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Abstract
With the increase in demand for renewable energy, understanding chemical processes is essential for improving the design
of catalysts in order to achieve better performance. This thesis summarises the experimental investigation of three types
of catalytic gold materials: gold oxide formed from gold films, oxide-derived gold (OD-Au) produced from gold films,
and gold nanoparticles supported on metal oxides. Different spectroscopic techniques were employed, such as operando
sum frequency generation (SFG) and in situ and ex situ X-ray spectroscopies. These methods allowed the probing of
the electronic and chemical states of gold after oxidising electrochemical treatments. The results indicate the presence
of subsurface gold oxide remnants after formation of OD-Au, which may help explain its improved catalytic properties
with respect to pure gold. In addition, a mathematical model to couple the early stages of gold oxide formation with the
nonlinear optical response of gold during this process is presented. This model suggests that the growth proceeds from
small oxide islands to 3D oxide growth, while SFG oxidation variation is due to the suppression of the free electron
density by negatively-charged adsorbing oxygen atoms. Gold oxide was also studied with both in situ and operando X-ray
spectroscopies, showing the importance of a continuous electrochemical treatment during measurements to avoid beam
induced effects. Furthermore, gold nanoparticles supported on metal oxides (TiO2 and γ-Fe2O3) were investigated mainly
with mass spectrometry. The results indicate two different reaction pathways for oxidation of CO to CO2 depending on the
type of metal oxide support. These findings could be used to help design future gold-based catalysts.
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La chimica è una cosa che serve a tutto.
Serve a coltivarsi, serve a crescere,
serve a inserirsi in qualche modo nelle cose concrete.
     
Primo Levi (1919 - 1987)
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1. Introduction

Chemistry defines every moment in our life: breathing, eating food, the use
of cleaning products, the corrosion of metals, and so on. One of the branches
of chemistry that makes modern life possible is catalytic chemistry. A catalyst
reduces the activation energy for chemical reactions or open new reaction
routes, as a result the overall process becomes faster and/or is performed at
lower temperatures or pressure without the catalyst itself being consumed.
We use catalytic processes to favour the formation of the products we need
on daily basis. The term catalyst was coined by J. J. Berzelius in 1835 [2]

when he observed for the first time that some compounds, added in small
amounts, could boost the decomposition of reagents in the system. This type
of reaction has always been widely present in nature, e.g. in photosynthesis.
Catalysts can be divided into three categories: homogeneous, which have the
same aggregation state as the reagents; heterogeneous, which have a different
aggregation state than the reagents; and biological, which are enzymes or
enzyme complexes present in living systems. [3;4]

The chemical industry strongly depends on catalysts, and is always seek-
ing new ones to improve the efficiency of chemical processes and increasing
the selectivity for products. As a matter of fact, heterogeneous catalysis has
played a central role in the chemical industry; some well-known examples
are the Haber-Bosch process (1900s) which produces ammonia, and Fischer-
Tropsch process (1920s) which produces hydrocarbons from syngas (CO +
H2). [5;6] It was estimated in 2005 that catalysts are used in the production
of 90% of all commercially-produced chemical products. [7] Catalysts also
provide a way to respond to new global challenges, e.g. shortage of resources
accompanied driven by population growth, by building a more sustainable
society through the use of green catalytic methods. Electrocatalysts, which
are catalysts for electrochemical reactions, are an example of how catalysts
are important for sustainable energy conversion and storage, and are key
in the effective performance of electrolysers, fuel cells, and batteries, which
drive our everyday life.

1.1 Surface chemistry

A chemical reaction can consist of one or several reaction steps. Improve-
ments in catalysis can be achieved by understanding the steps involved in
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the formation and breaking of bonds at the surface of the catalyst where the
interaction between reagents happens. Some examples of reaction steps are
transition states, which describe a molecular configuration during the course
of a reaction at a local maximum of energy, while intermediate states indicate
a molecular configuration at a local minimum of energy, as shown in figure
1.1. From reactants to products, a catalyst decreases the activation energy of
transition states which must be overcome for a chemical reaction to occur,
opening the possibility of different reaction pathways. This is shown in figure
1.1. The lower the activation energy barrier, the faster the reaction rate.

Fr
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 e
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rg
y

Reaction coordinate

TS

IS IS
Reactants

Products

TS

TS= transition state
IS= intermediate state
- uncatalysed reaction
- catalysed reaction

TS
TS

Figure 1.1: Free energy changes for a chemical reaction: the red curve is for an
uncatalysed reaction, while the blue curve is for a catalysed reaction. TS means
transition state, and IS is intermediate state.

The surface of a material is a region where there is a significant interac-
tion with particles. [8] The activity and selectivity of a surface is defined by
the interaction with the reagents, [9] such as: diffusion of the reactants to
the surface; strength of the adsorption on the surface; presence of steps or
vacancies; how easily the reagents react; and how easily the products desorb.

Adsorption means the adhesion to a surface (adsorbent) by liquid or gas
molecules or dissolved molecules/ions (adsorbate). There are two categories
of adsorption: physisorption, when van der Waals’ forces are the main con-
tributing interactions between adsorbent and adsorbate; and chemisorption,
when there is a chemical bond between them. [10] The kinetics of chemical
processes at the interface are main subjects of interest in e.g. catalysis, corro-
sion, etching, and chemical vapour deposition. In order to have a catalytic
reaction, the adsorption of one or more reactants on the catalytic surface
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needs to be followed by the desorption of products. If the products do not
leave the surface the catalyst is deactivated. Figure 1.2 shows some poten-
tial reactions steps on a metal surface, e.g. association/dissociation steps,
diffusion, and inclusion. [11]

Adsorp�on

Compe�ng desorp�on 
of reactants

Dissocia�on

Diffusion

Associa�on and 
desorp�on of 

products

DiffusionInclusion

Figure 1.2: Representation of possible reaction steps on a metal surface: as-
sociation/dissociation steps, diffusion, and inclusion. The catalytic activity is
maintained if the products leave the surface of the catalyst.

1.1.1 Electrochemical processes at the interface

Electrochemistry focuses on the transport of charges between different chem-
ical species. During these processes the oxidation states of the involved
molecules change, called a reduction-oxidation (redox) reaction. [12;13] The
name is due to the main processes involved: reduction, when a species gains
electrons; oxidation, when another species loses one or more electrons. The
reduction and oxidation processes happen simultaneously. Redox reactions
take place through the natural release of chemical energy or by applying an
external voltage. This process can be observed in an electrochemical cell (EC).
There are two main types of ECs: electrolytic and galvanic. [14] An electrolytic
EC creates a non-spontaneous reaction by putting energy into the cell, while
a galvanic EC uses a spontaneous reaction to generate current.

The main parts of an EC are electrodes, an electrolyte, and the interface
between them. An electrode is an electronic conductor of which there are
two types: an anode, where the oxidation occurs, and a cathode, where
reduction occurs. [14] Examples of electrodes are metals and carbon, like
graphite and glassy carbon. An electrolyte is an ionic conductor containing
a uniform amount of cations and anions (neutral solution), e.g. acidic and
basic aqueous solutions, fused salts, and ionically conductive polymers.

Interactions between electrodes and ions from the electrolyte create an
electric double layer (EDL), as shown by the first two planes of the simplified
scheme in figure 1.3. In this model the solution is divided into several layers,
and the whole structure has a thickness of 5-20 Å. [15] This idea is the result of
different contributions by H. von Helmholtz, L. G. Gouy, D. L. Chapman, and
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O. Stern. [14] Starting from a positively-charged electrode surface and moving
out into the electrolyte there are: [16]

• Inner Helmholtz Plane (IHP): which bisects the centre of specifically
adsorbed species on the electrodes. Increasing the positive charge on
the surface of the electrode, more anions will be attracted with respect
to their concentration in the bulk.

• Outer Helmholtz Plane (OHP): which bisects the counterions. These
are solvated ions which only have long-range electrostatic interactions
with the electrode, and they are defined as non-specifically adsorbed.

• Diffuse layer: here ions are distributed in a three-dimensional region
because of thermal agitation in the solution. The excess charge de-
creases toward the bulk.

D. C. Grahame added that the molecules of the solvent can orient their
dipoles on the interface, increasing the accumulated charge in the form of
capacitive current at the IHP, [17] as represented in figure 1.3.
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Figure 1.3: The electric double layer (EDL) model: inner Helmholtz plane
(IHP) and outer Helmholtz plane (OHP). The white line describes how the
electrochemical potential changes with increasing distance from the electrode.

Figure 1.3 also depicts how the electrochemical potential changes when
moving far from the surface of the electrode as a white line. There is a linear
behaviour between the IHP and OHP, then the potential decays exponentially
in the diffuse layer. [18] The overall potential drop is usually of the order of
1 V. [15] Outside the diffuse layer, hence in the bulk, ions are not affected by
the electrode potential. When there is no excess charge in both sides of the
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EDL, the potential is called potential of zero charge; this value depends on
the type of electrode, electrolyte solution, and its concentration.

Faradaic currents are generated when compounds are oxidised or re-
duced at electrodes. For this to happen, mass transport mechanisms towards
the electrode are needed; these are diffusion in a concentration gradient,
migration of ions in a potential gradient, and convection. When capacitive
and Faradaic currents are flowing simultaneously, only their sum is measur-
able. The analytic signal is a sloping line for the capacitive current versus
applied potential, which does not depend on the concentration of the analyte,
while a Faradaic current makes a characteristic peak shape whose intensity
depends on the analyte concentration. [18] Only when the molecules or ions
are transported to the interface, and the product moves away from it, can a
reaction at the electrode happen. The reaction rate at the electrode is defined
by the mass transport of reagent/product to/from the electrode, and the
charge transfer rate. The mass transport rate is affected by hydrodynamic
conditions (e.g. rate of stirring the solution or rate of rotating the electrode,
etc.), while the charge transfer rate depends on the chemistry of the system.
If the the charge transfer rate is higher than the mass transport rate, the
reaction is reversible and can be described by the Nernst equation. [18] In
these conditions, Nernst equation provides the surface concentrations of the
reduced and oxidized species at equilibrium with the electrode potential:

E = E 0 + RT

nF
ln(

C O

C R
) (1.1)

where E 0 is the standard potential, R is the gas constant, T is the temper-
ature, n is the stoichiometric number of electrons in the reaction, F is the
Faraday constant, C O and C R are the bulk concentration for the oxidised and
reduced species, respectively.

Processes at the interface can happen at different timescales: ion diffu-
sion/migration or macroscopic structural rearrangements (e.g bubble for-
mation) are on the order of 100 ms; ion exchange/intercalation or molecular
structural rearrangements take around 0.1–0.01 ms; bond breaking/formation,
electron tunnelling and isomerization are in the ultrafast range, [19;20] mean-
ing less than a nanosecond, as marked in figure 1.4. Electrochemical de-
tection systems can probe mechanisms at nanosecond timescale or slower,
meaning steady-state conditions are measured. In this thesis, steady states
of the formed gold oxides are probed to investigate the structural changes of
gold films after oxidation and reduction processes.

Although not investigated here, to probe mechanisms at nanosecond
timescale or faster, a pump-probe detection system is needed. First, a pump
pulse generates a nonequilibrium condition (e.g. the excitation of electronic
or vibrational states), then a probe pulse interacts with the system in a dif-
ferent steady state while re-equilibrating after some time delay. The time
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Figure 1.4: Schematic representation of charge transfer at the surface region
and mass transport at the bulk region. When the charge transfer rate is higher
than the mass transport rate, the electrochemical system is reversible. The
yellow circle highlights the processes that happen at the ultrafast time scale at
the surface region, such as electron tunnelling and isomerization.

resolution is defined by the pulse width of the lasers and the delay between
pump and probe pulses. [19]

In summary, the processes at the metal surface are influenced by the
electrolyte via the ion distribution in the electric double layer, the pH near the
electrode, and amount of adsorbed ions. [21] The presence of the electrolyte
near the metallic surface can modify its chemical structure under reaction
conditions, hence in situ techniques are helpful to investigate the surface
structure in the electrochemical environment.

1.2 Properties of gold

1.2.1 The d-band model

From ancient Egypt to now, gold has been considered a valuable material
for ornament, jewellery, and currency. [22] It is one of the few metals found
pure in its metallic state in nature, a so-called native metal. Chemically, it is a
transition metal with a 5d106s1 electron shell, and belongs to the group 11 of
the periodic table. The energy gap between 5d and 6s orbitals of gold is small,
hence the absorbance is in the visible region starting around 521 nm. Like
the other d elements, its chemistry is defined by the energy and reactivity of
the d electrons.

For transition metals (3d, 4d, 5d), the d-band model of B. Hammer and
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J. K. Nørskov is an important tool in heterogeneous catalysis development
and is depicted in figure 1.5. It describes the interaction between adsorbates
and a metal based on the position and filling of the d band of that metal. [23]

The characteristics of the bonds between adsorbates and metals are defined
by the d-band position with respect to the Fermi level and the d-band split-
ting into bonding and antibonding states. The occupation of these states
defines the strength of the bonds. The strength of the bond is given by the
d bands moving up in energy after interacting with an adsorbate, and as a
consequence more antibonding adsorbate–metal d states become empty if
they are above the Fermi level. [24] Otherwise, the metal is not able to bond
and is defined as noble. This is usually the case for gold, but external condi-
tions, like the application of a proper electrochemical potential, favours its
oxidation.

