (XPS) is a surface-sensitive analytical method widely
used in surface science to investigate the electronic state and elemental composition
of materials. The photoelectric effect, which Hertz first identified in 1887, is the
basis for XPS [104]. Later the principle was explained by Einstein in 1905 [105].
However, it was not until the 50s and 60s that Kai Siegbahn truly propelled the
development of an XPS into its current form[106] leading some years later to his
well-deserved recognition with the Nobel Prize in 1981.

As illustrated in Figure 3.1a, the photoelectric effect occurs when photons (light)
with sufficient energy interacts with a material and cause the release of electrons
to vacuum. This fact is only realized when the energy of the photon beam (hv)
exceeds the sample work function (®,), which is the minimal energy needed to
remove an electron from a given material. According to Figure 3.1b, ejected electrons
have a certain kinetic energy (Fx) and move in the vacuum in the direction of the
electron energy analyzer. Electrons within the analyzer will acquire energy, precisely
equivalent to the material’s work function (®,4), and will subsequently be identified.
The emitted photoelectrons are analyzed based on their kinetic energy carrying
information about the energy levels and chemical environment of the atoms near the
surface, providing valuable insights into the surface properties. Thus, the essence of
X-ray photoelectron spectroscopy lies in capturing the intensity of emitted electrons
as a function of their kinetic energy (F), as described by the following equation:

EK:]ZV—EBE—(I)M—(I)A (31)

being hv the energy of the photon beam, Epg the binding energy (BE) of the
electron core-level and ¢, and ¢4 the work function of the explored surface and
analyzer material, respectively. As far as sample and analyzer are electronically
connected, their Fermi levels are aligned leading to Ex = hv - Egg - ®. From this
formula the Egg can be obtained. Egpg is specific for each element, each core level,
and each chemical and electric environment since the BE of an electron depends on
the nucleus potential well. The Epg is usually referred to the Fermi level (Er) in
metallic surfaces which is the highest occupied orbital at 0 K.[107]

BE versus intensity, where intensity represents the number of photoelectrons, is
typically used in XPS plots for comparing chemical structures due to its specificity.
This is illustrated in Fig. 3.2a, which shows the overview XPS spectrum of Mns3O4
grown on an Ag substrate. In the energy spectra sharp peaks are observed corre-
sponding to the core-level photoelectrons. Peaks at energies corresponding to Ag
(gray), Mn (blue) and O (green) are visible. By analyzing the shape, intensity, and
position of these peaks, it is possible to determine the elemental composition and
chemical states of the sample. A high resolution spectra at a given core level can
also be acquired (Fig. 3.2b) being possible its deconvolution, giving valuable infor-
mation about the species. Several features needs to be taken into account. Here it
is summarized the more relevant features observed in XPS analysis and utilized for
the scope of this work:
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Figure 3.1: a)Schematic model of the photoelectric effect, the basic principle of
the x-ray photoelectron spectroscopy technique. b) Depiction of the XPS set up
configuration, comprising a source of X-ray photons, a manipulator to hold and
move the sample, an analyzer and an electron detector.

B Background: In addition to the visible lines there is an extra intensity in the
spectrum, indicated with dashed black line in O 1s spectra in Figure 3.2b.
This additional intensity arises from inelastic scattering interactions between
the escaping photoelectrons and the sample. As a result of this scattering,
photoelectrons lose some of their initial energy and momentum information.
[108] Consequently, they are detected at higher binding energies compared to
the main peak, being this effect more notable in the left side of the spectra.
These scattered electrons, known as secondary electrons, contribute to the
distinctive shape of the background. Different backgrounds are proposed in
the literature. The choice of background subtraction method depends on the
specific characteristics of the spectrum and the desired analysis goals. In the
present work, the shape of the so-called Shirley background is used in all
explored cases for each component.[109] The Shirley method fits a smooth
curve to the low-energy side (higher binding energy) of the XPS peaks and
subtracts it from the spectrum. It is widely used due to its simplicity and
effectiveness in removing the smoothly varying background signal effect from
the peak intensity.

B Shape of the peaks: In the scope of this thesis, different line shapes are ob-
served. As it can be observed in Figure 3.2, Mn 2p and O 1s lines present
remarkably differences. On the one hand, the O 1s core-level presents a sym-
metric bell-shaped distribution with respect to the peak center. It represents a
symmetrical function, and its breadth is dictated by the peak’s width. In this
case, the peak follows a Voigt profile, a linear convolution of Lorentzian and
Gaussian functions, allowing the incorporation of peak broadening considera-
tions.[108| This peak characteristics are typically observed when the electrons
from a particular element are in a relatively uniform chemical environment and
have similar binding energies. Symmetric peaks indicate that the electronic
transitions leading to the emission of photoelectrons occur with a well-defined
energy. On the other hand, Mn 2p presents a characteristic tail positioned
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3.2. X-Ray Photoemission spectroscopy (XPS)

Figure 3.2: General features of photoemission spectra. a)Overview XPS spectrum
of as grown manganese oxide on top of Ag(001) with labels of the main core level
transitions. b)High resolution spectras on the Mn 2p and O 1s core levels. Mn 2p
with two different components arising due to the spin-orbit coupling of the 2p levels
and Ols symmetric peak.

at lower kinetic energy in an asymmetric shape. These peaks can arise due
to various factors, including chemical interactions between electron-hole pairs
produced in the material. The interaction with electron-hole pairs leads to the
energy loss of photoelectrons enhanced, resulting in an enhanced intensity at
higher binding energies. As the interaction energy increases, the intensity of
these peaks diminishes, primarily because electrons strongly attached to the
hole face difficulty leaving the sample. They are typical line-shaped metals.

Spin-orbit splitting: It applies to all electron levels with orbital quantum num-
ber | <1 (p, d, f). In those cases the spectrum appears as exhibits doublets
due to the magnetic interaction of the photoionized spin with the angular mo-
mentum of the incompletely filled valence levels. This interaction results in the
detection of two distinct orbital levels manifested as separate photoemission
peaks, a phenomenon elucidated by Fadley in the context of the XPS princi-
ples.[110] The degree of splitting can vary by being several electron volts and is
contingent upon the specific element and orbital in question. The stability of
the anti-parallel spin configuration dictates that the peak associated with the
lower angular momentum (j) invariably possesses a higher binding energy. The
intensity of the individual components is determined by the degeneracy factor,
represented by 25 + 1. Comprehensive tabulations detailing the intensity ratio
and energy disparity between the orbitals are available[111].

Exchange splitting effect: The exchange splitting effect refers to the splitting
of core-level peaks into multiple sub-peaks due to the exchange interaction
between electrons with the same spin. This effect is particularly observed for
elements with partially filled inner electron shells, such as transition metals. Its
origin stems from the Pauli exclusion principle, a fundamental tenet asserting
the impossibility of two electrons occupying identical quantum states simulta-
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neously. When an electron is ejected from a core level during XPS, it leaves
behind a hole. The remaining electrons in the atom rearrange themselves due
to the repulsion caused by the presence of the hole. In the presence of strong
electron-electron interactions, the exchange interaction can cause the energy
levels of electrons with the same spin to split. This exchange splitting effect
results in the observation of multiple sub-peaks in the XPS spectrum corre-
sponding to the same core level. By analyzing the energy separation between
the parallel and anti-parallel spin configurations of both implied shells, one
can determine the strength of the exchange interaction and gain insights into
the spin configurations and spin-dependent interactions within the material as
well as oxidative state information.

B Satellite peak: The interaction between the emitted photoelectron and the
remaining electrons in the material results in the formation of new energy
states. These additional peaks, known as satellite peaks, offer valuable insights
into the electronic structure of the material. Among these satellite peaks, an
important category is shake-up peaks. In shake-up processes, the outgoing
photoelectron induces the promotion of another electron to an excited state,
leaving a hole in a lower energy level. The energy required for this electron
promotion causes a decrease in the kinetic energy of the photoelectron, giving
rise to a distinct peak in the XPS spectrum. These shake-up peaks appear
at higher binding energies compared to the main peak and provide valuable
information about the excited states and electronic transitions occurring within
the material.

The XPS measurements in this thesis were carried out using a Phoibos-100 elec-
tron analyzer (SPECS GmbH), using a non monochromatic Al Ko photon source
of 1486.6 e¢V. In the present work, XPS is used as the principle technique to study
chemical and electrical properties of catalysts before and after reactions as well as
to discern different catalytic manganese-oxide-based phases.

Across this thesis, we also carried out further photoemission measurements at
synchrotron radiation facilities. More specially in Swiss Light Source (SLS) at the
Paul Scherrer Institut (Villigen, Switzerland), where some of the data shown in
Chapter 6 were obtained at the PEARL beamline.

The significance of synchrotron light in material exploration lies in the combi-
nation of extremly high intensity, high collimation and tunability providing a con-
tinuous energy spectrum along with enhanced resolution featuring components that
are unreachable on a laboratory set up. It is of paramount importance to acquired
surface chemical sensitivity of, for example, metal oxides. To properly visualize the
differences in the XPS measurements when using lab photon source or synchrotron
radiation, in the table 3.1, it has been collected the specification of both systems.

Indeed, this light source offers a continuous and broad spectrum, allowing for
the adjustment of photon energy in a wide spectrum range to match the resonance
of specific elements within the material, coupled with well-defined polarization.
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Table 3.1: Characteristics comparison between lab light and synchtron source

Characteristic Lab Source Synchrotron Source
Energy Resolution (meV) 1000 50
Beam Size (mm) > 1 < 0.150
Beam Energy Fixed Tunnable

Photon flux (ph/s) Order of magnitudes lower  2x10™ at 1 keV

Low Energy Electron diffraction (LEED)

Low-energy electron diffraction (LEED) is a technique that provides valuable
insights into the crystal structure and surface morphology of solid materials, offer-
ing surface sensitivity.[112] Its origins trace back to the early 1930s, when Clinton
Davisson and Lester Germer made a groundbreaking observation: the diffraction of
electrons by a nickel crystal, confirming the wave-particle duality of electrons. This
remarkable discovery earned them the Nobel Prize in 1937.

This technique consists of the perpendicular bombardment of a surface with a
collimated electron beam with low kinetic energy (20 — 400 eV). The elastically
back-scattered electrons are measured as spots on a fluorescent screen, as depicted
in Fig. 3.3a. The observed pattern in LEED arises from the resemblance between
the wavelength of the incident electrons and the inter-atomic distances within the
material under study, typically on the order of magnitude of Angstroms (A).[ll?)]
According to the principles of wave-particle duality proposed by Louis de Broglie,
the electron beam can be conceptualized as a sequence of electron waves with a
wavelength (A) determined by the momentum (p) of the electrons, which is connected
to the Planck constant as follows:

A » (3.2)
Low-energy electrons exhibit a susceptibility to significant back-scattering inter-
actions with the electronic cloud of the target material, constraining their elastic
penetration to a range typically between 10 and 50 A. This characteristic renders
LEED technique inherently surface-sensitive. Furthermore, for LEED to yield a dis-
cernible electron diffraction pattern through backscattering, the sample must possess
a well-organized surface structure. The elucidation of the diffraction pattern is con-
ventionally conducted in reciprocal space (a) rather than in the real space (ﬁ)
The reciprocal surface lattice vector is defined as:

. 2w(a) x 7).

)

_ =12 3.3
CEGIR i,J (3.3)

To acquire a diffraction pattern in a two-dimensional system, it is imperative to
fulfill the Laue conditions, articulating the necessary prerequisites for diffraction to
take place. These conditions are succinctly expressed as:

(? . l?f) @ = 2k i=1,2 (3.4)
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Figure 3.3: LEED schematics explanation: a) Experimental representation of the
LEED set-up, b) Representation of the Ewald sphere with the Laue condition for the
existence of a diffracted beam. c) Visualization of a 2x2 (top) and 2x1 (bottom)
lattices in both real and reciprocal space. In the left panel, the real space lattice is
depicted, showing a regular arrangement of atoms or unit cells in a 2x2 and 2x1
grid. In the right panel, the reciprocal space lattice is illustrated, representing the
Fourier transform of the real space lattice, and d) LEED pattern of clean Au (111)
sample, acquired at 125 eV.

On the other hand, energy conservation requires that:

— =
kil =%, (3.5)

The fulfillment of both conditions is visually depicted in the Ewald construction,
illustrated in Fig. 3.3b. In this representation, the reciprocal lattice of the two-

%
dimensional surface is symbolized by rods. Therefore, a sphere with a radius of |k; |

contains all the possible |ky| momentum vectors that fullfil with the conservation
of the energy law. The intersection between rods and the Ewald sphere satisfies
the Laue condition, achieving the maximum diffraction. Consequently, the resulting
diffraction pattern (represented in Fig. 3.3c and d), provides insights into the di-
mensions, symmetry, and rotational positioning of the adsorbate unit cell in relation
to the substrate unit cell. This information is instrumental in deducing the unit cell
of the superstructure in real space.

In this thesis, LEED is utilized to assess the cleanliness of Au(111) and Ag(001)
surfaces. This technique is also employed to gather structural information regarding
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the symmetry and superlattice of crystal surfaces, as well as as-prepared oxide films
and changes induced by potential on electrode surfaces.

Scanning Tunneling Microscopy (STM)

Scanning tunneling microscopy, STM, stands out as a versatile tool in the field
of nanoscience thanks to its capability for imaging with atomic-scale resolution.
Since its invention in 1981 by Binning and Roher [114], leading to a Nobel laureate
recognition in physics in 1986, STM has brought about a transformative impact
on surface science by enabling the visualization of individual atoms on conductive
surfaces.

The underlying principle of this technique hinges on the quantum mechanical
phenomenon of electron tunneling. In STM, a sharp pointed metallic tip (typically
composed of W, Ptlr, or Au) terminated by a single atom scans over a conductive
surface in such close proximity (3 - 10 A) that the wave functions of both entities
overlap, exponentially decaying into the junction gap. By applying a bias voltage
between tip and sample, the electron wave functions of the tip and the sample
partially overlap, facilitating quantum mechanical tunneling and the generation of
a tunneling current on the order of nA. A scheme of the STM operation is sketched
in Figure 3.4.

The tunneling current (Ir) is influenced by the local density of states (LDOS) of
the sample, as demonstrated by theoretical studies on electron tunneling across the
vacuum barrier|115]. When applying a low bias voltage (Vs), the tunneling current
(I7) can be expressed in terms of the sample’s LDOS (Dg), the distance (d) between
the tip and sample, and the respective work functions (®,) and (®;) of the sample
and the tip as follows:

om B, +
I o Dg(Ep)exp (—Qd\/?m ; t) (3.6)

Figure 3.4: Schematic representation of the working principle of scanning tunneling
microscopy (STM) obtained from [116].
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The polarity of Vs serves as a decisive factor in dictating whether the STM
probes the filled states (Vg < 0V) or empty states (Vg > 0V), facilitating the tun-
neling of current either into the tip or into the sample, respectively. The exponential
correlation between tunneling current and the separation distance, denoted as 'd,’
empowers the capability to discern the topographic features of a surface. The op-
erational modalities hinge on the feedback control of the tip-sample interaction,
manifesting as constant current mode and constant height mode. Within the con-
stant current mode, the z-position of the tip dynamically adjusts in a feedback loop
throughout the scanning process to uphold a predetermined tunneling current. The
ensuing variations in tip height are then systematically recorded as a function of
lateral coordinates. In the latter scenario, the tunneling current is recorded while
the z-position is fixed since the feedback loop is turned off in constant height mode.

The STM technique was used to delve atomic structure of manganese oxide and
the influence of the substrate in its growth. The images presented in this Thesis were
acquired in a LT-STM (4 K) mainly at PEARL beamline in Paul Scherrer Institute.

Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) stands as a pivotal scanning probe technique
in the realm of surface structure imaging, offering distinct advantages over STM.
While STM relies on measuring current, requiring conductive materials for mea-
surement, AFM uses forces (friction, adhesion, magnetic interactions,etc.), enabling
measurements on insulating samples.

At its core, AFM operates on the principle of a sharp tip affixed to a flexible can-
tilever. During surface scanning, the tip encounters features of differing heights, in-
ducing deflection in the cantilever. This deflection is meticulously recorded through
the reflection of a laser beam from the cantilever’s rear side. AFM operates primarily
in two modes: contact and tapping mode. In the former, the tip maintains constant
contact with the surface throughout scanning, while in the latter, the AFM cantilever
oscillates around its resonance frequency, with the tip intermittently touching the
surface at its lowest vertical position. Figure 3.5 illustrates tapping operational
mode.

Figure 3.5: Schematic representation of an atomic force microscope and its oper-
ation mechanism in tapping mode.
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The AFM technique was used to delve into the surface morphology of thick
manganese oxide layers. The images presented in this Thesis were acquired in tap-
pingmode using tips with 5 Nm cantilever’s elastic constant.



Novel UHV-ambient pressure
compatible set-up

The combination of ultra-high vacuum and electrochemistry (UHV-EC) has
gained significant attention within the surface physics community. This innovative
approach enables the fundamental investigation of the catalyst surface-electrolyte
interface by employing traditional UHV techniques on more realistic systems than
those achievable solely under standard UHV conditions. However, the inherent
incompatibility of UHV and electrochemical environments necessitates the develop-
ment of advanced instrumentation. As a result, designing a specific experimental
setup became essential and has been a central focus of this thesis and the primary
aim of this chapter.

To do so, we begin this chapter by providing a state-of-the-art analysis of the
experimental approaches available to probe electrified interfaces, categorized by the
type of probe used, the information obtained, and their spatiotemporal resolution.
This review will form the basis for our experimental setup selection. After a detailed
review and balancing the requirements of this thesis in terms of instrumental com-
plexity and the desired level of control over experimental conditions, we designed
and developed a new EC-UHV system based on a quasi-in situ approach.

Here, we describe the new UHV-EC transfer chamber and its adaptation to an
existing UHV system at the Nanophysics Lab, CFM facilities, which includes highly
sensitive surface techniques such as XPS for chemical characterization and LEED
for structural analysis. Furthermore, additional equipment was installed to fulfill
another objective of this thesis: the study of relevant OER catalysts based on oxides.
Specifically, a new oxidation chamber equipped with an integrated oxygen plasma
source was installed to produce metal oxide samples, which will be described in
detail. Finally, this chapter aims to explain the intricacies of our setup configuration
and the methodology employed in this research.
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EC-UHYV Compatible Instrumentation: Cutting-
Edge Developments

To fully elucidate electrochemical processes and unveil the mechanistic details
of electrochemical processes (e.g. surface electro-oxidation or OER catalysis oper-
ation) in the electrified interface, EC-UHV synergistic studies, either simultaneous
or sequential, are necessary.

In the late 1970s, the integration of UHV and EC methods emerged with a
dual objective. The primary aim was to apply UHV analysis techniques to sam-
ples originating from a liquid environment. Simultaneously, it sought to investigate
the electrochemical behavior of prepared UHV samples. However, this combination
presents significant challenges, as UHV and EC environments are inherently incom-
patible. As introduced in Chapter 3, UHV operates at extremely low pressures
around 1072 mbar, in the absence of gas molecules. In contrast, electrochemical
methods require the presence of aqueous electrolytes (e.g., H>O) and operates at
ambient pressures, approximately 1 bar. In UHV conditions, liquids like H5O exist
in their gaseous state and can be easily removed through various pumping stages
or system bakeouts. Due to the incompatibility of both environments, initial ef-
forts to allow synergistic EC-UHV studies of potential-induced surface chemical and
structural changes during electrode operation have spurred the development of new
laboratory-based methodologies that present significant experimental challenges.

Here, we will briefly explain different instrumental methodologies and approaches
developed by the community to study the electrochemical interface from a surface
science perspective. In this thesis, the classification of existing approaches will be

based on the criteria agreed upon in the recently published review by Pastor et al.
[42].

4.1.1 FEz situ EC-UHYV approach

The simplest method for EC-UHV transfer is the ez situ approach, depicted in
Fig. 4.1. This method involves moving the sample electrode through the air, making
it easy to implement without the need for specialized equipment.[117-121] Placing
the electrochemical cell in air allows for the utilization of standard electrochemical
components and a wider range of materials. This setup also enables compatibility
with various electrochemical techniques, providing flexibility in exploring different
catalytic processes. Despite yielding valuable insights, this method suffer from sev-
eral drawbacks stemming from the potentially misleading influence of uncontrolled
environments. This transfer should occur without introducing any modifications
to the surface structure or composition to avoid uncontrolled altered experimental
results. Because of that, this approach is only feasible when the surface is inert or
covered with a protective film that can be removed through evacuation within the
UHV chamber or subsequent annealing without altering its properties.[43, 44|

In conclusion, the ez situ methodology is beneficial only for studying inert, stable,
and non-reversible changes in electrodes that do not undergo potential oxidation or
hydrocarbon-based contamination in the air.
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Figure 4.1: Schematic of the ex situ approach with sample transfer in ambient air.

4.1.2 Compatible EC-UHV multistage approaches

To prevent uncontrollable surface alterations, one very successful method used
for EC-UHYV studies of single-crystal electrodes prepared in UHV involves building a
multi-technique surface analysis system with an attached electrochemical chamber,
either inside or outside the UHV chamber.[43] These approaches aims to prevent
unintended changes observed in ex situ approaches, like contamination or oxidation
of catalyst surfaces, ensuring a clean and controlled ambient like the UHV. This
method guarantees:

B Preventing the adsorption of air contained chemical species like CO,, CO, Ns,
O», that can induce uncontrolled oxidation of the electrode surface.

B Preserving the original structure and composition obtained and characterized
in UHV when immersed in a liquid environment, such as the herringbone
reconstruction on the Au(111) surface discussed in section 2.3.

To seamlessly integrate UHV and EC environments, two different approaches
can be followed: inserting an electrochemical cell into a UHV chamber or placing a
transfer chamber between the UHV and EC conditions, creating two connected com-
partments. The differences among both approximations will be exposed in following
sections.

EC cell into an UHV chamber: In situ and operando approach

Placing the electrochemical cell inside the UHV chamber is known as in situ
or operando analysis. As depicted in Figure 4.2, both methods involve implement-
ing an electrochemical cell inside a UHV chamber where surface science techniques
like XPS are applied under electrochemical conditions, maintaining the electrolyte
and potential control. Placing the electrochemical cell inside the UHV chamber
maintaining UHV conditions allows for better control over experimental parame-
ters, enhancing reproducibility and cleanliness. It facilitates in situ surface analysis
through integration with UHV techniques, providing real-time insights into dynamic
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surface composition, oxidation states, and electronic structures during electrochem-
ical reactions.

The primary distinction between wn situ and operando analysis lies in the elec-
trochemical conditions applied simultaneously to the XPS analysis. In in situ mea-
surements, the conditions represent a simplified version of the actual catalytic reac-
tion, differing from those in real-world applications, such us studying OER catalyst
activity at 2 mA/cm?. Conversely, operando analysis is conducted under actual
electrolyzer operating conditions, like 10 mA/cm? closely, matching those of the
final device and generating oxygen bubbles. These approaches present challenges,
including the complexity of integrating an electrochemical cell within a UHV en-
vironment, limitations on certain electrochemical techniques, a higher probability
of chamber contamination from electrolyte vapors, and the need for a new EC cell
prototype with much lower volumes than conventional electrochemistry.

The instrumental development of XPS capable of operating under more realistic
pressure conditions (up to 20 mbars) - Near Ambient Pressure - XPS (NAP-XPS)
- has revolutionized the analysis of catalyst surfaces and interfaces, mitigating the
main drawbacks around vapors and gases. However, due to the high instrumental
complexity, in situ or operando EC-UHV experiments, such as NAP-XPS in aque-
ous electrolyte solutions, are primarily conducted at synchrotron facilities: ALS[122],
BESSY 1I[123-125], Elettra[126], MAX IV[127]| and SLS[128|. Two prominent ap-
proaches in NAP-XPS instrumentation and methodology are observed among pre-
sented literature: the so-called dip-and-pull technique and the membrane cell tech-
nique.[124]

The dip-and-pull technique involves immersing a sample in a liquid or exposing it
to a gas environment, followed by a controlled retraction into the analysis chamber.
Thus, it is possible to investigate electrodes within a thin electrolyte meniscus using
this retirement technique.[122, 129] This method is particularly useful for study-
ing dynamic processes in the electrode/electrolyte interface by capturing real-time
changes. The ability to use monochromatic light and control the exposure time
and retraction speed provides high surface sensitivity, crucial for studying thin films
and surface reactions. However, in this approach, the experimental setup is com-
plex, requiring precise synchronization between the dipping mechanism and the XPS
analysis in conjunction with a precise mechanical stability of the dip-and-pull mech-
anism to maintain the integrity of the sample and ensure reproducible results. Up
to now, this method is available at several synchrotrons: ALS[122], BESSY II|125],
SLS[128] and Max IV[127].

Another technique entails the use of a thin membrane cell. In this case, thin Si-
or graphene-based membranes are used for separating the liquid from the vacuum
side where the analyzer is placed.[130] The sample is placed on one side of the
membrane, while X-rays and photoelectrons pass through the membrane for analysis.
This method is highly effective for studying samples under continuous high-pressure
gas flow, making it ideal for catalytic studies. The membrane acts as a barrier,
reducing the risk of sample contamination from ambient conditions during analysis.
The sample remains in a stable high-pressure environment, allowing for prolonged
measurements and improved data consistency. However, the choice of membrane
material is critical and will limit the assayed sample. Also, the membrane can
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Figure 4.2: Schematic representation of, from left to right, in situ, operando, and
emersed or quasi-in situ approaches.

attenuate the X-ray and photoelectron signals, potentially reducing the sensitivity
and resolution of the analysis.

Each approach has distinct advantages and challenges, and their selection de-
pends on the specific requirements of the instrument and the experiment. It should
be noted that, as aforesaid, this powerful technique is typically available only at syn-
chrotron facilities, where beamtime is limited. Thus, enabling such investigations
in a laboratory environment is crucial to advancing understanding of fundamental
processes at the solid/liquid interface. At the time of writing, laboratory NAP-XPS-
based instrumentation has increased its presence among different research groups
[131-133], demonstrating similar capabilities to synchrotron-based instrumentation
in tracking the dynamics of electrochemical reactions in situ. However, this equip-
ment is expensive and requires continuous adjustments to address various experi-
mental challenges. Also, it is important to note that NAP-XPS operates at partial
pressures up to few millibars. At these low pressures, aqueous electrolytes cannot
be utilized in the experimental chamber. Only specific liquid electrolytes with low
vapor pressures, such as ionic liquids, can be placed directly in the chamber and
used in electrochemical experiments.|[134]

EC-UHYV Transfer Chamber: quasi-In situ or Emersed Approach

A second option to integrate UHV and EC environments relies on the implemen-
tation of a transfer chamber between both environments. This approach, illustrated
in Fig. 4.2, allows for the transfer of samples prepared in UHV to liquid envi-
ronments under controlled conditions using an inert-atmosphere avoiding potential
contamination from exposition to air. Thereby, maintaining the vacuum integrity
of the primary chamber and overcoming the main drawbacks of ex situ transfer. It
can be accomplished, by using an inert-atmosphere glove box connected to the sur-
face analysis apparatus|135] or with a UHV compartment enclosed with main UHV
system [47-50, 136-145]. In existing literature, a common aspect of all examined
approximations is that EC-UHV compartments are only connected after pressurizing
to ambient levels using ultra-high purity inert gas.
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This methodology is known as the "emersed" or "quasi-in situ" approach, po-
sitioned between ez situ and in situ conditions. It involves the emersion of sample
from the electrolyte under potential control to maintain the electrochemical interface
intact.[42] However, several questions must be addressed. A fundamental concern
is whether the electrode surface and its interface with the electrolyte maintain their
original characteristics during electrochemical operations. Ideally, the emersed elec-
trode should exhibit an interfacial layer with the same composition and structure
as when it was in the solution. However, emersed electrodes, subjects of study in a
UHYV transfer experiment, will undergo changes during the transfer process when the
potential is lost, forming the so-called "emersed layer". The emersed layer can be
experimentally controlled and understood by considering two fundamental factors:
(i) the interfacial changes upon emersion, and (ii) the effect of electrolyte evacuation

in UHV.[43, 44]

B Interfacial changes upon electrode emersion

In the emersion approach, the withdrawal of the electrode induces changes in
the double-layer (explained in Section 2.2 and depicted in Fig. 2.4) in terms
of thickness and total interface charge.

Firstly, the thickness must be sufficiently thick to incorporate the intact elec-
trochemical double layer but thin enough to exclude residual bulk electrolyte
that could alter results. The thickness of emersed layer can be tuned by
electrolyte concentration, considering whether the emersion is hydrophobic or
hydrophilic.[43, 44] For hydrophilic emersion, the concentration should not sur-
pass much more than 1073 M to prevent the inclusion of bulk electrolyte.[43,
44] For hydrophobic emersion, the concentration should not be much lower
than 1072 M to avoid double-layer discharge.[43, 44| In situations where the
immersion mode is unknown, an electrolyte concentration of 1072 M would
be a logical choice.|43, 44] Thus, under appropriate electrolyte concentrations,
the electrochemical double layer can be retained intact when the electrode is
withdrawn from the solution.

In terms of electrochemical interface charge, the interface polarization is lost,
and the unbroken double layer retains contact with the surface electrode but
loses electrical contact with the bulk electrolyte upon emersion. Consequently,
the interface’s total charge must remain neutral. However, this neutrality cri-
terion does not prevent spontaneous faradaic reactions within the emerging
layer. These reactions, which may involve material loss, can occur sponta-
neously as long as they do not disrupt the charge balance within the layer.

B Interfacial changes upon electrolyte evacuation

An expected outcome of evacuation is the alteration of the composition within
the electrochemical double layer due to UHV-induced desorption. The degree
of these compositional changes will be influenced by the heats of vaporization
(AH,qp) or sublimation (AH,,) of the unbound species present within the
emersed layer. It is evident that excess water, adsorbed gases, liquids, and
substances capable of sublimation will be effectively eliminated in UHV. How-
ever, water retained as part of the hydration sphere of the counter ions may
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persist despite the evacuation process, especially when hydration enthalpies
(AHp,,) are significant. For instance, chemisorbed species like sulfate anions,
type of anions that strongly adsorbs on gold electrodes, are anticipated to
form stable, well-ordered adlattices in solution that retain stability even under
vacuum conditions.[43, 146, 147].

By controlling the factors that influence emersed layer using the quasi-in situ
approach, this methodology allows for studying catalyst in a quasi-in situ man-
ner utilizing common electrolytes. Previous works dealing with the preservation of
potential-dependent surface resistance[148], changes in work function|[149|, and the
retention of accumulated excess counter ions in the double layer observed on emersed
electrodes|[46], suggest the feasibility of removing an intact double layer from elec-
trolytes. This preservation, particularly the maintenance of potential-induced work
function changes under UHV conditions|[149, 150], underscores the stability of elec-
trode potentials even after emersion. So, this approach facilitates the monitoring of
stable and irreversible potential-dependent chemical and structural surface changes
during electrochemical processes using UHV techniques. The simplicity of the exper-
imental setup enables the use of standard electrochemical components and a wider
range of materials, making tasks such as electrode replacement, adjustments, and
cell cleaning more feasible and accessible. Consequently, this approach has become
widely adopted in laboratory conditions.

