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Abstract
The interaction of water and CO2 with oxide surfaces is nowadays a hot topic
especially for environmental scientists. The use of water as hydrogen for CO2
reduction/hydrogenation would be the most ideal process, which would contribute to
reduce CO2 emission into the atmosphere and minimize the dependence of society on
fossil fuels. Despite certain advances in this field, further fundamental studies need to
be addressed to understand the interaction of water and CO2 with metal-oxide surfaces
for a rational design of heterogeneous catalytic processes.
This work presents a fundamental study of the adsorption of water and CO2 on welldefined Fe3O4(111) films grown on Pt(111) single crystal. To understand the
adsorption properties of the iron oxide film, the surface has been characterized using
CO as probe molecule. The characterization showed that the magnetite surface is
terminated by a 1/4 monolayer of tetrahedrally coordinated Fe3+ ions on top of a closepacked oxygen layer. On this well characterized surface, the interaction with water and
CO2 has been investigated in detail. Combined IRAS and TPD data revealed that water
readily dissociates on the surface, forming two hydroxyl species, OwH and OsH,
involving oxygen atoms from the water (w) itself and from the oxide surface (s),
respectively. At increasing coverage, these species act as anchors for molecular water
adsorption ultimately giving rise to a long-range ordered architecture. DFT
calculations rationalized these data in the framework of cooperative formation of the
hydrogen bonding network. Moreover, Fe3O4(111) seems to be rather inert towards
CO2 chemisorption at low temperatures, and the formation of weak chemisorbed
species may be interpreted as driven by surface imperfections. At higher temperatures,
the presence of water on the regular surface (induced and/or just as residual gas
adsorption) plays a critical role in the CO2 activation, promoting the formation of
bicarbonate-like species.
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Zusammenfassung
Die Wechselwirkung von Wasser und CO2 mit Oxidoberflächen ist vor allem ein
bedeutsames Thema für Umweltnaturwissenschaftler. Der Gebrauch von Wasser als
Wasserstoff-Ressource für die Reduktion/Hydrierung von CO2 würde zu einer
Reduktion der CO2-Emmissionen in der Atmosphäre führen. Trotz einiger Fortschritte
in diesem Bereich sind weitere grundlegende Studien notwendig, um die
Wechselwirkung von Wasser und CO2 mit Metalloxidoberflächen zu verstehen und
darauf aufbauend eine rationale Gestaltung Katalyse-Prozesse zu ermöglichen.
Die vorliegende Arbeit präsentiert grundlegende Studien der Adsorption von Wasser
und CO2 auf wohldefinierten Fe3O4(111) Filmen, welche auf einem Pt(111) Einkristall
aufgewachsen wurden. Die Oberfläche wurde zuerst durch Adsorption von CO als
Sondenmolekül gestützt. Es zeigt sich, dass die Magnetitoberfläche aus einer 1/4Monoschicht tetraedrisch angeordneter Fe3+-Ionen auf einer dicht gepackten
Sauerstoffschicht besteht. Auf dieser gut charakterisierten Oberfläche wurde die
Wechselwirkung mit Wasser und CO2 sodann detailliert untersucht. Kombinierte
IRAS- und TPD-Daten deckten auf, dass Wasser leicht an der Oberfläche dissoziiert
und unter Einbeziehung von Sauerstoffatomen aus dem Wasser selbst bzw. von der
Oxidoberfläche zwei Hydroxylspezies bildet. Diese Spezies fungieren als Anker für die
molekulare Wasseradsorption, die schließlich zu einer geordneten Struktur führt. DFTRechnungen rationalisieren diese Ergebnisse im Rahmen einer kooperativen Bildung
des Wasserstoffbrückenbindungsnetzwerkes.
Die Magnetitoberfläche scheint hingegen eher träge gegenüber der CO2-Chemisorption
zu sein. Bei niedrigen Temperaturen kann die Bildung schwacher chemisorbierter
Spezies als durch Oberflächendefekte bedingt interpretiert werden. In Jedem Fall spielt
bei höheren Temperaturen das Vorhandensein von Wasser auf der regulären Oberfläche
eine entscheidende Rolle in der CO2-Aktivierung und fördert die Bildung von
Bikarbonat-Spezies.
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1.

Introduction

Heterogeneous catalysis has become a key point in many processes including
environmental technology, energy storage and conversion as well as chemical
synthesis1,2. Research in heterogeneous catalysis is branched into multiple sub-fields
and, due to its complexity, there is the urge for an interdisciplinary approach that
integrates methods, concepts and expertise from different chemical disciplines. The
questions that can be answered and the problems that can be solved by heterogeneous
catalysis constitute key questions for a highly industrialized society like ours.
However, in the future, an ever-growing need for productivity must be matched by
solutions able to take responsibly into consideration the increasingly complex
environmental and energy demands.
By definition, a catalyst changes the kinetics of a chemical reaction, controls its rate
and influences its selectivity, but does not alter the thermodynamics of the reaction.
Although the catalyst is not being consumed during the reaction, it participates in the
chemical process: the catalyst’s role is basically a medium which holds the reactants
on its surface and changes their molecular geometry, electronic structure, or even
turns them into new intermediate species. Typically, heterogeneous catalysts consist
of two main components: a thermally stable support - usually a metal oxide -, and an
active phase, which can be either a metal or a metal oxide, often dispersed as small
particles. These nanostructured objects display several different sites (they are
generally characterized not only by distinct facets, corners, edges, but also by defects
sites), which play a crucial role in the kinetics of the catalyzed reaction. Besides, the
support is also characterized by regular as well as defective oxide areas. It has also
been found that several factors can affect the catalyst performance. Thus, sites
modification by promoters or poisons, particle size, size distribution, morphology
and oxidation state as well as the interaction between support itself and active phase,
or the possibility of catalyst restructuring under reaction conditions, must be taken
into account. Because of the high complexity of these systems a rational way of
designing new catalysts has not been established yet. Thus, in order to develop a
good catalyst, it is important to better understand the reaction mechanism happening
on the surface and also how it depends on the electronic and geometric surface
structure as well as the interaction with adsorbed reactants1,3,4.
1