When analysing chemical bonds, the Pauli principle needs to be consid-
ered, which states that no two electrons in an atom can have the same set of
four quantum numbers. Attractive interactions and Pauli repulsion are both
present during bond formation; when the former is bigger, bond formation
is favoured. Pauli repulsion, however, is larger for the 5d metals (including
gold) than the 4d and 3d metals. Gold has well-extended d states, which
provoke a strong repulsion and result in noble behaviour. [23]

E
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e
rg

y

Bonding

Fermi level for 
noble metals

Fermi level for 
transition metals

Adsorbate-induced
level

Density of states

Anti-bonding

d bands

Figure 1.5: Schematic representation of the d-band model. On the left: Two
sharp atomic or molecular states. On the right: An interaction between an
adsorbate state and a metal surface. For noble metals, the anti-bonding state is
completely filled below the Fermi level, which hinders bond formation between
adsorbate and metal.

In catalysis, the efficiency of a catalyst for specific chemical reactions is
depicted by Sabatier’s principle, [25] which states that the best catalysts should
interact with an intermediate strength with atoms and molecules, in such a
way that reactants are activated and the products can desorb. This behaviour
is illustrated by a volcano plot, shown in figure 1.6. As already mentioned,
for transition metals the strength of a bond with an adsorbate is given by the
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energy of the anti-bonding states and their occupation. Towards the left in
the d-block of the periodic table, a lower activation energy is needed for bond
formation, but the reactants bond strongly and there is less free surface area
available to catalyse the chemical process. [26] On the other hand, towards the
right side of the d-block the lifetime of the reactants involved in the reaction
on the surface is not long enough. Therefore, a compromise is needed when
transition metals are used as a catalyst, called the Sabatier optimum.
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Figure 1.6: Volcano plot which gives a qualitative representation of Sabatier’s
principle.

1.2.2 Electrochemistry of gold

One of the initial uses of gold in electrochemistry was the electrolysis of water,
the first experiment of which was done with two gold electrodes by A. Paets
van Troostwijk and J. R Deiman 1789. [27;28] Water splitting is a key factor a
sustainable solution to the current energy storage problem. The interesting
reaction product is hydrogen, which can be stored and converted back into
electricity by performing the opposite process in a fuel cell. Even though, the
first experiment of electrolysis of water was over 200 years ago, consensus
about the chemical processes involved has still not been reached.

Gold is an interesting metal since it is the only one which is thermody-
namically stable within the stability potential window of water. [28;29] This
behaviour is summarised in a Pourbaix diagram, a phase diagram which
shows the equilibrium potentials (versus standard hydrogen electrode, SHE)
of chemical reactions as a function of pH and show in which conditions
chemical species are stable. This diagram is named after M. Pourbaix, who
defined it in the early ’50s. [30] Figure 1.7 depicts this system in a simplified
way, lines 1 and 2 are boundary lines that represent the stability of solid
species (AuO2 and Au(OH)3), where the orange area indicates soluble species
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(Au3+) and the cyan area is for the deprotonation of auric acid. Lines 3 and 4
are boundary lines for the stability of liquid water. [31] Potentials greater than
the ones marked by line 3 oxidise water to oxygen, while potentials lower
than those of line 4 reduce water to hydrogen. Oxidised species of gold can
be produced at potentials above line 2, otherwise water reduces them to gold
metal at all pH values. Since gold is not affected by strong acids and bases,
this diagram quantitatively explains why it is defined as a noble metal.
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Figure 1.7: Simplified Pourbaix diagram for gold in aqueous solution at 25 ◦C,
adapted from Pourbaix’s Atlas of electrochemical equilibria in aqueous solu-
tions. [30]

The gold in electrochemically-produced gold oxides mainly occurs as
Au3+, as proven by different independent experiments, [32–34] but there are
many interpretations of the chemical composition of gold oxides from both
experimental and theoretical studies, which might not be consistent with the
Pourbaix diagram. Some of them postulate the following:

• Peuckert et al. claim that the first oxide layer covering the metal surface
is Au(OH)3, from 2 V vs. RHE this layer is deprotonated or dehydrated
to AuOOH in 0.5 M H2SO4. [32]

• Xia and Birss concluded that below 1.5 V vs. RHE there is a thin layer
of AuO, and above this potential there is a mixture of AuO and Au2O3.
Au2O3 (α oxide) can form up to three monolayers, then a thicker oxide
film is formed (β oxide) in 0.1 M H2SO4. [35]

• Koper et al. with density functional theory (DFT) calculations find:
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Au(OH)3 at 1.17 V vs. RHE, AuOOH (α oxide) at 1.28 V which is dehy-
drated to Au2O3 (β oxide) at 1.54 V. From 1.95 V on OER starts. [36]

• Yang and Hetterschied show that the type of gold oxide is mainly due
to the pH: Au(OH)3 (β oxide) forms in alkaline media, and AuOOH (α
oxide) forms in acidic media. [37]

Usually α and β oxides are used to indicate two different types of oxide
deposits: compact monolayers and hydrous layers on top, respectively. [38] In
acidic conditions, from around 1.9 V vs. RHE β oxide promotes the oxygen
evolution reaction (OER), while below -0.2 V vs. RHE gold metal catalyses the
hydrogen evolution reaction (HER). [38;39] In basic conditions, the OER starts
around 1.6 V vs. RHE, and HER around -0.5 V vs RHE. [38;40] The OER and
HER are affected by pH conditions because they have Nernstian behaviour.

The initial stages of gold oxide growth have been investigated with many
electrochemical quartz crystal micro- and nanobalance studies. With this
methodology, oxide film formation and its reduction are mass-probed during
electrochemical investigations. Xia and Birss [35] with Conway et al. [41] have
proposed that the initial oxide formation is a two-electron process:

Au+H2O → Au/Oad s +2H++2e− (1.2)

Au/Oad s →O/Au (1.3)

Mechanism 1.2 agrees with the change of mass observed experimen-
tally. Mechanism 1.3 is a place-exchange process, which does not cause a
detectable change in mass but modifies of the electronic interface with the
solution. The place-exchange process moves the system away from equilib-
rium, facilitating the oxide growth.

Considering the time dependency of the gold oxide growth, Conway et al.
proposed that, in acidic conditions, the early stages of gold oxide formation
follows a logarithmic growth (q ∼ log t, with q as the amount of oxide and t as
time) with two-dimensional structures of O below a monolayer, and an initial
quasi-three-dimensional film formation post-monolayer. [42] The growth is
trigged by place exchange between O and Au species, described as:

1

F

d q

d t
= k exp−(∆φ−∆χt )

2βµNA
dRT (1.4)

∆χt =χ0 −4πNA
q

F
µ (1.5)

where ∆φ is the electrostatic potential difference of the surface dipole

array of O on the gold surface in a way that d q
d t increases with |∆φ|; ∆χt is the

charging surface potential with time; β is the barrier symmetry factor; µ is
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the dipole moment; NA is Avogadro’s number; d is the electrically effective
thickness of the Au-O dipole; and R and T are the gas constant and the tem-
perature, respectively. Figure 1.8 depicts a diagram of the surface potential
after the initial gold oxidation and shows the roles of some of the parameters
in equations 1.4 and 1.5.

Tremiliosi et al. [43] suggested that in acidic condition there is a loga-
rithmic growth up to two monolayers due to the interfacial place exchange
between gold atoms on the surface and chemisorbed oxygen atoms; after
three monolayers the growth is inverse-logarithmic and limited by the break-
out of a gold cation at the metal side of the metal/oxide interface into the
oxide. [43]

Au
1 ML

IHP OHP

d

 
 Δϕ

 
 Δϕ-(χt-χ0)

χ0 χt

φm

φs

Figure 1.8: Schematic diagram of the model from Conway et al. [42] showing how
the surface potential of gold changes during the initial oxidation stages. Metallic
gold is shown in yellow, gold after place exchange in orange, adsorbed oxygen
in light blue, and oxygen below the gold surface after place exchange in dark
blue. IHP stands for inner Helmholtz plane and OHP for outer Helmholtz plane.
ϕm and ϕs are the inner metal and inner electrolyte potentials, respectively.
∆φ is the surface potential, χ0 is the initial surface potential due to Auδ+–Oδ−
dipoles, and χt is the time-dependence surface potential after place exchange
(Oδ−–Auδ+ dipoles).

1.2.3 Gold as a catalyst

Gold was long-considered generally chemically inert. However, it has been
shown recently that, when its dimensions are in the nanometre scale and/or
in support metal oxides, gold presents catalytic properties. [44–49] The pio-
neering work of Haruta et al. in 1989 was one of the first studies on gold as
catalyst. [50] It focused on low-temperature CO oxidation by gold nanoparti-
cles supported in transition metal oxides, which is an important reaction for
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both environmental and catalytic studies. [51] Currently, the reaction steps
are still unclear, but gold oxide was suggested to be actively involved in the
CO oxidation process. [52–54] It is important to note that gold is not only able
to catalyse CO oxidation to CO2, but also to reduce it back to CO with proper
working conditions. The revaluation of gold’s properties has driven an inter-
est in acquiring a fundamental understanding of the chemical processes on
gold surfaces, with the aim of designing gold-based catalysts. In this thesis
three forms of gold materials are examined: gold oxide (as discussed in the
previous section) from gold films, oxide-derived gold (OD-Au) from gold
films, and gold nanoparticles (Au NPs) supported on metal oxides (TiO2 and
Fe2O3).

Oxide-derived (OD) metals are generated by reducing an oxide precursor,
e.g. in aqueous phase or in gas phase. OD coinage metals show improved
catalytic activities towards CO2 reduction relative to their pure polycrys-
talline metal counterparts. [55–58] Gold, as an electrode material, has one
of the highest activities and selectivities for CO2 reduction to CO among
the polycrystalline metals, [59;60] which is enhanced in OD-Au. [61;62] One
possible explanation is better stabilization on the surface of OD-Au of the
one-electron-reduced CO•−

2 intermediate. [61] Another study suggested that
metastable, highly-active surface structures on OD-Au caused by defects, e.g.
grain boundaries or linear dislocations generated and kinetically trapped
during the oxide reduction, could be involved in its improved catalytic per-
formance. [63] Surface OD nanoporous gold produced from electrochemical
dealloying of Ag70Au30 has shown a Faradaic efficiency of 90% for a CO2-
to-CO reduction process. [62] The enriched catalytic activity of surface OD
nanoporous gold over clean nanoporous gold might be due to a low con-
centration of chemically inert surface/subsurface gold oxide species created
from the electrochemical dealloying. However, most of the oxygen from the
oxide could be removed during electrochemical analysis or CO exposure,
while the remnants seem to be quite stable and capable of modifying reactiv-
ity and selectivity. Defects resulting from the gold oxide reduction were also
suggested as an explanation of the improved performances. There is still an
open debate about the reasons behind the better catalytic activity of OD-Au,
including the possible role of subsurface oxide remnants. [57]

Supported Au NPs catalysts have their catalytic properties defined by
the chemical composition of the support, the size of the gold particles, and
the structure of Au-support interface. The support is usually a metal oxide.
Metal oxides supports are classified as reducible or non-reducible relative to
their capability to remove oxygen from the structure to form oxygen-deficient
structures or non-stoichiometric compounds. [64] Titanium dioxide (TiO2),
nickel(II) oxide (NiO), and iron(III) oxide (Fe2O3) are examples of reducible
oxides. Zinc oxide (ZnO), magnesium oxide (MgO), and zirconium dioxide
(ZrO2) are non-reducible oxides. The size of the gold particles is important
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for the CO oxidation performance, and it has been suggested that a size of 2–3
nm is optimal for CO oxidation in Au/TiO2. [65] Some suggested mechanisms
for the CO oxidation are: Langmuir-Hinshelwood (LH), in which the products
are the result of the interaction of coadsorbed reactants on the surface of the
catalyst; and Mars-van Krevelen (MvK), in which the products have one or
more constituents from the support. Further complicating the analysis of the
CO oxidation reaction is the debated role of adventitious water; it has been
suggested to be either inactive or active via proton transfer. [66]

1.3 This thesis

This thesis presents electrochemical and catalytic studies of different gold
surfaces, whose scientific manuscripts are attached at the end. An introduc-
tion about the characterization techniques precedes the discussion of the
results.

In Paper I, electrochemically-formed OD-Au in acidic conditions (1M
H3PO4, pH 1) are investigated with operando sum frequency generation
(SFG) and ex situ high pressure X-ray photoelectron spectroscopy (HP-XPS)
to prove the presence of gold oxide remnants (as Au2O3 or Au(OH)3) beneath
the topmost gold layer when the OD-Au is formed. To better interpret the
SFG data, further investigation of the gold oxide in acidic conditions was con-
ducted to examine changes in the electronic structure through mathematical
models coupled with experimental measurements in Paper II. In addition,
to better understand the chemical composition of the gold oxides formed
during oxidation and the beam induced effects on the sample, in situ HP-XPS
and operando high energy resolution fluorescence detected X-ray absorption
near edge structure (HERFD-XANES) methods are compared and presented
in Paper III.

In Paper IV experimental catalytic tests are done on low-temperature
CO oxidation on Au-γ-Fe2O3 and Au-TiO2. Mass spectrometry is employed
and different oxygen isotopes (16O and 18O) are used to discriminate the
reaction steps of CO and H2O. This study suggests that water-promoted CO
oxidation on Au-γ-Fe2O3 is through Mars-van-Krevelen (w-MvK) reaction,
which means the products have one or more constituents from the support
and water. On the other hand, CO oxidation on Au-TiO2 follows a Langmuir-
Hinshelwood (LH) mechanistic process, which means the reaction happens
only between adjacent adsorbed reaction intermediates on the surface of the
catalyst.
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2. Methods

This chapter outlines the characterisation techniques used to generate the
data presented in chapter 3 of this thesis. A theoretical background, including
practical details, is followed by a description of the equipment. Measure-
ments were conducted at the Physics Dept. and the Material and Environ-
mental Chemistry Dept. at Stockholm University and at Deutsches Elektronen-
Synchrotron (DESY) in Hamburg, Germany.

