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Abstract

It is undeniable that catalysis is one of the pillars of modern society, since
almost all processes occurring in the industry and combustion vehicles are
based on such phenomenon. Within this context, the catalytic carbon monox-
ide (CO) oxidation is one of the most studied topics. This is not surprising,
since we must understand this reaction in order to improve the performance
of catalytic converters and other processes in the petrochemical industry
involving CO. In addition, this reaction is a pillar for investigating more
complex catalytic processes, from which we can cement the knowledge for
tailoring new and efficient catalysts.

Rhodium (Rh), Platinum (Pt) and Palladium (Pd) are among the best
CO oxidation catalysts. Typically, particles of these metals are placed in the
catalytic converter of combustion cars to oxidize the dangerous CO to the
less harmful carbon dioxide (CO2), among other processes. Since the reaction
takes place at the surface of such nanoparticles, we must explore how these
behave under reaction conditions. With the aid of Surface Science, we may
study the composition and/or structure of well-defined surfaces when exposed
to both reactants, namely CO and oxygen (O2). Thereafter, we may extend
such investigations to stepped surfaces and eventually to nanoparticles.

The catalytic CO oxidation requires, at least at low pressures, the co-
adsorption of both reactants, in order for them to collide and form CO2. In
the case of O2, the molecule will dissociate on the surface to form atomic
oxygen (O), which will later react with coadsorbed CO. The resulting CO2

molecule will readily desorb from the surface of the catalyst. On one hand,
chemisorbed CO will quench the O2 adsorption, and will prevent the reac-
tion. Therefore, the CO-covered surface is called poisoned stage (no/low CO2

production). On the other hand, chemisorbed O does not hinder the CO ad-
sorption. Typically, O-covered surfaces usually feature a large catalytic CO2

turnover, for which O-covered surfaces are classified as active. The transition
between these two stages occurs at the temperature at which the CO leaves
the surface, which is called ignition (or ligth-off) temperature Ti.

In this Thesis, we carried out an investigation of the influence of surface
sites with different atomic coordination (steps, terraces, kinks) on the CO
oxidation reaction. For such purpose, we have employed curved crystals.
These are cylindrical sections of single crystals that expose a smooth sequence
of crystal planes away from a high symmetry direction, and hence possess a
varying distribution of steps and kinks sites across their curved surface. This
enables to selectively probe different surfaces in gas surface reactions under
the very same experimental conditions.
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Three curved samples were employed throughout this Thesis. Two of
them have the (111) plane located at the center, and an increasing density
of either A-type ({100} microfacets, square) or B-type ({111} microfacets,
triangular) straight steps as one departs from the position of the (111) surface
at the apex of the crystal. These are the c-Pt(111) and c-Rh(111) samples,
and their design is ideal for studying A-B asymmetries. The other sample
has the kinked Pt(645) plane at the center of the crystal [k-Pt(645)]. At
kinked surfaces, steps feature alternating {111} and {100} microfacets. On
the k-Pt(645) sample, the (111) plane is located between the center and one
of the edges, enabling to probe Pt vicinal surfaces with kinked steps up to
the densely stepped (312) plane.

The following Chapters comprise three different, well-distinguished sets
of experiments. First of all, the bare CO chemisorption was investigated in
Ultra-High Vacuum (UHV) with X-Ray Photoemission Spectroscopy (XPS),
in order to have a proper reference to characterize the CO-poisoning layer
found at higher pressures. Later, the very same systems were studied un-
der reaction conditions at several temperatures to study their composition
and CO2 turnover. These CO oxidation experiments were conducted close
to operando conditions, in order to mimic the environment to which real
catalysts are submitted. Working with curved substrates demands for suffi-
cient spatial resolution (< 0.5 mm) to probe the different facets across the
curved surface. During this Thesis, two different techniques conducted at rel-
atively high pressures (millibar range) were employed. On one hand, Planar
Laser-Induced Fluorescence (PLIF) allowed probing the CO2(g) cloud arising
from the CO oxidation all over the curved sample simultaneously. This en-
abled to easily track differences in the CO ignition across the curved sample.
However, since this technique provides only information about the gas phase
above the sample, we resorted to Near-Ambient Pressure XPS (NAP-XPS)
to gain information on the chemical composition of the surface. Since this
technique permits to simultaneously probe the surface chemical species and
the gas phase close to the catalyst, we could correlate the chemical state of
the surface with the CO2 production at selected points across the curved
surface. In addition, a comparison with the UHV experiments helps char-
acterizing and quantifying these surface chemical species. By merging these
different measurements, we were able to obtain significant insights on the CO
oxidation at Pt(111) and Rh(111) vicinal surfaces.
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For the Pt crystals with either close-packed and kinked steps, PLIF re-
vealed a surprising simultaneous ignition of the stepped surfaces: the CO2

production explodes at the same time across the curved surface. The NAP-
XPS measurements point to CO-depleted terraces while the steps remain
CO-saturated prior to the ligth-off of the reaction. The consistent analysis
of the XPS spectra during a slow ignition cycle at the (111) surface points
towards the existence of an additional, unresolved oxygen species prior to
ligth-off. With the aid of theoretical calculations, we postulate that such
species is subsurface oxygen that builds up before ignition, and vanishes af-
terwards. This subsurface oxygen would increase the adsorption energy of
CO anchored at terraces to values close to its step analogous, explaining the
simultaneous ignition at Pt vicinals.

PLIF measurements on the c-Rh(111) sample showed that, as compared
to its A-type analogous, the B-steps ignite at lower temperature. Therefore,
the ignition at A- and B-type Rh vicinal surfaces is asymmetric around the
(111) plane. Complementary NAP-XPS measurements showed that both A-
and B-steps are CO-saturated after exposing them to high CO pressures and
room temperature, away from the ignition temperature. However, as the
light-off approaches the B-steps become partially CO-depleted and covered
by chemisorbed O, while the A-steps remain CO-saturated. We believe that
this is the reason for the asymmetry in the ignition, since coexistence of CO
and O at the B-steps would tentatively increase the catalytic CO2 production.

For the c-Rh(111) surface we examined the active stage in more detail.
We found markedly different oxygen-related species for the (111) plane and
the A- and B-type microfacets. While trilayers of RhO2 readily form in
the A-steps after the surface transits to the active stage, an increase in the
temperature is needed to develop the oxide also at the (111) plane. We did
not observe the formation of RhO2 in the B-steps until the CO was pumped
from the chamber. This, together with the fact that a pure RhO2 trilayer
is reported to be inactive towards the CO oxidation, may indicate that Rh
B-steps are more reactive than its A-type analogous during the CO oxidation.



Preface: List of acronyms and terms vii

List of acronyms and terms

• 1D: 1-Dimensional

• 2D: 2-Dimensional

• Eac: Activation Energy

• Eads: Adsorption Energy

• AP: Ambient-Pressure

• ChemO: Chemisorbed atomic oxygen

• ER: Eley-Rideal mechanism

• HK: Harris-Kasemo mechanism

• HP-STM: High-Pressure Scanning Tunneling Microscopy

• HV: High Vacuum

• LEED: Low Energy Electron Diffraction

• LH: Langmuir-Hinshelwood mechanism

• ML: Monolayer

• MvK: Mars-van Krevelen mechanism

• NAP: Near Ambient-Pressure

• NAP-XPS: Near Ambient-Pressure X-ray Photoemission Spectroscopy

• OTerr: Chemisorbed atomic O at terraces

• OStep: Chemisorbed atomic O at steps

• PLIF: Planar Laser-Induced Fluorescence

• SB: Step-Brigde

• SH: Step-Hollow

• SS: Step-Square

• ST: Step-Top



viii Table of contents

• SFG: Sum-Frequency Generation

• STM: Scanning Tunneling Microscopy

• SXRF: Surface X-Ray Diffraction

• TB: Terrace-Bridge

• Tc: CO Cooling Temperature

• Ti: CO Ignition Temperature

• TH: Terrace-Top

• TT: Terrace-Top

• UHV: Ultra-High Vacuum

• XPS: X-ray Photoemission Spectroscopy



Chapter 1

Introduction

1.1 Catalysis and gas-surface reactions

The speed of a chemical reaction at a given temperature is determined by
the activation energy, Eac: “the minimum energy needed for reaction to oc-
cur in an encounter between reactants” [1]. Typically, Eac is reflected in the
temperature needed for the reaction, following the Arrhenius law. A chem-
ical transformation with large Eac is unlikely, unless a significant amount
of energy required is provided. This, e.g., is the case of the CO oxidation:
CO2(g) will not be produced by simply mixing CO(g) and O2(g). However,
introducing a warm Pt filament in such mixture will dramatically increase
the CO2 turnover [2]. It is then said that Pt is a catalyst: “a substance that
accelerates a reaction but undergoes no net chemical change” [1].

E
ne

rg
y

Reaction coordinate

Reactants

Products

Eac
Eac,cat

non-catalyzed

catalyzed

Figure 1.1: Energy diagram of a chemical reaction.
Energy variation during a chemical transformation as a function of the reac-
tion coordinate. The activation energy of the bare chemical reaction (Eac)
is larger than one taking place with a catalyst (Eac,cat). Therefore, a lower
energy is required to start the reaction if a catalyst is present.

1



2 Introduction

The role of a catalyst is to provide an alternative reaction path that lowers
Eac, leading to a faster reaction rate and saving energy. Their nature is
diverse: proteins (i.e. enzymes) catalyze the biochemical processes occurring
in cells [3], supported particles in catalytic converters turn the exhaust gases
into less harmful ones [4], and dry yeast dissociates hydrogen peroxide in the
elephant’s toothpaste experiment [5].

Knowing how the catalyst alters the reaction is of key importance to
improve the process in terms of activity (reaction rate), selectivity (formation
of selected byproducts) and lifetime (time until deactivation). Depending on
how its elements aggregate, we may classify a catalytic reaction in two large
groups: homogeneous (same state) or heterogeneous (dissimilar state). Since
the CO oxidation occurs on metallic surfaces, we will exclusively focus on gas-
solid reactions. Gerhard Ertl extensively studied several of such processes,
in particular the CO oxidation, in the late twentieth century. He received
the Chemistry Nobel Prize in 2007 “for his studies of chemical processes on
solid surfaces” [6].

We shall also briefly define the concept of a surface, i.e. the boundary of a
material that describes its interface with either the vacuum, a gas or a liquid.
As a consequence of such termination, surface atoms have fewer coordination
(lower neighbouring atoms) than those located at the bulk material. The re-
sulting interaction of reactants and the surface radically alters the properties
of both [7]. Adsorbed gas molecules form a chemical bond with the surface
(chemisorption), often enabling an alternative reaction path that accelerates
the reaction rate as compared to the sole gases [8].

Adsorbed molecules/atoms (adsorbates) will anchor to the surface at se-
lected positions, resembling (in the eyes of Langmuir) to chess pieces in a
checkerboard [9]. In many cases they will adopt ordered structures above
the metal lattice, called superstructures [10]. However, surfaces may exhibit
atomic sites with different coordination, namely terraces (atoms located at
the same height), steps (atoms separating terraces of various heights), and
defects (dislocations, missing atoms). One would expect a different catalytic
activity at each of these sites [11], as we will discuss in Section 2.1.

The strength of the bond between the adsorbate and the surface is defined
by the adsorption energy, Ead, which significantly influences the reaction.
According to Sabatier’s principle [12], this interaction must be “just right”
for the reaction to happen. On one hand, a strong bonding stabilizes the
adsorbate, hence the formation of products will not be favourable. On the
other hand, a weak bonding prevents a sizeable gas-solid interaction, and
with it the catalysis from initiating.
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One of the most important concepts of a chemical reaction is its reaction
mechanism (or path). It consists on all elementary steps involved in the full
catalytic cycle, from the first interaction of the reactant(s) with the catalyst,
to the release of the product(s) [12]. A surface reaction may undergo several
pathways, described in detail in Appendix A1. Briefly:

• Langmuir-Hinshelwood, LH [13, 14]. The coadsorbed reactants col-
lide on the surface to form a readily desorbing product.

• Eley-Rideal, ER [15, 16]. An adsorbed reactant is attacked by a gas
molecule. This yields the product, which promptly desorbs.

• Mars-van Krevelen, MvK [17, 18]. One of the reactants exhibits a
compound on the catalyst surface, e.g., an oxide. Such structure may
be partially consumed by impinging molecules of other reactants to
turnover the desired product. The compound is readily renewed by gas
molecules of the former reactant, leaving the catalyst intact.

Despite this variety, the most common process is the LH mechanism [9];
the ER is seldom observed [7]. However, the MvK may be relevant at large
pressures due to formation of additional species, such as oxides [19].

We must introduce two key concepts in the investigation of gas-solid re-
actions in the Surface Science approach: the pressure and materials gap [20],
both sketched in Figure 1.2. The pressure gap refers to the large difference be-
tween Ultra-High Vacuum laboratory measurements (UHV, p < 10−9 mbar),
necessary for achieving a clean and controlled surface, and the conditions to
which catalysts are submitted at industrial facilities [(N)AP, (Near-)Ambient
Pressures, p ⩾ 1 (m)bar] [21, 22]. This tremendous gap may induce dissim-
ilarities between UHV and (N)AP experiments [23], such as different reac-
tion mechanisms [19], saturation superstructures [24] or oxidation states [25],
among others [see Figure 1.2a)]. However this gap may not occur for certain
conditions and substrates [22, 26, 27].

The materials gap refers to the inherent difficulty to study real catalysts,
as mentioned by Langmuir in 1922 [13]. Industrial catalysts, such as metallic
nanoparticles [28] or nanowire arrays [29], may undergo several of the com-
plex processes described above, making it difficult exact studies. Hence, we
should resort to relatively simple systems, such as flat or vicinal surfaces, to
cement the basis of further essays on more complicated systems, such as zeo-
lites, metal-oxide or bi-metallic nanoparticles and nano-structured materials.
Catalysts with different complexities are illustrated in Figure 1.2b).
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a) Pressure gap
Δp(O2)

Surface saturation Bulk oxidationChemisorption

O2(g)

b) Materials gap

Single surfaces Supported nanoparticles Real catalysts

Δp(O2)

Complexity

Figure 1.2: Pressure and materials gap in gas-solid reactions.
a) Pressure gap on the example of oxygen exposure: as the oxygen pressure
rises [∆p(O2)], the surface transitions from single chemisorbed O atoms to-
wards a fully saturated surface. For even higher oxygen pressure, additional
oxidation states may appear [30]. b) Materials gap. Complexity chart of
different catalysts, from single flat/stepped surfaces and supported nanopar-
ticles, to nano-structures and functionalized nanoparticles. Many other cat-
alysts not included here, such as bimetallic alloys, metal-oxide nanoparticles
and zeolites are employed in industry [29].
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Typical Surface Science techniques, such as X-Ray Photoemission Spec-
troscopy (XPS), cannot operate at high pressures (in this case due to the
scattering of electrons with the high pressure gas). Therefore, the study of
catalytic surfaces was restricted to ex-situ (after the reaction at high pressure)
or in-situ (during the reaction in UHV) essays. Operando experiments (un-
der industrial conditions) [23] were not feasible. However, nowadays a large
variety of setups allow to work at (N)AP conditions, enabling the study
of catalysts under more realistic conditions. Among these techniques we
find High-Pressure Scanning Tunneling Microscopy (HP-STM [25]), Infrared-
Reflection Adsorption Spectroscopy (IRAS [31]), Sum-Frequency Generation
(SFG [32]), Surface X-Ray Diffraction (SXRD [33]), Near-Ambient Pressure
XPS (NAP-XPS [34], see also Section 2.2) and Planar Laser-Induced Fluo-
rescence (PLIF [35], see also Section 2.3).

In the study of gas-solid reactions catalyzed by a metal surface, impor-
tant questions arise: which of the different surface planes of a metal catalyst
is more active towards the reaction of interest? What is the role and inter-
play of different surface sites (terraces, steps, defects...) during a catalytic
reaction? The answer to both questions is hindered in most studies. On
one hand, metallic nanoparticles feature a multitude of different surfaces in
the close proximity, for which their individual activity cannot be separately
investigated with spectroscopic techniques. On the other hand, traditional
Surface Science works use separate and more simple samples, which are not
submitted to the very same reaction conditions and hence the interplay be-
tween different facets is significantly difficult to simulate. Nonetheless, we
will discuss in Section 2.1 how curved crystals may be a reasonable model
system to bridge nanoparticle catalysts with Surface Science studies on single
crystal samples, and hence an appropriate way to answer all such questions.
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1.2 The CO oxidation on metal surfaces

The CO oxidation reaction has been mater of theoretical and experimental
discussion since several decades, due to both its (apparent) simplicity and its
value as a model reaction for other catalytic processes. Furthermore, there is
an urgent need to improve the efficiency of the petrochemical industry and
the catalytic converters of combustion cars, in order to emit less dangerous
gases to the environment [36]. The chemical reaction proceeds as follows:

2CO(g) +O2(g)
∆,Cat−−−→ 2CO2(g) (1.1)

However, the reaction is not spontaneous at room temperature: we need to
expose both gases to a catalyst (Cat) and heat (∆) [2] in order to observe a
significant CO2 production rate. It typically follows a LH mechanism at low
pressures [9]: O2 molecules impinging the metallic surface will dissociate on
it to form atomic O. This O can then collide with coadsorbed CO to form
a readily desorbing CO2 molecule. However, several factors may alter this
seemingly simple oxidation reaction:

• Catalyst. It is evident that not all metals catalyze the reaction effi-
ciently. Among others, Ru or Ir are good catalysts for this reaction [37,
38]. They both belong to the platinum-like metals, which also include
the Pt itself, Pd and Rh. Modern catalytic converters employing met-
als are loaded with nanoparticles of the latter materials (Pt, Pd, Rh)
in order to turn the toxic CO, nitrogen oxides (NOx) and hydrocarbons
(CxHy) coming from the fuel combustion to the less dangerous CO2,
nitrogen (N2) and water (H2O) [4].

• Temperature. The state of the surface, and hence its reactivity, heav-
ily depends on the temperature. At low temperature, the surface of
the mentioned metals will be covered by CO and no reaction will take
place. Heating the catalyst yields a partial desorption of chemisorbed
CO molecules, vacating surface sites and allowing an steadily increas-
ing amount of O2 to stick, dissociate and start the reaction. This will
eventually lead to the ignition (or ligth-off ) of the reaction: an exother-
mic process accompanied by a large boost of the reaction rate [39]. We
shall discuss this phenomenon in the following paragraphs.

• Total pressure. If the reactants ratio is kept constant, an exponential
growth of the total pressure linearly increments the ignition tempera-
ture [22]. Naively, the reason for this is a CO poisoning layer that
becomes harder to overcome as the partial CO pressure grows.
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• Partial pressures. Lowering the CO partial pressure decreases the
ignition temperature, while the opposite is observed for O2. We will
elaborate later how CO self-poisons its own oxidation [2].

• Flux. Since two CO molecules per O2 equivalent are consumed during
the reaction, the production of CO2 turns the gas mixture into more
oxidative, lowering its light-off temperature. Therefore, refreshing the
gases of the chamber gives rise to larger ignition temperatures [22].

The temperature controls the surface composition, and with it the reac-
tivity of the metal. Let us discuss how the catalyst and the CO2 production
evolves during a typical CO oxidation experiment [39–41]. If we simulta-
neously expose our surface to CO and O2 at room temperature, no CO2

production will occur: we refer to this as the poisoned stage of the reaction.
This is due to CO-poisoning: the surface will be coated with CO, which
blocks the O2 dissociative adsorption and quenches the reaction [42]. In fact,
is has been shown that the O2 dissociation barrier increases with the CO
coverage [43]. Moreover, chemisorbed O does not hinder the CO adsorption:
this effect is called asymmetric inhibition [44].

Increasing the temperature will cause some CO molecules to abandon
the surface and empty adsorption sites. O2 can now dissociate at these free
patches and react with coadsorbed CO to form CO2. However, as long as
the CO dominates the surface, it will quench the dissociative O2 adsorption
and hence the CO2 production [2]. We therefore need to further raise the
temperature of the catalyst to liberate more surface sites and speed up the
reaction kinetics. The CO oxidation is exothermic, hence an steadily growing
amount of heat will be released as an increasing amount of CO2 is produced.

This freed energy will warm the surface, causing a progressive desorp-
tion of more CO molecules, boosting at the same time the O2 dissociative
adsorption and the reaction rate. These processes will self-accelerate un-
til an explosive boost in the CO desorption (and hence CO2 production) is
observed: the ignition (or light-off) of the CO oxidation has occurred [39].

After the ignition, the CO2 turnover is maximum: we have reached the
active stage of the CO oxidation. As discussed later, its nature is largely
variable, although it is always characterized by a large CO2 production and
a typically CO-depleted surface. Most of the CO molecules have desorbed
during the ignition, and typically oxygen-related species are observed on the
surface. We will individually asses the active stage of Pt and Rh surfaces in
the following sections.
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A typical CO oxidation essay is sketched in Figure 1.3. A Pt(111) surface
was exposed to both CO and O2 (total pressure of 1.0 mbar, 1:4 CO:O2

gas mixture) at room temperature, and subsequently heated to ignite the
reaction. On one hand, we monitored the local gas composition by the use
of a Quadrupole Mass Spectrometer (QMS) [45]. On the other hand, we
analyzed both the catalyst surface and gas phase close to it by NAP-XPS.
The fundamentals and setup of this technique are discussed in Section 2.2.
Briefly, it allows to correlate the CO2 turnover with the surface species.

In Figure 1.3a) we show a cascade plot of the C 1s region obtained at
different temperatures. Starting the experiment at 300 K, different signals
from graphitic carbon (“C”), chemisorbed CO (ChemCO) and gas phase
CO are distinguished in the NAP-XPS. All CO-related features slightly de-
crease with the temperature, until they suddenly vanish from the spectrum
at around 550 K. Simultaneously, CO(g) disappears from the QMS and CO2(g)

appears in both techniques. These signals are sketched in Figure 1.3b) as
a function of temperature and time, showing the expected parallelism. On
one hand, CO slightly decreases as Ti approaches, and rapidly vanishes after-
wards. On the other hand, CO2 is small at low temperature, steadily grows
when approaching the ignition, and explosively rises after it.

Choosing an adequate heater is also mandatory for a proper study of the
CO oxidation. Using a Pt filament for heating will consume a fraction of the
reactants, namely the double amount of CO as compared with O2. This leads
to a stronger reduction of the CO pressure and hence to a more oxidizing
atmosphere, which causes a decay of Ti. If instead of the Pt filament heating,
an inert pyrolytic boron nitride (BN) heater is employed, the gas phase will
remain unchanged by the heater, and Ti will not be altered.

As mentioned before, the CO:O2 ratio heavily alters Ti. Since adsorbed
CO poisons the catalyst, a larger CO partial pressure will increase the light-
off temperature significantly [2, 39]. This is nicely reflected in Figure 1.3c).
Since the total pressure was kept constant in the 0.5-1.0 mbar range, we
expect the differences in Ti to depend mainly on the CO:O2 ratio [22].
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Figure 1.3: CO oxidation model experiment on Pt(111).
a) Waterfall plot of the C 1s region during a heating cycle of a Pt(111)
sample under reaction conditions. The experiments were carried out at 1.0
mbar, 1:4 CO:O2 gas mixture and 650 eV of photon energy. The labels “C”
and ChemCO refer to graphitic carbon and chemisorbed CO on the surface,
while CO(g) and CO2(g) allude to the gas phase photoemission lines of those
molecules, respectively. b) Evolution of CO(g) and CO2(g) during the heating
ramp as extracted from the QMS and XPS. The ignition temperature, Ti,
is illustrated with a dashed red line at 550 K. c) Observed Ti at different
CO:O2 ratios (total pressure varied between 0.5-1.0 mbar). Data correspond
to samples annealed with two different heaters, i.e. a Pt filament and a boron
nitride-covered filament (BN). See the text for more details.
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To end with, there is a complex contribution in Figure 1.3a), correspond-
ing to graphitic carbon (“C”). Adsorption of residual hydrocarbons from
the chamber may lead to such signal. However, its increase with the tem-
perature points towards the CO dissociation (or CO cracking) as its origin,
since heating the sample will enhance the CO cracking rate [46]. Parallel to
the “C” growth, a decrease of ChemCO may be observed (significant for Rh
surfaces, see Appendix D3), indicating its dissociation. In addition, surface
“C” can also be oxidized to CO2 by surrounding oxygen [47]. This process is
also named as carbon burning, resembling the diamond burning experiments
performed by the Lavoisiers some 250 years ago [48].

With this information, we can now easily explain the “C” variation with
the temperature. Up to 350 K, CO cracks and “C” is accumulated on the
surface. Above 350 K, the “C” burning speeds-up, consuming the surface “C”
until no more is detected at 450 K. To end with, we observed no appreciable
increase in the CO2 signal, excluding the “C” burning as a relevant pathway
for the CO2 production at these temperatures and conditions.

We have emphasized that there is a large CO2 production during the
active stage of the reaction: typically all CO molecules impinging the surface
react. This tremendous activity might induce a reactants-depleted region
close to the surface: the arrival of CO/O2 molecules to the surface will be
diffusion-limited, causing the reaction rate to be in the Mass Transfer Limit
(MTL) regime [49]. In fact, this is the case for all active stages presented here:
the CO(g) signal vanishes from the NAP-XPS, indicating low CO pressure
close to the sample. This will also turn the gas mixture into strongly oxidizing
(see Appendix B2), possibly inducing new O-rich structures [50].

The MTL is a big problem in catalysis, demanding for high-flux/pumping
setups to properly study reactions such as the CO oxidation [21]. This is
the case of the PLIF setup, characterized by a small chamber with a high
pumping speed. However, in most NAP-XPS setups, large vacuum chambers
are used and often the pumping rate is strongly limited. This translates to
a nearly static gas regime only with pumping through the electron analyzer
aperture, clearly affecting the nature of the active stage of the CO oxidation.

After introducing most of the key concepts of the CO oxidation and catal-
ysis in general, in the following we will focus on the CO oxidation on flat and
stepped Rh and Pt surfaces. For such purpose, we will review the effect of
both CO and O2, first individually and then together, on these surfaces.
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1.3 CO oxidation on Platinum surfaces

There is a vast knowledge on the CO oxidation reaction on Pt surfaces, which
is summarized in Appendix A2. Here, we will only introduce some aspects
that are related to the present subject, i.e. the interaction of separated and
combined CO and O2 with Pt(111) and its vicinal surfaces.

1.3.1 CO adsorption

Exposing a Pt(111) surface to CO at low temperature and pressure will give
rise to a rich variety of adsorbate arrangements [51, 52]. The coverage of these
superstructures will be expressed in terms of monolayers (ML, i.e. adsorbed
particles per substrate atoms). The maximum CO coverage corresponds to
an hexagonal superstructure at 0.68 ML and 170 K [51], while a 0.5 ML,
c(4×2)-4CO arrangement develops at room temperature [53]. This is caused
by the temperature-dependent decrease of the adsorption energy [51]. The
room temperature superstructure consists of an equally populated layer of
CO molecules anchored in top (terminal, on top of a Pt atom) and bridge
(two-fold, between two Pt atoms) sites at terraces [54–56], named as TT and
TB, respectively. However, if the pressure is increased, the original hexagonal
0.68 ML arrangement may be recovered. This structure is complex, and it is
described as a (

√
19 ×

√
19)R23.4◦-13CO superstructure with 7TT:6TB [19,

24, 57, 58]. Both CO saturation structures are shown in Figures 1.4a,b).
They represent the canonical CO-poisoning layers on Pt(111).

CO molecules adsorbed at either close-packed or kinked steps feature
a larger Ead than their analogous at terraces. Therefore, they exhibit a
higher desorption temperature [59]. Also, a larger reactivity is predicted
[60]. CO is known to adsorb on top sites at the upper edge (ST) of the {111}
microfacet of Pt B-steps [61–63], while both ST and bridge positions (SB)
coexist on Pt steps with {100} microfacets (A-steps) [64–67]. We illustrate
these adsorption sites in Figure 1.4c). Early works on the CO adsorption
on kinked surfaces report ST as the preferential site at the zigzag arrays,
however a small amount of SB may also be present on the kinks [68].

Experiments conducted at high pressures revealed that both A- and B-
type Pt steps restructure upon bare CO adsorption. On one hand, CO ad-
sorbed on the A-type Pt(557) will develop triangular clusters accompanied
with step doubling [69, 70]. On the other hand, the B-type Pt(332) features
parallelogram-like structures after CO adsorption, although no step doubling
was observed [70]. We will see later in Chapter 3 that there are some differ-
ences in CO coverage between the UHV [63, 64, 67] and NAP [70] studies.
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c) Step adsorption sitesa) c(4�2)-4CO b) (√19�√19)R23.4º-13CO
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A-Steps
{100}

B-Steps
{111}
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Figure 1.4: CO adsorption on Pt(111) and step edges.
a) c(4×2)-4CO and b) (

√
19×

√
19)R23.4◦-13CO superstructures at Pt(111).

c) Relevant adsorption positions at A- and B-type straight steps. Pure (red)
or tilted (garnet) TT and TB (cyan) correspond to Terrace-Top and Terrace-
Bridge sites. ST (green), SB (purple), SH (orange) and SS (blue) refer to
Step-Top Step-Bridge, Step-Hollow and Step-Square sites, respectively.

1.3.2 Oxygen adsorption

The oxidation of Pt is more complicated, since oxygen does not necessarily
form ordered structures and it might also incorporate below the surface. If a
Pt(111) surface is exposed to O2 above 150 K, a layer of atomic O will develop,
exhibiting a (2×2) Low-Energy Electron Diffraction (LEED) pattern [71–
73]. This corresponds to a 0.25 ML, p(2×2)-O superstructure with O atoms
occupying fcc hollow sites [74–76], i.e. the three-fold configuration without
any Pt atom in the second layer [see Figure 1.5a)]. Further increase in the
coverage at room temperature is not observed due to kinetic limitations and
the lack of sites for O2 to dissociate [77]. Higher O2 pressures [78] or stronger
oxidizers are required to develop denser O phases [79–82].

STM images in the 0.25-0.5 ML regime show that O arranges in p(2×1)
stripped chains [83]. As sketched in Figure 1.5b), the O atoms remain an-
chored on fcc sites [84]. As the O coverage approaches 0.5 ML, the p(2×1)
domains start to pack parallel, forming 1D oxide chains [83]. DFT calcula-
tions show that these oxide stripes are formed by Pt surface atoms linked to
4 oxygen atoms [85], hence the “4O” name. This “4O” oxide is formed by
PtO4 motifs separated by Pt rows, as shown in Figure 1.5c). These streaks
linearly extend with the coverage, eventually interconnecting as the oxygen
coverage approaches of 0.75 ML [83]. Similar 1D chains were also reported
for Pt(110) surfaces [86, 87]. The formation of subsurface O species may be
observed if the coverage is further increased [84, 88, 89].
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a) p(2x2)-O b) p(2x1)-O c) "4O" oxide
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Pt

Figure 1.5: Relevant arrangements of O on Pt(111).
Top view of a) p(2×2) (0.25 ML), b) p(2×1) (0.5 ML) and c) “4O” oxide (1
ML) superstructures. Hollow hcp and fcc sites are sketched with green and
red triangles, while O and Pt atoms in the first and second layer are coloured
as cyan, light grey and dark grey, respectively.

Pt(111) oxidation experiments at high pressures by Miller et al. [30]
reported the formation of the “4O” oxide stripes as the coverages reaches
0.6 ML (0.7 mbar O2, 520 K). As the O coverage approaches 1 ML (620
K), they bunch to develop a complete “4O” layer. Only by increasing both
the temperature and pressure (7 mbar, 720 K) one is able to further oxidize
Pt(111) and form α-PtO2 trilayers on the surface.

A STM work at bar O2 pressures reported similar 1D oxide chains [25].
The STM images show how such stripes interconnect with each other to form
complex “spoke-wheel” and close-packed, parallel structures, having a lattice
constant that is similar to that of bulk α-PtO2. The latter was not observed
in this work, revealing that even at ambient O2 pressures, the oxidation of
Pt(111) is kinetically limited [82, 90, 91]. Surface roughening [79, 80, 82]
and a large variety of different Pt oxides [91–95] may also coexist with the
aforementioned species, making it difficult the study of Pt oxidation.

Regarding stepped surfaces, it is clear that the dissociative O2 adsorption
is favoured at the Pt steps over the flat terraces [96–99]. In addition, step
doubling [100–103] and both larger O coverages [104] and desorption temper-
atures (i.e. Ead) as compared to their flat analogous [96, 105] are observed. A
STM and theoretical work by Feibelman and coworkers reported that atomic
O is anchored at bridge sites at {100} steps (SB, A-type), while it occupies
the hollow fcc position close to the edge at {111}-oriented steps (SH, B-type)
[97] (see Figure 1.4). This was later corroborated by other studies [106, 107].
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Wang et al. [96] observed the preferential oxidation of Pt steps as com-
pared to terraces. Exposing a Pt(332) surface to O2 yields the formation of
1D oxides chains of PtO4 motifs at the edges, similarly to other works on
Pt stepped surfaces [108, 109]. In addition, the step exposes the subsurface
region of the higher terrace, easing the incorporation of O atoms [89].

Oxidation experiments conducted at large pressures on Pt(557) (A-steps)
[110] lead to configurations similar to those in UHV. The nucleation of the
oxides starts at the steps rather than the terraces, since it is kinetically
limited for the latter. The oxides extend towards the terrace forming step-
oriented triangular clusters, pointing to the step 1D stripe as their precursor.
Increasing the pressure leads to the formation of a 2D, disordered oxide phase
which is unstable after pumping the O2 from the chamber.

The works on kinked surfaces are scarce at UHV conditions, and nonex-
istent at high pressures. While it is clear that O binds stronger on the kinks
as compared to terraces, the nature of the adsorbed species remains unclear
[111–113]. A XPS study by Held et al. in Pt(531) [114] reported three dif-
ferent species after annealing the surface in low O2 pressure: a chemisorbed
state (lower desorption temperature) and two oxide clusters on the surface
(larger desorption temperature), different from both PtO and PtO2.

1.3.3 CO oxidation

We will now explore how Pt behaves under CO oxidation conditions, i.e.
when simultaneously exposed to CO and O2. We will mainly focus on the
composition of the active stage (oxides, roughening, step doubling...). At low
pressures, the reaction occurs via a LH mechanism [41], and clear evidences
of surface oscillations (temporally and spatially periodic variations of the
surface composition) have been observed [44, 115].

In Pt(111) and low pressures, the activation energy of the CO oxidation
decreases (increases) with the O (CO) coverage [116]. This reflects again how
the CO poisons the O2 dissociative adsorption, quenching the CO2 formation.
Early work by Gland et al. on Pt(111) [117] showed no preferential oxidation
of bridge (TB) sites, even though their adsorption energy is lower and one
would expect their desorption prior to top CO (TT). More importantly, they
suggest that the reaction may occur between domain boundaries of the O
islands, similarly to Kinne et al. [118]. Such hypoThesis was confirmed
by Wintterlin and coworkers [119]. They followed the reaction of CO with
a pre-adsorbed p(2×2)-O layer (ChemO) by STM. They observed how the
boundaries of the oxygen patches are steadily consumed by CO, which covers
the vacant surface sites forming c(4×2)-4CO domains.
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Albeit the scenario seems simple until now, a general trend is hindered
in Pt(111) at large pressures and temperatures, reasonably due to both the
variety of Pt oxides and the several hours required for their formation [120].
The reaction is also reported to undergo via LH mechanism at high pressures
[121], possibly occurring at defects during the CO-depleted active stage [122].

Miller et al. [123] studied the reactivity of several Pt(111)-O species,
revealing that the oxidation state decreases the reactivity of Pt(111) for the
CO oxidation. Additionally, a full trilayer of α-PtO2 was found inactive
towards CO oxidation [91, 95]. The chemical species observed under reaction
conditions are similar for Pt nanoparticles and Pt(111), reflecting the utility
of well-defined surfaces as basis for more complex systems [123].

A NAP-XPS essay on the CO oxidation on Pt(111) revealed only ChemO
on the surface during the active stage at oxidizing conditions [38]. However,
the absence of Pt-O species at both oxidizing and reducing conditions was
reported by Krick Calderón and coworkers using the same technique [124],
in clear contradiction with the first work. In addition, Farkas et al. [125]
observed the oxidation of Pt(111) by SXRD in slightly O2-rich conditions,
reporting how the oxidized surface could be readily reduced by CO. Similarly,
Pt nanoparticles may remain partially oxidized [126] or metallic [127] during
the active stage of the reaction. A common trend is not found, possibly due
to the experimental differences between these studies.

Pt(110) gave rise to an interesting debate on the reactivity of ChemO and
Pt oxides. On one hand, Frenken and coworkers reported oxide formation
during reaction conditions with HP-STM and SXRD [128, 129]. It is clearly
seen that the oxide roughens the surface, and they claimed both a larger
reactivity [than ChemO on metallic Pt(110)] and a MvK mechanism [128].
Ackermann et al. [129] could alter the composition of the active surface
by tuning with the CO:O2 ratio, observing different oxides. Only one of
them could be stabilized under reaction conditions. In this line, Butcher
and coworkers reported a similar reactivity of ChemO and the surface oxide
on Pt(110) [130]. An additional Pt oxide, in this case Pt3O4, is predicted
to be highly active [91]. On the other hand, Goodman and coworkers [27,
31, 131] reported no oxidation of Pt(110). The reaction is argued to follow
a LH pathway during the active stage, yet the reason for this activity is a
CO-depleted surface partially covered by ChemO. This would agree with the
larger reactivity of ChemO observed by Miller et al. [123]. Furthermore,
another NAP-XPS work on Pt(110) also reported no oxide formation and
a LH mechanism [132]. As a comment, the existence of subsurface oxygen
below the topmost Pt layer does not affect the overall activity either [133].



16 Introduction

Regarding the CO oxidation essays at Pt(111) vicinals, works using a
full cylindrical sample showed an increasing O sticking and decreasing CO
oxidation probabilities at the steps, where the role of the steps on the CO
oxidation depends on the CO:O2 ratio [134]. Another work with a Pt(557)
surface mimics these results: the steps are more reactive at low temperatures,
while the terraces dominate the situation at higher temperatures, more rele-
vant for real catalytic processes [135]. This agrees with several CO oxidation
reports on close-packed and kinked Pt surfaces: the CO at terraces is more
reactive (i.e. reacts faster) than that anchored at the steps [136–139]. The
steps would act as O2 dissociation centers, where diffusing CO molecules (O
atoms lack of mobility [140]) may collide to form CO2 [139]. Two different
CO2 molecules may be produced: hyperthermal (terraces, higher velocity)
and thermal (steps, lower velocity) [141], since CO2 is briefly trapped at the
step edges after its formation [142]. The 1D oxide stripes formed at Pt(332)
are more reactive than the oxygen located at the terraces [96]. The clus-
ter oxides of Pt(531) also readily react with CO [114], pointing to a large
reactivity as compared to the oxide located at terraces.