There are basically two different approaches in catalysis research: either the
reactivity of the catalyst is studied under conditions as realistic as possible, or the
catalyst will be simplified to model systems (e.g., for metal catalysts the simplest
case, would be a metal single crystal) investigated under well-defined conditions
such as ultra-high-vacuum. The latter allows a chemically clean environment and
thus high control of the molecules adsorbed on the surface. The advantage of the first
approach is that, by varying the structural parameters of the catalyst, it is possible to
have access to macroscopic information directly relevant for applications. On the
other hand, atomic details, and, therefore, a truly microscopic understanding of the
reaction mechanism, are not accessible. In the second case, the structural and
chemical complexity of the catalyst is reduced, ensuring the availability of the atomic
details using spectroscopic methods. The ideal achievement, in this sense, would be
to be able to describe the elementary steps of a process – such as
adsorption/desorption, diffusion or reaction – in details. However, there is a lack of
availability of such models. The use of the proper model catalyst, though, in
combination with the surface science tools, provides detailed insights into chemical
reactions on surfaces. Indeed, in the last two decades, the focus of surface chemistry
on single crystal surfaces4 has moved towards development of a model catalyst
approach5–10. With model catalysts is possible to mimic some important structural
properties of applied catalysts. These systems are also accessible by surface science
methods, allowing a detailed characterization at the atomistic level of their
geometries as well as electronic structures.
Despite the big contribution given by UHV studies to the understanding of catalytic
processes4, there is a substantial difference between these model systems and the
industrially applied ones, regarding mainly the pressure range (“pressure gap”) and
also the complexity of the catalyst (“material gap”). These gaps are the reasons why
these simple model systems may only poorly resemble the properties of the real
catalyst surfaces5,10. A very promising approach to overcome both the material and
the pressure gap and to mimic the structures and pressure conditions of a real catalyst
while keeping the working conditions under a clean and controlled environment as
well as knowing the structural details at atomic level, is to combine molecular beam
experiments10,11 with well-defined metal oxide catalysts12. Hence, the large degree
of chemical complexity, deriving from the interaction between multiple adsorbed
2

gases under high pressure conditions, can be overcome by crossing multiple
molecular beams on the catalyst surface. As it will be explained in a more extended
way in Section 3.3.1 of Chapter 3, molecular beams provide a well-defined directed
flux of molecules having pressures in the range between 10−10 and 10−5 mbar at the
sample surface, while the background pressures stays several orders of magnitude
lower. This allows to create a certain degree of chemical complexity on the catalyst
surface in an otherwise UHV environment.
In this scenario, metal oxides play a significant role, being employed in the catalytic
processes not only as support for active materials, but also as active components
themselves. In this sense, much progress was made in the last decades in the
preparation of well-defined metal oxide surfaces, epitaxially grown on metal single
crystals and then used as model systems6,7,13. Although the advantages and properties
of thin metal oxides will be discussed in more detail in Chapter 2, some general
aspects are also considered in this introduction. From the experimental point of view,
the main advantages of preparing thin metal oxide films result from their enhanced
electrical and thermal conductivity. This makes them suitable to be investigated
using electron spectroscopies, scanning tunneling microscopy and other
experimental methods on the surface science toolbox based on charged carriers,
because those systems do not show charging effects8. Besides, as a consequence of
the film growth onto a metal support - which acts as a mirror -, the surface displays
high reflectivity and, therefore, can be investigated using reflection infrared
spectroscopy (IRAS)7,10. In this work, for example, infrared-reflection-absorption
spectroscopy is employed as main spectroscopic technique for the surface
investigation.
One less obvious advantage is the possibility to prepare surfaces using different
isotopes. The opportunity to perform experiments employing isotopic labelling not
only for the adsorbates but also for the surface, is a key approach in the presented
work (see Chapter 5 and 6), which, combined with infrared reflection absorption
spectroscopy, appears to be perfectly suited to characterize and identify functional
groups or bonding environments on a surface.
Nonetheless, it must always be considered that metal oxides are extremely complex
objects. Consequently, the preparation of defined oxide surfaces is difficult and is
3

heavily affected by preparations parameters (i.e, oxidation temperature, oxygen
partial pressure, vacuum conditions)14. Undesired formation and possible
coexistence of different surface structures may happen as well as the presence of
surface defects which can dominate the catalytic properties rather than the wellordered surface areas. To elucidate and control catalytic processes on such surfaces
is a formidable task, which requires the joint effort of several experimental
techniques as well as theoretical support.
In this thesis, a thin iron oxide (magnetite) film was used as model catalyst. Among
the transition metal oxide catalysts employed in heterogeneous catalysis, iron oxides
have proven to be invaluable materials, used not only to catalyze certain reactions,
but also as inexpensive support for metal nanoparticles15. Enormous success has
been received from iron oxide-based catalysts employed in the Fenton reaction16,
ethylbenzene dehydrogenation to styrene17, and Fischer-Tropsch synthesis18 as well
as in the water-gas shift reaction (WGSR)19,20.
In particular, magnetite seems to be one of the most explored iron oxide in surface
science15, principally because its stability range fits very well to the ultra-high
vacuum environment. Besides, it is an electron conductor, which is necessary for
studying it with surface science. Fe3O4 shows two different surface-orientations,
(111) and (100), when properly grown epitaxially onto Pt(111) and Pt(100) single
crystals, respectively. Among the two, Fe3O4(100) is the best understood iron oxide:
its structure is known with a high accuracy level and also most of the defects and
properties have been already characterized13,15,21. On the other hand, although
Fe3O4(111) has been studied for more than twenty years, a controversy regarding the
question which one is the most stable surface termination is still ongoing. To
understand the catalytic and adsorption properties of the Fe3O4(111) films used in
this work, a detailed characterization of the surface was performed using CO as probe
molecule. Adsorption studies are extremely helpful for the investigation of the
surface structure of oxides. Indeed, the adsorption properties of oxides are the key
for the understanding of the mechanism of catalytic reactions which use metal oxides
as catalysts. In the case of catalysts based on magnetite, and/or any other reducible
oxide, the adsorption of molecules such as water or hydrocarbons may include
decomposition processes of the adsorbates. In order to be able to directly correlate
4