2.1 Spectroscopic techniques

Spectroscopy, from Latin speciō and Greek σκoπϵιν – both from verbs mean-
ing to see – is the study of interactions between light and matter. Discrete
energy levels are investigated via absorption or emission of the incident
electromagnetic radiation. The detected signal describes the generated tran-
sitions, as a function of intensity and energy, which provides information on
the properties of the sample. The electromagnetic spectrum can be divided
into different energetic regions which provide distinct information: terahertz
(THz, ∼ 0.001 − 0.01 eV) for e.g. low frequency dielectric relaxation and
conductivity, infrared light (IR, ∼ 0.01 − 1 eV) for rotational and vibrational
excitations which are linked to molecular structure and bond strengths; ultra-
violet to visible light (UV-Vis, ∼ 1 − 300 eV) for transitions between molecular
orbitals which are linked to valence orbitals and their electrons; X-ray light
(∼ 300 eV − keV) to probe localized core electrons and core to valence tran-
sitions; gamma-ray light (MeV) for very strong ionizations. Of particular
interest in this thesis is X-ray light, which can be divided in soft (≤ 1 keV),
hard (≥ 5 keV), and tender (in between) energies. The rest of this section
introduces the spectroscopic techniques employed in the work presented in
this thesis: optical SFG, which uses IR and VIS light; and XPS and XAS, which
here are both in the hard X-ray regime.

2.1.1 Optical sum frequency generation spectroscopy

Sum frequency generation (SFG) spectroscopy is a type of nonlinear tech-
nique, which is non-invasive and interface-sensitive, and is used to investi-
gate molecular chemistry and dynamics. [67] It consists of the overlap in space
and time of two photons with different frequencies, and as a result a pho-
ton with a frequency equal to the sum of the initial photons is released. [68]
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Second harmonic generation (SHG) is a specific form of SFG in which both
input photons have the same frequency. SFG occurs after the interaction
with a medium having a non-vanishing second order nonlinear susceptibility.
Though the theory was already developed in the early ’60s, the first experi-
mental work was done by Y. R. Shen et al. only in 1987 thanks to progress in
laser technology. [69;70] Since then, more experimental and theoretical work
has been done to understand the SFG spectra and improve the design of SFG
experiments, which has become a fundamental tool in surface science. [71–73]

The work presented in this thesis was obtained using visible (VIS) and in-
frared (IR) incident photons, hence only this case is considered from now on.
A schematic representation of SFG is depicted in figure 2.1. The input electric
fields (EI R and EV I S) interact with the molecules at the surface inducing a
second order nonlinear polarization (P(2)) defined as:

P (2)(ωV I S +ωI R ) =χ(2)EV I S(ωV I S)E I R (ωI R ) (2.1)

where χ(2) is the second-order nonlinear susceptibility.

Figure 2.1: Description of SFG generation. Energy and parallel momentum are
conserved: ωI R + ωV I S = ωSFG ; kI R

// + kV I S
// = kSFG

// .

To understand the surface sensitivity of SFG, consider inverting the sign
of the incoming electric fields. [74] As a consequence, the induced polarization
must also change sign. When a medium has inversion symmetry, χ(2) does
not invert its sign, and equation 2.1 becomes:

−P (2)(ωV I S +ωI R ) =χ(2)(−EV I S(ωV I S))(−E I R (ωI R )) (2.2)

In order for equations 2.1 and 2.2 to be satisfied at the same time, P (2)(ωV I S+
ωI R ), and therefore χ(2), must be equal to zero. This implies that when a
medium has inversion symmetry SFG is forbidden, but is allowed at the in-
terface since the symmetry is broken. However, the bulk contribution cannot
be removed completely. [70]

The second-order nonlinear susceptibility can be written as:

χ(2) =χ(2)
RES +χ(2)

N R (2.3)
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The first parameter χ(2)
RES describes the vibrationally resonant term from

the adsorbate. When the IR field is in resonance with the frequency of a
molecular vibrational mode, χ(2)

RES is greatly enhanced. This contribution
is nonzero only when both IR and Raman transitions are spectroscopically
allowed. [74] In other words, when a vibrational mode is both IR and Raman
active, it is also SFG active.

The second parameter χ(2)
N R is the non-resonant contribution originating

mainly from the substrate, which is typically quite large when dealing with
metal surfaces. χ(2)

N R can be defined as: [75]

χ(2)
N R = BN R ·e iΦ (2.4)

The SFG intensity is proportional to the square modulus of the sum of
resonant and non-resonant signals: [75;76]

ISFG ∝|BN R |2 +|χ(2)
RES |2 +|BN R ||χ(2)

RES |cos[Φ−δ(ω)] (2.5)

where δ(ω) is the frequency-dependent phase of the resonant spectrum.
The cross-term amplifies the non-resonant signal, leading to a broad signal
from metal surfaces. In Papers I and II in this thesis, the SFG data was
collected using wavelengths that only provide a non-resonant SFG response
from gold surfaces.

To model this SFG response, Mendoza et al. [77] followed by Busson and
Dalstein [78–80] considered the electron density as the sum of the contribu-

tions of free electron gas (n f
e ) and bound electrons (nb

e ):

ne = n f
e +nb

e (2.6)

To model a system composed of a thin surface layer on top of a bulk
metal, the effective χ(2)

N R is described as:

χe f f =χe f f ,S +χe f f ,B =χe f f , f +χe f f ,b (2.7)

where S and B mean surface and bulk, respectively; and each χe f f ,S/B , f /b

for a PPP polarization combination is:

χ
e f f ,S/B , f /b
ppp = Fzzzχ

S, f /b
zzz −Fxxzχ

S, f /b
xxz −Fxzxχ

S, f /b
xzx +Fbulkχ

B , f /b (2.8)

Here, the Fresnel factors (F) are computed using the bulk metal dielectric
function. More details are presented in Paper II and in Busson and Dalstein’s
work. [79] Adsorption of compounds modifies the electron density on the
surface. When an oxygen atom chemisorbs on gold, its large electronegativity
moves the electron density towards itself, causing a redistribution of the
metal electrons and a reorientation of water dipoles. Based on Walters and
Roy’s work, [81], the change in the free electron density is:
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∆nS, f
e =−σm

eln
(2.9)

where σm is the charge density on the metal surface, ln is the distance
in which there is a change of the surface charge density, and e is the electric
charge. The variation of χe f f ,S, f is due to equation 2.9 if the free electron
polarizability is constant. However, there is also a chemisorption bond for-
mation between O 2p and Au 5d electrons, which affect the bound electron
density at the surface. Like the free electron density, the bound electron
density is described by:

∆nS,b
e =−σad

eln
(2.10)

where σad is the adsorbed charge density. Hence, nS,b
e is modified by the

adsorption, which changes the χe f f ,S,b , when the electron polarizability of
the bound electrons is approximated to be the same as the bulk one as in
Paper II.

SFG measurements can be done under different polarization combina-
tions: SSS (S-polarized SFG, S-polarized VIS, and S-polarized IR), SSP, SPS,
SPP, PSS, PSP, PPS, and PPP. [82;83] Metallic surfaces usually have high reflec-
tivity values in the IR region, and as a consequence the surface electric field
is large in the z direction and small in the x and y directions. Gold substrates
reflect more than 97% of the incident IR beam, hence only resonant sus-
ceptibilities with a z infrared component give a significant SF signal. [76] The
non-vanishing resonant susceptibilities are χ(2)

zzz , χ(2)
xxz and χ(2)

xzx for PPP, and
χ(2)

y y z for SSP. In Paper I and II the PPP polarization was used to collect experi-
mental data since it yields the highest SFG intensity. The presence of water
in the electrochemical cell on top of the gold surface attenuates the resulting
SFG signal, reducing its intensity, but the PPP polarization still resulted in
good-quality data.

2.1.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy
for chemical analysis (ESCA), is a surface-sensitive technique that allows the
detection of chemical states, hence the chemical composition of the material
under investigation is examined. XPS was developed by K. Siegbahn [84] in
the ’50s, building upon A. Einstein’s explanation of the photoelectric effect
from 1905. [85] The discovery of this effect is dated back to 1887 by H. Hertz.
When a photon (here an X-ray photon) interacts with an atom, the energy
might be transferred to an electron. As a consequence, if there is sufficient
energy, that electron will be ejected with a kinetic energy (KE) equal to the
difference between the initial photon energy (hν) and the binding energy
(BE) of that electron according to conservation of energy. The left side of
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figure 2.2 shows this process. XPS is a surface-sensitive technique because
electrons from the bulk have to travel a longer distance than the electrons
from the surface. The probability of inelastic collisions therefore becomes
significantly higher, which prevents those bulk electrons from reaching the
continuum.

The BE is specific to the core-hole state of the atomic/molecular orbital
level from which the electron is released:

BE = hν−K E −φs (2.11)

where φs is the work function of the spectrometer. The information of
the chemical composition originates from the BE of the emitted electrons of
the sample under investigation. Different chemical environments influence
the BE of the atom/molecule under investigation. As a result, the BE can be
defined as follows:

BE = Ei −E f (2.12)

where Ei is the initial state of the electronic ground state, and E f is the
final state which is a core-hole state caused by the effects of absorption of
the incident photon and/or ejection of the electron from system.
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Figure 2.2: Left: Schematic representation of photoelectric effect after exposure
to a X-ray photon. Right: Example of an XPS spectrum showing the relationship
between kinetic energy (KE) and binding energy (BE).

The detection system (electron analyser) measures the KE of the ejected
electrons and from equation 2.11 the BE is calculated. The outcome is counts
(number of electrons per unit of time) as a function of the BE represented
by a spectrum with one or several peaks, as shown on the right side of figure
2.2. Each peak describes a characteristic surface species or adsorbate, and
its area is proportional to the number of atoms for that species. The width
of the peak is mainly due to the life time of the core-hole state, the beam
energy width, and the resolution of the spectrometer. Sometimes, chemical
shifts can be small and not well-separated. In these cases, a peak fitting is
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needed to identify all the different contributions from the surface species.
First, a background caused by inelastically scattered electrons is subtracted
by using a Shirley, Tougaard, or linear algorithm. [86;87] Then a Lorentzian
function, a Gaussian function, or a convolution of them (Voigt function) is
usually employed to fit the peaks. [88]

Spin–orbit coupling is a quantum effect originating from the interaction
of the magnetic fields from the orbital angular momentum (L) and the spin
(S) when L ̸= 0. An example is the 4f core level (azimuthal quantum number
l = 3), which presents two peaks in an XPS spectrum, 4f 7/2 and 4f 5/2, whose
BEs are the final states with total angular momentum j+ = l + 1/2 = 7/2
and j– = l − 1/2 = 5/2, respectively. [89] The intensities of these two peaks
are given by the degeneracy of each spin state, which is the number of spin
combinations, resulting in total of 2j + 1. The 4f-orbital core levels have an
area ratio of 4:3, which needs to be considered in the peak fitting method.
For the investigation of gold surfaces presented in this thesis, the BEs of gold
4f 7/2 and 4f 5/2 are at 84.0 and 87.6 eV, respectively. Depending on the degree
of oxidation, the intensity of the two peaks decreases and a shoulder appears
on the higher energy side of both peaks for most metals, which can even
become the main peak in strong oxidising conditions. This shift towards
higher BEs is explained by the higher electronegativity of binding oxygen
atoms in the metal oxide. [90] Hence, in the oxygen 1s spectrum there is a shift
towards lower BEs after oxidation for most metal oxides, including gold.

One drawback of conventional XPS is that a ultra-high vacuum (UHV) is
typically needed during measurements, which limits what types of systems
can be studied. This restriction has recently been overcome with the progress
of synchrotron radiation sources. With modern synchrotron sources, [91] X-
ray measurements can be performed at the triple-phase boundary between
the gas phase, electrolyte, and electrocatalyst at higher (up to ambient) pres-
sures, [92] called ambient-pressure or high-pressure XPS. Papers I and III use
this technique.

The usage of hard X-rays enables the generation of photoelectrons with
elevated KEs, in this way the inelastic scattering is reduced and the signal-to-
noise ratio is improved from a triple-phase boundary system. Increasing the
incident photon energy decreases the photoionization cross sections (PICS),
as depicted in figure 2.3 for the case of gold. [93;94] The PICS is the probability
that an incoming photon generates an electron photoemission process, and
the intensity of the resultant spectrum is proportional to this. The PICS is
highest near the ionization threshold, then it decays with increasing photon
energy.
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Figure 2.3: Gold subshell photoionization cross sections in kb (= 10−21 cm2) as
function of incident photon energy (eV). The data shown here is taken from
Trzhaskovskaya and Yarzhemsky’s work. [93;94] 7000 eV is the photon energy
used for high pressure XPS measurements in Papers I and III.