At higher pressures, sum-frequency generation studies by McCrea et al.
[46, 47] reported that while the CO cracking occurs at lower temperature
for Pt(557) than for Pt(111) (550 vs 570 K), Ti has the opposite tendency:
the (111) surface ignites at 620 K, 20 K lower than the (557) plane (640 K),
pointing to a more complex role of terraces during the CO oxidation.

To end with this Section, we must discuss two interesting CO oxidation
studies at high pressures by Balmes and coworkers [143, 144]. They probed
both the Pt(779) (A-steps) and Pt(997) (B-steps) surfaces with SXRD at
reaction conditions. The Pt(779) [143] surface is faceted and consists on flat
(111) areas and stepped (779) regions. No step doubling was detected. The
relative ratio of (111) and (779) areas can be tuned with the CO:O2 ratio. In
a stoichiometric mixture, the amount of (779) areas, and also the reactivity
towards CO oxidation, was found to be maximum. Departure from stoi-
chiometry induced a reversible decay of the (779) areas [larger (111) facets]
and CO2 production. On the other hand, the measurements conducted on
the Pt(997) sample [144] revealed that the surface can reversibly change from
mono- (CO-rich) to double- (O2-rich) atomic steps depending on the CO:O2

ratio. This is expected, since oxygen-induced step doubling was already ob-
served in UHV conditions [100–102, 104]. The CO2 turnover of double steps
is around 3 times bigger than their monoatomic analogous, and the reaction
seems to follow a LH mechanism at these high pressures [144]. Mimicking
these close-packed surfaces, the kinked Pt(210) also reconstructs both during
reaction conditions and upon O2 exposure [145].
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1.4 CO oxidation on Rhodium surfaces

In the following the CO oxidation on Rh, the other substrate material of this
Thesis, will be discussed. The bibliography is not as extensive as for Pt, and
there is a larger agreement among different works.

1.4.1 CO adsorption

Initially, some controversy arouse regarding the adsorption geometry of CO
at Rh(111). Early investigations reported that the Rh(111) CO saturation
structure comprises both top and bridge sites [146, 147], although later re-
ports found that CO anchors at top and hollow positions [148–150]. In gen-
eral, Rh(111) will develop a rich variety of structural arrangements upon
CO chemisorption, as discussed by Beutler and coworkers [151]. Up to 1/3
ML and at low temperature, CO will adopt top geometry (TT) forming a
(
√
3×

√
3)R30◦-CO superstructure. TT sites will further populate up to 1/2

ML, and at the same time the adsorption in hollow configuration (TH) will
also become visible in the spectra. A (4× 4) LEED pattern is observed, yet
the surface is significantly disordered. As the coverage grows, CO molecules
will continue to adsorb in TH sites, and a fraction of TT molecules will also
shift towards TH configuration, reaching a saturation coverage of 0.75 ML at
95 K. At this point, a (2× 2) LEED pattern is observed, which corresponds
to an equally populated arrangement of CO molecules in top, hollow fcc and
hollow hcp sites (0.25 ML each, c(2× 2)-3CO superstructure). As one would
expect, the coverage limit decreases when the temperature approaches 300 K.
At this temperature, the maximum coverage is ≈0.6 ML, pointing towards
a stronger repulsive interaction of CO molecules within the c(2 × 2)-3CO
arrangement. All of these superstructures are sketched in Figure 1.6.

B-type [152–155] and kinked [156] Rh(111) vicinals have also been sub-
ject to investigations. CO will start to adsorb on top sites at the stepped
arrays (ST), similarly as on Pt. Nonetheless, as the coverage increases, the
preferential position after/close to the saturation of ST it is not clear. Two
possibilities arise, either bridge geometry at stepped array (SB) or TT [152,
155]. However, both works confirm the ultimate adsorption at TH positions.
No absorption sites are reported for kinked vicinals, but such surfaces were
found to enhance the CO dissociation [156]. A similar situation was observed
for the B-type Rh(553) surface [152]. To our knowledge, there are no works
concerning A-type vicinals.
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TH

TT

a) (√3x√3)R30º-CO b) c(2x2)-3CO: TH+TT c) c(2x2)-3CO: TB+TT

Rh
1st

2nd

fcc

hcp

TB

Figure 1.6: CO-induced superstructures on Rh(111).
a) (

√
3×

√
3)R30◦-CO [151] and b,c) both c(2×2)-3CO arrangements. CO

adsorption in hollow positions is considered in b) [148–150], while it anchors
at bridge sites in c) [146, 147]. The latter structure is nowadays accepted.
CO molecules in top (TT), bridge (TB), hollow hcp and fcc sites are sketched
as red (tilted TT as garnet), blue and light and dark green, respectively.

1.4.2 Oxygen adsorption

O atoms are known to occupy hollow fcc sites on Rh(111), forming a p(2×2)-
O superstructure at 0.25 ML, and p(2×1)-O stripes at 0.5 ML [157, 158].
This mimics Pt(111), as sketched in Figures 1.5a,b). Larger O2 pressures
may increase the oxygen coverage to 2/3 ML, forming (2

√
3 × 2

√
3)30◦ ar-

rangement combining both hcp and fcc hollow sites {see Figure 1.7a) and
Ref. [159]}. Even larger coverages are achieved at higher pressures (0.5 bar
O2) and temperatures (900 K) [160]. At these conditions, O will migrate into
the subsurface, further oxidizing the Rh(111) surface and developing the Rh
surface oxide. It consists on O-Rh-O trilayers in a (9 × 9) superstructure,
resembling the trilayers of surface α-PtO2 [30]. It is sketched in Figure 1.7b).
Further bulk oxidation towards Rh2O3 may be observed, yet extreme pres-
sures and temperature are required to overcome the kinetic hindrance [160].

Gustafson et al. [161] studied the structure of the B-stepped Rh(553)
under a pure O2 environment. On one hand, at low O2 pressure, the sur-
face undergoes a step bunching process: the intermediately stepped Rh(553)
surface facets towards large (111) terraces separated by highly stepped (331)-
oriented areas. The terraces feature a combination of both the (9×9) surface
oxide and p(2×1)-O stripes. The steps consist of a periodic structure where
1 out of 5 Rh atoms are ejected, while the remaining step atoms are coor-
dinated to 4 O atoms. The distance Rh-O is close to that of Rh2O3, which
may point to the fact that the steps promote bulk oxidation.
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Figure 1.7: Relevant arrangements of oxygen on Rh(111).
a) Top view of the (2

√
3 × 2

√
3)R30◦ superstructure [159]. b) Upper (top)

and side (bottom) views of the (9 × 9) surface oxide [160]. Both unit cells
are sketched are dashed black lines. In a), Rh atoms are colored as light (top
layer) and dark (bottom layer) grey, while O atoms in hollow fcc and hcp
sites are sketched with light and dark blue, respectively. In b), interfacial
(below the first Rh layer) and surface (above the topmost Rh layer) O atoms
of the surface oxide are depicted as dark and light orange. For the surface
oxide, the size of surface Rh atoms was decreased to better illustrate the
complex composition of the RhO2 trilayers.

However, after exposure to near mbar O2 pressures, the Rh(553) surface
exposes a LEED (9 × 9) pattern similar to that observed in Rh(111). The
SXRD measurements point to large {111} facets and the disappearance of
the (331) regions, which reflects that the step bunching is maximized and
the surface consists on large, flat terraces of the surface oxide. These RhO2

trilayers have been observed/predicted in a significant variety of additional
Rh surfaces [162–167], for which Gustafson and coworkers suggested that
“specific Rh crystal planes exposed during catalysis will not directly influence
the reactivity” [168]. We will discuss this point in Chapter 5 with our curved
Rh(111) crystal.
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1.4.3 CO oxidation

Lundgren et al. [169] compared the reactivity of the p(2×1)-O stripes and
the surface oxide in Rh(111) by exposing each of them to CO in UHV. Inter-
estingly, CO does not adsorb on the perfect (9×9) oxide, therefore the stripes
react remarkably faster than the oxide. A LH mechanism is prohibited for
the latter, since both reactants cannot coadsorb. Therefore, the reduction
of the oxide occurs at a larger time scale. The reaction initiation is believed
to occur at oxide defects, where CO does adsorb. These chemisorbed CO
molecules would react with neighbouring O atoms from the RhO2 trilayer,
creating more metallic Rh patches. Hence, larger areas would become avail-
able for the CO to adsorb, diffuse and form CO2, increasing at the same
time the reaction rate. This seems compatible with the reaction occurring
at the metal-oxide interface, as reported by Farber and coworkers [162]. As
expected, the reduction of the topmost layer of the surface O is observed
prior to capture of interfacial O due to a lack of accessibility of subsurface
O atoms [169]. The surface oxide has less Rh surface atoms than Rh(111),
hence its reduction by CO produces a roughened metallic surface.

The surface oxide may also be observed in Rh(111) during CO oxidation
experiments at realistic pressures [168, 170]. Similarly to Pt(110), there was
a discrepancy on the nature of the active phase during CO oxidation [171–
173]. In all of these experiments, it was observed that the surface oxide is
present during the active stage of the reaction. However, it is difficult to
directly assess its reactivity. Nevertheless, the authors that claimed a larger
reactivity of the oxide later reported that the O-covered Rh metallic surface
is more reactive than the RhO2 trilayer oxide [39]. Bulk Rh2O3 poisons the
reaction in a Rh(111) surface [165], as well as in a PtRh alloyed catalyst [170,
163], which points to a decrease in the activity towards the CO oxidation as
the Rh oxidation state increases, mimicking Pt.

Zhang and coworkers studied the reaction of CO with preadsorbed O on
Rh(553) (B-steps) [174], and observed that the reaction occurs faster on the
stepped surface compared to the flat Rh(111) plane. This is what one would
expect, since vicinal surfaces are believed to be more reactive than their high-
symmetry analogous. However, the reaction does not take place at the very
step edge, but at the upper terrace in the vicinity of the step. This reflects
how not only the number of active sites, but the possibility to diffuse towards
them during catalysis plays a major role during chemical reactions.
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Finally, Zhang et al. conducted another interesting work on Rh(553)
[175]. They exposed it to CO oxidation conditions at realistic pressures, and
they monitored by SXRD the surface structure. They varied the CO:O2 ratio
at a constant temperature of 520 K, in order to alter the surface composi-
tion/structure. The following was observed:

• CO excess (10:2 CO:O2): at these reductive conditions, the surface fea-
tures CO-covered (111) and (110) facets. No significant CO2 turnover
was observed, for which the surface is assumed to be poisoned. Inter-
estingly, the (110) faceting was not observed before on this Rh(553)
surface, and theoretical calculations suggest that such effect happens
due to the high CO coverage achieved at these pressures.

• Almost stoichiometric conditions (5:2 CO:O2): only diffraction arising
from the (553) plane was observed, hence the surface does not recon-
struct under this reactants ratio. The CO2 signal appears in the mass
spectrometer, indicating the transition towards the active stage. This
nicely reflects how the surface composition and ignition temperature
can be triggered by simply tuning the gas mixture.

• Slightly oxidizing conditions (3.5:2 CO:O2): the surface undergoes the
step bunching process described in Ref. [161], where the surface exposes
flat (111) and densely stepped (331) facets covered by oxygen during
the active stage of the reaction.

• O2 excess (2:2 CO:O2): only the (9×9) oxide signal was observed in
the SXRD. The Rh(553) sample is oxidized forming RhO2 trilayers,
and large hill-and-valley (111) and (111̄) regions coexist: the surface
does not exhibit any steps anymore.

As expected, the surface structure heavily depends on the CO:O2 ratio.
An extreme case is reached at oxidizing conditions, under which hill-and-
valley (111) and (111̄) facets covered with RhO2 trilayers appear on the
surface. Since the faceting is related to the formation of the surface oxide,
and this develops in several Rh surfaces including Rh(100) [162–167], one
would naively expect a similar situation for A-Stepped ({100}microfacet) Rh
surfaces, although no studies exist to our knowledge. However, this still does
not mean that the formation of the trilayer oxide would happen at the same
temperature or the same pressure conditions for different Rh surfaces. This
issue shall be also discussed further in Chapter 5 based on our observations
at Rh(111) vicinals of the c-Rh crystal.





Chapter 2

Technical details

2.1 The curved crystal approach

Catalysis, as well as other physical or chemical processes, happens at the
surface of metals or nanoparticles. Such surfaces have locally a crystalline
structure, being formed by different facets with defects, steps, etc. However,
investigations on these real systems are difficult, since different processes
occur on each of the facets at the same time, and probing them in a sepa-
rate way is challenging. Accordingly, most basic studies are carried out on
macroscopically flat surfaces with a well-defined crystal symmetry direction.
For an easier understanding we will focus on the example of a face-centered
cubic (fcc) lattice, which is the one adopted by Platinum (Pt) and Rhodium
(Rh) [176], the two substrates studied throughout this work. Cutting a 3-
dimensional crystal gives rise to atomically well-defined surfaces that are
characterized by the Miller indices (hkl) [176]. The most simple cases are the
high-symmetry (or low index) planes, i.e. the (111), (110) and (100) surfaces.
As depicted in Figure 2.1, all of surface atoms feature the same coordination
at each of the planes. They respectively feature hexagonal, rectangular and
square geometry [176], whereby a different reactivity is expected [7].

Away from high symmetry directions we find the low-symmetry (or high-
Miller-index) surfaces [176], which may be viewed as an atomic staircase. In
these surfaces, high-symmetry flat terraces are separated by atomic steps,
hence the name stepped surfaces. They are also called vicinal surfaces, be-
cause they are close to a high symmetry direction in the average orientation
of the surface. Since we will only explore (111) vicinal surfaces [or (111)
vicinals] during the course of this Thesis, we will exclude those of the (110)
and (100) planes in order to ease the discussion.

23
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a) (111) plane b) (110) plane c) (100) plane

8
9

6

Figure 2.1: Sketches of the high symmetry fcc surfaces.
First (light) and second (dark) layers of fcc low index planes featuring hexag-
onal [a), brown, (111)], rectangular [b), grey, (110)] and square [c), yellow,
(100)] plane symmetries, respectively. The unit cell and surface coordination
are illustrated with lines and numbers, respectively.

In Figure 2.2a) we sketch two (111) terraces at different heights. The
atomic arrangement of the step atom in the upper terrace with respect to
the atomic lattice in the lower terrace gives rise to different step types, each of
them with unique properties. Depending on the surface orientation and the
direction of the passage, the geometry and coordination number of the step
(or edge) atom and the atom just below the step (understep or corner atom)
will differ. On one hand, the step atoms will develop a straight line if we
cut the upper terrace in the vertical direction: these are called close-packed
steps, and can feature square [A-steps, {100} microfacet, Figure 2.2b)] or
triangular [B-steps, {111} microfacet, Figure 2.2c)] geometry. On the other
hand, the horizontal cut gives rise to a transition with a zig-zag structure
[alternating {111} and {100} microfacets, Figure 2.2d)]. They are denoted
as kinked steps, or just kinks. Strictly talking, they should be referred as
fully kinked steps, since they feature one {111} per {100} microfacet. If we
cut the terrace in any direction distinct from purely horizontal or vertical,
kinks with a different combinations of A- and B-steps may arise [177].

Another important concept is the distance between atomic rows, since
this defines the atomic terrace length on a vicinal surface. In close-packed
surfaces, terraces are formed by piling single atomic rows in the direction
perpendicular to the step. The width of such rows is then defined by a⊥.
In kinked surfaces, the atoms pack in successive rows in 1/2 intervals (see
below). In this case, the width of each of these rows is defined by a∥/2, the
distance between rows in the direction perpendicular to the kinked steps (and
hence in the direction parallel to straight steps). Both distances are shown
in Figures 2.2b-d). In summary:
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Figure 2.2: Types of steps in (111) vicinal surfaces.
a) Two (111) terraces at different heights, sketching the possible transition
from the upper towards the lower terrace. Sketches of the different (111)
steps, featuring square (b), A-type, blue), triangular (c), B-type, red) or zig-
zag (d), fully kinked, green) shape. The coordination of each of the relevant
atoms is indicated, as well as the distances parallel (a∥) and perpendicular
(a⊥) to a straight step.

• A-steps [Figure 2.2b)] have close-packed geometry along the [110] di-
rection. The step-understep unit cell represents a square that is locally
a {100}-oriented microfacet. Vicinal surfaces formed by such a step
type are characterized by (hhk) Miller indices with k > h or (h, h, h+1).
The atomic coordination of the step edge is 7, while that of the cor-
ner is 10. The step extends 1/3 of an atomic row (a⊥) over the lower
terrace, hence 2/3 of it is exposed.
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• The B-steps [Figure 2.2c)] also have close-packed geometry along the
[110] direction, but here the step-understep unit cell is a rhomboid
(often called triangular shape) corresponding to a {111} microfacet.
The Miller indices of a vicinal surface of this type are (hhk) with k < h
or (h, h, h − 1). Again, the coordination of the step atoms is 7, but
for the corner atoms is 11. The step expands 2/3 a⊥ above the lower
terrace, hence 1/3 remains uncovered.

• A fully kinked step results from steps running along the [112] direction
(perpendicular to [110]), giving rise to the mentioned zig-zag, kinked
appearance of the step. As can be observed in Figure 2.2d) one gets
an alternation of square and rhomboidal microfacets, {100} and {111},
respectively. Miller indices of vicinal surfaces of this type are generally
characterized by (h + 1, h − 1, h). The atomic coordination is 6 (first
row) and 8 (second row) in the upper region, and 10 (first row) and 11
(second row) for corner atoms. The step extends 1/2 of an atomic row,
which is this case corresponds to a∥ (note the 90◦ rotation mentioned
above), leaving the other 1/2 exposed.

Close-packed steps can be superimposed with their mirror images (they
have an improper rotation axis at step atoms), hence they are achiral. How-
ever, kinked surfaces do not possess such axis: their mirror images are dif-
ferent, hence they are chiral surfaces [1]. Accordingly, kinks play a major
role in surface chiral synthesis [178]. The properties of each step type are
summarized in Table 2.1, and they are further described in Appendix A3.

Step / Corner Geometry Microfacet Symmetry Miller indices
A-steps 7 / 10 Square {100} Achiral (h, h, h+ 1)
B-steps 7 / 11 Triangular {111} Achiral (h, h, h− 1)
Kinks 6, 8 / 10, 11 Both Both Chiral (h+ 1, h− 1, h)

Table 2.1: Step properties in (111) vicinals.
Atomic coordination of step and corner sites (first and second row are
indicated for kinked steps), together with the macroscopic step geometry,
corresponding microfacet, symmetry and Miller (hkl) indices for A-, B- and
Kinked steps.
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Why are these steps important? Supported nanoparticles, such as those
sketched in Figure 2.3, feature a complex combination of high- and low-index
planes, often subjected to structural changes during chemical reactions [179–
182]. The nanoparticle distribution of terraces and steps will result into a
variable Eads across its surface, maximum at the steps and minimum at the
terraces, translating into a different reactivity depending on where the reac-
tion takes place [60]. It is challenging to isolate the effect of each of the facets
and keep track of the active atoms during catalysis. In addition, the relative
density of the different types of surface atoms may change during catalysis:
effects such as faceting [175], step doubling [144] and surface roughening [46,
47] are concomitant to catalysis. However, we must elucidate the role of each
of the sites during the reaction in order to enhance their performance and
tailor new and efficient catalysts.

(111) terraces

Close-packed step

Corner atom

Kinked steps

(100) terraces

(110) terraces

Figure 2.3: Different facets of supported nanoparticles.
Models of supported nanoparticles, showing examples of the possible config-
uration of the surface atoms. Atoms are colored according to their geometry,
while the grey atoms represent the support. Note the different geometry of
(111), (110) and (100) steps.

One methodology to asses this problem is to use substrates that allow to
selectively probe different facets in one single sample. Curved crystals are
an excellent approach to do so, allowing to easily compare flat and stepped
surfaces at the very same experimental conditions. A review of the topic was
recently presented by Auras et al. [183]. Curved crystals come in several
forms, such as domes, full cylinders or cones. Despite these surfaces are typ-
ically difficult to employ, they have been used in the Surface Science commu-
nity since almost 100 years. They were used for purely Physics experiments
at the beginning, but researchers started soon to use them as substrates for
catalytic essays, since they allow to easily compare different facets during a
surface chemical reaction. Such approach has proven extremely useful, re-
vealing, e.g., significant differences in reactivity and faceting during the CO
oxidation reaction for different vicinal surfaces.
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The novelty of this Thesis is not to study the well known catalytic CO
oxidation reaction, but to assess the role of different undercoodinated sites on
such reaction using curved single crystals. These feature a non-homogeneous
density of various step types, enabling to probe different facets under the
very same experimental conditions. In this work, we have used sections of
cylindrical samples that are easily adapted to regular sampleholders, in order
to facilitate the experiments. These curved crystals posses a smooth variation
of the crystal orientation across the curved surface thanks to their cylindrical
shape. Therefore, they feature a varying distribution of undercoodinated
sites: depending on the position across the curved surface, the density of
terraces and steps will differ. In other words, one can selectively probe several
planes with a different distribution of steps and terraces using one single
sample. This is ideal to investigate different facets of a material during
physicochemical processes. Beyond surface chemistry and catalysis, they are
also useful to, e.g., investigate film growth [184] or to explore surface electron
scattering [185].

The scheme of a crystal curved around the (111) surface featuring straight
steps is illustrated in Figure 2.4. It corresponds to the samples used for the
experiments of Chapters 3 and 5. The cylinder axis is parallel to the [110]
direction and the (111) surface is located at the center of the crystal. On
one side of the crystal one has A-type steps, while B-type steps are found on
the other side. The step density increases when moving away from the (111)
plane at the center. This situation is illustrated in Figure 2.4a). Vicinal
surfaces up to the (223) and (553) planes can be probed at each of the sides
of the crystal, and several planes with smaller step density (larger terraces)
can be probed in between (see Appendix A3).

The (111) plane [Figure 2.1a)] is located in the apex of the curved crystal,
hence the naming c-M(111). In an ideal picture of a flat (111) surface, its
step density equals 0. However, as one departs from the center (towards
the edges), the situation changes. Approximately at halfway on one side we
find the (445) plane, which features 8-atom-wide terraces separated by single
atomic steps with {100} microfacets (A-steps). If we further approach the
edge, we will reach the (223) surface, where the terraces are now 4-atoms
wide. Therefore, a smooth increase of the step density is observed as one
leaves the center of the sample. A similar situation applies when approaching
the other edge: we find the (997) and (553) planes, with 8- and 4-atom-wide
terraces, respectively. However, here the (111) terraces are separated by steps
with {111} microfacets (B-steps). Hence, this particular design is ideal for
studying differences between square and triangular A- and B-type steps.
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Figure 2.4: Curved (111) crystal with straight A- and B-steps.
a) Sketch of a curved crystal with close-packed steps, with selected A- and
B-stepped surfaces and their correspondent atomic terrace length. α and r
refer to the vicinal angle and the cylinder radius, respectively. b) Vertical
view of the sample, with step density d−1 and vicinal angle α scales across the
curved surface. c) Lateral view of the crystal with the position of selected
surfaces, showing the overall vicinal angle range ∆α = 30◦.
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One key parameter in stepped surfaces is the vicinal angle α. As sketched
in Figure 2.4a), it corresponds to the angle between the vectors normal to
the high-symmetry surface and the chosen plane [176]. In other words, if we
refer to a (111) vicinal, α corresponds to the angle between the latter and the
considered (hkl) plane. The total interval of α that can be probed in a curved
crystal (∆α) is defined by its length (L) and radius (r), and it establishes the
planes present on the curved surface. In the case of the sample of Figure 2.4,
we deal with a crystal that has r = 16 mm and L = 9 mm. On the borders
we would reach α = ±16.3◦. Since these borders maybe damaged from the
polishing process we usually do not measure at these extreme points but
focus in a range of α = ±15◦ (∆α = 30◦). Through this work we will use
α > 0 for A-steps, while α < 0 for B-steps.

The macroscopic magnitude α is of utmost importance: it holds infor-
mation about the nanoscopic distance between two different steps (d), and
hence the frequency at which steps appear on a surface, i.e. the step density
d−1. In addition, α is irremediably connected to the average terrace length,
l: larger terraces immediately lead to smaller d−1, since the distance between
steps d grows. As explained in Appendix A3, d and α are related by:

sin(α) =
h

d
(2.1)

where h is the step height. Therefore, in addition to the type of the step, we
may in-distinctively define a surface by its step density or vicinal angle.

The (111) plane, located at the center of the crystal, features (ideally)
no steps, hence α equals 0. As we approach either of the edges, the terraces
become narrower as the density of steps rises, hence |α| steadily grows. This
is illustrated in Figures 2.4b,c).

Using experimental techniques that allows one to probe only a small re-
gion of the curved sample, e.g., a tip of a scanning tunnelling microscope or
a small light spot for a spectroscopic analysis, we will be able to study a full
sequence of vicinal surfaces, each of them featuring a different α. In order to
show the variation of a given property over the curved surface, data can be
displayed a surface (or curvature) map. These are called α-scans, since each
point features a different α (and hence step density d−1), and they are unique
to the curved crystal approach. Examples are shown in Appendix D1. For
example, through α-scans one may obtain the evolution of terrace and step
adsorbates as a function of the step density. Specially during chemical reac-
tions, this has important implications for elucidating the role of such during
catalysis. In order to extract the extension of these steps and the structure
of the adsorbates anchored on them, we have derived the W -model.
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2.1.1 The W -model

The interruption of a terrace by a step does not only have an influence at
the edge position itself, but it may often affect some of the neighboring
atoms/adsorbates close to the step, specially at the understep. Thus, one
may define a theoretical lateral step extension W , in order to account for
such “region of influence” of the step. It is obvious that the overall coverage
of adsorbed species at the terraces [ΘT (α)] and the steps [ΘS(α)] depends on
α due to the increasing step density. However, if we assume that locally each
terrace and step feature a constant coverage of a certain chemical species [see
Figure 2.5a)], then we can calculate ΘT (α) and ΘS(α) as:

ΘT (α) = Θ0
T

[
1−W · d−1

]
= Θ0

T

[
1−W · sin(|α|)

h

]
(2.2)

ΘS(α) = Θ0
S ·W · d−1 = Θ0

S ·W · sin(|α|)
h

(2.3)

As shown in Figure 2.5a), both Θ0
T and Θ0

S represent the local coverage of
terraces and the effective step area (W -region), respectively. As sketched in
Figure 2.5b), they do not to depend on α in this model. Is is important
not to confuse them with the overall terrace and step coverage [ΘT (α) and
ΘS(α)], which may be derived after the evaluation of Equations 2.2 and 2.3
at a given α. The latter equations simply reflect that as α increases, the
space (and hence the coverage of adsorbates) occupied by the terraces-steps
is respectively reduced-increased by the size of the steps, times the frequency
at which they appear (W ·d−1). Hence, ΘT (α)-ΘS(α) is maximum-minimum
at the (111) plane (largest terraces), and then decreases-increases as the
terraces narrow. The rate at which this occurs is determined by the effective
step size W , which marks the fictitious terrace-step transition. Bigger W
implies that each step region (both edge and corner) extends more into the
lower terrace, consuming a larger portion of it. Accordingly, ΘT (α)-ΘS(α)
decreases-increases faster with α. However, smaller W leads to a narrower
influence region of the steps at the lower terrace, which yields a slower ΘT (α)-
ΘS(α) decay-growth. Steps with different W are illustrated in Figure 2.5c).

Θ0
T can be readily identified as the coverage of the (111) plane, while

Θ0
S accounts for the coverage of the whole W -region, i.e. both step and

understep area. Θ0
S depends then on the effective size of the step W , and

holds the information on how many adsorbates are found in this W -region.
If we multiply Θ0

S by W , we obtain the amount of adsorbates per W -region.
We can convert this to the more appealing adsorbate atoms/molecules per
edge row if we divide it then by the size of an atomic step row (a⊥ or a∥ for
straight or kinked steps, respectively, as sketched in Figure 2.2).
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Figure 2.5: Further details of the W -model.
a) Coverage of a flat surface [(111) plane] and a W -region, represented by
Θ0

T and Θ0
S, respectively. The effective step size W is sketched as a light red

rectangle at the stepped surface. In b) we illustrate a vicinal surface featuring
different terraces (light grey) and steps (light red). Individual terraces and
W -region have a constant coverage of adsorbates Θ0

T and Θ0
S, respectively,

that do not depend on the step density. c) Sketch of three step regions for
an A-type (111) vicinal with increasing step size W . As W increases, Θ0

S

decreases, since the amount of adsorbates at the step-edge fixed and the first
row of terrace adsorbates do not enter the step influence region [186, 187].
Note that the structure of the step and the upper terrace remain unaltered.

As we just mentioned, the W -model allows to extract the effective step
width and adsorbate structure at the stepped edges. For instance, if we ap-
ply this model after CO saturation, we may be able to derive how the CO
molecules are anchored at the stepped array. Interestingly, the obtained W
also reflects the extension of the CO-depleted understep area. CO predom-
inately adsorbs at the step edge, often leaving the understep region free of
adsorbates [186, 187]. In reality, W represents the imaginary terrace-step
transition: the smaller W is, the shorter the understep area becomes, and
the closer to the understep row CO molecules adsorb [see Figure 2.5b)]. This
turns into a less marked decay of the terrace coverage with α [188]. However,
if W increases, the CO molecules will adsorb further away from the under-
step. Therefore, the terrace coverage will decay significantly faster with α, a
priori largely affecting the total coverage as well [187].
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2.2 X-ray Photoemission Spectroscopy

X-ray photoemission spectroscopy (XPS) is the commonly used terminology
of the Electron Spectroscopy for Chemical Analysis (ESCA) technique. It
was invented by Kai M. Siegbahn, for which he got awarded the Nobel price
in 1981 [189]. XPS is based on the photoelectric effect, whose study earned
Albert Einstein another Nobel Prize in 1921 [190].

According to the photoelectric effect, illuminating a material with suffi-
ciently energetic light will cause some of its electrons to escape to vacuum.
The basis of XPS is to record the intensity of these outgoing electrons (pho-
toelectrons) as a function of their kinetic energy, i.e. the energy at which
they reach the detector. Their kinetic energy (EK) is described by:

EK = hν − EB − ϕA (2.4)

with hν being the energy of the impinging photon, ϕA the work function
of the analyzer and EB the binding energy of the excited electron, i.e. the
strength of the electron-nuclei bond. The addition of the term ϕA is discussed
in Appendix A4. EB describes the strength of the electron-nuclei bond. The
analyzer provides the intensity as a function of EK , hence the values of
EB can be derived from Equation 2.4. EB is both element- and species-
specific, for which it is normally used as the horizontal axis for the sake of
comparison. Nonetheless, its scale is inverted (increases towards the left) in
order to mimic the increase of EK (see Figure 1.3). EB is usually referred to
the Fermi level in metals (EF , highest occupied orbital at 0 K), more seldom
to the vacuum level EV , the lowest possible energy of a free electron [191].
As discussed later, the formation of a chemical bond leads to changes in the
atomic energy levels, which we can probe by XPS to characterize them.

A photoemission process, together with a simulated spectra, is sketched
in Figures 2.6a,b). A real spectra is discussed in Appendix A4. If hν is
sufficient, the photon impinging the sample will eject one electron, leaving
a positive charge (hole, h+) on the metal. By XPS we measure this final
state, since the electron excitation/release and hole formation readily alters
the initial electronic levels of the atom, shifting them [191].

We may estimate the XPS intensity I of a certain electron emission by:

I = J · ρ · σ ·K · λ (2.5)

where J is the photon flux of the X-ray source, ρ is the atomic density of
the material and σ is the photoionization cross-section. K is an instrument-
dependent factor, and λ is the electron escape depth (strongly related to the
inelastic mean free path of the electron) [194].
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Figure 2.6: Additional details on XPS.
a) Simulated sample energy levels (states) and b) corresponding spectrum
for a metallic sample (see Appendix A4). Impinging light (hν) causes the
ejection of a photoelectron (e−), leaving a positive hole (h+) on the orbital.
In b) we sketch both the kinetic (EK) and binding (EB) energy scales, which
are inverted. EV and EF stand for vacuum and Fermi energies, while VB, ϕA

and ϕS correspond to the valence band and the work-functions of analyzer
and sample, respectively. The EB scale is referred to EF , hence it equals 0
at the former. c) Photoionization cross-sections of several core levels as a
function of the impinging photon energy [192]. d) Universal electron Inelastic
Mean Free Path (IMFP) as a function of the electron energy [193].

The I -dependence on both J and ρ is clear: if we shine our sample with
more photons, or if more electrons are available in the energy level, I will
intuitively increase. K encompasses parameters such as the efficiency and
transmission of the detector, or the angle between incoming light and detector
entrance. Nonetheless, we have brought Equation 2.5 to discuss the two
remaining parameters, λ and σ, and their evolution with EK . On one hand,
λ defines the probing depth of the measurement. It increases with EK (for
EK > 50 eV), since the electrons can travel deeper into the sample before
getting scattered by the metal lattice.
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On the other hand, σ defines the probability of the electronic transition.
As sketched in Figure 2.6c), it depends on the element, orbital and photon
energy, and it usually decreases with hν [192]. Therefore, σ and λ have
opposite behaviours with respect to hν. At low EK , σ is usually large and
λ is small, meaning that we are only probing few Å of the sample surface
(we are surface sensitive). However, if we want to study bulk properties, we
must increase hν so as the probing depth is the adequate, typically loosing
a significant intensity due to the decaying σ.

In our case, we will perform XPS in the mbar range of pressures. This
means that the electrons have to travel through an atmosphere where most of
them will get lost by collisions with gas molecules and only a small percentage
will pass towards the analyzer. Therefore one should aim for very high XPS
intensity and if possible a quite high surface sensitivity. For example, for a C
1s core level emission (EB ≈ 284 eV) we would then need hν of approximately
the C 1s binding energy plus the energy corresponding to the minimum of
the electron mean free path on the material surface, EB ≈ 50 eV. However,
some analyzers do not work well at such low kinetic energies but only from
100 eV. Therefore, one would then use photon energies between 320 eV and
370 eV to measure the C 1s region with good surface sensitivity.

Finally, we must discuss one of the most important feature of XPS, the
chemical shift [191]. Let us imagine that we measure the XPS of two different
samples, metallic and oxidized lithium (Li and Li2O). In the case of the
metal, the Li 2s1 electrons are forming the conduction band. However, this
band is empty (2s0) in the oxide, since the electrons are donated to the O
2p4 orbitals in order to fill the p shell. Therefore, the Li 1s electrons in Li2O
are less screened (stronger attached to the nuclei), exhibiting a larger EB

than Li metal. As a general trend, an increase in the oxidation state usually
yields a shift towards larger values of EB (see Figure 2.7).

Li2ONa[N=N=N] Intensity

-1

O=C=O O C
4+ 2+ +1 0+1-1

4+ 2+ 0+1+1

Binding energy [eV]

N 1s C 1s Li 1s

Li 

Figure 2.7: Chemical shift of different chemicals measured by XPS.
Simulated spectrum for sodium azide, carbon dioxide, carbon monoxide,
lithium (I) oxide and metallic Li (NaN3, CO2, CO, Li2OandLi, respectively),
showing peaks at different binding energies (EB) due to the chemical shift.
Note that the ratio N−/N+ in NaN3 is 2, reflecting its chemical structure.
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The chemical shift has proven extremely useful for distinguishing surface
species, such as different CO adsorption sites [55], chemisorbed O and oxides
[30], or even step and terrace species [63]. Tracking the chemical species
is mandatory for understanding surface catalysis, and accordingly XPS has
emerged as a powerful probing tool for conducting such studies [195].

As mentioned earlier, catalytic studies should be carried out as close
as possible to operando in order to work at industrially relevant conditions
(see Chapter 1). However, this is not straightforward. If we employ a lab
source that often use Al Kα radiation of hν = 1486 eV to perform NAP-
XPS, the intensity of both the light and photoelectrons will be scarce due
at high pressure due to gas scattering, lower cross-section σ and low surface
sensitivity (larger λ). However, synchrotrons provide extremely focused and
brilliant photon beams [196, 197], well suited for high-pressure experiments.

A photoelectron detector must operate below 10−8 mbar [194], hence
working at realistic pressures seems a priori incompatible with a regular XPS
analyzer. However, it is possible to acquire data at higher sample pressures
with some modifications to the setup. A review on this topic was presented by
Starr et al. [198]. The main difficulty to perform (N)AP-XPS resides in how
to produce a pressure gradient between sample and detector, so that only the
latter operates in UHV. This can be achieved by diferentially pumping the set
of lenses located between sample and analyzer: the pressure is sequentially
decreased at each pumping stage, so UHV conditions are reached at the
analyzer while the sample is at (m)bar pressures.

A small aperture (cone or nozzle, few hundreds of µm) is placed close to
the sample (< 100µm) in typical (N)AP-XPS setups. On one hand, such
opening is extremely small to prevent large amounts of gases to enter the
differential pumping stage of the analyzer, hence keeping the pressure in
adequate values. On the other hand, the entrance to the differential pumping
stage is located near the position where the beam is impinging the sample,
therefore the photoelectrons will enter the pumping stage without loosing a
significant amount of intensity due to scattering with the gas. We illustrate
the experimental NAP-XPS setup in Figure 2.8.

With XPS, we probe the surface of our material: impinging photons may
eject photoelectrons, which we analyze with the detector. However, since we
are working in a relatively high-pressure environment, a significant amount
of gas phase molecules/atom will also be excited by the X-rays, emitting
electrons. This is an unique feature of (N)AP-XPS: we can simultaneously
measure the gas phase and the surface species, hence we may simultaneously
track reactants, products and surface species in a reaction.
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Figure 2.8: NAP-XPS setup using a curved crystal.
a) Sketch of a typical NAP-XPS experiment. Impinging light (hν) on the
sample (brown) may eject photoelectrons (e−, blue balls). As illustrated in
b), some of these electrons may enter the nozzle in the appropriate direction,
being then directed to the entrance slit of the analyzer. The sample pressure
is typically in the mbar range, while that of the analyzer is ≈ 10−9 mbar.
In order to reach UHV in the electron detector, different pumping stages are
placed between it and the sample, which sequentially decrease the pressure.
Once in the analyzer, the electrons are selected according to EK by applying
a voltage difference between the inner and outer hemisphere (see Appendix
A4). As depicted in c), only electrons with the desired energy will be detected
by the analyzer; the others will collide with the walls.