the probe molecule’s absorption properties with the oxide surface structure it is
necessary to overcome these difficulties. Carbon monoxide fulfils these
requirements22 and, therefore, was chosen to study and characterize the magnetite
surface in this work.
The aim of this thesis is to characterize the processes of adsorption and activation of
water and carbon dioxide on a well-defined magnetite surface. The motivation arises
from the potential use of CO2 and water as raw materials which can be converted in
valuable feedstock. CO2 is one of the most abundant components in the atmosphere
and since its emissions on Earth are rising, the interest in attempting to soften the
global warming by improving storage and/or CO2 sequestration technologies, has
increased rapidly in the past ten years. In this picture, it is essential to understand the
interaction between CO2 and environment components, such as water23.
Adsorption/activation of CO2 and water are also of great interest in catalysis, being
involved in technological important chemical reactions, such as the ones mentioned
earlier, where iron oxide materials have been employed as catalysts15,16,18,17,19,20.
However, CO2 displays the most oxidized state of carbon which renders it rather
inert to chemical transformations. Therefore, despite the advances in this field,
further fundamental studies are needed in order to understand the activation and
interaction of water and CO2 with catalyst substrates, especially metal-oxide
surfaces, for rational design of heterogeneous catalytic processes.
In this work, the initial stage of water and CO2 adsorption on well-defined
Fe3O4(111) films grown on Pt(111) single crystal was studied in detail from a
spectroscopic point of view. Particularly, this thesis is structured as follows. Chapter
2 reports a literature survey on metal oxide surfaces. Moreover, a description of the
planar model catalysts of interest is provided, followed by an overview of the surface
structures and reactivity of the (111)- and (100)- oriented Fe3O4. The up-to-date
knowledge on the water and CO2 adsorption on metal oxide is also discussed.
Chapter 3 presents some general insights on the gas-surface interface interaction and
introduces the main techniques used in this thesis. Chapter 4 deals with the
characterization of the Fe3O4(111) film, using CO adsorption as probe molecule. The
outcome of this adsorption study is crucial to understand the surface adsorption
properties of magnetite towards water and CO2. The core of this thesis is represented
5

by Chapter 5 and 6, which discuss the adsorption of water and CO2, respectively.
Thereafter, Chapter 7 presents preliminary results on the adsorption of water and
CO2 on Fe3O4(100). These results are then compared to the results obtained on the
(111)-orientated surface and possible differences in their reactivity are discussed.
Finally, the work is summarized in Chapter 8.

It must be mentioned that the adsorption of water and CO2 on magnetite surfaces is
a very challenging task which has required enormous effort from different teams. In
particular, the presented work will face up to the problem from a mainly
spectroscopic point of view, whereas the Temperature-Programmed-Desorption and
LEED, and the Density-Functional-Theory aspects will be examined by the
forthcoming PhD-theses of Eman Zaki and Xiaoke Li.
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2.

Metal Oxide Surfaces

This chapter is divided into five sections. In the first Section (2.1) some general aspects
of metal oxides used as catalysts will be discussed. The second and third Sections (2.2
and 2.3) review findings of previous relevant studies on Fe3O4(111) and Fe3O4(100)
surfaces. Finally, a literature survey to sum up the key knowledge on water and CO2
adsorption on magnetite and other metal oxide surfaces is reported in Sections 2.4 and
2.5.

2.1

General Aspects

The progress of surface science in the understanding of the surface chemistry of metal
oxides have been moderate compared to bare metals, despite of the fact that their
preparation under well-defined ultra-high vacuum conditions can be accomplished by
simple mechanical cleavage of a bulk single crystal. One reason for this is the metal
oxides low thermal and electric conductivity which leads to unwanted electrostatic
charging in scanning tunneling microscopy and variants as well as spectroscopic
techniques based on charged information carriers24. A second reason is the higher
complexity of oxide surface structures compared to a metal surface. Therefore, the
preparation of model substrates with a certain set of properties (e.g. exacts surface
plane, certain stoichiometry, defects concentration) is challenging. In the literature it
is possible to find some examples of metal oxide surfaces that have been studied in
detail with bulk samples: an outstanding case is titanium oxide25. For instance, it is
possible to obtain for the rutile form many stable low Miller index surfaces just with
the proper selection of polishing conditions. Also, simple UHV treatments allow, for
example, to enhance the electroconductivity of the substrates26.
Another preparation method, different from the ordinary mechanical bulk cleavage, is
to grow them in the form of thin single-crystalline films supported on metallic
substrates12. The structure of the oxide film is mainly determined by the geometry of
the metallic substrate acting as a support. Thus, the structural properties of the film are
ruled by the epitaxial relation between the lattice constants of the metallic substrate
7