2.1.3 X-ray absorption spectroscopy

Unlike XPS, which is executed with a fixed incident photon energy, X-ray
absorption spectroscopy (XAS) measures the X-ray absorption intensity of
matter as a function of a range of incident photon energies. The first XAS
spectrum was recorded by H. Fricke in 1920. [95] In an XAS spectrum, a sharp
peak in intensity indicates an absorption edge, which is the required energy
to create a hole in the core level. Each core level has a spectroscopic name
related to its principal quantum number: K, L, M, ... for n = 1, 2, 3, ..., re-
spectively. In addition, subscripts are added to indicate the splitting between
atomic orbitals (s, p, d, ...), or a spin-orbit interaction between the projected
angular momentum (ml ) and electron spin (ms); such as K (1s), L1 (2s), L2

(2p1/2), and so on. The probability of transition from an initial state |i 〉 to a
final state | f 〉 is given by Fermi’s golden rule: [96]

Pi f =C |〈 f |expi kx ·eee ·ppp|i 〉|2ρ f (E) (2.13)

where C is a constant that contains mass, speed of light and frequency; k
is the wave vector (2π/λ); e is the spacial unit vector; p is sum of the linear
momentum operators of the electrons; and ρ f (E) is the energy density of
the final state. If the incident electromagnetic wavelength is larger than the
distances between atoms/molecules, then the electromagnetic field can be
approximated as constant over the atom/molecule (k ·x ≪ 1); this is called the
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dipole approximation. Electronic transitions must follow the dipole selection
rule, which states that only ∆l = ±1 transitions are allowed. [96] The X-ray
absorption cross section is:

σ= Pi f

Fph
(2.14)

where Fph is the number of incident protons per unit time and area.
For the work presented in this thesis, attention is given to the energy re-

gion near an absorption edge containing unoccupied electronic levels below
or at the vacuum level, as depicted in figure 2.4. The information in this
energy range is element-specific and provides information on the chemical
environment. This method is known as near-edge X-ray absorption fine
structure (NEXAFS) or X-ray absorption near-edge structure (XANES) spec-
troscopy. XANES spectra have a characteristic main peak at the absorption
edge, which is also called the white line. For example, this thesis considers
the white line for gold at the L3 edge, which is due to the 2p3/2 to 5d5/2,3/2 tran-
sition, and its intensity increases after oxidising since the oxidation causes
new unoccupied states that can be filled by an electronic transition during
an X-ray absorption process.
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Figure 2.4: Schematic representation of X-ray absorption process for the case
of XANES. The gap between highest-occupied molecular-orbital (HOMO) and
lowest-unoccupied molecular-orbital (LUMO) is present for illustration pur-
poses, it is not expected in gold.

XAS detection can be done through e.g. measurements in transmission,
which provides direct access to the absorption cross section, or in fluores-
cence decay, which provides the fluorescence yield (probability to emit flu-
orescent photons per time and area) which is proportional to the number
of core holes. XAS spectra generally have a low resolution for high-Z ele-
ments in the XANES region. To detect variations in the d-band occupancy of
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gold, for example during an oxidation process, with a higher resolution, the
high-energy-resolution fluorescence detection (HERFD) method, developed
in the mid ’80s by P. Eisenberger et al., [97] can be employed. With HERFD,
the emitted X-ray fluorescence line with an energy bandwidth similar to or
below the core-hole lifetime of a distinct excited-state decay is measured.
The fluorescence yield corresponds to the absorption cross section. In this
thesis, the Au Lα1 emission was measured using HERFD-XANES, thus the
improved spectral resolution is given by the 3d core hole which provides
sharper peaks.

Electronic structure calculations are often used to simulate XAS spectra
as the analysis of experimental spectra alone is not always straightforward. In
Paper III, the FEFF code was employed, which uses the multiple-scattering
real-space Green’s function formalism [98] whose many-body effect calcula-
tions have shown good agreement with experimental data. [99]

2.2 Light sources and detection systems

2.2.1 Optical set-up

Instrumentation for sum frequency generation (SFG) spectroscopy can be
built for two different configurations. [100] One is called scanning, where both
infrared (IR) and visible (VIS) laser pulses have a narrow bandwidth, and
spectra are acquired by scanning over a broad IR region. The other is called
broad bandwidth, where IR laser pulses have a broad bandwidth while VIS
laser pulses have a narrow bandwidth. Only two frequencies, one per each
region, are used. In this thesis, a broad bandwidth SFG system is employed
and the following paragraphs explain in detail the optical set-up used for the
measurements.

The solid-state laser system is composed of two main parts – a Ti:sapphire
(Ti:Sa) oscillator and an amplifier – as shown in figure 2.5. The first part is
pumped by an Nd:YVO4 laser having a continuous wave (CW) output of 532
nm. The oscillator is subject to the Kerr self-focusing effect, a third-order
nonlinear process in which the refractive index of the material, in this case
Ti:Sa, is described as function of the intensity:

n(I ) = n0 +n2I (2.15)

where n0 is the linear refractive index, n2 is the nonlinear refractive in-
dex, and I is the light intensity of the incoming beam. Here a Gaussian
beam is present, hence the intensity varies according to this distribution.
As a consequence, Ti:Sa acts as a lens, and this effect is called self-focusing.
Since n2 is quite small for Ti:Sa, this phenomenon happens with high peak
power beams. [101;102] The optimization of this passive amplitude-modulation
mechanism gives a high intracavity power, and generates femtosecond pulses
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(figure 2.6). The main drawback is the dispersion of group velocity caused by
the crystal. [103] Brewster prisms are used to create a negative group velocity
dispersion, which means the velocity of shorter wavelengths is increased. [104]
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Figure 2.5: Representation of the laser system. Instrumentation from Coherent
Inc.
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Figure 2.6: Schematic of the Kerr mode-locking principle. The Ti:sapphire
crystal is the Kerr medium, which focuses the higher intensity region of the
beam. High intensity modes are selected by an adjustable aperture.

The second part of the laser system, the amplifier, is composed of three
sections – a stretcher, a regenerative amplifier, and a compressor – as shown
in the bottom part of figure 2.5. The stretcher converts the laser pulses from
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femtoseconds to picoseconds. These new pulses reach the regenerative
amplifier, which is pumped by a Nd:YLF laser (527 nm). Here, the light enters
a cavity. In total there are two Pockels cells: the first one lets pulses in with a
repetition rate of 1 KHz, then a Faraday rotator sends the pulses out when
the polarization state has been switched (from vertical to horizontal); when a
high amplification is reached, the second cell then releases the pulses into
the compressor. [105] There, the pulses are compressed again, and the final
output is a pulse beam of 40 fs full width at half maximum (FWHM) with a
central wavelength of 800 nm and a repetition frequency of 1 KHz.

The rest of the optical set-up to generate the SFG signal consists of a
travelling-wave optical parametric amplifier of super-fluorescence (TOPAS),
a non-collinear difference-frequency generator (nDFG), a pulse shaper, and
a delay stage. This complete set-up is shown in figure 2.7. In the TOPAS, a
nonlinear crystal made of beta-barium borate (BBO) downconverts some of
the 800 nm photons into two with total energy equal to that of the incoming
photon. These two new pulses are called signal and idler, and they are in
the near-IR region. The output generated by the TOPAS is split into two
beams: the signal and idler photons are sent directly to the nDFG, while the
unconverted one is directed to a pulse shaper.

The optical properties of BBO do not allow for direct conversion into mid-
infrared. [74] Hence, another nonlinear crystal, AgGaS2, is used to perform
difference frequency generation between signal and idler in nDFG. [106] The
output frequency is in the mid-IR range of the spectrum (2.6-11 µm) and
is due to the difference of the two incoming beams, which are controlled
from the TOPAS via software. The IR pulses used in this thesis are centred at
around 3.5 µm, and as a result the SFG signal is maximised at 0.650 µm.

The 800 nm femtosecond pulses of the second beam from the TOPAS
require a pulse shaper to control the spectral resolution of the experiment.
This is done with a grating-lens system, which allows selection of a frequency
range with a slit aperture. The pulses are narrowed to around 12 cm−1 and
consequently the pulse length is increased to picoseconds. [11] A delay stage
ensures the temporal overlap between the two beams at the EC. A 750 nm
short-pass edge filter lets only the SFG signal from the EC enter the spectrom-
eter (Andor SR-303I-A) and be detected by a charge coupled device (CCD)
camera. [107]
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Figure 2.7: Complete sum frequency set-up. Instrumentation from Coherent,
Inc.

2.2.2 X-ray generation: synchrotron radiation

Although lab-based sources of X-rays were more commonly used in the past,
nowadays synchrotron radiation X-ray sources are preferred as they have
higher brilliance (number of photons emitted per second per area per energy)
and a tunable photon energy. Synchrotron radiation is produced by charged
particles travelling at relativistic speeds in magnetic fields, which force them
to change trajectory. [108] This type of radiation is generated in storage rings
by bending magnets, wigglers, or undulators, as represented in figure 2.8.

The field of the bending magnets accelerates electrons, and forces them
into a circular path because an electron in a constant magnetic field is sub-
jected to the Lorentz force. As a result, the electrons are forced to change
trajectory and X-ray photons are emitted. Wigglers make the electron’s trajec-
tory a series of circular arcs. In other words, wigglers can be seen a series of
bending magnets, and the intensity is enhanced proportional to the number
of magnets in the wiggler. Undulators are an array of magnets that force
electrons to oscillate in the horizontal plane due to an alternating magnetic
field. The radiation emitted by those electrons interferes constructively; the
resulting beam has a lower angular divergence with a narrow bandwidth, and
the intensity is proportional to the square of the number of magnets in the
undulator. The wavelength of the generated photons is controlled by tuning
the magnetic field.

Figure 2.8 also shows other major components of a synchrotron ring.
First, electrons are generated by an electron gun, then they run through a
booster ring, where their energy is enhanced by a radio-frequency (RF) cavity.
After that, electrons enter the synchrotron ring, which is supplied with bend-
ing magnets, undulators, wigglers, and focusing and defocusing mirrors (not
represented here). Another RF cavity is present to compensate for the energy
loss during the X-ray emission. X-rays are emitted tangentially to the ring
and directed to a beamline. In some beamlines there is a monochromator
tuned for a specific X-ray energy value to perform the experiment at the end
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Figure 2.8: Schematic representation of a synchrotron ring.

station.
Experiments presented in this thesis were done at the Deutsches Elektronen-

Synchrotron (DESY) in the Positron–Electron Tandem Ring Accelerator (PE-
TRA III), which has an electron energy of 6.0 GeV and current of 100 mA
(top-up mode). [109] The following two subsections will describe the end sta-
tions for beamlines P22 and P64 used in the research here.

2.2.3 POLARIS system for HP-XPS at beamline P22

P22 is a monochromatised beamline that generates a photon flux of ≈1013

photons per second under normal operation conditions. [110;111] Here, X-rays
have an energy that can be tuned between 2.7 and 15 keV with both vertical
and horizontal foci smaller than 10 µm. The beam divergence at the source is
around 10 µrad, while the experimental divergence at the interaction point
for usual measurements is lower than 0.4 mrad.

The POLARIS end station [112] was designed to operate at high pressures
(beyond 1 bar) to perform XPS measurements. This end station consists of
an experimental chamber, a hemispherical electron analyser (Scienta R4000)
with a differentially pumped HiPP-2 electron lens, and a microchannel plate
detector connected to a Basler CCD. A large hexapod allows the manipulation
in the 3D space of the entire instrument.

For the measurements presented in this thesis, the hard X-ray regime
was employed to study gold and oxygen core level regions. The advantage
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of using hard X-rays is that inelastic mean free paths (IMFP) of electrons
become longer which helps working with high pressures in the chamber,
nonetheless, the penetration depth of the beam increases which reduces the
surface sensitivity. This surface sensitivity can be preserved by using a grazing
incidence geometry, meaning the incident angle is below the critical angle
for total external reflection. The incoming X-ray beam becomes evanescent
inside the material and gets strongly damped in the bulk, thereby improving
the surface sensitivity. [113] The usage of an X-ray beam with a high photon
flux might cause beam-induced effects, meaning the X-ray beam could alter
the surface chemistry under investigation by e.g. alteration of chemical bonds
and/or locally heating the sample. Therefore, consecutive scans need to be
collected at different photon fluxes to verify the possible presence of spectral
changes during the chosen data acquisition time.

Another contrivance to be able to work with high pressures is to shorten
the distance between the front cone (spectrometer inlet) and the sample,
so it becomes close to the IMFP. This is achieved with a virtual cell: a circu-
lar symmetric gas inlet supplied by the front cone generates a micro-sized,
pressurised gas cushion between the sample and the analyzer inlet. The
directionality of reactant gasses prevents contaminants from the chamber
walls from reaching the sample. With this configuration, sputtering and
other surface science characterization techniques are also possible without
transferring the sample. There are also some limitations from this design:
high flows of pure gas are continuously pumped to keep high pressures and
most of the gas is pumped away; and high flows shortens the residence time
of reactants and products.

2.2.4 von Hamos-type geometry spectrometer for HERFD-XANES at
beamline P64

P64 is a monochromatised beamline that generates a photon flux of ≈ 1013

photons per second under normal operation conditions. [114;115] Here, X-rays
have an energy that can be tuned between 5 and 25 keV, which is within
the hard X-ray regime. A von Hamos-type geometry spectrometer can be
employed to perform both X-ray emission spectroscopy and high energy res-
olution fluorescence detected X-ray absorption near edge structure (HERFD-
XANES). [116] The main components are the sample location, an analyser
crystal array (with a von Hamos-type cylindrical bent geometry), and a de-
tector positioning system. The sample holder is large enough to contain
samples of different sizes, with an output window similar to the solid angle
covered by the analyser crystals. The analyser crystal array consists of 8 crys-
tal holders, where different silicon single crystals reflect fluorescence lines at
different energy regions in the hard X-ray range. The detection system is at
a selected Bragg reflection angle to the analyser crystal array, which allows
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detection of a specific fluorescence line. Two detectors, XSpectrum Lambda
750K and Dectris Pilatus 100K, are placed on a curved rail to position them at
the proper Bragg angle, which varies from 85◦ to 50◦. Their main difference
is the pixel size which defines the energy resolution. The spectrometer works
at atmospheric pressure, thus a polypropylene bag filled with helium is used
to enhance the signal at the detector.