In conclusion, the decision to position the electrochemical cell inside or outside
the UHV chamber in catalysis-focused UHV-EC experiments involves balancing fac-
tors such as experimental complexity, flexibility, and technical implications. Each
approach grants access to different sets of surface catalyst properties but provides
only partial insights, summarized in Table 4.1. The choice among them depends on
specific study requirements, equipment availability, and the desired degree of control
over experimental conditions. Researchers must carefully weigh these considerations
to design experiments that yield meaningful insights into the electrochemical process
desired to study at the electrochemical interface.

Table 4.1: Classification of EC-UHV approaches adapted from [42].

Characteristic Ezx situ  Quasi-in situ In situ  Operando
Potential Control X 2 vV vV
Environment Controlled X inert gas transfer electrolyte electrolyte

Implementation of an EC-UHYV compatible sys-
tem

Building on the previously discussed EC-UHV approaches and balancing factors
like instrumental availability in our laboratory facilities and electrochemical infor-
mation we can obtain, a quasi-in situ or emersed approach is selected for the purpose
of the present thesis. To implement this methodology, a UHV system is adapted
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and an EC-UHV transfer system is designed and constructed. The design of the
EC-UHV system is inspired by previously reported equipment|[151, 152| and will be
described in following sections.

4.2.1 Experimental Ultra High Vacuum chamber

As stated previously, this PhD project began in 2018 by adapting a UHV chamber
of Nanophysics Lab Group to meet the requirements of my thesis. The system
consisted of two different UHV chambers: a main XPS chamber with a preparation
chamber and a second chamber with a RT-STM.

The first step was the replacement of the RT-STM by a LEED given its capacity
to furnish insights into the overall structure on a mesoscopic scale, aligning with a
pragmatic approach for macroscopic understanding.

The next step was to design and connect two additional chambers specifically
designed to separate preparation from characterization. One was designed as a
preparation chamber for growing different materials based on electron beam evap-
oration and a second preparation chamber with an incorporated plasma source for
the growth of oxides at high pressure range. The resulting system, presented in
Figure 4.3, consists of four UHV chambers interconnected by valves. It is equipped
with all the necessary tools for the preparation and characterization of atomically
well-defined single crystal-based systems.

The newly added preparation chamber, depicted in the right inset of Fig. 4.3
and installed in the beginning of 2019, contains several ports where evaporators
can be placed. Those evaporators point to the center of the chamber, making it
the best configuration for growth of metal-based structures. A quartz microbalance
(QMB) is incorporated to measure the metal deposition rate before and after evap-
oration. Additionally, leak valves facilitate the controlled dosing of gases like O
during sample growth. For surface cleaning, the chamber is equipped with an Ar™
sputter gun with a gas inlet. Also, a new manipulator was designed and installed
at the beginning of this Thesis. This manipulator introduces a novel feature with
three vertical slots designed for mask insertion, facilitating the precise growth of
thin wires in UHV conditions using the shadow mask technique. This manipulator
presents a heating filament to perform annealing or degassing of the samples up to
1,473.15 K by resistive or sputter heating.

The second plasma-based preparation chamber, located on the left side of Fig.
4.3, was installed in the latter part of 2020. It was designed to grow oxides using
either molecular O, or atomic oxygen via an installed plasma source at high pressures
(up to 1073 mbar). To facilitate this, it is equipped with an atomic plasma source
(SPECS PCS-ECR-AQ) positioned in the main port, along with additional free
ports for evaporator installation. This chamber is connected to the rest of the
UHV system, allowing high-pressure conditions without compromising the vacuum
integrity of the primary chamber. It was also designed to function as an antechamber
for the UHV-EC transfer chamber, as you will see in the next section.
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Figure 4.3: Ultra High Vacuum (UHV) system before the connection to the EC-
UHV system. It is equipped for the preparation and characterization of surface
catalysts. The photograph was captured in 2020.

4.2.2 EC-UHYV transfer system: clean and controlled atmo-
sphere

As aforesaid, after adapting the UHV system, we have designed a customized
UHV-EC sample transfer system that facilitates the controlled transfer of samples
in an Ar-based inert atmosphere between the UHV and the EC cell. It is illustrated
in Figure 4.4.

The newly designed EC-UHV chamber features independent pumping capability,
enabled by a small turbomolecular pump positioned on the left side, as shown in
Figure 4.4. It includes a gas dosing system driven by a metal leak valve connected to
a high-purity Ar bottle (99.999%) via Swagelok connections. This setup, combined
with a compact full-range gauge (Pfeiffer Vacuum PKR 361), ensures precise control
of the inert ultra-pure argon atmosphere. The chamber can be filled with ultra-pure
argon gas to atmospheric pressure without compromising cleanliness during sample
immersion or pumped down to UHV for post-characterization of the emersed sample.

The strategic placement of the chamber, adjacent to the high-pressure prepa-
ration chamber described previously, allows it to function as a pre-chamber from
the EC to the primary UHV analysis chamber. This configuration provides three
autonomously pumped modules, ensuring atmospheric control of the sample envi-
ronment at each experimental stage. It also maintains low pressures in each stage
during sample transfer, preventing surface contamination or uncontrolled reactions
on prepared surfaces before the electrochemical test. Additionally, it facilitates the
sample’s return transfer to the UHV analysis chamber for post-characterization using
general surface science tools.

The position of the EC cell is critical. Various authors have explored different
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Figure 4.4: Schematic design of the in-house experimental setup designed for the
porpoise of this thesis. The EC cell, EC-UHV transfer chamber, preparation and
main chambers are highlighted with different colors to clarify the position of each
one. Also, it is depicted all the tools used along the thesis.

configurations for electrochemical cells.[42, 47-50, 136-142, 152] Taking previous
works into account, we selected the external configuration placing the electrochem-
ical cell behind the UHV chamber. This configuration presents several advantages:

B [t allows for conventional electrochemistry with typical liquid volumes in a
well-established setup, making it an ideal choice from an electrochemical per-
spective.

B [t provides greater flexibility, as the cell’s design can be modified for various
experiments, as long as the main connecting flange remains consistent and can
adapt to the transfer chamber.

B [t facilitates easy visual monitoring of the hanging meniscus and the liquid-
solid interface since the glass cell is located outside the UHV chamber.

B Although we did not explored in this thesis, it offers potential benefits for using
optical techniques coupled with the cell, such as Infrared Reflection- Absorption
Spectroscopy (IRAS), Surface-Enhanced Raman Spectroscopy (SERS), or Ul-
traviolet (UV) spectroscopy, as the cell remains outside the vacuum chamber
during measurements.

B As one of the primary objectives of transfer systems is to prevent contami-
nation, the external cell setup enables straightforward removal of the cell for
thorough cleaning following standard electrochemistry procedures.

In this case the EC cell is independent connected to the EC-UHV chamber
through a CF/KF adaptation and isolated from this by a VAT valve.
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Figure 4.5: Photograph of the experimental setup with false color highlighting anal-
ysis chamber (green), preparation chamber (red), EC or transfer chamber (green)
and EC cell (blue). It was taken in 2020.

Given the EC cell’s position, the designed EC-UHV stage includes a transfer bar
that allows the sample to be picked up from the preceding stage (the plasma cham-
ber) and placed into the vertical xyz-manipulator installed in the EC chamber. The
manipulator integrates an adapted and isolated commercial sample holder (RECOM
from Ferrovac) connected to the manipulator through a threaded bar. It terminates
with a modified DN40CF fitted with a BNC connection, establishing the external
electrical contact to the sample holder and sample (working electrode). The bottom
part of the chamber is sealed from UHV and ambient atmosphere via a gate valve
(VAT Germany) with an incorporated CF to KF adaptation for the insertion of the
EC cell. The EC cell is positioned below the EC chamber in the KF flange and
is sealed by an O’ring and an adapter that ensures the isolation to air, enabling a
protected transfer of the sample to the liquid or electrochemical environment with-
out exposure to air in a controlled atmosphere. In this configuration, the EC-UHV
chamber is designed to be the transfer chamber between the UHV-EC environments.

A photograph of the final system is shown in Figure 4.5. The UHV-EC system
operates at a base pressure in the range of 1-107% mbar (after backeout) - 11078
mbar (after EC-UHV experiments).

To summarize, the described and implemented setup allows samples to be pre-
pared in UHV and then transferred from UHV to ambient pressures through a
controlled, clean atmosphere based on an inert gas like Ar. The EC-UHV transfer
mechanism will be exposed later. For a proper comprehension of the transference
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methodology followed, first I need to introduce additional specialized instrumenta-
tion for this process. The following subsections will provide a brief description of
the special design of the EC cell and the sample geometry used.

Electrochemical cell and operational configuration

The EC cell used in this thesis is a conventional three-electrode-based cell, origi-
nally developed by Grumelli et al.[151, 152], with the studied sample serving as the
working electrode being immersed vertically. The cell was designed at the Nanoscale
Science Department at Max Planck Insitute for Solid State Research (MPI-FKF-
Stuttgart) using pyrex glass. It is imperative to avoid glasses containing arsenic,
a common component in many Pyrex varieties. Pyrex 7740 minimizes the use of
arsenic. A schematic illustration of the EC cell is presented in Figure 4.6a.

The design incorporates four ground joints: two for the reference and counter
electrode, one for introducing gases into the solution or maintaining a gas flow above
it, and an additional one for potential oxygen sensitivity monitoring or electrolyte
filling.

To establish a controlled atmosphere within the cell Schlenck techniques are
needed. The EC cell needs to connect different tube-based systems connecting it to
vacuum, as described in the preceding section, and to Ar gas. Consequently, the
cell includes Schlenck-based ports for argon gas entry. As depicted in Fig. 4.6a,
there are two ports featuring two Teflon taps: one for filling the cell with inert Ar
atmosphere (Ar in) and a second one for evacuating (Ar out), used to sustain a
clean and controlled atmosphere over the hole cell. Two analogous ports to RE and
CE ones are placed beside them, facilitating the Ar solution bubbling for removal
of dissolved oxygen from the electrolyte. An additional port is positioned in the
upper part of the cell, specifically designed for the use of a drop-maker as indicated
in Fig. 4.6a, enabling the placement of a drop on the sample facing downward for
the hanging meniscus configuration. Further details will be provided in the next
section.

A real photograph of the cell, along with the drop-maker, is depicted in Figure
4.6Db.

Figure 4.6: Schematic drawing of the EC cell adapted from [151]. Two additional
ground joints are omitted for simplification. b) Real photographs of (top) the EC
cell and (bottom) the drop-maker device.
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Figure 4.7: a) Schematic drawing of the meniscus configuration in the hat-shaped
samples utilized in this thesis. b) Design and actual photograph of an Au(111)
single-crystal hat-shaped sample.

Sample geometry: meniscus configuration

The electrochemical studies are performed using the meniscus configuration, a
method commonly employed in surface electrochemistry.[153, 154| In this configu-
ration, only the surface plane of the single crystal working electrode makes contact
with the electrolyte solution. The electrode is then gently lifted just above the lig-
uid level, creating a meniscus suspended from the crystal face. The arrangement of
the resulted configuration is schematized in Figure 4.7a. Utilizing this configuration
helps minimizing electrochemical reactions along the sides of the electrode, allowing
a focused study on the well-ordered surface plane of the crystal.

Moreover, operating within this geometric configuration facilitates the correlation
of electrochemical data with specific crystallographic planes, thereby establishing
structure-function relationships at the electrolyte interface. However, a significant
challenge associated with this approach is the potential for surface and electrolyte
cross-contamination during reactions. This risk arises from inadvertent contact with
the sample plate, either during the formation of the meniscus configuration or due
to capillary action resulting from electrolyte vapor condensation following prolonged
electrochemical tests.

To address this issue, the sample surface is initially wetted with a hanging droplet
of purged electrolyte before contacting the electrolyte surface. This procedure min-
imizes the likelihood of wetting other parts of the sample or the sample holder. A
device called a drop-maker (presented in Fig. 4.6) which includes a specially shaped
pipette, is employed to create a droplet on the crystal surface, ensuring controlled
wetting and preventing splashing. Alternatively, chemically inert sample holders can
be used.

In our method, single crystals are configured in a hat-shaped geometry and at-
tached to a standard flag-shaped sample holder using mechanical fasteners such as
metal wires or strips made from stainless steel, molybdenum, or tantalum, as de-
picted in Fig. 4.7b. The height of the crystal is adjusted to maintain a minimum
separation of 3 mm between the base of the sample plate and the upper crystal
surface (see Fig. 4.6). This straightforward approach effectively prevents accidental
contact between the electrolyte and the sample holder, thereby minimizing unin-
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tended interactions beyond the crystal surface components.

Synergistic methodology followed in this Thesis

By mid-2020, after the COVID-19 lockdown, the EC-UHV segment of the system
was operational following the adaptation and installation of the full setup. Conse-
quently, a comprehensive methodology for EC-UHV experiments is warranted. This
section will offer an overview of the synergistic study of electrocatalysts, demonstrat-
ing how surface science and electrochemistry are applied to the same sample without
uncontrolled alterations during the transfer between both environments within the
established setup.

4.3.1 Preparation of electrochemical tools and reagents

Routinely UHV-EC experiments on the same sample involve more than just
transferring from UHV to an EC environment. Additional steps include ensuring
ultra-clean conditions using high-purity chemicals. Ultrapure water (18.2 M-Qcm,
total carbon < 5 ppb) is provided by a Smart2Pure3 water purification system
(Thermo Fisher Scientific). Before measurements, all glass and components in con-
tact with the electrolyte must be meticulously cleaned, following a protocol from
Feliu’s research group [155], methodology acquired during the stay in Alicante Uni-
versity. Glass is immersed for at least 12 hours in a 2 g/L. K MnOy solution in diluted
H550,, followed by rinsing in 1 HyOy + 0.1 M H550, to remove residuals, then
rinsed with ultrapure water and boiled for 15 minutes. This cycle is repeated three
times for HyS0, electrolytes and once more for non-specific adsorption solutions
like NaOH.

Prior to initiating the experiment, the Ar inlet system to the EC cell is evacuated
by opening the valve to an external pumping station. The EC cell is prepared before
sample transfer: initially filled with the chosen electrolyte, followed by Ar filling to
displace air content while simultaneously bubbling with Ar to eliminate dissolved Oy
in the solution. A stable and controlled atmosphere is maintained for 1 hour before
experiment, allowing electrochemistry to commence directly after the transfer.

4.3.2 EC-UHV Transfer stage

We have implemented a design where the EC cell is situated beneath the EC-
UHV chamber, offering convenient visual monitoring of the hanging meniscus. The
immersed transfer UHV-EC mechanism follows next steps:

1. The process begins with the plasma chamber, where sample is placed, and the
EC-UHV transfer chamber both at their base pressure being < 1-107° and
5 - 1079 mbar, respectively. All valves are closed.

2. The valve VAT is opened and both chambers are connected, stabilizing the
pressure at 1-107? mbar.The sample is picked with the transfer bar and trans-
ferred into the EC chamber.
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3. The gate valve is promptly closed again. The time duration during which this
valve is open is brief, minimizing the impact on the vacuum in the preparation
chamber during the transfer. The vertical manipulator holding the sample
holder is maneuvered into the chamber, and the sample is positioned facing
downward.

4. The turbomolecular pump is turned off, and the bottom part is sealed to
prevent air insertion. The Ar line is gradually opened while the turbomolecular
pump is slowing down, ensuring a controlled process.

5. When the pump speed is below 500 rev/min, the needle valve is fully opened to
augment the Ar flux. This entire process takes approximately 15 - 20 minutes
until the pump is completely turned off, and the chamber reaches atmospheric
pressure with Ar gas.

6. Now that the EC-UHV chamber is at atmospheric pressure of Ar gas and the
cell has been at this pressure, both parts have equal pressure and the gate
valve can be opened. The gate valve to the EC cell is opened and the sample
is lowered into it. Note that the EC-UHV chamber and the EC cell remain
connected over the hole EC experiment. To prevent air insertion, a slight Ar
overpressure is applied to both the transfer chamber and the EC cell.

7. An overpressure is generated in the cell via the Ar inlet port, while the port
for inserting the drop-maker is opened. This step allows one to verify the
release of the overpressure, confirming its proper operation and ensuring no
air is introduced. The drop-maker is then inserted, and using a syringe, a
droplet is carefully created and placed onto the sample surface. Subsequently,
the port is closed, and the overpressure is ceased.

8. The sample is slowly moved back, ensuring it makes contact safely with the
solution to prevent splashing. Upon contact, the surface is retracted by 3 mm,
measured on the vertical manipulator, to minimize edge effects.

While the process of transferring a sample from UHV to the EC cell is intricate,
careful adherence to the correct order and attention to gas flow ensures complete
control over the process, guaranteeing a clean transfer. The entire procedure, from
the sample being in UHV to the commencement of the EC experiment, takes approx-
imately 30 minutes, which aligns with our requirements. The longest stage is the
chamber filling when the pump is turned off, constrained by the maximum flow via
the needle valve. The chamber’s intentional small size expedites the filling process.

After the EC experiment, the chronological steps in the emersed transfer is as
follows:

1. The sample is removed just seconds before finishing the EC test with potential
control.

2. The sample surface is rinsed with purged Milli-Q water using the drop-maker
while applying an overpressure of Ar to the cell. This procedure serves two
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purposes: (i) to remove any residual bulk electrolyte that may have been ad-
sorbed onto the surface due to improper concentration selection (if applicable),
thus eliminating its presence, and (ii) to leave only stable chemisorbed species
on the surface.

3. The manipulator is retracted, and the valve connecting the EC cell and the
EC-UHV chamber is closed.

4. The Ar leak valve is closed, and the bottom valve in the turbomolecular pump
is opened slowly. At a first instance the membrane pump makes noise removing
the Ar atmospheric pressure, after some seconds it works in silence as intended.

5. When the pressure is below 1072 mbar, reaching the 1073 mbar range, the small
turbo molecular pump is switched on. If you do not wait to this pressure, the
final pressure of the chamber is worst.

6. The EC-UHV chamber reaches pressures 1 - 1078 to 5 - 1072 mbar after ap-
proximately 2 h. To reduce the exposition of the surface to high pressure, the
transfer is made at 1 - 10~% mbar after 1h.

7. The VAT valve between EC-UHV chamber and plasma chamber is carefully
opened, stabilizing the pressure at 1-10~% mbar, and the sample is transferred
to UHV system. The gate valve to the preparation chamber is opened for the
shortest time possible. Immediately after the transfer, the pressure is slightly
higher in the preparation chamber but recovers within 5-10 minutes, having
minimal impact on the pressure in the preparation chamber.

This system is time expensive due to the gradual recovery pressure. This fact
is attributed to the incapacity to close the gate valve between the transfer chamber
and the EC cell during electrochemical experiments. In our design, the gate valve
must remain open due to the manipulator blocking its closure. This configuration
results in water vapor from the electrolyte entering the transfer chamber and ad-
sorbing on the inside walls, desorbing slowly during pump-down. Baking the bellows
could address this issue. In addition, an ongoing system upgrade involves the ad-
dition of a gate valve between the turbomolecular pump and the entire UHV-EC
transfer chamber, allowing prolonged pumping for enhanced cleanliness. This modi-
fication also could facilitated a quicker pump shutdown during Ar gas introduction,
preventing operational issues. Additionally, the pump may be safeguarded against
corrosion from electrolyte fumes, and an extra bypass valve could further reduce the
chamber-filling time.

The synergistic methodology routine outlined and followed in this thesis is schema-
tized in Figure 4.8. Here, routine EC-UHV experiments involve XPS and LEED
characterizations of clean or as-grown samples both before and after EC experiments
for unavailing surface dynamics on electrochemical processes like electro-oxidation
and OER catalysis. In some cases, as we will see in the next chapters, additional
EC characterization is performed after post-EC XPS analysis, making this syner-
gistic study a complete cycle, as depicted. It should be noted that during sample
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Figure 4.8: Diagram illustrating the synergistic UHV-EC experiment, beginning
with the preparation of the sample through UHV cleaning and /or CVD oxide growth
(1), followed by surface characterization (2), electrochemical tests (3), and charac-
terization of the emersed layer (4). This cycle can then be repeated.

preparation, the transfer chamber is under UHV conditions, and this time is utilized
for all preparation steps, including sample preparation as well as the preparation of
glassware and electrochemical reagents, before the actual transfer.

Summary

In summary, this chapter has outlined various instrumental approaches for study-
ing electrode surfaces by integrating electrochemistry with surface physics character-
ization techniques. The literature review has examined the strengths and limitations
of each approach, emphasizing the significant advantages of the emersed or quasi-in
situ method over other methodologies. These benefits include its compatibility with
existing UHV equipment, such as the use of standard electrochemical cells with con-
ventional volumes and geometries, the versatility in employing multiple techniques,
and the ease of maintenance and daily operation without compromising the vac-
uum integrity of the main chamber. This approach is particularly advantageous for
tracking stable and irreversible potential-dependent chemical and structural surface
changes due to the controlled removal of samples from the electrolyte under potential
control for surface characterization in a clean atmosphere, aligning with the primary
objectives of this thesis.

Consequently, an operational UHV system has been customized to incorporate
sample preparation chambers essential for this thesis and to integrate a transfer
chamber tailored for EC-UHV experiments. This development has culminated in
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the establishment of a modular system comprising a UHV chamber coupled with an
EC-UHV transfer chamber, facilitating sample transfers under controlled environ-
mental conditions. Detailed descriptions have been provided regarding the electrode
configuration, including the electrochemical cell utilized and the use of the so-called
meniscus configuration,

Furthermore, the methodology employed for each experiment in this thesis has
been comprehensively explained. This encompasses the preparation of materials for
electrochemistry and the step-by-step procedures involved in sample immersion and
emersion, ensuring clarity and reproducibility in experimental protocols. With this
design, the time required for one complete experiment is a minimum of 8 hours. This
includes cleaning the sample, growing selected structures (if needed), transferring
the sample, performing EC experiments, and post-characterizing it. Despite this
duration, the sample remains under UHV for the majority of the time.



Unveiling Au(111) surface species
during its electrochemical oxidation

IIn the previous chapter, Chapter 4, we detailed the design and implementation
of a customized EC-UHV compatible setup installed during this thesis. By bridging
the material gap within the same sample and experimental setup under controlled
conditions allows for a fundamental understanding of the reaction processes at the
electrode-electrolyte interface in a quasi-in situ EC-UHV approach. Consequently,
the primary objective of this chapter is to give insights into the applicability of the
experimental methodology developed to investigate the electrode/electrolyte inter-
face.

To this end, we have used the well-ordered surface electrode, Au(111), as a model
system. The choice of gold (Au) and its (111) facet as the model system is due to
its widespread use in scientific research, especially in electrochemistry and surface
science. This choice facilitates a better understanding of general surface processes,
including surface reconstruction, adsorption, and electrocatalytic reactions, which
have been extensively studied in the literature with ambient pressure EC (AP-EC),
as well as ex situ and emersed electrode approaches.

Although Au(111) is well-known in the electrochemical community, it also holds
significant relevance in the electrocatalysis field. Gold, Au(111), exhibits an ex-
tended stable potential window, remaining stable at high anodic potentials where
OER evolves. This stability allows Au(111) to be used as an OER catalyst at high
anodic potentials, albeit with low rate performance. Thus, this surface serves as
an ideal substrate for supporting highly active catalysts. However, there are still
fundamental questions that need to be resolved before this model surface can be
fully utilized for this purpose. Consequently, the applicability of the quasi-in situ
experimental approach will be tested investigating potential-induced changes at the
Au(111) electrode/electrolyte interface under realistic reaction conditions in par-
ticular in its electro-oxidation and subsequent OER evolution, establishing a direct
correlation between local catalyst surface properties at the meso/nano-scale (surface
composition and structure) and its macroscopic catalytic response (reaction mecha-
nism, catalyst activity, and stability). To accomplish this, it is crucial to maintain a
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clean environment where surfaces remain unaltered and free of contaminants or parti-
cles sticking on the surface during all the processes to not alter the potential-induced
phase. Therefore, we will use the previously designed EC-UHV system to unify the
controlled study of these electrochemical processes through surface-sensitive physics
techniques on the same electrode (sample).

Specifically, we have examined the electrochemical features along with the chem-
ical and structural evolution of the Au(111) surface in relation to applied potential
and electrolyte media, ranging from acidic (in H,SO, and HCIOy, letter data not
presented in this manuscript) to alkaline (NaOH, discussed in the subsequent chapter
in section 6.4.1) pH conditions. In this chapter, we will explore the electro-oxidation
mechanism of the Au(111) surface under high anodic potentials preceding and un-
der the OER in diluted H3S0, focusing on the role of electrolyte anion-adsorbed
species. To this end, we will begin by describing the electrochemistry of Au(111),
highlighting voltammogram features and previously established chemical and struc-
tural attributes from the literature to set the context for our findings. We will then
present the electrochemical features of Au(111) obtained with our setup and com-
pare them with literature data. Following this, we will examine the mechanistic
aspects of electrochemical oxidation and subsequent OER on gold. This investiga-
tion will focus particularly on different potentials within the surface electrochemical
window, spanning both non-faradaic and faradaic regions, and extending beyond
the OER onset in diluted HyS0O, solution. Next, we will discuss the impact of
time-dependent high anodic potentials within the OER regime on the chemical and
structural composition of Au(111). All this will include a synergic study combining
UHV-based techniques for chemical analysis using XPS and structural characteriza-
tion via LEED before and after electrochemical tests (cyclic or linear voltammetry
and chronoamperometry) on the same Au(111) sample. Finally, we will partially
corroborate our findings with DF'T calculations.

Through this interdisciplinary study, we aim to evaluate the effectiveness of our
instrumental approach in studying model anode surfaces and address fundamental
electrochemical questions. Particularly, our aim is to offer novel insights into the
commonly accepted electro-oxidation mechanisms preceding the Oxygen Evolution
Reaction (OER). This will be achieved by uncovering: (i) the reaction mechanism
through the surface composition, (ii) the role of electrolyte ions and (iii) the ac-
tual OER active phase. Validating these opened questions in the model Au(111)
system with the newly developed EC-UHV set-up allows to establish the approach
and its applicability to more complex systems, such us manganese oxides catalysts
(presented in next chapter, Chapter 6).

The electrochemistry of Au(111) surface in H,50,:
General aspects
Gold surface orientations, in general, exhibit very weak chemisorbing proper-

ties compared to other metals like Pt, resulting in an extensive double-layer region
where non-Faradaic processes are observed.[156] This property makes gold a suit-
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able substrate for studying electrochemically active materials within relatively high
potential ranges, as will be seen in Chapter 6. Among all basal planes, the (111)
facet is considered the most reactive, presenting stronger interactions with adsor-
bates than other facets. With the highest atomic density compared to the (110) and
(001) plane, it provides numerous sites for physisorption and chemisorption. In this
regard, as exposed in Chapter 2, the only processes that can be observed in the non-
Faradaic range are adsorption and desorption, which is influenced by the electrolyte
concentration. Additional electrochemical features, specifically Faradaic processes
where electrons are transferred across catalyst/electrolyte solution interface, emerge
at very high anodic potentials where the oxidation of the gold surface precedes the
OER.

In electrochemistry, the oxidation of noble metals like Au in acidic media has
been extensively studied, focusing on both the initial stages of oxidation and the
growth of thicker oxides. The combination of various surface techniques, such as ex
situ XPS[117-120] and STM[119] (with air-based transfers between EC and UHV en-
vironments) and in situ or operando ambient pressure EC-STM|[121, 157], -SXS [158,
159], -HESXRD combined with 2D-SOR [160], -SERS[161-163], and -SEIRAS[121];
together with electrochemical techniques, such as CV|[164-168| and CA, offer in-
sights into the electro-oxidation mechanism of the gold surface in acidic media.
The sequential electro-oxidation mechanism, considering the general agreement in
the cited literature and considering the role of electrolyte anions (e.g. HSO, and
SO, %), unfolds as follows:

1. Adsorption of interfacial water and anions from the electrolyte in a single
form, either HSO, or SO;%. The anion adlayer determines the actual onset
potential for oxidation because of its competition with the initial stages of OH
electrosorption.

AuX" - nHyO = AuX~-OH'™)" . (n = 1)H,O + H[, ) +de~  (5.1)
where X~ refers to either HSO, or SO;2 and 0 < § < 2.

2. Two-dimensional formation of OH/O species with simultaneous anion desorp-
tion, caused by adsorbed OH~ species discharge.

AuX~-mOHY D~ 4 (m — 1)Au — mAuOH + X~ +m(1 —8)e”  (5.2)
AuOH — AuO + H' + e~ (5.3)

3. Place exchange process ("turnover process"- RTO) between OH/O species and
the metal surface atoms leads to the formation of "(hydrous)oxide" in a quasi-
2D compact layer (called g-oxide) as the coverage of OH/O species increases
with potential, from less than 1 ML up to 3 ML. It is accepted that the
repulsive interactions between the AuOH/AuO dipoles eventually cause the
RTO.[168]

AuOH — OHAu/AuO — OAu (5.4)

At least one of the described RTO processes occurs, either forming OHAu or
OAu. The aroused species from this process stem from the type and posi-
tion of the oxygen bond: transformed from AuO(H), in which the oxygen is
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chemisorbed on the gold surface while in O(H)Au the oxygen is incorporated
into the gold surface.

4. The progressive thicker oxide growing gives a three-dimensional " (hydrous)oxide"
(called a-oxide), occurring by a high-field type mechanism proposed by Mott
and Cabrera [169].

This mechanistic model aligns with the general model accepted for the electro-
oxidation of noble metals[164]. This model assumes a combination of anion effects
with a place-exchange process, converting a two-dimensional oxygen-based layer into
a three-dimensional layer as the film extends. The electrochemical oxidation of noble
metals is typically recognized as the preceding step to the OER reaction.[161]

The primary pathways proposed and extensively accepted for OER reaction on
metal surfaces in acidic media are detailed in section 2.4. In the introductory chap-
ters, the function of oxygen-based intermediates in the oxygen-evolving mechanism
was described without surface consideration. For a proper understanding focused
on the present case of Au(111), considering equations 2.9-2.12 and involving a gold
metallic surface, the dynamic reaction for the reorganization of oxygen atoms on the
surface to form O, can be described as follows:

M+ H,O=M-OH+H"+e (5.5)
M—-OH=M-0O+H"+e" (5.6)
M—0+H,0=M-—0OO0OH +H" +e” (5.7)
M—-OOH=M+Oy+H" +e" (5.8)

It should be highlighted that the steps 5.5-5.6 detailed in the mechanism for the
OER agree with steps 5.1-5.3 specifically outlined for gold electro-oxidation in an
acidic medium. This mechanism assumes that the oxidized metal acts as the actual
OER active phase. However, it does not account for the influence of ions on oxygen
evolution or the RTO process. Therefore, it is essential to study both processes —
electro-oxidation and OER — simultaneously and with the same methodology to
elucidate the role of anions and the OER active phase in the evolution of oxygen
gas, giving comprehension on its behaviour acting as anode in an electrolyzer.