and the oxide film itself. This leads to the possibility of having – within a certain range
– control on the defects architecture and density of the grown layers, knowing the
lattice mismatch. A more detailed description of the various aspects of metalsupported-thin films used as model systems can be found elsewhere6,13,7. There are
three main methods for the preparation of thin epitaxial oxide films: i) oxidation of a
pure metal, ii) evaporation of a metal under oxygen atmosphere onto an inert substrate,
iii) oxidation of an alloy. Oxidation of a pure metal is the simplest way of producing
well-ordered oxide layers. Examples of samples prepared in this way are NiO(100) on
Ni(100) and Al2O3 on NiAl(110)27,28. Certainly, in this case a large lattice mismatch
between metal and oxide lattice constants may result in a defect rich film. The second
method, based on physical vapor deposition, provides films grown choosing inert
metal substrates onto which the metal to be oxidized is evaporated (the oxidation step
may be done during or after the deposition). Besides, with the proper lattice constant
of the inert substrate, the grown film may exhibit long-range order of high quality. A
different variety of thin films can be prepared by changing the supporting material and
its surface planes or by introducing a buffer layer. Great examples of oxides grown
with molecular beam epitaxy methods are MgO grown onto Ag(100), Fe(100),
Mo(100)29, ZnO onto Pd(111), Pt(111), Cu(111)30, Cu(100), Cu(110)31, ceria on
Ru(1000), Ni(111)32, iron oxides on Pt(111), Pt(100), MgO(100)33, and other binary
as well as more complex oxides. Generally, the surface properties of the thin films
reproduce very well those of the bulk materials and are therefore widely used in
catalysis as model systems34.
Magnetite is a metal oxide of importance and its chemical properties have been
midpoint of study from surface scientists for many years. As 150 other metal oxides,
Fe3O4 crystallizes in the spinel structure. As shown in Fig. 2.1, the general formula of
spinel is AB2O4, where A and B can either be different cation species (e.g. MgAl2O4
and CuFe2O4) or different oxidation states of the same cation, as in magnetite
(Fe2+Fe3+2O4). Their structure consists of a close packed array of oxygen anions into a
face-centered cubit sublattice having 1/8 of the tetrahedral and ½ of the octahedral
interstices occupied (see Fig. 2.1)35.
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Fig. 2.1 Spinel Structure.
In common spinel, such as MgAl2O4 and CuFe2O4, the tetrahedral holes are occupied
by the A2+ cations, while the octahedral sites are filled with the B3+ cations. If the A2+
cations have a large crystal field stabilization energy (LFSE)35, they will occupy half
of the octahedral interstices while the displaced B3+ cations will then adopt the
tetrahedral coordination. The latter structure is known as “inverse spinel” and it is the
case for Fe3O4. In magnetite, the coexistence of Fe2+ and Fe3+ in the octahedral
sublattice leads directly to many of its interesting material properties. There is, for
example, a rapid electron hopping between Fe2+ and Fe3+ above 125 K, resulting in
high electric conductivity36. Also for titanium oxide, magnetite surface properties have
been intensively studied using single crystal samples37, 38. On the other hand, model
systems based on well-ordered thin oxides films grown onto metal supports may offer
some advantages compared to bulk materials. As multiple phases exist in the ironoxygen binary system (Fe2O3, Fe3O4, FeO), the use of the supported substrates was
proved to be more convenient in studying equilibrium bulk and surface structures39.
We have chosen magnetite as catalytic substrate for the present work because of the
current status of knowledge regarding iron oxides surfaces, being Fe3O4 the most
studied iron oxide in surface science40.

9

2.2

Fe3O4(111) Films and Surface Structures

The Fe3O4(111) surface has been extensively studied in surface science. In particular
magnetite films have been grown on different single crystal substrates such as
Pt(111)33, 22, 41,

42, 43, 44

, Pt(100)21, Au(100) and (111)45, Cu(100)46, sapphire (0001)47.

In general, when Fe is deposited in oxygen atmosphere, a FeO(111) wetting layer
forms at the interface and a close packet oxygen layer templates further growths: this
makes the (111) the most common growth direction21. In this work Fe3O4(111) has
been grown onto Pt(111) single crystal substrates. Details of the growth mode of
Fe3O4(111)/Pt(111) can be found in the review from Weiss and Ranke33, whereas our
film preparation will be discussed in Chapter 4.
The magnetite crystal lattice along the (111) direction has close-packed hexagonal
oxygen arrays stacked into an ABC lateral sequence41. Two different iron layer types,
known as Kagomé- and mix trigonal layer, separate the oxygen layers. The Kagomé
layer contains octahedrally coordinated iron cations (a 50:50 mixture of Fe3+ and Fe2+)
which fill ¾ of the available sites and arrange themselves in a hexagonal lattice
showing a 6Å periodicity. Furthermore, the mix trigonal layer shows both octahedral
and tetrahedral sites, and the iron cations are indeed arranged in three parallel planes.
In particular, tetrahedrally coordinated Fe3+ cations sit next to the two opposite oxygen
planes, while octahedral coordinated iron ions constitute the middle cation array. Also,
in each of these layers, a periodic structure with a 6Å hexagonal unit cell is formed.
Fig. 2.2 shows a side view of magnetite structure and a top view of the cation layers.

10

Fig. 2.2. Side and top views of Fe3O4 lattice along the (111) direction. The top view
shows the two different Kagomé and Mix-trigonal layers.
As illustrated in the above Fig. 2.2, the (111) direction of the magnetite structure
consist of six planes of atoms, which means that six formal bulk truncated terminations
are possible. The six planes are generally expressed in literature as Fetet1, O1, Feoct1,
O2, Fetet2, and Feoct2. Both the tetrahedrally (Fetet1, Fetet2) and octahedrally (Feoct1,
Feoct2) iron terminated layers as well as the two oxygen layers (O1, O2) differ because
of their neighboring atom planes above and underneath. The O1 and O2 planes are fcc
close packed O2- layers and, consequently, negatively charged, whereas the Fe
containing planes are positively charged. This makes the Fe3O4(111) a Tasker type-3
polar surface48. Thus, a simple bulk truncation is expected to be energetically unstable
and a criterion for surface reconstruction or for its electronic rearrangement is,
therefore, needed to explain its existence41, 49, 50. However, a crystal cleaved along the
Kagomé layer exposes a Feoct1 surface termination characterized by ¾ ML of iron
atoms over an oxygen layer. The Fetet1 and Fetet2 display subsequently ¼ ML of cations