In soft X-rays beamlines (< 5 keV), such as those of MaxIV, NSLS-II
or ALBA synchrotrons [199–201], the low photon energy provides small λ,
and hence good surface sensitivity. However, these instruments cannot work
at pressures higher than a few mbar, since the light transmission is bad at
these energies. This can be overcome by working with hard X-rays, yet σ will
largely decay in important levels such as the O 1s or C 1s. In addition, we
will no longer be surface sensitive. However, we may overcome this by using
grazing incident photons: the Polaris instrument at the Petra III synchrotron
operates in this mode, enabling real AP-XPS measurements [202].
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2.3 Planar Laser-Induced Fluorescence

The other technique used throughout this Thesis is Infrared Planar Laser-
Induced Fluorescence (IR-PLIF). These measurements were conducted at
Lund University, in Sweden. We will employ IR-PLIF (or just PLIF) to
probe the CO2(g) cloud formed above the sample during the CO oxidation
above millibar pressures. The name is very descriptive: a sheet-shaped laser
beam illuminates the area right above the sample. The laser beam has a
specific photon energy, in order to excite the target gas molecule (CO2 in
this case). These excited molecules may in turn decay via a fluorescence
event, which is then detected by an IR camera. PLIF allows to acquire 2D
snapshots with great lateral spatial (up to 50 µm, depending on the optics
and laser configuration) and temporal resolution [203–205]. This enables
to precisely monitor the CO2(g) distribution above the catalyst, providing
relevant insights into the CO ignition temperature, Ti (see Section 1.2).

Figure 2.9 shows a typical PLIF experiment using a curved c-M(111)
crystal, on which the viewpoint coincides with that of the camera (i.e. per-
pendicular to the crystal curvature). As illustrated in Figure 2.4, such sample
features the flat (111) plane at the center, and a smooth increase of either
A- of B-type straight steps as one departures from the center towards the
right or left edges. The laser beam (λ = 2.7µm) enters from the right side,
and excites electrons in the (0000)-(10001) combination band of the CO2(g)

molecule, which has the same energy as the laser [35]. Some of the electrons
may decay via a fluorescence process. The most probable transition (i.e.
larger amount of emitted photons) is at λ = 4.3µm. The IR camera has an
interference filter at this wavelength, hence only photons with this energy
will enter the camera, allowing to spatially detect the CO2(g) cloud above the
sample. Additional PLIF details may be found in Refs. [203, 204].

PLIF allows to selectively probe the CO2(g) production above the sample:
Ti can be extracted by simply measuring the CO2(g) signal as a function of
the temperature. Furthermore, we show in Figure 2.9 how the good spatial
resolution of PLIF enables to detect Ti asymmetries in curved crystals, since
we can easily visualize differences in the light-off of each of the sides of the
sample [203]. If one of these regions ignites prior to the other, a significant
gradient in the CO2(g) pressure will be created between both edges [see Fig-
ure 2.9a)], exhibiting a remarkable difference in the fluorescence signal. We
show this in Figure 2.9b), contrary to the homogeneous CO2(g) production re-
ported by Zetterberg et al. in flat samples [204]. Although one would naively
expect an asymmetric ignition as long as the distribution of undercoordinated
sites is not homogeneous on the surface, as observed for a c-Pd(111) crystal
[203], this may not necessarily be the general trend.
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Figure 2.9: General PLIF setup using a curved crystal.
a) Simplified illustration of a PLIF experiment. The planar beam (light grey,
λ = 2.7µm) is directed over the sample to excite CO2(g) molecules, of which a
portion will decay via a fluorescence event. This radiation which will then be
detected by a camera perpendicular to the laser sheet with an interference
filter at λ = 4.3µm. b) PLIF 2D image acquired during a CO ignition
cycle using a curved c-M(111) sample with A- and B-steps (see Figure 2.4),
showing a dissimilar CO2(g) production depending on the step type.

The fluorescence intensity detected by the camera is proportional to the
CO2(g) pressure. However, a reference (calibration) experiment is mandatory
for quantification. Typically, two measurements are required to properly an-
alyze a PLIF experiment. One of them consists on heating the sample while
continuously recording PLIF in reaction conditions. With this sole infor-
mation we must rely on the mass spectrometer, located in the outlet of the
chamber, to detect the macroscopic ignition. A second heating cycle, in this
case with only CO2(g), is needed to calibrate the PLIF signal. Since we work
at a known CO2(g) pressure, it is possible to extract a CO2(g) PLIF-pressure
conversion factor. This enables to extract the CO2(g) intensity of the real ex-
periment, providing 2D images of the CO2(g) cloud at different temperatures.
After this, we may finely locate Ti with spatial resolution at high pressures.
Even though this technique gives very valuable information about the gas
phase, no information about the catalyst surface is obtained. Hence, com-
bining PLIF with NAP-XPS (surface sensitive, Section 2.2) provides highly
valuable information in catalytic investigations [188].





Chapter 3

CO oxidation on Pt(111)
vicinals with A- and B-steps

This first CO oxidation experiments were conducted on a Pt crystal curved
around the (111) plane [c-Pt(111)]. As described in Figure 2.4, this sample
features either A- or B-type vicinals with straight steps at each of the sides
of the sample, and the (111) plane in the apex of the crystal.

We will focus on the ignition temperature (light-off) of the CO oxidation
reaction. The light-off across the curved surface will be studied by PLIF and
NAP-XPS. Next, a more profound analysis of the ignition is presented, where
UHV reference measurements and complementary theoretical calculations are
used to characterize the poisoned stage. Finally, we will briefly assess the
chemical species involved in the active stage of the reaction. The results
discussed here have been published already by us in Ref. [188]. Information
on the experimental setup and procedures is given in Appendix B.

3.1 Symmetric ignition at A-B Pt vicinals

As a first approach to compare the CO ignition at (111) and A- and B-
type Pt vicinals, we performed Planar Laser-Induced Fluorescence (PLIF,
Section 2.3) experiments in order to probe the CO2 production over the
entire c-Pt(111) crystal at the same time. This is depicted in Figure 3.1.

The c-Pt(111) sample was exposed to a 150 mbar gas mixture of 4:4:92,
CO:O2:Ar ml/min flow ratio. The sample was heated to 510 K in or-
der to speed up the experiment and afterwards its temperature was sub-
sequently increased to 620 K during 1000 s (0.11 K/s) while continuously
taking PLIF snapshots during the heating ramp. A Quadrupole Mass Spec-
trometer (QMS) located in the outlet of the chamber allowed to probe gases.

41
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Figure 3.1: PLIF measurements at 1:1 CO:O2 flow ratio.
a) 2D CO2 PLIF images acquired in a 150 mbar gas mixture of 4:4:92,
CO:O2:Ar ml/min flow ratio. Individual snapshots far from (520 K, bot-
tom), close to (575 K, middle) and after (590 K, top) the CO ignition are
shown. b) Experiment variables as a function of time. The top panel shows
the integrated intensity within the the green (A-side) and blue (B-side) rect-
angles sketched in a). O2, CO and CO2 QMS signals are shown in the middle
graph, while the temperature is plotted in the bottom panel.

In Figure 3.1a) we show three characteristic PLIF images obtained during
the CO oxidation experiment, which nicely reflect the power of the technique.
At low temperature (520 K, bottom), there is no significant CO2 signal,
since the surface is poisoned. The CO2 production steadily increases with
the sample temperature, although timidly and mainly at the center of the
crystal [(111) terraces, 575 K, middle]. However, at around 590 K (top),
a large CO2 cloud shows up above the sample, indicating that the reaction
has ignited. The CO2 cloud emerges and appears to extend homogeneously
over the c-Pt(111) sample, in contrast to the case of c-Pd(111) [203], where
a clear asymmetry is observed around the (111) center. This points to a
simultaneous CO ignition at A- and B-type Pt(111) vicinals.
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The experimental variables during the CO oxidation experiment are de-
picted in Figure 3.1b). On the top panel, we show the integrated intensity
in the green and blue rectangles sketched in Figure 3.1a). They show the
behaviour described above: the CO2 production mildly increases as Ti ap-
proaches, until it suddenly explodes at 585 K in both sides of the sample. The
O2, CO and CO2 signals in the QMS are shown in the middle panel. That
of the CO2 continuously grows with the temperature until it abruptly boosts
also around 585 K. At the same time, those of the CO and O2 rapidly decay,
marking the light-off of the process. The temperature during the measure-
ment is shown in the bottom graph, allowing us to correlate the time with the
temperature. It exhibits one small bump right about Ti due to the exother-
mic nature of the CO oxidation. This also heats the sample, giving rise to a
temporarily faster enhancement of the sample temperature.

Although PLIF experiments suggest that the ignition is symmetric, we
will corroborate this observation by studying the chemical composition of
the surface during the ignition process. For this purpose, we performed ad-
ditional Near Ambient-Pressure X-Ray Photoemission Spectroscopy (NAP-
XPS, see Section 2.2). In order to do so, we exposed the sample to a 0.7 mbar,
1:6 CO:O2 gas ratio mixture, which means that we are working in O2 excess.
Afterwards, we subsequently measured at different temperatures three char-
acteristic surfaces of the c-Pt(111) sample, namely the (111), (223) and (553)
planes. They feature flat terraces, A- and B-type close-packed steps, respec-
tively. The sample was heated in 5 K increments, and the O 1s and C 1s
regions were acquired at the aforementioned positions at the curved crystal
at each of the temperatures (average slope of 5.5 K/h).

The O 1s ramp is depicted in Figure 3.2, while the C 1s is discussed in
Appendix B1. The ignition can be tracked in both regions, yet the C 1s does
not give any information about the oxidation state of the surface. A detailed
description of surface species will be deeply addressed later in this Chapter.
A boron nitride (BN) heater was employed for these experiments. When a
Pt filament is used, this ignites the reaction prior to the proper Pt sample
and, as a result, the gas mixture is altered (see Section 1.2).
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Figure 3.2: Ignition cycle in 1:6 CO:O2 gas ratio.
a) O 1s photoemission intensity vs temperature as color plots for the (223),
(111) and (553) planes, located at the left (α = 11.4◦), center (α = 0)
and right (α = −12.3◦) columns of the figure, respectively. Dashed green
lines mark the ignition, occurring at Ti = 560 K. The labels “Active” and
“Poisoned” refer to each of the stages of the CO oxidation reaction (see
Section 1.2). b) Spectra far from (515 K, bottom), close to (555 K, middle)
and after (560 K, top) ignition are shown for each of the surfaces. ChemCO
and Pt/O refer to chemisorbed CO and oxygen-related species on the Pt
surface, while CO2(g), CO(g) and O2(g) allude to the gas phase peaks of each
of the molecules. Minor amounts of oxygen (OD-S, Section 3.4) during the
poisoned stage are indicated with vertical arrows. The spectra were acquired
with a photon energy of 650 eV, under 0.7 mbar of total pressure in a 1:6
CO:O2 gas mixture (average slope of 5.5 K/h). Gas phase peaks will shift
towards lower binding energy due to a change in the work-function of the
surface (∆ϕ) after ignition. This is illustrated for O2(g) at the (223) plane,
although it is observed at all vicinal surfaces and gases [38].
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The spectra at the beginning of the heating ramp [515 K, bottom row of
Figure 3.2b)] are similar for the three surfaces: they all consist on a large
peak at around 532.5 eV and a smaller one at 531 eV; both are related to
different chemisorbed CO (ChemCO) species [52, 63]. A residual contribu-
tion, emphasized by a vertical arrow, is observed around 529.5 eV but only
on the (223) plane (OD-S, refer to Section 3.4). At the relatively large work-
ing pressures, one can also detect gas phase peaks in the spectrum. The
characteristic doublet of O2(g) is observed around 537 and 538 eV (1.1 eV
splitting), while the small emission at 536.5 eV is related to CO(g) [38]. It
is remarkably smaller than O2(g), reflecting the excess of the later in the gas
mixture. ChemCO is the predominant surface species and there is no size-
able CO2(g) production according to neither the QMS (located in the second
pumping stage of the electron analyzer [45]) nor the XPS.

At around 555 K [middle row of Figure 3.2b)], the spectra resemble those
of 515 K, although ChemCO has decreased as its desorption has started.
In addition, OD-S is now easily detectable at the (223) plane, and weakly
appears at the (553) surface. This reveals minors amounts of oxygen located
only at the stepped surfaces, which is discussed in Section 3.4. As observed
in both the QMS and XPS, the CO2(g) signal slightly increases while that of
CO(g) and O2(g) decrease, indicating that the reaction is occurring, yet at a
reduced rate. Since a large amount of ChemCO and CO(g) is still observed,
we further increased the temperature to depart from the poisoned stage.

Right after heating to 560 K, an abrupt boost (decay) of the CO2 (CO,
O2) signal(s) is observed in the RGA and XPS. We measured again the
three aforementioned surfaces [top row of Figure 3.2b)], which are radically
different from those at low temperature. Two new peaks clearly dominate
the spectrum. They are ascribed to oxygen-related Pt species (529.5 and
531.5 eV, O/Pt), and are further described in Section 3.5. Both ChemCO
and CO(g) have vanished from the spectrum at this temperature, marking
the transition to the active stage. This is of course also reflected in the
C 1s shown in Appendix B1. More importantly, the spectra of the three
planes have changed simultaneously at 560 K, therefore the ignition of A-B
Pt vicinals also appears symmetric in the NAP-XPS measurements, again
in contrast with the Pd case [206]. It is easily seen that the species change
across the different surfaces, although this will be addressed later in the
manuscript. In Appendix B2 we describe a complete reaction cycle, showing
also a symmetric cooling of the CO oxidation.
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3.2 Evolution of the CO-poisoning layer

Both PLIF and NAP-XPS revealed a simultaneous ignition of Pt A-B vici-
nals. We will now explore the CO layer of the poisoned stage prior to the
light-off of the CO oxidation. The data acquired during reaction conditions
will be compared with UHV CO chemisorption experiments, in order to quan-
tify such species. Characteristic spectra are shown in Figure 3.3, while fitting
details and coverage calibration are further described in Appendix B.

We shall start with the UHV experiments [top row of Figures 3.3a,b)].
The sample was exposed to 10 L CO at room temperature and subsequently
cooled down to 90 K in order to reduce the vibrational broadening. After-
wards, the curved surface was scanned by means of XPS. Two well-defined
peaks appear in the C 1s region at the (111) plane [middle column of Fig-
ure 3.3b)]. These contributions, located at 286.6 and 285.9 eV, are ascribed
to CO molecules anchored at Terrace-Top (TT) and Terrace-Bridge (TB) sites
[52, 55]. Assuming saturation, this corresponds to a c(4×2)-4CO superstruc-
ture of 0.5 ML [53], where CO molecules equally occupy TT and TB positions
[55]. The intensity ratio TT:TB obtained in our experiment is 1.4, close to
the ideal ratio of 1; differences may arise due to Photoelectron Diffraction
(PED) effects [55]. As explained in Appendix B, contributions accounting
for vibrational excitations only of TT molecules (∼287.0 eV) were added to
the fitting routine in order to finely evaluate the spectra.

As stated in Subsection 1.3.1, exposure to CO in UHV conditions does
not promote step doubling or step bunching, hence we expect monoatomic
steps. Probing the A- and B-stepped (223) and (553) surfaces [left and
right columns of Figures 3.3a,b), respectively] after the 10 L CO dose reveals
significant changes in the C 1s region. A new feature emerges at 286.2 eV,
which we attribute to CO adsorption at Step-Top (ST) positions [63, 67, 207].
Since the terraces narrow with α, the occupation of both TT and TB sites by
CO molecules decreases as compared to the (111) surface. However, there
is a larger amount of CO at TB sites at the (553) plane, while adsorption
on TT is larger than at TB positions at the (223) surface. We attribute
such dissimilarities to the unique geometry and electronic configuration of
{111} and {100} steps, which may yield a different lateral intermolecular
interactions around the step edges [67]. As we illustrate in Figure 3.3c),
this may lead to preferred CO adsorption in TB (TT) sites around the {111}
({100}) edges, explaining the differences in coverage.
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Figure 3.3: Poisoned stage variation across the curved crystal.
a) C 1s surface maps across the c-Pt(111) sample after exposure to 10 L
CO at room temperature (UHV 300 K, top), and under a 0.7 mbar, 1:6
CO:O2 gas ratio mixture at 350 K (NAP 350 K, middle) and 550 K (NAP
550 K, bottom). The photon energy was 400 and 650 eV for UHV and
NAP experiments, respectively. b) Selected spectra at the (223), (111) and
(553) positions at the aforementioned conditions. They respectively feature
A-steps, terraces and B-type steps. The conditions of each row correspond
to those indicated in a). c) Preferred CO adsorption site around A- (TT)
and B- (TB) close-packed steps. Steps feature 1 CO molecules per two Pt
step atoms, yielding the 0.5 ML step coverage (50 % filling), as described
later in the text. Terrace-Top, Terrace-Bridge, Step-Top and Step-Bridge
CO molecules are named as TT, TB, ST and SB, respectively.
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An additional photoemission peak may be perceived after CO saturation
at 285.7 eV. This residual contribution is identical at the (111) and (553)
planes, yet it slightly increases at the (223) plane. The growth of the peak at
285.7 eV at the latter surface is related to CO molecules anchored at Step-
Bridge (SB) sites in the {100} microfacets, as reported before [67]. However,
since it remains constant (within experimental error) from the (111) surface
towards the (553) plane, we attribute such feature to CO adsorbed at defects
at these surfaces [63], concomitant to all samples [61, 122, 208, 209]. Ac-
cordingly, we subtracted this constant amount of defects from the overall SB

intensity variation as a function of α presented in the following paragraphs
in order to adequately describe the behaviour of SB across the α-scan.

After the characterization of the CO saturation species, we can now prop-
erly asses the CO-poisoning layer found during the CO oxidation [middle and
bottom rows of Figures 3.3a,b)]. The spectra at NAP feature the same peaks
as in UHV, although some changes are observed. Both ST and SB remain
nearly constant at 350 and 550 K, whereas TT and TB progressively decrease.
This observation is expected, since CO adsorbed at the terraces has lower
adsorption energy compared to its analogous at steps [59, 61, 68]. The max-
imum amount of TT and TB is found at the (111) plane, hence their decay
at elevated temperatures is more pronounced at terraces. If we compare the
spectra of each of the surfaces at different temperatures, it is easily seen that
CO adsorbed at TT and TB sites desorb while that chemisorbed at ST and
SB positions is little altered as the temperature increases. To shortly sum-
marize, the CO at steps remains adsorbed while the terraces steadily become
CO-depleted prior to the CO ignition. Thus, the steps are CO-poisoned, and
an earlier light off at these regions is hindered.

As mentioned above, photoemission spectra were acquired at many points
across the curved surface after CO saturation and during reaction conditions
at different temperatures. We call these photoemission intensity maps α-
scans, and they are shown in Figure 3.3a). Each spectrum in the α-scan was
systematically fitted, and the intensity of individual species at each of the
points were converted into coverage. UHV and NAP coverages are depicted
in Figure 3.4 as a function of α. The conversion is simple in UHV, since the
spectrum at the (111) plane corresponds to 0.25 ML of both TT and TB sites
[55]. However, we lack absolute coverage references at reaction conditions to
calibrate those spectra. Nonetheless, both ST and SB remain almost constant
while TT and TB decrease as the temperature increases and the ignition
approaches. Therefore, supposing that the step coverages at UHV and during
CO oxidation at 350 K are the same, we can derive a coverage calibration
factor for the NAP spectra. More details on the coverage calibration of NAP
experiments are given in Appendix B.
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Figure 3.4: Evolution CO species with the vicinal angle.
Coverage of CO anchored at a) terraces (TT+TB), b) steps (ST+SB) and c)
in total as a function of α at each of the indicated experimental conditions,
extracted from the systematic fit of the α-scans shown in Figure 3.3. Dashed
lines are fits to the W -model described in Subsection 2.1.1. αC,A and αC,B

reflect a change of the slope of the terrace curves, which we have extended at
the B-side of the crystal (α < 0) to illustrate such effect. The black dashed
line in b) corresponds to the fitting of the CO anchored at steps to the W -
model. As explained in Appendix B, it was used for coverage calibration of
the NAP experiments.

The α-scans allow to evaluate terrace and step species as a function of the
step density. Thus, we can apply the W -model described in Subsection 2.1.1
to extract the effective width of the steps, i.e. the averaged region of influence
of the step on nearby terraces. We can also evaluate Θ0

T and Θ0
S, which

respectively correspond to the coverage of a flat surface [in this case the
(111) plane], and the whole “W -region”. As mentioned earlier, the W -region
corresponds to an imaginary surface with no terraces.

We will start describing how the CO anchored at terraces evolves with
the temperature [Figure 3.4a)]. It is easily perceived that the evolution of
terrace-CO coverage as a function of α [ΘT (α)] continuously decreases with
the temperature, revealing the progressive desorption of the CO anchored at
the terraces. By fitting ΘT (α) to Equation 2.2 at different temperatures, we
can extract Θ0

T , which again corresponds to coverage at a flat terrace (i.e.
α = 0). Θ0

T corresponds to 0.5 ML [CO saturation coverage at Pt(111) [53]]
in UHV, and it progressively reduces to 0.28 and 0.18 ML at 350 and 550 K
in the NAP regime, respectively. Similarly as earlier, CO adsorbed at (111)
terraces steadily desorbs as the ignition approaches.

Prior to further analysis, we have drawn two vertical lines in Figure 3.4a).
These represent a change of slope in ΘT (α) during reaction conditions and
at high temperature, which will be further discussed in Section 3.4.
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The effective width of the steps W , representing how much the step ex-
tends to the lower terrace, may also be derived from this analysis. By fitting
ΘT (α) in UHV to Equation 2.2, one can obtain W for A- and B-steps (WA,
WB) after CO saturation. In this case, they are 3.7 and 2.7 Å, respectively.
The distance between atomic rows in the perpendicular direction of the close-
packed step (a⊥, see Section 2.1) corresponds to 2.40 Å in Pt(111). Therefore,
the area of influence of A-steps exceeds over 50 % of a⊥ (likely in the lower
terrace), while for its B-type analogous does so only a 10 % of a⊥. This is
also reflected by a smaller Terrace-CO coverage at the former type of steps,
since a larger extension of the steps automatically reduces the terrace area,
and hence the available regions for CO to adsorb. The opposite behaviour
(larger terrace coverage for A-steps) was reported during CO chemisorption
experiments at 200 K for Pt(553) and Pt(223). However, the terrace (step)
CO coverage of the former surface significantly decreases (increases) as the
sample is heated [67], explaining the discrepancies with our data.

The same fitting procedure under reaction conditions yields W = 4.4
Å for both steps at 350 K. However, this symmetry breaks at 550 K, as
WA = 7.5 Å and WB = 6.1 Å. At this high temperature, the situation is
similar to the UHV case, where WA > WB. At 550 K, both W significantly
exceed a⊥, reflecting a faster decay of ΘT (α) as the temperature increases.

The evolution of the Step-CO coverage with α [ΘS(α)] is depicted in
Figure 3.4b). An ideal (111) surface has a negligible amount of steps (α = 0),
therefore ΘS(α) vanishes at it. As one departs from the (111) plane, α
increases, and with it the amount of CO anchored to steps. ΘS(α) is very
similar at 350 and 550 K, indicating that chemisorbed CO remains anchored
at steps sites prior to ignition. Only a residual decrease of ΘS(α) after heating
to 550 K, very close to the CO ignition, is observed. At our conditions, the
large NAP coverages reported by Tao et al. were not achieved [70]; our
coverages agree more with the experiments performed in UHV [63, 64, 67].

Inserting WA and WB in Equation 2.3 allows to extract Θ0
S for both

step types. This is the coverage of the W -region, an imaginary surface with
no terraces, only the effective step size W . We may convert Θ0

S to CO
molecules per step row by multiplying it by W/a⊥ (see Subsection 2.1.1).
After CO saturation, we find values of 0.49 and 0.42 ML for A- and B- steps,
respectively. This indicates that there are almost 1 out of 2 CO molecules
per Pt edge atom (50 % filling, 0.5 ML) at saturation. By using the UHV
data as calibration, we will force the same filling at 350 K in NAP conditions.
Then a slight decay to 41 and 38 % (A- and B-type) is observed at 550 K.
The 0.5 ML coverage of step edges is sketched in Figure 3.3c).
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The Total-CO coverage is the sum of both step and terrace CO species
[ΘT (α) + ΘS(α), Figure 3.4c)]. At UHV saturation, the maximum coverage
is found at the (111) plane. Away from the (111) surface, the Total-CO cov-
erage decreases steadily with α. It decays faster at the A-side of the crystal,
reflecting that despite A- and B-steps feature a similar coverage, ΘT (α) is
smaller for A-type vicinals. During CO oxidation conditions, the tendency is
rather complex. At 350 K, the total coverage initially decreases slightly away
from the (111) plane, although it increases again at large step densities. At
550 K this effect is stronger. This is explained due to a progressive reduc-
tion of ΘT (α) that causes the decay of the Total-CO coverage near the (111)
plane. However, ΘS(α) grows with the step density, allowing to counterbal-
ance the decrease of ΘT (α) at densely stepped surfaces, yielding a minute,
yet noticeable, growth of the Total-CO coverage at large α.

3.3 Subsurface oxygen at the (111) plane

We have seen that CO anchored at terraces steadily desorbs while that at
steps remains prior to the symmetric ignition of the CO oxidation. In order
to further delve into this phenomenon, we performed a more precise ignition
cycle (0.25 K/min, 2.5 K steps) at oxidizing conditions (total pressure of 1.1
mbar, 1:7 CO:O2 gas ratio). We will focus on the (111) surface, where the
terraces are largest, in order to detect additional species at the CO-depleted
terraces prior to the light-off. The results are shown in Figure 3.5.

Both the O 1s and C 1s regions were monitored during the heating ramp
[see Figure 3.5a)]. We sketch three characteristic stages of the CO oxidation
at different temperatures, namely the poisoned (bottom, far from light-off),
“transient” (middle, close to ignition) and active (top, after light-off) stages,
at the respective temperatures of 350, 555, 570 K. CO molecules anchored at
TT (532.7 and 286.6 eV) and TB (530.9 and 286.0 eV) sites are detected in
both the O 1s and C 1s regions [52, 55]. The small amount of graphitic “C”
oxidizes [47] and the CO leaves the terraces as the temperature increases.
However, the peak in principle assigned to TT-CO progressively shifts to-
wards lower binding energy in the O 1s as we approach the ignition. Such
displacement was not observed during a CO desorption cycle performed in
UHV conditions (Appendix C2), for which we believe this shift is related to
the CO oxidation itself. Furthermore, as depicted in the top panel of Fig-
ure 3.5b), the ratio between the ChemCO intensity at the O 1s and C 1s
remains constant at low temperatures, yet rapidly boosts prior to the tran-
sition towards the active stage around 560 K. We postulate that both the
shift and the increase of the O 1s/C 1s ratio point to an additional oxygen
species arising just before ignition, and overlapping with the TT-CO peak.
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Figure 3.5: XPS evolution during a slow ramp at the (111) surface.
a) O 1s (left) and C 1s (right) at three characteristic temperatures during a
slow and precise heating ramp (0.25 K/min, 2.5 K steps) at the (111) plane.
The sample was exposed to a 1.1 mbar, 1:7 CO:O2 gas ratio mixture, while
the photon energy was 650 eV. At the poisoned stage (350 K, bottom) no
CO2 is detected. However, a sizeable production is observed at the transient
regime (555 K, middle), prior to the full ignition and the maximum CO2

production occurring as the surface passages to the active stage (570 K, top).
TT, TB, “C”, O/Pt and OSubs refer to Terrace-Top and Terrace-Bridge CO
molecules, graphitic carbon, O-related species and subsurface O, respectively.
Vertical dashed white and black lines illustrate the shift of the photoemission
peaks at the different temperatures. b) O 1s/C 1s ratio and c) ChemCO
(TT+TB), O/Pt and OSubs peak areas, as extracted from the fitting of each
spectrum of the heating ramp. Ti marks the ignition temperature at 557.5 K.
c) Theoretical structures used for the calculations of the poisoned, transient
and active stages of the CO oxidation.
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In order to extract this possible unresolved species, we performed a con-
sistent peak fitting procedure. At 350 K, far from ignition, one would expect
only chemisorbed CO (ChemCO, i.e. TT and TB) species in the O 1s region.
Since these can be easily distinguished in the C 1s, one can derive O 1s-C
1s conversion factors to extract the expected O 1s intensity of TT and TB

from their well-defined peaks in the C 1s region. It must be noted that PED
effects may arise at the (111) plane in the O 1s, altering the real TT/TB ratio
[24]. Therefore, individual O 1s-C 1s conversion factors for TT and TB must
be derived. By fitting the C 1s at different temperatures and applying the O
1s-C 1s conversion factors obtained from the fit at 350 K, one can extract the
expected intensity in the O 1s for TT and TB at each of the temperatures.
Hence, if species other than ChemCO contribute to the O 1s total intensity,
an extra intensity will be required to properly fit the O 1s.

Far away from ignition, the O 1s/C 1s ratio is virtually constant. How-
ever, this relationship significantly grows at 555 K, when the ignition is close.
Therefore, the intensity calculated from the C 1s does not produce an ade-
quate fit of the O 1s region, and one needs to add an additional feature in
the fitting routine in order to account for this missing intensity. The posi-
tion of such feature is 532.1 eV, as derived from the fitting. As discussed
in the following paragraphs, we have named it OSubs. It is residual at low
temperature, but it rapidly increases when approaching ignition, mimicking
the growth of the O 1s/C 1s ratio. We must note that after ignition, a sim-
ilar, unknown peak is detected at 531.6 eV, i.e. 0.5 eV away from the OSubs

emission of the poisoned phase. A different species than OSubs seems more
likely than such shift of OSubs right after ignition. OSubs vanishes after the
ligth-off of the reaction, hence we have called this stage “Transient”.

The existence of the OSubs feature in the O 1s region seems clear, but its
nature is not evident. Transient regimes [27, 31, 58, 131, 126, 210, 211] with
additional species and surface roughening [46, 47] were already observed for
other Pt substrates during the CO oxidation. Our transient stage appears
only right before ignition and coexists with a remarkable amount of CO on
the surface (∼0.2 ML). There is a significant amount of CO2, likely due to
the low pumping speed of the setup, since the Pt surface is slightly active
prior to ignition and CO2 accumulates in the chamber. Only TT and TB are
distinguished in the C 1s, hence the peak at 532.1 eV is not CO adsorbed
at steps, which appears at a similar binding energy [63]. Chemisorbed O
in hollow fcc sites is also discarded [52]. Hence, we resorted to theoretical
calculations in order to characterize this unknown species.
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For the input of the theory we took into account that CO molecules ad-
sorbed on TB sites desorb earlier than those at TT positions [55]. Therefore,
one would expected a relatively open layer of TT-CO on the surface close
to ignition. To account for this situation, we only considered that the TT

sites are occupied by CO, leading to a (2×2)-TT, 0.25 ML superstructure.
Several different structural models were considered for the theoretic investi-
gations, combining the (2×2)-TT arrangement with coadsorbed O in hollow
fcc and subsurface sites. The bare subsurface O was also tested. All the
details of the theoretical calculations are presented in [188]. We will limit
the description to the experiments and its analysis but will not describe the
computational details. These were performed by C. Garćıa-Fernández and
D. Sánchez-Portal (Materials Physics Center, San Sebastián). For each of the
structures (see Appendix B3), they calculated the formation energy (Efor),
the O 1s core level position for both the CO molecule and O atom [ECO

B

and EO
B , both compared to the experimental value of TT (532.7 eV)] and,

finally, the CO adsorption energy variation (∆ECO
ad ), as compared to that of

the (2×2)-TT reference. The results are summarized in Table 3.1.
The first structure that will be discussed is a 0.25 ML layer of CO in TT

positions with a coadsorbed 0.25 ML structure with oxygen atoms anchored
at hollow fcc sites (CO-Ofcc). Even though this structure has the lowest
formation energy Efor, and hence should be the most stable situation, the
O binding energy is calculated to be EO

B = 530.3 eV, far away from our
experimental one. Another reasonable possibility would be coadsorbed sub-
surface O, which has been postulated before in several metals [162, 212–215],
including Pt [84, 85, 216, 217]. A further argumentation for such a subsur-
face configuration is that in Pt [30, 95, 218], Rh [170, 171] and Pd [219]
oxides are formed as trilayer surface oxides, on which O atoms incorporate
beneath the topmost metal surface. For these reasons we also considered O
incorporation below the (111) terraces. The CO-Osub structure depicted in
the middle panel of Figure 3.5c) consists on TT-CO molecules coadsorbed
with O atoms occupying hcp hollow sites below the (111) surface [84, 85]. It
features one shared Pt atom between the O and the CO. The formation of
this structure lowers the CO adsorption energy by around 0.3 eV, bringing
it to values close to that of the steps [220], which would explain the simul-
taneous CO desorption from steps and terraces. It is noteworthy that this
configuration lifts some of the Pt atoms, resembling the surface roughening
proposed by McCrea et al. [46, 47], and also the surface oxide described by
Miller and coworkers on Pt(111) [30]. Regrettably, EO

B is again far from the
value observed experimentally.
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Another structural combination comprises TT-CO and subsurface hcp O
in a way that none of the Pt surface atoms are shared by the CO and the
O (CO-Osub*). Even though EO

B matches that extracted experimentally, it
increases the adsorption energy of the CO, hence it does not explain the
simultaneous ignition. If the amount of subsurface O is doubled and both
tetrahedral sites are occupied (CO-2Osub), the situation improves in the sense
that the formation of this structure becomes more favourable and the CO
adsorption energy decreases even more, explaining the simultaneous ignition.
The drawback of this simulated structure is that the calculated O 1s core
level position does not fit to the experiment.

Structure ΘCO/ΘO [ML] O site Efor [eV] EO
B [eV] ECO

B [eV] ∆ECO
ad [eV]

CO only 0.25/0.00 - -1.65 - 532.7 0
CO-Ofcc 0.25/0.25 fcc -2.93 530.3 532.8 +0.10
CO-Osub 0.25/0.25 tetra -1.27 531.3 532.8 -0.31
CO-Osub* 0.25/0.25 tetra -0.74 532.1 532.9 +0.22
CO-2Osub 0.25/0.50 tetra -1.32 531.0 532.8 -0.48
Osub only 0.00/0.25 tetra +0.68 532.0 - +0.68

Table 3.1: DFT calculations of several CO-O structures at Pt(111).
Formation energy (Efor), O 1s position for CO (ECO

B ) and oxygen (EO
B ), and

CO adsorption energy variation (∆ECO
ad ) determined for a number of pure

and mixed CO and O structures on Pt(111). CO-Osub is sketched in the
middle panel of Figure 3.5c), while all of them are reported in Appendix B3.

To conclude, theoretical calculations suggest that oxygen, OSubs, could
lower the adsorption energy of coadsorbed CO molecules anchored at the
terraces. This would bring it up towards values similar to those of CO ad-
sorbed at steps, and hence explaining the symmetric ignition of the reaction.
Nonetheless, we did not succeed into reproducing both the experimental core
level and the decrease of adsorption energy at the same time. This may be
related to the complexity of the system, since we are only considering simple
structures in order to ease the computations. There is also the possibility of
OSubs being an uncharacterized surface oxide. Additional theoretical calcula-
tions could shed light into this transient regime, although such computations
are usually complex and require a large amount of time.
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3.4 Step doubling during the transient stage

We have proposed that the (111) terraces accommodate subsurface oxygen
(OSubs) right before the CO ignition. In this Section we will investigate
the chemical species involved in this transient stage at the stepped surfaces
available in the c-Pt(111) sample, paying special attention to OSubs. In order
to do so, we mapped the curved surface (α-scan) at 350 K (poisoned stage)
and 550 K (close to CO ignition, transient stage) at a 1:6 CO:O2 gas ratio and
a total pressure of 0.7 mbar. Relevant O 1s spectra are shown in Figure 3.6,
and they were taken right before the C 1s region discussed in Section 3.2.
Complete O 1s α-scans can be seen in Appendix B4. The behaviour of B-
type vicinals is the same as for A-stepped surfaces. However, since the former
steps feature additional species at large α, we will only discuss A-type vicinals
in this Section to focus on such species.

In Figure 3.6a) we sketch the O 1s at the (111) plane and different A-
type vicinals. There, the evolution from 350 to 550 K is analyzed together
with the peak fits for the high temperature measurement. As mentioned in
Section 3.3, the leading contribution at 532.5 eV at the position of the (111)
plane shifts with the temperature, which we postulate confirms the existence
of OSubs. The fitting routine that we used before to extract OSubs is no longer
valid at the stepped surfaces, since the broad TT and ST contributions lie very
close to each other in the O 1s region [63]. This prevented us from resolving
TT and ST, hence we were forced to consider a single photoemission peak
(TT+ST) in the O 1s fitting routine at the stepped surfaces. Therefore, we
decided to use peaks with fixed energy (small variations were permitted)
for OSubs and CO anchored at TB sites (532.1 and 530.9 eV, respectively).
The combined feature (TT+ST) was allowed to shift towards lower binding
at increasing α, due to the growth of ST at lower binding energy [63]. An
additional peak at 529.6 eV is perceived at α > +5◦, which we relate to
atomic O [52] at the steps (OD-S, see later).

The aforementioned fitting procedure yields the expected decrease of CO
adsorbed at TB positions with α. However, those at (TT+ST) sites features
a complex behaviour at highly stepped planes, since both TT and ST suffer
from PED effects. The progress of the different ChemCO species with α
was already discussed in Section 3.2 at the very same conditions (the O 1s
region was acquired immediately before as the C 1s), hence we shall focus
on the nature of the O-related species at the stepped surfaces prior to the
CO ignition. The intensity of the oxygen atoms anchored at OSubs and OD-S

positions as a function of the vicinal angle [see Figure 3.6b)] clearly reflects
the terrace character of the former and step character of the latter.
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Figure 3.6: Step doubling at vicinal Pt surfaces.
a) Selected fitted spectra at 550 K (transient stage) at different α across
A-type Pt stepped surfaces, acquired though surface maps at a 1:6 CO:O2

gas ratio, 0.7 mbar of total pressure (see Appendix B4). Low temperature
scans (350 K, poisoned stage) are included as red dashed lines to emphasize
the spectrum shift as the ignition approaches and OSubs arises. Note that
the displacement is less marked at the stepped surfaces. The feature around
532.5 eV corresponds to CO anchored at sites at the (111) plane, while
it is a combination of CO adsorbed at TT and ST positions at the vicinal
surfaces and, accordingly, shifts towards lower binding energies as compared
to the peak at the (111) plane [63]. Insets at stepped surfaces are added to
emphasize the OD-S peak. b) Evolution of oxygen species (OSubs and OD-S)
as a function of α. A dashed, orange line is included in order to mirror the
break of slope observed in Figure 3.3. c) Sketch of monoatomic (left, 300
K, UHV CO saturation) and diatomic (right, 550 K, transient stage) steps
on a (335) surface, illustrating the step doubling effect discussed in the text.
Terrace-Top, Step-Top and Terrace-Bridge CO molecules are denoted as TT,
ST and TB, while OSubs and OD-S correspond to oxygen below the topmost
layer of the surface and atomic O anchored at the diatomic step, respectively.
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Only a small amount of OD-S is observed at 550 K, increasing with α.
The position of OD-S (529.6 eV) resembles atomic O chemisorbed in hollow
fcc sites in Pt(111) [52], although its increase with α clearly indicates that
it is anchored close to the step edge. Oxygen adsorption at SB sites was
reported before for A-type Pt surfaces [97, 106, 221]. This is expected, since
O adsorbs in bridge sites at Pt(110) [222], exhibiting a photoemission peak
centered close to 530 eV [40, 130, 223]. Since the nature of OD-S is not
completely clear, we sketch both possibilities in Figure 3.6c).