Both electro-oxidation and the OER reaction involve oxygen-based species, which
depend on the applied potential and the time scale. Disparities among the analyzed
literature arise in this context due to the use of different experimental methodologies
and characterization techniques, as well as electrochemical configurations to deter-
mine the surface chemical composition at each step of the Au(111) electro-oxidation
mechanism. Initially it was believed that the oxide or hydroxide phases formed
consisted of either Au™[170] or Au™?[171, 172 states. However, following Pourbaix
prediction, it should be noted that oxidation states Aut and Au*? are not char-
acteristic of gold oxygen compounds [77]. More recently, papers claimed that the
adlayers contain gold in the Au*® oxidation state [118, 173, 174].

The exact nature of the adsorbed oxygen species, whether they are OH- or O-
based species, and the changes in the OH/O ratio with applied potential and time
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remain unresolved. This has led also to different theories proposing various compo-
sitions of oxygen-based gold layers raised due to the RTO process: AuO[170] and
Au(OH),[171, 172] in earlier works, and Au(OH )3[117, 118, 161|, AusOs or AusOs -
3H,0[175], and AuOOH in more recently studies. The same occurs with the un-
veiling of the actual OER active phase in Au(111) anode attributing Au(OH)3[118],
AuzO5 or AuyO; - 3H20[161], and AuOOH 117, 162| chemical stochiometries. Un-
derstanding these attributions underscores the necessity to thoroughly explore how
different authors have arrived at their conclusions.

In the early stages of oxidation, it is widely proposed that chemisorbed hydroxyl
radicals (*OH (4q4s)) are derived from water molecules present in solution. Supporting
this theory, in situ STM studies show the appearance of rough patches on the surface
at potentials below anodic features, which grow significantly in the potential range of
the RTO, where the anodic feature appears [157]. This is consistent with the presence
of a precursor layer, likely involving OH adsorption, which later transforms into
oxide.[117, 118, 161] Indeed, Peuckert et al.[117| conducting ez situ XPS studies on
thin oxide layers on polycrystalline gold revealed the formation of an initial Au(OH )3
layer. New insights into the chemical composition transition upon further increase
in potential are provided in their work. This layer is thought to deprotonate or break
down into gold oxyhydroxide, AuOOH, at potentials above 2.0 V vs. RHE, where
OER occurs, as indicated by a new component observed in the CV reduction feature.
This conclusion is also supported by in situ SERS[161, 162] and theoretical DFT
calculations|23, 24|, which show that OOH species form on Au only at potentials
above which a surface oxide layer has been formed, thus entering the OER regime.
Conversely, another theory postulates that chemisorbed OH forming an Au(OH )3
precursor adlayer undergoes further oxidation to AusOs, as indicated by the anodic
ET peak observed in a CV, confirmed by the analysis of integrated peak charge
from voltammetric techniques. Similarly, Juodkazis et. al.[118], by ex situ XPS,
suggested that at 2.1 V vs. RHE, gold anodic polarization produces Au* and O3~
oxidation states, indicating Au(OH); or AuyOs structures, with a preference for
Au(OH)3 based on a thermodynamic perspective. Although none of the mentioned
works identified an unified chemical specie until now, they agree that high anodic
potentials or extended time scales are needed to observe oxide emergence.

In terms of electrolyte ions role in, Rodriguez et. al.[119] investigated the initial
stages of Au(111) electro-oxidation combining surface science techniques and CV,
with samples transferred through air and protected with a water drop. This work
revealed a sulfate or bisulfate adlayer prior to surface oxidation using surface science
techniques, but it could not fully elucidate the electro-oxidation mechanism due to
carbonaceous residues from air transfer passivating the surface and avoiding the
oxidation of the surface. More recently, Zhumaev et al. proposed that (hydrogen)-
sulfate ions adsorbed on the Au(111) surface form a precursor phase to the oxide
layer (AuO) without observing OH presence, based on SIRAS measurements [121].
Shi et al. suggested that the layer consists of sulfate based on chronocoulometric
data [176].

Despite extensive efforts to determine the sequence of potential-dependent sur-
face changes and the chemical composition of gold oxide, the structure and compo-
sition of the emergent structures remain controversial. It is crucial to note that all
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previous assignments were conducted using ex situ surface-sensitive techniques like
XPS, where samples transferred through air are susceptible to inevitable contam-
ination. Furthermore, in situ experimental investigations utilize ambient-pressure
electrochemical techniques, preparing samples through air flame-annealing instead
of UHV methods, and assessing cleanliness via CV rather than surface science tech-
niques, which may not comprehensively evaluate sample cleanliness. Therefore, a
comprehensive study employing quasi-in situ surface-sensitive techniques with con-
trolled and inert transfers on the same sample is necessary to preserve oxygen-related
species and address unresolved previously proposed questions.

In summary, drawing on existing research, the complex process of anodic sur-
face electro-oxidation of Au(111) in acidic media involves competitive adsorption of
species like OH~, SO 2, or HSOy , as well as OH or O exchanging places with metal
surface atoms, forming compounds such as Au(OH)3, AusO3, and AuOOH. Corre-
lating CV features in HySO4 media with potential- and time-dependent species at
high anodic potentials and their impact on surface structure and chemical composi-
tion is essential for understanding electrode dynamics.

For that porpoise, in the following section, we will detail different published
studies involving the electrochemical analysis of the Au(111) surface in HSO4 using
CV. The goal is to identify and correlate widely accepted electrochemical features
associated with each step of the described electrochemical oxidation mechanism,
linking the chemical and structural attributes of each step with the corresponding
electrochemical features as a function of the applied potential. This analysis is
intended to provide a foundational understanding to facilitate easier comprehension
of the experiments conducted and results obtained in our investigation.

Au(111) electrochemical features in H,SO, me-
dia

The entire potential range of Au(111) encompasses three distinct regions, as
illustrated in Figure 5.1: the blue region represents the double-layer region, charac-
terized by potentials below 1.15 V, where mere adsorption processes occur[67, 69|;
the yellow region has been related to the Au oxide formation; and the red region
is where the OER region starts. It should be highlighted that although the follow-
ing discussion draws extensively from the literature the presented voltammogram,
depicting all relevant processes, has been obtained using our described experimen-
tal setup and serves as mere fingerprint for the subsequent explanation. It will be
additionally presented in next section where our obtained results will be discussed.
Notice that the potential in the figure is referred to Ag/AgCl/KCI (3 M) instead of
RHE.

5.2.1 Au(111) double-layer region

Au is a polarizable electrode, though it is not a highly effective HER catalytic
surface[177]. The absence of a hydrogen adsorption region is evident in the initial
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Figure 5.1: Cyclic voltammogram of Au(111) acquired in the EC-UHV set up in
deaerated 0.05 M H3SO, , scan rate 50 mV /s used as model resembling the ones
found in literature.

segment of the voltammetric window, as depicted in Figure 5.1, which would show
a broader capacitive double-layer with a current onset at the end of the cathodic
brunch. Instead, an extended capacitive double-layer region predominates at the
onset of the CV, highlighted in blue, allowing to distinguish adsorption processes
of anions. It reveals anion adsorption (peaks A and B) and emphasizes surface
sensitivity due to the lack of hydrogen occupying available metal sites. Peaks A
and B have been attributed to the adsorption of sulfate/bisulfate anions and the
subsequent lifting of the herringbone reconstruction, respectively.[158, 159, 178, 179|
This observation underscores the significant influence of surface reconstructions and
anion adsorption layers on the electrochemical behavior of Au(111).[179]

Indeed, as the potential increases from the open circuit potential (OCP) — which
represents the electrode’s equilibrium potential when no net current flows and no
chemical or electrochemical reactions occur — a distinct peak appears around 0.44
V vs RHE (corresponding to Peak A at 0.298 V vs Ag/AgCl). This peak is linked
to the anion-induced lifting of the (v/3 x 22) — Au(111) surface reconstruction.[180]
After A, a broad peak at 0.50 V vs RHE arises (Peak B at 0.376 V vs Ag/AgCl in Fig-
ure 5.1), attributed to (hydrogen)sulfate (SO;2/HSO; ) adsorption in a disordered
manner, resulting in an unreconstructed (1 x 1)-phase.|181] This lifting of reconstruc-
tion followed by anion adsorption, transitioning to a rough (1 x 1) — Au(111) surface
structure, is induced by the sulfur-composed layer formed by anion adsorption as was
reflected in situ by the combination of IR reflection-absorption spectroscopy (IRAS),
atomically resolved STM in conjunction with electrochemical measurements.|182,
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183]. In those works it was established that the anions supply charge density, com-
pelling atom rearrangement to accommodate the new energetic surface state, elim-
inating the reconstructed form. Sulfate-based species contained in the electorlyte,
proposed to be adsorbed trigonally on Au(111) surface, involve 10 % SO;* and 90
% HSO, , both having three O atoms to interact with the gold surface. To mitigate
possible coulombic repulsions between adjacent sulfate/bisulfate ions, hydronium
ions (H307™) are coadsorbed.|182] Additionally, water molecules interacting through
hydrogen-bridge bonding with oxygen atoms from sulfate /bisulfate anions have been
detected.[183]

Between 0.6 and 0.9 V vs RHE, sulfate coverage increases, and hydronium ions
(H307") coadsorb with potential scans until 1.05 V. This coadsorption aims to di-
minish possible coulombic repulsion between adjacent sulfate/bisulfate ions.[182]
IR experiments also confirm the presence of water molecules interacting through
hydrogen-bridge bonding with oxygen atoms from sulfate/bisulfate anions.[183] At
this point, sulfate coverage becomes substantial enough to initiate a transition in
anion structuration from disorder to an ordered phase, marked by a sharp peak
(labeled C) at 0.842 V vs Ag/AgCl in Fig. 5.1. This peak’s current density serves
as an indicator for surface quality, decreasing with an increase in surface defects or
step density.[157] Sulfate is known to form a (v/3 x v/7)R19.1° — (1 x 1) — Au(111)
reconstruction at potentials higher than the sharp peak [180, 183-185]. STM char-
acterization of this layer reveals two kinds of maxima, with the principal one cor-
responding to adsorbed sulfate and the second one assigned to either coadsorbed
water or hydronium.[182] The higher anodic potential in this double-layer window,
1V vs Ag/AgCl, is considered the initial stage of oxidation, determining the onset
of surface oxidation as it competes with the initial stages of OH electroadsorption
at higher potentials [186].

The reverse potential scan demonstrates the reversibility of the ordered /disordered
sulfate phase (Peak C’ at 0.796 V vs Ag/AgCl in 5.1) and anion desorption in the
peak labeled B” at 0.269 V vs Ag/AgCl. Below 0.30 V vs RHE, it is considered
that the surface starts to reconstruct the (v/3 x 22) surface, although the process is
slow at room temperature. For this reason, repetitive CV cycles in the double-layer
region disrupt the long-range order of the surface, leading to the disappearance of
the spike produced by the sulfate disorder/order phase [154].

5.2.2 Au(111) electrochemical window

In the region marked in yellow starts the transition from non-Faradaic region to
Faradaic one where Au(111) surface oxidation is proposed to occur. The preceding
sulfate (v/3 x v/7)R19.1° — (121) — Au(111) adlayer contends with the co-adsorption
of H3O" /H,O. As it was stated, the anion adlayer determines the onset potential
for electro-oxidation due to its competition with OH electrosorption. In this re-
gard, Kondo et al. gave insights on the role of co-adsorbed anions prior to OH/O
electrosorption by the use of in situ SXS reporting that the SO7~/HSO; adlayer
blocks the surface, and their findings suggest that at higher potentials, around 1
V vs RHE, the sulfate adlayer gives away allowing the adsorption of a monolayer
of hydroxyl and water at an atop site of the Au(111)-(1 x 1) surface [159]. This
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process was unraveled using in situ SXS [159] combined with CV where a minimal
anodic current is produced at 1.05 V vs RHE, as indicated by the pre-peak shape
labeled D in Figure 5.1. The adsorption of hydroxyl precedes the electron transfer
process that produces the oxide formation after a sufficient overvoltage is reached.
Simultaneous anion desorption is also evident by CV at slow sweep rates [157]. This
step involves the two-dimensional electrodeposition of OH/O species followed by a
place exchange (RTO) process between OH and/or O species and the metal surface.
Peak E in Figure 5.1, appearing at 1.31 V vs Ag/AgCl, has been attributed to this
process.|[118, 156, 157, 164] The formed oxide is subsequently reduced in the reversed
scan (peak E’), and anions re-adhere at lower potentials until the reconstruction at
the end of the voltammogram.

The marked asymmetry observed in the anodic and cathodic peaks strongly indi-
cates the quasi-reversible nature inherent in this process. Even with the initiation of
surface reconstruction, a complete restoration to the initial state is never achieved.
This well-documented phenomenon in the literature [156] elucidates how surface ox-
idation followed by reduction leads to the creation of pits and islands, resulting in a
surface characterized by defects.[181| This postulation is supported by considering
the presence of a place exchange mechanism, where oxygen atoms infiltrate sub-
surface positions. Subsequent extraction during the reduction process displaces Au
atoms from their equilibrium sites, enriching the gold (111) surface with defects.

5.2.3 OER Regimen in Au(111)

Above the anodic peak E, in the Au(111) redox-active window, when the poten-
tial is significantly increased, a continuous current trend precedes the OER as it is
depicted in the red region, indicating complex sequential chemical changes proba-
bly involving oxygen species. At large time-scales[118] or higher overpotentials|117],
it is proposed that the oxide formed during peak E undergoes progressive growth,
transitioning into a three-dimensional (hydrous)oxide structure. This phenomenon
is explained by the high-field mechanism proposed by Mott and Cabrera [169], which
retarded the OER to occur.

Around 2.0 V vs NHE the electrocatalytic evolution of oxygen gas begins. No-
tably, the OER process on the Au surface exhibits inefficiency, characterized by a
significant overpotential relative to the theoretical value of + 1.23 V. It is widely
accepted that the oxygen coupling steps produce hydroperoxide species (M-OOH)
as previously detailed in the OER mechanism (see reactions 5.6-5.8). The formation
of the gold oxide layer marks the commencement of molecular oxygen evolution.

The position of the cathodic reduction/desorption peak (peak E’) provides in-
sights into the reactions occurring at specific potentials that precede OER. The ca-
thodic peak shifts towards lower potentials in correspondence with the anodic peak,
demonstrating the transformation of the oxide layer into a quasi three-dimensional or
bulk oxide structure.[157, 164] As the oxide layer thickness increases, the reduction
peak also shifts due to the potential drop across the adsorbed layers[117].

The study of the OER regime on Au(111) is challenging due to the absence of
distinct electrochemical transfer-based peaks. The mechanism can only be elucidated
through Tafel slope analysis (for theoretical insights, revisit Section 2.4.2). The Tafel
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slope for OER on Au(111) in sulfuric acid offers crucial insights into the reaction
mechanism. Different values have been postulated in the literature, ranging from 45
mV /dec, which suggests a dual potential barrier consisting of a film (not identified)
and the double layer at the film/solution interface [187]. However, considering the
widely accepted mechanism and the reported values for different RDS in Table 2.2,
a range from 60 to 120 mV /decade, indicating the involvement of multiple steps and
intermediates, would be expected.

Potential induced changes in Au(111) surface

Following the previously stated motivation, emphasizing the need to reach a con-
sensus on the electro-oxidation mechanism of the Au(111) surface in HySO, prior
to OER, in this section we will present a synergistic study combining the chemical
and structural investigation of the surface along with the electrochemical features
obtained from CV using the quasi-in situ EC-UHV methodology (described in sec-
tion 4.3). Here we will demonstrate the effectiveness of our EC-UHV compatible
setup for probing electrochemical interfaces. Moreover, we provide a detailed chem-
ical and structural analysis of the Au(111) electrode surface across potential ranges
previously described in section 5.2. By employing quasi-in situ surface-sensitive
techniques such as XPS and LEED alongside electrochemical CV analysis, we inves-
tigate the potential-induced surface changes.

We begin by investigating a flat Au(111) sample. Achieving a flat and clean
Au(111) surface typically involves a preparation process comprising three cycles of
Ar™t sputtering and annealing. This process includes sputtering at 0.5 - 2 keV,
followed by sample annealing to 800 K. Figure 5.2a-b shows XPS spectra for four
different core levels, Au 4f, O 1s, C 1s and S 2p, and a LEED image depicting a clean
Au(111) surface. The Au 4f spectrum displays the primary peak, Au 4f7 /2, located
at 84.1 eV with well-separated spin-orbit components Au 4f5/, (A=3.67 eV). No O
1s and S 2p signals are detected on the surface, while a faint peak is observed in the
C 1s spectrum at 284.4 eV attributed to residual crystalline graphitic carbon, C=C
bond[188, 189], a contaminant present with a thickness < 0.15 ML (more accurately
between 0.13 - 0.03 ML). The carbon contaminant thickness is calculated employing
the very popular method for measuring the thickness of films by XPS developed by
Hill et al.[190], using the area of the Au 4f and C 1s peaks in conjunction with atomic
sensitivity factor of them, being 6.250 and 0.296, respectively; and an attenuation
length ~ 28A[191].

The LEED image at 125 eV exhibits the characteristic hexagonal diffraction
pattern corresponding to the (111) fcc terraces. The (v/3 x 22)-Au(111) surface re-
construction is evidenced by the additional hexagonal points (see inset Figure 5.2b)
surrounding the principal ones, assessing the proper cleaning and the thermal recon-
struction of the surface. Afterwards, the clean Au(111) surface was electrochemically
characterized at various potential regions in a diluted HyS0O, solution.
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Figure 5.2: XPS (a) and LEED (b) characterization for a model clean Au(111)
surface.

5.3.1 Electrochemical window

Figure 5.3 shows the CV acquired in the double-layer potential region of Au(111)
in an Ar-purged 0.05 M HySOy solution within the potential window spanning from
the OCP, -0.15 V, to 1 V vs Ag/AgCl/KCI (3 M). The scan rate for this experiment
is set at 50 mVs™!. Immersing the single-crystal electrode under OCP allows to
assess the stability of the electrode surface, thereby mitigating the risk of unexpected
(electro)chemical reactions and induced reconstructions that may occur under the
influence of an applied potential.

This CV serves as "fingerprint" of a clean Au(111) surface, just like the (v/3 x
22) — Au(111) surface reconstruction in LEED for surface science investigations. In
the present case, the CV exhibits sensitivity to contamination, evident in a minor
peak at 0.22 V attributed to the adsorption of C'l~ onto the gold surface, expected at
0.15 V[152] and before sulphate adsorption in peak A[153], coming from the liquid-
junction reference electrode. Despite the presence of Cl~, it does not disturb the
overall CV shape considering that this effect will not influence our investigations.
The inertness of C'l~ adsorption in regard to the analysis we made was corroborated
by the use of the commercial Ag/AgC1/KCl 4 leak-less reference electrode.

Following electrochemical assessment via CV, we evaluated potential-induced
surface structural changes at various potential values (denoted by blue points in
Fig. 5.3) within the designated range. Each data point was obtained using a freshly
prepared Au(111) surface.
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Figure 5.3: Cyclic voltammogram of Au(111) in the double-layer potential region
recorded in deaerated 0.05 M H,SO, at a scan rate of 50 mV/s. The discernible
peaks observed between 0.2 — 0.4 V signify the lifting/recovery of the surface re-
construction, while the transition between 0.7 — 0.9 V denotes a disorder-to-order
transition within the layer of adsorbed (hydrogen)sulfate ions. Supplementary in-
sights are provided by LEED images taken at 125 eV, presented in the inset for
samples emersed at 1) OCP + 50mV, 2) 0.6 V, and 3) after completing a full CV
scan.

Observations revealed that after emersion at OCP plus 50 mV (sample 1), the
surface reconstruction of (v/3 x 22)-Au(111) persists, as shown in the LEED pattern
in Figure 5.3, confirming the surface stability at OCP. The LEED image captured
at a potential ascribed to the lifting of the reconstruction and the sulfur-based or-
dered layer formation processes (between peaks B and C, sample 2) corroborates
the transition of (v/3 x 22)-Au(111) reconstruction to a (1 x 1)-Au(111), indicating
the possibility of a new sulfur-based surface layer as previously reported. During
the cathodic scan, previous studies claimed the recovery of the reconstruction at
potentials below 0.2 V after B’ and A’. It has been established that surface recon-
struction initiates as electron density increases. In this context, the LEED pattern
obtained after a complete CV (sample 3) depicted in Figure 5.3 reveals a diffusive
(v/3x22)-Au(111) reconstruction, consistent with the previous state. This potential-
induced reconstruction differs from the initial thermally induced one and is referred
to as electrochemically induced reconstruction, which remains incomplete due to its
sluggish nature at room temperature.[154]

Up to this point, the surface structural changes induced by potential, previously
reported, have been confirmed through our pre- and post-electrochemical character-
ization using a quasi-in situ methodology. The next inquiry is whether potential-
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induced chemical changes occur on the Au(111) surface within the double-layer
potential range, as previously suggested, and if these changes remain stable upon
emersion of the electrode from the electrolyte with the subsequent loss of potential.
To investigate this, XPS analysis was performed on the mentioned samples. The
results are shown in Fig. 5.4. All spectra have been normalized to Au 4f and are
presented without subtracting a Shirley background.

The Au 4f core level of the sample emersed at OCP plus 50 mV and the sample
emersed after a complete CV maintains its metallic character, showing the same
primary peak position (Au 4f7/2 = 84.1 eV) and spin-orbit splitting (A=3.67 eV) as
the clean Au(111) surface. These findings, along with previous LEED observations,
suggest the chemical and surface stability of the samples as well as the chemical
recovery of the surface when the CV is completed without undergoing chemical
changes. Cycling surface electrode samples within their electrochemical window is
widely used in literature as a preconditioning method for single-crystal-based elec-
trodes in AP-EC, following flame annealing and prior to conducting electrochemical
tests.

This process ensures the chemical reversibility of any oxidative processes or the
reduction of any oxide layers present on the surface. However, our results show
that the thermally induced reconstruction obtained in UHV is not fully recovered,
resulting in surface roughness and the formation of pits.

For the sample taken out at 0.6 V (curve highlighted in light violet), a faint
shoulder appears, as indicated by an orange box. To gain a deeper understanding of
these observations, Fig. 5.4b-c present the O 1s, S 2p, and C 1s core levels acquired
for all the samples.

Figure 5.4: XPS spectra at Au 4f (a), O 1s (b), S 2p (c¢) and C 1s (d) core levels
of Au(111) surface under different CV potential stopping: clean (light blue), OCP
+ 50 mV (dark blue), 0.6 V (light violet) and complete CV (dark violet).

In the O 1s spectra (Fig. 5.4b) of all points, two distinct components are dis-
cernible, highlighted by orange and red squares. The red component, located at
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531.7 eV, is common to all three studied cases and is also observed when the sam-
ple is transferred to the EC cell, immersed, and emersed in the electrolyte solution
without applied potential (as will be discussed later). This component is attributed
to adsorbed water, retained as part of the hydration sphere of the emersed layer.
The orange component at 532.7 eV is only observable in the anodically scanned
samples (OCP + 50 mV and 0.6 V). This is accompanied by the appearance of an
S 2p peak at 168.8 €V, attributed to ST6[192, 193], along with a secondary peak at
161.5 eV, indicative of metal sulfide bond formation|[194]. Consequently, the orange
component of O 1s is assigned to oxygen bound to sulfur, forming either SO;* or
HSOy , which interacts with gold via an S - Au chemical bond. While both anions,
SO;? and HSO; , cannot be distinguished by XPS, given the dissociation of sulfuric
acid in water, 90 % is likely HSO; (with pKa; = —3, pKas = 1.92) making it the
most probable specie. Henceforth, we will consider this species, which as you will see
later, is the predominant one present demonstrated by DFT calculations (see sec-
tion 5.4.3). This finding confirms the adsorption of HSO; anions, stabilized by HyO
molecules, previously reported in the same potential range between A and C elec-
trochemical peaks.|[180-183] Moreover, this state corroborates that sulfate/bisulfate
anion present in the Au(111)/H,S0, interface is retained during transfer to the
UHV and remains stable under those conditions|43, 146, 147|, thereby indicating
our EC-UHV system’s capability to unveil the dynamics of Au(111) surface reac-
tions upon potential. It should be noted that the S*6 component becomes almost
negligible after a complete CV (dark violet curve). This change is further confirmed
in the S 2p core level, corroborating the recovery of the surface and the reversibility
of anion adsorption.

Examining the C 1s spectra reveals that, after polarization, the C 1s content rises
by an average of approximately 8 % compared to the clean sample, while maintaining
BE positions indicative of graphitic carbon, either in sp? (284.0 ¢V) or sp® (284.4 eV)
configurations. We speculate that the increase in carbon content may result from
residual graphitic carbon after UHV cleaning and sample polarization, potentially
causing reorganization in the bulk crystal and leading to carbon emerging on the
surface. Alternatively, it could stem from the EC-UHV transfer process or even
the electrochemical cell itself. This phenomenon has been previously observed in
the literature and attributed to similar causes [48, 195|. Nevertheless, it should be
noted that the presence of carbon on the surface in our case does not affect the
electrochemical response or the electro-oxidation mechanism, neither does it hinder
the surface compound analysis.

The results obtained so far on the Au(111) surface indicate that the newly im-
plemented experimental approach involving a quasi-in situ synergistic EC-UHV
methodology can unveil the chemical and structural changes in the electrified in-
terface. To further confirm this, we performed an additional experiment to ensure
that the observed chemical changes in the double-layer region were caused by the
applied potential and not by the presence of bulk electrolyte (which would suggest
an incorrect electrolyte concentration), possible crystallization of the electrolyte, or
inadequate rinsing. To do so, we compared the XPS spectra obtained for samples
emersed after applying potential with those obtained by performing the EC transfer
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Figure 5.5: XPS spectra at Au 4f, O 1s, S 2p and C 1s core levels of a clean Au(111)
surface (black) and immersed /emersed samples without applying a potential (red)

and at OCP + 50 mV (blue).

with immersion and emersion of the electrode without potential in both processes.
Figure 5.5 illustrates this comparison, showing the Au 4f, O 1s, and S 2p core lev-
els for a sample immersed and emersed without potential (red) alongside a sample
emersed at OCP plus 50 mV (blue), previously discussed, and a freshly prepared
Au(111) surface.

Notably, both the sample without potential and the sample emersed under po-
tential at OCP plus 50 mV demonstrate the chemical preservation of Au surface in
its metallic state. However, distinctions emerge in the O 1s and S 2p spectra. The
EC transferred sample without potential shows a unique contribution in the O 1s
spectrum from H,O adsorbed on the surface, along with the absence of sulfur. In
contrast, Sample 1 exhibits different behavior, with stabilization and preservation of
anion adsorption during the emersion process. This is evident from the presence of
two components in the O 1s spectrum, previously attributed to the HSO,; compo-
nent and adsorbed H,O(ads) , and a significant peak in the S 2p core levels at the
binding energy of S*6 assigned to the S - Au bond.

These findings confirm the capability of the implemented emersed or quasi-in situ
approach to study the electrochemical interface. The potential-induced chemical and
structural changes observed under the studied conditions align with Helmholtz’s the-
ory of the double-layer, where ions adsorb onto the surface (sulfate/bisulfate in this
case) in the double-layer region, facilitating charge transfer through electrostatic ad-
sorption (electrochemical features A and B observed) without chemically altering the
Au substrate. Furthermore, the electrode-withdrawal process with potential control
preserves key chemical and structural characteristics of the expected interfacial layer
after emersion process and potential removal, retaining the contact between the sur-
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face and the unbroken double-layer. This confirms that the thickness of the emersed
layer is sufficiently thick to incorporate the intact electrochemical double-layer but
thin enough to exclude residual bulk electrolyte or ensure proper cleaning by rinsing.

In summary, the surface chemical and structural characterization conducted here
supports a key objective of this thesis: demonstrating the capability of the EC-UHV
system and the quasi-in situ or emersed approach to maintain the electrified interface
necessary to study the dynamics of surface catalysts under applied potential. We
demonstrate no significant chemical changes on the Au(111) surface in the double-
layer region. Only minor physical species (HSO; /SO;?, most probably HSO;)
adsorption changes are evident at 0.6 V (between Peaks A/B and C), along with the
lifting of the (v/3x 22) — Au(111) reconstruction to (1x1)—Au(111). The observance
of the Au(111)/H,S0O, electrochemical characteristics, in addition to the LEED
analysis and subsequent XPS, serves as a fingerprint for validating the cleanness
and crystallinity of the electrode’s Au(111) surface and ensures the reproducibility
and compatibility of the results obtained from EC-UHV analysis.

5.3.2 Electrochemical oxide formation

Anticipated chemical changes induced by the applied potential are expected to
occur at higher anodic potential between sulphur-based components adsorption and
OER starting. After corroborating the suitability of the established approach to
unveil electrode surface dynamics and with the purpose of identifying potential-
dependent species that may emerge, the surface is examined using the same approach
as in the previous section but over an extended potential range from the OCP (-0.15
V) to 1.5 V at a scan rate of 50 mVs™1.

Figure 5.6 depicts the characteristic CV measured for the Au(111) surface. This
profile includes a pre-peak (D), generally attributed to O H~ adsorption, followed by
a pseudo-reversible redox feature at 1.31 V (peak ¢) previously associated with the
RTO (reversible transition oxide) process, where O/OH pre-adsorbed films lead to
the formation of a quasi two-dimensional compact oxide layer in conjunction with
sulfate/bisulfate desorption. The reduction around 0.85 V (peak E’) and the ¢/E’
transition are associated with surface oxidation/reduction processes [157, 159, 167,
168, 181].

The electrochemical parameters of this oxidation/reduction processes in the Au(111)
electrochemical window are evaluated to acquire insights on the possible mechanism
and the kinetics of redox processes.

The anodic peak £ exhibits a AEg of approximately 117 mV, indicative of a
two-electron transfer process. Considering the widely accepted mechanism for elec-
trochemical oxide formation, detailed in section 5.1, along with the thermodynamic
behavior of gold-based species in its Pourbaix diagram (presented in Fig. 2.8) and
the interaction of anions with the surface in the electrochemical interface, different
two-electron transfer-based reactions could be involved in this process:

Au — OH4q5) = Au(OH)3 + 2HT + 2e” (5.9)
AU(OH)g = AUQO;g + 2HT + 2e~ (510>
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Figure 5.6: In the context of degassed 0.05 M HySOy, a cyclic voltammogram of
Au(111) is depicted, capturing the oxidation/reduction dynamics of the surface at
a scan rate of 50 mVs~!. The data presented correspond to the fifth cycle.

250, % = S,05° + 2~ (5.11)
2HSO; = S,05% +2H™" + 2e~ (5.12)

The area integrated under a CV peak, obtained following the depiction of Fig.
2.12, can be related to the amount of the electrochemical product released, as men-
tioned in section 2.5.1. So, the thickness of the potential adsorbed layer generated
during the electron transfer at peak € can be calculated. The charge under peak
e, calculated from the integrated area, is approximately 227.95 uC - cm~2. This
charge could correspond to about 1.02 ML of states with a -1 charge (such as
OH~ or HSOy) or approximately 0.51 ML for species with a -2 charge (such as
O5% or SO;?). These calculations consider exposed structures as potential candi-
dates, utilizing Faraday’s Law (Eq. 2.4) and assuming a planar density of 1.39 - 10
atoms/cm?.