11

in tetrahedral positions, whereas the Feoct2 termination exposes ¼ ML of six-fold
coordinated Fe.
Although there have been more than twenty years of study on the (111) surface of
Fe3O4, significant

controversy

remains

in

the

literature

concerning

the

thermodynamically most favored surface termination. Different models have been
proposed and some of them are described below.
LEED experiments conducted on thin Fe3O4(111) films grown onto Pt(111) substrates,
combined with STM studies, suggested a bulk termination at the Fetet1 plane with a 1/4
monolayer of tetrahedrally coordinated Fe3+ ions over a close-packed oxygen layer41,
43

. Following LEED I/V studies41, 43, 50 agreed with the latter statement presenting a

quite acceptable Pendry R-factor (0.19). Another evidence for the Fetet1 terminated
surface was found by Weiss et al. who observed it as dominant structure after a final
oxidation step at 1000 K41. Lower oxidation temperatures (~870 K), showed formation
of the biphase covering 5-15% of the film surface43. Sala et al.14 performed the most
recent LEED study on Fe3O4(111) surfaces and concluded that the Fetet1 termination
forms after a final annealing in UHV at 900 K. However, previous adsorption studies
of CO and water on the magnetite surface invoked the octahedrally terminated surface
Feoct2 to rationalize the experimental data22,

51

. The considerable complication of

working with Fe3O4(111) surface is due to the fact that multiple terminations can
actually coexist and the surface prepared seems to be strongly sensitive to the growth
conditions and also sample history40.
To shed light on the question how Fe3O4(111) surfaces terminate and in order to obtain
a unified picture is one of the main research goals of this work. In particular, a CO
adsorption study using IRAS and TPD measurements, corroborated by DFT
calculations, ruled out the presence of octahedrally coordinated iron ions (Feoct2) on
the regular surface, but on defect sites such as, for example, step edges. The details of
this study, together with the surface preparation procedure used in this thesis will be
discussed in Chapter 4.
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2.3

Fe3O4(100) Films and Surface Structures

In the (100) direction, two different atomic arrays alternate, and they are typically
known as A-layer and B-layer. As Fig.2.3 shows, the A-slab consists of tetrahedral
iron atoms, whereas the B- one is a mixed octahedrally terminated iron and oxygen
layer. It is well known that LEED patterns of Fe3O4(100) surfaces typically exhibit a
(√2 𝑥√2 )𝑅45° reconstruction in both epitaxial and natural samples52, 53, 54 Earlier
studies proposed the surface charge neutrality as being the driving force for this
reconstruction. Further models discussed it as an auto-compensated B-terminated
surface characterized by an octahedrally coordinated iron cations array and a
tetrahedrally coordinated oxygen, along with one oxygen vacancy per unit cell53, 54, 55.
As reported by the surface phase diagram built in the framework of ab initio
thermodynamics, a modified B-terminated surface seems to be the most stable over a
wide range of oxygen potentials. This stabilization occurs upon a Jahn-Teller
distortion that causes a wavelike displacement of Fe and O atoms in the top B layer,
through which the (√2 𝑥√2 )𝑅45° superstructure is formed (Fig. 2.3)56, 57. Density
functional theory showed that both A- and B-terminated surfaces have similar surface
energies58, meaning that these two surfaces are strongly sensitive to the preparation
conditions. Accordingly, Parkinson et al. observed the same behavior experimentally.
In their work, they were able to prepare in a reproducible way both the B-termination
and a metastable A-termination on a single crystal samples by varying the annealing
temperature59. A recent study from Bliem et al., used a combination of LEED I/V,
STM and DFT to rationalize the B-layer stabilization as due to an ordered array of
subsurface cation vacancies (SCV)60. In this model, the B-layer remains
stoichiometric, but it is distorted by rearrangement of the cations in the subsurface
layers. Precisely, two octahedrally coordinated iron from the third layer are replaced
by an additional interstitial tetrahedrally coordinated iron in the second layer. This
structure was predicted to be thermodynamically stable over a broad range of oxygen
pressures up to 10-5 mbar.
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Fig. 2.3. Side and top views of the Fe3O4(100) lattice. The side view shows the stacking
sequence of atomic array, while the top views illustrate the two types of ideal bulk
truncated surface.

As for Fe3O4(111), well-ordered epitaxial Fe3O4(100) film are widely used as model
substrates for catalytic studies. A typical support for the growth of such films is
MgO(100). Chambers et al. were the first who used oxygen plasma to prepare the
oxide film onto a UHV cleaned MgO(100) crystal61. Later on, Korecki et al. improved
the Fe3O4(100) preparation making use of an Fe buffer layer to prevent migration of
Mg atoms and allow higher annealing temperatures. They found out that this procedure
led to a Fe-rich termination known as “dimer” termination21, 62. Recently, a new
procedure for Fe3O4(100)

preparation onto Pt(100) single crystal supports was

developed by Davis et al.21 Their growth also involves the use of a Fe buffer layer. It
was observed that the thickness of the buffer layer is indeed a critical parameter in the
growth process and the two most stable terminations (A and B) can be prepared by
varying the growth conditions.
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2.4