Regarding OSubs, the shift with the temperature of the large peak at 532.5
eV in the O 1s spectrum is smaller when stepped surfaces are considered [see
vertical lines of Figure 3.6a)]. For these reasons, we believe that OSubs is
located only beneath the (111) terraces, and hence its decay with α is not
an artifact of the fitting procedure.

One interesting phenomenon may be observed. OD-S emerges around
α =◦, roughly at the same vicinal angle at which the decay of Terrace-CO
turns less marked [C 1s analysis, see Figure 3.3b)]. Both effects seem to
be correlated: above a critical vicinal angle αC , Terrace-CO diminish in a
less marked pace while the step species OD-S commences to steadily grow.
Although this suggest a complex behaviour, all can be put together if step
doubling is considered. This has been reported in several vicinal surfaces
upon minor O2 dosages [102, 224, 225], large CO pressures [70] and during
the active stage of the CO oxidation in Pt [144].

A (335) surface (α = 14.4◦ > αC) with single steps has one step (dark
grey), one understep (ligth orange) and two terrace (light grey) rows in the
distance between one step [1d, see Figure 3.6c)]. Therefore, these are doubled
if the distance between two steps (2d) is considered. However, if a (335) plane
with double steps is examined, the transition from mono- to di-atomic steps
leads to the increase of one terrace row in expenses of an understep row in
the same 2d distance. This is illustrated in Figure 3.6c). A (335) surface
with single atomic steps has 2 terrace and 2 subsurface rows per 2d distance,
while double-steps have 5 terrace and one understep row in the same 2d area.
In both cases, the two step rows per 2d are retained. Hence, this larger room
allows for more terrace species to chemisorb, explaining the mild decrease
of the slope on the Terrace-CO perceived for Figure 3.3b) at 550 K above
αC . Finally, we did not observe additional O species on the B-side during
this α-scan, although they may contribute to the spectra of both types of Pt
vicinals if the O2 content increases, as sketched in Figure 3.2.
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3.5 Active stage at stepped surfaces

After discussing in detail the nature of the poisoned stage in the previous
sections, we shall now explore the active stage of the reaction found after
ignition. This phase is characterized by a large CO2 production rate and
an O-covered surface. After acquiring the α-scans presented earlier in this
Chapter, we slowly increased the temperature to 595 K. Here, the signal
related to ChemCO vanished at the same time as the CO2 turnover signifi-
cantly increased, marking the light-off of the reaction. Following the α-scan
approach, we mapped the surface by monitoring both the O 1s and C 1s
regions, as shown in Figure 3.7. Only CO2(g) contributes to the C 1s region,
since the reaction has ignited. Additional α-scans under other experimental
conditions are shown in Appendices B5 and B6, reflecting a variable compo-
sition of steps and terraces depending on the experiment parameters.

The entire O 1s α-scan is shown in Figure 3.7a). The two dashed white
lines enclose different areas of the O 1s region: gas phase (>534 eV), oxides
(534-530 eV) and chemisorbed (<530 eV) contributions. Regarding the gases,
only the O2(g) doublet (around 537 and 538 eV, 1.1 eV splitting) and the
CO2(g) triplet (535 eV) are detected. No CO(g) is perceived (536.5 eV) [38],
since the reaction is O2-rich and all CO surrounding the crystal reacts to
form CO2 (mass-transfer limit). One interesting behaviour, nicely reflected
by the α-scan, is the variable position of all gas phase peaks across the
curved surface. Such change may be easily explained in terms of different
work-function of the facets, as discussed by Schiller et al. [206].

In Figure 3.7b) we show characteristic spectra at the (553), (111) and
(223) surfaces, respectively featuring B-steps, terraces and A-steps. The
spectrum at the center, the (111) surface, features two well-resolved peaks.
The one at 529.6 eV corresponds to chemisorbed O at the follow fcc position
of the terraces, OTerr [52, 118]. However, the assessment of the additional
peak is not trivial. Its energy (531.4 eV) exceeds 530 eV, hence it must be an
oxide (denser O phase). It is clear that it is not PtO2 (530.2 eV) [226], and
1D oxides at terraces (530.7 eV) are also discarded [25]. To our knowledge,
only a peak at the very same binding energy, assigned to PtO, was observed
after a reactive sputtering preparation [93]. We could not perform additional
experiments to further delve into the nature of this feature, hence we will
label this uncharacterized species as “Oxide”.
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Figure 3.7: O 1s α-scan during the active stage.
a) O 1s intensity scan across the curved surface during the active stage of
the CO oxidation. Different species are identified according to their binding
energy, i.e. chemisorbed O (<530 eV), oxides (534-530 eV) and gases (>534
eV). b) Selected spectra at relevant surfaces, namely the (553), (111) and
(223) planes at the top, center and bottom panels, respectively. c) Evolution
of oxygen species as a function of α, as extracted from the fit of all spectra
shown in a). OTerr and OStep refer to atomic O anchored at terraces in
hollow sites and at steps in an unknown position, while Oxide refers to an
uncharacterized oxide located at the terraces, respectively. Experiments were
undertaken at 595 K under a 1:6 CO:O2 gas mixture at a total pressure
of 0.7 mbar, using photons of 650 eV. CO2(g) and O2(g) in a) refer to the
photoemission peaks of such molecules.



Active stage at stepped surfaces 61

The stepped (223) and (553) surfaces are respectively shown in the top
and bottom panels of Figure 3.7b). First of all, both Oxide and OTerr de-
crease at both. Therefore, we can suggest a terrace-nature of the Oxide
contribution. The decay of OTerr is strong at the (223) surface but much
smaller at the (553) plane, revealing asymmetries between A- and B-type
steps. An additional peak at 528.9 eV may be distinguished, labelled as
OStep. We will observe the same small peak for kinked Pt vicinal surfaces
(see Subsection 4.1.4). The energy position of OStep points towards an atomic
O species, yet we mentioned earlier in Section 3.4 that O anchored at bridge
and hollow sites near the step edge should also exhibit a peak close to 530
eV. Ogawa et al. [227] reported that O could also anchor to the square steps
in four-fold hollow positions, but clearly not in the understep region. Due
to its large shift as compared to OTerr, we suspect to have O adsorption on
these square sites. This is reasonable for {100} microfacets, although it is not
likely for {111} single steps, which may indicate that the B-stepped surfaces
are reconstructed.

In Figure 3.7c) we sketch the evolution of Oxide and chemisorbed O
(OTerr+OStep) as a function of α. The former decreases with the step density,
whereas ChemO decreases or increases depending on the step type. While
the species of the active stage are similar at different conditions, their evo-
lution with the step density may vary significantly depending on them (see
Appendices B5 and B6). Therefore, it is difficult to extract a clear trend.

To end with this Chapter, we must mention that the study of the active
stage of the CO oxidation is not the main topic of this Thesis, and hence it
is just preliminary. It is likely that the Pt vicinals [143, 144], if not Pt(111)
itself, reconstruct, explaining the variety of behaviours as a function of the
step density observed of each of the species. In addition, the bibliography
on the Pt oxidation is vast, and several works contradict each other (Subsec-
tion 1.3.2). Complementary structure-sensitive experiments, such as surface
X-ray diffraction [175] or high-pressure scanning-tunneling microscopy [25],
in addition to theoretical calculations [130], could shed light into this prob-
lem.
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Summary of the c-Pt(111) experiments

In this first experimental Chapter, we explored the CO oxidation on A-
and B-type Pt vicinal surfaces up to α = ±15◦. Preliminary experiments
undertaken in UHV allowed us to quantify the saturation layer: top and
bridge CO molecules dominate the terrace adsorption, while top positions are
the preferred adsorption sites at the steps. A residual adsorption in bridge
sites at {100} steps was also observed. Applying the W -model to our data
after CO saturation permitted to derive the effective width of the steps, which
gives an idea of the average area of influence of the step inside terraces. The
values obtained from the fit were larger compared to the geometric distance
between Pt rows, reflecting how the step influence extends towards the lower
terrace. A-steps typically feature a lower terrace coverage than its B-type
analogous, although both share a similar CO coverage of 0.5 molecules per
step atom after CO saturation.

Regarding the CO oxidation experiments, both PLIF and NAP-XPS re-
vealed a surprising simultaneous ignition of A- and B-type Pt vicinals. The
C 1s mapping at different temperatures prior to the light-off showed a par-
tial depletion of terraces while the steps remained CO-saturated. Since the
terraces are partially empty, O2 can stick, dissociate and start the reaction
there. A profound analysis of the O 1s and C 1s regions during a slow heat-
ing ramp at the (111) plane pointed to the existence of an additional oxygen
species, since the ratio (O 1s/C 1s) increased when approaching the ignition.
With the aid of theoretical calculations, we postulated that such species cor-
responds to subsurface O beneath the (111) terraces, although the precise
atomic arrangement is not completely clear from the theory. Nevertheless,
such subsurface O would decrease the adsorption energy of coadsorbed CO,
explaining the simultaneous ignition of terraces and straight steps observed
for Pt. In stepped surfaces, minor amounts of O at α > 8◦ were perceived
just prior to the CO ignition. The steady growth of such O was parallel to a
slower decay of terrace-CO species roughly above the same step density. We
suspect that this O may cause step doubling at large step densities, which
explains the slower decay of terrace-CO at α > 8◦.

We also studied the active stage of the CO oxidation, whose compo-
sition at steps and terraces was found remarkably variable. We detected
chemisorbed oxygen in hollow position at terraces, and possibly with four-
fold coordination at the steps. We also observed an uncharacterized oxide,
maximum at the (111) terraces and markedly decreasing with α, suggesting
that it builds up at the Pt(111) terraces. However, additional α-scans of
the active stage at different experimental conditions reveal that the relative
oxidation of steps and terraces significantly varies with the CO:O2 gas ratio.



Chapter 4

CO oxidation on Pt kinked
surfaces

This Chapter deals with CO oxidation experiments carried out on a curved
Pt sample featuring kinked steps. In this Pt crystal, the cylinder curvature
is not anymore parallel to the [11̄0] direction, but perpendicular to it and
parallel along the [12̄1] direction. Unlike the curved samples with straight
A- and B-steps, the curved surface of this sample is not symmetric with
respect to the [111] direction. It neither features A- or B-steps as for the c-
Pt(111) sample described earlier, but kinked steps. The center of the crystal
is chosen in a way that the (111) surface is shifted to one edge, covering a
±19.5◦ angular range around that (645) surface. We will call this crystal k-
Pt(645). As sketched in Figure 4.1, a variable density of kinked steps along
its curved surface is achieved. This sample spans a total vicinal angle of
∆α = 28◦ from the (111) plane located at one side of the crystal, enabling to
reach the densely kinked (312) surfaces (2-atom-wide terraces) at the other
edge. See Section 2.1 for more details on kinked surfaces. The cleaning
routine and sample characterization are described in Appendices C and C1.

63



64 CO oxidation on Pt kinked surfaces

r = 15 mm

D = 10 mm

a) b) c)
(111)

(645)
(312)

�max = 28º

[121]

[13,2,17]

(645)

� = 22.2º

(111) (312)

� = 9.3º

1 2 3 4 5

1 2 3 4

Figure 4.1: Description of the curved k-Pt(645) sample.
a) Model of the curved k-Pt(645) crystal, indicating the radius of curvature
r and sample diameter D. b) Top view of the sample, with positions of
selected surfaces and the maximum vicinal angle αmax that can be probed
using this crystal. The crystallographic directions perpendicular and parallel
to the cylinder axis, namely the [1̄3,2,17] and [12̄1], respectively, are also
included. c) Lateral view of the crystal, indicating the location and vicinal
angles α of the (645) and (312) surfaces across its curved surface. Insets with
atomic models for the (111), (645) and (312) planes are also included.

4.1 CO and O2 adsorption in UHV conditions

In order to characterize the CO layer of the poisoned stage and oxygen species
of the active stage of the CO oxidation, we performed UHV reference exper-
iments. We exposed the sample to CO and O2 in separate experiments and
measured by XPS the surface chemical species across the curved surface.
These measurements were carried out at SuperESCA beamlime at Elettra
synchrotron. The experimental procedures are presented in Appendix C.

4.1.1 CO uptake experiments at kinked planes

We first studied the CO adsorption hierarchy at the kinked Pt vicinals. In-
dividual uptake experiments were performed at the (111), (645) and (312)
surfaces. These surfaces were separately exposed to 1 · 10−9 mbar CO at
300 K while continuously recording the C 1s region. Additional information,
such as coverage calibration, is given in Appendix C.
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The experiment starts at the (111) plane (Figure 4.2, left panels), in order
to compare with earlier reports on the CO adsorption on Pt(111). Shortly
after CO exposure [Figure 4.2d)], a peak at 286.7 eV appears. It is attributed
to CO anchored atop Pt atoms at terraces (Terrace-Top, TT) [55]. Later and
at a slower rate, another feature at 286.0 eV develops, which corresponds to
CO adsorbed at terrace bridge sites (Terrace-Bridge, TB) [55, 72, 228]. The
evolution of both CO species is shown in [Figure 4.2g)]. While the TT-CO
intensity steadily grows until saturation at around 0.8 L, the adsorption at
TB sites is slower and seems not to be saturated after the highest dose used
here (3 L CO). Our results agree well with a preceding report on the CO
adsorption on Pt(111) at 200 K [55]. A residual amount of graphitic carbon
(“C”) was observed, increasing with time and hence with beam exposure.

The center column of Figure 4.2 illustrates the same experiment for the
kinked (645) plane (α = 9.3◦). As seen in Figure 4.2e), a peak at 286.4 eV
emerges prior to any other features. Similarly to close-packed Pt vicinals
[63, 67], and in agreement with earlier reports on kinked Pt surfaces [68],
we attribute this peak to CO adsorbed in top positions at the kinked edge
(Step-Top, ST). At higher CO exposures, adsorption at TT and TB sites is
easily perceived. As depicted in Figure 4.2h), ST-CO markedly slows down
at around 0.15 L CO, point at which CO starts to adsorb also at TT sites.
Mimicking the (111) plane uptake, the population of TT positions is followed
closely by that at TB sites. TT-CO grows faster than TB-CO, and stops at
around 0.5 L CO. However, TB-CO continues to increase at a quite reduced
rate up to 0.7 L CO. At the highest exposure of this experiment (1 L CO),
the surface is not saturated. A residual “C” contribution was also found,
although not as pronounced as on the (111) surface.

Finally, the CO adsorption on the clean (312) surface (α = 22.2◦) will be
analyzed (Figure 4.2, right column). As depicted in Figure 4.2f), ST-CO rises
right after introducing CO to the chamber, followed again by the adsorption
at TT sites. The evolution of individual CO species during the uptake at
the (312) plane is shown in Figure 4.2i). ST-CO saturates at around 0.6 L
CO, in contrast to TT-CO, which does not saturate at 1 L CO. The increase
in the saturation dose of CO adsorbed at ST sites is simply explained by its
larger step density as compared to the (645) plane. For the same reason,
the effective terrace length of the (312) surface is reduced with respect to
the (645) plane. Accordingly, the coverage of TT-CO and TB-CO steadily
decreases at the (645) and (312) plane. At the latter, the coverage of TT-CO
is smallest, and TB is not even observed. This matches early studies on the
CO adsorption by electron energy-loss spectroscopy on the very same surface
[68] and by XPS on the “fully” kinked Pt(201) surface (α = 39.2◦) [229].
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Figure 4.2: CO uptakes experiments at relevant surfaces.
a-c) Color plots of the CO uptakes at the (111), (645) and (312) surfaces,
respectively. In the (111) plane, P↑ indicates a pressure increase from 1 · 10−9

to 1 · 10−8 mbar CO, in order to speed up the process; the other two exper-
iments were carried out at constant pressure of 1 · 10−9 mbar CO. Note the
different scale in a) and b,c). d-f) Characteristic fitted spectra at low (top)
and high (bottom) CO exposures for each plane. g-i) Coverage evolution
of each CO species as a function of CO exposure. TT, TB and ST stand for
CO adsorbed as Terrace-Top, Terrace-Bridge and Step-Top sites, as sketched
in Figure 4.4. The dashed black lines represent the graphitic carbon (“C”)
contribution, while the solid black line corresponds to the total CO cover-
age. The measurements were taken at a photon energy of 370 eV at room
temperature.



CO and O2 adsorption in UHV conditions 67

After the joint analysis of the three uptake experiments of Figure 4.2,
the CO adsorption sequence can be easily derived as ST → TT → TB. This
matches early reports on densely kinked Pt vicinal surfaces, where CO was
found to adsorb at kinks prior to terraces [68, 229]. On the other hand,
the preferential chemisorption of CO on TT sites over TB positions is also
expected [55]. This sequence also agrees well with previous studies on close-
packed Pt, Rh and Ni stepped surfaces, where CO adsorbs first on step edges
rather than on terraces [63–67, 152, 186, 230, 231]. ST-CO prevails over TT-
CO on sticking probability, and also on coverage at high α, while TB positions
are always the last occupied sites with the lowest coverage.

4.1.2 CO desorption from selected kinked surfaces

Another important point in the CO experiments is the reverse process to the
above described adsorption, the desorption of CO. To gain helpful insights
into the CO desorption, a fundamental step during the CO oxidation, we
investigated such phenomenon in UHV conditions. More details on the ex-
periments are given in Appendix C. Briefly, CO-saturated surfaces, namely
the (111), (645) and (312) planes, were heated (constant heating rate of 5
K/min) while continuously recording XPS. The experiments were carried out
at a photon energy of 650 eV to also probe the O 1s region. We show the O
1s spectra in Appendix C2, where no O species arising from CO cracking at
high temperatures were found.

As in previous discussions, the well-documented (111) plane was used
as a reference (left column of Figure 4.3) [56, 61, 117, 232]. As seen in
Figures 4.3d,g), TB starts to desorb right after starting the heating ramp,
and vanishes at around 390 K. However, TT remains rather stable until 320
K and then starts to decrease as well. It completely desorbs at around 430
K, approximately 40 K higher than TB. Earlier desorption of CO anchored
at TB positions rather than at TT sites is the expected [56, 117, 233]. The
graphitic “C” peak grows during the desorption experiments acquired at the
three surfaces. We shall discuss this effect at the end of the Section.

At the (645) surface (center column of Figure 4.3), CO was found to
adsorb at the step edge (ST) in addition to the two positions at terraces (TT

and TB). Similarly to the (111) plane, the first species to desorb is TB-CO. It
completely vanishes at 360 K, followed by TT-CO at around 400 K. However,
as seen in Figure 4.3h), ST-CO has not completely desorbed at 480 K. This
is expected and illustrates the larger adsorption energy of CO adsorbed at
steps as compared to its terraces analogous [63, 65, 67].
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Figure 4.3: CO desorption experiments at relevant surfaces.
a-c) Photoemission intensity plots of the C 1s region during a heating ramp
at CO-saturated the (111), (645) and (312) surfaces, respectively. The sur-
faces were exposed to 10 L CO in order to ensure saturation. d-f) Selected
fitted spectra at the (111), (645) and (312) planes at the start (300 K), mid-
dle (360 K) and end (440, 475 and 500 K, respectively) of each desorption
experiment. g-i) Coverage evolution as a function of temperature of indi-
vidual CO species, extracted from the fit of all spectra shown in a-c). CO
adsorption as Terrace-Top, Terrace-Bridge and Step-Top are denoted as TT,
TB and ST, while graphitic carbon is denoted as “C”. CO chemisorbed at
defect sites at the (312) surface is colored in purple. CO adsorption at defects
of the (312) surface is colored in purple. The experiments were carried out
at a photon energy of 650 eV.
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We finished the experiment at the CO-saturated (312) surface (right col-
umn of Figure 4.3). The main contribution now is ST-CO, while the peak
related to CO adsorbed at TT sites is remarkably smaller in this plane, since
the terraces are significantly narrow. There is an additional feature initially
attributed to CO anchored at TB sites. However, its position at the (312)
plane (285.75 eV) is different from that observed at the (111) surface (285.93
eV), indicating that bridge sites could have different lattice strain within the
tiny and odd (312) terraces [207], or it could be that this peak corresponds to
CO adsorbed at defects [63]. Upon heating, TT-CO starts to decrease prior
to the feature at 285.75 eV. Additionally, this latter contribution remains
almost constant with temperature until desorption. This reveals differences
with CO molecules adsorbed at TB sites on large (111) terraces, as the latter
would readily start to desorb rapidly after increasing the temperature above
room temperature [55], therefore we postulate that the peak at 285.75 eV is
related to CO adsorbed at defects. It can be seen in Figure 4.3i) that CO
anchored at both TT and defect sites sites desorb at 390 K. However, ST does
so at 500 K, reflecting again a larger desorption temperature of CO adsorbed
at steps as compared to terraces.

The three experiments confirms the following trend for desorption tem-
peratures: TB → TT → ST. It is exactly the opposite as the adsorption
sequence derived in Subsection 4.1.1, as one would expect. Both the up-
take and desorption experiments support that the adsorption energy of CO
adsorbed at kinks is larger than that at terraces: impinging CO molecules
would adsorb first on kinks in the low coverage regime, and they will desorb
from them only after the CO from the terraces has almost vanished. Accord-
ingly, such bigger desorption temperature is of relevance to the CO oxidation
ignition in NAP experiments on these vicinal surfaces, as it could promote,
e.g., the CO-poisoning of the kinks and cause the terraces to ignite earlier
than them during the chemical reaction.

It is easily seen in Figure 4.3 that the amount of “C” increased during
the three desorption experiments. However, it is not possible to confirm that
this effect is promoted by the heating itself of by the intense photon beam
impinging the surface. Nonetheless, CO anchored at TB sites was found to
dissociate under the intense synchrotron photon beam in other measurements
during these experiments (not shown). Therefore, a new experiment moving
the sample would be necessary in order to completely distinguish between
beam-assisted CO dissociation and thermal CO cracking.
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4.1.3 C 1s α-scan after CO saturation

Next we characterize the CO species at saturation in order to understand
the CO-poisoning layer found during reaction conditions. In order to do so,
the C 1s was mapped across the curved surface after dosing 0.25 and 10 L
CO at 300 K. The O 1s data has been relocated to Appendix C3 in order to
ease the discussion, and the C 1s α-scan after the 0.25 L CO is not shown.

We will focus on the C 1s α-scan acquired after CO saturation [10 L CO
dose, Figure 4.4a)], since it is the most relevant data to assess the CO poi-
soning. The C 1s α-scan reveals the changes as a function of vicinal angle ex-
pected from the uptake and desorption experiments. The saturation spectra
of the (111) surface is depicted in Figure 4.4b). Two peaks are clearly distin-
guished, corresponding to CO molecules anchored at TT (Terrace-Top, 286.7
eV) and TB (Terrace-Bridge, 286.0 eV) positions [52, 55] [see Figure 4.4g)].
Small peaks ascribed to vibrational excitations of TT- and TB-CO molecules
were also perceived in the photoemission spectra [234–236]. As described in
Appendix C, they were added to the fitting routine to finely evaluate the
spectra. The small peak at 285.7 eV will be discussed later.

The spectra at the (645) and (312) planes after CO saturation are shown
in Figures 4.4c,d), respectively. A new feature appears at 286.3 eV in the
(645) plane and dominates the spectrum at the (312) surface spectra. As
mentioned before, it is attributed to CO anchored at ST sites (Step-Top)
at the kinked arrays [63, 67]. On one side, both TT- and TB-CO steadily
decrease at the (645) and (312) surfaces as compared to the (111) plane,
reflecting the fact that the terraces narrow with the vicinal angle α. On one
hand, ST-CO is larger at the (312) plane as compared to the (645) surface, as
the step density for the latter is higher. However, a closer look to the spectra
reveals that two features can actually be resolved, which we attribute to
CO adsorbed on top of kink Pt atoms with coordination 6 (ST6, first kink
row, 286.17 eV) and 8 (ST8, second kink row, 286.34 eV), as sketched in
Figure 4.4g). The CO adsorption at bridge sites at the steps (SB) was not
considered, since it appears at a rather different energy [67].
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Figure 4.4: C 1s α-scan at CO saturation at 300 K.
a) C 1s intensity color plot across the curved k-Pt(645) crystal after exposure
to 10 L CO at 300 K. Photoemission spectra were recorded at 90 K and at a
photon energy of 370 eV. b-d) Selected spectra at the (111), (645) and (312)
surfaces, respectively, together with their corresponding fits. CO coverage
variation of e) individual and f) total CO species as a function of α, extracted
from the fit of all spectra shown in a). g) CO adsorption structure around
a fully kinked step (see text). CO adsorbed at defects was not included in
this sketch. CO adsorption as Terrace-Top, Terrace-Bridge and Step-Top on
Pt kink atoms (with coordination 8 and 6) are denoted as TT, TB, ST8 and
ST6, respectively. The black peaks of b-c) and the black dashed line of e) are
ascribed to CO adsorbed at defects.

Finally, the feature at 285.8 eV is quite similar in all three spectra, for
which we believe that this peak is related to CO adsorbed at defects. The
position of the contribution matches an earlier report on Pt(553) [67]. De-
fects are concomitant to all crystalline samples [61, 122, 208, 209], and one
would tentatively assume that they are homogeneously distributed across
the sample. In fact we observe that the emission around 285.8 eV is virtu-
ally constant across the spectra of the whole α-scan, further supporting the
defect-nature of such peak. We show this in Figure 4.4e). Extra CO species,
such as CO anchored at terrace-hollow or step-bridge sites, exhibit peaks
at similar binding energies [63, 67, 237]. We cannot resolve any additional
peaks, hence we will treat this contribution as CO adsorbed at defects. Its
adsorption position is not clear, and it is probably a combination of several
geometries.
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The curved surface was also probed by LEED after the 10 L CO dosage,
as shown in Appendix C1. At the (111) plane, the expected c(4× 2) pattern
was clearly observed [53], which we used as a reference for coverage cali-
bration (see Appendix C). However, the stepped surfaces showed no further
diffraction spots than those arising from ordered monoatomic step arrays,
hence no step doubling is expected [238]. This also suggests a random oc-
cupation of preferred CO adsorption sites inside the (111) terraces, similarly
to B-type but contrary to A-type Pt vicinals [67].

The coverage variation of individual CO species as a function of α at
saturation is shown in Figure 4.4e). In contrast to ST8, ST6 and TB, which
exhibit an almost constant energy all over the α-scan (286.34, 286.17 and
285.98 eV, respectively), TT smoothly shifted from 286.67 eV at the (111)
plane to 286.56 eV at the (312) surface. These subtle variations on the
position of TT with increasing α are ascribed to a release of the terrace stress
(i.e. a decrease in terrace strain) as the step density grows, as reported before
for close-packed Pt vicinal surfaces [207].

A closer look to Figure 4.4e) further probes that both Step-CO species
(ST8 and ST6) rise with α at an almost identical rate, indicating a similar
coverage at the stepped edges. Although TT- and TB-CO decrease with the
step density, it is clear that CO anchored at TT sites does so at a slower rate.
Therefore CO adsorption near the kinked step is more favourable in TT sites
rather than at TB positions. Such scenario is quite similar to that observed
for close-packed A-steps in Pt, where TB decays faster than TT at increasing
α (see Section 3.2).

To end with, the saturation coverage of CO at terraces, steps and in
total as a function of α angle is presented in Figure 4.4f). These results
are of upmost importance, as they will permit to evaluate the CO saturation
structure on steps in UHV, and compare it to the CO poisoning layer observed
during the CO oxidation at the very same stepped surfaces. The constant
amount of CO adsorbed at defects was excluded from the analysis below.

The absolute CO coverage is found to slightly increase with the step den-
sity at kinked Pt surfaces, in contrast to other Pt, Rh and Pd vicinals featur-
ing straight A- and B-steps [186–188]. In order to investigate the saturation
structure at kinked surfaces, we applied the W -model (Subsection 2.1.1) to
the evolution of the the total terrace- and Step-CO coverages with α. Briefly
to remember, it describes how the coverage at terraces and steps behave as
a function of the step density, allowing to extract the effective step size at
kinked surfaces (W , region of influence of the step at neighbouring terraces).
It also gives information on the coverage at a flat surface [Θ0

T , surface with no
steps, i.e. the (111) plane] and the W -region [Θ0

S, surface with no terraces].
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We started by fitting the Terrace-CO evolution with α [ΘT (α)] to Equa-
tion 2.2. On one hand, we obtained Θ0

T = 0.5 ML, i.e. the CO saturation
coverage of Pt(111) [53]. On the other hand, the fit yielded an effective ex-
tension of the step W = 4.3 Å. As mentioned earlier, this W -region accounts
for both the step edge atoms and the area of influence (understep region) in
the lower terrace. The distance between atomic rows in the perpendicular
direction of the kinked step (a∥ for kinked surfaces, see Figure 2.2) is 2.77 Å
for Pt. W corresponds then to approximately 1.5 ·a∥, hence the kinked steps
imaginary extend 50% of the distance of an atomic row in the understep
region. W here is larger than its analogous in close-packed Pt steps (3.2 Å,
see Section 3.2), illustrating how the kinked steps have a larger effect on the
lower terraces as compared to the straight arrays.

The evolution of the CO anchored at the kinks with α [ΘS(α)] can be
fitted to Equation 2.3 to yield the product W ·Θ0

S. Since we know W , we can
easily extract Θ0

S. By multiplying Θ0
S by W/a∥ (see Subsection 2.1.1), a value

of 1.1 CO molecules per kinked row was obtained. This roughly indicates
that most of the kinked edge atoms are covered by CO, mimicking Ni(100)
vicinals [231]. This means that the step coverage in kinks is remarkably
higher than that of other A- and B-type surfaces [67, 186, 187].

With this information, we suggest the CO saturation structure around
kinked arrays shown in Figure 4.4g) to highlight the large step CO coverage.
No evidence of ordered CO structures is observed in the LEED (Appendix
C1). In our proposed structure, CO sticks to all kinked atoms to create a
coverage of one molecule per Pt kinked atom. Additionally, CO adsorbs in TT

sites near the kinks and blocks the TB positions, hence explaining the stronger
decay with α of TB-CO rather than TT-CO. Since the CO density is larger at
the kinks as compared to the terraces, this allows to counterbalance the decay
with α of terrace-CO coverage with the growth of kink-CO, which results in
the minute increase of the total coverage with α. CO molecules would be
slightly displaced from pure ST sites in order to decrease the intermolecular
repulsion of closely packed adsorbates, resembling the c(4×2)-4CO structure
developed at terraces [see black dashed lines in Figure 4.4g)]. Note that there
is no occupation of SB sites at the kinks.

Both ΘT (α) and ΘS(α) fit well to the W -model at α < 18◦, yet at higher
α the linear change does not hold anymore. Note that the model assumes
that the local coverage of steps and terraces does not change with the step
density. This may be incorrect at highly stepped vicinal surfaces, such as the
(312) plane (2-atom-wide terraces) where steps are close to each other and
step-step and intermolecular interactions intensify. Although step doubling
was not observed by LEED, the change in slope at α > 18◦ may also be a
signature of disordered diatomic steps [188].
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4.1.4 O 1s α-scan after O2 saturation

To end with the UHV characterization of the k-Pt(645) sample, we exposed
the crystal to O2 in order to investigate the O chemisorption and Pt oxida-
tion. The following experiments were performed at room temperature, since
adsorption of residual gases was observed at 90 K temperature (see Appendix
C4). The fitting procedure is detailed in Appendix C.

The O 1s spectrum after dosing 50 L O2 at the (111) plane depicted in
the top panel of Figure 4.5a). It contains a single, asymmetric peak at 529.7
eV, which corresponds to chemisorbed atomic O in fcc hollow sites (ChemO)
[118]. ChemO is likely arranged in a 0.25 ML, p(2×2)-O superstructure [52,
73], since low pressure doses of O2 at room temperature are not sufficient for
developing denser oxygen phases in Pt(111) (see Subsection 1.3.2). Therefore,
we used the spectrum at the (111) plane for coverage calibration.

We also probed the (645) and (312) planes following the O2 dose [middle
and bottom panels of Figure 4.5a)]. The peak observed at 529.7 eV at the
(111) plane shifts towards 529.6 and 529.5 eV at the (645) and (312) surfaces,
respectively and grows with the kink density. At the (111) plane, this feature
corresponds to ChemO, i.e. O adsorbed in the hollow fcc position at terraces,
therefore it should reduce its intensity with the kink density. Instead, we
observe its growth and a shift towards lower binding energy with α. This
suggests the existence of an unresolved O species at the kinks, possibly at
hollow sites near the kinked edge due to its similar binding energy. Therefore,
we postulate that the feature ChemO corresponds to O anchored in hollow
sites at terraces and kink sites. O adsorption at kinks is very efficient [68,
111], hence explaining the increase of ChemO with α. However, we must not
discard O adsorption in bridge sites at the {100} microfacet [222], for which
a peak around 530 eV was reported [40, 130, 223].

Two new small contributions appear at 528.8 and 530.7 eV after the O2

dosage at the stepped surfaces. They are bigger on the densely stepped
(312) plane rather than at the intermediate (645) surface, reflecting their
step nature. On one side, the peak at 530.7 eV (“Oxide”) is possibly the 1D
oxide reported by Wang et al. at Pt(332) [96], although more experiments
are needed to confirm this. On the other side, the feature at 528.8 eV (OK)
corresponds to chemisorbed O at kinks. As mentioned above, adsorption
in hollow sites at terraces and bridge sites at the {100} microfacet are not
alike, since they should exhibit a peak at around 530 eV. Therefore, the
remaining alternative is O adsorption at the four-fold square sites at the
{100} microfacet of the steps. The transition from three-fold to four-fold
increases the O coordination, hence a significant shift towards lower binding
energy is expected [239], further supporting our assessment.
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Figure 4.5: O 1s α-scan after dosing 50 L O2 at 300 K.
a) Selected fitted spectra at the (111), (645) and (312) surfaces, respectively.
They were extracted from the O 1s α-scan shown in b), acquired after an O2

dose of 50 L. c) Coverage variation as a function of α for the individual and
total O species, extracted from the fit of all spectra shown in b). ChemO,
Oxide and OK denote hollow chemisorbed O, a step oxide and chemisorbed
O at the kinked edges, possibly at square sites. Experiments were carried
out at a photon energy of 650 eV at 300 K.

Individual spectra of the α-scan [Figures 4.5b)] were fitted to obtain the
evolution of each of the peaks with α, as shown in Figure 4.5c). ChemO
is the only contribution at α = 0, while both OK and Oxide steadily grow
at |α| > 0. As a combination of terrace and step species, ChemO features
a complex behaviour that results in a coverage plateau at α > 10◦, since
the growth and decay of the step and terrace components counterbalance
each other. Mimicking O chemisorption experiments on Pt(332) [96], almost
the double amount of O was observed at α = 22◦ if compared to the (111)
plane, which could translate into a different catalytic activity. Faceting was
observed for the “fully” kinked Pt(201) plane [145] and close-packed Pt(997)
[102] after O2 exposure, hence we should not discard such effect here. LEED
investigations could not be carried out to confirm such a faceting.



76 CO oxidation on Pt kinked surfaces

4.2 CO oxidation at kinked vicinal surfaces

After the investigation of the CO and O2 chemisorption on kinked surfaces
presented earlier, we next explore the CO oxidation reaction on such sur-
faces in the mbar range. The experiments discussed below have been carried
our at Lund University (Sweden, PLIF) and at NSLS-II synchrotron (USA,
NAP-XPS). Following previous guidelines, a detailed description of the ex-
perimental procedures is presented in Appendix C.

4.2.1 Simultaneous ignition of kinked vicinal surfaces

Similarly as before, we first explore the CO ignition with PLIF to simultane-
ously check for possible asymmetries in the ligth-off across the sample. Such
technique is described in Section 2.3. We exposed the sample to a total flow
and pressure of 100 ml/min and 150 mbar, respectively, with a gas ratio of
4:4:92 CO:O2:Ar. The results are shown in Figure 4.6. The temperature was
increased from 510 to 680 K during 400 s (heating slope of 25.5 K/min).

Figure 4.6a) shows PLIF images at different temperatures under the gas
mixture described above. Almost no CO2(g) production is observed at 600
K (bottom panel), since the surface is in the poisoned stage and tentatively
covered by CO. However, a sizeable CO2(g) cloud appears at 638 K (middle
panel), which indicates that the reaction is slowly initiating. The surface
transitions towards the active stage around 640 K simultaneously across the
curved surface. As seen in the top panel of Figure 4.6a), the whole surface
is active at 643 K. Mimicking the close-packed steps (Chapter 3), Pt kinked
vicinals ignite at the same time as the (111) plane. Furthermore, we per-
formed additional PLIF experiments not included in this Thesis on another
curved Pt with the (331) at the center. This crystal allows to compare B-type
vicinals from the (111) plane (α = 0) up to the (110) surface (α = 35.3◦).
Surprisingly, the same symmetric CO ignition was observed in this crystal.
Therefore, we postulate that the ignition of Pt vicinals does not depend sig-
nificantly on the step density. Again such a behaviour contrasts with the Pd
case, where B-steps ignite earlier than its A-type analogous [203].

We also monitored the CO2 using a Quadrupole Mass Spectrometer (QMS)
located in the outlet of the chamber. It mimics the behaviour described
above: there is no CO2 turnover at low temperature (570 K), until the CO2

production explodes around 635 K. We must note two effects here. One may
have noticed that the CO2 signal in the QMS ignites around 5 K earlier than
in PLIF. This is caused by an error in the interpolation of the temperature
for each of the PLIF images which we did not correct here.
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Figure 4.6: PLIF measurements acquired under a 1:1 CO:O2 ratio.
a) PLIF snapshots at the indicated temperatures under a 4:4:92 CO:O2:Ar
gas mixture. The total flow and pressure were 100 ml/min and 150 mbar,
respectively, while the heating slope was 25.5 K/min. b) CO2 signal (mass
44) in the QMS located in the exhaust. c) CO2 PLIF signal at the (111) plane
(blue and white rectangles) and (312) surface (black rectangle) positions of
the k-Pt(645) crystal, as extracted from the integration of the rectangles
shown in a). The dashed lines in b,c) indicate the ignition temperature Ti.

It is worth to mention that we noticed oscillations in the CO2 QMS signal
right after the ignition of the reaction. Oscillations of the surface composition
have been observed before in Pt [44, 115], hence they seem an appropriate
explanation of the behavior observed in the CO2 QMS signal. There could
be also a malfunction of the experimental setup, but it is unlikely since the
oscillations were only observed just after the light-off.