The distance value between E,, and E,., electrochemical characteristics defined
in Fig. 2.12, exceeds the anticipated value for a fast, reversible electron transfer
(100 mV). A common characteristic in the formation/reduction behavior of metal
oxides, especially for noble metals, is the hysteresis — a difference in the poten-
tial range for oxide formation compared to reduction. This hysteresis is ascribed
to post-electrochemical processes. In this case, the product potentially formed un-
dergoes a change after the electron transfer at peak ¢, leading to differences in the
species, energies, and potential ranges involved in the subsequent reduction. [156,
159] Indeed, the charge under peak E’ is roughly 253.50 uC'-cm ™2, exceeding anodic
(-, confirming the evolution of species in the hysteresis. Under the same assump-
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tions, the thickness of any suggested specie would increase by approximately 10 %
of a ML. Nevertheless, the formed layer can be fully reduced, as indicated by the
electrochemical transient B’, attributed to the recovery of the (1 x 1) — Au(111)
reconstruction previously demonstrated.

To unveil the potential-induced chemical species and its structure after the EC
experiment, the sample was emersed from the EC cell at the end of the anodic
branch (1.5 V), both with and without holding the applied potential for 5 minutes,
and after completing a CV cycle. Subsequent post-EC XPS (Fig. 5.7a) and LEED
(Fig. 5.7b) analysis were carried out to reveal the chemical and structural changes
on the Au(111) surface.

Figure 5.7a collects the photoemission spectra acquired at the Au 4f, O 1s and
S 2p core levels. As in the previous section, the intensity of all the spectra has been
normalized to Au 4f. XPS spectres exhibit no significant changes upon potential
scan, except for a residual O 1s peak at 531.7 eV, previously attributed to water
retained as part of the hydration sphere of counter ions on emersed layer at potentials
contained in double-layer range. In this case, since no anions are detected in the S 2p
and literature suggests the presence of OH, this feature position could be attributed
to either adsorbed HyO or OH~ species.[196]

Following the possible phases suggested in Eq. 5.9-5.12, based on thermody-
namic assignment and CV measurements, different sulfur-based and oxide-based
phases were proposed. However, no prominent O 1s and S 2p phases were detected.
The absence of sulfur-based species suggests that sulfur does not participate in the
chemical composition of the emersed layer at 1.5 V, which contrasts with previous
findings on the double layer. While literature suggests that sulfur desorbs with
the appearance of the oxide [157, 158], we know that at higher potentials and po-
larization times (discussed in the next section, Section 5.4), S 2p features will be
detected. The absence of sulfur in this case could be due to two factors: (i) slow
reaction kinetics necessitating high overpotentials for detection, or (ii) the forma-
tion of a sulfur-based precursor from the one that is detected later, which could be
metastable and only detectable under potential (because, for instance, it is evacuated
or decomposed during the UHV transfer).

In any case, what our XPS analysis ruled out is the formation of any kind of
gold oxides (Auy(OH )3 neither AusO3) which were previously suggested as an ex-
planation for the peak £[117, 157-159]. In fact, we know in advance that when
the surface is oxidized forming the so-called "bulk oxide", the resulting oxide phase
remains stable during the emersion process to UHV and represents an irreversible
(electro)chemical step, as will be discussed later. This oxide can be measured for
overnight without showing any differences, proving its stability and irreversibility.

To examine possible structure differences, LEED patterns were compared at
125 eV (Fig 5.7b). This comparison aimed to confirm the reversibility after CV
recovering the reconstruction. As illustrated in Figure 5.7b, both cases exhibit the
same hexagonal pattern, with a very attenuated (v/3 x 22)-Au(111) reconstruction
visible after CV in the zoomed area. As in the double-layer potential region, the
elctrochemical processes are reversible but the thermally induced reconstruction it
neither fully recovered. In fact, cycling the sample in this extended potential range
results in a defective surface [181].
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Figure 5.7: a) XPS spectra at Au 4f, O 1s and S 2p core levels of Au(111) surface
under different CV potential stopping: clean (light yellow), 1.5 V (dark yellow) and
complete CV (orange). b) LEED images taken at 125 eV for (bottom part) clean
Au(111) surface and (upper part) same surface after a complete CV cycle with an
inset in one spot.

5.3.3 Electrochemical study within OER regimen

The onset of a continuous anodic current starts at 1.5 V, precluding the OER
region. Extending the upper potential limit increases the overpotential from ¢ CV
feature and prolongs the time spent at oxidizing potentials. This could chemically
evolve the Au(111) surface towards forming an oxide-based structure due to the
possible adsorption of OH- and O-based species at E > 1.5 V, as supported by
literature. For example, when performing a CV at a scan rate of 50 mV /s, increasing
the upper potential limit from 1.5 V to 1.6 V results in an additional 4 seconds spent
at potentials above 1.5 V. This change can overcome kinetic barriers or increase the
thickness of the deposited layer until it can be quantified by XPS. Therefore, we
chose to analyze the Au(111) surface using CV within an extended potential range.

To elucidate potential electrochemical hydro(oxide) species beyond 1.5 V, we
incrementally raised the upper potential limit (®) from 1.5 to 2.1 V, the onset of
OER, and examined the corresponding CV characteristics. Figure 5.8 illustrates
consecutive I-E curves obtained in the same surface at each applied ® where at each
potential step the anodic ramp is preceded by a cathodic reduction.

The observed peaks in Fig.5.8a are the characteristic ones belonging to Au(111)
surface. Minor variations in the anodic peak height ¢ are evident, as highlighted
in the zoomed graph in Fig.5.8b-Peak 1. The € peak current increases by approxi-
mately 0.5 % to 8 % with the upper potential limit. These changes are likely due
to increased roughness during successive oxidation/reduction cycles, which enhance
pit density and thereby increase the electrochemically active area. This underscores
the chemical reproducibility of the Au(111) surface across each cycle where the up-
per potential limit varies, despite structural differences arising from each anodic run
following a cathodic reduction.

In contrast to the anodic findings, the reduction peak in the cathodic branch
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Figure 5.8: Subsequent cyclic voltammograms for Au(111) surface in 0.05 M
H3S04, at 50 mV /s from OCP, -0.15V to different upper potential limits (®). Distin-
guishable stages in oxide formation and reduction are identified by lettering. Three
different insets in regions 1, 2 and 3 are depicted.

is displaced towards a lower E,. as ® increases (Fig.5.8c-Peak 2), manifesting an
increased difficulty in reducing the formed layer. This trend suggests the emergence
of a new phase with a composition influenced by the applied overpotential or the
duration spent at E > 1.5 V. Differences in cathodic peak shapes are also detected
as potential increases, indicating the presence of different components on the sur-
face. Additionally, the HER activity is enhanced with the upper potential limit,
as indicated by an arrow in Fig.5.8c-Peak 3. HER is highly sensitive to surface
structure, and its activity is enhanced in potential-induced Au(111) reconstructions
compared to thermally induced ones. Despite having identical unit cells for each sur-
face, the presence of smaller domains and domain boundaries in potential-induced
reconstructions increases HER activity [197].

Furthermore, a small perturbation is detected in the cathodic phase of the sample
cycled up to 2.1 V, as indicated by an arrow in Fig. 5.8a. This process is reproducible
in a different sample scanned at a lower scan rate (10 mV /s, data not shown) and
could be attributed to the formation of O, bubbles, clearly seen in the crystal surface.

Hence, the increased potentials from 1.5 to 2.1 V suggest a complex dynamic
process likely involving oxygen-based phases until oxygen evolution occurs. Despite
this, the surface undergoes "recovery" in electrochemical terms during the reversed
scan upon reaching the OCP, making the anodic branch reproducible for consecutive
cycles.

Quantitative descriptions of the thickness of adsorbed precursor phases or subse-
quent chemical transformations can be derived from the comparison of the integrated
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Figure 5.9: Integrated charge flows from anodic and cathodic peak on voltam-
mograms, fig. 5.8, of oxidation and reduction processed of oxygenated species as a
function of upper scan potential. Broken lines indicate charge densities for different
numbers of ML of OH~ adsorbate (left), O adsorbate (righ).

anodic and cathodic areas in Fig. 5.8. As previously outlined, on a Au(111) surface
with a planar density of 1.39 - 10®atoms/cm?* and following Faraday’s law, Eq. 2.4;
the equivalent charge density for 1 ML of adsorbate can be calculated. It is approx-
imately 222 A/em? or 444 pA/cm? for a monovalent adsorbate like OH~ /HSO,
or a divalent one such as O,%/SO;?, respectively. Following this principle, the
obtained charge density is plotted versus the maximum upper potential, and the re-
sulting plot in Fig. 5.9 quantitatively describes the degree of surface oxidation under
the theoretical assumption. Figure 5.9 shows that the charge obtained in the anodic
peak € remains almost constant, as expected, demonstrating a consistent thickness
of same adsorbed precursor phase. This thickness is estimated to be between 1.05 -
1.3 ML of monovalent species or 0.5 - 0.7 ML of divalent species.

The reduction layer thickness is in all cases bigger than the pre-adsorbed one,
confirming the influence of overpotential and the time scale dependence of oxidation.
If we consider a monovalent phase as the initial adsorbed specie, (left side on Fig.
5.9) at 1.5 V, the adlayer thickness increases from 1 ML to 3 ML along the reverse
scan, attributed to the hysteresis between oxidation and reduction peaks where
deposited species evolve. As the time spent to reach the cathodic peak is 2.5 times
longer than the time spent to reach the plateau in the anodic peak, the reduced
oxygen-rich phase thickness is expected to be 2.5 times larger.

Moreover, between 1.5 and 2.1 V, the cathodic area exponentially increases with
the upper potential limit until the onset of OER, with a subtle inflection point
observed at 1.8 V, indicating the transformation of the formed phase with the over-
potential. Even in this region, studying its mechanism remains challenging due to
the absence of distinct electrochemical transfer-based peaks. To address this, Tafel
slope analysis becomes an indispensable tool, providing insights into the underly-
ing reaction steps and possible intermediates. Therefore, we will evaluate the Tafel
slope after CV measurements and compute the thickness of the electrochemical films
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formed. By correlating the Tafel slope values with the film thickness, we aim to elu-
cidate the reaction mechanism and identify key parameters influencing the OER on
Au(111) through solely macroscopic characterization.

Figure 5.10 presents the Tafel slop representation resulted from the anodic branch
obteined in the CV from OCP to 2.1 V (presented in Fig. 5.8). Note that the
overpotential is calculated from the difference with the thermodinamic +1.23 V
value for the OER.

The investigation of the rate-determining step (RDS) has been conducted at low
overpotentials (blue region in Fig. 5.10), where electro-oxidation is expected, and
at high overpotentials where the oxygen evolution reaction (OER) commences (red
region in Fig. 5.10). The two analyzed regions exhibit different slopes of approx-
imately 60 mV /dec and 30 mV /dec under varying conditions, suggesting distinct
electrochemical mechanisms governing each potential range.

At low overpotentials, the slope of 52.9 mV /dec indicates a reaction mechanism
where the rate-determining step involves an electrochemical process, confirming our
previous attributions. This steep slope suggests a slower reaction rate per tenfold
change in current density, likely due to processes such as charge transfer across an
interface or surface restructuring involving significant energy barriers. For instance,
a steep slope like 60 mV /dec could correspond to a mechanism involving a complex
surface reaction or the electrochemical desorption of species.

At overpotentials where OER is expected to start, the slope of approximately
30 mV /dec suggests a mechanism where the rate-determining step involves multiple
steps or intermediate species with lower activation energies. This shallower slope
implies a more rapid increase in current density per decade, indicating a faster elec-
trochemical reaction compared to the scenario with the steeper slope. As previously
discussed, values around 30 mV /dec are associated with the transformation of M-OH
to M-O species.

Figure 5.10: Tafel plot for Au(111) in 0.05 M H3S0Oy, illustrating the relationship
between overpotential and current density precluding the OER. The data provides
insights into the kinetics of electro-oxidation process at low overpotentials (blue)
and in the OER onset (red).
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While thickness information can be extracted from j-E curves and kinetic mech-
anisms can be predicted using Tafel slopes, only speculative predictions regarding
changes in chemical composition can be made from observed electrochemical fea-
tures. This underscores the importance of complementing electrochemical studies
with surface-sensitive techniques to explore anode electro-oxidation mechanisms and
the species involved, particularly in relation to OER.

Chemical and structural composition of emerged
species near OER

In an effort to elucidate the chemical changes on the Au(111) surface and to
investigate the oxygen-rich species expected, polarizations at higher potentials (E,,
> 1.5 V) were conducted. This study is pursued since samples polarized within
the Au electrochemical window did not reveal substantial chemical changes in XPS
(results presented in section 5.3). Therefore, we opted for the chronoamperometry
(CA) technique at various potentials (between 1.5 to 2.1 V, where OER commences)
and different time scales (30 seconds and 5 minutes).

As a first approach, we followed the experimental EC-UHV methodology de-
scribed in section 4.3. In the present case we conducted each electrochemical polar-
ization on a UHV-cleaned Au(111) surface after cycling the surface between OCP
(-0.15V) to 1.5 V to ensure the consistency on the starting surface for each case
through the analysis of the electrochemical features.

5.4.1 Short time range: 30s polarization

XPS studies conducted on samples emersed after specific potential CAs at values
delineated by colored circles in Figure 5.11a are illustrated in Figure 5.11b. The
photoemission spectra acquired at the Au 4f, O 1s, S 2p and Cls core levels are
summarized for comparison.

For samples polarized at potentials between 1.8 and 2.0 V, Au 4f maintains its
metallic character without chemical changes, with Au 47/, and Au 45/, centered at
84.1 eV and 87.8 €V, respectively. At a relatively high potential, at 2.1 V above the
OER onset, a significant contribution at 1.6 eV higher binding energy, around 85.7
eV, indicates the formation of an oxidized Au(111) surface. Its position suggests
Au™? oxidation state, consistent with previous reports on Aut3-based gold oxide.
[117, 118, 198]. The Au'® state in gold oxide can be manifested with different
stoichiometries: Au(OH)s, AuOOH or AusOs. For a comprehensive understanding
of the electro-oxidation mechanism and the resulting compound; O 1s, S 2p and C
1s core levels will be analyzed.

In the O 1s spectra, at potentials below 2.1 V in the OER onset, the shape spectra
are similar for the three explored potentials. They all consist of a peak centered at
around 531.4 eV, with an intensity that increases as the potential rises. This peak
consists of two main components: a predominant one at approximately 531.7 eV
and a smaller contribution at 532.7 eV. These components match those observed in
emersed samples at potentials within the double-layer region and the oxide formation



88 5.4. Chemical and structural composition of emerged species near OER

Figure 5.11: XPS spectra at Au 4f, O 1s, S 2p and C 1s core levels of Au(111)
surface after polarizations at: (black) clean surface, (red) 1.8 V, (blue) 1.9 V, (green)
2.0 V and (violet) 2.1 V, for 30 s in a deaerated 0.05 M H2SO, solution.

potential region (see Fig. 5.4 and 5.7), attributed to adsorbed H,O/OH ™ species
and sulfate/bisulfate components, respectively, thereby precluding the emergence of
oxide species.

In the S 2p spectra, at potentials between 1.8 and 2.0 V, sulfur exhibits the
same chemical state observed before, with a peak centered at 168.4 eV, which is
attributed to the S*6 state. The intensity of the S 2p peak significantly increases
along with the oxygen content as the potential increases. This indicates that sulfur
is bonded to oxygen in the S*6 state, forming either HSO; or SO, ? species|[192,
193, 199], the quantity of which depends on the applied potential. This observation
represents a novel finding, as previous literature consensus suggested the desorption
of anions during the electrochemical transition (¢) where oxide is thought to be
formed. Specifically, this finding may be associated with the previously proposed
two-electron transfer process (see Eq. 5.11 - 5.12), where sulfate or bisulfate anions
(HSOj; or SO;?) present at the electrochemical interface, as detected in the double-
layer emersed phases, undergo electrochemical oxidation on the Au(111) surface to
form peroxydisulfate or persulfate (S;0g?) at E° = 2.01 V vs NHE (1.72 V vs
Ag/AgCl) or E° = 2.123 V vs NHE (1.83 V vs Ag/AgCl), respectively. It is true
that the prominent anion is HSO, , as stated before. However it is most likely the
ET reaction S,Og?/S0O;? since a lower overpotential is needed. Also, as we will see
later in section 5.4.3, by DFT calculations it was demonstrated that H SO, converts
into SO;? due to the interaction with H,O at potentials between peak B (sulfate
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adsorption) and peak e; most probably in peak C.

As the potential and overpotential increase, a thicker S,0g 2 based layer accu-
mulates until reaching 2.1 V, where oxide formation likely occurs due to oxygen
insertion into the surface lattice and subsequent desorption of sulfur-based species
or inability to adsorb due to fully active sites occupied by oxide phases. It is note-
worthy that S,Og? functions as a relatively stable oxidizing agent whose production
rate varies with applied potential[200], and its composition decomposes with tem-
perature or photon energy hv into SO;?**[201]. These facts in conjunction with
previous findings suggest a new electro-oxidation mechanism indicating that the e
transient stems from the transformation of sulfate into peroxydisulfate instead of
hydroxyl adsorption and subsequent RTO, as generally agreed by literature up to
Now.

At 2.1 V, O 1s and S 2p core levels suddenly change. There is a shift in the
O 1s peak. The characteristic oxide peak appears centered at 530.1 eV, composed
of a large contribution around 531.7 eV and a new one (highlighted in blue) at
529.3 eV approximately. This chemical interaction happens in conjunction with the
disappearance of S 2p and the growth of a shoulder in Au 4f core level, reflecting
the vanishing of adsorbed anions leading to the formation of gold oxide. The latter
either blocks or catalyzes the surface, influencing its oxidation. However, the exact
composition of aroused structure can not be evaluated just by peaks positions or
suggested components, it is crucial to resolve the real composition through XPS
fitting.

The Au 4f, O 1s and C 1 s spectra were deconvoluted, and a Shirley background
was subtracted. As seen in Fig. 5.12, the Au 4f core level of the as-grown oxide at
2.1 V exhibits a dual-component fitting, corresponding to Au’ and Au*3 chemical
states, as previously discussed. This dual-component observation is consistent across
both Au 4f contributions, each displaying a spin-orbit splitting of 3.67 eV for the
4f core level. Furthermore, an oxidic component is also detected in the O 1s core
level, which is fitted using three components: one at 531.3 €V, attributed to the
physical adsorption of either OH~ or Hy0 to the Au(111) surface; a second at 530.2
eV associated with chemisorbed OH ™ not bonded to the gold surface; and a third
at the lowest BE around 529.3 eV, linked to oxygen chemisorbed on the Au(111)
surface forming the oxide.

A minor peak detected in the C 1s core level is fitted with a single component
at 284.4 eV, commonly associated with the C=C bond [188|. This finding suggests
that carbon does not participate in the oxide formation or the preceding adsorption
steps, as previously exposed. This assertion is further supported by the absence of
carbon features in the O 1s spectra. Additionally, C 1s peak position differs from the
typical positions expected for components originating from C-O-C/C-OH, O-C=0,
and C=0 bonds (around 286.0 eV, 288.5 eV, and 288.0 - 290.0 eV, respectively)
[202-205] confirming the absence of a significant carbon contribution to the oxide
formation process.

The main fitting parameters for chemical composition analysis of each assigned
contribution are summarized in Table 5.1. For a more precise chemical assignment to
the emerged layer, the O:Au ratio was calculated for Au - O attributed components
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Figure 5.12: XPS spectra and fitting components at the energies of a) Au 4f core
level, b) O 1s core level and ¢) C 1s core level, after 30s of polarization at 2.1V in
deaerated 0.05 M H,SO, solution

using Eq. 5.13:

SAF(OIS)
%(Auélf)

In this equation, the peak areas are normalized to the sensitivity factor (SF), a
coefficient dependent on the angle between the X-Ray gun and the detector, as well
as the cross-section and inelastic mean free path (IMFP) of electrons for a specific
element at a defined energy level. Hence, for the given angle between the X-ray gun
and the detector, this sensitivity factor is unique for each element and transition.
In this instance, the sensitivity factors are 0.711 for O 1s and 6.25 for Au 4f [206].
Utilizing Equation 5.13 in conjunction with the area values detailed in Table 5.1 for
all Au-O related components within both Au 4f and O 1s spectra, the O:Au ratio
can be calculated. The resulting O:Au ratio approximates 1.40, closely aligning
with the expected value for a stoichiometry of Au,Os, with an error margin of 6.7
%. Anticipated ratios for other gold-based stoichiometries such as Au(OH)s and
AuOOH would be 3 and 2, respectively. Therefore, it is inferred that under the
applied conditions, Aus0s3 is formed. However, due to XPS resolution limitations
(non monochromatic light), it is not possible to differentiate between the hydrous
or anhydrous state, representing either AuyO3 or AusOs3 - 3H50.

Based on previous attributions, it has been revealed for the first time that the so-
called bulk oxide does not form through a RTO process. Instead, we have uncovered
a precursor phase involving a peroxydisulfate adlayer at higher potentials, 1.8 < E <
2.0 V. Importantly, the oxide layer does not emerge until the potential reaches 2.1 V
for 30 seconds, precluding OER, with a proposed stoichiometry of AusO3, facilitated
by the removal of the sulfur-based precursor, which likely catalyzes surface oxidation.
The discrepancy between the observed mechanism and the generally agreed one
(exposed in section 5.1) could arise from the S-Au bond formed by the interaction
of electrolyte anions with the Au(111) surface, HSO, , which may inhibit surface
oxidation (by inhibiting OH adsorption and subsequent transformation into O) until
a reorganization in the adlayer facilitates the formation of the true pre-oxidation

Ratio(O : Au) = (5.13)
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Table 5.1: Binding energy and total area of the analysis of the XPS spectra at Au
4f and O 1s core level, for Au(111) sample polarized during 30 s at 2.1V in deaerated
0.05 M H,S0, solution.

Au 4f XPS spectra O 1s XPS spectra
Comp. | B.E. (eV) | Area (a.u.) Comp. B.E. (eV) | Area (a.u.)
Aud 84.1 17,448 OH~ /H30 445 531.3 999
Aud 87.8 14,120 M - OH 530.2 2,760
Aulh 85.8 8,340 M-0O 529.3 2,115
Au)h 89.4 5,238

catalytic phase: the persulfate or peroxodysulfate, SyOg .

Having demonstrated the formation of an oxidized surface, compatible with a
stoichiometric AusO3 phase, at high anodic potentials precluding the OER, it is
crucial to investigate the influence of time scale on the electro-oxidation mechanism.
Given that 30s long polarization leads to abrupt changes, extending the polarization
time could offer insights into different mechanistic steps at lower potentials, exclud-
ing OER, and providing a comprehensive understanding of the electro-oxidation
mechanism on the Au(111) surface.

5.4.2 Large time range: 300s polarization

Following the same work methodology as in the previous 30s polarizations, larger
timely consumed chronoamperometry (5 minutes) at anodic potentials ranging from
1.5 to 2.1 V was conducted. The XPS spectra at the Au 4f, O 1s, S 2p and C 1s core
levels were acquired after the electro-oxidation and presented in Fig. 5.13a-d. In
this representation, XPS spectres have been deconvoluted and a Shirley background
has been subtracted for quantitative analysis.

The Au 4f core level of the Au(111) surface polarized at 1.5 V can be fitted using
two components corresponding to the two spin-orbit splitting components of the Au
4f core level for metallic gold (Au) centered at 84.1 eV and 87.8 €V for Au 4 f7/, and
Au 4f5/5, respectively. A new component highlighted in orange appears for samples
polarized at 1.6 and 1.7 V, situated around 84.7 eV. This component is attributed
to sulfur-based species adsorbed on the surface. In contrast to 30s polarizations,
anion adsorbed species can be detected at a lower potential, specifically at 1.6 V. At
1.8 V, the orange component disappears, and a higher-binding-energy contribution
at 85.7 eV emerges, attributed to AusOs3 formation, similar to the observations at
2.1 V for 30s. Thus, in both time-scaled evaluated scenarios (30 seconds and 5
minutes), the release of adsorbed sulfur-based anions, M — SO, with S*% oxidation
state, from the surface precludes the formation of metal oxide. With a further
increase in potential from 1.9 to 2.0 V, the metallic component decreases, while two
components associated with oxides (the AusOj3 and a new one in lilac) grow. At
1.9 V, the new component appears in the Au 4f core level at 86.1 €V, 2 €V higher
BE than the metallic component, associated also to Au'? chemical state. Below,
the stoichiometry of the oxidized surface will be analyzed. The new oxide-related
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species becomes predominant when the potential is increased to 2.0 V, continuing
until the decomposition of the as-deposited layers above 2.1 V, where Oy bubbles
are observed in the electrode surface. At this potential, the metallic component
contribution is recovered with the emergence of the orange component.

At 1.6 V, a S 2p peak centered at 168.4 €V appears, assigned to the S*6 state, in
conjunction with the appearance of the M — SO, component in the Au 4f core level.
The S 2p peak presents an unresolved doublet with closely spaced spin-orbit com-
ponents (A = 1.16eV’). Simultaneously, a prominent O 1s contribution is detected,
consisting of two different components: a large one at around 531.7 eV, combined
with a smaller component at 532.7 eV. As previously stated, the red component
is attributed to physically retained HoO/OH™~ species on Au(111), while the or-
ange one is attributed to O bonded with S*¢ state, forming either HSO; or SO;?
chemisorbed on the gold surface. Notice that in these emersed layers, the metallic
sulfide component previously detected in S 2p core level (S-Au) is not observed, sug-
gesting a rearrangement in the sulfur-based species present in the electrified layer
from the double-layer potential range (see section 5.3.1) to the polarized samples at
potentials precluding OER range.

In the present case, the sulfur-based phase is bonded to the Au surface through
the O atom, which will later lead to the formation of oxide phases. As the potential
increases to 1.7 V, the sulfur component in Au 4f decreases, along with O 1s and
S 2p, indicating the desorption of the anion layer. This is attributed to the place-
exchange mechanism between Au atoms on the surface and the oxygen present in
the adsorbed sulfur-based anions. Above 1.8 V, the S 2p contribution disappears,
confirming anion desorption. Based on the previous analysis of the electrochemical
feature € (in section 5.3.2) assigned to the reaction described in Eq. 5.11, and
the emersed layers after short-time polarizations of 30 seconds, the insertion of the
oxygen atom occurs through the species S,0g?, which desorbs from the surface
afterwards.

Sulfur-based anion desorption aligns with a shift of around 2.0 eV across the
entire O 1s region caused by the formation of new components at 1.8 V. In this
case, the O 1s core level is fitted using same components previously ascribed to the
sample polarized at 2.1 V for 30s, evolving same oxide phase and confirming the
effect of polarization time on the evolution of surface species. The observation of
same oxide at different potentials and time scales — 1.8 V for 5 minutes and 2.1 V
for 30 seconds — can be understood by examining the kinetics and thermodynamics
of the electrochemical reactions involved.

From a thermodynamic perspective, the formation of the oxide is determined by
the E° or E, which indicates the voltage at which the oxide phase starts to form
and forms at a considerable rate being stable. Both 1.8 V and 2.1 V are within the
potential range where oxides formed by EC are thermodynamically expected and
stable. However, the rate at which the oxide forms is governed by the kinetics of
the reaction. Kinetics involves the speed of the electrochemical processes, which
is influenced by factors such as the applied overpotential, reaction pathways, and
activation energy barriers. At 1.8 V, the overpotential is lower, meaning that the
driving force for the reaction is less, and thus the reaction proceeds more slowly,
requiring a longer time (5 minutes) to achieve the formation of the oxide. Conversely,
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Figure 5.13: a) XPS spectra and fitting components at the energies of Au 4f, O
1s, S 2p and C 1s core levels after 5 minutes of polarization at different potentials
ranged from 1.5 to 2.1V in deaerated 0.05 M H5S0O, solution.

at 2.1 V, the higher overpotential provides a greater driving force, lowering the
activation energy barrier and accelerating the reaction rate, so the oxide forms more
quickly (in 30 seconds). This difference highlights the interplay between kinetics
and thermodynamics in electrochemical systems.

Upon further potential increase from 1.9 to 2.0 V, a new component appears in
the O 1s peak at around 530.6 eV. As this new component appears in conjunction
with the new one at 86.1 eV in Au 4f XPS spectra, it is assigned to the formation of
gold hydroxide oxide (AuOOH), following the proposed oxide transformation mech-
anism at high anodic potentials preceding OER: M-O oxide is in contact with the
media, which incorporates oxygen into the structure. To confirm this assumption,
the proportion between O and Au was calculated for this new species using the SF
values and Eq. 5.13. The O:Au ratio gives 2.3, which falls within the error range of
approximately 15 % for AuOOH.

The AuOOH species becomes predominant when the potential is increased from
1.9 V to 2.0 V precluding the evolution of O, molecules which, indeed, oxygen is
formed from the decomposition of AuOOH at 2.1 V. The decomposition of AuOOH
surface layer is suggested with the reappearance of the component assigned to O-S
bond in conjunction with an increase in the metallic Au one. At this potential,
a prominent S 2p peak appears shifted by 0.7 eV with respect to the previously
detected state. Both peak positions are attributed to S8 state but with different
chemical formulas. This difference indicates that the first species detected on the
surface is the decomposition of persulfate giving SO, 2, and just after the different
oxide-based layers formation, new available Au sites are occupied by the chemisorp-
tion of the bisulfate anion, HSO, . [207-209]

It is noteworthy to emphasize that the findings elucidating the mechanism of
Au(111) electro-oxidation are consistent and reproducible across multiple experimen-
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Figure 5.14: LEED images taken at 125 eV for (left) clean Au(111) surface and
(right) surface obtained after 5 minutes polarization at 2.0 V.

tal iterations. While minor deviations in the identified components may manifest,
the overarching trend delineated within this section remains steadfastly reproducible.

To study the structural differences in the polarized Au(111) surface, LEED ex-
periments were carried out. Fig. 5.14 contains patterns of a clean Au (111) surface
and an emersed sample after after applying 2.1 V for 5 minutes. After polarization
no pattern is obtained, coinciding with the newly emerged oxide layers confirming
the formation of a non-ordered new layer. In this case, both AusO3 and AuOOH
presents disordered structures. Thanks to XPS characterization we have detected
that Au,0Oj is formed as precursor of AuOOH, which finally gives the OER to occur.

In summary, thanks to the analysis by XPS and LEED of emersed layers to study
the electro-oxidation mechanism of Au(111) preceding the OER a new mechanism
has been unveiled and is depicted in Figure X.

Following UHV characterization, by XPS and LEED, the resulting samples were
analyzed electrochemically by CV. These samples were then immersed in the same
acidic solution, and CV is performed at a scan rate of 50 mV /s within the same
potential range (OCP to 1.5 V). Figure 5.15 summarizes the potential fingerprints
of all the emerged species.