Water on Iron Oxide

The adsorption of water on magnetite surfaces has been widely investigated on both
bulk single crystals and well-ordered epitaxial films63,64. The following literature
survey sums up the crucial aspects of water interaction with iron oxide observed in the
last years. Room- (and low-) temperature ultraviolet and photoelectron spectroscopy
measurements showed new electrostatic states upon water adsorption on magnetite.
These features were assigned to OH species65, 66, 67, 68, meaning that water dissociation
occurs. TPD experiments of water adsorbed on Fe3O4(111) in the low coverage regime
revealed desorption peaks of chemisorbed water in a broad range of temperatures
between 200 K and 400 K68, 69, 70. Here, signals above 300 K were attributed to the
recombinative desorption of dissociated water. Also, the heat of adsorption measured
in the low water coverage regime by use of single crystal microcalorimetry provided
a value of 100 kJ/mol, which rapidly decreases to 55 kJ/mol with increasing
coverage51. The first infrared study on the water interaction with Fe3O4(111) was
performed by Leist et al.70 In their paper they report that water adsorbates on magnetite
exhibit two adsorption bands at 2712 cm-1 and 2691 cm-1. These IRAS features were
in the first place assigned to OwD-Fetet1 and OsD species consequent to water
dissociation, where OwD and OsD are hydroxyl groups involving oxygen atoms from
the water itself and from the oxide surface, respectively. However, this assignment
was doubted in a recent IRAS study51, which invoked an octahedral terminated
magnetite surface (Feoct2-) to rationalize the spontaneous formation of a water complex
consisting of a dissociated and a non-dissociated water molecule (known as a “halfdissociated dimer”). On the contrary, room temperature STM on a Fe3O4(111) single
crystal showed water–related species formed upon water dissociation only on Fetet1terminated surfaces66, 71. In general it is important to point out that the initial stage of
the water adsorption process on magnetite was found to be quite challenging to image,
especially because of the high reactivity of Fe-terminated Fe3O4 towards traces of
water in the UHV background72. Indeed, STM images of “fresh prepared” Fe3O4(111)
films showed adsorbate-like species even without water exposure.
Water adsorption on magnetite was also investigated from the theoretical point of
view, and the first studies were performed on a Fetet1-terminated surface, as the most
stable one. Several groups have calculated the adsorption energy for the dissociative
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water adsorption structure and a value of 95.4 kJ/mol was reported by Grillo et al.73,
while Rim et al. obtained 126 kJ/mol, which seems to be more stable than molecular
adsorption by 47 kJ/mol71. Furthermore, calculations performed by Li et al. revealed
reported adsorption energy for dissociated water on Fetet1-terminated magnetite of 66
kJ/mol, which is considerably lower than what was previously observed and only 14
kJ/mol more stable than molecular adsorption74. The agreement between all theoretical
studies is reached at higher water coverage regime (when the coverage increases up to
two water molecules per unit cell), where a unified picture of a dimer composed of a
dissociated and a non-dissociated water molecule is proposed. Still, substantial
controversy remains in the literature regarding the role of the surface termination. On
the one hand, theoretical calculations from Yang et al. predicted that the Fetet1terminated surface favors the interaction with water75, whereas the Feoct2-termination
was found to be more active towards water adsorption by Zhou et al.76 The latter study
came to the conclusion that direct water dissociation is unfavorable, but it can indeed
be promoted by the presence of neighboring water molecules.
It is quite clear that the initial stages of water adsorption on Fe3O4(111) surfaces is a
challenge that has not been fully overcome yet. The main reason for the controversy
found in the literature is probably related to the experimental difficulty to prepare a
well-defined uniform Fe3O4(111) surface. As mentioned in the Section 3.2, one of the
achievements of this work is to eliminate the apparent discrepancy between
tetrahedral- and octahedral-terminated surfaces, preparing a well-ordered and uniform
Fe3O4(111) film. Hence, the next research goal for this thesis is to revisit a previous
study on the water adsorption on magnetite51, rationalizing it in the new framework of
a uniform tetrahedrally terminated surface.
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2.5

CO2 on Metal Oxide

Until the early 80s, the surface chemistry of carbon dioxide has received relatively
little attention in comparison with other small inorganic molecules. The interest on
CO2, earlier less pronounced probably due to its thermodynamic stability77, changed
rapidly in direction when it was found that carbon dioxide was a key reactant in the
methanol synthesis77. With the passing years, CO2 has become also one of the most
important greenhouse gases62. Indeed, its efficient conversion into fuels or other valueadded chemicals would result in both the reduction of the CO2 emission in the
atmosphere and in minimizing the society dependence on fossil fuels78, 79. Besides, the
use of water as hydrogen resource (instead of molecular hydrogen) for CO2
reduction/hydrogenation would be the most ideal process. However, CO2 represents
the most oxidized state of carbon which makes its chemical transformations
thermodynamically highly unfavorable77. The two main ways to overcome this
problem are, on the one hand, high temperature and pressure conditions and active
reducing agents such as hydrogen, or, on the other hand, activation on a solid-state
catalyst with the ability to adsorb the CO2 and facilitate electron transfer to it. It is
possible to find in the literature an appreciable amount of material for carbon dioxide
adsorption on metal surfaces (summarized in two comprehensive reviews from
Solymosi80 and Freund and Roberts77), whereas a similar database for metal oxide
surfaces does not exist.
It is instructive here to summarize the key experimental findings of previous studies
on CO2 adsorption on metal/metal oxide surfaces. The most stable intermediates
observed during reactions involving CO and/or CO2 seem to be carbonates81. Haruta
et al.82 showed that bidentate carbonates are formed at 300 K upon CO adsorption at
the perimeter of Au nanoparticles supported on TiO2. In this case carbonates act as
intermediates towards CO2 formation. Later it was found that a considerable number
of different carbonate species may (co-)exist on metal oxides such as alumina81,
magnetite83, MgO84 or ZnO85, 86, 87 and they can be distinguished using, e.g., infrared
spectroscopy. Particularly, the non-coordinated carbonate ion is identified by an
asymmetric vibration in the range 1420-1450 cm-1 and a symmetric one between 1020
cm-1 and 1090 cm-1. Monodentate carbonates (covalently bound) exhibit IRA bands at
1470-1530 cm−1 (νas COO−), 1300-1370 cm−1 (νs COO−) and 1040–1080 cm−1 (ν C17