2.3 Electrochemical characterisation

This section provides a description of the electrochemical analytical tech-
niques cyclic voltammetry (CV) and chronoamperometry (CA), followed
by an illustration of the different types of ECs used in the research work
presented in this thesis.

2.3.1 Electroanalytical chemistry

When electrodes are immersed in an electrolyte solution, there will be charge
transport (CT) in the electrolyte and CT at the electrode/electrolyte inter-
face. Different electroanalytic techniques are catalogued by these two phe-
nomena. The research work presented in this thesis focuses on the elec-
trode/electrolyte interface. There are two main categories of techniques to
investigate the interface: static and dynamic. With static methods there is no
current and no net reactions occur. The main example of a static technique is
potentiometry, which consists of measuring the potential of an electrode rela-
tive to the potential of a reference electrode. In contrast, dynamic techniques
do have net current and electron transfer. They are divided into two groups,
depending on if the potential is controlled to specific values to measure a
produced current, or the other way around. Here, attention is given to two
controlled potential methods used in this thesis: cyclic voltammetry (CV)
and chronoamperometry (CA).

A three-electrode cell is used for conducting both CV and CA measure-
ments. The three electrodes are the working electrode (WE), the reference
electrode (RE), and the counter electrode (CE); their connections shown in
figure 2.9. The reactions under investigation take place at the WE. The RE
has a known stable potential, therefore changes in the cell are due to the
WE instead. REs are divided into aqueous reference electrodes, such as the
standard hydrogen electrode (SHE) and Ag/AgCl electrode, and nonaqueous
reference electrodes such as Ag/AgNO3 in CH3CN. [14] The position of the RE
with respect to the WE is important to reduce the presence of Ohmic drop,
which is the quantity of lost potential from the RE to the WE. [117] The Ohmic
drop is due to Ohmic resistance, which depends not only on the distance
between electrodes but also on the conductivity of the electrolyte. To keep
the RE out of the circuit, so it can keep its constant potential, a CE is needed
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in this way the circuit is completed and charges can flow. The material for
this electrode is usually inert so that it does not produce substances by elec-
trolysis which could interfere with the reactions at the WE. The CE also needs
to be much bigger than the WE one to ensure no current limitations arise. [118]

In this way, the voltage of the WE with respect to a known reference potential
can be measured with good accuracy. The potential is applied and controlled
between the WE and CE by a potentiostat. When no potential/current is
applied to the EC, the WE is at open circuit potential (OCP) relative to the RE.
The potential at the WE is measured with respect to the potential of the RE.
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Figure 2.9: Typical representation of a three-electrode cell.

In CV, a range of potentials is scanned, and a current is created as a result
of electron transfer between chemical species involved in electrochemical
processes. The left side of figure 2.10 shows the triangular waveform of the
potential for CV, where the potential is swept from E1 to E2 and then back
to the starting value. The final outcome is an I-E curve, represented on
the right side of figure 2.10 and mathematically explained by the following
equations: [119]

i f or w. = kc(1−θ)exp[β(E ± st )F /RT ] (2.16)

iback. = kcθexp[−(1−β)(E ± st )F /RT ] (2.17)

where k is an equilibrium constant, c is the concentration of the adspecies
in the electrolyte solution, θ is the occupied-site fraction, β is a barrier sym-
metry factor, E±st is the time-variant potential with s the rate of modulation
in Vs−1, F is the Faraday constant, R is the universal gas constant, and T is
the temperature. This curve is related to the chemical processes happening
on the surface of WE with kinetics relative to the timescale of the sweep,
as shown by the current flow. [120] The forward peak describes an oxidation
reaction, while the backward peak describes a reduction reaction. When the
peaks are symmetric the whole system undergoes reversible reactions.
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Figure 2.10: Left - Cyclic potential sweep; Right - Resulting cyclic voltammo-
gram.

The variation of the sweep rate (mV/s) affects the shape of the curve.
A slow scan lets the diffusion layer grow more than a fast scan; as a con-
sequence, at the surface of the electrode the flux is smaller in a slow scan
which leads to lower currents. [12;121] However, lower sweep rates give a better
resolution of different process (sharper peaks) because of a higher proba-
bility of the products to be in equilibrium with the electrode potentials and
being detected. The peaks in a CV are the currents for anodic (oxidation) and
cathodic (reduction) processes (Ipa and Ipc ), respectively.

In CA, the potential is applied in steps to measure the current generated
during redox processes. Figure 2.11 summarises the basis of CA. The starting
point of the measurement is the analyte which has not been subjected to
redox reactions, at potential E1. Then, this analyte is brought to a potential
(E2) where it undergoes these chemical processes (left side on figure 2.11).
From this, a diffusion-controlled current is plotted as a function of time,
depicted on the right side of figure 2.11, which is mathematically described
by Cottrell equation:

id (t ) = nF AD1/2
o C∗

o

π1/2t 1/2
(2.18)

where n is the number of electrons to reduce/oxidize one molecule of
analyte, F is the Faraday constant, A is the area of the electrode, Do is the
diffusion coefficient for species in the analyte, C∗

o is the initial concentration
of the reducible analyte, and t is time.

The electroanalytic techniques introduced in this section provide ways to
quantify concentrations of reaction products and to perform kinetic analysis
to interpret reaction mechanisms. The main drawback is that they are not
very suitable for the identification of unknown species, like reaction interme-
diates and products; for that we use spectroscopic techniques. The union
of spectroscopy and electrochemistry, known as spectroelectrochemistry
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Figure 2.11: Left - Potential applied to the cell as a function of time; Right -
Current vs. time.

(SPEC), overcomes this issue. It is commonly accepted that this field was
started by the work of T. Kuwana et al. in 1964. [122] Since then, the combina-
tion of these two fields has found broad space in research. Some examples of
spectroscopic techniques used in SPEC are: absorption spectroscopy (from
the IR to the X-ray region), Raman scattering spectroscopy, and magnetic
resonance techniques. [123] Papers I, II, and III are based on spectroelectro-
chemical methods (SFG, XAS, and XPS).

2.3.2 Electrochemical cell for SFG spectroscopy

For Papers I and II, a custom thin layer EC was designed from the work
of Tong et al. [124] Figure 2.12 shows its different parts with the mounting
steps. The internal section consists of a CaF2 window (Ø 25 mm x 2 mm,
both sides optically polished) on top of a quartz substrate (Infrasil 302, Ø
45 mm x 2 mm). Three gold electrodes are deposited on the quartz plate
using photolithography. Figure 2.12.a shows the electrode structure after this
procedure and their roles in the measurements. The diameter of the centre
circle (WE) is 5.80 mm, the area immersed in the electrolyte is around 1.30
cm2, and the space between the WE and CE is 0.6 mm. The centre part of the
three electrodes creates a circle with the same diameter as the CaF2 window.
A Teflon spacer of thickness 25 µm is between the CaF2 window and the
quartz substrate to fix the volume of the electrolyte solution, which is around
3.5 µl. The electrolyte solution is injected by a tubing system through two
holes in the CaF2 window. The liquid flow is controlled by a peristaltic pump
(Ismatec Reglo ICC, soft-wall tube ID 0.64 mm Tygon Chemical, and PFA tube
with ID 0.51 mm). Internal O-rings in the EC prevent leakage. Surrounding
polyether ether ketone (PEEK) plates constrain these components, which are
pressed by six screws. There is a slit in the top PEEK plate to let light strike
the WE. Electrodes are connected to a potentiostat (Bio-Logic SP 200) by gold
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foils, which are pressed by the PEEK plates.

Figure 2.12: EC configuration: a) bottom PEEK plate with the electrodes and
the electrochemical connections, b) Teflon spacer and CaF2 window are added
in this order, c) central PEEK component for the electrolyte flow in the cell is
located on top, d) top view of the fully mounted cell.

2.3.3 Electrochemical cells for X-ray spectroscopies

Two different ECs were used for the HP-XPS and HERFD-XANES measure-
ments presented here. The sample holder for HP-XPS (Paper III) is shown in
figure 2.13. It is made of PEEK and has an L-shape to be placed on a stage
equipped with motors to control its position in the 3D space. The WE is
100-nm gold film on top of 10 nm of titanium, which was used as adhesion
layer. The RE is a gold wire, and the CE is a platinum foil. The electrical
connections are copper wires and rods. The dip-and-pull method was em-
ployed. [125] The first step of this technique is to dip the electrodes in a beaker
(Starna Scientific LTD) containing the electrolyte (1 M H3PO4) and to execute
the electrochemical treatments with a Bio-Logic SP200 potentiostat. Then,
the electrodes are pulled up while keeping their bottom part in the electrolyte
to create a thin liquid film on the surface in order to alter the oxidation as lit-
tle as possible when XPS spectra are collected. The electrolyte was degassed
before being inside the chamber.

Figure 2.14 depicts a schematic overview of the EC used for HERFD-
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Figure 2.13: Overview of the sample holder for the EC used in HP-XPS measure-
ments.

XANES measurements in Paper III. It is a custom-made single compartment
cell made of PEEK with a gold thin film (around 5 nm) sputtered onto a
graphene sheet as WE, saturated calomel electrode (SCE, KCl saturated) as
RE, and a platinum mesh as CE. There is an aperture on one side of the EC to
let nitrogen in to saturate the electrolyte (HClO4, 1 M). For HERFD-XANES,
the EC was located at an angle of around 45◦ with respect to the surface
normal, and the incident X-ray beam interacts from the back of the WE.

WE

Electrolyte

Gas

CERE

X-ray beam

Figure 2.14: Overview of the EC used in HERFD-XANES measurements. The
X-ray beam interacts from the back side of the sample (WE).
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2.3.4 Preparation of gold electrodes for spectroelectrochemical mea-
surements

The gold electrodes for SFG measurements have a more complicated prepa-
ration than the other electrodes because a specific shape was needed. The
electrodes are composed of gold (200 nm) on top of titanium (10 nm), the
shapes of which are shown in figure 2.12. Titanium was chosen as adhesion
layer for its good stability in large anodic potential ranges. [126] The electrodes
are fabricated using photolithography and the double layer resist lift-off tech-
nique. A quartzglass window (Infrasil 302 ø, 45±0.1 mm x 2±0.1 mm optically
polished from Korth Kristalle GmbH) is first cleaned using ultrasonic frequen-
cies with a solution of methanol in Milli-Q water (1:1) in an ultrasonicator for
30 minutes. Then, the substrate undergoes a deeper cleaning with a strong
O2 plasma (10 W RF bias, 250 W RF to ICP (inductively coupled plasma)
generator, p=95 mTorr) for 5 minutes. 500 nm of lift off resist (LOR7B) are
deposited by spin coating (1 minute at 4500 rpm), and soft-baked on a hot
plate for 2 minutes at 190 ◦C. Spin coating is repeated to deposit 1500 nm of
positive photoresist (Microposit S1813) for 1 minute at 4000 rpm, followed
by soft-baking on a hot plate for 1 minute at 100 ◦C. The substrate is exposed
to blue light using a maskless photolithography tool, and the pattern is devel-
oped in an MF-319 developer for 30 seconds. After this, the surface is cleaned
in soft O2 plasma (10 W RF bias, 50 W RF ICP generator, p=95 mTorr) for 8
minutes. A titanium layer of 10 nm followed by a gold layer of 200 nm are
then deposided in a single vacuum cycle by electron beam evaporation. The
electrodes are lifted off in mr-Rem 700 remover overnight to eliminate LOR7B
and Microposit S1813. Then a final cleaning in a strong O2 plasma (10 W RF
bias, 250 W RF ICP generator, p=95 mTorr) is done for 3 minutes.

For HP-XPS measurements, the WE consisted of gold (thickness 100 nm)
on titanium (10 nm) was deposited in a similar way as for the electrodes
for SFG measurements. The support was silicon or quartz chip (3 mm x 20
mm, thickness 1 mm) and figure 2.13 shows the electrode at the end of the
preparation. For HERFD-XANES measurements, the WE was a gold thin film
(thickness ∼ 5 nm) prepared by DC sputtering of Au at 5 mTorr Ar pressure
and 20 W onto graphene sheets (thickness 25 µm). Figure 2.14 depicts the
final outcome.