The peak attributed to sulfate adsorption around 0.4 V is predominant and
broader in the emersed layers formed from 1.6 V (red curve) up to 1.8 V (blue
curve), diminishing and almost disappearing at higher potentials. This behavior is
consistent with the presence of a sulfate layer acting as a precursor to the oxide,
previously characterized by XPS and attributed to the decomposition of persulfate.
Once the oxide is formed, the sample no longer presents available adsorption sites,
causing the peak to almost disappear. The increase in the charge under the peak at
low potential indicates an augmentation in sulfur-based component thickness.

The transition from a disordered to an ordered phase, ascribed in the literature
as a transition from HSO; to SO;?, at 0.8 V is slightly observed at potentials
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Figure 5.15: Cyclic voltammogram of Au(111) surfaces after polarization for 5 min
in deaerated 0.05 M H,S0O, electrolyte from 0.3 to 1.5V at a scan rate of 50 mVs~!
. It is the 1% cycle.

below 1.8 V and disappears at EE >1.8 V, confirming its absence on the surface when
oxide is present. The oxidation peak around 1.3 V also becomes attenuated with the
same tendency as peaks A and C, aligning with previous assumptions pointing to
the emergence of a sulfur-based species. The structure emerging at potentials higher
than 1.8 V exhibits a new broad peak at 1.4 V, attributed to 052 species, which
persists until 2.1 V, where oxide decomposition occurs and the peak disappears.
This further demonstrates that the plateau achieved at 1.3 V is attributed to the
transformation of SO;? to S,05?, releasing two electrons, consistent with the 120
mV peak-to-peak width.

The post j-E curves align with previous electrochemical and XPS assumptions,
demonstrating the capability of the EC-UHV system to immerse and emerse elec-
trodes, revealing surface chemical and structural properties.

5.4.3 DFT Calculations employing Extended Surface Pour-
baix Diagram

The mechanism of Au(111) oxidation surface based on the experimental data
obtained has been recently confirmed by DFT calculations using Extended Sur-
face Pourbaix Diagram (ESPD). ESPD is a method developed and used by Stefano
Americo from DTU which served to predict the status of a material surface in elec-
trochemical environments in terms of coverage by water dissociation products. By
including surface vacancies in the list of explored configurations, the method is able
to explicitly model the material chemical and structural changes, giving insights in
the atomic arrangement. Alongside with the collaboration occurring during his stay
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Figure 5.16: ESPD slice depicting the pH 1.3 on a gold surface. The panels unveil
slices obtained through two distinct methodological iterations, each advancing the
depiction of surface configurations. Accompanying each iteration are the atomic
arrangement associated with various stability domains.

in our team, ESPD was applied to experimental results exposed before, measured
in 2020 in Nanophysics Lab facilities, and served as a benchmark for assessing the
accuracy of the developed ESPD method. For further information on it, check [210].

Americo has simulated the clean Au(111) surface in presence of 0.05 M HyS0O,
electrolyte. The different aroused electrochemical features in the oxide electrochem-
ical window and in the OER regimen, commented before in Section 5.3 (see Fig. 5.6
and 5.8) have been investigated by DFT.

Along different iterations, illustrated in Figure 5.16, calculations revealed that
the surface is stable until 0.75 V, thereafter succumbing to spontaneous O adsorp-
tion. Around 1.6 V, vacancy formation emerges as the preferred degradation path-
way suggesting vacancy formation as a prerequisite for irreversible oxidation process.
When augmenting the number of adsorption configurations in the calculation, sec-
ond iteration in Fig. 5.16 and considering sulfur-based species, its adherence finds
favor at relatively modest potentials, aligning harmoniously with empirical obser-
vations. Moreover electrochemical transformation of HSO, (confirming the first
sulphur-specie in adsorbs) into SO;? dominates at 1.15 V (Fig. 5.16-second itera-
tion).[211] This finding corroborates the transition exposed before where HSO; is
thought to transform into SO;? at 0.6 < E < 1.31 V (see Fig. 5.13). Additionally,
two further delineations emerge at 1.3 V and 1.65 V, correlating it in his study with
OH and O adsorption, respectively.

Although collectively, ESPD prognostications could mirror the experimental CV’s
features shown on 5.6, though with slight differences in their positions, furthes
analysys should be made to include the peroxodysulfate formation instead of OH
and O. Even though, what this calculations served is to confirm that bisulfat is the
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rpeferred form in be adosrbed on the surface being transformed to bisulfate in peak

C.

Summary

In summary, the studies conducted in this chapter have evaluated and validated
the capabilities of the new EC-UHV approach implemented in this thesis to study
fundamental electrochemical processes, such as the electro-oxidation leading to the
OER, on a model surface like the Au(111). Using a quasi-in situ methodology for
structural, chemical, and electrochemical characterization of the same sample, with
an innovative transfer method in a controlled, clean environment with an inert Ar
atmosphere, we have obtained the following key findings:

B Electrochemical Features of Au(111): The characteristic electrochemical
features of the Au(111) surface in diluted H5SO, solution were successfully
obtained. This was confirmed both in the double-layer potential region and
within the electrochemical window, obtaining comparable results to previously
reported ones. The ability to distinguish the potential-induced chemical and
structural changes corresponding to these electrochemical processes was also
verified.

B Validity of the Emersed or Quasi-in Situ Approach: The study con-
firmed that the quasi-in situ approach preserves the electrochemical interface
composition. The composition observed in the double-layer potential region
was consistent with the theory of the electrified interface, exposed in section
2.2, where presumably H SO, ions chemically adsorb to the surface via an
Au-S bond without chemically altering it. This phase, despite losing potential,
retains contact between the surface and the double-layer, forming the emersed
layer in conjunction with retained water as part of the hydration sphere.

B Role of Anions in Electro-Oxidation: The study highlighted the cru-
cial role of anions present in the electrolyte. Bisulfate adsorption at potentials
within the double-layer region (Peak A and B) lifts the herringbone reconstruc-
tion to form (1x1)-Au(111), as previously reported. At higher potentials (1.6
- 2.1 V), new chemical species appear on the surface, not identified before, pre-
sumably with sulfate (assuming that the transition from H.SO, /SO, ? occurs
in Peak C) transforming into peroxydisulfate (S0 ?), which binds to the sur-
face via an Au-O bond. This finding suggests a prior phase, either metastable
or not detectable by the emersion approach, in which bisulfate bound via an
Au-S bond transitions to an Au-O bond, likely facilitated by the interaction
of the anion with H>O/OH molecules. This process substitutes the widely
accepted RTO mechanism in the literature, being also a two-electron trans-
fer reaction and occurring in the anodic peak € below OER potentials. The
peroxydisulfate phase increases with potential and time, eventually leading to
the formation of bulk oxide. This means that the peroxydisulfate intermedi-
ate inserts oxygen into the surface before desorbing, acting as a promoter of
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oxidation. This suggests that strongly bound species (HSO; /SO, ?/S,05%)
desorb, leading abruptly to the formation of the so-called bulk oxide.

B Oxidized Phases: The results indicate an Au™3 oxidation state, aligning
with previous studies and following Pourbaix diagram phase. Intermediate ox-
ide phases detected include Aus03, which transforms into AuOOH as the po-
tential increases, ultimately decomposing to produce oxygen, confirming that
AuOOH is the catalytically active phase in the OER. This finding supports the
previously reported formation of Au,O3 as an electro-oxidation product and
its transformation to AuOOH precluding OER and its decomposition during
the OER.

Therefore, the methodology described effectively addresses key questions in elec-
trochemical processes, such as the role of adsorbed electrolytes and the identifi-
cation of the active phase in the OER. The study emphasizes the importance of
complementing different techniques and scales—meso-/atomic scale using surface
physics techniques like XPS and LEED, and macroscopic scale using electrochemi-
cal tests—to gain a comprehensive understanding of electrochemical processes and
surface catalyst changes. This integrated approach provides a more complete and
nuanced insight into electro-oxidation and the OER on Au(111).



Model manganese-oxide based
catalyst structures for OER

As aforementioned, this thesis implemented an experimental methodology to
study potential-induced chemical and structural changes at the electrode/electrolyte
interface using the new quasi-in situ experimental EC-UHV setup and methodology
(further insights were given in Chapter 4). After validating the approach and its
applicability in the model Au(111) system (reported in Chapter 5), we have extended
its applicability to a more relevant and complex system. In this chapter, manganese
oxide (MnOx), a promising active catalyst for the OER developed employing UHV
methods, has been investigated.

MnOx, a group of transition metal oxides, emerge as a compelling alternative
to precious metal-based catalysts due to their abundance [212] , cost-effectiveness
[213], non-toxicity [214], and demonstrated efficiency in catalyizing various chemical
reactions [215, 216], holding promising properties as bi-functional catalyst for oxygen
reduction and water oxidation [217, 218].

Inspired by the redox-active site Mn*? in the manganese-calcium-oxo cluster
(CaMn4Os) complex, responsible for oxygen turnover in biological photosystem 11
enzyme (PS-II) [219-221], there is a growing interest in developing MnOx-based
catalysts that mimic the optimized natural catalyst. This pursuit aims to provide a
cost-effective alternative to materials like Ir and Ru for OER. However, the challenge
lies in the low surface stability causing sluggish kinetics of oxygen-based electrochem-
ical reactions, attributed to a significant deviation from E?{Qo /05 (resulting in a a
high 1r,0/0,). This limitation is influenced by adsorbed species and formed inter-
mediates on the catalyst surface, affected by the electronic structure and surface
chemistry. Thus, the necessity for a comprehensive investigation of OER catalyst
design extends beyond the manipulation of bulk variables, considering the impact
of the surface on reactivity.

Manipulating surface structure and its composition offers the potential to op-
timize the electronic structure and surface chemistry within distinct yet intercon-
nected atomic layers, thereby enhancing their overall appeal. Progress in alterna-
tive catalysts attests to the potential benefits of such an approach. [222-224] It
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is well known that the stability, composition and properties of catalytic materials
depend primarily on the synthesis conditions. Therefore, controlling growth condi-
tions allows tuning structural, chemical and electrical properties of catalyst surfaces,
thereby affecting catalytic properties. On this regard, studying model catalytic film
systems constructed within UHV environments and analyzed through surface sci-
ence methodologies presents a unique avenue for unraveling intricate surface reaction
mechanisms.

The accelerated development of manganese oxide catalysts with improved sta-
bility and performance against the oxygen evolving reaction is of paramount im-
portance. To achieve this long-standing goal, a comprehensive study on the same
sample regarding the surface chemical state and structure of MnOx catalyst prior,
operando, and after exposure to OER relevant potentials is essential. This involves
delving into the OER mechanism on this surface and evolving the real active phase.
In this direction, the characterization of MnOx surface state under reaction condi-
tions is still very limited [225-228|. Thus, this chapter focuses on identifying the
real MnOx catalyst phase towards OER in alkaline media, employing a combined
surface science and electrochemical approach facilitated by our handmade UHV-EC
system.

In this chapter, a detailed study utilizing various surface science techniques such
as XPS, LEED, STM, and AFM was employed to elucidate the parameters control-
ling the chemical composition and, consequently, the OER performance of MnOx
thin layers grown on different substrates. In contrast to the previous chapter were
I discussed the effect of electrochemistry on surface oxidation, in this chapter we
aim to determine whether different film oxidation states affect the electrochemical
response. Accordingly, we will evaluate the role of substrate crystal orientation on
the nature and crystalline structure of the oxide layers grown on top and relate these
structural and chemical properties to the electrochemical response under reaction
conditions in alkaline media. Furthermore, the stability of these catalytic layers
will be assessed after the OER reaction. This systematic study allows the interroga-
tion of the composition /structure—activity relation of a highly active earth-abundant
catalyst at or after exposure to relevant OER potentials, evolving the real catalyst
surface.

Properties of Manganese Oxides

Before delving into the growth and characterization of various manganese ox-
ide structures and their application in the oxygen-evolving reaction, it is essential
to provide a brief introduction to the general properties of these materials. As
highlighted earlier, the distinction between bulk and thin film structures results
in varying electronic structures and surface’s chemistry, influencing overall perfor-
mance. This section will offer an in-depth exploration of the structural variability
and chemical composition of Mn oxides/hydroxides across the entire range of man-
ganese oxidation states, whether in bulk or film structures.



Chapter 6. Model manganese-oxide based catalyst structures for OER 101

Table 6.1: Oxidation states and phases of most common manganese oxides (MnOx)
found in nature.

Mineral Composition Valance Structure Lattice Param. (A) Ref.
Manganosite MnO +2 Rock salt a=b=c=4.44 [229]
Hausmannite Mn3Oy, +2,4+3 Spinel a=b=8.14, ¢=9.42 [230]

Bixbyte MnyOs +3 Corundum a=9.41, b=9.42, ¢=9.40 [231]

Pyrolusite B — MnQO, +4 Rutile a=4.40, b=2.87 [232]

Figure 6.1: Representations of crystal structure of most common manganese ox-
ides: manganosite, hausmannite, bixbyte and pyrolusite.

6.1.1 Bulk materials

It is known that transition metals (TM) typically exhibit multiple stable oxida-
tion state. In comparison to other TMs, manganese stands out for its large number
of oxidation states spanning from +2 to +7. This distinctive characteristic confers
a significant richness to the chemistry of manganese-containing compounds. The
interaction between manganese and oxygen generates an array of oxides, distin-
guished by their varied chemical compositions and multiple crystalline phases. This
diversity offers a rich prospect for developing a wide range of catalysts based on
MnOx. The structural versatility encompasses over 30 distinct crystal structures
for Mn oxides/hydroxides across various oxidation states of manganese. The pre-
dominant phases of MnOx found in nature are encapsulated in Table 6.1, with their
corresponding crystal structures depicted in Figure 6.1.

The majority of MnOx compounds are assembled through octahedra [MnOg]
structure bonds, resulting in the formation of distinct nanostructure types.|[233|
These crystal structures, characterized by highly densely packed structures, exhibit
three-dimensional connectivity, growing uniformly in all three dimensions. Exam-
ples of this configuration include MnO (magnesite), Mn3O, (hausmannite), and
Mny03 (bixbyte). The second type, represented by 8 — MnO, (pyrolusite), features
edge- and corner-linked [MnQOg] chains, creating tunnel structures with varying chan-
nel dimensions. The third group encompasses less common morphologies, wherein
each layer shares [MnOg| edges with cations such as Li*, Na™, and KT, as well
as other alkali metals and water molecules occupying the interlayer space. More-
over, these MnOx compounds display a diverse array of polymorphic structures.|234|
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Consequently, among other low-cost transition metals, manganese and its potential
MnOx derivatives emerge as compelling candidates due to their rich variety of crys-
tallographic phases, enabling the exploration of chemical and structural catalytic
relationships.

The tunability of structures and composition in MnOx results in unique physical
and chemical properties for each morphology. These characteristics make MnOx
structures ideal materials for various applications, including novel electronic device
technology [235, 236] and heterogeneous catalysis|237|, among others. For instance,
magnetic oxides in the rock salt structure like MnO are well-known for exhibiting
antiferromagnetic properties where the magnetic moments of adjacent ions are op-
posite arising from the arrangement of spins in the crystal structure. This material
possess a broad band gap, typically ranging from 3.6 to 3.8 €V, arising from the lo-
calized band structure inherent to the cubic 3d transition metal monoxides in their
later stages[238]. This property makes MnO suitable for novel electronic device tech-
nology and spintronic-based devices if spontaneous magnetization is achieved in it.
Simiarly, MnsO5 also displays antiferromagnetic properties which is attributed to
the arrangement of spins in the crystal lattice and the magnetic moments of Mn*3
ions.[239] In contrast, MnzO, can display ferromagnetic properties since exhibits a
mixed valance state of Mn™ and Mn™ contributing to a spinel structure.[240] On
the other hand, MnQO, is typically non-magnetic in its bulk form owing to the d°
configuration of Mn** ions. In different applications like catalysis, as a TM oxide,
all MnOx show potential-pH responsive behaviours. The configuration of the elec-
tric potential and the acidity level of the electrolyte play pivotal roles in shaping
the structure and makeup of oxides, consequently impacting their effectiveness in
catalyzing the water oxidation reaction.[241] A conventional Pourbaix diagram of-
fers insights into the thermodynamically favorable domains of various MnOx phases
across anodic potential gradients and a broad pH spectrum, elucidated in Figure
6.2.

Observing the stability trends in bulky phases represented in Fig. 6.2, Mn**
emerges as the most stable phase in the acidic and neutral regimes. In the basic
regime, stable manganese oxides include MnQOy, MnyOs, MnzO,4 and Mn(OH)s.
Notably, alkaline media is the preferred environment for MnOx structures, as it en-
compasses the thermodynamically stable majority of possible structures. This media

evolves as the perfect one to evaluate real MnOx-based catalytic phase precluding
and after OER.

With the increasing emphasis on harnessing MnOx for catalyzing water oxida-
tion, alongside its applications in energy-related fields such as supercapacitors [242]
and batteries [243|, a multitude of techniques have emerged and been fine-tuned
for the preparation of MnOx crystals. Several approaches exist for synthesizing
manganese oxide crystals, including chemical precipitation, hydrothermal synthesis,
solid-state reaction, sol-gel synthesis, and template-assisted synthesis. The choice of
the method significantly influences the crystal structure and chemical composition
of the as-synthesized MnOx, thereby altering its properties.

In the realm of experimental setups, fabricating bulk oxide single crystals presents
a formidable challenge in achieving surfaces that are both stoichiometric and struc-
turally well-ordered, while maintaining low defect densities. This challenge is par-
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Figure 6.2: Thermodynamic stable phases as a function of the potential and the
pH displayed as Pourbaix diagram. Adapted from [77].

ticularly pronounced in manganese oxides, which consist of stacked layers of Mn-O
and Mn, where surfaces exposing metal atoms are susceptible to altering their oxi-
dation states under specific conditions, yielding complex surface configurations. The
identification and examination of these phases encounter substantial obstacles, as
many samples consist of brittle, poorly crystallized materials, often comprising mix-
tures of multiple oxides. Moreover, in the case of MnO oxide, the surface structural
integrity is compromised. For example, cleaving a MnO single crystal along the
(001) plane typically yields a surface composed of pyramids with (111) octahedral
faces. Furthermore, subjecting the crystal to annealing temperatures of up to 1000 K
results in (2 x 2) and (6 x 6) reconstructions without altering the surface stoichiom-
etry.[244] These arbitrary irregularities can introduce unpredictable alterations in
surface properties. Consequently, even in bulk-synthesized crystal structures, the
surface may diverge from the bulk material, exerting an influence on properties
such as catalysis. Given the critical role of parameters like surface morphology,
chemical composition, and electronic structure in oxygen evolution reaction (OER)
performance, effective synthesis strategies are indispensable for producing controlled
catalysts with minimal over-potential and heightened activity.[245]

Over the past few years, strides in nanotechnology have paved the way for a con-
trolled fabrication of well-defined nanostructured catalysts, such as nanoparticles
and thin films, offering heightened control even at the atomic level. This technolog-
ical breakthrough plays a pivotal role in circumventing uncontrolled modifications
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in the bulk crystal structure. Furthermore, nanostructured catalysts demonstrate
a considerable surface area-to-volume ratio, thereby creating a more extensive in-
terface between the electrolyte and the catalyst. This, in turn, enhances catalytic
efficiency [246]. By localizing the majority of active sites on their surface, nanostruc-
tured catalysts prove to be more efficient compared to bulk materials [247|. Given
that the Oxygen Evolution Reaction’s performance is significantly influenced by the
catalysts’ surface area, the implementation of thin film growth methods becomes
crucial for achieving efficient catalysts.

6.1.2 MnOx thin films

Physical vapor deposition (PVD) emerges as the predominant technique for the
fabrication of thin films under UHV. This methodology entails the vaporization of a
metal source material followed by its condensation within an oxidative atmosphere.
[248] Common PVD methods for the growth of manganese oxide films encompass
thermal evaporation [249], reactive electron beam evaporation in an oxidizing ambi-
ent [250-252|, and magnetron sputtering [253]. The resultant films exhibit elevated
purity levels and well-ordered crystalline structures, rendering them highly suitable
for the envisaged applications. Moreover, molecular beam epitaxy stands out as
the optimal experimental technique for growing these materials with the utmost
crystallinity and minimal defect density. This process is controlled, affording the
ability to fine-tune the composition and thickness of the film by manipulating pa-
rameters such as the substrate temperature, oxidizing agent, or evaporation rate.
Additionally, the symmetry and lattice constant of the substrate surface wield a
pivotal influence in the epitaxial growth of oxide thin films.

In recent years, an increasing interest has been observed in the fabrication of
Mn-oxide thin films, particularly under UHV conditions, employing PVD-based
methodologies. Nevertheless, the successful growth of such films remains limited,
with only MnO and Mn3O, structures affordable realized through reactive electron
beam evaporation in an oxidizing ambient.[250-252] These exposed structures, MnO
and Mn3O,4, have been grown on various metal single crystal substrates, including
Pd [254-256], Ag [250, 252, 257-260], Rh [261, 262], Au [215, 263, 264] and Pt [265—
267], among others. Ag(001) stands out as the preferred substrate due to its crystal
structure, facilitating MnOx growth with minimal lattice mismatch, and its rela-
tively low reactivity with oxygen, mitigating undesired substrate oxidation. Given
the limited success in achieving these structures, it becomes imperative to scruti-
nize the influence of growth conditions on the resultant structures’ properties, as
established in the existing literature, to serve as a valuable reference.

On one hand, ultra-thin (1 x 1)-MnO reconstructed films, supported on Ag(100),
have been systematically prepared under oxygen pressure ranged from 1078 to 10~
mbar at RT [257, 259|. For MnO, an in-plane lattice match is observed, as cor-
roborated by the LEED pattern. Nevertheless, as mentioned before, MnO crystals
exhibit multiple associated reconstructions, and subsequent investigations unveil a
dependence of the in-plane lattice constant on the thickness of the epitaxially grown
MnO film. Chassé and colleagues observed a shift in the LEED pattern from (1x1)
to p(2x2) as the thickness of MnO increases from 3 to 7 ML[258|. This transition
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can also be attributed to the growth of Mn304(001) layers along the < 110 > direc-
tion of Ag(001), with a lattice parameter nearly twice that of the Ag(001) surface
lattice parameter (a4, = 2.89 A) [252, 257].

Interestingly, Mn3O, oxide exhibits polar bulk terminations in the (001)-plane,
making it suitable for layer-by-layer film investigations. The bulk structure of
Mn304(001) comprises two distinct sublayers, each with a square (a x a) unit cell:
one layer is a mixed O/Mn layer with Mn,O, composition, while the other layer
consists solely of Mn. In thin-film growth, both layers must be considered to control
the thickness effect. These layers are stacked alternately, with consecutive layers
of the same type laterally displaced by a/2 and rotated by 90°. A complete unit
cell comprises eight layers with an overall height of ¢ = 9.47 A. Depending on film
thickness, a p(2 x 1) or apparent (2 x 2) superstructure composed of p(2 x 1) and
¢(2 x 2) domains may develop [251|. Furthermore, electron diffraction indicated
that the Mn30,(001) film can grow parallel to the <110> direction of the under-
lying MnO(001) surface, with the Mn3O, unit mesh rotated by 45° with respect to
the MnO(001), resulting in a (2 x 2) LEED pattern due to the conjunction of both
oxides [268]. Increasing oxygen pressure and annealing induce c¢(4 x 4) and p(4 x 4)
reconstructions originating from the oxygen-terminated Mn,O, surface and oxygen
vacancy ordering on the MnyO,4-terminated surface, respectively [252].

It is widely-known that not only oxygen pressure and substrate surface lattice
constant but also substrate symmetry are critical parameters for the epitaxial growth
of oxide thin films. In this context, square oxide overlayers have been previously
obtained on Ag(001) substrate, exemplified by the rock salt MnO(001) [257, 260|
and the spinel MnzO4(001) [251]. Conversely, on hexagonal substrates, hexagonal
oxides have been reported, such us hexagonal MnO(111) on Pt(111) [266] or distorted
Mn304(110) on Cu(111) [269].

Thin films of Mn-based oxides have been characterized not only by their lat-
tice structure but also by their electronic and chemical properties. The analysis of
electronic and chemical composition holds paramount importance in elucidating the
characteristics of grown thin oxide layers. The community employs meticulous XPS
analysis to establish the chemical composition and oxide stoichiometry of Mn ox-
ides. Typically, oxide stoichiometry can be discerned for most metals by analyzing
peak shifts. However, determining Mn oxidation states based on energy positions
is challenging due to the small separation between the peak maxima of different
oxidation states. The peak maxima of Mn*2, Mn*3, and Mn™ are all contained
within a width of ~ 2 eV.[270]|271] Instead, researchers used signatures, such as
the characteristics Mn2p satellites as well as the distances between maxims for the
Mn 3s multiplet splitting [19, 250, 272]. The 3s orbitals are spherical and no spin
splitting occurs, being single XPS peak. However, in the case of manganese, the
3s splitting emerges from the interplay between the spin of the remaining Mn 3s
electron post-photoemission and the resulting Mn 3d spin. This energy discrepancy
between parallel and anti-parallel spin alignments of both shells, as dictated by the
van Vleck theorem (Eq. 6.1) [273], is directly proportional to the 3d spin.

AE ~ E(3d 11111 35 1) — E(3d 11111 35 1) ~ A(2S5 + 1) (6.1)

As a result, the extent of the 3s splitting is expected to be most significant in
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Table 6.2: Reference values of Mn2p; /), satellite distances (AE2p,/2 ) and Mn 3s
splitting for metallic Mn and for various Mn-based oxides taken from literature.

Structure AFE2p,, (eV) AFE3s (eV) Ref.

Mn 41 [274]
MnO 6.0 45 [19]
5.4 45 [272]

Mn30, 10.0 5.1 [19]
10.5 5.4 [272]

Mn305 11.8 6.0 [19]
11.9 6.1 [272]

MnOs, 10.5 6.0 [19]
11.3 5.3 [272]

MnO, owing to the 3d® high spin configuration of the Mn 2p ion with S3q = 5/2,
gradually diminishing with higher oxidation states.

In summary, both the Mn2p, /, satellite distance and the Mn 3s multiplet energy
difference represent attributes contingent upon the stoichiometry. Table 6.2 provides
a summary of diverse reference values encompassing Mn2p /, satellite distances and
the strength of the 3s splitting across various Mn-oxides.

The presence of diverse surface Mn oxides has prompted investigations into the
impact of the initial oxide on OER activity, giving rise to studies on structure-
activity relations [225, 234, 275-277]. Despite the documented controlled growth
of MnO and Mn3O4 nanoislands and thin films in Ultra-High Vacuum (UHV) on
various metal substrates, the OER performance of these grown samples has not been
systematically assessed. Consequently, the structure-activity /stability relationship
of Mn-based catalysts in the context of OER emerges as a key inquiry within the
UHV-EC framework. Despite considerable efforts by the electrochemical commu-
nity to explore MnOx structures as OER catalysts, an exhaustive evaluation of the
OER performance of MnO and Mn3O4 nanostructures grown in UHV has yet to be
undertaken.

6.1.3 Electrocatalytic properties of MnOx against OER

The use of manganese oxides as electrocatalysts for water oxidation dates back
to the 1970s, when Morita and colleagues [278] identified mixed oxides, comprising
f— MnOy (pyrolusite) and o — MnyO3 (bixbyite), as exhibiting the highest catalytic
activity for the Oxygen Evolution Reaction (OER). This phase combination demon-
strated efficient water oxidation in both acidic and basic electrolytes. Notably, the
MnOx electrode in basic electrolytes sustained water oxidation for an extended du-
ration without a proportional increase in overpotential, while in acidic electrolytes, a
150 mV overpotential increase was necessary. Morita et al. proposed that the Mn*3
sites on the oxide surface served as active sites for oxygen evolution. Subsequent
research by Nakamura’s group indicated the instability of Mn*3 species in neutral
and acidic pH electrolytes, undergoing disproportionation to form Mn*2? and Mn*4,
thereby compromising catalytic activity [279, 280].
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Su et al. conducted a comprehensive study on the surface stability of Mn oxides
and their binding energies to OER intermediates, utilizing a combination of Density
Functional Theory (DFT) and electrochemical measurements [217]. DFT calcula-
tions suggested that, at OER-relevant potentials, the MnO, phase exhibited the
highest stability, consistent with the bulk stability regions outlined in the Pourbaix
diagram [77]. Therefore, the persistence of a +3 state of Mn at the electrode surface
at highly anodic potentials seemed improbable. Instead, the study highlighted the
potential influence of the preparation method and resultant catalyst roughness or
conductivity in establishing an activity hierarchy.

Since these seminal works limited exploration of the anodic characteristics of
manganese oxides has appeared, especially those prepared using UHV-grown films.
Robinson et al. investigated eight different polymorph manganese oxide structures
containing Mn™ and Mn™* for photochemical water oxidation [234]. Among them,
B — MnQOy, v — MnOy, @« — MnQOs, 6 — MnQO,, and LiMn,O,4 exhibited no OER
activity under experimental conditions. The most efficient catalysts were identified
as MnsQOs, followed by Mn3O4 and A — MnQO,. Frey et al. examined 13 different
manganese oxides as OER catalysts and concluded that the order of catalytic activity
from most to least active was: Ca-birnessite > MnyO3 > MnO,.|281]. Ramirez et
al. compared the OER activity of amorphous MnOx, Mny03, and Mn30y, finding
that Mn,0O3 exhibited the best catalytic activity, while Mn3O, showed the least
activity [276].

Several other reports have explored the OER activity of individual manganese
oxide structures, including MnO; nanorod arrays (NRAs), 5 — MnO;, mixed-valent
MnOx, marokite CaMnyOy - £H50, birnessite-type MnOy (0 — MnO,), and amor-
phous manganese oxides. Additionally, Gorlin et al. monitored, through ez situ
XPS, the oxidation state changes of the catalyst, identified as & — Mn,Os3 in its ini-
tial state, as a function of applied potential, demonstrating the oxidation of Mn (III)
oxide to MnOs at 1 V [282]. However, to unravel the dependence on oxidation state,
in situ techniques are imperative, allowing the characterization of both the pre-OER
surface and the surface formed after OER operation conditions. Unfortunately, such
comprehensive studies are currently lacking for Mn-based OER catalysts.

In summary, this section has elucidated the properties of both bulk and thin
MnOx structures, alongside their electrocatalytic behavior. Within the context of
this thesis, MnOx structures are employed as catalysts in the form of thin film
structures. The inherent properties of these structures are significantly influenced
by growth conditions such as oxygen pressure, oxidizing agent, substrate temper-
ature and orientation, as well as thickness. These factors collectively impact the
composition and structure of the MnOx thin films, and their precise control is dic-
tated by the film deposition process.

Following this introductory section, the subsequent sections will be dedicated
to a focused exploration of the growth of diverse MnOx thin film structures. The
emphasis will be on how the preparation process leads to substantial variations
in chemical composition and structure. Identification of different phases will pave
the way for quasi-in situ chemical and structural characterizations on the same
sample. This approach aims to unveil the evolving MnOx phases, both preceding
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and resulting from the OER, offering a comprehensive understanding of the catalytic
processes involved.