O). Furthermore, bidentate carbonates may form into different binding geometries
known as bidentate-chelating and bidentate-bridging (more details can be found in
Ref. 81). Wang et al.88 observed an unusual tridentate carbonate species on the surface
of ZnO(10–10) single crystals. Additionally to carbonates, bicarbonates or formates
species can be formed81. Bicarbonates usually show a supplementary band around
1180-1250 cm-1, whereas formates can be differentiated because of the characteristic
band in the C-H stretching region84, 89 (≈ 2750–2950 cm−1). Although it seems quite
well accepted that carbonates are the most stable intermediates90, 91, 92, 93, 94 in the CO2
activation process, they are not the only ones. In fact, other less stable intermediates
exist, such as oxalate (C2O4-2), carboxylate (bent CO2-) and CO22- species95. The
vibrational assignment of these species has been difficult and often highly
controversial. The difficulty in their characterization, in particular in the case where
several intermediates are simultaneously present at the surface, originates from the
overlap of the vibrational bands for carbonate, bicarbonate, oxalate, carboxylate and
CO22- species, which fall all in the 1000-1900 cm-1 range95.
The identification of the CO2 intermediates formed on Fe3O4(111) (and 100),
employing isotopic substitution and their interaction/dependence towards water on the
surface is one of the accomplishments of this work.
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3.

Theoretical Background and Experimental Methods

This chapter is divided into two sections. In the first sections some general aspects of
kinetics at the gas-surface interface (3.1), and surface energy (3.2), will be presented.
In the second Section (3.3), the physical working principle of the most important
experimental methods applied in this work will be described. Finally, Section 3.4
shows the experimental setup as well as the details concerning the reactants employed
during the experiments presented in this work.

3.1

Gas-Surface Interaction

Heterogeneous catalysis is defined as a kinetic phenomenon based on the interaction
between the surface and the gas (or liquid) phase. In every catalytic reaction, even the
simplest cases, a number of elementary reaction steps have to be considered.
In this section the basic processes that can occur on a surface will be briefly presented.
More specific summaries can be found in the literature11,96–98.
Scattering: the molecules (or atoms) from the gas phase can either be elastically or
inelastically scattered. In the case of elastic scattering, the scattering angle is identical
with angle of incidence and no energy transfer occurs. Inelastic scattering processes
are instead characterized by energy transfer, thus the surface can be heated or cooled
by these events11,96,97.
Trapping: when the incident molecule looses sufficient momentum along the surface
normal, for example through coupling to its momentum parallel to the surface or suface
phonons, it becomes thermally equilibrated with the surface and trapped on it. This
procces is mostly associated with a non-activated, non-dissociative physisorption. The
trapped molecule can either adsorb directly in a more strongly binding state or diffuse
over the surface before desorbing or adsorbing in a stronger binding state11,97,98.
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Adsorption-Desorption processes. The adsorption process involves the interaction
of species in the gas phase with solid surface. The rate of adsorption depends on two
parameters: flux of impinging species at the surface and the sticking coefficient (see
below). The first parameter is given by the Hertz-Knudsen equation:
𝐹=

𝑃
√2𝜋𝑚𝑘𝑇

(3.1)

where 𝑃 is the gas pressure expressed in 𝑁 ∙ 𝑚−2 , 𝑘 is the Boltzmann constant, 𝑚 is
the molecular mass of the impinging molecules expressed in 𝑘𝑔, and 𝑇 is the absolute
temperature, expressed in 𝐾. Therefore, the adsorption rate is given by:
𝑅𝑎𝑑𝑠 = 𝐹𝑆

(3.2)

with 𝑆 as sticking coefficient. The sticking coefficient gives the ratio of the number of
adsorbate species that adsorb (“sticks”) to the surface to a total number of molecules
impinging upon the same surface during the same time period. Its value oscillates
typically between 0 (no species sticks to the surface) and 1 (all species stick to the
surface) and depends on several factors such as the substrate temperature, the
temperature of the incoming molecules, the number of adsorption sites on the surface
(it decreases with decreasing of number of available sites). Under high availability of
adsorption sites on the surface and low temperature conditions where the adsorbate
can form condensed multilayers, it is possible to assume a constant sticking
coefficient.
In general, adsorption of molecules from the gas phase onto the solid surface takes
place when attractive forces exist at short distance between them. It is possible to
distinguish two principle modes of adsorption at the surface: physisorption and
chemisorption. The distinction between the two modes depends on the nature of the
bond between molecules and surface. The weakest interaction with an attractive nature
between adsorbate and surface is the van der Waals interaction, which originates from
the synergy of a fluctuating dipole in the adsorbates with a polarizable surface. A van
der Waals bonding can be described as the interaction between two point-dipoles and,
in the case of bonding to a surface, the attractive potential has a distance dependence
proportional to 𝑟 −3 . However, as the atom is brought closer to the surface, the
overlapping of the electron cloud of the adsorbate leads to a steep increase of kinetic
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energy of the electrons and hence a high repulsive potential99. A physisorption
potential is the sum of the repulsive and attractive Van der Waals contributions (see
the energy potential diagram in Fig. 3.1).
When there is an overlap between electronic orbitals of the adsorbate and the surface,
leading to a chemical bond having energies higher than 50𝑘𝐽/𝑚𝑜𝑙, a chemisorption
occurs. Chemical bonds are typically ionic or covalent and it is possible to distinguish
between three types of chemisorption: a) molecular chemisorption, b) non-activated
dissociative chemisorption, c) activated dissociative chemisorption100. As it is shown
in Fig. 3.1, the potential energy curve is described as a combination of physisorption
and chemisorption.