The integrated intensities above the positions of the (111) and (312) sur-
faces are shown in Figure 4.6c). The ignition occurs at 640 K simultaneously
at both sides, confirming the symmetric ignition of the CO oxidation at Pt
vicinals. However, the CO2 production is slightly larger at the (111) side
than at the (312) position. This could be expected, since CO anchored at
terraces is reported to react faster with O than its analogous at steps and
kinks [136–139]. In addition, Pt(557) is known to ignite at a slightly higher
temperature than Pt(111) [47], although such an earlier light-off was not
observed in our experiments (see Chapter 3). Additional measurements are
planned to further investigate this phenomenon, since the laser was not stable
enough and hence the data quality is not optimal for such faint differences.
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4.2.2 CO oxidation hysteresis cycles

After exploring the ignition of the CO oxidation by PLIF, NAP-XPS exper-
iments will be discussed. We focus now on the evolution of surface species,
namely graphitic carbon (“C”), chemisorbed CO (ChemCO) and O-species
(O/Pt) as function of the temperature at different surfaces, namely the (111),
(645) and (735) planes with α = 0, 9.3 and 18.1◦, respectively. We will prop-
erly analyze the evolution of individual step and terrace species during the
CO oxidation in the next sections and focus now on the nature of the ignition.
Example spectra during the heating ramp are shown in Appendix C5.

The clean k-Pt(645) sample was exposed to a 0.7 mbar, 1:1 CO:O2 gas
mixture at 300 K. We increased the temperature to 400 K in order to speed
up the experiment, and then we subsequently heated in 10 K steps while
monitoring the aforementioned planes at each temperature. A variety of
peaks are rapidly detected in both the O 1s and C 1s regions, as shown
in Figure 4.7. Contributions related to ChemCO appear around 531-532.5
and 286-287 eV [24, 38], together with a complex feature at 284 eV related
to different graphitic “C” species [132, 240]. Furthermore, the gas phase
contributions of CO (290.2 and 536.7 eV) and O2 (537.2 and 538.8 eV) are
perceived [38]. No CO2 production is observed, neither in the XPS nor the
QMS located in the second pumping stage of the analyzer [45].

Additional heating of the crystal caused a slight but noticeable decrease of
the ChemCO peaks, accompanied by a remarkable increase of the “C” compo-
nent around 284 eV. This illustrates how some of the CO starts to dissociate
(or crack) on the surface due to the relatively high temperature and intense
photon beam. This appears to be more pronounced at the (645) plane, where
the amount of “C” is largest. The “C” peaks continue to smoothly grow until
they suddenly start to vanish at 450 K at the stepped surfaces, while one
more heating step (460 K) was required to remove it from the (111) plane.
The amount of “C” on the surface depends on both the CO dissociation and
the “C” oxidation. If we compare two different surfaces with the same reac-
tivity towards “C” burning but a different CO dissociation rate, the surface
with a faster CO cracking will have a bigger amount of “C”. If the CO dis-
sociation is similar for these two imaginary surfaces, the one with a faster
“C” oxidation rate will have less “C”, since it will be consumed faster. The
terraces are less active towards the CO cracking [46], hence if the “C” stays
longer on the (111) plane this may indicate that the steps are more active
towards the “C” burning [46].
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Figure 4.7: Temperature ramps at relevant surfaces.
O 1s (left column) and C 1s (right column) intensity color plots as a function
of sample temperature at the a,b) (111), c,d) (645) and e,f) (735) planes,
respectively. Red temperature labels indicate heating, while blue ones des-
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the cooling (T↓) cycles. Ti and Tc refer to the ignition and cooling of the
CO oxidation, whereas O/Pt, ChemCO and “C” stand for oxygen-Pt species,
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tra were acquired at a photon energy of 650 eV under a 0.7 mbar, 1:1 CO:O2

gas mixture. The average heating and cooling slope were 13 and -9 K/h,
respectively
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At a slightly higher temperature than that of the “C” burning, the signal
from CO(g) completely disappears in both the XPS and the RGA (not shown).
In addition, a new contribution ascribed to CO2(g) arises at 535.2 and 291.6
eV in the O 1s and C 1s, revealing a significant CO2 production. ChemCO
is still observed on the surface, pointing towards the fact that it is not the
sample that is active but the Pt filament that was used to heat the sample.
This filament is at higher temperatures as compared to the sample, hence
it will ignite and consume CO and O2 before the ignition of the k-Pt(645)
sample. This situation will be further discussed in Appendix C.

Further heating of the sample after the “C” burning (T > 460 K) yields
a considerable decrease of the ChemCO signal in the three surfaces. We con-
tinued to increase the temperature in 10 K steps, and once the temperature
was raised to 500 K, all ChemCO vanished on the three surfaces. Only the
CO2(g) contribution was observed in the C 1s region. This illustrates how the
ignition of the CO oxidation is simultaneous in kinked Pt vicinal surfaces,
mimicking the the PLIF experiments discussed above and the A- and B-type
Pt vicinals (see Chapter 3). Therefore, the ligth-off at these conditions occurs
at Ti = 500 K disregarding the kink density up to α = 18.1◦.

A closer look to the O 1s region after ignition reveals new O species
(O/Pt in Figure 4.7) at the three different planes. It is easily seen that these
O/Pt species are larger at the kinked surfaces rather than at the (111) plane,
although we shall discuss the nature of the active stage in Subsection 4.2.6.
It is noteworthy that all detected gas phase peaks shifted around 0.35 eV
towards lower binding energies after the ligth-off of the reaction. This is
caused by a different work-function of the surfaces during the poisoned (CO-
covered) and active (O-covered) stages of the CO oxidation [38, 40].

To end with, the surface was also cooled in order to study the quenching of
the CO oxidation. The (111), (645) and (753) planes were monitored while
subsequently decreasing the temperature also in 10 K steps. All probed
surfaces were found to deactivate at the same time right after decreasing the
temperature to 500 K, establishing Ti = Tc = 500 K. Although Ti and Tc are
usually separated in O2-rich conditions (see Appendix B2), this difference
appears to be small for a 1:1 CO:O2 gas ratio mixture. One should take into
account that the Pt filament used for heating is altering the CO:O2 ratio,
and also that the temperature step is relatively big (10 K).

It is noteworthy that the spectrum at 490 K for the (645) surface does not
seem to follow the tendency observed in any other heating ramp presented
throughout this Thesis. The significant increase of the ChemCO intensity at
both the O 1s and C 1s exclusively at the (645) plane only at 490 K is more
likely an artifact related to a miss-positioning on a scratch on the sample,
rather than a real feature.



CO oxidation at kinked vicinal surfaces 81

4.2.3 Poisoned stage: C 1s temperature evolution

We have established that the CO ignition is simultaneous at all investigated
kinked Pt vicinals. We will now study the CO-poisoning layer across these
surfaces. The results discussed below are very similar to those of the A- and
B-type Pt vicinals (see Section 3.2), hence they will be only briefly discussed.
Peak fitting and coverage calibration are explained in Appendix C.

To begin with, the k-Pt(645) sample was exposed to 0.1 mbar CO at 300
K to characterize the CO adsorption at higher pressures. The full α-scan
is shown in Figure 4.8a). Under the aforementioned conditions Pt(111) is
know to develop a (

√
19×

√
19)R23.4◦-13CO superstructure (“

√
19-13CO”)

composed of 7 Terrace-Top (TT) and 6 Terrace-Bridge (TB) CO molecules
[24]. This structure is defined by two main peaks ascribed to CO adsorbed
at TT (286.6 eV) and TB (286.0 eV) sites, as shown in Figure 4.8d) and as
reported by Toyoshima et al. [24]. An additional feature was found at 287.2
eV, which is attributed to locally denser TT molecules (TT*) [67]. Its area was
added to that of TT for the coverage calculations. Furthermore, small peaks
attributed to CO molecules in the gas phase CO(g) are located at 290.1 eV.
The emissions in the 283.5-284.5 eV region are ascribed to different graphitic
“C” species adsorbed on the surface [241]. Their evolution with temperature
and α is described in Appendix C7 to ease the text here.

We show in Figure 4.8d) the photoemission spectra at the kinked (645)
and (312) surfaces at NAP conditions with only 0.1 mbar CO at room tem-
perature. As discussed in Section 4.1, the new component at 286.3 eV is
attributed CO adsorbed atop Pt kinked atoms (Step-Top, ST). As expected,
ST grows while TB, TT (and hence TT*) decay at larger α, as the step density
is higher and the terraces narrow.

Next, the clean sample was exposed to a 0.5 mbar, 1:1 CO:O2 gas mixture
at 300 K. No CO2 production was observed at this temperature, hence we
increased the temperature to vacate surface sites and start the reaction. Dif-
ferent α-scans of the poisoned stage were acquired at 430 and 490 K, namely
far from and close to the CO ignition. Individual CO species evolve with α
as described for the 0.1 mbar CO reference experiment, therefore a further
discussion is not necessary.

The progress of the (111) surface is shown in the top panels of Figures
4.8d-f). When the surface is exposed to 0.1 mbar CO at room temperature,
the

√
19-13CO structure develops and the surface occupancy reaches its max-

imum coverage. However, after adding O2 to the gas mixture and heat, the
CO adsorbed at both TT and TB sites starts to decrease, and CO desorption
takes place. This behaviour was already observed for c-Pt(111) sample of
Section 3.2, hence it shall not be discussed in further detail again.
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Figure 4.8: C 1s region evolution prior to the CO ignition.
a-c) C 1s α-scans of a completely poisoned surface at 300 K (0.1 mbar CO
only), and low activity but still poisoned surfaces at 430 and 490 K (1:1
CO:O2), respectively. d-f) Selected fitted spectra at the (111), (645) and
(312) surfaces at the top, middle and bottom rows, respectively. TT, TB,
TT* stand for Terrace-Top, Terrace-Bridge and locally denser Terrace-Top
CO chemisorbed molecules, whereas “C” refers to graphitic carbon on the
surface. The measurements were acquired at a photon energy of 650 eV.

The different spectra acquired at the (645) and (312) planes under re-
action conditions are depicted in the middle and bottom panels of Figures
4.8d-f), respectively. As mentioned already, at 430 K the Terrace-CO con-
tribution at these surfaces has decrease at 430 K as compared to the data
acquired at 0.1 mbar CO at room temperature for both surfaces. This effect is
even stronger at 490 K, since CO anchored at terraces progressively desorbs.
However, the CO adsorbed at ST sites remains on the surface. Therefore, and
mimicking close-packed Pt surfaces explored in Chapter 3, the kinks remain
CO-saturated while the terraces are progressively depleted of CO until the
simultaneous CO ignition across kinked Pt vicinals.
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4.2.4 Poisoned stage: O 1s temperature evolution

Similarly to close-packed Pt vicinals, the terraces become CO-depleted while
the CO anchored at kinks remains mostly unaltered prior to the CO ignition.
We now explore the O 1s in order to check for additional O species that may
arise during the simultaneous CO ignition. These O 1s measurements were
acquired right after the C 1s presented in the previous region, hence the
experimental conditions are the same. We have discussed in Appendix C3
how PhotoElectron Diffraction (PED) effects make it difficult to analyze the
O 1s region in a quantitative way. Therefore the C 1s region is more suitable
to properly inspect the CO chemisorption. However, we must rely on the O
1s in order to directly detect additional O species, such as subsurface oxygen
(OSubs). Peak fitting and coverage calibration are detailed in Appendix C.

As discussed in Section 3.3, we suggest that OSubs causes the simultaneous
ignition of CO adsorbed at terraces and steps. We shall briefly analyze the
CO species before exploring the existence of OSubs. During the CO chemisorp-
tion experiment [0.1 mbar CO, 300 K, Figures 4.9a,d)], features related to
CO adsorbed at TT and TB sites are detected at 532.6 and 530.9 eV at the
(111) surface [52]. A comparison with the spectra at the (645) and (312)
planes reveals a steady decrease of TB-CO, since the terraces narrow as α in-
creases. This behaviour is exactly the same as observed for the C 1s spectra.
In parallel, the peak at 532.6 eV progressively shifts towards lower binding
energy. This is illustrated in Figures 4.9d), and it is related to the emis-
sion of CO adsorbed at ST positions, which appears at slightly lower binding
energy than TT-CO [63]. We are not able to separate the peaks related to
CO anchored at TT and ST sites, since their energy is quite similar and they
are significantly wide. We hence considered a single feature (TT+ST) away
from the (111) surface to ease the fitting procedure. (TT+ST) increases with
the step density, since (i) PED effects arise and (ii) the decay with α of
CO adsorbed at TT sites is counterbalanced by the growth ST-CO. A small
contribution of CO(g) is detected around 536.5 eV [38, 40].

The sample was then exposed to reaction conditions (pressure of 0.5 mbar,
1:1 CO:O2 gas ratio mixture) and heated to 430 K. In addition to the con-
tribution of CO(g) at 536.5 eV, we may also easily detect a doublet related
to O2(g) (537.4 and 538.5 eV) [38], since both CO and O2 were introduced
into the chamber. A closer look to the XPS gas phase features of the α-scans
acquired at 430 K [and also at 490 K, see Figures 4.9b,c)] reveals subtle shifts
on the peak position, which are ascribed to the different work-functions of
each of the vicinal surfaces [206].
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Figure 4.9: O 1s α-scans during the poisoned stage.
a-c) O 1s α-scans during exposure to 0.1 mbar CO (reference experiment)
at 300 K, and during reaction conditions (pressure of 0.5 mbar, 1:1 CO:O2

gas ratio, still poisoned surface) at 430 and 490 K, respectively. Selected
fitted spectra at relevant surfaces, namely the (111), (645) and (312) planes,
are shown in d-f) at the indicated conditions. TT, TB, ST stand for CO
adsorbed in Terrace-Top, Terrace-Bridge and Step-Top sites, while OSubs

refers to subsurface oxygen. All spectra were acquired at 650 eV.

A comparison of the spectra at the (111) at 300 K (0.1 mbar CO) and
at 430 K (0.5 mbar, 1:1 CO:O2 gas ratio mixture) reveals that CO adsorbed
at terraces starts to leave the surface. This effect is stronger if we consider
the spectra acquired at 490 K. However, the decrease of the O 1s peaks with
the temperature is less marked for the (645) and (312) planes. The situation
is again similar as that extracted from the analysis of the C 1s region: CO
anchored at steps does not leave the surface until right before ignition, and
even in that case their decrease is minute.
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Even though we are still in the poisoned stage, at 430 K it is already
possible to distinguish the peak associated to gas phase CO2(g) (535 eV) [40].
We cannot rule out a low CO2 production from the sample itself. Neverthe-
less, we attribute most of the CO2(g) production to the Pt filament used for
heating. As discussed in Appendix C, this Pt filament consumes a fraction
of both CO(g) and O2(g) to yield CO2(g), hence the small CO2(g) build up
prior to the sample ignition. As the temperature (and additionally the time)
increases, the Pt filament produces more CO2(g) and accordingly its signal
grows. In parallel, that of the O2(g) decays significantly and CO(g) vanishes.
Due to the low pumping speed of the set up, the produced CO2(g) is not
pumped away quickly, and in parallel both the consumed CO(g) and O2(g)

are not introduced as fast as consumed. This explains the significant growth
of the CO2(g) and the decay of CO(g) and O2(g) with temperature and time.

Both the O 1s and C 1s regions reflect that terraces are depleted of CO
prior to the simultaneous ignition of stepped and flat surfaces. Within this
scenario, O2 molecules can dissociatively adsorb on the terraces and form
additional oxygen species. Although no clear signature of ChemO is found
around 530 eV [30, 118], the existence of OSubs (532.1 eV) at the (111) surface
can be detected. The peak exhibited by CO adsorbed at TT sites (532.6 eV)
will shift towards lower binding energy as OSubs accumulates, hence we can
use this displacement to track OSubs. The shift of the peak at 532.6 eV is
better seen during experiments with higher O2 content, although it is difficult
to notice if the partial O2 pressure decreases (see Appendix C5). This may
indicate that at lower O2(g) pressures less O incorporates below the surface,
as one would expect. If the position of TT-CO is constrained and no OSubs

is introduced in the line fitting routine, its outcome is not satisfactory.
As a comment, we performed a CO desorption cycle in UHV conditions

at a CO-saturated (111) plane. As shown in Appendix C2, the peak ascribed
to CO adsorbed at TT sites does not shift during the desorption cycle. This
indicates that its change in position during reaction conditions as the CO
ignition approaches is tentatively related to the CO oxidation process itself.

In order to properly extract the OSubs contribution at the (111) surface,
the position of the emission of CO molecules adsorbed at TT sites in the O
1s was determined from the reference spectra taken at room temperature
under reaction conditions shown in Appendix C6. At 300 K, the surface is
covered by a dense CO layer [24] that quenches the O2 adsorption [58], so no
OSubs should exist. Hence, we can constrain the position of TT-CO at higher
temperatures to be the same as that of 300 K. The fitting procedures then
requires an additional emission at 532.1 eV (OSubs), as done for the c-Pt(111)
experiment in Chapter 3. We extracted the photoemission intensity of OSubs

by applying this routine to the spectra at different temperatures.
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Applying the method described above yields a small OSubs peak at the
(111) surface at 430 K, which significantly increases once the sample is further
heated to 490 K [see Figures 4.9e-f)]. This is the expected: the terraces
become partially CO-depleted and more O can incorporate under the surface.
Nonetheless, the existence of OSubs can only be measured properly at the
(111) plane. The TT-CO peak at the stepped surfaces is observed to shift
towards the position of ST-CO (532.3 eV) at increasing temperature, as TT-
CO (532.6 eV) will smoothly desorb while ST-CO remains on the surface.
Therefore, it is challenging to distinguish whether this shift occurs due to
the growth of OSubs or the desorption of TT-CO at the vicinal planes. In
order to roughly derive OSubs from the fitting, we extracted the position
of (TT+ST) at each α from the scan acquired under 0.1 mbar CO at 300
K while keeping OSubs at 532.1 eV. A small shift (±50 meV) was allowed to
enhance the fit and account for the desorption of CO adsorbed at TT sites. A
progressive shift of (TT+ST) towards lower binding energy with α is observed,
since the binding energy of ST-CO is lower than TT-CO. A significant decay
of OSubs was observed as the step density increases, matching our previous
observations and confirming that the feature at 532.1 eV is anchored at the
terraces (see Section 3.4).

Although no OSubs was found at the (645) plane at 430 K during reaction
conditions, a significant amount was perceived at 490 K. This is expected,
since the CO from the terraces desorbs and allows for more oxygen to in-
corporate below the surface. Nevertheless, no OSubs was observed at any
temperature at the densely stepped (312) surface, since OSubs corresponds
to oxygen below the terraces, and those of the (312) plane are extremely
narrow. For increasing step densities it becomes specially difficult to extract
OSubs from O 1s spectra, since the (TT+ST) feature significantly increases
with α due to PED effects (see Appendix C3).

4.2.5 Chemical species during the poisoned stage

The evolution of CO species (terrace, step and total) and subsurface oxygen
OSubs at different temperatures and α is sketched in in Figure 4.10. The
coverages were extracted from the systematic fit of the α-scans undertaken
at 0.1 mbar CO at 300 K, and at 430, 460 and 490 K under reaction conditions
(pressure of 0.5 mbar, 1:1 CO:O2 gas ratio). The α-scan at 460 K was not
shown in Figure 4.10. The C 1s was used for the quantification of CO species,
while the analysis of OSubs was deduced entirely from the analysis of the O
1s region. Details on the coverage calibration are given in Appendix C.
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Figure 4.10: Evolution of species during the poisoned stage.
a) Terrace-CO, b) Step-CO, c) Total-CO (Terrace+Step) and d) OSubs as
a function of α at the different conditions indicated in the Figure. These α-
scans are shown in Figures 4.8 and 4.9, with the exception of that of 460 K.
Coverages of a-c) were obtained from the C 1s, although OSubs was derived
from the O 1s.

The evolution of Terrace-CO (TT+TB) with the step density under the
different experimental conditions described above is shown in Figure 4.10a).
The maximum Terrace-CO coverage is achieved at the (111) surface at 0.1
mbar CO and 300 K, corresponding to the

√
19-13CO, 0.68 ML superstruc-

ture [24, 58]. As expected, it rapidly decays as α increases, since the terraces
narrow. The NAP Terrace-CO coverage exceeds that observed at UHV sat-
uration (Subsection 4.1.3), reflecting that higher CO pressures can produce
larger terrace coverages than those achieved under UHV conditions. The
same was observed for the c-Rh(111) sample (Chapter 5). Once the sample
is submitted to reaction conditions (pressure of 0.5 mbar, 1:1 CO:O2 gas mix-
ture) and increased temperatures, the expected decay in the overall amount
of Terrace-CO is observed. Surprisingly, there is no significant change be-
tween 460 and 490 K in the Terrace-CO coverage evolution as a function of
α, indicating that the surface may be close to light-off.
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The progress of Step-CO with α and temperature is shown in Figure 4.10b).
As expected, the amount of CO anchored at steps increases with α, i.e. the
step density. As pointed out before, it is clear that within experimental er-
rors, there is no significant change in the Step-CO with the temperature.
This confirms that the CO ignition on kinked Pt surfaces also proceeds via
the desorption of Terrace-CO while the steps remain saturated. This resem-
bles the situation observed for A- and B-type Pt steps discussed in Chapter 3.
In addition, the Step-CO coverages are quite similar to those obtained after
exposure to 10 L CO, as shown in Subsection 4.1.3. This proves that only
the steps retain the saturation coverage from UHV to NAP, as we proposed
earlier. It also indicates that poisoning at the steps is too strong in the
present Pt case, and contradicts the usual believe that vicinal surfaces are
more reactive compared to high symmetry planes.

The evolution of the Total-CO coverage with temperature and α is de-
picted in Figure 4.10c). Kinks remain CO-saturated while Terrace-CO pro-
gressive desorbs, hence the overall amount of adsorbed CO decays at larger
temperatures around the (111) plane. However, it grows with α at higher
temperatures since CO does not desorb from the densely-coadsorbed kinks
until the ignition is close.

The progress of OSubs at the different conditions mentioned above is shown
in Figure 4.10d). Note that no OSubs is observed in the 0.1 mbar CO experi-
ment, since no O2 was introduced in the chamber. It is clearly seen that OSubs

incorporates below the terraces, since it follows a similar decay as Terrace-CO
with α. Hence, OSubs accommodates under the terraces in both close-packed
(Section 3.4) and kinked Pt vicinals. Its intensity increases with the temper-
ature, since more CO desorbs from the terraces, allowing O to incorporate
underneath these CO-depleted terraces. Accordingly, no OSubs is detected at
α > 7◦ at 430 K, but it is detected up to α = 13◦ and α = 15◦ at 460 and 490
K, respectively. This reveals that narrower terraces can also accommodate
OSubs once the CO adsorbed on them gets reduced.

Since we observed no breaks in the Terrace-CO coverage curve as a func-
tion of α, we suggest that no apparent step doubling occurs at the kinked
surfaces. One would maybe expect higher tendency of kinked arrays to form
double steps, but the coverage curves shown in Figure 4.10 do not suggest
such a scenario. One reason for this possible lack of step doubling could be
the CO:O2 ratio, since A-and B-type Pt vicinal surfaces are know to form
double steps if the O2 content of the gas mixture is rich [144]. In our case
the gas mixture is just slightly O2-rich, which may quench the doubling of
the steps. Nonetheless, additional experiments are mandatory to further
investigate the geometric structure of the kinked Pt surfaces.
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4.2.6 Active stage across kinked surfaces

We will now discuss the chemical species found above the ignition, i.e. during
the active stage of the CO oxidation. We did not detect any significant peaks
in the C 1s region during the active stage with the exception of CO2(g).
However, new contributions appear in the O 1s region. The aim of this
Section is to investigate these O-related species at steps and terraces. Details
on the peak fitting and coverage calibration are given in Appendix C.

First, the sample was exposed to 0.4 mbar O2 at 300 K to characterize
the bare Pt oxidation at kinked surfaces. In Figure 4.11a) we show the O 1s
spectra at the (111), (645), (423) and (312) planes. Similarly to the UHV
experiments of Subsection 4.1.4, the main contribution at the (111) surface
is an asymmetric peak at 529.8 eV, which is ascribed to chemisorbed O in
fcc hollow sites (ChemO) [55]. Furthermore, another two smaller contribu-
tions are detected. The feature located at 530.5 eV is attributed to the 1D
oxide stripes reported by Miller et al. [30]. A similar peak was observed in
the UHV experiment carried out after a 50 L O2 dose (saturation), which
was attributed to a similar 1D oxide. In that case, however, this peak was
associated to a step feature [96], since it increased with α. The fact that we
observe it now at the (111) plane at high O2 pressure reflects how the chem-
ical species in UHV and NAP may differ. This situation again reinforces the
need of catalytic studies conducted at (or near) operando conditions. The
peak at 532.5 eV observed at the (111) slightly grows with the step density
while shifting towards the position of surface oxide clusters reported by Held
et al. in Pt(531) (532.2 eV) [114], indicating that both species could be simi-
lar. The shift with the step density may be related, e.g., to similar Pt oxides
at terraces and steps. Another possibility are changes in the strain of the
surface, as was reported for CO adsorbed on Pt vicinal surfaces [207]. We
will later discuss the nature of this feature.

The spectra taken at the (645) and (312) surfaces during the O2 exposure
are shown in the middle and bottom panels of Figure 4.11b). ChemO rises
in both spectra, more markedly on the densely stepped (312) plane, while
shifting towards lower binding energy at larger step density. As we discussed
earlier, this reflects that ChemO is a combination of step and terrace hollow
species, unresolved in the spectrum. The feature at 530.5 eV also increases
with α, confirming how this component is favoured at the steps [96]. No shift
in the position was observed. As discussed in Subsection 4.1.4, the peak at
528.4 eV in both spectra is possibly related to oxygen chemisorbed at square
sites at the kinked arrays, hence the name OK.
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Figure 4.11: O 1s evolution across the oxidized k-Pt(645) surface.
Individual O 1s fitted spectra for a) a reference experiment acquired in 0.4
mbar O2 at 300 K and b) during the active stage of the CO oxidation at 510
K (total pressure of 0.5 mbar, 1:1 CO:O2 gas ratio). The complete α-scan
at the latter conditions is shown in c), including the gas phase peaks that
where excluded for cleanliness in a) and b). d) Total oxygen coverage at
different conditions. 0:1 and 1:1 corresponds to the conditions of a) and b),
respectively, while 1:3 corresponds to a different α-scan of the active stage
of the CO oxidation acquired at a pressure of 0.5 mbar and 1:3 CO:O2 gas
ratio (see Appendix C8). ChemO and OK stand for chemisorbed O at hollow
fcc positions (at terraces and kinks) and square sites (exclusively at kinks).
Oxides refer to uncharacterized Pt oxides. The measurements were acquired
at a photon energy of 650 eV.

After the analysis of the reference experiment with O2 only, in the fol-
lowing we will discuss the chemical species observed during the active stage
of the CO oxidation. Starting from the experiment in the previous Section
(poisoned stage in a 1:1 CO:O2 gas mixture at 0.5 mbar of total pressure),
we further heated the sample until we observed the ignition at 510 K. Af-
terwards, the k-Pt(645) sample was scanned following the α-scan approach.
The α-scan at 1:1 CO:O2 ratio conditions is shown in Figures 4.11b,c), while
another α-scan of the active stage acquired in 1:3 CO:O2 ratio conditions
is illustrated in Appendix C8. The chemical species are the same as those
observed at the reference experiment with O2. The exception is the emission
at 532.2 eV that behaves differently. We will discuss its nature with the step
density at both α-scans at the end of this Section.
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At reaction conditions, both ChemO and the oxide at 530.5 eV have
decreased substantially as compared to the reference experiment carried out
with pure O2. A possible explanation for this would be connected to a
higher reactivity of both species species as compared to OK and the other
oxide (≈ 532 eV). The intensity of OK is larger compared to the O2 reference
experiment. Our interpretation for this observation is the following: The
dense O phase at the steps (530.5 eV) is reduced by impinging CO molecules.
Then some of the remaining oxygen atoms from the steps can come back to
a lower oxidation state (less dense phase) such as OK, causing the observed
OK intensity to increase.

The peak around 532.5 eV increases at the (645) plane if compared to the
(111) surface, and then decreases at the (312) plane. This is a rather com-
plex behaviour, and it is possibly related to the existence of different Pt oxide
species at terraces and steps that we cannot resolve. The peak also shifts
with the step density towards lower biding energy (0.4 eV), further support-
ing this hypothesis. This behaviour is different as compared to the reference
experiment, where a clear growth of the oxygen peak intensity with the step
density is observed. Nevertheless, it is difficult to further delve into the char-
acteristics of this species without any structural analysis. Our photoemission
data cannot provide more information about this oxide. Its binding energy
above 532 eV resembles the OSubs species discussed earlier. Another possibil-
ity would be that the uncharacterized oxide is indeed a surface oxide similar
to that described by Held and coworkers [114]. In addition, we have observed
a small amount of CO in the C 1s region. Since CO adsorbed at top sites at
terraces and steps exhibit photoemission peaks at similar energies, the peak
that we observe at this energy may in fact be a combination of different CO
and Pt oxides species at both terraces and steps. Further experiments would
be required to provide a better assessment.

To end with, we sketch the total oxygen coverage at the different O-
covered surfaces in Figure 4.11d), namely the reference experiment (0.4 mbar
O2, 300 K) and the α-scans of the active stage of the reaction at 1:1 (0.5 mbar,
510 K) and 1:3 (0.5 mbar, 470 K, see Appendix C8) CO:O2 gas ratio. The
maximum amount of O is found during the experiment with only O2, and
then the total O coverage decreases with increasing CO partial pressure. This
is the expected, since a larger amount of CO reduces the oxygen species. In
addition, the amount of O increases significantly with the step density in the
three different sets of experiments. This is also expected, since Pt steps are
known to enhance the O chemisorption and Pt oxidation [96].
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Summary of the k-Pt(645) experiments

The CO oxidation on kinked Pt vicinal surfaces up to α = 28◦ has been
discussed in this Chapter. First of all, CO and O2 chemisorption experi-
ments were performed under UHV conditions in order to fully characterize
the chemical species and adsorption sites at this rather unexplored family of
Pt surfaces. Afterwards, PLIF and NAP-XPS measurements were conducted
at millibar pressures. We aimed at exploring possible differences in the igni-
tion of the CO oxidation reaction between kinked and flat surfaces, and also
at studying the different chemical species at steps and terraces during the
poisoned and active stage of the aforementioned reaction.

To begin with, UHV experiments suggest a high CO coverage of the
kinked arrays after saturation. Such a scenario of densely CO-covered kinks
causes the overall CO coverage to slightly increase with the step density. This
contradicts the reports regarding close-packed vicinals of other late transi-
tion metals, such as Pt, Pd and Rh, where the coverage decreases with α.
Furthermore, due to the excellent quality of the XPS data, two different
top step CO species were detected at the vicinal surfaces, corresponding to
CO adsorbed in the first and second atomic rows of the kinked step. CO
molecules on kinks mimic those at A- and B-type steps, uptake and desorp-
tion experiments confirm that the adsorption energy of CO is larger at the
steps, since CO binds preferentially to them in the low coverage regime and
desorbs from terraces prior to kinks as the surfaces are heated.

Concerning the O2 adsorption, no oxide formation was detected on the
(111) plane, since the only observed feature was related to the well charac-
terized p(2×2)-O structure formed by chemisorbed oxygen in the hollow fcc
position at terraces. Nonetheless, new chemical species were found at the
kinked vicinal surfaces, ascribed to three- and four-fold chemisorbed O at
the kinks, together with a minor amount of an oxide located at the kinked
edges, most likely similar to the 1D oxide stripes observed in close-packed Pt
steps. In addition, the total oxygen coverage largely increases with the kink
density, again similarly as their analogous A- and B-type straight steps.
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Both PLIF and NAP-XPS experiments on the CO oxidation revealed
that all facets of the k-Pt(645) crystal ignite at the same temperature, mir-
roring the simultaneous light-off observed for the A- and B-type vicinals of
the c-Pt(111) sample discussed in the previous chapter. Furthermore, NAP-
XPS data unveils a similar ignition process: while the step arrays remain
CO-saturated prior to the CO light-off, the terraces progressively become
CO-depleted as the temperature increases. This permits some O2 to disso-
ciatively adsorb on the terraces and accumulate below the surface, forming
a subsurface O complex (OSubs) that we believe causes the simultaneous ig-
nition of both flat terraces and steps. Through α-scans we evaluated the
evolution of OSubs with α. We confirmed that OSubs is anchored below the
(111) terraces, since it markedly decays with the step density. As the ignition
approaches, more OSubs accumulates below the terraces and it is observed at
larger step densities, since the CO-depletion is stronger at the vicinal surfaces
as the ignition approaches.

Once the surface is active and the CO2 production reaches its maximum,
O species dominate the O 1s spectra. Only a scarce amount of CO is ob-
served in the C 1s region. Resembling UHV experiments, the amount of
oxygen markedly increases with the step density and the terraces become
narrower. Similar oxygen species are found on the surface, in addition to a
new uncharacterized oxide. We carried out experiments at different CO:O2

ratios. The maximum O coverage was observed during a reference experi-
ment with O2 only. The oxygen coverage decreases for increasing CO in the
gas mixture. In addition, the minimum O coverage was observed at the (111)
plane, significantly growing with the step density.





Chapter 5

CO oxidation on Rh(111)
vicinals with A- and B-steps

In this Chapter we will describe a set of CO oxidation experiments using a Rh
curved crystal [c-Rh(111)]. As shown in Figure 2.4, the sample features the
(111) surface at the center of the crystal, and an increasing density of steps
at either A- or B-type close-packed vicinals as one departs from the center.
A- and B-stepped surfaces up to the (223) and (553) planes are available
across the curved surface of this crystal, featuring {100}- and {111}-oriented
microfacets and α = +11.4◦ and −12.3◦, respectively.

5.1 UHV studies on the CO chemisorption

We first explored the CO adsorption in UHV conditions, in order to have a
proper reference for the characterization of the CO poisoning layer during
the CO oxidation experiments. We already published these results in Ref.
[186]. The experimental procedures and the characterization of the clean
surface are described in detail in Appendices C and D1, respectively.

5.1.1 CO uptake experiments at selected surfaces

The CO adsorption sequence was explored at different Rh planes at room
temperature. Namely, we probed the (111), (223) and (553) planes, which
feature flat terraces, A- and B-type close-packed steps, respectively. Separate
uptake experiments were performed at the aforementioned surfaces, as shown
in Figure 5.1. Larger CO doses were not required to evaluate the adsorption
hierarchy, hence the experiments were stopped after exposure to 1 L CO in
order to minimize the CO cracking.

95
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To begin with, we dosed 1·10−9 mbar CO into the chamber while probing
the well-documented (111) plane. The full uptake experiment is shown in
Figure 5.1b). Right after dosing the CO [Figure 5.1e)], a single peak at
286.0 eV is readily observed, which we attribute to CO adsorbed at top
positions of Rh atoms at the terraces (Terrace-Top, TT). Another peak
develops at 285.4 eV at larger CO exposures, ascribed to CO anchored at
terrace hollow sites (Terrace-Hollow, TH) [148, 151]. A satellite arising from
vibrational excitations of TT can be detected [236]. We did not perceive
vibrational contributions related to CO adsorbed at TH sites or at the steps.
In Figure 5.1h) we show the full uptake experiment at the (111) plane. The
CO occupation at TH positions is significantly smaller than at TT sites at the
end of the uptake experiment. The evolution of both species as a function of
CO exposure reveals that while CO anchored at TT sites has reached almost
saturation, CO chemisorbed in TH positions is still increasing. Therefore,
one would expect that the (

√
3 ×

√
3)R30◦ structure adopted by TT-CO is

saturated at the end of the uptake experiment. Our experimental findings
agree with previous reports on the CO chemisorption on Rh(111) [148, 151].

The same uptake experiments were carried out at the (223) and (553)
planes, as shown in Figures 5.1a,c). A new common peak rises at 285.7 eV at
the low exposure regime [Figures 5.1d,f)], which is ascribed to CO adsorbed
on top sites at the step edge (Step-Top, ST) [152, 155]. The emission from CO
adsorbed at ST sites is the first peak that emerges at the (223) surface, while
at the (553) both ST and TT peaks start to develop from the beginning. The
scenario at the (223) surface mirrors that of close-packed stepped surfaces of
Pt, Pd or Ni, where the adsorption of CO at the step edges is preferential
at low coverage [67, 63, 187, 207, 231, 242]. The evolution of individual CO
species for both surfaces is shown in Figures 5.1g,i). The population at ST

sites readily saturates at around 0.3 L CO in both surfaces, while TT-CO does
not reach saturation at the end of the uptake experiments. CO adsorption
at TT sites continues to steadily grow during the experiment, yet slower than
at the (111) plane, since the terraces are narrower.

CO sticks at the aforementioned TH sites (285.4 eV) faster and at lower
CO exposures at the (223) plane as compared to the (111) and (553) surfaces.
Surprisingly, the photoemission intensity at this binding energy after the 1
L CO dose is larger compared to the (111) surface. This reveals that an
additional step species may contribute to the emission at 285.4 eV, since the
intensity of terrace species should decrease with the step density. In fact, CO
adsorption at bridge positions at the steps (Step-Bridge, SB) was observed
previously on Rh(553) at a similar energy [152]. This suggests that this peak
is a combination of CO anchored at TH and SB sites at the stepped planes.
Accordingly, we relabelled such feature as (TH+SB) at the vicinal surfaces.
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Figure 5.1: CO uptake experiments at relevant Rh surfaces.
a-c) C 1s intensity color plots for separate CO uptake experiments acquired
at the (223), (111) and (553) surfaces, respectively. These were performed
under 1·10−9 mbar CO during 1330 s. d-f) Selected spectra after dosing 0.25
L CO (top) and 1.0 L CO (bottom), together with their corresponding fits.
g-i) Peak area evolution of CO species as a function of the CO exposure, as
extracted from the systematic fit of all spectrum shown in a-c). TT, TH, ST,
and SB stand for CO adsorbed in Terrace-Top, Terrace-Bridge, Step-Top and
Step-Bridge sites, being the black solid lines of j-l) the total sum of each of the
aforementioned components. The photoemission experiments were acquired
at 300 K using a photon energy of 390 eV.
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The CO adsorption sequence can be derived as follow: ST→TT→(SB+TH).
Although adsorption in SB sites is preferred over TH [152, 155], we cannot
confirm this with our experiments. The total CO area after the 1 L CO dose
is illustrated with black lines in Figure 5.1g-i). Even though the adsorption is
preferential at the stepped edges, the intensity is larger on the (111) surface
as compared to the stepped planes at the low exposure regime (< 0.5 L CO).
However, the CO intensity follows the (223)>(111)>(553) sequence at the
end of the experiment. The coverage conversion is not straightforward due
to PhotoElectron Diffraction effects (PED, see Appendix D) and unresolved
features in the spectra, hence it was excluded from this analysis.

5.1.2 Scan of the unsaturated curved surface

In a different set of experiments, and in order to delve into the CO chemisorp-
tion at stepped surfaces, we acquired an α-scan across the curved surface after
exposing the clean sample to 1 L CO [Figure 5.2a)]. Selected fitted spectra
for relevant surfaces are shown in Figure 5.2b).