Manganese oxide growth on Ag(001) substrate

The recent surge in interest on investigating the epitaxial growth of MnOx thin
films, has prompted exploration into various substrates for this purpose. Among
these substrates, Ag(001) emerges as the preferred substrate. As detailed in Section
6.1.2, with proper tuning of preparation parameters such us reactive oxygen pressure
atmosphere and substrate temperature, well-ordered films of both MnO and Mn30,
can be grown on the Ag(001) surface in UHV.[250, 252, 257-260] It is well-known
that in the MnO/Ag(001) system the lattice mismatch stands at approximately 9 %
(aag=4.09 A; aprno—4.44 A) [283], which is a moderate value, being able its epitaxial
growth. In the case of Mn304/Ag(001), a 45 rotated growth is anticipated with a
0.3 % misfit following the "roles of lattice fitting in epitaxy" [284], given the ratio
ag : Garns0, approaches to v/2 aym,0,—5.76 A)[283].

In light of these findings, Ag(001) was selected as the substrate for the epitaxial
growth of different MnOx phases in this work, as a first instance. This choice
facilitates benchmarking against previously reported structures, with the overarching
goal of attaining higher degrees of oxidation in our UHV system.

6.2.1 Manganese evaporation and oxidation: on-surface or
in-flight?

Generally, ultra-thin metal oxides are crafted by vapor depositing the metal onto
a suitable single-crystalline substrate and subsequently oxidizing the resulting layer
after deposition. Following this idea, we first explored the fabrication of ultra-thin
metal oxide films by depositing high-purity Mn powder onto an Ag(001) substrate
via an e-beam evaporator.

The Ag(001) single crystal was prepared under UHV conditions by subjecting it
to standard cycles of Ar™ ion sputtering, ranging between 0.5 - 1 keV for 15 min-
utes, followed by subsequent UHV annealing at 530 K for 30 minutes until a distinct
sharp (1 x 1) LEED pattern emerged (Fig. 6.3b). Once the substrate was thor-
oughly cleaned, high-purity Mn powder (99.95 %) was evaporated from a degassed,
water-cooled e-beam evaporator, within UHV conditions (maintained at 10~ mbar).
The evaporation was conducted at a constant rate of approximately 0.08 ML /min
Mn/Ag(001) (equivalent to 0.26 A /min), while the substrate was maintained at room
temperature.The rate of Mn-deposition was calibrated with an air-cooled quartz mi-
crobalance prior and after deposition and controlled by monitoring the flux of Mn
ions.

A thin layer of about 2.5 ML of Mn was deposited on Ag(001) at RT. Figure
6.3a and b presents the XPS and LEED characterization, respectively, of cleaned
Ag(001) substrate surface as well as as-deposited Mn/Ag(001) layer.

The Ag 3d XPS spectrum of the cleaned substrate, shown on the right hand
panel in Figure 6.3a, is composed by two main peaks associated to the spin orbit
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components, Ag 3ds/» and Ag 3ds/5, centered at 368.5 eV and 374.5 eV, respectively,
AE=6.0 eV is between them as documented for A¢g°[285]. When Mn is on top, an
apparent shift of = 0.1 €V is visible, due to the contribution of a small shoulder at
higher BE attributed to MnAg alloy. Mn forms an alloy with Ag, even at RT, as
reported before [286].

Figure 6.3: a) XPS measurements for as-grown manganese layers on Ag(001) in
fresh load crucible (blue) and after several preparations in oxidizing atmospheres
(red) in Mn 2p, O 1s and Ag 3d core levels. b) LEED images taken at 65 eV for a
clean Ag(001) substrate and Mn/Ag(001) layer.

The Mn 2p core level of as deposited layer is composed by two main peaks as-
sociated to the spin-orbit splitting components: Mn 2p3/,, and Mn 2p, /5 centered at
639.4 eV and 650.6 eV, respectively, corresponding to Mn°.[287] In this section, I
would like to emphasize that even with careful attention to sublimating pure and
non-oxidized Mn, oxidation of Mn in the evaporator’s crisol occurs over time due
to subsequent exposition to the backfilling oxygen atmosphere during MnOx thin
films preparation. This process can be monitored, as shown by the red curve in
Fig. 6.3a, where a shoulder appears between the spin-orbit split Mn 2p components.
During subsequent MnOx preparations, we observed that the peak shape broadens,
indicating partial oxidation of the Mn powder in the crucible. Therefore, we take
special care to ensure pure metallic sublimation. To this end, it is estimated that
the evaporator is typically removed and refilled every six preparations under oxy-
gen atmosphere to prevent oxidized Mn evaporation, even under UHV conditions.
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Nonetheless, as I will demonstrate later, this oxidation is negligible compared to the
oxidation formed intentionally.

The LEED patterns of both, clean Ag(001) and Mn/Ag(001) surfaces, taken at
65 eV were collected and presented in Fig. 6.3b. On the left side of the panel,
the LEED pattern of the pristine Ag(001) substrate is depicted, showing the char-
acteristic fourfold symmetry indicative of the (001) surface. The pattern displays
intense and well-defined spots with a measured surface parameter of asy, = 4.09
A. After manganese evaporation, a 1 x 1 reconstruction is visible with exactly the
same lattice parameter than Ag. Nonetheless, the LEED spots show attenuation
and diffusion, accompanied by a higher background, indicating a lack of long-range
structural order. This observation is consistent with prior findings by Shieffer et al..,
who similarly identified a diffuse Mn/Ag(100) interface at room temperature [286,
288]. Beyond a thickness of 1.5 ML, as in this case, manganese and silver intermix,
forming a two-layer interfacial film. Within this film, both manganese and silver
atoms adopt face-centered cubic positions within the Ag lattice, a consequence of
manganese’s limited mobility during room temperature deposition. While this issue
can be mitigated by maintaining the substrate at moderate temperatures during
the growth process or through post-annealing, increasing the substrate temperature
promotes alloy formation. This has been previously discussed and evidenced in the
Ag 3d XPS spectra, even at room temperature. Therefore, this option is currently
not feasible.

This study demonstrates that the evaporation of Mn is clean and occurs in a
metallic state, ensuring that future oxide structures will form when an oxidizing at-
mosphere is used. To grow MnOx phases, two different approaches were compared:
oxidation of deposited metallic Mn on an Ag(001) substrate and oxidation during
the Mn deposition process. The objective was to identify the most effective method
for achieving well-defined and highly oxidized structures, thereby establishing a cor-
relation between oxidation state and methodology.

At the same time, to achieve higher degrees of oxidation in our UHV system,
atomic oxygen plasma was utilized as an alternative approach. This method en-
hances oxide growth by eliminating the need to dissociate Oy molecules, resulting
in more stoichiometric and higher-oxidation oxides. Microwave atom plasma source,
which generates atomic oxygen plasma, was chosen for this purpose. Although
atomic oxygen synthesis and control present challenges compared to molecular oxy-
gen, its implementation introduces significant advancements in growth processes.
The high reactivity of atomic oxygen radicals facilitates faster growth rates, and
the resulting films exhibit enhanced stoichiometry and crystallinity due to increased
reaction efficiency. Consequently, microwave plasma oxidation was adopted as the
primary method to determine the most efficient growth methodology.

Traditionally, deposited metals are exposed directly to oxidizing agents, either
at room or elevated temperatures.|[289| Following this approach, the previously de-
posited Mn layer was subjected to plasma oxygen pressure of 5- 107> mbar for 5
minutes at room temperature. XPS spectra of Mn 2p, O 1s, and Ag 3d core levels
were acquired and are presented in Figure 6.4-blue curve. The intensities of the
Ag 3d and Mn 2p spectra were adjusted to ensure uniform height, while the O 1s
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Figure 6.4: XPS spectra acquired for different manganese samples grown in UHV,
post-oxidized with atomic oxygen and under oxidizing atmosphere at Ag 3d, Mn
2p and O 1s core levels. It is supported with an schematic representation of the
methodology tested with a stacking disposition, from bottom to upper part: man-
ganese evaporation in UHV conditions, manganese evaporation previously to oxida-
tion and manganese evaporation under reactive atomic oxygen environment.

spectra were normalized to the Mn 2p contribution.

In the Mn 2p spectra, the Mn 2p3/, peak initially observed at 639.4 eV in the
Mn/Ag(001) sample shifted by approximately 2.4 eV to 641.8 eV, suggesting the
formation of the first MnOx structure. The O 1s spectra exhibited two components:
one around 529.5 eV, attributed to the oxide, and another at higher BE around
532.1 eV, likely due to chemisorbed oxygen on Mn or Ag, or unreacted O. The Ag
3d peak retained its characteristic metallic doublet, indicating no oxidation of Ag.
This finding suggests the presence of oxygen species not participating in the oxide
formation.

Decoupling metal deposition and oxidation mitigated the risk of unintended re-
actions or impurity incorporation during film growth. However, unreacted oxygen
on the surface indicated a bottleneck in oxygen atom penetration, which step cul-
minates in subsurface oxide formation that grows into a "bulk structure".[290] An
increasingly popular alternative is reactive deposition in an oxidized atmosphere.
Here, the metal is evaporated and simultaneously oxidized in an oxygen-rich envi-
ronment during e-beam deposition, as schematized in the red box of Fig. 6.4. Metal
atoms react with oxygen molecules either in-flight or upon reaching the substrate
surface, resulting in the direct deposition or formation of metal oxides.

Using this alternative approach, the chemical composition of the MnOx struc-
ture obtained by oxidizing manganese during deposition in an atomic oxygen plasma
atmosphere was explored in the same way via XPS. The same anticipated Mn layer
thickness was evaporated under the same plasma pressure atmosphere at room tem-
perature. XPS spectra of Mn 2p, O 1s, and Ag 3d core levels were acquired and
presented in Figure 6.4-red curve. The Ag 3d spectra shows a notable shift of the
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entire core level of approximately 0.5 eV, also observable in the Mn 2p and O 1s core
levels. This shift likely arises due to an electronic effect related to the growth of
a highly oxidized structure atop the Ag(001) substrate, affecting its work function.
At this point, it should be highlighted that the MnAg alloy component was only
observable in the Mn/Ag(001) sample.

For a comprehensive comparison of oxidation levels, the Mn 2p and O 1s peaks
were rigidly shifted by 0.5 eV to maintain true peak positions among the samples,
aligning the Ag 3d line. In the Mn 2p spectra, the Mn 2p3/ peak shifted further
from previous prepared sample (oxidation of deposited Mn) by 0.6 eV to 642.4 eV,
indicating the formation of a more highly oxidized structure when manganese is
deposited in an oxidized atmosphere. The O 1s spectra exhibits the same two
components, but the higher BE component was reduced, suggesting more efficient
oxidation.

In conclusion, employing an oxidizing atmosphere during Mn evaporation facili-
tates the creation of higher oxidized layers, with MnOx structures directly deposited.
This method proves that Mn is further oxidized in-flight and subsequently deposited
on the substrate surface. The methodology for oxide growth is thus standardized,
with Mn deposition performed under a reactive oxidative atmosphere.

6.2.2 Manganese oxides composition: MnO, Mn3O, and MnsOs

As mentioned earlier in this section, the partial pressure and the nature of the
oxidizing agent (O or atomic O) will influence the final chemical composition and
structure. Therefore, having established the methodology for oxide growth, we first
proceed to investigate the evolution of the MnOx composition as a function of oxygen
pressure and oxidizing agent atmosphere through XPS characterization

O, pressure role

We began by employing different partial pressures of molecular oxygen, ranged
from 1-107% to 1-10~* mbar, while sublimating the Mn atoms and compared the
results with exposition to other oxidizing agent such as atomic oxygen in a pressure
of 5-107° mbar. To do so, we estimated a 2.5 ML thickness of Mn under each
applied oxidizing atmosphere conditions using an evaporation rate of 0.26 A /min
and =~ 130 nA of Mn flux during 30 minutes. The substrate temperature was kept
at room-temperature during the process.

Figure 6.5 shows the Mn 2p, O 1s and Mn 3s core levels of layers grown in the
absence of O, (black) and under a partial pressure of 1-107® (red), 1- 1075 (blue),
and 1-107* mbars (green) of Oy, as well as under 5 - 1075 mbars of atomic oxygen
pressure (violet). In order to resolve all possible species, we performed a consistent
peak fitting procedure. The intensity of all the spectra have been resized to make
all the Mn 2p same height while O 1s and Mn 3s are resized respect to Mn 2p peak.
All spectres are presented after subtracting a Shirley background.

For the sample grown in UHV conditions in the absence of Oy, as mentioned
before, the Mn 2p3 /5 region reveals the metallic Mn phase centered at 639.4 eV. For
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the sample prepared under 1-10~° mbar O, pressure, a shift of 1.8 eV towards higher
BE of the full peak takes place. The metallic component disappears completely
proving the first MnOx structure. The deconvolution of the Mn 2p peak show a main
contribution located at 640.6 €V which is attributed to Mn™ oxidation state.[291]
The core level position aligns well with the Mn 2p core level spectra documented in
existing literature for MnO(001)[250, 257|. In addition, satellite features are notably
detectable at 6.0 €V from main peaks, which is also in agreement with values reported
for MnO. [19] Finally, to properly fit the entire Mn 2psz/, region, it is necessary to
include a second component at 642.5 eV, that can be ascribed to Mn*3 oxidation
state. [292]

For samples prepared at 1-107% mbar and 1 - 10~* mbar, the intensity of the
Mn3*t component becomes prominent and, as a consequence, there is an apparent
shift of the entire core level of around 0.4 eV. This suggests that increasing the partial
pressure of molecular oxygen leads to the formation of a higher oxidized structures.
However, no further oxidation is achieved at pressures higher than 1-107% mbar. In
this latter case, the satellite appears at 10.0 eV matching well with values reported
for Mn3O, and MnO, phases.[19, 272] In fact, because of the +2 and +3 mixed
valances, it is Mn3O, structure and not MnO, (+4 valence).

Figure 6.5: XPS spectra and fitting components at the energies of, from left to
right, Mn 2p, O 1s and Mn 3s core levels for different manganese-based oxides grown
at room temperature under different oxygen partial pressure as well as oxidizing
agent.

Although higher oxidative states on MnOx have been identified in nature, like
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fully +3 and +4 states, obtaining those states with molecular oxygen in UHV is
challenging due to insufficient oxygen pressure and thermodynamic stability. It is
well established that the thermodynamic stability of MnO, relative to other man-
ganese oxides may be lower under UHV conditions. For instance, MnO and Mn3O,
are more thermodynamically stable at lower oxygen chemical potentials, which are
characteristic of UHV environments. In cotnrast, MnQO, formation is favored at
higher oxygen potentials. To solve this, using atomic oxygen plasma could enhance
the oxidation process. To further confirm this assumption we have used atomic
oxygen for the growth of MnOx. On this regard, when atomic oxygen is used as
oxidizing agent, violet spectra in Fig. 6.5, a further oxidized structure is obtained
based on the apparent full core level shift of ~ 0.4 eV. In this latter case the Mn*?
component influence almost disappears in the Mn 2p region and Mn*3 component
becomes predominant. Indeed, the Mn™3 satellite appears 10.6 eV apart from the
main peak (shifting 0.6 eV in comparison with previous structures). It suggests a
rather higher oxidized structure like MnsO3 based on previous assignments.|[293]

Figure 6.5 presents the O 1s spectra acquired for the described samples. The
manganese evaporation (without O, pressure, black spectra) shows a really small
contribution in the O 1s core level centered at 531.1 €V, in agreement with the main
metallic manganese component measured in the Mn 2p core level. Once the pressure
increases to 1 - 1078 mbar, in the red spectra, first oxygen signal peak is detected
centered at 530.2 eV. The photoemission peak is fitted using three components: one
located at 529.5 eV that corresponds to the oxygen bonded to Mn™3[276, 294]; one
centered at 530.1 €V, compatible with compounds of oxygen bonded to Mn™2[276,
294]; and a last one at higher BE, 531.1 eV, associated to chemisorbed oxygen
which does not bond to manganese, being attributed to surface species such us OH~
or O35 .[226] The intensity ratio between the two components at lower BE follows
the same evolution observed on Mn 2p when pressure increases: the O — Mn*3
component increases with oxygen pressure. Moreover, when the oxygen pressure
is increased up to 1-107* (green spectra and blue spectra at 1-107% mbar) the
same Mn2p relative shift is observed in O 1s, shifting = 0.2 eV towards lower BE,
demonstrating the developing of an oxidized structure respect to the one obtained
in the lower oxygen pressure regimen, 1-107% mbars. In both cases, the components
proportion changes being more prominent the one positioned at lower binding energy,
529.5 eV, corresponding to Mn*3? — O phase. For sample grown in atomic oxygen
atmosphere, the full O 1s spectra shifts around 0.4 eV towards lower BE, in fully
agreement with Mn 2p previously observed one. The component attributed to O —
Mn*? disappears, in concordance with previously Mn 2p analysis, and the one
assigned to O — Mn™3 state becomes prominent.

The assessment of oxide nature is further confirmed by the analysis of the Mn 3s
core level. In Figure 6.5, the corresponding Mn 3s core levels are explored. While the
s core level typically lacks spin splitting, Mn 3s exhibits two peaks, as evident in the
figure. As mentioned in the introduction to this chapter, the exchange splitting of
Mn 3s arises from its interaction with the Mn 3d spin after photoemission, differing
for each electronic configuration. Indeed, the magnitude of the multiplet splitting
(AE) relates to the oxidation state where a higher splitting corresponds to a lower
oxidation state in the Mn-based phase. The measured value for Mn/Ag(001) is
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4.1 eV, as indicated in the black spectra, consistent with previous reported values
assigned to metallic Mn.[274| For the sample prepared under 1-10~® mbar, presented
in red, the obtained value is 6.0 ¢V, aligning with both calculated|250] and measured
[257, 272| values for MnO 3s splitting, all falling within the range of 5.8 - 6.15
eV. This value is regarded as the highest among MnOx phases due to the high
spin configuration of the Mn*? ion with S3; = 5/2. With an increase in pressure
and a higher contribution of Mn*3 state relative to Mn*2, a reduction in splitting
strength is expected due to the higher oxidation states. Accordingly, the exchange
splitting decreases to 5.0 and 5.2 eV for layers grown at oxygen pressures of 1-107°
(blue) and 1-107* (green) mbar, respectively. These values suggest the formation
of either MnzO, or MnyOs structures|250, 257, 272|. Since the prior analysis of
Mn 2p indicates a higher probability of the Mn3O, phase, we assign it as such.
The calculated Mn 3s orbital splitting for the sample grown in an atomic oxygen
atmosphere, violet spectra, is 4.9 eV, consistent with previous assignments to the
Mny03 structure.[295]

In summary, the chemical composition of MnOx phases exhibits a strong de-
pendency on oxygen pressure, revealing a clear trend towards increased oxidation
states with higher oxygen pressures. Under applied methodology in UHV, MnO
(+2) phase results in the low pressure range, 1-107® mbar, while Mn30, (+2, +3)
emerges as the most oxidized structure using molecular oxygen which leads to sat-
uration of this phase at or above pressures of 1-107% mbar. To attain even higher
degrees of oxidation, employing a more potent oxidizing agent, such as a microwave
plasma atomic oxygen source, becomes necessary. This latter approach facilitates
the formation of Mny05 (+3). So, XPS characterization underscores the significance
of fine-tuning either the pressure or nature of the oxidizing agent, as it dictates the
growth of distinct MnOx layers on a clean, ordered, and flat Ag(001) surface at room
temperature.

Film thickness role

Another interesting phenomenon to be studied is the influence of oxide thickness.
It is well known that the properties of metal oxides are significantly dependent on
the thickness of the as-deposited layer, resulting in alterations to its chemical com-
position and structure.|258] By tracking chemical composition with layer thickness,
our primary objective is to elucidate the underlying growth mechanisms that govern
the formation of the two attained structures: MnO and Mn3zO;.

In this study, we replicate the previously described growth conditions, utilizing
molecular oxygen as the sole oxidizing agent, to investigate the effects of varying layer
thicknesses within two distinct pressure ranges (1 -107% and 1 -107% mbar). The
thickness of the deposited layers has been controlled by the evaporation duration.
By prolonging the evaporation time, each duration has been ascribed and assigned
to the corresponding thickness range. The samples are renamed as sub-monolayer
(subML), monolayer (ML), multilayer (MultiL), and thick layer (ThickL) regimes.

The investigation into the chemical composition of the grown oxides was con-
ducted utilizing non monochromatic Al kX Ray source as well as synchrotron radia-
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Figure 6.6: XPS study of the chemical composition of manganese oxide layers
deposited with variable molecular oxygen partial pressure of (left) 1078 mbar and
(right) 1075 mbar with variable thickness from sub-monolayer to thick layers reg-
imen. XPS deconvoluted spectres at Mn2ps/, and O 1s core levels of manganese
oxides.

tion at the Swiss Light Source Synchrotron facilities (at the PEARL beamline) with
a photon energy hr==840 eV. Figure 6.6 provides a summary of the photoemission
spectra obtained for the Mn2ps/, (left) and O 1s (right) core levels, acquired for the
samples grown under 1-107% mbar (Figure 6.6a) and 1-10~% mbar (Figure 6.6b). The
shape of the deconvoluted peaks for Mn 2p3/, and O 1s remains largely unchanged,
except for spectra acquired using synchrotron radiation. As outlined in Section 3,
synchrotron X-Ray source allows for tuneable and high energy resolution in the pho-
toelectron spectrum. Consequently, each metallic component can be resolved into
two different components, allowing for the distinction between surface and bulk in-
fluences. As depicted in Figure 6.6, all Mn 2p3/, core level spectra exhibit the same
normalized height to 1 for improved comparison, alongside the normalization of O 1s
spectra with respect to Mn 2p. Both peaks are presented subsequent to subtracting
a Shirley background.

The Mn 2p3/5 and O 1s spectra exhibit intriguing similarities in the sub-monolayer
(subML) regime, bottom row of Figure 6.6a and b, for both structures obtained in
different pressure regimens, at 1-10~% mbar and at 1-10~% mbar, respectively. These
spectra present a prominent peak at 640.5 eV and a smaller peak at 642.4 eV, dif-
fering by 1.9 eV in binding energy. These peaks correspond to distinct manganese
oxidation states of Mn™2 and Mn™3, respectively, as previously determined. Indeed,
employing synchrotron radiation for characterization enables the detection of com-
ponents with remarkable surface resolution. Within this framework, two additional
components (light blue and red colors) emerge around 641.4 and 643.1 eV, albeit no-
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tably smaller than their predecessors (dark blue and red colors). Following the idea
of a layer-by-layer growth model, surface species in the Ag-oxide interlayer would
predominate in the subML regime compared to second layer formation. Accordingly,
the dark red and blue components are ascribed to Mn*? and Mn*? states in the
Ag-oxide buffer layer, while the lighter components correspond to the subsequent
formed layer. Remarkably, both layers exhibit identical Mn?T and Mn3* ratios.

The O 1s peak comprises same three components previously analyzed: the one
at higher BE, 531.6 ¢V, and two additional ones linked to oxygen atoms in different
coordination environments with manganese (O — Mn™? and O — Mn™3). The dom-
inant influence in both cases is the O — Mn?**. However the influence of O — Mn*2
in the layer increase with the oxygen pressure applied, being increased in the struc-
ture grown at 1-107% mbar. The deconvolution of both peaks, Mn 2p3/2 and O 1s,
confirm that the chemical composition of both structures in the subML regime is
the same.

Analyzing low oxygen pressure regimen, 1-1078 mbar in Fig. 6.6, reveals that as
thickness transitions from subML to MultiL,, the Mn?T/Mn™ ratio remains consis-
tent. In the Multil regimen, the components attributed to the second layer (light
red and blue components) increases being predominant and corroborating a layer-
by-layer growth mode. Conversely, when a thicker layer is grown, the peak exhibits
an equal proportion of Mn*? and Mn™3, suggesting a higher oxidized structure at-
tributed to Mn30,, as depicted in the ML raw. If we pay attention to O 1s profile,
the same 3 components (Ozas)y, O — M nt2 and O — Mn™3) discussed before are
present in all cases with similar component influence.

In the case of growing MnOx structures in a higher oxygen pressure regimen,
1-107% mbar in Fig. 6.6, an enrichment in the Mn*3 state is observed as thick-
ness transitions from subML to MultiL. This transition underscores the significant
interplay between molecular oxygen pressure and thickness in the growth mecha-
nism. As thickness progresses to MultiLL and ThickL, the component ratios remain
unaltered. In the MultiLL spectra, where surface sensitivity is attained, the Mn*?
Ag-MnOx interlayer component disappears, concomitant with an increase in second
layer components (light red and blue components). This fact together with previ-
ous assignments in the SubML phases, suggests the existence of an MnO structure
as a wetting layer in the Ag-MnOx interface, which with the pressure and time
gap evolves in a higher oxidized structure. Concerning O 1s spectra, no significant
differences are observed related to the layer’s thickness.

In conclusion, the chemical composition of MnOx structures is not only influ-
enced by the oxidizing agent but also strongly correlates with the thickness of the
sample. The investigation reveals that in the initial stage of oxide deposition, a
consistent inter-layer is observed across two distinct pressure ranges, indicating the
presence of a phase enriched in MnO as the wetting layer. This observation aligns
with the structural properties of bulk Mn3O,4, which features a unit cell height of
942 pm consisting of 8 sublayers compared to the MnO structure with a unit cell
height of 444 pm. As the sample thickness increases from single-layer to thicker lay-
ers, additional layers of atoms contribute to the XPS and denotes a layer-by-layer
growth mode. This increase in thickness provides more opportunities for interlayer
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interactions, diffusion processes, and nucleation events, thereby influencing the evo-
lution of the oxide structure. It is noteworthy that under the same oxygen pressure,
thicker films tend to exhibit higher oxidative states due to the accumulation of oxy-
gen atoms within the film’s bulk. Hence, both oxygen pressure and film thickness
emerge as critical parameters that must be meticulously controlled to dictate the
resulting oxide structure. This underscores the intricate interplay between growth
conditions and material properties, highlighting the necessity for precise control over
experimental parameters in oxide thin film deposition processes.

6.2.3 Surface structure of manganese oxides phases

In this section, we shift our focus on investigating the surface structure of the
as-grown manganese-based phases. The surface structure of the oxides has been
analyzed using LEED and various scanning probe microscopy techniques, including
LT-STM and AFM. The primary aim of these investigations is to identify correla-
tions between the surface structure and the chemical stoichiometry elucidated in the
preceding section.

Initial LEED investigations of the as-prepared film samples revealed a lack of
crystalline order, indicated by the absence of LEED reconstruction. These results
demonstrated that, at room temperature, the manganese oxides grow without a
well-defined crystal structure. Since temperature can facilitate surface atomic ion
diffusion and oxygen dissociation, we explored a new growth parameter: the influence
of temperature on crystal structure order. By maintaining the substrate temperature
at 100°C' or 200°C' during the deposition of Mn in an oxygen atmosphere, we obtained
diffusive LEED structures.

An alternative approach involves performing a post-annealing step. Although Mn
and Ag tend to form an alloy upon surface annealing in UHV, the prior formation
of MnOx prevents further alloying with Ag, even at annealing temperatures up to
700 K[257|. However, post-annealing in UHV can provoke the reduction of oxides,
as observed in the case of T'i02[296]. The decomposition of the oxide depends
on its thermal stability and atomic restructuring. Therefore, before conducting
surface structure characterization, the chemical composition was verified using XPS.
Obtained spectres confirmed that temperature does not induce significant changes in
the chemical composition of the oxide layers. No notable differences were observed
in the Mn 2p, O 1s, and Mn 3s spectra of samples before and after annealing,
corroborating the same chemical composition presented in the preceding section.
This ruled out the reduction and decomposition of oxides. Next, we will use LEED
characterization to determine if atomic restructuring occurs after annealing samples
at 200°C.

Figure 6.7 showcases LEED patterns obtained at 65 eV for pristine Ag(001) sub-
strate (a), and for the post-annealed oxides surfaces (prepared at 1-107%, 1-107% and
1-107* mbar O, atmosphere and 5 - 1075 mbar atomic oxygen). Figure 6.7b illus-
trates the LEED image of the MnO/Ag(001) phase grown under an oxygen molecular
pressure of 1-107% mbar. Here, a (1 x 1) pattern is observed with a comparable
background intensity but less defined spots compared to clean Ag(001), suggesting
smaller domains of long-range ordering. Nonetheless, the fourfold symmetry remains
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intact, indicating in-plane lattice-matched growth with a slightly different calculated
lattice parameter, aymo=4.42 A, as indicated by the red square. This result aligns
with the lattice mismatch of approximately 9 % in the MnO/Ag(001) structure,
supporting the growth of a commensurate MnO(001) structure [260, 297].

For the Mn304/Ag(001) phase grown under higher oxygen pressures, 1-107% and
1-107* mbar) (Figures 6.7c and d, respectively) exhibits a p(2 x 1) superstructure,
with a surface lattice parameter of 5.75 A, nearly double than that of the Ag(001)
surface lattice. The film main directions align along the < 110 > and < 1-10 >
substrate directions, presenting two domains, indicated by blue and yellow rectan-
gles, rotated by 90° due to the fourfold symmetry of the Ag(001) substrate. This
structure is consistent with the sub-layer model of Mn30,4(001) on Ag(001), where a
mixed manganese-oxygen island forms at the interface with the substrate[251, 257].

Finally, the structure achieved under the atomic oxygen atmosphere (Fig. 6.7f)
exhibits symmetric LEED pattern spots arranged in two hexagonal domains rotated
by 25 °C, forming concentric rings with measured surface parameters of a = 9.6
A, b =96 A, and ¢ = 9.7 A. The hexagonal structure aligns along the < 110 >
and < 1 — 10 > directions of the substrate, whose lattice vectors are rotated by 45°
relative to the Ag(001) substrate. This structure is attributed to a-MnyOs3 since it
possess a thombohedral crystal structure with similar lattice parameters.

Therefore, a post-annealing step is necessary to achieve high crystalline order
in MnOx phases with varying chemical compositions.In conclusion, based on the
cumulative evidence gathered thus far, we have successfully achieved the primary
objective of this chapter: the development of a model catalytic system, MnOx, whose
chemical and structural properties can be precisely controlled through the deliberate
adjustment of various growth parameters, including oxidizing atmosphere pressure
and nature, thickness and time, and temperature (either substrate temperature and
post-annealing treatment). This tailored MnOx system is an ideal candidate for
investigating structure-function relationships.

Atomic structure of thin-film manganese oxides

Through LEED characterization, the resulting pattern emerges as the incoher-
ent sum of the diffraction patterns associated with individual domains, effectively
yielding an average pattern over a large mesoscale area. To overcome this limita-
tion, a technique with atomic resolution, such as LT-STM, is employed to resolve
the existence of different domains and reveal the distribution of various oxide phases
previously hypothesized through high-resolution surface analysis by XPS. Further-
more, in this case, STM is utilized to determine the growth mode and the size of
oxide islands formed on the Ag(001) substrate.