2.3.5 Calibration of the gold reference electrode

Before doing electrochemical measurements, the behaviour of gold as ref-
erence electrode was investigated since it belongs to the category of quasi-
reference electrode (QRE). This means that its potential does not change
during measurements but it is unknown, therefore a calibration with a true
reference electrode must be done. This consists of recording CVs of a cali-
brating redox couple first versus the QRE and then versus a true RE in the
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same conditions. The chosen internal standard is potassium ferricyanide
(K3[Fe(CN)6]), which is very common in literature since the oxidation of
ferrocyanide ion (Fe(CN)6)4− into ferricyanide ion (Fe(CN)6)3− is fast and
reversible in several solvents. [14;127] The Ag/AgCl electrode in saturated KCl
was chosen as true RE, and a 0.5 M of potassium ferricyanide solution was
added in 1 M of H3PO4 (pH 1), same pH used for the experimental investiga-
tions. The measurements shown in figure 2.15 were done using gold wires in
a beaker due to the design of the thin layer EC, which does not allow using the
available Ag/AgCl. The same behaviour for gold wires (bulk electrolyte) and
gold deposited on a quartz plate (thin-film electrolyte) was observed from
the CVs. Figure 2.15 shows the CVs recorded with the gold RE (red curve)
together with the ones with Ag/AgCl (orange curve). The yellow and orange
vertical lines represent the mean potential (E1/2) between the currents of
the cathodic and anodic processes for both curves, also called formal poten-
tial. [14] Applying the Ag/AgCl to SHE shift, the voltage difference between
gold RE and SHE is found to be about 0.7 V.
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Figure 2.15: Comparison between Au RE and Ag/AgCl RE in presence of potas-
sium ferricyanide in 1 M H3PO4. CV scan rate: 100 mV/s.

2.4 Mass spectrometry

Mass spectrometry (MS) is used to measure the mass of chemical species
after being ionised. A typical spectrum represents the abundance of the
generated ions as a function of their mass-to-charge ratio (m/z), which is
the ion mass (m) divided by the charge (z) of the ion. The discovery of
isotopes by J. J. Thomson and his student F. W. Aston in 1913 set the basis
for the development of MS. Thomson and Aston together built the first mass
spectrometer, the importance of which was immediately recognised as it was
used in the research on isotopes in the Manhattan Project.

The main components of a mass spectrometer are an ioniser, a mass
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filter, and a detector, which are sketched in figure 2.16. In Paper IV an SRS
CIS300 mass spectrometer was used, where the ioniser is a heated tungsten
filament which generates electrons. These electrons are accelerated towards
a positively-charged anode and strike the sample molecules to ionise them.

Ioniser 

Vacuum

Mass 
fi lter Detector

Intensity

m/z

Figure 2.16: Schematic sketch of a mass spectrometer showing the main compo-
nents (ioniser, mass filter, and detector) and a representation of a conventional
spectrum is also included.

The mass filter separates the ions based on their m/z ratio, and an electric
field controls the trajectory of those ions. In the SRS CIS300, a quadrupole
mass filter is used, which has two pairs of cylindrical rods with opposite signs
parallel to one another. The working principle of which is depicted in figure
2.17: between the two pairs of rods, an electrical voltage is applied which has
a combination of DC (U) and RF (V0) voltages. One pair of rods (in the X-Z
plane) is connected to a positive DC voltage with a superimposed sinusoidal
RF voltage, while the other pair of rods (in the Y-Z plane) is connected to a
negative DC voltage with a superimposed sinusoidal RF voltage 180◦ out of
phase with the first RF voltage. Ions with a lower m/z ratio gain energy from
the field in the X direction, since they are in phase with the RF component,
and their oscillatory amplitude increases until they reach the rod and get
discharged, hence only ions with higher masses are transmitted to the end of
the quadrupole to be detected. Heavier ions are unstable along the Y direction
due to the defocusing effect of the DC component, hence only ions with lower
masses are transmitted to the other side of the quadrupole and detected. The
selectivity of the mass filter is given by the DC/RF ratio: increasing DC wile
keeping RF constant defocuses heavier ions by the negative DC component.

Once the ions pass the quadrupole, they reach a detector which consists
of four macro multi-channel continuous dynode electron multipliers with
a cone attached to the front end. A potential bias on the cone accelerates
these ions towards it. Ions striking the cone at high velocities generate sec-
ondary electrons by secondary electron emission. The number of secondary
electrons is enhanced by multiple accelerations which yields even more
secondary electrons. The current generated by the secondary electrons is
proportional to the abundance of the initial ion current.

A calibration is usually needed to obtain information about the quan-
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Figure 2.17: Schematic sketch of a quadrupole mass filter with its connections.
U is the amplitude of the DC voltage applied to either pair of rods, V0 is the
amplitude of the RF voltage applied to either pair of rods, ω is the angular
frequency of the RF.

tities of reaction products from analytical characterisations such as MS. In
Paper IV, a calibration was done using a constant amount of krypton (86Kr)
while the concentration of CO2 and H2 were changed within a selected range.
Krypton was chosen as an internal standard because it does not participate in
the chemical reaction being investigated. A linear calibration curve was cal-
culated after normalising the areas of CO2 (m/z= 44) and H2 (m/z= 2) for the
different concentrations with the area of the m/z = 86 signal corresponding
to 86Kr. This calibration curve is used to calculate the amount of the reaction
products. A baseline correction was done by subtracting a blank spectrum,
collected without the catalyst, from the spectrum after using catalyst.
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3. Summary of results

This chapter summarises the results of the articles at the beginning of the
thesis. Paper I focuses on the change of electronic structure of gold film due
to gold oxide remnants after electrochemically-formed oxide-derived gold
(OD-Au) is created from gold films. Additional investigation, both theoretical
and experimental, was done to better understand the change of electronic
structure and chemical composition of gold films after their oxidation in
acidic media (Papers II and III). Paper IV deals with heterogeneous catalytic
studies of CO oxidation by gold nanoparticles supported on metal oxides,
with emphasis given to how water participates in this process.

3.1 Study of electrochemically-formed oxide-derived gold
from gold films

As discussed in Section 1.2.3, OD-Au materials are created by reducing an
oxide precursor, and present enhanced catalytic properties for CO2 reduction
to CO compared to pure gold metal. Consensus to explain these improved
properties has not been reached yet. Paper I aims to provide more informa-
tion on how the surface changes from gold metal film to OD-Au by using two
different electrochemical protocols together with operando SFG and ex situ
HP-XPS measurements.

Figure 3.1 shows the combined CV (blue) and operando SFG (orange)
measurements of gold surface in acidic aqueous conditions (H3PO4, pH 1) for
different potential ranges versus the standard hydrogen electrode (SHE) refer-
ence electrode. The electrochemical protocol consists of an electrochemical
annealing at 0.7 V for 30 seconds, followed by a CV cycle with a range from 0.7
V up to a potential value in 1.5-2.5 V. The CV measurements are in agreement
with literature, [35;38] and the following regions are observed:

• region Ia (0.70–1.25 V): double-layer charging/pre-oxide formation;

• region IIa (1.25–1.45 V): thin precursor of compact oxide formation;

• region IIIa (1.45–1.80 V): compact oxide growth;

• region IVa (> 1.80 V): hydrous oxide growth and the OER,

• region Ic: for the change of the sweep direction which lowers the OER
condition;
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• regions IIc (≈ 0.90–1.25 V) and IIIc (< 0.90 V): reduction of compact
and hydrous oxide.

The variation of the SFG signal in figure 3.1a resembles the one observed in
the near-infrared during second harmonic generation (SHG, degenerate form
of SFG), [128–130] and follows the formation (region IIa) and reduction (region
IIc) of an initial thin oxide overlayer, the formation of the oxide decreases the
free electron density on the gold surface. The SFG signal gets the original
intensity back at the end of the CV scan, in which it is metallic in the double
layer charging region/pre-oxide formation region (Ia and IIIc). By increasing
the anodic potential, new SFG features appear (figure 3.1 a-e, CV scan rate 10
mV/s), which depend on the CV scan rate (figure 3.1 f, CV scan rate 50 mV/s):
the beginning and ending SFG intensities of the CV cycle do not overlap
(SFG loss); and the SFG intensity has a linear decrease as a function of the
potentials in regions IIIa-IVa (SFG drop: reduction of the SFG intensity at the
upper CV positive potential).
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Figure 3.1: (a-e) Combined SFG (orange) and CV (blue, scan rate 10 mV/s,
potentials vs. SHE) measurements of gold in H3PO4 (pH= 1) for different up-
per potentials, the lower potential is 0.7 V for all measurements. The Roman
numerals with a and c mean anodic and cathodic, respectively, and indicate
different regions of oxidation and reduction. More precisely, region Ia for the
double-layer charging/pre-oxide formation, region IIa for the thin precursor of
compact oxide formation, region IIIa for the compact oxide growth, and IVa for
hydrous oxide growth and the OER, region Ic for the change of the sweep direc-
tion which lowers the OER condition, and regions IIc and IIIc for the reduction
of compact and hydrous oxide. The black arrows in (a) indicate the potential
and SFG scanning directions. In (e) an inset shows a zoomed-in portion (x3)
of the reduction part of the CV. (f) Combined SFG (orange) and CV (blue, scan
rate 50 mV/s, potentials vs. SHE) measurements of gold in H3PO4 (pH= 1).
Reproduced from Paper I.
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As the data show, the presence of both SFG drop and the SFG loss in the
multi-layer oxide growth in regions IIIa–IVa indicates a slow oxidation process
that decreases the metallic SFG response. It seems that the OER (region IVa,
figures 3.1c-e) at slow scan rate does not significantly affect the SFG signal.
Hence, it could be that the SFG variation is connected to the higher influence
of oxygen at oxide/metal interface, as the other oxide multilayers are too
far from the interface to affect the SFG signal. However, stronger anodic
conditions cause SFG loss even if the surface oxide is reduced as shown from
the CV measurements (figure 3.1).

Fixed potentials (CA) can also be employed for the OD-Au preparation.
This second electrochemical protocol, starting from a clean gold surface,
consists of:

• an oxidation step, ranging from 0.7 V to 2.5 V, is held for 30 seconds;

• a reduction step is held at 0.7 V for 10 seconds;.

• a surface characterization, CV (range 0.7–1.5 V ) together with SFG
measurements were done simultaneously as in figure 3.1.a.

In figure 3.2.a the CV scans are very similar for the duration of the analysis
indicating that the same available metallic surface sites, and same electro-
chemical processes at the surface, as in figure 3.1a. It is only when the first
step of this protocol is 2.5 V, that the CV manifests different cathodic be-
haviour at the end of the scan, which suggests the presence of hydrous oxide
which is not fully reduced, [35] but this does not affect the SFG response. At
the same time, the SFG intensities in figure 3.2.c are also consistent with a
metallic surface as seen in figure 3.1.a, with an SFG drop of about 50–60%
and no SFG loss, which is consistent with the incipient oxide formation and
its reduction from an initially-metallic surface.

Interestingly, there is a decrease of the overall SFG intensity for a prepara-
tion voltage (CA) higher than 1.5 V (figures 3.2.b-c). A possible explanation
is the presence of oxygen atoms below the surface but close enough to it to
change the surface free electron density. Surprisingly, among all the SFG
intensities, the lowest one is for the CA at 0.9 V (point 8, after the preparation
at 2.2 V), though further oxidation is not expected at this potential and the
corresponding CV is consistent with figure 3.2a. A rearrangement of the
pre-existing surface gold oxide might be present, which was not completely
removed during step 1 (0.9 V). Preparing the surface by applying 0.5 V pro-
vides almost full recovery, as the trapped oxygen is relaxed giving an electron
distribution close to the one at the beginning of this second protocol.

Considering both OD-Au preparation protocols in Paper I, the gold oxide
was reduced at different rates. It has been shown that low rates (like figure 3.1)
favours diffusion of gold ions to the bulk electrolyte during oxidation, and
only little redeposition of dissolved gold occurs during reduction. [29;131;132]
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Figure 3.2: (a) CVs (range 0.7–1.5 V vs. SHE, scan rate 10 mV/s) after doing the
second electrochemical protocol. The legend and the black arrows shows the
chronological order of some CA measurements from step 1. (b) Green squares:
SFG drop collected after the chosen potentials in step 1 (across the full data
set) are applied. Red circles: normalized SFG intensity at the end of the CVs;
the normalization is to the SFG intensity when step 1 is 0.7 V (neat gold sur-
face). The numbers (1-9) indicate the chronological order of the measurements.
The x-axis indicates the CA potential in step 1 of the protocol. (c) Integrated
potential-dependent SFG intensities collected during step 3 of the protocol.
The normalization is done with respect to the SFG intensity from a neat gold
surface (red curve, 0.7 V vs. SHE). The legend shows the chronological order of
selected CA measurements vs. SHE during step 1. Reproduced from Paper I.

This leads to the creation of a not well-protected subsurface oxide by the
new surface gold atoms, which can be easily removed by additional electrical
treatments. But, when the reduction rate is high as during CAs (in our case
figure 3.2), more gold is redeposited back on the electrode surface and almost
gold is present in the electrolyte. [132] This provides better protection for the
oxide remnants in the subsurface and necessitating more time to release
them. Currently, however, detailed mechanisms are lacking.