The evolution of individual species across the curved surface shown in
Figure 5.2c) better illustrates the behaviour of the CO adsorption at steps
and terraces. The maximum amount of CO adsorbed at TT sites is observed
at α = 0 [i.e. (111) plane], since the terraces are largest there. The average
terrace width decreases as the step density increases, hence TT-CO decays
with α. For the same reason, CO chemisorption in ST positions is almost
negligible at the (111) surface, and then grows with α. The (TH + SB) peak
features a more complex behaviour, as it is a combination of terrace and step
species. Its intensity at the (111) plane corresponds entirely to CO anchored
to TH sites, although its rise with the step density is caused by the emission
of SB-CO, which counterbalances the decay of TH-CO. Furthermore, PED
effects may arise [148, 151], making an exact analysis challenging. As noted
before, both ST and (TH+SB) are slightly larger at the A-side of the crystal,
revealing a more efficient chemisorption at these vicinals.

After converting the photoemission intensity to coverage (see Appendix
D), we applied the W -model described in Subsection 2.1.1 to the coverage
evolution of each of the CO adsorption sites with the step density. However,
we cannot distinguish CO adsorbed at TH and SB sites. Therefore, in order
to obtain the effective step size W we supposed that only the evolution of
TT-CO with α [ΘTT

(α)] contributes to the terrace-CO coverage variation
with α [ΘT (α)]. Small errors around the (111) plane may arise, since ΘT (α)
corresponds to ΘTT

(α)+ΘTH
(α). However, CO adsorption in TH positions is

likely to decrease dramatically with the step density [187]. Therefore, ΘTH
(α)

will be negligible at large α, hence ΘTT
(α) ≈ ΘT (α).
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Figure 5.2: C 1s α-scan after dosing 1 L CO.
a) C 1s intensity map across the c-Rh(111) curved surface after a 1 L CO dose
at 300 K, with b) fitted spectra at relevant surfaces. c) Coverage variation
of individual and total CO species as a function of α. Dotted lines represent
the fit to the W -model described in Appendix D. d) CO adsorption model
at the low CO dose on an A-type close-packed step, as deduced from the
coverage analysis presented in the main text. W (2.85 Å) and a⊥ (2.34 Å) in
d) stand for the effective step size and the distance between atomic rows in
Rh(111), respectively, while the solid black line represents the (

√
3×

√
3)R30◦

superstructure developed by CO molecules anchored at TT positions at low
coverage [148, 151]. The photoemission experiments were acquired using a
photon energy of 390 eV.
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If we assume that ΘTT
(α) ≈ ΘT (α), we can put the latter into Equa-

tion 2.2 in order to derive the effective step width W , resulting in W = 2.9
Å for both step types. A comparison with the width of an atomic row in
Rh close-packed vicinals (a⊥, 2.34 Å) reveals that the effective step size only
extends approximately 1/5 of an atomic row into the understep region of
the lower terraces, which remain CO-depleted [Figure 5.2d)]. Θ0

T can also
be extracted from this fit. Since we supposed ΘTT

(α) ≈ ΘT (α), in this par-
ticular case Θ0

TT
= Θ0

T . Θ0
TT
, corresponding to the TT-CO coverage at the

(111) plane. We determined a value close to 1/3 ML, indicating that TT-CO
molecules form the (

√
3×

√
3)R30◦ superstructure [148, 151].

Fitting the variation of ST-CO with α [ΘST
(α), see Figure 5.2c)] to Equa-

tion 2.3 yields the product W · Θ0
ST
. Since we know W , we can derive Θ0

ST
,

the ST-CO coverage at the W -region. As we discussed in Subsection 2.1.1,
multiplying Θ0

ST
by W/a⊥ allows to extract the number of CO molecules per

step row. A value of ≈ 1/3 CO molecules per step row for both A- and
B-steps is obtained, hence CO molecules are anchored to ST sites in 1 out of
3 Rh step atoms.

Finally, the (TH+SB) feature is a combination of terrace and step species.
Since we cannot resolve the individual features, we fit its evolution with α to
Equation D1, which accounts for both ΘSB

(α) and ΘTH
(α) at the same time.

Since Θ0
TH

equals to the coverage of a fully flat surface, we can extract its
value (0.04 ML) from the coverage of CO anchored at TH sites at the (111)
plane, where α = 0. The only variable left to fit is then Θ0

SB
, from which

values of 0.18 and 0.13 CO molecules per step row are obtained for the A-
and B-type steps after the conversion. This value is roughly 1/6, revealing
that 1 out 6 of the Rh step atoms are covered by CO molecules in SB sites,
half of those at ST positions. Therefore, approximately half of the step atoms
are occupied by CO molecules in ST and SB sites (1/3 + 1/6 = 1/2) before
CO saturation. As discussed in Appendix D, a correction factor was applied
to the (TH+SB) peak, hence the coverage of SB-CO may be underestimated.

Following the guides described above, we propose the model sketched
in Figure 5.2d) for CO-covered Rh stepped surfaces with 1 L dose, near
saturation. As discussed previously, the (111) terraces feature (

√
3×

√
3)R30◦

domains of TT, and the CO at TH positions is residual. At the step edges,
1/3 of the atoms are covered by CO molecules located in ST geometry, while
only 1 out of 2 available SB sites may also be occupied by CO.
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5.1.3 CO saturation and dissociation

In order to explore the CO saturation, we monitored the C 1s region at the
(111), (223) and (553) surfaces after dosing 0.25, 1 and 12 L CO, as shown
in Figure 5.3a). A closer look to the spectra of the (111) plane shows no
change between the 1 and 12 L CO dose for TT-CO (286.0 eV). As discussed
in the literature, the formation of the (2×2)-3CO saturation superstructure
requires the coverage of TT sites to decrease (from 1/3 to 1/4 ML), hence
there are no direct signs of the formation of the (2×2)-3CO arrangement
[148, 151]. However, CO anchored at TH sites (285.4 eV) significantly grows
after the 12 L dose. A total coverage of 0.57 ML (0.33 ML TT + 0.24 ML TH)
is obtained at 300 K from the fit of the (111) plane spectra, matching the
Rh(111) CO saturation at 300 K coverage reported by Beutler et al. [151].
We propose an intermediate stage at terraces between the (2×2)-3CO and
the (

√
3×

√
3)R30◦-CO superstructures, as sketched in Figure 5.3b). At this

relatively high CO coverage, CO molecules will start to populate TH sites
in addition to TT positions. However, the XPS reveals that the 0.33 ML
of TT-CO are retained. Hence, we suggest that the population of TH sites
causes the displacement of some CO molecules anchored at TT sites towards
the position of the (2× 2) lattice, but maintaining the 1/3 ML of TT-CO.

For both stepped surfaces, the feature (TH+SB) around 285.5 eV is the
only one that increases significantly after the 12 L CO dose. For the (223)
plane, coverage values of 0.24, 0.12 and 0.07 ML are obtained for CO adsorbed
at TT, (TH+SB) and ST positions, respectively. However, the coverages for
the (553) surface of TT and (TH+SB) sites increase to 0.31 and 0.19 ML, while
that of ST decreases to 0.05 ML. Mimicking the dissimilarities reported for A-
and B-type Pt vicinals [67], we attribute these asymmetries to the particular
configuration of {100} and {111} microfacets.

A model for the CO chemisorption in Rh(223) is proposed in Figure 5.3b).
As derived in Subsection 5.1.2, there is one ST-CO per three Rh atoms. This
leaves 2 out of 3 Rh step atoms free and room for only one SB-CO molecule
to adsorb between these Rh atoms. Before CO saturation, only 1 out of 2
of these SB sites was covered by CO (see Figure 5.2), hence it is reasonable
to suppose that both sites are covered after saturation. This corresponds to
1 SB-CO molecule per 3 Rh step atoms, yielding a CO saturation coverage
of 2/3 ML per step row (1/3 ML ST-CO + 1/3 ML SB-CO). Nevertheless,
it appears than the ratio of SB-CO per ST-CO is larger at the (553) surface
at saturation, since the coverage of ST-CO is slightly smaller as compared
to the (223) plane. Other stepped surfaces, such as Pd(111) vicinals and
Pt(553), feature 0.5 ML of CO molecules per step row, while this coverage
can increase to 1 at Ni(100) vicinals [63, 187, 231]
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Figure 5.3: C 1s evolution at increasing CO dose.
a) Individual spectra at the (553), (111) and (223) surfaces at the low (0.25
L, black), intermediate (1 L, blue) and saturation (12 L, red) CO doses. b)
Rh(223) CO saturation model at 300 K, as derived from the coverage analysis.
As sketched in the dashed black rhombus, TH molecules are added within
the (

√
3×

√
3)R30◦ unit cell (solid black rhombus), increasing the terrace

coverage by forming (2×2)-3CO domains. TT, TH, ST, and SB designate CO
anchored to Terrace-Top, Terrace-Bridge, Step-Top and Step-Bridge sites,
respectively. c) Graphitic carbon (“C”) coverage at the three CO doses at
each of the surfaces, extracted from the fits of the spectra shown a). A linear
fit is included to illustrate the dependence on the CO dose.

To end with, different graphitic carbon species (“C”) are observed around
284 eV in Figure 5.3a). Our findings agree with previous experiments [152,
156, 195, 243, 244], and contradict others [148, 151, 236, 245]. However, there
is no apparent step-enhanced CO dissociation, since the total “C” coverage
shown in Figure 5.3c), is similar at the three surfaces. Therefore, our data
suggest that the total amount of “C” does not depend on the step density, as
claimed elsewhere [246, 247], but on the total CO exposure. Likely, the CO
cracking is determined by factors external to the sample, such as the photon
beam or residual hydrocarbons of the chamber.
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5.2 CO oxidation on close-packed Rh vicinals

After studying the CO species at flat and stepped Rh surfaces, we can now
explore the CO oxidation under NAP conditions with an adequate reference.
Additionally, and mimicking the case of Pt, we employed PLIF measurements
to study the ignition of the CO oxidation, and NAP-XPS experiments to in-
vestigate the chemical species at the different stages of the reaction. Most of
the experiments were performed at NSLS-II synchrotron (New York, USA),
although complementary measurements were carried also out at ALBA syn-
chrotron (Barcelona, Spain). Details on the experimental procedures and
analysis are again given in Appendix D.

5.2.1 Asymmetric ignition of Rh vicinals

As a first approach, we performed PLIF measurements (see Section 2.3) on
the c-Rh(111) sample, since we can simultaneously probe the CO2 produc-
tion across the whole curved sample and easily detect asymmetries on the
ignition [203]. We exposed the clean c-Rh(111) sample to a 4:4:92 CO:O2:Ar
gas mixture, reaching a total flow and pressure of 100 ml/min and 150 mbar,
respectively. Subsequently, the sample was heated while continuously record-
ing PLIF images. No CO2 PLIF signal is observed at low temperature, since
the sample is covered/poisoned by CO [bottom panel of Figure 5.4a), 520
K]. The CO2 signal observed in the Quadrupole Mass Spectrometer [QMS,
Figure 5.4b), located in the outlet of the chamber] is also small. Just a small
bump appears at 500 K, possibly arising from graphitic “C” burning.

The CO2 production steadily increases until the temperature reaches 525
K. At this temperature, a large CO2 cloud appears on the B-side of the
crystal in the PLIF snapshots [middle panel of Figure 5.4a), 525 K], which
progressively expands towards the A-side. This indicates that the light-off
temperature is lower in the B-side of the crystal and the ignition is asymmet-
ric. Such behaviour is similar to that of close-packed Pd vicinals [203], and it
radically differs from the simultaneous ignition in Pt vicinal surfaces (Chap-
ter 3 and Ref. [188]). After further increase of the temperature we observe
the full ignition of the whole sample at 530 K [top panel of Figure 5.4a)]. As
extracted from the data, the B-side of the sample ignites around 5 K earlier
than the other edge, again similar to the delay observed for Pd [203].

The cooling of the reaction, i.e. the passage from active to poisoned
stage, was also investigated by PLIF. As discussed in Appendix D2, the
cooling temperature Tc is also asymmetric: the B-steps have a lower cooling
temperature Tc than its A-type analogous. Therefore, the cooling mimics the
ignition, as one would naively expect.
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Figure 5.4: PLIF measurements in a 1:1 CO:O2 gas ratio mixture.
a) PLIF snapshots acquired at selected temperatures under a 4:4:92
CO:O2:Ar gas mixture. The total flow and pressure were 100 ml/min and
150 mbar, respectively, while the heating slope was 0.21 K/s. b) CO2 signal
in the QMS (mass 44) located in the outlet of the chamber. c) CO2 PLIF
signal at the right (B-steps, blue and white) and left (A-steps, black) sides of
the c-Rh(111) sample. The two rectangles mark the integration regions from
which each of the curves in c) were derived. Insets were added in b) and c)
in order to emphasize the “C” burning and the A-B asymmetry during the
ignition, respectively.

In Figure 5.4c) we show the integrated CO2 PLIF at the regions above
the A- and B-sides of the crystal. The intensity markedly increases around
525 K at both sides. The onset shows again the earlier ignition at the B-edge,
although a small variation is also found at the A-side due to the diffusion of
the CO2 cloud from the B-side. The behavior is reversed 5 K above, where the
A-side exhibits a steeper jump as compared to the B-side. This observation
is a clear proof of the lateral limits of the approach (curved surfaces and
PLIF) to properly account for the gas phase at local facets.
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Interestingly, a comparison between Figures 5.4b) and c) reveals that the
two different bumps in the QMS CO2 signal correspond to the ignition of
each of the sides of the sample observed by PLIF. With this information, we
explored the dependence of the ignition temperatures at each of the sides
(Ti,A and Ti,B) as a function of the CO:O2 ratio. The results are shown
in Figure 5.5a), showing the growth of the ignition temperatures with the
CO:O2 gas ratio [39]. The QMS also reveals significant variations of the
difference between ignition temperatures (Ti,A − Ti,B) as the CO:O2 ratio
changes, as shown in Figure 5.5b). While the minimum difference is observed
at 1:1 conditions (expressed in terms of total pressure), it steadily increases
with either the amount of O2 or CO in the gas mixture.
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Figure 5.5: Variability of Ti as a function of the CO:O2 ratio.
a) QMS CO2 signal (mass 44) during heating cycles acquired at different
CO:O2 ratios. The total pressure and flow were kept at 150 mbar and 100
ml/min, while changing the CO and O2 flows as indicated in the legend.
Ar was added as a carrier gas to reach the aforementioned conditions. b)
Difference between the ignition temperature at the A- and B- sides of the
crystal, Ti,A − Ti,B, as a function of the CO:O2 ratio. The experiments were
carried out with a heating slope of 0.21 K/s.

While the two transitions are easily distinguished in O2-rich conditions,
they become less pronounced as the CO content increases, and they are
hardly distinguished at 3:1 CO:O2 ratio. In fact, PLIF experiments at the
latter conditions (not shown) reveal the expected parallelism: the CO2 cloud
is more blurry and the A-B difference is less defined. We attribute such effect
to a stronger CO-poisoning across the whole sample, which decreases the A-
B asymmetry observed under O2-rich conditions, or even to the formation of
facets under this CO-rich atmosphere [175]. Since the CO-poisoning weakens
as the O2 content grows, the asymmetry is still well-defined, as we observe.
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5.2.2 Chemical species prior to the CO ignition

PLIF measurements revealed an asymmetric ligth-off of the CO oxidation at
Rh vicinals. We then performed NAP-XPS experiments (see Section 2.2) in
order to investigate the surface species at Rh vicinals during such asymmetric
ignition. The c-Rh(111) sample was exposed to a 0.7 mbar, 1:4 CO:O2 gas
mixture (O2-rich) and heated in order to trigger the reaction. O 1s and C 1s
spectra were acquired at the positions of the (111), (223) and (553) surfaces
at different conditions, as shown in Figure 5.6. Details regarding the fitting
procedure and the coverage calibration are given in Appendix D.

Prior to any CO oxidation experiments, we measured the aforementioned
surfaces under 0.1 mbar CO at 300 K in order to have a reference for CO
coverage calibration. Two peaks clearly dominate both spectra in the (111)
plane [bottom panels of Figure 5.6b)], which are attributed to CO molecules
in Terrace-Top (TT, 532.4 and 286.1 eV) and Terrace-Hollow (TH, 530.8 and
285.5 eV) sites [148, 151, 174]. After fitting the spectra, we obtained a TH/TT

ratio close to 2 in the O 1s (2.02) and C 1s (2.03 for both 650 and 400 eV
of photon energy), indicating that the 0.75 ML, (2×2)-3CO superstructure
is developed [148, 151]. Accordingly, the spectra at the (111) plane at 0.1
mbar CO, 300 K was used for coverage calibration of the other spectra.

The stepped (223) and (553) surfaces were also probed in the pure CO
atmosphere, as shown in the bottom panels of Figures 5.6a,c). They feature
A- and B-steps, with square {100} and triangular {111} microfacets, respec-
tively. Similarly to Pt [63], we cannot resolve the emission from CO adsorbed
at steps in the O 1s (only a subtle shift of the peaks was detected), hence we
will focus on the C 1s region for now. Two new contributions arise in the C
1s. One of them is ascribed to CO molecules anchored atop Rh atoms in the
stepped arrays (Step-Top, ST, 285.8 eV), while the other corresponds to CO
adsorbed in bridge sites at the steps (Step-Bridge, SB, 285.4 eV) [152]. The
step-CO coverages agree with those presented in the UHV characterization
of the curved sample, i.e. 1 ST and 1 SB molecules per 3 Rh edge atom (2/3
CO molecules per Rh step row, see Figure 5.3). However, the coverage of
CO molecules anchored at the terraces at these vicinals is larger as compared
to the UHV experiments. This is the expected, since the relatively high CO
pressure induced the formation of the 0.75 ML, (2×2)-3CO superstructure at
room temperature at the (111) plane, although it was not developed at the
same temperature under UHV conditions. The same increase of the terrace-
CO coverage with the CO pressure was observed for the k-Pt(645) sample
(see Subsection 4.2.5).
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Figure 5.6: Evolution of selected Rh surfaces during ignition.
O 1s and C 1s acquired at the a) (553), b) (111) and c) (223) surfaces at
different conditions. The bottom row corresponds to a reference experiment
undertaken at 0.1 mbar CO at 300 K, while the spectra at the middle and top
rows were acquired at a total pressure of 0.7 mbar in a 1:4 CO:O2 gas mixture
at 400 K (poisoned stage) and 460 K (pre-ignition stage, see text), respec-
tively. TT, TH, ST and SB stand for CO molecules anchored in Terrace-Top,
Terrace-Hollow, Step-Top and Step-Bridge sites, as sketched in Figure 5.3.
Additionally, ChemO refers to chemisorbed atomic oxygen in the hollow fcc
position [157, 169]. Step and terrace emission cannot be resolved in the O
1s, hence the features are re-labelled as TT+ST and TH+SB. The photon
energy of the O 1s and C 1s region were 650 and 400 eV, respectively.

We also observed a striking increase of TT-CO as one departs from the
(111) plane. We attribute this to a transition between the (2×2)-3CO [1/4
ML TT] to the (

√
3 ×

√
3)R30◦-CO [1/3 ML TT] at the terraces [148, 151].

The CO adsorption at TH sites would become highly unstable as the step
density rises [187]. Hence, CO molecules can rearrange themselves in TT

sites as α increases and TH-CO decreases. They would tentatively form
(
√
3×

√
3)R30◦-CO patches on the surface, increasing the TT-CO coverage.

The coverage of TT-CO decreases as TH-CO adsorbs [148, 151], hence one
would expect the opposite behaviour as CO leaves TH sites.
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Afterwards, we added O2 to the chamber (total pressure of 0.7 mbar,
1:4 CO:O2 gas ratio) and started heating the sample. We observed a huge
cracking of CO adsorbed at TH sites, as discussed in Appendix D3. Fur-
ther heating caused the oxidation of most of the “C” and the recovery of
TH. Nevertheless, since we were no longer at 300 K, the desorption of TH

had already started and the initial values of the reference experiments could
not be reached again. No CO2 production was detected, excluding the “C”
oxidation as a relevant reaction pathway under these conditions.

The temperature was further increased until the majority of the “C”
disappeared from the surface at around 400 K. Individual spectra at this
temperature are depicted in the middle row of Figure 5.6. If compared to
the reference experiment at 300 K, a slight decrease of TH-CO is observed.
This effect is more pronounced at the (111) plane rather than at the stepped
surfaces, since the maximum of CO adsorbed at TH positions is found at
the former surface. The intensity of TT-CO increases mildly with α due to
the formation of (

√
3 ×

√
3)R30◦ domains as TH-CO desorbs, as mentioned

earlier. No change is observed for CO adsorbed at neither ST nor SB sites,
indicating that the step saturation coverage developed at 300 K (and hence
UHV) is preserved also at 400 K. Minor amounts of atomic O chemisorbed
at terrace hollow fcc sites (ChemO) can be perceived at the (111) surface at
around 529.8 eV [157, 169]. The latter grows larger at the (553) plane at a
similar energy [161] (529.9 eV in this case), pointing towards additional O
adsorption close to the {111} edge. Such peak is absent in the (223) surface.
No CO2(g) production was detected, hence we continued the heating ramp.

At around 460 K, both CO(g) and O2(g) started to steadily decrease in both
the RGA and XPS (not shown), while the CO2(g) signal smoothly increased.
We are therefore in a regime were the CO2 turnover has not reached its maxi-
mum. At this stage we investigated in more detail the (111), (223) and (553)
surfaces, as shown in the top row of Figure 5.6. Due to the strong asym-
metry, a complete α-scan was taken that is further explained in Appendix
D4, together with additional data to illustrate the composition variability of
the Rh vicinals just before ignition. The CO2(g) signal was roughly half of
its maximum, for which we call this pre-ignition stage. At slightly higher
temperatures the maximum CO2 production was achieved and most of the
CO vanished from the surface. This mark the transition towards the active
stage, which shall be discussed in the next Section.
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A closer look to the spectra at the (223) plane at 460 K reveals minor
changes in both the O 1s nor the C 1s regions. CO molecules anchored
at ST and SB sites remain unaltered, whilst the terrace components mildly
decrease and a minute amount of ChemO appears. The scenario is slightly
different for the (111) surface. To remember, the amount of CO at TT sites
shortly increases with temperature due to the formation of (

√
3 ×

√
3)R30◦

domains, since CO adsorbed at TH sites has decreases dramatically and the
surface is now more open. This situation of partially empty (111) terraces
(CO occupation of ≈0.4 ML at 460 K vs 0.75 ML at 300 K) would permit
O2 molecules to impinge, dissociate and react with coadsorbed CO at neigh-
bouring sites. In fact, a growing amount of ChemO is detected at the (111)
plane, larger than at 400 K, illustrating the partial CO-depletion and oxygen
chemisorption at the terraces.

Notwithstanding, the strongest changes are observed at Rh(553). The
C 1s reveals that, in addition to the great decrease of TH, SB has totally
vanished from the spectra. Furthermore, a large amount of ChemO has
simultaneously appeared in the O 1s. One observes a strong asymmetry be-
tween A-B Rh vicinals during the ignition of the CO oxidation: while A-steps
remain CO-saturated, a large fraction of adsorption sites at the B-steps are
CO-depleted during the pre-ignition stage. In other words, A-steps remain
CO-poisoned while B-type steps are partially empty, enabling O2 molecules
to dissociatively adsorb. Therefore, we postulate that the asymmetric igni-
tion of the CO oxidation at A-B Rh vicinals is caused by this partial CO-
depletion at B-steps, allowing the reaction to start at a lower temperature as
compared to A-steps. This provides a reasonable explanation of the asym-
metric ignition observed in the PLIF experiments, probing the usefulness of
the combined NAP-XPS and PLIF approach that we follow.

5.2.3 Active stage of the CO oxidation

Right after heating to 470 K, the surface evolved from the pre-ignition stage
to the active stage, where almost all CO has vanished from the surface and
the CO2 turnover reaches its maximum. The surface composition of the
active stage was mapped through α-scans at several temperatures, namely
470, 510, and 570 K, observing significant differences between the surfaces
and temperatures. Again, special attention has been paid to the (223), (553),
and (111) surfaces close to the borders and the center of the crystal. Here
we will focus on the O 1s spectra to study the Rh oxidation. The C 1s data
during the active stage is discussed in Appendix D5.
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The O 1s spectra at the (111) plane at 470 K [Figure 5.7d), middle
panel] consist on two well defined peaks at 532.2 and 529.6 eV, attributed
to CO adsorbed at TT sites and ChemO, respectively. As compared to the
(111) spectra at 460 K [Figure 5.6b)], TT-CO has vanished significantly while
the contribution from ChemO has grown markedly. This indicates that the
surface is covered mostly by oxygen species during the active stage. We want
to remark the coexistence of CO and ChemO during the active stage at the
Rh surfaces, similarly to Pd surfaces [206] and both contrasting with the Pt
case [188], where CO and ChemO never coexist once the surface has ignited.
The feature “Oxide” detected around 531 eV will be addressed later.

A similar situation is observed at the (553) surface [Figure 5.7d), bottom
panel]. In this surface, both contributions (TT-CO and ChemO) are slightly
smaller if compared to the (111) plane. This decrease with the step density
confirms their terrace nature. Nonetheless, we cannot discard some O ad-
sorption at the stepped arrays since the peak is broader as compared to that
of the (111) plane, pointing towards unresolved species in the O 1s region.

Two large peaks at 530 and 529 eV dominate the spectra of the (223) plane
[top panel of Figure 5.7d)], confirming the formation of the (9 × 9) surface
oxide [169]. The formation of this oxide has been shown to be accompanied
with a surface restructuring into Rh(111) and Rh(111̄) facets in Rh(553)
[175]. For this reason a faceting of the whole A-side vicinal part has to be
supposed. Furthermore, a contribution at 533.2 eV is detected only on the A-
side of the crystal, growing larger with the density of A-steps. We attribute
such species to carbonates/carboxyls [243] anchored at the A-steps (Carb),
as extracted from the C 1s analysis (see Appendix D5). Another possibility
would be CO adsorbed on the (9 × 9) oxide, since CO adsorbed on Pd5O4

exhibits a peak above 533 eV [248]. Nevertheless, CO does not adsorb on
the (9× 9) Rh oxide, hence this situation must be discarded [169].

The peak around 530 eV shifts towards higher binding as the density of
both A- and B-type steps increases [see Figure 5.7a)]. An explanation for
this is not clear. Variations on the position due to an irregular strain at the
stepped surfaces [207] or an unresolved species seem the most likely situation,
since a change in the interaction CO-O should not alter significantly the
position of the peaks, at least at Rh(111) terraces/facets [157]. The sample
was further heated to 510 K in order to desorb the terrace CO and promote
the formation of a “pure” active stage, i.e. without any CO on the surface.
The results are shown in the panels of Figures 5.7b) and e).



CO oxidation on close-packed Rh vicinals 111

d) e) f)

Oxide
Carb

536 534 532 530 528

TT-CO

ChemO

P
ho

to
em

is
si

on
 In

te
ns

ity
 [a

rb
. u

n.
]

RhO2

Binding Energy [eV]

(223)
(111)

(553)

g)

V
ic

in
al

 a
ng

le
, �

 [º
]

-12

-6

0

6

12

540 538 536 534 532 530 528 540 538 536 534 532 530 528
Binding Energy [eV]

540 538 536 534 532 530 528

(223)

(553)

(111)

534 532 530 528536 536 536534 532 530 528 534 532 530 528

CO2(g)

a) b) c)470 K 510 K 570 K

470 K 510 K 570 K Pumping CO

RhO2 RhO2

Figure 5.7: O 1s temperature evolution across the curved surface.
a-c) O 1s α-scans acquired at 470, 510 ad 570 K under a 1:4 CO:O2, 0.7
mbar gas mixture. d-f) Individual fitted spectra of the (223), (111) and (553)
surfaces at each of the temperatures, and g) while pumping away the CO at
570 K. ChemO, RhO2 and Oxide stand for chemisorbed atomic O in fcc sites,
the (9× 9) surface oxide and an uncharacterized Rh oxide. Terrace-Top CO
molecules, carbonate/carboxyl species and gas phase CO2 are denoted as TT,
Carb and CO2(g). Vertical dashed lines are included in e,f) to illustrate the
shift of Oxide and ChemO/RhO2 with α, respectively. The photon energy
was 650 eV.

The (223) surface is virtually the same: the RhO2 trilayer grows slightly,
while the carbonates remain on the surface and TT-CO finally disappears.
At the (111) plane, however, one can detect a slight increase of the peak
at 529 eV, indicating that Rh(111) terraces/facets also start to develop the
trilayers at 510 K. The ratio between the peaks at 530 and 529 eV at the
(111) plane differs from 1, indicating that the terraces are partially covered
by a mixture of ChemO and the (9 × 9) oxide, since a full RhO2 trilayer
would give rise to a 1:1 ratio between the features at 530 and 529 eV [169].
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Most of CO adsorbed at TT sites has vanished from the (111) plane at 510
K, although a significant amount of it is detected at the (553) plane [middle
and bottom panels of Figure 5.7e)]. Therefore, TT-CO increases with α, as
better seen at the C 1s region (see Appendix D5). Terrace species should
decrease with α, hence the increase of TT-CO at the (553) plane as compared
to the (111) surface is striking. However, we have to take into account that
at 510 K the (111) plane is also oxidized forming RhO2 trilayers. If one
compares the α-scans acquired at 510 K for the O 1s [Figure 5.7b)] and C 1s
[Figure D5b)] regions, the behaviour of RhO2 trilayers and TT-CO is inverse.
The decay of the trilayers with α is parallel to the growth of TT-CO with
the step density and, once no RhO2 is observed, TT-CO decreases with α as
a regular terrace species. The surfaces near the (111) plane at α = 0 feature
the (9 × 9) oxide, on which CO is known not to adsorb [169]. Hence, the
CO adsorption is quenched at these surfaces and its intensity close to the
(111) surface is lower as compared to 460 K, where no trilayers are observed.
However, no (9 × 9) oxide is observed around the (553) plane. Therefore,
CO can still adsorb at TT sites at these surfaces, hence it grows in intensity
with α. When the RhO2 trilayers disappear at large α at the B-side of the
crystal, TT-CO starts to decrease as a regular terrace CO species.

The last map across the curved surface was acquired at 570 K. It is
shown in Figures 5.7c) and f). CO-related peaks are no longer observed on
the surface. Again, at the (223) plane only a subtle increase of the RhO2

peaks is observed, together with a minor decrease of Carb, indicating that
the latter is desorbing, decomposing and/or reacting with the oxygen.

The RhO2 trilayers are now fully developed in most of the Rh surfaces,
since its two O 1s features prevail over the other components at +15 > α >
−4◦. At −4 > α > −8◦, the peak at 530 eV markedly decreases while the
one at 529 eV rapidly vanishes at increasing step density, indicating that the
surface is transitioning from a pure O-Rh-O trilayer to a pure chemisorbed
O phase. As sketched in Figure 5.7f), a slight shift of the peak at 530 eV
is observed through this passage, revealing that the interfacial oxygen of
the trilayer and ChemO may have a subtle difference in the energy. Only
ChemO latter is observed at α < −8◦, which may indicate that the B-side is
more reactive towards the CO oxidation, since the formation of the trilayer is
known to be quenched if the CO oxidation is sufficiently faster, for example
in CO excess [49, 171]. In fact, there were no signs of the development of the
(9× 9) oxide in other measurements with lower O2 content (Appendix D6).
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Lastly, we closed only the CO leak valve and measure the three charac-
teristic surfaces of the c-Rh(111) sample at 570 K, as shown in Figure 5.7g).
While the (223) and (111) surfaces do not change significantly after closing
the CO leak valve, the two peaks of the RhO2 trilayer are easily perceived
now at the (553) plane. Therefore, we postulate that formation of the surface
oxide at the B-side of the crystal (and possibly its faceting [175]) was not
observed at lower temperature due to a faster reduction by CO as compared
to the A-side. This tentatively refers to a larger reactivity of the {111} mi-
crofacets over the {100} steps for the CO oxidation. On one hand, Klikovits
et al. compared the bare oxidation of A- and B-type Rh close-packed steps.
For A-steps, the step oxidation develops a closed structure, while for B-steps
the structure is defective (i.e. open) [249]. One would then expect a larger
reactivity of the B-steps oxide, similarly as we postulate. On the other hand,
Gustafson and coworkers affirmed that “specific Rh crystal planes exposed
during catalysis will not directly influence the reactivity” [168]. However, our
results confirm that at the very same experimental conditions, A- and B-
steps behave radically different, both during the CO ignition and during the
active stage of the CO oxidation.

To end with, we will asses the nature of the “Oxide” contribution at
around 531 eV. No reports exist to our knowledge on such photoemission
peak, although its larger binding energy as compared to the features of RhO2

may point towards Rh2O3 [163], or maybe impurities arising due to the long
time that the crystal has been at high temperatures. The contribution at
531 eV has a pronounced shift with α [see Figure 5.7e)], it is less resolved
at the stepped surfaces and its evolution with α is different at each of the
α-scans. All of these features may point to several, unresolved oxides and/or
impurities at the each of the planes.
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Summary of the c-Rh(111) experiments

The CO oxidation on close-packed Rh stepped surfaces was explored in the
α ± 15◦ range around the (111) plane. UHV adsorption experiments were
performed to explore the CO chemisorption at steps prior to and at CO
saturation. Such an analysis is necessary in order to characterize the poi-
soning layer of the CO oxidation experiments. To continue with, PLIF and
NAP-XPS measurements were employed to explore the ignition of the afore-
mentioned reaction, and the latter was also used to probe the chemical species
during the different stages of the CO oxidation.

The UHV experiments revealed a preferential adsorption of CO molecules
at steps for A-type vicinal surfaces, while terrace and steps were simultane-
ously populated by CO molecules in the B-type vicinals. After a 12 L CO
dose, we observed a saturation structure of both A- and B-type steps of one
Step-Top (ST) and one Step-Bridge (SB) CO molecules per 3 Rh edge atoms,
for a total coverage of 2/3 CO molecules per step Rh atom. However, the ter-
race saturation was 0.57 ML, far from the low temperature saturation value.
Therefore, the 0.75 ML, (2×2)-3CO superstructure was not developed at 300
K. Finally, a minute CO cracking was also detected. However, this process
seems to be more dependent on the CO dosage than step dependent.

PLIF measurements revealed that, contrary to Pt and similarly to Pd, the
B-side of the crystal ignites earlier while heating and quenches later during
cooling cycles than its A-type analogous, which may naively point to a larger
reactivity of the triangular {111} steps over their squared {100} twins. Hence
we discovered an asymmetric ignition of the CO oxidation on Rh vicinals.
The ignition of the reaction heavily depends on the CO:O2 ratio, and so
does the A-B asymmetry: large CO or O2 excess leads to an increase of the
difference between the ignition of {100} and {111} facets. Nonetheless, an
increase on the CO content of the gas mixture caused the ignition to be less
defined in both the RGA and the PLIF measurements, tentatively due to a
CO-poisoning that is more difficult to overcome. A further possibility for this
observation is a complete faceting of the surface giving rise to a completely
different arrangement of the surface atoms.

Photoemission data confirmed that exposure to large CO pressures in-
creases the terrace coverage, where the (2×2)-3CO superstructure is devel-
oped. Nonetheless, the saturation structure described above for the steps
remains unaltered. The sample was heated while probing the (223), (111)
and (553) surfaces in order to explore the species involved in the asymmetric
ignition. While the (223) plane evolved substantially only after ignition, the
(553) and (111) planes showed significant changes during the heating ramps.
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As CO molecules from TH sites desorb with increasing temperature, a
small amount of chemisorbed atomic oxygen (ChemO) accumulate at the
CO-depleted terraces of the (111) plane. Nonetheless, the most distinguished
behaviour was that of the B-steps: just before the ignition of the crystal, most
of the TH sites and all of the COmolecules anchored at SB spots have vanished
from the surface, on which a large amount of ChemO is now observed. Hence,
we postulate that the early ignition observed by PLIF on the B-side of the
crystal is caused by the partially empty {111} microfacets of the B-steps,
which allow O2 to stick, dissociate and react to produce CO2 earlier than its
A-type, CO-poisoned analogous.

Further increase of the temperature caused the ignition of the whole sam-
ple. Most of the CO molecules have vanished from the surface, which is now
covered by several oxygen species. At low temperature (470 K), both the
(111) and (553) planes feature a large amount of ChemO, together with a
small amount of Terrace-Top CO molecules. However, the (223) surface is
largely oxidized forming the O-Rh-O trilayers (surface oxide) at the top of
the surface. Also on the A-side vicinals only, two different C 1s peaks were
observed for increasing α that were attributed to carbonates/carboxyls an-
chored exclusively to the {100} microfacets.

The RhO2 (9 × 9) trilayers started to develop also at the (111) terraces
as the sample reaches 510 K. At this temperature, a residual amount of CO
molecules at TT positions endure near the (111) plane. Its adsorption is
triggered by the increasing (9 × 9) surface oxide. The B-side of the crystal
remained with chemisorbed oxygen. No RhO2 formation was observed, even
after heating the sample to 570 K. The O-Rh-O trilayers dominate most
the curved sample at this latter temperature, since only densely B-stepped
surfaces remain with only ChemO. Nonetheless, after closing the CO leak
valve at 570 K, the trilayer peaks rapidly appeared at the (553) surface,
homogeneously covering the curved crystal. Therefore, one would tentatively
affirm that the CO oxidation is faster on the {111} steps, since these Rh
surfaces are not fully oxidized until the CO is removed from the chamber.
Finally, an uncharacterized and residual peak around 531 eV was observed
for all surfaces, which we attribute to a combination of an unknown Rh oxide
and impurities.





Chapter 6

Concluding remarks

Throughout this Thesis, we have studied the ignition and nature of the poi-
soned stage of the CO oxidation, and also briefly the species of its active
stage. We made use of curved crystals, which allowed us to investigate the
unexplored large family of stepped surfaces vicinals to Rh(111) and Pt(111).

Curved Pt samples with A- and B-steps [c-Pt(111)] and kinks [k-Pt(645)]
showed a surprising behaviour. In separate PLIF experiments, we observed
that the (111) plane and each of the stepped surfaces ignited at the very
same temperature, revealing a simultaneous in all investigated Pt(111) vic-
inals. Additional NAP-XPS experiments showed that CO adsorbed at ter-
races steadily desorbs as the temperature increases under reaction conditions.
However, CO anchored at the straight steps and kinks remains on the sur-
face while heating, and only a minute desorption is perceived just before the
ignition of the CO oxidation.