Thus, complementary low-temperature STM images of MnO (Figure ??) and
Mn30, (Figure 6.9) structures on Ag(001), with thicknesses within the subML
regime, were measured. The dataset presented below was acquired at the PEARL
beamline of the Paul Scherrer Institute and corresponds to samples grown in the
subML regimen (XPS characterization shown in Fig. 6.6)

Figure 6.8a shows a representative image of the MnO phase. The contour plot
reveals that MnO growth occurs through two distinct typology of layers, the one
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Figure 6.7: LEED patterns measured at 65 eV of a) pristine Ag(001), post-annealed
manganese oxide structures grown at room temperature in a molecular oxygen par-
tial pressure of b)10™® mbar, ¢)107® mbar, d)10™* mbar. And (e) LEED images
taken at 38 and 80 eV of manganese oxide structure grown at room temperature in
an atomic oxygen partial pressure of 52107 mbar.

highlighted in black and the three-dimensional islands, corroborating the earlier
statement made through high-resolution XPS analysis of samples with varying thick-
ness where layer by layer growth was pointed out. By analyzing the number of items,
it can be extracted that the average height of the different islands observed is = 4
A(see Fig. 6.8d). This value matches with the expected height value for bulk MnO
crystal structure, with its crystallographic parameter aymo = 4.445 A.

To analyze the wetting layer mode of growth, as well as the size and shape of
the islands, a close-up image around the island highlighted in green (Fig. 6.8a) is
presented in Figure 6.8b. Here, it is observed that the majority of islands (around 90
% of substrate surface), highlighted in pink, adopt a three-dimensional cubic shape.
The second type of island, like the one highlighted in green, is observed beneath the
three-dimensional ones, acting as a wetting layer characterized by elongation and
smoothness borders without a defined shape. These bi-dimensional MnO islands
appear in about a 10 % of the surface and presents a height of ~ 2 A and a length
of around 35 nm as shows the profile image in Fig. 6.8e. Computing bi-dimensional
island length over the sample it is estimated an average length comprised from 20
to 40 nm.
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Figure 6.8: STM images of ultrathin MnO film on Ag(001) acquired at 2 V, 10-30
nA with different sizes: a) 100 x 100 nm?, b) Close up of the island marked in (a)
being 40 x 40 nm?, and ¢) 41 x 41 nm?. d) Profiles of the number of items present
in a). e) Height profile of the island highlighted in green in b). The STM images
were processed with the WSxM software [298].

Moreover, Figure 6.8c depicts what seems to be square Ag(001) terraces, high-
lighted with black arrows, where the bi-dimensional layer tends to nucleate and grow,
indicating possible growth with its edges along the <110> directions of the Ag(001)
substrate.

Figure 6.9 showcases the initial stage of Mn30, film growth. In Fig. 6.9, two
distinct phases are observed: (i) a predominant two-dimensional phase in the form
of quasi-rectangular strips, acting as a wetting layer (outlined in black), and (ii) a
disordered three-dimensional phase. Upon analyzing the number of items the average
height of the observed three-dimensional islands is approximately 6 A(see Fig. 6.9¢),
which aligns with the expected value for bulk Mn30,, where the crystallographic
parameter ayry,0,=5.76 A

A magnified image within the previous region, presented in Fig. 6.9b, reveals
that the ordered wetting layer forms large islands with sharp, square edges, as in-
dicated by the arrows, and rectangular shapes. A second set of three-dimensional
islands is also observed, displaying varied shapes: triangular (highlighted in pink)
and rectangular (highlighted in blue). The profile for the triangular island is shown
in Fig. 6.9d, revealing a height of around 4 Aand a length of 6 nm.

It is noteworthy that the growth of MnOx begins with a two-dimensional pre-
monolayer that acts as a wetting layer in both phases. For MnO, well-defined



122 6.2. Manganese oxide growth on Ag(001) substrate

and consistent three-dimensional islands dominate the sample, typically exhibiting
square shapes and lattice parameters closely matching those of bulk MnO. In the
case of Mn3Q0y, the two-dimensional layer predominates, characterized by square
edges and rectangular shapes, while the three-dimensional islands observed show no
distinct or well-defined shapes.

Figure 6.9: STM images of ultrathin Mn3O, film on Ag(001) acquired at 2 V,
10-30 nA with different sizes: a) 100 x 100 nm?, b) Close up of the island marked
in (a) being 50 x 50 nm?. c) Profile of the number of items present in a). d) Height
profile of the island highlighted in pink in b). STM images were analyzed by using
the WSxM software [298].

The morphology of multilayer-thick MnOx phases was characterized by AFM
under ambient conditions (in air at room temperature). Figure 6.10 presents repre-
sentative AFM images of MnO (top) and Mn30O, (bottom) multilayer structures on
an Ag(001) substrate, grown at 1-107® mbar and 1 - 107% mbar, respectively.

MnO (Fig. 6.10a) reveals distinct crystalline islands formed on the Ag(001) sub-
strate, with a noticeable preference for edge terrace locations. A closer examination
via a 2 x 2 ym? image (Fig. 6.10b) shows a homogeneous distribution of these is-
lands. The height profile, measured along the marked green line and presented in
Fig. 6.10, indicates consistent island heights, each measuring approximately 4 A,
consistent with previous observations from LT-STM.

AFM images of Mn30, phases within the same thickness range are shown in Fig.
6.10c and d. Large-scale images reveal relatively smooth layers composed of small
crystals, as confirmed by the zoomed-in image in Fig. 6.10d and the green inset.
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The observed morphology closely aligns with the predominance of a two-dimensional
layer rather than three-dimensional islands.

Figure 6.10: AFM images of multilayer-thick MnO (top) and MnzO, (bottom)
phases on an Ag(001) substrate. (a) 10 x 10 um? and (b) 2 x 2 ym? images, with an
inset showing the height profile measured along the marked line for MnO islands.
(¢) 10 x 10 pm? and (d) 2.5 x 2.5 um? images, with an inset corresponding to a 1
x 1 um? area to highlight the surface roughness of the Mn3O4 sample. The AFM
images were processed using WSxM software [298].

In summary, the surface structure analysis performed on thick layers confirmed
a preferred growth in a three-dimensional islands for the MnO phase, with a higher
surface/area ratio, while Mn3O4 grows in a preferred two-dimensional form with
ordered and homogeneous layers.

6.2.4 Electronic structure of manganese oxides phases

Following the comprehensive characterization of surface structure and morphol-
ogy, we now turn to electronic structure investigations using XPS with synchrotron
radiation. Our goal is to analyze the surface valence band (VB) of both MnOx
phases, MnO and Mn30y, across two distinct thickness ranges: sub-monolayer and
multilayer, using the same samples previously discussed.

Figure 6.11 presents the surface VB spectra of the samples measured with a
photon energy of 200 eV. We compare the clean Ag(001) substrate (black), the
Mn/Ag(001) sample (grey), and both sub-monolayer (dashed line) and multilayer
(solid line) thicknesses for the MnO (red) and Mn3O, (blue) phases.

The VB spectra unveil distinct electronic signatures for the clean Ag(001) sub-
strate and Mn/Ag(001) sample. In the case of the Ag substrate, represented by the
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Figure 6.11: Valence band spectra of the clean Ag(001) substrate (black), the
Mn/Ag(001) layer (grey) and both manganese oxide structures, MnO (red) and
Mn30, (blue), in two different thickness range, sub-monolayer (dashed line) and
multi-layer (continuous line). The binding energy of spectras can be precisely aligned
with the Fermi edge of the silver substrate.

black line, two prominent features within the Ag 4d-band region are observed, with
maxima located around 5.3 (B) and 6.8 ¢V (C). Transitioning to the Mn/Ag(001)
sample, the VB spectrum manifests notable alterations. A sharp peak labeled B
emerges at approximately 5.3 eV, accompanied by a lower-energy shoulder labeled
A at 3.5 eV. Additionally, a second peak labeled C arises at around 6.8 eV, along
with a small high-binding energy satellite, D, positioned above the Ag 4d band at
11.1 eV. These shifts in peak locations and the presence of satellite bands denote
electronic changes induced by the presence of Mn, resulting in a discernible upward
shift in the full d-band center compared to pure Ag. Notably, there is no discernible
influence of residual oxygen in the O 2s region.

Moving to the discussion on MnOx phases, one anticipates the spectrum to mir-
ror the reduction in the number of Mn 3d electrons involved in bonding, transitioning
from Mn™ (formally d°) to Mn™ (formally d*). One also expects the outer-valence
band region (2-10 eV) to exhibit predominantly O 2p features at higher binding en-
ergy and Mn 3d features at lower binding energy. However, direct observation of
valence band changes in ultrathin MnOx phases via XPS is challenging due to the
masking effect of Ag 4d maxima bands, especially at very low film thicknesses (in-
dicated by dashed lines). Moreover, in the sub-monolayer regime, the silver’s Fermi
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level is observable, suggesting that the manganese oxide layer is thin enough for
the electronic properties of silver to dominate or blend with those of the manganese
oxide. Conversely, in the multilayer regime, the Fermi level of silver is not visible,
indicating that the manganese oxide has reached a sufficient thickness to obscure
the underlying silver’s properties.

Assessing the impact of manganese oxidation on the valence band involves com-
paring the multilayer thickness regime of MnO/Ag and Mn30,/Ag. Within the 3d
multiplet structure, overlapping with O 2p states between 2 and 12 €V below the
Fermi level (Ey), a noticeable redistribution of intensity is observed among MnOx-
based layers, correlating with the degree of oxidation. This redistribution coincides
with an escalation in the intensity of feature D, often linked to Mn vacancies at the
MnOx surface or non-local contributions [299]. Non-local contributions stem from
charge transfers between the coordinating ligand sphere and the metal atom or more
extensive charge redistributions, potentially more pronounced in defect-free films or
films with larger ordering domains. Furthermore, alterations in the O 2s photoe-
mission line, typically noted around 22.3 €V, display variations in both shape and
intensity, particularly evident in Mn3O,/Ag samples. These findings are consistent
with previous investigations into MnO and Mn3zO4 [300][268]|259], underscoring the
reliability of our results.

Manganese oxide growth on Au(111) substrate

As outlined in the introduction of this chapter, thin MnOx layers catalysts have
demonstrated superior efficiency compared to bulk materials. Hence, the primary
objective of this study was to evaluate the electrochemical macroscopic response
of different MnOx thin films phases on Ag(001) against OER reaction. However,
contrary to our preliminary assumptions, MnOx phases do not grow homogeneously
exposing the substrate to applied electrochemical conditions. Despite the extensive
use of silver electrodes in various electrochemical investigations, this substrate is
not a good catalyst for OER|301]. Specifically, silver is thermodynamically unstable
at potentials exceeding 0.4 V across the entire pH spectrum, as elucidated by its
Pourbaix diagram|77]. Therefore, Ag undergoes oxidation at potentials lower than
the anticipated onset of MnOx catalytic activity.[301] This leads to the occurrence
of two competitive processes, complicating the accurate analysis of catalyst activity
and hindering proper attributions of surface chemical composition. Consequently, a
new substrate must be explored to overcome the issue of silver oxidation influence
on the OER mechanism.

Au(111) stands out as a promising alternative to Ag(001) due to its noble nature
and relative inactivity until relatively high anodic potentials, specifically in the range
of 1.8 - 2.1 V in acidic media, as previously elucidated in Chapter 5. This inherent
resistance of gold to oxidation up to 1.8 V under the performed study suggests
its potential utility as a substrate for the deposition of more catalytically active
MnOx layers. Moreover, employing this MnOx/Au(111) as catalyst could potentially
reduce the overpotential associated with OER on Au(111) substrates. Because of
that our attention shifts to investigating the growth of MnOx phases on Au(111)
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surfaces.

To transfer the growth of MnOx phases from the Ag(001) substrate onto Au(111),
we used the same methodology described in the previous section, which led to suc-
cessful growth in terms of different chemical, structural and electronic properties.
We focused on phases generated under molecular oxygen atmosphere.

6.3.1 MnOx/Au(111) composition

In order to probe whether the substrate nature influences the chemical compo-
sition of deposited layers, various MnOx phases were examined using XPS analysis.
Before delving into the results, it is important to note that there is a significant
overlap between the most prominent gold core level region, Au 4f (typically found
between 84 — 88 €V), and the Mn 3s core level peak (previously detected within the
range of 78 — 92 eV), making the precise assessment of the Mn 3s multiplet distance
challenging. As a result, only the Mn 2p region will be utilized in this instance to
ascertain the primary oxidation state of the freshly prepared thin film. Additionally,
it’s worth mentioning the faint Audp, /» core level peak (approximately at 643 eV),
coinciding with the Mn 2p region which influence will not be presented.

Figure 6.12 shows the convoluted Mn 2p and O 1s core levels acquired via XPS for
different Mn evaporation conditions: under UHV, under molecular oxygen pressure
of 1-107®% mbar, and 1-107% mbar. The O 1s lines were normalized to Mn levels.

The upper spectrum of Fig. 6.12 displays the Mn 2p core level spectra for
Mn deposited under UHV conditions. The main contribution to the Mn 2p core
level originates from the Mn® component, centered at 639.4 eV, consistent with
the previously characterized metallic state in Ag(001) growth (see Fig. 6.5). For
samples prepared under 1-10~8 mbar, the full Mn 2p peak shifts by 1.8 eV towards
higher binding energy, with an even more pronunced shift of 2.2 eV at 1-107% mbar.
Fitting both Mn 2p peaks reveals same two main contributions previously obtained
in Ag(001) substrate: one at 640.6 ¢V, attributed to Mn*? and another at 642.5
eV, attributed to Mn*3. Notably, the contribution of Au to the Mn 2p core level is
negligible.

In the O 1s spectra, clear peaks are observed for both oxidized structures, cen-
tered at similar BE (530.1 eV and 530.0 V), regardless of the deposition pressure.
These peaks are fitted using the same components: from lower to higher BE -
O —Mn™3, O— Mn*2 and chemisorbed oxygen. This indicates a comparable chem-
ical assignment for MnOx phases grown on Au(111) to that reported for Ag(001)
(see Fig. 6.5): Mn in UHV, MnO at 1-107® mbar, and Mn3O, under 1 -107°
mbar. The results highlight the critical role of oxidizing pressure in determining the
chemical composition of MnOx structures, rather than the substrate material.

The similarities in the chemical composition of manganese oxide phases grown
on different substrates (Ag(001) and Au(111)) suggest that these oxide phases form
in the gas phase, further supporting an "in-flight" oxidation mechanism prior to
substrate deposition. Therefore, the substrate surface does not play an active role
in Oy dissociation; this process occurs entirely in the gas phase.
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Figure 6.12: XPS spectra and fitting components at the energies of (left) Mn 2p
and (right) O 1s core levels for different manganese-based oxides grown at room tem-
perature under different oxygen partial pressure as well as oxidizing agent: (black)
in absence of oxidizing agent, (red) under 1078 mbar and (blue) 10~ mbar molecular
oxygen partial pressure.

6.3.2 Surface structure of MnOx/Au(111) phases

Now that it has been confirmed that the chemical composition of the grown oxides
does not change upon substrate nature, the impact of the substrate orientation in
the morphology as well as surface and electronic structure of MnOx phases needs to

be checked.

To study the possible surface structural differences in the MnOx phases on
Au(111), LEED and LT-STM were carried out. In Fig. 6.13, LEED patterns of
Au(111) (a), Mn/Au(111) (b) and MnOx structures grown at 1- 108 (c) and 1 - 10°
mbar (d) are shown at different energies being 77 and 125 eV.

As we saw in preceding chapter, Chapter 5, an hexagonal pattern is obtained for
a clean Au(111) surface which nominal unit cell is 2.87 A. An inset of the charac-
teristic herring-bone reconstruction is displayed in Figure 6.13a. After evaporation
of Mn on the Au(111), the LEED pattern (Fig. 6.13b) reveals a diffusive hexagonal
reconstruction, comprising a (1 x 1) structure with a unit cell approximately 15 %
larger than Au(111) (as indicated in Fig. 6.13b). For the MnOx phase prepared at
1 - 10® mbar, two separated 12-spot rings are observable at 125 eV (see Fig. 6.13c).
At a lower energy, 77 eV, the first-order located inside become prominent. A rel-
atively diffuse pattern emerges, suggesting the formation of a discontinuous layer,
such as dispersed layers on the surface or coexisting different structures. Three dis-
tinct square domains have been identified, highlighted in red, as expected from the
sueprposition of a square or rectangular-based structure into a three-fold crystalline
substrate as the Au(111) with three preferential directions. The film exhibits the
formation of three domains rotated by 60° (denoted by three squares), aligned with
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Figure 6.13: LEED patterns measured at 125 eV of a) pristine Au(111), b)
Mn/Au(111), ¢) MnO/Au(111) and d)Mn3O,/Au(111). c¢) and d) also includes
images taken at 77 eV for clarification.

the three principal hexagonal Au(111) directions. This arrangement reflects the
mismatch between the film’s square symmetry and the hexagonal symmetry of the
substrate, allowing only this adaptable configuration. The LEED pattern confirms
the diffraction pattern obtained for a MnO(001) film with a lattice parameter of
approximately 0.290 nm, compared to literature values of 0.315 nm [283].

In the subsequent scenario, Mn deposition under an oxygen pressure of 1 - 1076
mbar depicted in Fig. 6.13d reveals two inner rings, clearly visible at 77 eV, com-
prising twelve spots divided into a three-square pattern due to the threefold domain
structure typically found in a ¢(2 x 2) layer. The ¢(2 x 2) LEED pattern has been
widely attributed to Mn3O4 (001) grown on different substrates [263, 302, 303]. In
this case, this structure adapts to a (111) orientation, resulting in three different
domains rotated by 60° (indicated by three blue squares), aligned with the three
principal hexagonal Au(111) directions.

Further characterization of film structures was performed using LT-STM. For
MnO, a uniform coverage is revealed all over the sample with a calculated coverage
of around 0.6 ML. A representative image of the MnO/Au(111) is shown in Figure
6.14a. Free Au(111) surface areas, showcasing the herringbone (HB) structure (v/3 x
22))-Au(111), can be observed. The islands tend to decorate the steps of the surface,
as indicated by the arrow. In Fig. 6.14b, the sample exhibits macroscopic order,
with preferential growth starting on the kinks of the HB reconstruction, indicated by
dashed lines. The island marked with the profile line is constructed from consecutive
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HB kinks, which are not visible, confirming the preferred growth mode on HB kinks
and the coalescence of different islands. This island has a length of about 50 nm
and a uniform height of around 4 Awith spiked islands up to 8 A, as depicted in the
profile. The homogeneous part of the island presents the same height characterized
for MnO islands grown on Ag(001) characteristic for MnO unit cell, which suggests
the same oxide structure.

Figure 6.14: STM characterization of ultrathin MnO phase on Au(111) grown
under 10® mbar oxygen partial pressure. a) and b) 150 x 150 nm? size image, 1 V,
50 - 150 pA. c) Close up image of b) being 95 x 95 nm?. STM images were analyzed
by using the WSxM software [298].

A deeper analysis of the islands was conducted in a zone with aligned islands
(highlighted in blue), shown in Figure 6.14c. Here, a preferred square shape is ob-
served with an average height of 1 nm and a length of 5 A, as depicted in the obtained
profile. Despite efforts to achieve atomic resolution, it was not accomplished.

A representative STM image for Mn3O,, displayed in Figure 6.15a, reveals a
layer-by-layer growth as indicated the contour plot, differentiating two layers: the
wetting layer or first layer (indicated in green) and the second layer (indicated in
blue). A high coverage is observed, being computed around 0.8 ML, and this impedes
to see the Au(111) substrate clearly to distinguish whether it growth on the edge
of the terraces. The analysis of number of items height, Fig. 6.15a.i, suggests an
average height about 2 - 4 A.

To a better analysis of the growth and characteristics of the islands, a close-up
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Figure 6.15: STM characterization of ultrathin Mn3O, phase on Au(111) grown
under 1-10% mbar oxygen partial pressure. a) 150 x 150 nm?, b) 55 x 55 nm? and
¢) 6 x 6 nm? size images and d) atomic resolution image, 1 V, 50 - 150 pA. a.i)
Profile obtained in the number of events analysis made in a. b.1) Height profile of
the islands indicated in b. d.i and d.ii indicated the unit cell distances. The STM
images were processed with the WSxM software [298|.

image is presented in Figure 6.15b. Triangular shape islands are identified growing
in two different layers where the wetting layer is perceived to be more ordered (as
we will see later) and the upper layer is partially disordered. The profile obtained
and shown in Fig. 6.15b.i the second layer presents around 10 nm of length and
the wetting layer coalesce forming up to 25 nm length islands, each with an average
height of 2 A. Here, we have zoom in in a representative island and is depicted in
Figure 6.15c. It can be appreciated three different growth domains indicated by
black lines, confirming the growth on the three directions.

In Figure 6.15d it is presented the obtained image where we can appreciate the
different atomic rows. With a further analysis, we can appreciate an square net
which profile analysis in Fig. 6.15d.i and d.ii points out an stripped pattern with
distances of 0.775 and 0.590 nm, respectively. These atomic-scale features observed
by STM can be elucidated by an ideal bulk-truncated Mn30, with parameters of



Chapter 6. Model manganese-oxide based catalyst structures for OER 131

a=0.576 nm and b=0.949 nm.

6.3.3 Electronic structure of MnOx/Au(111) phases

After STM characterization, we now check electronic structure. Figure 6.16
presents VB spectra of clean Au(111) substrate (black), Mn/Au(111) sample (grey),
and sub-monolayer (dashed line) as well as multilayer (solid line) thickness samples
of MnO (red) and Mn3O, (blue) phases. A photon energy of 200 eV was used.

Figure 6.16: Valence band spectra of the clean Au(111) substrate (black), the
Mn/Au(111) layer (grey) and both manganese oxide structures, MnO (red) and
Mn30, (blue), in two different thickness range, sub-monolayer (dashed line) and
multi-layer (continuous line). The binding energy of spectras can be precisely aligned
with the Fermi edge of the gold substrate.

The VB spectra of the clean Au(111) substrate is the typical one obtained for
bulk gold [304], showing the typical 5d states with two prominent peaks at 3.35
eV and 6.50 eV. However, after Mn deposition (grey line) only slight changes are
observed with a redistribution in the valence band indicating an overlapping between
Mn and Au VB spectra. The same situation happens for MnOx phases with a sub-
monolayer thickness being challenge to prove differences among them with XPS.
However, following the same approach than with sampels grown on top of silver, we
have subtracted a scaled valence band reference spectrum of the Au(111) surface
from that of Mn/Ag(001) and MnOx thin films and are presented in Figure 6.16-
Right. The resultant difference spectra exhibit consistent differences between gold
spectra and Mn-based layers. Three main contributions are identified at 2.3 eV (A),
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5.25 eV (C) and 8.8 ¢V (E) in the d-band. Notably, a full d-band shift is observed for
the Mn-based structures in comparison to Au one, denoting changes in the electronic
structure like we have seen before. In this regimen, subML comparable spectra are
obtained for both structures probing that in this case the starting structure is MnO.
When we move to thicker layer, only differences in the O 2p band and D shoulder is
observed. This later is observed in a more prominent manner for MnO/Au sample
suggesting potential variations in defect densities.

In this section it has been proven that chemical composition of manganese oxide
phases does not change among substrate nature. Instead, structurally those phases
adapted its square crystal structure independently of substrate orientation. In the
case of Au(111) three different domains along the principal directions of Au(111).

Mechanistic aspects behind OER on MnOx/Au(111)
structures

This section focuses on the systematic study of MnOx structures as model cata-
lysts for the OER. The primary objective is to elucidate the structural and chemical
characteristics of MnOx catalysts both before and after OER operation. This will be
accomplished through a synergistic approach combining surface science techniques,
such as quasi-in situ XPS and LEED analyses on exposed surfaces, with electrochem-
ical methods. By establishing correlations between meso- and nanoscopic proper-
ties and macroscopic electrochemical responses, we aim to evaluate the structure-
function relationship of different manganese oxide phases. This approach will help
us uncover electrochemical features, catalytic activity, and the surface structural and
chemical states of MnOx. Specifically, we will address questions such as identifying
the actual active phase for OER and determining when it is produced.

To this end and after confirming that similar structures are obtained on both
substrates, Ag(001) and Au(111), we chose Au(111l) as the support for catalyst
characterization due to its extensive study in the preceding chapter. Thus, before
electrochemically characterizing the MnOx catalysts, we first assess the potential
oxidation of the Au(111) substrate in alkaline media at potentials near those required
for OER. Alkaline media, specifically NaOH, is chosen because, as discussed in the
introduction (?7?), this is the pH range where all stoichiometric phases are stable
according to the Pourbaix diagram. This investigation also aims to uncover the role

of counter ions and electrolyte concentration on the electro-oxidation mechanism of
Au(111).

6.4.1 Au(111) electro-oxidation in alkaline media

As aforesaid, we first delve into the Au(111) electrode surface dynamics in al-
kaline conditions to identify potential-dependent species that may emerge when the
surface is used as a supporting substrate for a more realistic catalyst, such as MnOx
structures. Our aim is to gain precise control over any potential undesired species
and (electro)chemical reactions that might occur on the Au(111) surface during the
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electrochemical characterization of MnOx-based catalysts. This includes subsequent
structural and compositional analysis of emerging phases to avoid erroneous assign-
ments. At the same time, by compering the electro-oxidation mechanism obtained
in NaOH in conjunction with the previous unveiled dynamic in HySO, (see chapter
5) we investigate the role of ions contained in the electrolyte.

The surface is examined following same methodology established in the previous
chapter for the study of Au(111) surface electro-oxidation in H,SO,. We begin by
investigating the electrochemical features within its electrochemical window by CV
followed by chemical composition characterization by XPS.

Au(111) electrochemical window in NaOH

Figure 6.17 shows the CV obtained in an Ar-purged 0.05 M NaOH solution
within the potential window spanning from the OCP, -0.5 V in this case, to 1.1 V
vs Ag/AgCl/KCl(sat) - leakless. The scan rate of this experiment is set to 50 mV//s.
The characteristic profile obtained resembles to those reported in the literature under
alkaline conditions.[152, 305, 306]

In the double-layer region, from -0.5 to approximately 0.2 V| no current transients
are observed, indicating no adsorption and resulting in a mere charge/discharge
region. In the second potential range, from 0.2 to 0.4 V, a charge transfer peak is
discernible at 0.3 V, previously ascribed to the chemical adsorption of OH on the
surface.[152, 307] With a subsequent potential increase up to 1.1 V, a potential peak
at 0.6 V indicates a phase transition triggered by additional OH adsorption.[152,
307] A broad peak follows this transient, attributed to oxide formation, and before
a continuous increase in current due to OER, two additional peaks appear at 0.6
and 0.9 V. Both are attributed to the oxidation of the surface, leading to gold
oxide formation.[152, 307] A prominent hysteresis is observed between oxidation
and reduction processes, reducing the formed layer at E = 0.1 V.

The thickness of the potential-induced species during the anodic branch can be
calculated through the area integrated under CV transients (extracted following Fig.
2.12) and employing Faraday’s Law). The charge under the anodic peaks computed
to a maximum of 19.3 uC - cm? in the most prominent peak (at 0.6 V), indicating
that the thickness of all species that arose is < 0.1 ML. Following the same process,
the charge ascribed to the reduction process is calculated. A charge of uC - cm?,
around 2 ML, is obtained. This suggests that the prominent hysteresis is ascribed to
post-electrochemical processes, as previously seen in sulfuric acid. This implies that,
in this case, it is also necessary to overcome the kinetic sluggishness by increasing
the overpotential or polarization time at E > 1.1 V, where the continuous increasing
current trend precluding the OER occurs.

After characterizing the electrokinetics through CV analysis and comparing the
results with those obtained in acidic media, we suggest that the electro-oxidation
kinetics rate is lower. Given that in sulfuric acid no notable chemical changes were
detected within the electrochemical window (even with a further increase in po-
tential), we decided to proceed directly to chronoamperometry polarization for 5
minutes to elucidate any chemical and structural changes.
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Figure 6.17: Cyclic voltammogram of Au(111) in a deaerated 0.05 M NaOH so-
lution, capturing the oxidation/reduction dynamics of the surface at a scan rate of
50 mV/s. The data presented correspond to the first cycle with tilt ohmic drop
corrected.

Chemical composition of emerged phases in NaOH

Our exploration involved studying the chemical variances arising at potentials
ranging from 1.0 to 2.1 V through polarization for 5-minute intervals in a 0.05 M
NaOH electrolyte following the methodology state din section 4.3. Subsequently,
we analyzed the emersed samples by XPS means. Notably, negligible changes were
observed from 1 to 1.4 V, prompting us to focus our analysis on polarization values
from 1.4 to 2.1 V. The acquired XPS spectra for the Au 4f, O 1s, and Na 1s core
levels are depicted in Figure 6.18. The intensity of Au 4f spectra has been resized
to equal height, and O 1s in conjunction with Na 1s are referenced to it.

Following 5 minutes CA line at 1.4 V, the Au 4f core level (Fig. 6.18a) spectra
exhibits two components corresponding to the two spin-orbit splitting components of
the 4f core level for metallic gold (Au®), centered at 84.1 eV and 87.8 eV for Audf;
and Audfs/, respectively. As the potential was increased to 1.6 V, a feature at
85.7 eV emerged, indicative of Au™ oxidation state. This observation aligns with
previous findings in acidic electrolytes, suggesting a similar oxidation state transition
in alkaline electrolytes. Notably, the Au™? signal remained relatively stable until 2.0
V and then significantly intensified at 2.1 V. When comparing the analysis in NaOH
with results obtained in HySO,4 media, we can point out that the emerged layer at
2.1 V in NaOH presents a similar component height to the sample polarized at 1.8 V
for 5 minutes in acidic media (see Fig. 5.13), suggesting a sluggish electro-oxidation
rate.
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Figure 6.18: XPS spectra and fitting components at the energies of a) Au 4f, b)
O 1s and ¢) Na 1s core levels after 5 minutes of polarization at different potentials
ranged from 1.5 to 2.1V in dearated 0.05 M NaOH solution.

To gain insight into the emerging oxide component’s chemical stoichiometry, we
further analyzed O 1s and Na 1s together, as illustrated in Figure 6.18b. The O 1s
spectra exhibited a dramatic increase in peak contribution with increasing potential.
At 1.4 V| two distinct contributions corresponding to OH groups anchored at the
gold surface (530.3 eV) and Na KLL Auger overlapping with O 1s at =536 eV were
observed. In this case, the binding energy of Au-OH appears at a lower BE than
the component ascribed to Au-H,0O in acidic media (531.7 eV, in section 5.4). This
fact further confirms the interfacial adsorption of HsO on the Au(111) surface as
part of the hydration sphere in the emerged layer in acidic media. In contrast,
this is not observed in alkaline media, indicating a different chemical structure and
arrangement in the emersed layer.

As the potential increased from 1.6 up to 2.0 V, a small peak attributed to Au-O
formation appeared in the photoemission spectra (blue component in O 1s panel)
positioned at 529.4 eV, same binding energy observed for the Au-O component in
sulfuric acid. Au-O component maintains same proportion along potentials, and
becomes prominent at 2.1 V. This observation suggests that Au oxidation initiates
with the adsorption of OH, facilitating the transformation into O, coinciding with the
emergence of the Au*3 component. Gold is bound to oxygen in a Au™? state. The
O:Au ratio after 5 minutes polarization at 2.1 V using Equation 5.13 is approximately
1.46 for O-Au, closely resembling the expected value for the stoichiometry of AusOs3.
Thus, it can be inferred that the same stoichiometric oxide is formed during the
electro-oxidation of Au(111) in both alkaline and acidic environments.