To further test the subsurface oxygen hypothesis, ex situ HP-XPS is used to
examine metallic gold, oxidised gold (figure 3.3, grazing incidence angle 0.2◦),
and OD-Au (figure 3.4) created using similar electrochemical conditions as in
figure 3.2). A saturation of water vapour was present in the chamber during
measurements to preclude the gold (hydr-)oxide from getting reduced by
the vacuum. Figure 3.3 shows XPS spectra of the gold surface before (figures
3.3.c–d) and after oxidation (figures 3.3.a–b), which was done by (i) CA at 0.7
V for 20 seconds, (ii) CV between 0.7 V and 2.2 V with a scan rate of 10 mV/s,
and (iii) CA at 2.5 V for 50 seconds. In the Au 4f core-level region (figure 3.3.c),
the metallic surface has the characteristic 5/2 and 7/2 spin-orbit components
with the intensity branching ratio of 3:4. For the oxidized electrode (figure
3.3.a), two additional intensities are identified after a deconvolution analysis
by using the same spin-orbit split as the metallic gold, indicating the presence
of Au(III) (85.6 and 89.9 eV). [32;33;133–137]

In figure 3.3.d, only a water signal, adsorbed or multilayer, is detected
in the O 1s region when gold is metallic. For the oxidised gold (figure 3.3.b),
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Figure 3.3: HP-XPS spectra for Au 4f (a and c) and O 1s (b and d). hν = 7000 eV,
grazing incidence angle 0.2◦. Bottom (c and d): before oxidation. Top (a and b):
after electrochemical treatment (CA at 0.7 V for 20 second, CV between 0.7 and
2.2 V with a scan rate of 10 mV/s, and CA at 2.5 V for 50 seconds). Reproduced
from Paper I.

after peak deconvolution, more components are present: oxide (∼530.0
eV), hydroxide (∼531.0 eV), adsorbed water (∼531.8 eV), dihydrogen phos-
phate (H2PO4

−)(∼532.5 eV), multilayer water (∼532.5 eV), and gas-phase
water. [53;92;138;139] This is consistent with what observed in figure 3.3.a. The
main chemical compositions which have been suggested for Au(III) are
Au2O3 and Au(OH)3. [32;35;36]

The OD-Au was prepared in similar conditions as in figure 3.2.b point
6: (i) CA at 0.7 V for 20 seconds, (ii) CV from 0.7 V to 2.2 V with a scan
rate of 10 mV/s, (iii) CA at 2.5 V for 50 seconds, and (iv) CA at 0.7 V for 25
seconds. During the last step no current is present, proving that the surface is
metallic from an electrochemical point of view. The HP-XPS spectra of OD-Au
(figures 3.4.a–b) were collected with a higher grazing incidence angle (0.5◦) to
examine oxide species further below the surface after OD-Au is formed. Small
shoulders are visible at 85.6 and 89.9 eV in the Au 4f region of OD-Au (figure
3.4.a) compared to pure metallic gold, which indicate spin-orbit components
of gold in oxidation state +3.

Using the same peak deconvolution model as for the oxidised gold sur-
face, the oxide and hydroxide species for OD-Au (figure 3.4.b) have an oxide-
to-hydroxide ratio of 0.10, which is smaller than the ratio from figure 3.3.b of
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0.36. This indicates that the Au2O3 is more stable than Au(OH)3 when OD-Au
is formed. The Au2O3 seems to be located below a layer of metallic gold, since
the CA indicates a metallic surface at the end of the OD-Au formation.

Both SFG and HP-XPS data support the presence of (hydro-)oxide rem-
nants in OD-Au even if the corresponding electrochemical measurements
suggest that the surface is fully reduced, i.e. metallic, when OD-Au are formed.
These subsurface remnants affect the SFG signal thorough changes of the
surface electronic structure. The XPS spectra suggest these remnants in OD-
Au to be Au2O3 and Au(OH)3. Knowing that oxide remnants are formed in
Au-OD may help in building a better understanding of the improved catalytic
properties OD-Au with respect to pure metallic gold.
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Figure 3.4: HP-XPS spectra for Au 4f (a and c) and O 1s (b and d). hν = 7000
eV, grazing incidence angle 0.5◦. Bottom (c and d): before electrochemical
treatment; Top (a and b): OD-Au electrochemical treatment (CA at 0.7 V for 30
second, linear sweep voltammetry from 0.7 to 2.5 V with a scan rate of 10 mV/s,
CA at 2.5 V for 50 seconds, and CA at 0.7 V for 25 seconds). Reproduced from
Paper I.
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3.2 Models for electro-oxidation and nonlinear optical
response of gold surfaces

After conducting a fully-experimental study in Paper I, theoretical calcu-
lations were done to model both the electrochemical and SFG responses
together from gold surfaces during an anodic linear sweep, since they are
usually considered separately. The electrochemical model consists of a two-
step process: a rapid reversible chemisorption of oxygen (Oad ), followed
by a slower irreversible place exchange of gold atoms with Oad . This place
exchange reverses the local dipole orientation moving the system away from
equilibrium, allowing oxide growth. These calculations are based on the work
of Marshall and Conway [140–143] and Furuya et al. [144] The SFG response was
modelled following the work of Maytorena et al. [77] which has been further
elaborated upon by Busson and Dalstein. [78;79;145] In this model, the electron
density is given by the sum of a free electron gas and a bound electron density.
The electron density spillover at the surface is considered to be only due to
the free electrons.

In figure 3.5, computed linear sweep voltammetry (LSV) and SFG re-
sponses from the surface of gold are compared to experimental measure-
ments for a potential range of 0.7–1.9 V vs. SHE. In this study, the LSV mea-
surements correspond to the anodic part of a CV. Our model works well for
both LSV and SFG until 1.4 V; after that, although the SFG remains in good
agreement with experiment, the LSV current does not match the experimen-
tal data. A possible explanation for the lack of agreement between theoretical
and experimental LSV curves could be that a different mechanism process is
present from 1.4 V on; Au2O3 formation has been suggested, [35] which is not
part of the present model.

Figure 3.6 shows the corresponding calculated charge densities for the
gold metal surface (σm), adsorbed charges (σad ), water polarization (σw ),
and place-exchange (σpe ). At 1.2–1.3 V, σad changes, which makes σm in-
crease. At 1.3–1.4 V, the rapid variation of σad together with the variation of
σw makes σm increase rapidly. The progressive change of σad at potentials
above 1.4 V is mirrored by σm .

In light of the information from figure 3.6, the reduction of SFG intensity
at potentials below 1.3 V in figure 3.5 seems related to the variation of σw ; in
other words, polarisation of adsorbed water enhances the electric field on
the surface.

The rapid drop in SFG intensity happens with the main oxygen adsorption
around 1.4 V (figure 3.5); the corresponding increase of σad (figure 3.6) leads
to a change of σm together with an increase of σw . These changes in σm

and σad make bound and free surface electron densities change through the
corresponding dielectric function, resulting in a variation of the nonlinear
optical response via the effective surface second order susceptibility (χe f f ).
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Figure 3.5: LSV current (solid, red) and SFG intensity (solid, blue) normalized
at 1.48 V and 0.7 V vs. SHE, respectively, together with the corresponding
calculated curves based on the model fit (dashed). Reproduced from Paper II.

After the rapid SFG intensity variation in the oxygen pseudo-equilibrium
adsorption peak (about 1.5 V), the SFG intensity has a linear decrease. Figure
3.5 shows that the oxidation growth continues (shown by the experimental
LSV curve), but this only partially seems to be due to the changes in σad .
This indicates that the main oxide growth does not block the sites for the
oxygen adsorption process, nor prevents the water from reach those sites.
The multilayer oxide growth could be seen as a not-dense 3D structure,
suggesting a similar conclusion to that of Conway et al. [41] who hypothesised
island formation during the monolayer growth, provided that these islands
are centres for 3D oxide growth.

The main feature from the nonlinear optical response that has been ob-
served is the rapid change of intensity at the main quasi-equilibrium adsorp-
tion range (1.3–1.5 V vs. SHE) at various wavelengths. [129;130;146] When the
fundamental wavelength is in the IR range, the behaviour is as shown in figure
3.5, but the response is reversed when the fundamental wavelength is 532 nm
(18800 cm−1). [128] This behaviour was investigated with our model. Figure
3.7 shows the calculated relative change in nonlinear response (∆I ad

SFG/SHG )
versus the final light frequency corresponding to incident frequencies from
the near-infrared to ultraviolet. For SFG, one wavelength was kept at 800 nm
(12500 cm−1). Here, the relative change is the difference of the of I ad

SFG/SHG
at the beginning and ending edges of the rapid decline, normalised by the
intensity at 0.575 V vs. SHE. These edges are at 1.36 and 1.46 V, respectively.

At low frequencies in figure 3.7, where the free electron contribution

46



σm

σad

σw

σpe

Figure 3.6: Calculated charge densities for the gold metal surface (σm , blue),
adsorbed charges (σad , yellow), water polarization (σw , purple), and place
exchange (σpe , red) for a potential range of 0.7–1.9 V vs. SHE. Reproduced from
Paper II.

SHG 
SFG 

Figure 3.7: Calculated relative change in nonlinear optical response in the
main quasi-equilibrium adsorption range, V=1.3-1.5 V vs. SHE, as a function of
sum frequency for SHG (blue) and SFG with one wavelength fixed at 800 nm
(orange). The small features at 33000 cm−1 and 46000 cm−1 in the SHG and
SFG data, respectively, are spurious, caused by a small mismatch of the two
combined data sets used for the gold dielectric function. Reproduced from
Paper II.

dominates, SFG and SHG present the same behaviour. At 20500 cm−1, the
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second interband transition starts to be excited, which is a common feature
for both SFG and SHG curves. A deviation begins around 27000 cm−1, where
the first interband transition is passed for the incoming SFG frequency. SFG
presents a resonance coinciding with the second interband transition band-
edge, then a general decrease in the SFG intensity is present due to the oxygen
adsorption. The SHG response does not manifest additional discrete features,
only a progressive change which goes from a strong decrease of intensity
at low frequencies but reverses this behaviour at high frequencies as the
incoming light frequency reaches the second interband transition edge at
41000 cm−1.

Below 27000 cm−1, the bound electron contribution to the effective sec-
ond order susceptibility is negligible. Above 27000 cm−1, bound electrons
have an increased contribution but the free electron one is still decisive,
so the SFG resonance has a similar origin of the one at lower frequencies.
Similarly, the sloping trend of the SHG response has a free electron contri-
bution that gains a coupled bound-free electron contribution at the second
interband transition edge, and the bound electron contribution remains at
frequencies above that edge.

The lack of agreement between our calculated value of 461 nm with the
literature value of 532 nm for the reverse behaviour could be due how the
model considers the surface bound electron polarizability. In the model it
is presumed that the polarizability remains at its bulk value, but this could
be incorrect. Variation in the polarizability would have little effect on the
low sum-frequency range since they do not influence the effective second
order susceptibility, but they would have more noticeable effects at higher
frequencies.
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3.3 In situ investigation of electrochemically-formed gold
oxide from gold films with X-ray spectroscopies

In Paper III, the different stages of gold oxide formation were investigated
with both operando HERFD-XANES and in situ HP-XPS to expand upon the
observations from the ex situ XPS and operando SFG in Paper I. Figure 3.8
(upper panel) shows operando HERFD-XANES spectra spectra of Au L3 edge
for metallic gold; oxidized gold at 1.38 V and 1.72 V vs. the reversible hydrogen
electrode (RHE), and Au2O3 as reference. Electrochemical treatments were
done in an acidic electrolyte (HClO4, 1M), and the spectra collection started
after a stable anodic current was observed. When gold turns from its metallic
state into an oxidised one, its white line (around 11919 eV) acquires intensity
and becomes sharper, [147–150] and this is seen in the upper panel in figure
3.8. As mentioned in section 2.1.3, the white line here is due to the transition
from Au 2p3/2 to Au 5d5/2,3/2.

FEFF-computed HERFD-XANES spectra (in Paper III SI) for a metallic
gold surface and Au2O3 are in good agreement with the experimental ones,
while the computed spectrum of adsorbed OH groups on gold has a white
line that does not match the experimental data. Hence, a linear fit calculation
of the experimental spectra of gold metal and Au2O3 to the experimental
HERFD-XANES spectra collected at 1.38 and 1.72 V vs. RHE was done, as
shown in the lower panel of figure 3.8. The weights for 1.38 V are 0.87 and 0.13
for gold metal and Au2O3, respectively. For 1.72 V, the weights are 0.70 and
0.30 for gold metal and Au2O3, respectively. These results are in agreement
with the expected increased contribution of gold oxide at higher electrochem-
ical potentials. However, the component at 11933 eV is underestimated in
the fit, while the component at 11946 eV is overestimated. These variations
could be due to substantial contribution from the Au 5d – O 2p hybridized
orbital at the white line resonance, leading to a higher intensity from the gold
atom in the oxide than the metallic gold. Hence, the calculated weights from
the linear fit underestimate the presence of gold oxide.
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Figure 3.8: Upper panel: Experimental HERFD-XANES spectra collected in situ
and operando during CA. The legend shows the investigated cases: gold metal
surface, 1.38 and 1.72 V vs. RHE, while Au2O3 is a reference spectrum collected
to facilitate the analysis. Lower panel: The experimental data collected at 1.38
and 1.72 V vs. RHE was fitted with the experimental metallic gold and Au2O3

spectra. Reproduced from Paper III.
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A similar characterisation was done with in-situ HP-XPS with an incident
photon energy of 7 keV and a background pressure of 30 mbar of water vapour
to prevent the electrolyte from evaporating from the gold surface. Here, the
electrochemical potential was applied until a stable current was reached
while keeping the gold working electrode (WE) immersed in the electrolyte
(H3PO4, 1M). Then, the oxidation process was stopped and the WE was lifted
while keeping the bottom part in the electrolyte to form an electrolyte film on
the surface (dip-and-pull method), and then the XPS spectra were collected.
Figure 3.9 shows the Au 3d5/2 and O 1s spectra for the non-oxidised gold
surface (upper panel), and for an oxidised gold surface after applying 2.56 V
vs. RHE.
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Figure 3.9: In situ HP-XPS spectra of Au 3d5/2 and O 1s core-levels before
(top panels) and after (bottom panels) electrochemical oxidation at 2.56 V
vs. RHE. All spectra were collected with 7 keV photons and in 30 mbar water
vapor. Metal gold was measured with f = 4.3 ·106 ph · s−1 ·µm−2. The oxidized
electrode was measured with higher X-ray beam attenuation ( fat tenuated =
1.4 ·106 ph · s−1 ·µm−2) to reduce impact from bream induced oxide reduction.
Reproduced from Paper III.