In this scenario of partially CO-depleted terraces, we performed a slow
and precise CO ignition cycle at Pt(111). A significant shift in the O 1s
CO peak was detected during the heating cycle, not perceived under UHV
conditions. Using the spectra at low temperature as a reference, we derived
the existence of an additional oxygen feature hidden by the CO emission peak.
In order to do so, we supposed that (i) no additional species contributed to
the spectra and (ii) there was no shift of the CO-related peak with the
temperature. Under these constrains, we extracted the evolution of a new
peak that slowly increases with the temperature, significantly rises prior to
ignition, and vanishes afterwards. Also just before ignition, we observed
signatures of step doubling in the A-side of the c-Pt(111) sample, which were
not observed for the k-Pt(645) crystal.
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We resorted to theoretical DFT calculations to investigate this unchar-
acterized, transient peak arising just before the ignition. They suggest that
subsurface oxygen could accommodate under the relatively CO-depleted ter-
races, lifting some of the Pt atoms. It would also increase the adsorption
energy of the remaining CO molecules anchored at terraces, bringing it up
to values similar to those of CO adsorbed at steps, hence explaining the
symmetric ignition of flat and stepped surfaces.

We briefly explored the active stage of the reaction for both c-Pt(111)
and k-Pt(645). For the later, we found that the amount of oxygen markedly
increases with the step density. This is the expected trend, since steps are
oxidized easier than the (111) terraces. However, at larger O2 partial pres-
sures the amount of oxygen was observed to decrease with the density of
steps for the c-Pt(111) sample. This points towards the oxidation of the
terraces as the O2 content increases, which is hindered at lower O2 pressures
due to kinetic limitations. In addition to chemisorbed oxygen, we observed
the formation of several oxides at steps and terraces, which we could not
further identify.

In the PLIF experiments conducted on the c-Rh(111) sample we observed
an asymmetric CO ignition. Similarly to Pd, in Rh the B-type steps ignite
at lower temperature than the A-steps. However, the measurements suggest
that the asymmetry of the ignition goes away if the CO partial pressure is
increased, while it is still well-defined under O2-rich conditions.

NAP-XPS experiments confirmed the A-B asymmetry prior to the igni-
tion. Just before the ignition, the A-steps remain CO-saturated, and only a
small decrease of the intensity of the Terrace-CO peaks is observed. A signifi-
cant decay (> 50 %) of CO adsorbed in hollow sites at terraces is observed at
the (111) plane, and also at the (553) surface that features B-steps. But more
importantly, at this latter plane the peak corresponding to CO adsorbed in
bridge sites at the steps vanished just before the ignition, indicating that the
B-steps are partially CO-depleted. In parallel, a simultaneous increase in the
CO2 production was observed in the mass spectrometer, and a large amount
of chemisorbed O appeared in the NAP-XPS. Therefore, we postulate the
following as the reason for the asymmetric ignition. On one hand, the O2

cannot adsorb at the CO-saturated A-steps, and hence the CO2 production
is hindered. On the other hand, the B-steps have free sites due to the earlier
desorption of CO at bridge positions, hence providing empty space for O2

to adsorb, dissociate and start the reaction at the very same temperature at
which the A-steps are saturated.
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The A- and B-type steps and the (111) plane also behave different during
the active stage of the CO oxidation. The A-side of the c-Rh(111) sample
readily forms a RhO2 trilayer after transitioning to the active stage, which is
known not to be reactive towards the CO oxidation. RhO2 trilayers do not
form on the (111) plane until the temperature is further increased, revealing
that the (111) surface is not oxidized at low temperature, likely having a
remarkable reactivity towards the CO2 production. However, no RhO2 for-
mation was observed at the B-side of the crystal unless the CO flow into
the chamber was stopped. This reflects that the B-steps are not oxidized
in the presence of a sizeable amount of CO in the chamber. Therefore, we
believe that the B-steps are more reactive towards the CO oxidation than
the A-steps, since the CO oxidation is faster on the B-side of the crystal, as
no RhO2 is observed during reaction conditions.

Combining PLIF, NAP-XPS and curved crystals is a powerful approach.
Currently, we are applying the same strategy to study the ethylene epoxida-
tion, CO2 dissociation and hydrogenation and NO dissociation and reduction,
using curved Ag, Cu and Rh crystals, respectively. NAP-XPS can provide
the essential spectroscopic signatures of the catalyst surface along with the
gas phase, yet we lack a structural characterization technique, which could
provide the complete picture of the catalytic reaction.
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Appendix A: introduction

A1 Reaction mechanisms on a surface

Two gasses, A(g) and B(g), that react on a surface to yield a desorbing product,
C(g), may do so in several ways [9, 250]. A surface reaction is typically
classified as a Langmuir-Hinshelwood [13, 14] or Mars-van Krevelen [17, 18]
process. Nevertheless, two other possibilities are possible, namely the Eley-
Rideal [15, 16] and the Harris-Kasemo [251]. As sketched in Figure A1:

• A Langmuir-Hinshelwood [LH, Figure A1a)] process consists on the
adsorption of both A(g) and B(g) (bimolecular reaction) on free sites on
the surface (*), forming a chemisorbed state on the surface (A*, B*).
These two molecules/atoms may collide, and a fraction will form the
product C*, which is still adsorbed. The last step comprises the product
desorption as C(g), usually promptly after its formation.

• The Eley-Rideal [ER, Figure A1b)] mechanism shares the same initial
step, yet only one of the reactants, for instance A(g), is adsorbed on the
surface. After the chemisorption, the other reactant, B(g), collides in
an adequate way with A* to form C*, which readily desorbs.

• A Mars-van Krevelen [MvK, Figure A1c)] reaction is similar to the
ER process. The initial adsorption of A(g) forms a compound on the
catalyst surface, such as an oxide. Impinging B(g) can then collide
at a certain site of the compound, retrieve one of its A* elements.
The product C* will form, and eventually desorb. Simultaneously, the
missing A* will be readily replaced with a new element of A(g).

• The Harris-Kasemo [HK, Figure A1d)] pathway resembles the LH
process, since both reactants are coadsorbed on the surface. However,
one of them may develop what is called a ”hot atom” (or molecule),
A’: adsorbed particles with an excess of kinetic energy, moving across
surface sites on the catalyst [7]. This reactive A’ can collide with B*
to form C*, which will again leave the surface as C(g).
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Figure A1: Relevant mechanisms for gas-surface reactions.
a) Langmuir-Hinshelwood mechanism, on which two reactants (A(g), B(g))
adsorb in parallel (A*, B*), collide and react to form the adsorbed product
C*. In all mechanisms described below, C* promptly desorbs as C(g). b)
Eley-Rideal process, in which a gas reactant B(g) collides with an already
adsorbed reactant A* to form C*. c) Mars-van Krevelen pathway. First, the
reactant A(g) chemisorbs on the surface forming a compound, e.g., an oxide.
Later, B(g) collides with this compound, removing one constituent to form
the product C. The consumed A* element is readily renewed by A(g). d) The
Harris-Kasemo reaction involves the adsorption of A(g) and B(g). However,
while one of them develops the chemisorbed state B*, the other is weakly
adsorbed in the form of a hot particle A’. Due to its extra energy, the reactive
A’ moves fast around the surface until it collides and reacts with B*, yielding
C*. The labels Ads, Coll, Rea and Des refer to adsorption, collision, reaction
and desorption, respectively, which may not be isolated events.
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A2 Review of Pt bibliography

There is a vast bibliography about the interaction of CO, O2 and CO+O2

with Pt. Relevant references are classified on Table 1.

Table 1: Relevant bibliography on the CO oxidation on Pt

Pt(111)
CO adsorption [24, 52–59, 61, 72, 208, 228, 237, 252–254]

O2 adsorption
[30, 43, 71, 73, 74, 78–81, 83–85, 88, 90, 97, 103, 105–107]

[120, 133, 182, 216, 218, 221, 226, 255–266]

CO oxidation [38, 44, 46, 47, 89, 116–119, 122–125, 141, 199, 211, 267]

Pt(110)
CO adsorption [53, 59]

O2 adsorption [86, 87, 182, 257, 268]

CO oxidation [19, 27, 31, 41, 44, 115, 128–130, 132]

Curved surfaces, nanoparticles, wires and films
CO adsorption [207]

O2 adsorption [91–95, 269–273]

CO oxidation [123, 126, 127, 130, 134, 180, 188, 210, 274, 275]

A-steps CO adsorption O2 adsorption CO oxidation
(113) - [182] [276]
(112) [59, 65, 66] [105, 182, 258] [136, 140]
(335) [64, 65] [98, 99, 106, 277, 278] [137, 139]
(223) [67] [108] -
(557) [69, 70] [89, 100, 103, 110] [46, 47, 135]
(997) - [100, 101, 279] [144]

B-steps CO adsorption O2 adsorption CO oxidation
(331) - [182] -
(221) - [99, 258] -
(553) [62, 63, 67] [106, 108, 277] -
(332) [70] [96, 257, 268] [141, 142]
(779) - [280, 281] [143]

Kinks CO adsorption O2 adsorption CO oxidation

(201) [59] - [211, 145]
(513) - [114] -
(312) [68] [111, 112] [138]
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A3 Properties of A-, B- and kinked steps

Further notes complementing those of Section 2.1, are presented here to
better describe the relation between step density, vicinal angle and terrace
length for each type of steps. The variety of surfaces described in Table 2 is
intended to be used as a reference for the surfaces mentioned in the text.

As an example, a (112) surface is sketched at the top of Figure A2. The
Miller (hkl) indexes describe both a plane parallel to the “macroscopic”
surface, and a vector perpendicular to it (referred to as [hkl]). The (111)
plane runs parallel to the flat terraces, while for the (112) it does so across
the outermost step edge. The angle spanned between two planes (or surfaces)
is the same as that defined by its two perpendicular vectors, hence the angle
between two surfaces can be derived by simply applying the scalar product.
Since we have defined the vicinal angle α with respect to the flat (111) plane,
we can just apply the aforementioned relation to easily calculate α.

Nevertheless, α is just the angle between two planes: it does not give any
surface information by itself. We need to relate it to significant magnitudes
of our surface, as described in Figure A2. Lets suppose that the (112) plane
features monoatomic steps of a given height, h. Defining a as the face-
centered cubic (fcc) lattice constant of our metal, and doing some simple
trigonometry, one can derive that h = a

√
3/3 for (111) steps. We may also

define another two concepts, the terrace length, l, and the distance between
steps, d. Note that while l is parallel to the (111) plane, d is so to the surface
we are considering, in this case the (112). Since d and l are respectively
perpendicular to the [112] and [111] directions, the angle between them is
also α. Hence, we may write a triangle formed by h, l, d and α, as sketched
in Figure A2a). After applying trigonometric relations one may obtain:

sin(α) =
h

d
(A1)

d−1 =
sin(α)

h
(A2)

While d is a distance, its inverse d−1 is related to the frequency at which steps
appear in space, i.e. step density. Therefore, we can now easily relate α with
d−1 to describe a vicinal surface.
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Figure A2: Relevant properties of (111) vicinals.
a) Lateral sketch of an ideal (112) surface, showing the terrace length, dis-
tance between steps, step height and vicinal angle (l,d,h and α, respectively).
(111) and (112) planes and [111] and [112] directions are depicted. b) Illus-
trations of terrace length l for A- and B- (red and blue, exposing 2/3 and
1/3 of one atomic row a⊥) and kinked steps (green, exposing 1/2 atomic row
a∥). See Section 2.1 for a profound discussion on the nature of each of the
steps.
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Another equation that emerges from the triangle is:

tan(α) =
h

l
(A3)

enabling to relate the α (and hence d−1) with the terrace length. l can
be easily deduced from the corresponding structural model of each vicinal
surface, therefore we will describe each vicinal with respect to l. From them,
we will derive d−1, α and Miller indexes. In order to do so, we shall define
two distances, a⊥ and a∥. They are illustrated at the center and bottom
rows of Figure A2 and they correspond to the inter-atomic distance between
rows in the perpendicular (a⊥ = a

√
3

2
√
2
) and parallel (a∥ = a

√
2
2
) vectors of a

close-packed step. Note that since a⊥ and a∥ are defined using a straight step
as a reference, they are rotated 90◦ at the kinked surfaces. Let us discuss
each step-type individually:

• A-steps: its terraces are separated by square, {100}microfacets, hence
2/3 of the understep atomic row are visible. The terrace length cor-
responds to the number of fully exposed atoms m [m = 5 in the case
of the (557)] plus 2/3, all multiplied by the interatomic distance a⊥,
hence lA = (m+ 2/3)a⊥.

• B-steps: the terraces in these surfaces are divided by triangular, {111}
microfacets, exhibiting 1/3 of the understep atomic row. In this case,
the terrace length equals m [m = 5 in the case of the (332)] plus 1/3,
all multiplied by a⊥, therefore lB = (m+ 1/3)a⊥.

• Kinks: the terraces are separated by alternate {111} and {100} micro-
facets, i.e. {311} microfacets [68]. Due to the unique configuration of
these steps, m can take values in 1/2 intervals, since adding one atomic
row only increases the terrace length by 0.5 times the interatomic row
distance, which in this case is a∥ (these surfaces are 90

◦ rotated with the
close-packed arrays). The terrace length is simply defined as lK = m·a∥
or lK = (m+ 1/2)a∥.

Knowing l and m, and applying the previous equations, one can easily
describe a vicinal plane. This is shown in Table 2, for which h values for
Pt and Rh of 2.26 and 2.21 Å, i.e. monoatomic steps, were considered. The
Miller indices for A-, B- and kinked surfaces are obtained as (m,m,m + 2),
(m+ 1,m+ 1,m− 1) and [(m+ 1,m− 1,m)], respectively.
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Table 2: Selected (111) vicinals with pertinent magnitudes.

A-steps (m,m,m+2)

m (h, k, l) lA/a⊥ Vicinal angle, α [◦] d−1
Pt [Å−1] d−1

Rh [Å−1]

1 (1,1,3) 1+2/3 29,45 0,218 0,223
2 (1,1,2) 2+2/3 19,47 0,147 0,151
3 (3,3,5) 3+2/3 14,42 0,110 0,113
4 (2,2,3) 4+2/3 11,42 0,088 0,090
5 (5,5,7) 5+2/3 9,45 0,073 0,074
6 (3,3,4) 6+2/3 8,05 0,062 0,063
8 (4,4,5) 8+2/3 6,21 0,048 0,049

B-steps (m+1,m+1,m-1)

m (h, k, l) lB/a⊥ Vicinal angle, α [◦] d−1
Pt [Å−1] d−1

Rh [Å−1]

1 (1,1,0) 1+1/3 35,26 0,255 0,261
2 (3,3,1) 2+1/3 22,00 0,166 0,170
3 (2,2,1) 3+1/3 15,79 0,120 0,123
4 (5,5,3) 4+1/3 12,28 0,094 0,096
5 (3,3,2) 5+1/3 10,03 0,077 0,079
6 (7,7,5) 6*1/3 8,47 0,065 0,067
8 (9,9,7) 8+1/3 6,46 0,050 0,051

Kinks 2[(m+1,m-1,m)]

m (h, k, l) lK/a∥ Vicinal angle, α [◦] d−1
Pt [Å−1] d−1

Rh [Å−1]

1 (2,0,1) 1,0 39,23 0,255 0,261
1,5 (5,1,3) 1,5 28,56 0,202 0,207
2 (3,1,2) 2,0 22,21 0,166 0,170
2,5 (7,3,5) 2,5 18,09 0,140 0,143
3 (4,2,3) 3,0 15,23 0,120 0,123
3,5 (9,5,7) 3,5 13,13 0,106 0,108
4 (5,3,4) 4,0 11,54 0,094 0,096
4,5 (11,7,9) 4,5 10,28 0,085 0,087
5 (6,4,5) 5,0 9,27 0,077 0,079
5.5 (13,9,11) 5,5 8,44 0,071 0,072
6 (7,5,6) 6,0 7,749 0,065 0,067
7 (8,6,7) 7,0 6,653 0,056 0,058
8 (9,7,8) 8,0 5,828 0,050 0,051
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A4 General aspects of XPS

In this appendix we will deal with more general aspects of the X-ray photoe-
mission (XPS) technique. XPS is based on the photoelectric effect discovered
by Hertz in 1887 [282] and later explained by Einstein in 1905 [283]. Imping-
ing photons on a material can release electrons if the energy of the light is
larger than a material specific constant called work function (ϕ): the mini-
mum energy required to eject an electron from a certain material. If one is
able to analyze the amount of electrons as a function of their kinetic energy
Ek, it will be noted that there are strong intensity variations, correspond-
ing to element-specific excitations of inner electrons. The device to do the
detection is called electron analyzer. Inside this analyzer the electron will
gain some energy, the work function of the material from which the analyzer
is made (ϕA). Since sample and detector are electronically connected, their
Fermi levels are aligned. This finally leads to the photoemission equation
given already in Equation 2.4 as Ek = hν − ϕA − EB, being hν the energy
of impinging photons, and EB the binding energy of the excited electronic
level. Due to the described Fermi level connection of sample and analyzer,
the sample work function ϕS does not play any role in Equation 2.4 [284].

Nowadays, a HemiSpherical Analyzer (HSA) is typically used to monitor
the intensity of the photoelectrons as a function of their energy; details about
their operation can be found in the second Chapter of Ref. [194] and the
web page of common manufactures [285, 286]. Briefly, the HSA comprises
two different hemispheres separated by a gap, in order to allow electrons
to travel [194]. The trajectory of the negatively charged electrons inside
the HSA can be tuned by controlling the voltage applied between the outer
and inner hemispheres of the electron analyzer. After a proper calibration
of the spectrometer, one can correlate the kinetic energy of the incoming
electron to the voltage applied between both hemispheres. Only the electrons
with a certain energy can travel between the hemispheres, while electrons of
a smaller (higher) energy will collide on the inner (outer) hemisphere not
reaching the detector. Hence, we can count the number of electrons arriving
to the detector as a function of their kinetic energy by ramping the voltages
at both hemispheres, and in this way obtain an electron spectrum. The
counting itself is done by an electron multiplier to increase the signal to
noise ratio. This can be either achieved with one or several channeltrons
or with a channel electron multiplier, the latter one allowing allowing to
significantly increase the number of photoelectrons detected [287]. Since the
electrons leave the sample with a remarkable velocity, they are slowed down
prior to the HSA by a set of lenses. A correction factor is then applied by
the detector to calibrate the EK scale.
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Figure A3: General features of photoemission spectra. a) O 1s
region after exposing a Pt(111) surface to 10 L CO, showing two symmetric
peaks related to CO adsorbed in top and bridge sites. b) Pt 4f scan of a
Pt(111) sample after cleaning, with two distinct components arising due to
the spin-orbit coupling of the 4f levels. c) Fermi level acquired at 90 K on
Pt(111), showing the Fermi and Gauss components used for extracting the
overall resolution.

Three different spectra are sketched in Figure A3 in order to discuss some
common, important properties of photoemission spectra. Several features
have to be taken into account:

• Background. This encompasses the additional intensity, apart from
the lines themselves, that contributes to the spectrum (light grey areas
in Figure A3). Inelastic scattering with the metal lattice is a frequent
event in escaping photoelectrons, causing them to loose a portion of
their energy [194]. Hence, they will be detected at higher higher EB

(lower EK) as compared to that of the the main peak. These scattered
(or secondary) electrons give rise to the characteristic shape of the so-
called Shirley background [288].

• Shape of the peaks. A closer look to the spectra of Figures A3a,b)
reveals that their peaks are remarkably different. On one hand, the
intensity of the O 1s lines decays a few eV above their maximum: they
are symmetric functions, whose broadness is determined by the width
of the peak. On the other hand, the Pt 4f peaks extend several eV at
the larger binding energy side. Due to this characteristic tail at lower
kinetic energy, they are called asymmetric.

– A symmetric photoemission peak follows a Lorentz distribution
[191], although it has to be convoluted with a Gauss profile to take
into account the broadening of the peaks due to the experimen-
tal resolution (see below). For simplicity, a Voigt profile (linear
combination of lorentzian and gaussian) is then used.
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– The asymmetry arises due to the interaction of valence band elec-
trons with the holes left on the sample (electron-hole pairs), giving
rise to their easily detectable shape. The coupling with electron-
hole pairs causes the photoelectron to lose energy, increasing the
intensity at larger binding energies. Their photoemission inten-
sity decays as the interaction energy increases [191], intuitively
due to the inability of electrons to leave the sample if they are
strongly attached to the hole. These peaks are usually referred to
as metallic, as they are the typical lineshape for metals.

• Spin-orbit splitting. The Pt 4f spectrum is shown in Figure A3b),
consisting of two emissions (a doublet). They are labelled as 4f7/2
and 4f5/2, with higher and lower intensity/EK , respectively. This is
the so-called spin-orbit or j-j interaction: the electron has a certain
angular momentum, and the same applies for all electron levels with
orbital quantum number l ≤ 1 (p, d, f shells). Hence, there will be
an interaction between the spin moment of the electron and that of
the orbital, breaking the degeneration. This will give rise to two well-
defined orbital levels, detected as two different photoemission peaks.
It is noteworthy that every additional feature, such as losses, in the
higher-intensity part must also appear in the lower-intensity region,
since the levels are splitted. The intensity ratio (orbital-specific) and
energy difference (both orbital- and element-specific, ∆E) between the
orbitals was tabulated by Moulder et al. [289].

• Resolution and Fermi level. In Figure A3c) we sketch a Fermi
edge measured for a temperature of 90 K. A Fermi-Dirac function at
the aforementioned temperature cannot provide a reasonable fit to the
data: the function is broadened. The sole act of measuring cannot
be separated from the “error” of the experiment itself, which follows
a normal (gaussian) distribution. That “error” results from the ener-
getic broadening due to the experimental resolution of the measurement
caused by (i) the linewidth of the photon beam and (ii) the energy res-
olution of the analyzer. As a result the thermally broaden Fermi-Dirac
function has to be convoluted by a Gaussian function characteristic for
this experimental resolution [191]. This same Gausian function has to
be used later to convolute the above mentioned peak profiles in order
to fit either the gas induced peaks or the metal substrate ones.
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Experimental methods

• Sample cleaning and characterization. The c-Pt(111) sample is
described in Figure 2.4. Briefly, in this curved crystal vicinal angles
up to ±15◦ can be explored, hence the (553) and (223) surfaces may
be reached close to the two edges. Standard vacuum techniques are
employed for cleaning the sample, namely Ar+ sputtering at 1 kV ion
energy, annealing at 1000 K in 5 · 10−8 mbar O2 and final flashes to
1100 K. The cleanliness was checked by XPS and LEED. The latter
showed the splitting pattern presented in [207].

• Photoemission experiments. CO chemisorption experiments were
performed in UHV at the I311 beamline of the Max II synchrotron
(Sweden) [290], in normal emission and grazing incidence geometries.

NAP-XPS CO oxidation experiments were conducted at the 23-ID-2
beamline of the NSLS-II synchrotron in New York (USA) [200, 291],
also at normal emission geometry but at 50◦ incidence. CO and O2

(purity > 99.98%, Matheson) were dosed into the chamber using high
precision leak valves. The pressure was monitored using a hot cathode
ion gauge (p < 10−5 mbar) or a capacitance manometer (p > 10−5

mbar), while the temperature of the sample was monitored using a
K-type thermocouple located between the sample and the heater. A
pyrolitic boron nitride heater was employed, unless else noted. The
gases close to the sample were monitored using a mass spectrometer
located in the second differential pumping stage of the analyzer [45].

• Photoemission peak analysis. The peak fitting was performed us-
ing the CasaXPS software [292]. Doniac-Šunjić lineshapes convoluted
with a Gaussian profile were considered for the C 1s peak fitting [293],
adding a Shirley-type background [288]. TT was remarkably more
asymmetric than the other CO features, which shared a similar value.
Step species (ST and SB) were broader than the other ChemCO contri-
butions, while TT was slightly wider than TB.

133
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With respect to the vibrational contributions of TT sites [63, 67, 236],
they were constrained to have the same peak parameters (width, asym-
metry...), binding energy distance to TT and height ratio derived at the
(111) plane at the spectra obtained at other α. Their area was added
to that of TT for the coverage calibration. We added two vibrational
features at 0.3 eV and at 0.6 eV distance to the main TT emission.
Similar contributions contributions corresponding to satellites of other
CO species were not perceived.

The O 1s peaks could be reasonably fitted with symmetric Voigt pro-
files, hence we did not considered Doniac-Šunjić lineshapes.

• UHV coverage calibration. We assumed CO coverage saturation at
the (111) plane after the 10 L CO dose, leading to a 0.5 ML, c(4× 2)
superstructure [52, 53], with CO molecules in TT and TB positions
equally coating the surface [55]. Since PhotoElectron Diffraction (PED)
features may arise [252, 294–297], and as discussed by Kinne et al. [55],
a correction needs to be applied to TB so it has the same coverage as
TT at the (111) plane. In our case, this correction factor was 1.4.
After correcting the intensity variation of bridge species (TB and SB)
as a function of α, the intensity of the individual species at each of
the points of the α-scan was converted to coverage knowing that the
intensity of TT at the (111) plane equals 0.25 ML.

• NAP coverage calibration. We have discussed in Section 3.2 how
the CO anchored at steps remains virtually unaltered as the temper-
ature increases during a CO oxidation experiment. Hence, it seems
adequate to assume that the steps of the vicinal surfaces feature the
same coverage in UHV and in NAP conditions. In fact, we have ob-
served this phenomenon during the experiments of Chapters 4 and 5:
at low temperature, far away from ignition, the step coverage at Pt and
Rh vicinals is retained from UHV to NAP. Therefore, we decided to use
the step coverage in UHV to calibrate those of the NAP measurements.
We fitted the variation with α of the step-CO photoemission intensity
[I(α)] during the CO oxidation essays at 350 K and the step UHV sat-
uration coverage [ΘS(α)] to our W -model (Equation 2.3). Since we are
assuming that the coverage in UHV and NAP at 350 K are the same,
hence by simply dividing the slope of fit of I(α) by that of ΘS(α), one
may obtain a factor to convert intensity to coverage during the NAP
experiments. In other words, we are forcing the fit of ΘS(α) to be
the same in UHV and in NAP at 350 K, in order to preserve the step
saturation. This fit is sketched with a dashed black line in Figure 3.3b).
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B1 Symmetric ignition: C 1s analysis

The C 1s measurements shown in Figure B1 were acquired right after the O
1s region during the heating ramp depicted in Figure 3.2. We will just focus
on the ignition of the CO oxidation at different Pt surfaces now; a more
profound discussion on the chemical species observed during the poisoned
stage is presented elsewhere in Chapter 3.

At a temperature of 515 K, quite below the ignition temperature, only
chemisorbed CO (ChemCO, 286.7-285.8 eV) species are observed [55, 63].
The ChemCO intensity steadily decreases with the temperature, reflecting
how the ChemCO starts to desorb. Mimicking Figure 3.2, all ChemCO
vanishes simultaneously in all surfaces right after heating the sample to 560
K, marking a symmetric ignition at A- and B-type Pt vicinals. The CO(g)

signal (doublet at 290.2 eV) is replaced by CO2(g) (291.2 eV) as the ignition
approaches, since the reaction is taking place. The shift in its position after
the ligth-off is caused by a change of the surface work-function [38].
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Figure B1: C 1s heating ramp at relevant c-Pt(111) positions.
a) C 1s temperature ramp as color plots for the (223) [left], (111) [center]
and (553) [right] planes, respectively. b) Individual spectra at characteristic
temperatures [515 K (light orange), 555 K (orange) and 560 K (brown)] and
planes. C 1s spectra were acquired at a photon energy of 650 eV under
0.7 mbar, 1:6 CO:O2 ratio gas mixture (average heating slope of 5.5 K/h).
They are complementary to those of Figure 3.2. The labels “Active” and
“Poisoned” mark each of the stages of the CO oxidation. ∆ϕ reflects the
change of the work-function of the surface as it transitions towards the active
stage during the ignition [38], which occurs at Ti = 560 K.
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B2 Hysteresis of the reaction at Pt vicinals

In a different experiment, we studied both the ignition (Ti) and cooling (Tc)
of the CO oxidation across Pt close-packed vicinals. We exposed the sample
to a 1.0 mbar, 1:4 CO:O2 gas mixture and subsequently heated the sample
in 10 K steps (22.5 K/h in average). As shown in Figure B2, we monitored
the (111), (223) and (553) surfaces at each of the temperatures.

This CO oxidation experiment mimics that described in Appendix B1. At
low temperature, the surface is covered by ChemCO, and only CO(g) and O2(g)

are detected in the gas phase. Further heating yields a progressive decrease
of ChemCO, which is simultaneously replaced by O-related species at 575
K at the aforementioned surfaces. This marks the symmetric ignition of
the reaction. At this point, CO(g) vanishes, O2(g) decays and CO2(g) abruptly
boosts, indicating that the surface has reached the active stage. After heating
to 585 K, we started to cool the sample. At 525 K, the reaction quenches in
parallel (ChemCO appears and the O/Pt species vanish) again in all three
surfaces, marking a simultaneous cooling of the reaction.
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Figure B2: Hysteresis cycles at relevant c-Pt(111) positions.
Temperature color plots of the O 1s (top row) and C 1s (bottom row) regions
during a heating (red scale, T↑ ) and cooling (blue scale, T↓) cycle. The
(223), (111) and (553) surfaces were sequentially monitored at 1.0 mbar, 1:4
CO:O2 gas ratio, in 10 K steps (22.5 K/h in average). Both Ti and Tc of the
reaction occur simultaneously at 575 and 525 K, respectively. As sketched
at the right side of the figure, the ratio O2/CO in the QMS increases during
ignition, since the CO is consumed and the reaction reaches mass transfer
limit. See Figure 3.2 for additional details.
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B3 Structures used for the calculations

Each of the structures presented in Table 3.1 are illustrated in Figure B3.
They correspond to:

• CO - a): CO-TT molecules in a 0.25 ML, (2×2) superstructure.

• CO-Ofcc - b): 0.25 ML CO-TT and 0.25 ML O in hollow fcc positions.

• CO-Osub - c): 0.25 ML CO-TT and 0.25 ML O in subsurface tetrahe-
dral sites, both sharing a single Pt atom.

• CO-Osub* - d): 0.25 ML CO-TT and 0.25 ML O in subsurface tetra-
hedral sites without sharing any Pt atom.

• CO-2Osub - e): 0.25 ML CO-TT and 0.5 ML O in both subsurface
tetrahedral sites.

• Osub - f): 0.25 ML of O on subsurface hcp tetrahedral positions.

a) CO b) CO-Ofcc c) CO-Osub

d) CO-Osub* e) CO-2Osub f) Osub

Figure B3: Structures used in the theoretical calculations.
Structures considered in the DFT calculations for the characterization of the
transient stage of the CO oxidation. See Table 3.1 for further details.
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B4 PED effects at Pt vicinal planes

In Figure B4 we show the entire O 1s α-scans acquired simultaneously as
those presented in Figure 3.3. A substantial increment of the total intensity
with α was observed, which we attribute to enhanced CO-emission due to
PED effects. These arise even at the (111) surface, since the TT/TB ratio
after CO saturation is far from the ideal value of 1 [24]. For these reasons
between other, we decided to rely on the C 1s for the examination of the CO-
poisoning layer. Species arising from CO dissociation are not distinguished
in UHV, yet they are residual during CO oxidation conditions due to the
high pressures and temperatures.
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Figure B4: O 1s α-scans of the poisoned stage.
a) Intensity plots of the O 1s α-scans, together with b) characteristic spectra
at the (223), (111) and (553) surfaces at different experimental conditions.
They correspond to exposure to 10 L CO at 300 K (UHV 300 K, left column),
and under a 1:6 CO:O2 gas mixture at 0.7 mbar at 350 K (NAP 350 K, center
column) and 550 K (NAP 550 K, right column). Experiments were acquired
at 400 eV (UHV) and 650 eV (NAP) of photon energy. TT, TB, ST and
O correspond to Terrace-Top, Terrace-Bridge, Step-Top CO molecules and
atomic oxygen anchored to the surface.
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B5 O2 chemisorption reference experiments

In order to have a proper reference for the analysis of the active stage of the
reaction, we exposed the sample to 10 L O2 at 300 K. We subsequently cooled
down to 90 K to reduce the vibrational broadening of the peaks. This is a
fine approach for the CO experiments, yet it is not as adequate for the O2,
since adsorption from residual gases (mainly CO) was observed. A similar
phenomenon was observed during similar experiments conducted on the k-
Pt(645) sample (Appendix C4). The complete α-scan and selected fitted
spectra after the 10 L dose are shown in Figure B5.

A closer look at the spectra at the (111) plane [Figure B5a), center]
reveals a large feature at 529.8 eV, which we readily identify as chemisorbed
O in the hollow fcc position, OTerr [52, 118]. In addition, two relatively
large contributions are detected at 530.9 and 532.3 eV. As we discussed
in Subsection 1.3.2, further oxidation of Pt(111) at 300 K requires strong
oxidizers. Therefore, here we believe that contamination (CO, H2O ...) are
responsible for the observation. At low temperature, coadsorbed O and CO
would not react, hence contributing to the O 1s region [55, 237]. The small
peak around 528 eV, constant across the curved surface, is related to defects,
as reported by Kim et al. at a similar energy and relative intensity [263].

The bottom panel shows the spectra at the (553) surface obtained after
the O2 dose. The main contribution, OTerr, markedly increases and slightly
shifts towards lower binding energy, possibly screening a similar configura-
tion, i.e. hollow O, at the steps. The peak around 530.8 eV increases with
the step density, indicating its step-like character. As for the contribution
around 532.1 eV, it slightly shifts towards lower binding energy without de-
creasing its intensity. As we mentioned before, we believed that these two
contributions are related to both uncharacterized Pt oxides and adsorption
from residual gases from the chamber, namely CO and H2O.

The situation is more complex at the (223) plane, since several additional
peaks can be distinguished. OTerr also increases and shifts, perhaps pointing
to a similar hollow O species near the {100} steps. The peaks around 531 and
532 eV grow as compared to the (111) plane. This could be expected, since
adsorption from contaminants and oxide formation is more likely to occur
at steps. In addition, a peak at 529 eV is now clearly distinguished in the
photoemission spectra. It increases with α, which indicates that such species
is adsorbed close to the step edge (OStep). Since it increases only with the
density of {100} steps, we suggest that it corresponds to atomic O anchored
at four-fold sites at these steps [227]. Another contribution is detected at
530.3 eV, which we attribute to PtO2 [226, 256].
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Figure B5: Curvature map after a 10 L O2 dose at 300 K.
a) Intensity plot of the O 1s α-scan, together with b) characteristic spectra
at the (223), (111) and (553) surfaces after exposure to 10 L O2 at room
temperature. Spectra were acquired at 90 K and 650 eV of photon energy. c)
ChemO (OTerr+ OStep) and Oxides (all other contributions) evolution across
the curved surface, showing a parallel increase of their intensity with the step
density. See text for the description of each of the species and labels. We
also indicate the direction (time) at which the scan was taken.

We also detect one additional peak at 533.6 eV. Several possibilities arise:
another oxide with a different oxidation state, e.g. , Pt3O4 [79], physisorbed
O2 [270] or CO adsorbed on some of the oxides [248] are possible candidates
for this contribution, yet we cannot speculate more without additional data.
Additional C 1s nor Pt 4f were not acquired, hence we are forced to end the
discussion here. It is also important to mentioned that as we reach the end
of the α scan (from -15 to +15◦), more and more species appear, pointing
to adsorption of residual gases on the sample. To conclude, although some
of species may be related to contamination, the trend is clear: the amount
of oxygen increases with α, in clear contradiction with the α-scan acquired
during the active stage discussed in Section 3.5.
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B6 Active stage at a 2:3 CO:O2 ratio

We also scanned the curved surface in a different experiment, in this case
under 0.5 mbar, 2:3 CO:O2 ratio conditions. At this gas mixture, the Pt
curved surface ignited at 575 K, hence the curved surface was α-scanned at
this temperature. The results are shown below, mimicking the increase in the
total O coverage with α observed for the O2 dosage experiments performed
in UHV (see Figure B5). We used a Pt heater for this experiments. Since it
consumes gases from the chamber, the lower Ti is expected in spite that the
the CO:O2 ratio is larger.

The spectra at the (111) plane [Figure B6b), center] consists on two well-
defined peaks. The smaller one at 529.8 eV corresponds to atomic O adsorbed
in hollow fcc sites (OTerr) [52], and the larger one at 531.6 eV is related to
an unknown oxide (Oxide). Considering now the stepped surfaces, OTerr

increases at the (553) plane, yet decreases at the (223) surface [Figure B6b),
right and left, respectively]. However, OStep (atomic O anchored near the
steps, possibly on four-fold coordination [227]) rises at the former A-stepped
plane, and the combination of them roughly equals that of the other side. A
similar ChemO coverage is observed, even though the species are different.

To end with, the Oxide peak markedly grows with α, in clear contradic-
tion to the behaviour described in Section 3.5. Since the structure of this
oxide is unclear, it is difficult to speculate about such behaviour. The main
difference between the experiments is the CO:O2 ratio (2:3 here vs 1:6 for Sec-
tion 3.5). We postulate two simple explanations for this difference between
experiments. On one side, the gas mixture of the experiments described in
Section 3.5 is oxidative, which may enhance the otherwise kinetically limited
oxidation of the terraces [79, 110, 120, 256]. Since the space occupied by
terraces is generally larger than that of the steps, the oxidation of the ter-
races would easily explain the decay of Oxide with α. On the other side, the
CO:O2 ratio of the current experiment is closer to be stoichiometric, hence
one would expect more reduced terraces at these conditions. The growth of
Oxide with α can then be explained by the additional oxidation of steps,
very likely since they have a larger tendency to develop oxides [96, 110, 114].
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Figure B6: Additional O 1s maps during the active stage.
a) O 1s α-scan color plot, together with b) individual spectra at the (223),
(111) and (553) surfaces in a 0.5 mbar, 2:3 CO:O2 gas mixture at 575 K
(active stage). c) ChemO (OTerr+OStep) and Oxide (all others) evolution
across the curved surface, showing a parallel increase of their intensity with
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Experimental methods

• Sample cleaning and characterization. The k-Pt(6459 sample is
described in Figure 4.1. It features the (645) plane at the center of the
crystal, while the (111) and (312) surfaces are located at each of the
edges of the crystal. The sample was cleaned with several cycles of Ar+

sputtering (1 kV), O2 annealing (1 ·10−7 mbar, 800 K) and final flashes
(950 K) until no contaminants were detected by means of XPS. Where
available, the LEED of the sample was checked in order to probe the
correct structure of the clean curved surface (see Appendix C1).

• UHV reference experiments. Chemisorption measurements were
carried out in UHV at the SuperESCA beamline at the Elettra syn-
chrotron in Trieste (Italy) [298] in normal emission geometry. The peak
fitting was performed using the lmfit package of Python [299]. Doniac-
Šunjić lineshapes [293] convoluted with a Gaussian were considered for
the peak fitting, unless the opposite is stated. A Shirley-type back-
ground was subtracted during the fitting [288].