In the Na 1s spectra (Fig. 6.18b), two different chemical states for sodium were
observed during electro-oxidation. At 1.4 V, a predominant contribution at 1071.5
eV was attributed to NaOH adsorbed on the gold surface, red component. With
increasing potential and the formation of the oxide layer, a new component in blue
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at 1070.5 eV emerged. The concurrent increase in O 1s and Na 1s contributions with
increasing potential suggests the involvement of Na™ cations in the resulting oxide
formation.

Our experiments confirmed partial oxidation of Au(111) at 2.1 V, a potential
near OER, albeit only adsorbed oxygen-rich layers were observed between 1.6 and
2.0 V. This investigation provides valuable insights into utilizing this surface as a
supporting catalyst substrate within the specified potential range, with foreknowl-
edge of potential catalyst-altering components.

Furthermore, the experiments conducted in this section, in conjunction with
those in Section 5.4, raise an unresolved question regarding the role of anions and
cations present in the electrolyte for Au(111) electro-oxidation. The observed mech-
anism in alkaline media appears to differ from that found in sulfuric acid. In alkaline
media, Na™ ions do not adsorb on the Au(111) surface; instead, they act as counter
ions for the oxygen-based layers formed upon potential application and are retained
in the emersed layer. In contrast, in sulfuric acid, anions like sulfate are adsorbed
through an S-O bond. The interaction of the sulfate layer forms peroxydisulfate,
which acts as a promoter of the oxide and desorbs when oxygen-based species evolve.
Despite these differences, the repelling effect between the positively charged Na™
ions and the Au surface with the same charge could explain this mechanism.

To address this question, a third electrolyte, HClO,4, was tested during this PhD
thesis, containing anions with lower affinity to gold similar to sodium. However,
despite the acquisition of data during the PhD tenure, the investigation into the
role of perchloric acid electrolyte and the effect of electrolyte concentration will not
be included in this manuscript for consistency with the focus of the thesis.

6.4.2 Which is the actual OER active phase?

In this subsection, we assess the impact of various manganese oxide stoichiome-
tries, including Mn, MnO, and Mn30,, with oxidation states of 0, +2, and +2,+3,
on OER activity (overpotential) and stability by probing these structures at po-
tentials close to and above the OER onset. The tunability of the chemical and
structural surface composition of manganese oxides allows for the evaluation of the
evolution of the catalyst surface towards more oxidative states both precluding and
during OER, unveiling structure-function relationship. This investigation aims to
determine whether the Mn-based oxide family presents a unique active phase for
OER or if different active phases are observed depending on the initial state of the
catalyst. This will facilitate the development of active and stable MnOx catalysts
for use as anodes in electrolyzers.

For the purpose of this investigation, we first evaluate the electrochemical char-
acteristics and double-layer capacitance (DLC or Cy) of each MnOx phase. This
study allows us to analyze the chemical composition as a function of the applied
potential, unveiling characteristic electrochemical features attributed to each oxide.
Additionally, since each phase presents a different electrochemically active surface
area, evaluating the EDLC helps avoid confounding conclusions in terms of current
density activity. Subsequently, we investigate the OER catalytic activity by analyz-
ing the overpotential at the same current density production among them. Finally,
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we measure the stability of anodic oxygen evolution catalysts through chronoam-
perometry experiments at two different constant potentials (1.6 V, precluding OER
onset, and 2.1 V, during OER). The dominant catalytic process at 2.1 V is con-
firmed to be OER through Tafel slope analysis. In this final experiment, we aim
to evaluate the chemical composition of the resulting phases as a function of the
applied potential, utilizing XPS and LEED surface-sensitive techniques to ascertain
the resultant phase.

The electrochemically examined layers discussed herein are multilayer manganese
oxide films deposited onto Au(111) surfaces. This approach helps mitigate potential
substrate-induced effects, ensuring that the characterization exclusively captures the
electrochemical attributes arising from the MnOx catalyst, as intended.

Electrochemical behavior of as-grown MnOx structures

To establish meaningful comparisons among different catalysts in terms of elec-
trochemical response, precise methodologies must be defined. Two primary methods
are typically employed: normalizing current to geometric surface area, as done pre-
viously, or to the catalyst loading. However, relying solely on the geometric-based
method can lead to erroneous activity comparisons due to the inherent correlation
between higher loading and increased activity, making accurate estimation challeng-
ing. One strategy to address this challenge is to calculate the electrochemically ac-
tive area (ECSA). A larger ECSA indicates greater catalyst loading, contributing to
higher current density when normalized to geometric area (Jyeom) and consequently,
enhanced electrochemical activity. Therefore, prior to further electrochemical inves-
tigations, the ECSA of each phase was estimated.

One approach to estimate the ECSA of MnOx samples is by determining the
Helmholtz DLC and deduce the ECSA, supposing ideal flat surfaces. DLC can be
obtained using electrochemical impedance spectroscopy (EIS) or capacitance mea-
surements. Given the absence of EIS module in the potentiostat, capacitance mea-
surements were adopted. Hence, DLC measurements in a narrow potential range
with varying scan rates were conducted. It is crucial to select a potential window de-
void of Faradaic reactions to accurately determine the resultant capacitance, which
equals the double layer capacitance (Cy)[308]. Consequently, the range was chosen
near the OCP.

Mn/Au(111), MnO/Au(111), and MnzO,/Au(111) samples were studied with
CV in argon-purged 0.05 M NaOH electrolyte at different scan rates ranging from 5
to 100 mV /s prior to any electrochemical measurements. Three scans were performed
under each condition, and the resulting third scan CV curves are presented in Figure
6.19. These scans for the three Mn-based phases were measured around OCP, value
indicated by dashed lines.

For the calculation of the differential capacitance, two approaches were consid-
ered: utilizing the charge or current density differences as a function of scan rate.
In this study, the latter approach was chosen. As previously seen in chapter 2 with
the Randless-Sevick equation, the current is proportional to the square root of scan
rate. Thus, the differences in current density between the anodic and cathodic val-
ues at OCP, along with the corresponding scanning rates, are plotted in the inset
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Figure 6.19: a) Cyclic voltammograms obtained in an Ar-purged 0.05 M NaOH
around the OCP at different scan rate values: 5, 30, 70, 100 mV /s, for Au(111),
Mn/Au(111), MnO/Au(111) and Mn30,/Au(111) samples. It shows the third scan.
b) Anodic charging current densities measured at the OCP value as a function of the
scan rate for each sample: (grey) Au(111), (black) Mn/Au(111), (red) MnO/Au(111)
and (blue) Mn30,/Au(111).
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of Figure 6.19 and used to calculate the DLC value, which is half the slope of the
observed trend [309]. The obtained DLC values, which are indicative of the electro-
chemically active area, were estimated and are summarized in Table 6.3. A larger
DLC may contribute to higher electrochemical activity and current density in CV
characterization when current is normalized to geometric area.

Table 6.3: Calculated double-layer capacitance for Mn-based phases.

Phase Cq | pF/cm?
Au(111) 31.9
Mn/Au(111) 56.7
MnO/Au(111) 531

Once we know in advance a prediction of the ECSA among MnOx phases, we
can evaluate their electrochemical features by CV studies. In order to elucidate
the redox characteristics of MnOx phases in an Ar-purged solution, a series of CV
experiments were conducted over two different potential range: from OCP, -0.5 V, to
1.1 V (precluding electro-oxidation and subsequent OER, in the Au(111) potential
window) and from OCP to 1.7 V,in the OER onset at a scan rate of 50 mV /s. The
lower limit of the potential scan range was carefully chosen near the OCP to minimize
any significant alterations in electrode structure or composition upon immersion in
the electrolyte, thus ensuring consistency across all samples for comparative analysis.
Figure 6.20 illustrates the voltammograms obtained in the third scan for Au(111),
Mn/Au(111), MnO/Au(111), and Mn304/Au(111) in the Au(111) electrochemical
window range (Fig.6.20a) and precluding OER (Fig. 6.20Db).

To interpret the intricate CV profiles of MnOx, the behavior of the Au(111)
substrate was initially explored to delineate its redox pathway, as discussed previ-
ously (see Fig. 6.17). When comparing current density with MnOx phases, the gold
features are notably masked, indicating a higher ECSA for the MnOx layer.

For Mn-based samples studied within the Au(111) potential window (Fig. 6.20a),
we can distinguish three different potential regions. As the potential is swept in the
anodic branch, the O H 44, region is observed in all three cases, with electrochemical
features at approximately 0.1 V and 0.3 V for Mn and MnO, while for Mn30y, these
appear at -0.05 V and 0.25 V. This confirms that the features completely change
from those in Au(111). With an increase in potential, only in Mn3O, is the onset
of electro-oxidation observed, indicated by a continuous increase in current (marked
with an asterisk). When the potential is reversed, only a reduction peak is visible
for Mn30, around 0.2 V, confirming the onset of oxidation and pointing to a more
active phase compared to Mn and MnO.

When the potential is extended up to 1.7 V, different anodic features for the three
phases in the oxidation region are observed (Fig. 6.20b). Mn and MnO present a
single broad anodic feature at 1.4 V, while Mn30, exhibits three different transitions
at 1.1 V, 1.3 V, and 1.4 V. This observation points to the same ET at 1.4 V, which
may evolve into the actual active phase. Moreover, the final current is the same in
all three cases, indicated by a black point, further suggesting that the mechanism
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progresses from electro-oxidation to the formation of the actual active phase, which
activates the continuous current trend (the onset of OER).

These transitions exhibit reversibility, as evidenced by corresponding cathodic
branches that exhibit two small features, almost invisible, proving the irreversibility
of the system. Table 6.4 summarizes the electrode reactions involved in the cyclic
voltammogram shown in Fig. 6.20 [294, 310], indicating the formation of either
MmnoO3 or MnQO, phases as the active ones.

Figure 6.20: Cyclic voltammograms obtained in an Ar-purged 0.05 M NaOH at
50 mV/s in two different potential ranges: a) from OCP to 1.1 V and b) from OCP
to 1.7 V for different samples, (black) Mn/Au(111), (blue) MnO/Au(111) and (red)
Mn304/Au(111)

Table 6.4: Redox transitions of Mn and H,O relevant to the surface processes in
Figure 6.20 with calculated expected Ep from [310].

Label Redox Transition Ep expected (V vs SHE)
OH,qs Mn + 20H- = Mn(OH); + 2¢ 1,495
AJA" 2Mn3O4 + 20H™ = 3MnyO3 + Hy0 + 2~ -0.079
B/B" 3Mny,O3 + 20H™ = 2MnO, + H,0 + 2e~ 0.245

In summary, by CV assessment we can confirm that the j-E curve indicates to
same electro-oxidation mechanism evolving a similar phase in terms of potential and
current. Even though, further characterization is needed
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Figure 6.21: a) Current density (j) as a function of E vs Ag/AgCl of Au(111),
Mn/Au(111), MnO/Au(111) and Mn30,/Au(111) in dearated 0.05 M NaOH so-
lution at 50 mV/s. b) Tafel slope analysis of linear sweep voltammetry response
obtained in a).

Electrocatalytic activity of the MnOx/Au(111) towards OER

To ensure the relevance of deposited layers in terms of activity and to discern
dependence on phase-activity correlation, the catalytic activity towards OER of
various Mn-based catalysts and the Au(111) substrate was investigated using CV.

Figure 6.21a presents the results from CV, depicting the anodic branch obtained
during cycling from OCP to 2.1 V, visible within the range of 1 to 2.1 V. The initial
linear sweep in the anodic direction for each material reveals the superior activity
of Mn-based catalysts compared to Au(111). Identifying the onset potential for
the OER poses challenges due to pre-catalytic events, including the masking effect
of pseudo-capacitance, contaminants, surface electro-oxidation, and other electro-
chemical processes. In this study, a pre-catalytic event, specifically attributed to
the electro-oxidation of surfaces and latter on investigated, obstructs the direct es-
timation of the onset potential. Hence, the potential required to drive 0.5 mA/cm?
was used to define the onset potential of OER, and thus the overpotential (n), indi-
cated by the dashed line.

In assessing catalyst activities among grown MnOx phases, the focus lies on
the effect of Mn-based composition on activity trends (nogr and electrochemical
kinetics mechanism). Consequently, the comparison of samples at a specific poten-
tial, namely 2.1 V, considering the enhanced activity at the same potential and the
norr, yields the following activity order trend: Mn3O,/Au(111) > MnO/Au(111)
> Mn/Au(111) > Au(111). These findings align with the anticipated enhancement
of electrocatalytic activities due to an increase in the overall oxidative state in the
structure [276]. Table 6.5 provides a quantitative comparison of 7o gg between MnOx
films and the metal substrate Au(111).

The investigation into the RDS in the water oxidation mechanism among sam-
ples utilized Tafel plots, which offer insights into the kinetics of the reaction [311].
The Tafel plots, derived from the anodic current density region of the CVs, are il-
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Table 6.5: Potentials required to reach the current density of 0.4 mAem=2 with
Au(111), and grown structures of Mn, MnO and Mn30O,4 on top of Au(111) substrate;
and the corresponding Tafel slopes at low and high current density range.

Sample NoER©0.5mA/em?) (V vs Ag/AgCl) | Tafel slope at low / high j (mVdec™)
Au(111) 2.195 37.1 /111.0
Mn/Au(111) 1.714 22.4 / 64.6
MnO/Au(111) 1.705 24.0 / 62.5
Mn304/Au(111) 1.665 23.0 / 67.5

lustrated in Figure 6.21b and have been analyzed in both the low current density
range (attributed to the electro-oxidation mechanism) and the high current density
range (attributed to the OER operation). Tafel slope assessments were conducted
for both ranges, with the resulting values summarized in Table 6.5.

At low current density, the Tafel slope consistently remains around 30 mV /dec,
suggesting that the rate-determining step preceding the activation of OER involves
the chemical O-O coupling step via proton-coupled electron transfer from the rest-
ing state [312, 313]. This gives support to the notion of an electro-oxidation step
preceding OER. Conversely, the high current density range reveals a faster reaction
mechanism for Mn-based samples, with Tafel slopes measuring 64.6 mV /dec, 62.5
mV /dec, and 67.5 mV /dec for Mn, MnO, and Mn30O,, respectively. These values
significantly undercut the 111 mV /dec of the Au(111) surface, indicating a marked
improvement in reaction kinetics when Mn-based catalysts are employed. The Tafel
slope is directly linked to the kinetics of the rate-limiting step rather than the total
number of available sites [95]. Mn-based catalysts exhibit similar values, averaging
around 64.9 mV /decade, indicating the same rate-limiting step with minimal de-
viation from the anticipated 59 mV /decade. A Tafel slope close to 59 mV /decade
suggests a one-electron pre-equilibrium preceding a turnover-limiting chemical step
[62]. In contrast, Au(111) demonstrates a Tafel slope near 120 mV, signifying a
distinct mechanism for oxygen gas turnover, with the first electron transfer being
the rate-determining step. Thus, two disparate mechanisms towards OER are de-
lineated, emphasizing the superior activity of Mn-based catalysts.

In summary, the results obtained in this section suggest that the electro-oxidation
mechanism occurs on all anode catalytic surfaces, including Au(111) and MnOx
phases, albeit with different mechanistic aspects. In the case of MnOx, each as-
synthesized manganese oxide appears to electrochemically evolve into the same pre-
catalyst phase. Despite these findings, further characterization is necessary to cor-
roborate this assumption and to unveil the actual chemical composition and surface
structure. Therefore, it is imperative to study this through our EC-UHV constructed
system to avoid uncontrollable surface modifications.
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Figure 6.22: XPS spectra at the energies of Mn 2p and O 1s acquired for
Mn/Au(111) (black), MnO/Au(111) (red) and MnzO4/Au(111) (blue) after 5 min-
utes of polarization at 1.7 and 2.1V in dearated 0.05 M NaOH solution.

Quasi-in situ XPS characterization of chemical-structural changes at OER
potentials

Having confirmed the existence of the same RDS in MnOx catalysts, precluding
the OER, the forthcoming subsection focuses on investigating the chemical and
structural evolution of the MnOx surface upon anodic polarizations at potentials
pertinent to the OER catalysis using quasi-in situ XPS and LEED. The objective is
to discern the structure that really evolves the OER as a result of the rate-limiting
step, unveiling chemical and structural changes on the MnOx surface.

Initially, the samples are subjected to cycling within a non-faradaic regime to
stabilize the electrode-electrolyte interface, essential for determining the ECDL. Sub-
sequent to stabilization, the films undergo cycling from OCP (= -0.5 V) to a vertex
potential of either 1.7 V, precluding OER region, or 2.1 V, where OER is induced,
maintained at this potential for a duration of 5 minutes, and then emersed from the
electrochemical cell.

As previously elucidated, the oxidation state of manganese-based layers on top
of gold substrates is discerned via the Mn 2p multiplet’s position and its satellite.
To identify a change in the oxidation state between surfaces, the Mn2p,,, position
previously discussed for each relevant sate are indicated by dashed lines in red and
blue for Mn*2 and Mn*3, respectively; in conjunction with the green dashed line
ascribed to the Mn™ state.

The spectra of Mn/Au(111) samples obtained post-polarization at 1.7 V (light
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Figure 6.23: XPS spectra and fitting components at the energies of Mn 2p and
O 1s core levels after 5 minutes of polarization at 2.1V in dearated 0.05 M NaOH
solution. It is the deconvolution representing all emersed Mn-based structures layers
with same conditions. This example is from Mn/Au(111) sample.

color) and 2.1 V (dark color), as presented in Figure 6.22, show a shift of the entire
Mn 2p spectrum by approximately 3 eV, positioning Mn 2ps/, at 642.2 eV. This shift
indicates the oxidation of the surface to an enriched Mn™ oxide. This is consistent
with the appearance of an O 1s peak located at 529.9 eV, suggesting the formation of
an oxide, most likely with a Mn™3 oxidation state. Upon further potential increase
to 2.1 V, no significant positional changes are noted, although broadening of the peak
occurs, attributed to a new component corresponding to Mn*™*. The O 1s spectra
for both samples exhibit a similar trend, positioned at 529.9 eV, with decreased
intensity at higher potentials, likely due to the conversion of adsorbed oxygen at 1.7
V to molecular oxygen at 2.1 V, precluding OER.

For both MnO/Au(111) and Mn30O,/Au(111) samples, the Mn 2p peak position
at 1.7 V is located at 641.6 eV. This position closely matches the Mn*3 state, indi-
cating an enriched Mn™3 phase. With further potential increase during polarization,
a new peak emerges at 0.5 eV higher binding energy, attributed to a newly formed
component of the Mn™ state. In the O 1s spectra, a similar trend is observed with
increasing potential, except for the region at higher binding energies attributed to
OH ™~ adsorption, where unpredictable changes occur. The O 1s peak shifts towards
lower binding energy with increasing potential, in alignment with the Mn 2p peak,
indicating the evolution of a higher oxidative layer with potential.

Hence, XPS analysis reveals a consistent trend across samples, showing a tran-
sition from an initial Mn*? and Mn™*3 state to an enriched Mn™3 phase at 1.7 V,
and further to a newly emerged Mn** component at 2.1 V. This observation is sup-
ported by changes in the O 1s profile, where similar transitions are observed. Thus,
the surface dynamics appear consistent across different MnOx catalyst phases.
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To confirm this assumption, it is essential to resolve the actual composition
through XPS deconvolution. Our findings indicate that, within the margins of ex-
perimental error, the fitting results for the three different Mn-based phases are quite
similar at each potential. Therefore, for simplicity, we will present exemplary fitting
details from the MnO/Au(111) phase for both polarization potentials, 1.7 V and 2.1
V. The results for Mn and Mn30O, phases are consistent with those for MnO. Figure
6.23 illustrates the XPS spectra along with the resolved components at the Mn 2p
and O 1s core levels after polarization.

After 5 minutes at 1.7 V, the Mn 2p core level, centered at 642.2 eV, exhibits
features similar to those observed in the Mn3O, phase. This spectrum is composed
of two principal components corresponding to Mn*? and Mn*3, as previously stated.
Additional components are needed for a complete fit, including the Mn*? and Mn*3
satellite peaks. A similar pattern is observed in the O 1s spectrum, which requires
three components for fitting: two assigned to O — Mn™ and O — Mn™*3, and a
third peak at higher binding energy, associated with either chemisorbed oxygen or
OH groups, which cannot be distinctly resolved. In this case, it is attributed to
OH species attached to the Au(111) substrate, as observed in its electro-oxidation
mechanism in NaOH electrolyte. This confirms the presence of an enriched Mn*3
phase, likely due to the formation of a preferred Mn,O3 phase.

Further analysis of the surface chemical composition after OER, performed with
polarization at 2.1 V for 5 minutes (where OER occurs), reveals a new component
emerging at 643.6 eV, attributed to the Mn™ state. Additionally, a new satellite
peak, arising from shake-up processes of the Mn** state, is detected 11.2 €V from the
main component, consistent with previously reported values [272]. In the O 1s core
level, a new component emerges at 528.9 eV, coinciding with the changes observed
in the Mn 2p spectrum. This new peak signifies oxygen bonded to manganese in the
Mn** state, likely indicating the formation of MnO,.

In summary, this study provides a comprehensive understanding of the chemical
composition and behavior of MnOx catalysts across varying potentials, independent
of the catalyst surface. XPS analysis reveals a clear transition in the MnOx phases
from Mn° and Mn*? states to an enriched Mn*3 state at potentials preceding the
OER. This suggests that the Mn*3 phase, likely corresponding to MmnsOs stoi-
chiometry, is the actual active phase. During OER operation at higher potentials,
the surface further oxidizes to a Mn** state, indicating the formation of MnO,.
These findings underscore that the overpotential required for effective OER cataly-
sis is related to the dynamic surface transformations necessary to achieve the active
phase. Consequently, the catalytic activity is enhanced when the surface composi-
tion closely resembles the active phase, as the overpotential reflects the degree of
surface conversion required to achieve optimal catalytic performance.

Summary

In this chapter, the growth of model catalysts relevant to the OER was accom-
plished using surface science tools. The versatility of manganese, with its wide
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range of stoichiometries and geometries, facilitated the growth of various stoichio-
metric phases of oxides, establishing manganese as a model catalyst for investigating
the correlation between the number of active centers and their activity toward OER.
Multidisciplinary research in surface physics and electrochemistry enabled the ex-
ploration of the structure-function relationship of these oxides through a quasi-in
situ combined EC-UHV approach. By employing UHV-based growth techniques un-
der controlled conditions, in conjunction with surface-sensitive techniques like XPS,
LEED, LT-STM, and AFM, alongside macroscopic characterization using electro-
chemical techniques, we evaluated the electrochemical reaction mechanisms of var-
ious structures both before and during the OER, with a focus on the actual active
phase.
Here, we summarize the key aspects and findings of the chapter:

B Growth of MnOx: The research clarified that the growth of manganese
oxide can be tuned by the oxygen pressure used in reactive deposition in an
oxygen atmosphere or by the nature of the oxidizing agent (molecular oxygen
or atomic oxygen). The oxidation state achieved depends on both the pressure
and the oxidizing agent. High pressures of molecular oxygen result in a higher
oxidative structure, saturating in a mixed phase with +2 and +3 states. When
atomic oxygen is used, a structure with a completely transitioned oxidation
state to +3 is achieved, indicating that the absence of the rate-limiting step
in oxide growth, considered to be the dissociation of oxygen, accelerates the
oxidation reaction of metals.

In terms of structure, the use of different substrate orientations with distinct
crystallographic parameters (Ag(001) and Au(111)) revealed that the final
structure obtained depends on the lattice and orientation mismatch between
the oxide crystal bulk and the metallic substrate. Additionally, it was observed
that oxidation does not occur on the surface. Instead, manganese is oxidized
in air followed by its subsequent deposition on the substrate, maintaining the
chemical composition of oxides across different substrates.

B Catalyst Oxide Phases: We successfully grew different oxide structures as a
function of oxygen pressure: MnO(001) with (1x1)-Ag(001) and 3R30°(1x 1)-
Au(111) structures at low pressure (1-1078 mbar), Mn304(001) with a p(2x1)-
Ag(001) and ¢(2 x 2)-Au(111) supperlatices at higher pressures (1-107% < p
< 1-107* mbars), and an a-Mn30, phase using atomic oxygen.

B Structure (oxidation state)-function (OER activity) relationship: The
catalytic activity of MnOx phases on Au(111) surfaces was analyzed through
kinetics studies, revealing that the activity of catalysts follows this trend:
Au(111) < Mn/Au(111) (0) < MnO/Au(111) (+2) < MnzO4/Au(111) (+2,+3).
This confirms that the oxidation state is directly related to the activity of
MnOx catalysts and the performance of general catalysts.

B Actual active phase: CA polarizations were combined with quasi-in situ
XPS and LEED characterization to elucidate the actual active phase. Each
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structure was polarized for 5 minutes at two distinct potentials: 1.7 V|, pre-
cluding OER, and 2.1 V, where OER occurs. Our findings revealed that in the
pre-OER state, all different Mn-based phase electrodes evolve to a +3 oxida-
tion state, forming the actual active phase. Surfaces evolved at 2.1 V present
a new component evolving to a +4 oxidation state.

In summary, through the synergistic study between surface science and electro-
chemistry, we elucidated the electrochemical mechanism of MnOx in the OER. The
study confirmed that the actual active phase of the OER catalyst does not depend on
the former oxide structure; instead, it is the same for all. The precluding phase only
influences the overpotential, requiring different energy levels to transform into the
actual active phase, which translates to lower efficiency and activity toward OER.
These results emphasize the importance of combining surface-sensitive techniques
and macroscopic electrochemical tests to gain a comprehensive understanding of
real catalysts.
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Concluding remarks

As aforementioned, in view of the growing worldwide demand for energy and cli-
mate change, the transition towards more sustainable energy alternatives is manda-
tory. The efficiency and reaction selectivity of electrolyzers and fuel cell devices
depend heavily on the chemical and structural composition of catalyst surfaces.
Thus, novel catalytic materials with lower overpotential and higher stability and
activity for applications in green chemical fuel production and energy conversion are
needed. To develop these materials, a comprehensive understanding and monitoring
of the electrochemical interface is essential. This requires detailed insights into the
processes occurring at the electrode-electrolyte interface from a micro- and nanoscale
perspective during operation and their relationship to macroscopic catalytic perfor-
mance. For that purpose, surface science techniques combined with electrochemistry
can concurrently probe the electrochemical interface occurring during catalytic and
electrochemical processes, using chemical and structural surface-sensitive techniques
on the same sample. However, progress has been hindered by the complexity of
real catalytic systems and the lack of experimental techniques capable of providing
detailed information on surface dynamics from molecular interactions to operando
conditions.

This thesis establishes a link between surface science and electrochemistry, em-
phasizing the importance of correlating the electrochemical response of electrodes
and catalysts (macroscopic activity) with their structure and chemical composition
(microscopic properties) at the meso- and nanoscale. Throughout this thesis, the
pressure gap between UHV and electrochemistry has been addressed with a novel
UHV-EC system, offering an innovative experimental approach to comprehensively
understand the molecular aspects of the electrochemical interface. By developing
and implementing a novel quasi-in situ electrochemical characterization method com-
bined with UHV characterization techniques through a clean and controlled transfer
atmosphere, the operational potential-induced changes at the electrochemical in-
terface can be characterized using chemical (XPS) and surface (LEED) sensitive
techniques on a single sample.

In this manuscript, before describing the adopted approach, we briefly introduced
the most relevant aspects of electrochemistry and surface science. We explored why
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the electrochemical interface is at the core of electrocatalysis and how to simplify
the complexity of catalyst surfaces using well-defined surfaces. We also reviewed
thermodynamics and kinetics theory, experimental insights on the OER reaction,
and some of the electrochemical experimental techniques employed. Additionally,
the surface science perspective on preparing and growing model catalytic surfaces
and the principles of surface-sensitive techniques were discussed.

Following a thorough examination of cutting-edge EC-UHV developments in the
literature, an emersed or quasi-in situ methodology was selected and implemented.
The construction process of the modular UHV-EC system used in this thesis was ex-
plained in detail to help readers anticipate the relevant considerations when designing
an experimental setup that combines UHV and electrochemistry. The configuration
of the isolated EC-UHV transfer chamber, the importance of the electrochemical
cell, and the need to work in a meniscus configuration, allowing immersion in elec-
trolyte with a clean atmosphere and controlled perspective, were detailed. The
methodology employed for each experiment was comprehensively explained, ensur-
ing clarity and reproducibility in experimental protocols. By removing the sample
under potential control and rinsing it with MilliQ), our quasi-in situ method retains
irreversible chemical and structural changes induced by the potential in the emersed
layer, mimicking the electrochemical interface.

To test the applicability of the quasi-in situ EC-UHV methodology, the model
Au(111) surface was used as a testbed. This investigation demonstrated that we
could obtain the characteristic electrochemical features of Au(111) in H2SO4 so-
lution. Furthermore, surface-sensitive techniques (XPS and LEED) confirmed that
certain highly relevant chemical and structural characteristics, such as non-reversible
chemisorbed species and phases of the double-layer interface, are preserved in the
emersed layer (after losing potential during UHV transfer). Thus, our setup was
deemed suitable for unraveling the stable chemical and structural dynamics of elec-
trode surfaces during electrochemical processes.

Having established the suitability of our approach, we investigated potential-
induced changes at the Au(111) electrode/electrolyte interface at potentials relevant
for electro-oxidation and OER, uncovering the reaction mechanism through surface
composition, the role of electrolyte ions, and the actual OER active phase. The
study highlighted the crucial role of anions in the electro-oxidation of gold, promot-
ing a surface stoichiometry attributed to AusO3 via a peroxydisulfate intermediate.
Additionally, it confirmed that the active phase for OER on gold surfaces is AuOOH.

Building on the success with Au(111), we extended the research to more com-
plex systems, particularly different MnOx phases as model catalysts. Using UHV-
based growth techniques and surface-sensitive techniques (XPS, LEED, LT-STM,
and AFM), we characterized MnO(001), Mn304(001), and a-MnoO5 catalysts. This
study revealed that the overpotential for oxygen evolution decreases with the oxi-
dation state present in the oxide phase and confirmed that the actual active phase
for OER does not depend on the initial oxide structure. The precluding phase only
influences the overpotential required to transform into the active phase, impacting
efficiency and activity.

In short, throughout this thesis, the dynamic chemical and structural changes
that occur on model electrodes during electrochemical processes relevant for sustain-
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able energy and catalysis, such as electro-oxidation and OER, have been uncovered.
The studies presented in this thesis emphasized the power of performing synergistic
studies between UHV and EC to gain a comprehensive understanding of electro-
chemical processes and surface catalyst changes. This approach has demonstrated
its power for revealing, among other possibilities, the surface-potential-dependent
reaction dynamics and the role of electrolyte ions in specifically targeting the actual
active phase. By covering these target roles, key prerequisites for designing new
surfaces with specific catalytic properties can be identified.
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