The Au 3d5/2 region presents a single peak for metallic gold (Au0, 2206.1
eV) before oxidation, while after applying 2.56 V a new component at 2208.2
eV is observed due to Au3+ species. Similarly, the O 1s region (right side of
figure 3.9) shows contributions due to oxidation after applying 2.56 V, which
are OH and O on the Au surface at 531.0 and 529.5 eV, respectively; other
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than multi-layered and adsorbed water (H2Omul ti and H2Oad , 533− 531
eV). [53;92;139] The new components in the O 1s-region due to oxidation are
mainly assigned to gold (hydr-)oxides with a potential minor contribution of
surface chemisorbed OH (OHad ) and O (Oad ).

High photon fluxes could cause beam induced changes which can affect
the data acquisition process. Spectra for in situ prepared samples need to be
collected in a short time to verify the presence of beam induced effects, since
in our case gold oxide is only continuously formed during operando HERFD-
XANES characterisation. The XPS Au 3d5/2 region was chosen for the beam
damage study because it is recorded significantly faster than the HERFD-
XANES Au L3 edge. Figure 3.10 shows the time evolution of Au 3d5/2 for an
oxidised gold surface during the exposure of two different photon fluxes:
f8 = 4.3 ·106 ph·s−1·µ m−2 and f25 = 1.4 ·106 ph·s−1·µ m−2. The beamline
settings were kept the same. In both cases, the Au3+ component is reduced
and at the same time the metallic component grows, even if the overall ex-
posure time is within the time interval of gold oxide stability, [151] suggesting
that the reduction of the oxide is promoted by X-ray beam induced effects.
A similar effect was not observed during the operando HERFD-XANES mea-
surements, even if the flux was higher than the one for in situ HP-HAXPES
measurements. This indicates that working in operando conditions – in our
case, continuously oxidising the electrode – helps to prevent a net reduction.
This study shows the importance of developing operando HP-XPS methods
to allow the study of low-Z elements in reactants, reaction intermediates, and
products, which are difficult to obtain by XANES methods.
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Figure 3.10: HP-XPS beam induced reduction study using two different X-ray
beam fluxes fat t .25 = 1.4 ·106 ph · s−1 ·µm−2 (left) and fat t .8 = 4.3 ·106 ph · s−1 ·
µm−2 (right) in 30 mbar water vapor using a photon energy of 7 keV. (a) XPS
Au 3d5/2 core-level region at recorded at different X-ray exposure times. (b)
Compression of the time evolution of the beam induced oxide reduction. The
curves represent the relative integrated intensity for (left) metallic gold and
(right) gold oxide.
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3.4 Catalytic studies of low-temperature CO oxidation on
Au-Fe2O3 and Au-TiO2

While the previous sections focused on gold nanofilms, this last section of
chapter 3 presents research on gold nanoparticles. Gold nanoparticles sup-
ported on metal oxides are used to catalyse low-temperature CO oxidation,
an important reaction to e.g. remove CO contamination from H2 fuel for fuel
cells. Paper IV aims to bring more clarity about the reaction steps involved
in the CO oxidation catalysed by Au-Fe2O3 and Au-TiO2 by combining MS
and density functional theory (DFT).

Figure 3.11 shows CO oxidation tests performed at 25 ◦C on Au-γ-Fe2O3

and Au-TiO2. In the presence of only CO (1 vol %) and H2O (2.8 vol %) with
balance N2 in the inlet flow, Au-TiO2 has an inert response (figure 3.11.a, blue
circles), while Au-γ-Fe2O3 generates 0.95 mmol CO2 (mol Au)−1s−1 within
the first hour, followed by a rapid decrease in activity (figure 3.11.b, blue
circles) because (in the absence of O2) the support is slowly drained of oxy-
gen. The possibility of H2 production was tested but not detected, ruling
out that the water gas shift reaction is involved in CO2 production. Since Au-
TiO2 does not participate in the CO oxidation process, it seems in line with
the previously proposed Langmuir-Hinshelwood (LH) mechanism where a
product is formed from adsorbed reactants on the catalyst surface. However,
Au-γ-Fe2O3 has a different behaviour with respect to what was previously
reported, which can be classified as lattice Mars-van-Krevelen (MvK) mecha-
nism, meaning a product is formed from one or more constituents from the
support.

When O2 (20 vol %) is also included in the inlet flow (figure 3.11, orange
squares), the rates of both catalysts are in agreement with literature. [152;153]

For Au-γ-Fe2O3, the maximum rate without O2 (0.95 mmol CO2 (mol Au)−1s−1)
is ≈13 % of the maximum rate with O2, but in the presence of O2 this rate
might be higher due to the continuous loading of lattice-oxygen.

DFT is used to verify the feasibility of the reaction steps for the observed
water-promoted CO2 production through a w-MvK mechanism. Figure 3.12
depicts the suggested w-MvK mechanism in the presence of Au-γ-Fe2O3. In
reaction 15 (R15), CO is adsorbed on gold nanoparticle. In R16, CO adsorbed
on the gold nanoparticle interaction with a oxygen from γ-Fe2O3 to produce
CO2, with an estimated activation energy of 0.98 eV.

When water is included, a low-barrier lattice-mediated scheme is avail-
able (R17 – R19). R17 is a dissociative absorption of H2O onto an Fel at –Ol at

motif in the γ-Fe2O3 surface where water is split into a hydroxyl on top of
Fel at (OHad ) and a lattice-hydroxyl (OHl at ). In R18, the CO adsorbed on gold
reacts with the water-derived OHad , in this way a carboxylic group (COOH) is
formed on the Au nanoparticle. In R19, this carboxylic group reacts with the
OHl at formed in R17 to produce CO2 and form H2O, creating a lattice oxygen
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Figure 3.11: (A) Transient CO oxidation rates over Au-TiO2. (B) Transient CO ox-
idation rates over Au-γ-Fe2O3. Reaction starts immediately upon introduction
of CO, and terminates immediately upon removal of CO (at 3 h 45 min). Orange
squares: 1 vol % CO, 2.8 vol % H2O, 20 vol % O2, balance N2. Blue circles: 1 vol
% CO, 2.8 vol % H2O, balance N2. Reaction temperature was 25 ◦C, and pressure
1 atm. Reported curves are averages of three independent measurements. Error
bars are 2 standard deviations wide. Reproduced from Paper IV.

vacancy. In R17–19, there is no net consumption of water, since it is first
consumed then formed again using oxygen from the γ-Fe2O3 lattice, hence
R17–19 and R16 have the same stoichiometry. R18 has the highest barrier
(0.44 V) in R17–19, which is lower than R16 (0.98 eV). In R20, an oxygen
vacancy is filled with oxygen from O2(g), depositing an oxygen atom (O∗) on
the Au nanoparticle. In R21, the Au NP with O∗ reacts with CO to form CO2.
Both R20 and R21 are almost without energy barriers.

The activation energies for both the LH paths suggested by Chandler
and Iglesia have been calculated in this study. [66;154] They have the same
rate determining step, that is O2(g) activation by water to form OOH with
activation energy of 0.55 eV. This means that both an LH mechanism and
a w-MvK mechanism could be present at the same time when Au-γ-Fe2O3

is the catalyst with our previously-found result of at least 13 % CO2 coming
from a w-MvK mechanism.

Measurements of CO oxidation in the presence of H2
18O were conducted

to further discriminate between the three considered mechanisms. Figure
3.13 shows transient CO oxidation experiments on Au-γ-Fe2O3 in the pres-
ence of C16O, 16O2 and H18

2 O with conditions as 3.11. Figure 3.13.a depicts the
transient production rates of C16O2, C18O16O, and C18O2. But, CO2 also di-
rectly exchanges oxygen with H2

18O in the reactor piping and on the catalyst.
This exchange in our reactor has been quantified for Chandler’s and Igle-
sia’s mechanisms, and for our w-MvK mechanism. Figure 3.13.b shows their
transient relative abundances in the reactor effluent. In contrast with the
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Figure 3.12: Schematic representation of our proposed mechanism for w-MvK
CO oxidation (R15, R17 – R21) over Au-γ-Fe2O3. The non-feasible, non-water
promoted, MvK mechanism is represented by R15, R16, R20, R21. Reproduced
from Paper IV.

predicted abundances of Chandler’s and Iglesia’s reported LH mechanisms
reported in figure 3.13.c, our suggested w-MvK mechanism is in agreement,
within one percentage point, with the experimental data.

Gold nanoparticles supported on two different metal oxides were consid-
ered for catalysing CO oxidation: Au-TiO2 behaved as previously suggested
following a LH-mechanism at room temperature; Au-γ-Fe2O3, considering
the results in figures 3.11 and 3.13, exhibited a lattice reaction, which can be
described with our proposed w-MvK mechanism (figure 3.12).

56



Figure 3.13: C16O oxidation over Au-γ-Fe2O3 with H18
2 O and 16O2. (A) Tran-

sient production rates of different isotopic CO2 – species, and the total rate.
(B) Transient relative abundances of different isotopic CO2 – species in the
reactor effluent. The relative abundances predicted from our proposed w–MvK
mechanism are indicated by dashed lines. (C) Comparison between predicted
(from different mechanistic hypotheses), and experimentally observed relative
abundances in the reactor effluent. Reproduced from Paper IV.
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4. Conclusions and Outlook

Gold-based materials have recently gained revalued interest for their catalytic
properties at the nanoscale. However, full comprehension of the mechanistic
processes underlying these properties is still lacking. In this thesis, three
types of gold materials are investigated: electrochemically-formed gold ox-
ide, electrochemically-formed oxide-derived gold, and gold nanoparticles
supported on metal oxides.

Through a combined investigation using operando sum frequency gen-
eration (SFG) spectroscopy and ex situ high-pressure X-ray photoelectron
spectroscopy (HP-XPS), subsurface gold oxide remnants were found to re-
main after electrochemical formation of oxide-derived gold from gold films,
which might help explain its enhanced catalytic activity over pure metallic
gold. The SFG signal variation together with elctorchemical gold oxidation
processes were further studied using mathematical models. These models
provide some insight about the origin of the SFG oxidation response, which
seems to be due to changes of the free surface electron density by adsorbed
oxygen. In addition, they suggest that the oxide forms from small islands that
are centres for 3D oxide growth.

Further, in situ HP-XPS and operando high energy resolution fluorescence
detected X-ray absorption near edge structure (HERFD-XANES) spectro-
scopies were employed, adding information about the changes in chemical
composition of gold after electrochemical treatments. In addition, these two
methods were compared with respect to beam induced effects, showing that
operando conditions are needed to maintain a stable oxidised sample during
measurements.

Gold nanoparticles supported on metal oxides (γ-Fe2O3 and TiO2) were
studied to understand the catalytic mechanism of CO oxidation to CO2 on
their surface. This research was performed using mass spectrometry mea-
surements. This study suggests that different reaction mechanisms happen
between the two different samples: a water-promoted Mars-van-Krevelen
reaction on γ-Fe2O3, and a Langmuir-Hinshelwood reaction on TiO2.

This work sets the basis for future studies of gold-based materials. It
would be interesting to investigate the electrochemical behaviour of OD-Au
formed at different pH values to get a better understanding of formation of
subsurface oxide remnants, and to verify their possible role in CO2 reduction
to CO. In addition, different gold nanoparticles sizes and metal oxide supports
could be tested to better elucidate the reaction steps and find more efficient
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catalysts for CO oxidation to CO2.
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Populärvetenskaplig sammanfattning

Denna avhandling omfattar fyra elektrokemiska och katalytiska studier av
olika guldytor. En introduktion av de experimentella teknikerna föregår
diskussion av resultaten från studierna.

I Artikel I undersöks oxidhärlett guld (OD-Au), som framställts elek-
trokemiskt under sura förhållanden (1M H3PO4, pH 1), med operando op-
tisk summafrekvensgenerering (SFG) och ex situ röntgenfotoelektronspek-
troskopi vid högt tryck (HP-XPS), varvid det påvisas förekomsten av guldox-
idrester (som Au2O3 eller Au(OH)3) under det översta guldlagret av OD-Au.
För att bättre förklara SFG-data genomförs ytterligare undersökningar av
bildning av guldoxid under sura förhållanden och tillhörande förändring i
elektronstrukturen genom matematisk modellering kombinerad med experi-
mentella mätningar i Artikel II. Dessutom, för att bättre förstå den kemiska
sammansättningen av guldoxiderna som bildas under oxidation samt strål-
ningsinducerade effekter på provet, användss in situ HP-XPS och operando
högupplöst fluorescensdetektion kombinerat med nära bandkantröntgenab-
sorption (HERFD-XANES) i Artikel III.

I Artikel IV görs experimentella studier av katalytisk oxidation av CO på
Au-γ-Fe2O3 och Au-TiO2 vid låga temperaturer. Masspektrometri används
och olika syreisotoper (16O och 18O) används för att särskilja reaktionsstegen
för CO och H2O. Denna studie tyder på att vattenmedierad CO-oxidation på
Au-γ-Fe2O3 sker via en Mars-van-Krevelenreaktion, vilket innebär att produk-
terna har en eller flera beståndsdelar från stödoxiden och vatten. På Au-TiO2

däremot förlöper CO-oxidationen via en Langmuir-Hinshelwoodmekanism,
vilket innebär att reaktionen istället sker mellan intilliggande adsorberade
reaktionsintermediärer på ytan av katalysatorn.
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