Small peaks ascribed to vibrational excitations of CO molecules could
be distinguished in the C 1s spectra [234–236], hence they were in-
cluded in the fitting procedure to further improve it. As extracted
from the fitting at the (111) surface, such satellites were fixed at 220
meV towards higher binding energy above the position of the main con-
tribution, while the intensity ratio derived was 11.5 % for TT and 10
% for TB sites. The other parameters (width, asymmetry...) were con-
straint to those of the major peak. Their area was added to that of the
main feature for quantification. Even though TT- and TB-CO yielded
similar width values, TT was markedly more asymmetric (65%) than
TB. Both step-CO peaks have a similar asymmetry as TB, and they
are approximately 20% broader compared to their terrace analogous.
The satellites were also included for both ST6- and ST8-CO, using the
same intensity ratio for the satellites as for TT-CO.

143
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• CO coverage calculation at UHV saturation. The c(4×2) super-
structure observed at the (111) plane was used as a reference for cover-
age calibration. It corresponds to a 0.5 ML coverage [53], where both
TT and TB equally coat the surface with 0.25 ML each [52]. As ex-
plained by Kinne et al. [55], deviations from the theoretical 1:1 TT:TB

area ratio in the C 1s can arise due to PED effects, therefore different
factors are required in order to properly calculate the coverage of TT

and TB. The obtained ratio between TT and TB at the (111) plane
was 0.9, quite close to the theoretical value of 1. Knowing that both
TT and TB have a saturation coverage of 0.25 ML at the (111) plane,
two different area-to-coverage factors were defined in order to calculate
each coverage curve presented in Figure 4.4e). As top species, we used
the same factor for TT- and ST-CO.

• Uptake and desorption measurements. Both the CO uptake
and desorption experiments have lower statistics and resolution (bigger
beam slit and analyzer in fast-scan mode) as compared to the high-
resolution spectra of the α-scans, therefore neither the satellites nor
the two different step-CO peaks could be resolved.

The crystal was annealed after each of the CO uptakes in order to
remove the adsorbed CO and prevent the accumulation of graphitic
“C”. The coverage at the uptake experiments was calculated assuming
that the CO adsorption at TT sites is saturated at the end of the
(111) plane measurement. This coverage corresponds to 0.25 ML [52,
55]. As explained above, a factor needs to be applied to TB in order to
properly calculate the coverage. Since this correction factor can only be
extracted from the spectra of the CO-saturated (111) plane, the same
factor obtained above was used, as the photon energy and geometry
are the same.

During the desorption experiments, the photon energy was different
from the other CO chemisorption measurements (650 eV to detect ad-
ditional O species). Hence it is not possible to use the previously ob-
tained coverage calibration factors. Therefore, the initial spectra at the
(111) surface was used as calibration. Assuming CO saturation at the
beginning of the desorption experiment, the area of CO adsorbed at
TT and TB sites equals 0.25 ML each [55]. Individual area-to-coverage
factors were calculated for top (TT and ST) and bridge (TB) CO species
using the areas of TT and TB at the (111) plane in order to convert the
photoemission intensity to coverage. The factor obtained from TT was
used to calibrate the graphitic “C” coverage.
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• Oxygen exposure. In the literature, the O 1s peaks are fitted to
either symmetric (Gauss, Lorenztian, Voigt) [38, 40, 88, 114, 120, 130,
132, 263] or asymmetric (Doniac-Šunjić, asymmetric Voigt) functions
[30, 118, 255]. In our case, several symmetric features were required
to properly fit the Pt(111) spectra after the 50 L O2, similarly as in
Ref. [263]. This would indicate the formation of several oxides at the
(111) plane at UHV and 300 K, which is unlikely (see Subsection 1.3.2).
However, a single Doniac-Šunjić peak convoluted with a Gaussian pro-
file was enough for a proper fitting of the spectrum at the (111) surface
(Figure 4.5c), therefore this lineshape was chosen for the ChemO con-
tribution. Since we postulate that OK is also chemisorbed O, we also
chose an asymmetric lineshape for this contribution. The width of
both ChemO and OKink were quite similar, illustrating their similar
electronic structure [40].

Oxide species have larger O density than chemisorbed phases, and by
definition have no metallic character. Therefore, the electron-hole ex-
citation losses are quenched, and the asymmetry should disappear,
yielding symmetric features in the spectra. The width of the oxide
peak around 530.5 eV was almost the double, indicating a larger oxide
character [40] compared to ChemO and OK.

• High pressure photoemission experiments. NAP-XPS experi-
ments were performed at the 23-ID-2 beamline of NSLS-II (New York,
USA, see Appendix B).

It is important to mention that the sample at that time was heated
using a Pt filament located in the back of the sampleholder. This thin
wire is at a higher temperature than the sample. Being from the same
catalytic material, this filament itself will ignite the reaction prior to
the colder sample. This will consume both CO(g) and O2(g) from the
chamber, resulting into a decrease of Ti of the sample due to a lower
partial pressure of CO(g) and O2(g). We have sketched this effect in
Section 1.2. The CO oxidation experiments described in Chapter 3
were carried out later using an inert boron nitride (BN) heater. These
new experiments confirmed that the activity of the surface is low or
none if the surface of the sample is CO-covered. For this reason we
classify the surface as poisoned if a significant amount of chemisorbed
CO is detected. Again, the CO2(g) production observed in both the
QMS and NAP-XPS is caused by the reaction onset at the Pt filament,
not at the sample itself.
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Regarding the fitting procedure of the poisoned stage, ChemCO and
graphitic “C” peaks were fitted using asymmetric Doniac-Šunjić line-
shapes convoluted with a Gaussian profile [55]. The gas phase contribu-
tions were fitted using Voigt functions [38]. The CO(g) was fitted using
a single, wide peak during the exposure to 0.1 mbar CO. However, up
to three different components were observed in the CO oxidation ex-
periments. CO adsorbed at TT sites was found to be more asymmetric
than TB-CO. ST-CO and the satellite TT* were remarkably wider than
the other two CO-related contributions. For the latter, this may indi-
cate that we cannot resolve ST6 and ST8 in the NAP-XPS experiments.
The position of ST was constant in all probed vicinal surfaces, although
a smooth displacement of the TT, TT* and TB features towards the po-
sition of ST was detected at increasing vicinal angle due to a change in
the strain of the terraces with α [207].

Considering the fitting routine of the active stage, Doniac-Šunjić line-
shapes convoluted with a Gaussian profile were used to fit both ChemO
and OK contributions. Voigt functions were used for the oxides and the
gases, since they have no metallic character and therefore its photoe-
mission peaks should be symmetric. The O2(g) was fitted using two
peaks at 537.4 and 538.5 eV [38], while up to three different compo-
nents at 0, +0.2 and +0.4 eV from the position of the main contribution
(535.2 eV) were used to properly extract the CO2(g) features. Note that
the binding energy of the gas phase peaks shift with the step density
across the α-scans [206].

The CO coverages were derived from the C 1s, knowing that the cov-
erage of CO adsorbed at TT and TB sites corresponds to those of the√
19-13CO arrangement in the (111) surface at 0.1 mbar CO at room

temperature [24]. Individual area-to-coverage factors were defined for
TT-CO (and hence ST-CO) and TB-CO using the spectrum at the (111)
plane at 0.1 mbar and 300 K, and where applied to the other spectra
of the α-scans to calculate their evolution with the step density and
temperature. As for the quantification of OSubs, the area of TT-CO at
0.1 mbar CO and 300 K (0.37 ML) was used as calibration.

The oxygen coverage during the active stage of the CO oxidation was
calibrated assuming a total oxygen coverage of 0.4 ML in the (111)
plane at 0.4 mbar O2 at room temperature (reference experiment),
since is the reported value for Pt(111) under 0.7 mbar O2 at room
temperature [30]. Despite the O2 pressure is smaller in the current
experiment, the Pt oxidation is kinetically limited [79, 110, 120, 25],
hence the errors using this calibration are negligible.
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C1 Clean and CO-covered surface: LEED

The Low Energy Electron Diffraction (LEED) patterns of the curved sample
were checked for sample surface orientation and superstructure evaluation.
The characteristic hexagonal diffraction pattern corresponding to the (111)
fcc terraces was found close to the border of the crystal edge [264]. Away
from that point, the LEED pattern reveals a steady split of the LEED spots.
This splitting results from the additional lattice related to the ordered steps
of the surface [102]. The splitting increases with the step density due to the
narrowing of the terraces (and a shorter real lattice constant) [238], becoming
very pronounced at the highly stepped (312) plane.

We also checked the LEED after the CO dosing. A sharp c(4×2) diffrac-
tion pattern was observed at the (111) plane, rapidly vanishing after electron
beam exposure. The kinked surfaces only featured the characteristic split-
ting of spots due to the increasing step density, hence we conclude that CO
molecules do not arrange in an ordered manner at the kinked vicinals and
there is no step doubling. However, since the c(4× 2) LEED pattern rapidly
vanished at the (111) plane, another possibility is that we are disordering the
adsorbate structure during the LEED measurement itself.

(111), � = 0

s s

[0,0]
[1,1]

a) b) c)(645), � = 9.3º (312), � = 22.2º
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Figure C1: LEED patterns of the clean and CO-covered surfaces.
a-c) LEED diffraction images obtained after cleaning the sample (top, 300 K)
and after dosing 10 L CO (bottom, 90 K) at the (111), (645) and (312) planes,
respectively. The increasing splitting distance of the spots as α increases is
labelled as s. Positions of the [0,0] and [1,1] spots are also indicated in one
LEED image.
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C2 O 1s evolution during the CO desorption

The O 1s region was also recorded during the CO desorption experiments
described in Subsection 4.1.2, in order to check for dissociation species and
to track shifts of the TT-CO peak, as observed during temperature ramps
under CO oxidation conditions on Pt(111) (see Section 3.3). Therefore, a
direct comparison between CO desorption experiments and the heating ramp
during the CO oxidation would provide direct evidence on whether this shift
is due to new chemical species arising from the reaction or it is concomitant
to the desorption itself.

As shown below, no dissociation products were detected in the O 1s region
in any of the studied surfaces. More importantly, no shift of TT-CO was
found at the (111) plane, indicating that the shift observed during the CO
oxidation is not related to the desorption, but to the reaction itself. The peak
does shift at the (645) and (312) stepped surfaces at higher temperatures,
although this is caused by an earlier desorption of CO anchored at TT sites
(532.6 eV) prior to ST positions desorption (532.3 eV) [63].
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Figure C2: O 1s evolution during CO desorption cycles.
a-c) O 1s temperature ramps during the CO desorption experiments of Sub-
section 4.1.2. d-f) Separate spectra for the (111), (645) and (312) planes at
different temperatures. Dashed black lines indicate the approximate position
of peak maximum in order to illustrate the shifts of the peaks. Experiments
were carried out at a photon energy of 650 eV and a heating slope of 5 K/min.
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C3 O 1s α-scans at low and high CO dose

The O 1s region was also scanned at 650 eV after the exposure to 0.25 and
10 L CO at 300 K. All species are well resolved in the C 1s region (see
Figure 4.4), although peaks from CO anchored at TT (532.6 eV) and ST

(532.3 eV) sites are not resolved in the O 1s [63]. The LEED exhibits a
c(4 × 2) pattern at the (111) plane, where TT and TB should be equally
populated. It is clearly seen in Figure C3c) that the ratio between CO
adsorbed at TB positions (531.0 eV) and at TT sites is not 1, reflecting that
the O 1s spectrum at the (111) plane suffers from PED effects [24]. A closer
look to the α-scans reveals an significant shift with α in the peak around 532.5
eV. This is expected: at low α, the main contribution is TT-CO. However,
once the step density increases, ST-CO peak intensity builds up while TT-CO
decreases. Both effects cause a shift of the broad O 1s peak towards low.

A substantial increment in the total intensity with α was observed. This
effect is also attributed to enhanced O 1s emission due to PED effects and
the curved shape of the crystals, and not to such large increase in the to-
tal coverage. The same intensity growth with α after CO saturation was
observed for close-packed Pt vicinals, as described in Appendix B4.
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Figure C3: O 1s α-scans for the 0.25 and 10 L CO dose.
a,b) O 1s α-scans at 0.25 and 10 L CO doses, together with c-e) individual
spectra for the (111), (645) and (312) planes. Vertical lines are added to em-
phasize the shift at increasing CO dose in the stepped planes. CO adsorbed
as Terrace-Top, Terrace-Bridge and Step-Top are denoted by TT, ST and TB,
respectively. The surface was exposed to CO at 300 K, although the spectra
were measured at 90 K. The photon energy was 650 eV.
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C4 O2 α-scan at low temperature

In order to study the O2 adsorption and oxidation of Pt kinked vicinals, we
exposed the k-Pt(645) sample to O2 at 300 K. We subsequently cooled down
to 90 K to decrease the thermal broadening of the photoemission peaks while
maintaining the structure formed at 300 K. However, some CO adsorption
from the residual gases of the chamber was found. This CO will not react with
coadsorbed O at this low temperature, but will interfere with the analysis
of the O-saturated surfaces. Therefore, it was decided to perform the same
experiment on the clean surface at 300 K, as discussed in Subsection 4.1.4.
We measured less points across the curved surface to speed up the experiment
and to avoid CO sticking to the surface and possibly reacting with the oxygen
species. Nonetheless, the tendencies at 90 and 300 K are similar. Both OK

and the oxide peak at 530.8 eV increase with the step density, while ChemO
markedly increases with α and shifts towards lower values of binding energy.
Therefore, although there is some small amount of CO it does not seem
to significantly interact with the coadsorbed O at low temperature. It is
noteworthy to mention that the initial surface was CO-free, and hence the
O2 saturation dose was reduced to 6 L O2, as compared to the 50 L O2

required to saturate the crystal when a small amount of CO was already
adsorbed at 300 K.
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Figure C4: Surface scan for O-saturated sample at 90 K.
a) O 1s α-scans after exposure to 6 L O2 at 300 K and subsequent cooling
to 90 K. b) Individual O 1s photoemission spectra for the (111), (645) and
(312) planes. OK and ChemO allude to chemisorbed O at square sites at the
kinks and at hollow sites at steps and terraces, while Oxide and CO stand
for an uncharacterized oxide and chemisorbed CO molecules coming from
residual gases from the chamber. Refer to Subsection 4.1.4 for more details
about the nature of these chemical species. Experiments carried out at a
photon energy of 650 eV.
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C5 Ignition at different CO:O2 ratios

We studied the CO ignition at Pt kinked vicinals at two different CO:O2 gas
ratios. In one experiment, we exposed the sample to 0.7 mbar, 1:1 CO:O2

gas ratio. We heated the sample in 10 K steps while sequentially monitoring
three points of the surface, namely the position of the (111), (645) and (735)
planes. Here we show individual spectra extracted from the heating cycle
discussed in Subsection 4.2.2. Due to a misalignment on the position, the
most stepped surface in this experiment was the (735) surface (α = 18.1◦)
and not the (312) plane (α = 22.2◦), yet the differences between these two
surfaces are presumably negligible.

In the other experiment, we exposed the sample to 0.5 mbar, 1:3 CO:O2

gas ratio conditions (O2-rich). The sample was heated while sequentially
probing the (111), (645) and (312) planes in 10 K increments. A closer look
to the ramp at the (645) surface reveals how the large amount of “C” blocks
the CO adsorption, since the ChemCO peaks significantly increase once the
large “C” contribution vanishes. ChemCO smoothly decreases upon heating,
until it simultaneously vanishes at the three probed planes at 460 K. The
CO2 build-up before the sample ignition is probably caused by the hot Pt
filament used at that time for heating the sample. Note that Ti is lower in
this experiment, since the O2 content is larger [39].

Below the ignition temperature Ti, the three investigated surfaces are
covered by chemisorbed CO (ChemCO) and a remarkable amount of graphitic
“C” in the (111) plane and specially the (645) plane. Further heating of the
sample induces the vanishing of almost all “C” at 450 K at the (645) surface,
although additional heating to 460 K is needed to remove it from the (111)
plane. Subsequent heating to 500 K causes the ChemCO to also leave the
surfaces. This process takes place now at the same temperature, revealing a
simultaneous CO ignition of all kinked vicinals studied in this work. Once the
CO has left the surface, new O species (O/Pt) are observed in the spectra.
More details on the active stage are given in Subsection 4.2.6.

As discussed in Subsection 4.2.5, the simultaneous light-off of flat and
stepped Pt surfaces is ascribed to a subsurface oxygen species arising just
prior to the ignition towards the active stage (OSubs). It appears around
532.1 eV in the O 1s region, causing a gentle shift of the TT-CO feature
at 532.6 eV towards lower binding energies, as observed and depicted in
the top panel of Figure C5a). Higher O2 content in the gas mixture would
tentatively cause larger amounts of OSubs to accumulate below the surface,
hence enhancing the peak shift towards 532.1 eV. As the amount of O2 is
smaller in the 1:1 CO:O2 experiments, such variation is more difficult to
observed there, although it is quite evident in the 1:3 CO:O2 experiments.
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Figure C5: Selected spectra acquired in different CO:O2 ratios.
O 1s individual spectra at the a) (111), b) (645) and c) (735) or (312) planes,
respectively for 1:1 (top, 0.7 mbar of total pressure) and 1:3 (bottom, 0.5
mbar of total pressure) conditions. C 1s individual spectra at the e) (111),
d) (645) and f) (735) or (312) planes, respectively for 1:1 (top, 0.7 mbar
of total pressure) and 1:3 (bottom, 0.5 mbar of total pressure) conditions.
O/Pt, ChemCO and “C” allude to Pt-oxygen species, CO and graphitic “C”
on the surface, as discussed in Subsection 4.2.2. The measurements were
acquired at a photon energy of 650 eV.
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C6 Reference spectra at the (111) plane

We acquired C 1s and O 1s photoemission spectra at the (111) position under
reaction conditions at 300 K, in order to properly extract the OSubs peak at
higher temperatures during the heating ramps. The surface is not active
at such low temperature, therefore neither CO2 production nor additional
oxygen species apart from CO are expected or were observed. Only CO
and a small amount of graphitic carbon (“C”) are present on the surface,
hence these conditions are an optimal reference for extracting the position of
TT-CO at the (111) plane.

The main peaks in both regions (O 1s, C 1s) are Terrace-Top (TT, 532.6
and 286.6 eV) and Terrace-Bridge (TB, 530.9 and 286.0 eV) CO molecules
[24], accompanied by a tiny bump related to locally denser TT-CO (TT*,
287.3 eV [67]) only detected in the C 1s. In addition, smaller peaks ascribed
to graphitic “C” adsorbed on the surface are detected around 284 eV, to-
gether with the gas phase features of CO (290.2, 290.5 and 535.6 eV) and O2

(537.4 and 538.5 eV) [38]. As mentioned in Subsection 4.2.5, the position of
TT-CO at the (111) surface was fixed to the here obtained value (532.6 eV)
in the O 1s fitting procedure at higher temperatures during CO oxidation
experiments in order to properly extract the contribution of OSubs.
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Figure C6: Photoemission spectra at (111) plane at 300 K.
a) O 1s and b) C 1s regions acquired at 300 K under a a pressure of 0.7
mbar in a 1:1 CO:O2 gas mixture. TT, TB and TT* stand for Terrace-Top,
Terrace-Bridge and locally denser TT CO molecules, while O2(g) and CO2(g)

refer to the gas phase contribution of such species. “C” refers to graphitic
carbon. The measurements were acquired at a photon energy of 650 eV.
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C7 Graphitic “C” at the poisoned stage

We observed a significant amount of graphitic “C” at the different α-scans
of the poisoned stage shown in Subsection 4.2.3. The progress of the overall
amount of graphitic “C” at each of the conditions across these α-scans is
shown in Figure C7, featuring a remarkable variability with the temperature
and step density. The maximum amount of “C” is observed at 430 K, and it
progressively decreases with the temperature until it completely vanishes at
490 K, establishing a “C” burning temperature between 460 and 490 K.

At 430 K, the “C” area is found maximum at the (111) plane, and steadily
decreases with the step density. However, at 460 K the maximum amount
of “C” is observed at α = 10◦, near the (645) plane. This unveils a rather
complex behaviour, which depends on several factors. On one side, a fast
CO dissociation or slow “C” burning would increase the amount of “C” on
the surface. On the other side, if the kinetics of the “C” oxidation are fast
or those of the CO cracking are slow, the relative amount of “C” on the
surface will decrease. Since close-packed Pt vicinals are known to enhance
the CO cracking [46], we suggest that the increase of the “C” intensity at
α < 10◦ corresponds to a faster “C” cracking rate enhanced by the kinked
steps. However, the “C” oxidation kinetics are enhanced at α > 10◦ due to
the kinks, hence showing a decrease of the “C” intensity above this α.
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Figure C7: Graphitic “C” evolution at different temperatures.
Sum of the area of individual graphitic “C” species, as extracted from the
C 1s peak fitting of the α-scans acquired under reaction conditions (total
pressure of 0.5 mbar, 1:1 CO:O2 gas ratio) shown in Subsection 4.2.5. The
α-scan acquired 460 K is not shown. The data at 490 K is above the “C”
oxidation, and accordingly no “C” is observed anymore on the surface.
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C8 Additional α-scan of the active stage

We have discussed the surface composition of the (111), (645) and (312)
surfaces during the active stage and during a reference experiment with only
O2. The additional α-scan of the active stage acquired in O2-rich conditions
(total pressure of 0.5 mbar, 1:3 CO:O2 gas ratio), together with selected
spectra at relevant surfaces is shown in Figure C8.
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Figure C8: α-scan of the active stage at 1:3 CO:O2 gas ratio.
a) O 1s α-scan acquired at a total pressure of 0.5 mbar in a 1:3 CO:O2 gas
ratio. It was acquired at 470 K during the active stage of the CO oxidation.
Selected spectra at relevant surfaces are shown in b). As discussed in the
main text, ChemO, OK and Oxides refer to chemisorbed O in fcc sites and
at the kinked arrays (possibly in square sites) and uncharacterized Pt oxides,
respectively. CO2(g) stands for the photoemission peaks of gas phase CO2.
The measurements were acquired at a photon energy of 650 eV.

Most of the photoemission peaks were found to increase with the step
density, indicating that the steps are oxidized easier than at the flat (111)
terraces [96]. Additional details on these species are given in Subsection 4.2.6.
The main contribution to the spectra is ChemO, markedly increasing with
the step density. OK and the peak at 530.5 eV grow with the step density,
indicating that it is favoured at the stepped edges. However, the peak at
532.5 eV is maximum at the (111) plane and decreases with α. A similar
feature was observed during bare O2 exposure, hence we ascribed it to an
uncharacterized oxide. However, we perceived a small amount of adsorbed
CO during the active stage of the CO oxidation in the C 1s region (not
shown), for which we believe this contribution is indeed a combination of a
certain uncharacterized oxide and a residual amount of adsorbed CO.
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Experimental methods

• Sample cleaning and characterization. The c-Rh(111) sample is
described in Figure 2.4. Briefly, in this curved crystal vicinal angles
up to α = ±15◦ can be explored, hence the (553) and (223) surfaces
may be reached close to the two edges. Several cycles of Ar+ sputtering
(1.5 kV), O2 annealing (500-1200 K) and final flashes (1200 K) were
employed for cleaning the sample, until a clean and ordered surface was
observed by XPS and LEED (see Appendix D1).

• Photoemission experiments and peak fitting. UHV measure-
ments were performed at the I311 beamline of the Max II facility in
Lund (Sweden) [290]. C 1s and Rh 3d core levels were acquired at 300
K in normal emission geometry with photons of 390 eV.

The main CO oxidation experiments were performed at the 23-ID-2
beamline of NSLS-II synchrotron (USA, see Appendix B). Additional
measurements were conducted at the Circe beamline of ALBA facility
(Spain), whose details have been reported elsewhere [201].

The peak fitting of the UHV experiments was carried out using the
CasaXPS software [292], while that of the NAP-XPS spectra was per-
formed using a homemade script with Python’s lmfit package [299].
Doniac-Šunjić lineshapes convoluted with a Gaussian profile were con-
sidered for the peak fitting [293] adding a Shirley background [288].

Regarding the fitting procedure of the CO-related peaks in the C 1s
and UHV, the (TH+SB)-CO contribution was remarkably wider than
the other CO-related peaks, since it is a combination of two different
species. The vibrational satellite of TT was constrained to have the
same parameters (asymmetry, width...) as the main peak, and its area
was added to that of TT-CO for coverage calibration.

157



158 Appendix D: c-Rh(111)

In NAP conditions, the width of the individual CO species contribu-
tions was similar. Their asymmetry was also alike, however it decreased
following TT→TH→ST→SB. In the O 1s region, both (TT+ST) and
(TH+SB) features broaden and shift with the step density, since the
individual components cannot be resolved.

In the fittings of the O 1s region during the active stage, the RhO2

peaks were constrained to have the same width, although the asym-
metry of the component at 530 eV was smaller [169]. The other con-
tributions were significantly less asymmetric and broader in the O 1s
region, and they were sharper and more asymmetric in the C 1s.

• Coverage calculations. The 1/3 ML, (
√
3×

√
3)R30◦ superstructure

developed by CO adsorbed at TT sites at the (111) plane was used as
a coverage calibration for the UHV experiments. The 0.75 ML, (2×2)-
3CO saturation structure was not observed at 300 K. The latter is
formed upon CO saturation at 100 K, and consists of 1TT+2TH CO
molecules per unit cell. Since PED effects arise, the experimental ratio
TH/TT increases to 3 at 390 eV. Therefore, disregarding geometric
factors, one can straightforwardly deduce a intensity ratio-to-coverage
correction factor of 2/3 to achieve the right ratio at 390 eV [148, 151].
Since TH and SB cannot be resolved, the aforementioned factor was
applied to (TH+SB)(α), hence the coverage of CO adsorbed at SB sites
may be underestimated.

The TH/TT ratio was 2 during the CO chemisorption experiments after
exposure to 0.1 mbar CO at 300 K at the (111) plane. It then seems
reasonable to expect that the CO molecules are arranged forming the
0.75 ML, (2×2)-3CO superstructure, thus we used this structure for
calibration. An intensity-to-coverage factor was extracted from the
spectra at the (111) plane, which was later applied to each of the other
spectra to calculate the CO coverage of each of the species.

• Adsorption model. As we could not distinguish TH and SB in the
C 1s region, fitting the coverage evolution with α to the W-model is
not straightforward. While ΘTT

(α) and ΘST
(α) follow the equations

described in Subsection 2.1.1, ΘTH+SB
(α) is a combination of ΘTH

(α)
and ΘSB

(α), hence the sum of both has to be considered.

ΘTH+SB
(α) = Θ0

TH

[
1−WS

|sinα|
h

]
︸ ︷︷ ︸

ΘTH
(α)

+Θ0
SB

·WS
|sinα|
h︸ ︷︷ ︸

ΘSB
(α)

(D1)
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D1 α-scans of the clean c-Rh(111) surface

We characterized the c-Rh(111) sample with LEED after the cleaning routine.
Figure D1a) shows the LEED α-scan of the clean c-Rh(111) sample, together
with single images of relevant surfaces. We have rotated the sample in order
to better distinguish the [1,0] LEED spot. The six-fold diffraction pattern
characteristic of the (111) plane is observed at the center. As expected, as
one moves away from the center, the step density increases and the spots
split [102, 300]. The splitting distance smoothly increases with the vicinal
angle α since the terraces narrow, hence confirming the correct distribution
of step density across the curved surface [238].

We also mapped the Rh 3d5/2 region across the clean c-Rh(111), as shown
in Figure D1b). Two peaks are observed at the (111) plane, related to bulk
(RhB, 307.2 eV) and terrace (RhT, 306.7 eV) Rh atoms. An additional small
feature can be detected at the stepped surfaces, steadily increasing with α,
which we ascribe to Rh step atoms (RhS, 306.5 eV). RhT decays as RhS rises,
since the growth of steps is detrimental to the physical space occupied by
terraces. Here we neglected the understep component located between the
RhB and RhT peaks, since it is smaller than the RhS emission [301].
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Figure D1: Surface scans for the clean c-Rh(111) sample.
a,b) LEED [1,0] (E = 77 eV) and Rh 3d5/2 (E = 390 eV) separate α-scans
across the curved surface of the clean c-Rh(111) sample at 300 K. Individual
images and photoemission spectra, together with fits for the latter, are shown
for relevant surfaces in each of the α-scans. RhB, RhS and RhT stand for
emission arising from bulk, step and terrace Rh atoms, respectively.
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D2 Cooling of the CO oxidation

During the PLIF experiments, we exposed the clean c-Rh(111) sample to a
4:4:92 CO:O2:Ar gas mixture at a total flow of 100 ml/min, reaching a total
pressure of 150 mbar. After finishing the heating ramp described in Subsec-
tion 5.2.1, the sample was kept at 630 K during 200 s, and was subsequently
cooled down to 420 K. The experiment is depicted in Figure D2, showing the
opposite trend of Figure 5.4 since we are now exploring the cooling of the
CO oxidation. At high temperature [530 K, Figure D2a)], the whole sam-
ple is active. However, as the temperature decreases, the A-side deactivates
while the B-side is still active (500 K). If the sample is further cooled, the
whole sample transitions to the poisoned stage and the CO2 production can
no longer be observed (470 K). Therefore, the cooling of the CO oxidation in
A-B Rh vicinals is also asymmetric. The CO2 signals evolution in the QMS
and PLIF are shown in Figures D2b,c), mimicking the behaviour described
above.

Figure D2: PLIF cooling cycle in a 1:1 CO:O2 gas ratio.
a) PLIF snapshots acquired at selected temperatures under a 150 mbar,
4:4:92 CO:O2:Ar gas mixture at a total flow of 100 ml/min. CO2 signals
at the b) QMS (mass 44) and c) PLIF during the cooling cycle. The right
(B-side, white and blue) and left (A-side, black) curves of c) were extracted
from the integration of all images in the regions sketched with rectangles in
a). The cooling slope was 2.6 K/min.
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D3 CO cracking during the heating ramps

As advanced in the main text, we observed a remarkable dissociation of CO
adsorbed at TH sites during the ignition cycles. Here we will explain this
observation in detail. For this purpose separate temperature ramps at (111)
and (223) positions across the curved crystal during CO oxidation experi-
ments are shown in Figure D3. Such experiments correspond to additional
measurements undertaken at ALBA synchrotron, for which the total pressure
was 1.5 mbar and the CO:O2 pressure ratio was 1. Although not shown here,
the same preferential dissociation of TH-CO was observed in the experiments
carried out at NSLS-II facility described in Subsection 5.2.2. No CO2(g) pro-
duction was observed after the “C” burning in any of the aforementioned
measurements, ruling out the graphitic “C” oxidation as a relevant pathway
for CO2 production at these conditions.

At the beginning of the heating ramp, the amount of CO molecules
chemisorbed at TH positions (285.5 eV) starts to decrease while the graphitic
carbon contributions (“C”, around 284 eV) significantly grow. This indicates
that the CO is cracking, maybe with the assistance of the intense photon
beam impinging the sample. Nevertheless, the contribution from “C” rapidly
decreases once the temperature is further increased since it is being oxidized
by the O2 gas inside the chamber. As a consequence the empty TH posi-
tions can be occupied again by CO molecules. A rapid comparison between
Figures D3a,c) reveals that “C” is found at even higher temperature at the
(223) surface than at the (111).
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Figure D3: TH-CO dissociation at the (111) and (223) surfaces.
a,c) Color plot of temperature ramps acquired in separate experiments at the
(111) and (223) planes submitted to a 1.5 mbar, 1:1 CO:O2 gas ratio mixture.
b,d) Individual C 1s spectra at the indicated temperatures for each of the
surfaces. Following the main text, TT, TH, ST and SB refer to CO molecules
in Terrace-Top, Terrace-Hollow, Step-Top and Step-Bridge sites, respectively.
Furthermore, graphitic carbon on the surface and gas phase CO are labelled
as “C” and CO(g). The experiments were undertaken with a photon energy
of 650 eV at ALBA synchrotron.



162 Appendix D: c-Rh(111)

D4 Variability of the pre-ignition stage

At a given temperature, Rh B-type steps can be CO-depleted and O-covered
while A-type vicinals are still CO-saturated, as observed in heating ramps at
both experimental runs at NSLS-II and ALBA. On one hand, the NSLS-II
experiments [1:4 CO:O2 gas ratio, Figures D4a,d)] show a linearly decreas-
ing (increasing) ChemO (TH+SB) from the B-side towards the A-side. On
the other hand, in the ALBA measurements [1:1 CO:O2 gas ratio, Figures
D4b,c,e)]), both ChemO and TH+SB are virtually constant at α < 0 (B-side),
while ChemO grows and TH+SB decays at α > 0 (A-side). In addition, the
relative amount of ChemO is larger on the (111) surface if compared to the
NSLS-II data, which point towards more oxidized terraces in the ALBA ex-
periments. Therefore, A-B asymmetries observed prior to the full ignition
depend on the CO:O2 ratio.
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Figure D4: Asymmetries prior to ignition at different CO:O2 ratios.
a,b) O 1s α-scans acquired under a 0.7 mbar, 1:4 CO:O2 gas mixture at 460
K (650 eV, NSLS-II, see Figure 5.6) and a 1 mbar, 1:1 CO:O2 gas mixture
at 420 K (670 eV, ALBA), with fitted spectra for the former shown in c).
d,e) Peak area evolution as a function of the vicinal angle in each of the
curvature maps for TH+SB and ChemO, as extracted from the individual fit
of all the spectra shown in a,b). TT, ST, TH, SB stand for Terrace-Top, Step-
Top, Terrace-Hollow and Step-Bridge CO molecules, while ChemO refers to
chemisorbed O in hollow fcc sites.
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D5 C 1s analysis during the active stage

We also acquired the C 1s region during the active stage of the CO oxidation.
The spectra are shown in Figure D5, and they were taken right after the O 1s
spectra presented in Subsection 5.2.3. The results are similar to those derived
by the O 1s analysis, with the addition that two different carbonate/carboxyl
features at high binding energy are detected in the C 1s region.

First of all, we want to remind that the reaction has reached mass-transfer
limit and no CO is detected in the gas phase anymore. Only a doublet related
to CO2(g) is distinguished between 291 and 290 eV. As discussed previously,
the gas phase peaks shift during the α-scan since the work-function is not
homogeneous across the curved surface [206]. At 470 K, a significant amount
of CO molecules adsorbed at TT sites is observed around 286 eV, although
it is remarkably smaller than that of the (111) surface at 460 K, prior to
the sample ignition (Figure 5.6). As a terrace species, it decreases with the
step density, slowly on the B-side and much stronger on the A-part of the c-
Rh(111) sample. Simultaneously on the latter, two well-defined contributions
grow with α, indicating that such species are anchored exclusively at A-
steps. Their binding energy is typical of carbonate/carboxyl species [243],
we therefore denominate them shortly as “Carb”. As extracted from the
O 1s, the A-side of the crystal is largely oxidized forming RhO2 trilayers.
Therefore another possibility would be that these features arise from CO
adsorbed on metallic areas close to the RhO2 trilayers. A similar peak was
observed in the C 1s after dosing CO on a Pd5O4 surface [248]. Adsorbed
CO on the surface oxide [169] and adsorbed CO2 are also unlikely [302].

The temperature was increased to 510 K, and the curved surface was
scanned again. No substantial change is observed at the (223) surface, al-
though both the (111) and the (553) spectra evolve significantly. A large
amount of CO molecules have desorbed from the latter surfaces, yet the
maximum amount of CO adsorbed at TT sites is now at the (553) surface.
This is a remarkable behaviour, since TT-CO should decrease with the step
density. Nonetheless, a simple explanation arises after the analysis of the O
1s region: the terraces are now partially oxidized as well, forming the RhO2

trilayers, on which the CO adsorption is hindered [169]. Since the (553) sur-
face features only ChemO, the ability of CO molecules to stick to the surface
is not quenched and the amount of CO at TT positions increases. Hence, the
CO adsorption is quenched close to the (111) surface. However, no (9 × 9)
oxide is observed around the (553) plane. Therefore, CO can still adsorb
at TT sites at these surfaces, hence it grows in intensity with α. When the
RhO2 trilayers disappear at large α at the B-side of the crystal, TT-CO starts
to decrease as a regular terrace CO species.
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Figure D5: C 1s evolution with the α during the active stage.
a-c) C 1s α-scans acquired under a 0.7 mbar, 1:4 CO:O2 gas mixture at
470, 510 ad 570 K. Notes are added in order to emphasize the existence of
the RhO2 trilayers at selected surfaces, as extracted from the O 1s analysis
of Figure 5.7. d-f) Individual fitted spectra for the (223), (111) and (553)
surfaces [top, middle and bottom panels, respectively] at each of the indicated
temperatures. Following previous guidelines, TT, Carb and CO2(g) stand for
Terrace-Top CO molecules, two different carbonate/carboxyl species and the
contribution from gas phase CO2. The experiments were undertaken with a
photon energy of 650 eV.

Finally, after reaching 570 K, chemisorbed CO is hardly detectable at any
of the surfaces. Only the features related to CO2(g) and both Carb peaks are
present on the C 1s region. The latter have slightly decreased, indicating
that their desorption, decomposition and/or reaction had started.
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D6 Oxidation of the Rh surfaces

During the NAP experiments in ALBA we first investigated the oxidation
of the Rh surfaces. In order to do so, we exposed the clean c-Rh(111) to 1
mbar O2 at 410 K and acquired spectrum at several points across the curved
surface. The full α-scan is shown in Figure D6a), while selected spectra
at relevant surfaces, namely the (111), (223) and (553) planes, are shown
in Figure D6b). Two peaks around 529 and 530 eV, characteristic of the
RhO2 trilayer, are easily observed homogeneous in the whole α-scan. This
indicates that the (9× 9) surface oxide is formed on all facets of the sample,
as discussed in Subsection 1.4.2.

We also explored the active stage of the CO oxidation in the NAP ex-
periments conducted at ALBA. We exposed the sample to a 1 mbar, 1:1
CO:O2 gas ratio mixture, and heated the sample until we observed ignition
at 580 K. The O 1s region at the (111), (223) and (553) surfaces is shown
in Figure D6c), clearly showing a single feature between 529 and 530 eV the
O 1s region (and a small amount of adsorbed CO at 532 eV). This reveals
that there is no RhO2 formation at these conditions. However, we did ob-
serve the RhO2 formation during the active stage of the CO oxidation in
the experiments of NSLS-II (Subsection 5.2.3, 1:4 CO:O2 gas ratio). This
large difference between the 1:1 (ALBA) and 1:4 (NSLS-II) CO:O2 ratios is
expected, and it reflects how the formation of the trilayers is quenched if the
CO oxidation kinetics are faster than those of the Rh oxidation.
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Figure D6: O-covered Rh surfaces during the ALBA experiments.
a) O 1s α-scan acquired under 1 mbar O2 at 410 K, with selected spectra at
the (111), (223) and (553) planes shown in b). c) Relevant surfaces under a
1:1 CO:O2, 1 mbar, gas mixture at 580 K, during the active stage of the CO
oxidation. Adsorbed CO molecules, chemisorbed O and the trilayer surface
oxide are denoted as CO, ChemO and RhO2, respectively. The photon energy
of these experiments was 670 eV.
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