Fig. 3.1. Schematic potential diagram for (a) molecular chemisorption, (b) nonactivate dissociative chemisorption, (c) activated dissociative chemisorption of a
diatomic molecule. Solid line curve: the total potential energy curve.
The figure is adapted from Ref.100
In the energy diagram, the region on the left of the crossing point between the two
curves is characterized by chemisorption. The depth of the adsorption well gives the
adsorption energy 𝐸𝑎𝑑𝑠 , a measure of the strength of the bond to the surface. The
desorption of an adsorbed species from a surface is considered to be the reverse process
of adsorption. In the cases (a) and (b) in Fig. 3.1, the desorption energy (𝐸𝑑𝑒𝑠 ) is equal
to 𝐸𝑎𝑑𝑠 The dissociative chemisorption is often an activated process, and therefore an
activation barrier (𝐸𝑎𝑐𝑡 ) has to be overcome. In this case the desorption energy can be
written as follows:
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𝐸𝑑𝑒𝑠 = |𝐸𝑎𝑑𝑠 | + |𝐸𝑎𝑐𝑡 |

(3.3)

The potential energy diagram for an activated dissociative chemisorption process is
shown in the Fig. 3.1 (c). When a diatomic molecule approaches the surface from a
large distance, it interacts in the first place physisorbing on the surface. If the molecule
possesses kinetic energy high enough to overcome the activation barrier, it may
dissociate. The dissociated species can then interact with the surface in a chemisorbed
state. The corresponding potential energy curve for two atoms differs from the one of
a molecule for the term dissociation energy 𝐸𝑑𝑖𝑠𝑠 .
Diffusion: after adsorption, the molecules can diffuse across the surfaces or desorb
into the gas phase. It is an activated process, which means that the molecule, in order
to diffuse, has to overcome an energetic barrier. The activation barrier for diffusion is
generally lower than the one for desorption. Considering that both processes are driven
by thermal fluctuations, the surface temperature critically governs their rate.
The diffusion constant is described by an Arrhenius-like equation with the preexponential factor 𝐷0 and the activation energy for the diffusion96:
−𝐸𝑑𝑖𝑓𝑓

𝐷 = 𝐷0 exp (

𝑘𝐵 𝑇

(3.4)

)

When 𝐸𝑑𝑖𝑓𝑓 ≫ 𝑅𝑇, the species are strongly bound and have to overcome a significant
activation barrier between different adsorption sites and therefore the diffusion over
the surface resembles a hoping motion along the path of minimum activation energy.
In the case of 𝐸𝑑𝑖𝑓𝑓 ≪ 𝑅𝑇, the molecules are free of diffusing in a Brownian motionlike.
The desorption rate can be written as follows:
−𝑑𝛩
𝑑𝑡

−𝐸𝑑𝑒𝑠

= 𝛩𝑛 𝑘0𝑑𝑒𝑠 𝑒𝑥𝑝 (

𝑘𝐵 𝑇

)

(3.5)

Where 𝑛 is the desorption order, 𝑘0 is the pre-exponential factor for desorption, and
𝐸𝑑𝑒𝑠 the activation barrier for desorption96.
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Reaction on surfaces: generally, reaction on surfaces can occur through two different
mechanisms, Langmuir-Hinselwood (LH) and Eley-Rideal (ER) 101, as it is shown in
Fig.3.2.

Fig 3.2. Langmuir-Hinselwood (LH) and Eley-Rideal (ER) mechanisms. In the LH
mechanism both reactants are fully accommodated on the surface. In the Eley-Rideal
the reaction occurs directly at the point of impact between an incident and an adsorbed
species101). The Figure is adapted from Ref102.
Most of the reactions take place via LH mechanism, where both reactants are already
present on the surface before the reaction starts. The following steps are likely to
happen in this mechanism: physisorption in a precursor state, diffusion across the
surface to different sites, and chemisorption (dissociation is not necessary). Finally,
the molecules can react and then desorb into the gas phase.
In terms of reaction rate, if A and B are the reactants and AB is their product after
reaction, the formation rate of the AB product can be written as follows:
𝑑𝛩𝐴𝐵
𝑑𝑡

𝐿𝐻
−𝐸𝑎𝑐𝑡

= 𝑘0𝐿𝐻 𝑒𝑥𝑝 = (

𝑘𝐵 𝑇

) 𝛩𝐴 𝛩𝐵

(3.6)

𝐿𝐻
where 𝛩𝐴 and 𝛩𝐵 are the surface coverages of the species A and B, 𝐸𝑎𝑐𝑡
is the

activation energy for the reaction, and 𝑘0𝐿𝐻 is the pre-exponential factor.
The ER mechanism is less common compared to the LH and characterizes rare
reactions occurring between a species on the surface and an incident one which has
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not yet equilibrated to the surface. Details and evidences for both mechanisms can be
found in the literature96,97.
3.2

Surface Energy

The surface energy is defined as the quantification of the intermolecular bonds that
occur when a surface is created. Normally, the molecules on a surface have higher
energy compared to the one in the bulk of the same solid. Thus, surfaces are
intrinsically less energetically favorable than bulks, otherwise there would be a driving
force creating surfaces and removing the bulk of the material. Therefore, the surface
energy can be identified with the excess energy at the surface of a certain solid in
comparison with the bulk energy. Another way to define it is to relate it to the work to
create a certain area of a particular surface, or to the work to cut a bulk sample and
obtain two surfaces. When a solid is cut into pieces, its bonds are being disrupted and
its surface energy increases. When the cut is reversible, the energy that has been
consumed during the cutting process has to equal the surface energy for the new
surfaces created. In this way, the unit surface energy of a material would be the half of
its cohesion energy. Actually, this happens only for surfaces which are prepared in
ultra-high vacuum. Indeed, surfaces change often their form by means of simple
cleavage and are dynamic systems ready to react or rearrange for reducing their energy.
For example, in the case of magnetite, both natural and synthetic crystals have often
octahedral shape embedded in (111) planes40, although different kind of shapes and
size can be grown modifying for instance the pH of the respective solution during the
growth103. A very widely used method for the comparison of the surface energies of
the low index facets of Fe3O4 is density functional theory104,105,58. Using this approach,
surface energies of 0.96 J∙m-2 and 1.10 J∙m-2 have been calculated for the (100) and the
(111) facets respectively. Despite the fact that the surface energy depends strongly on
the surface termination has to be taken into account, it is legitimate to consider the
energy trend (100) < (111) < (110) for the different facets plausible.
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3.3

Basic Techniques

This section describes the technical and experimental fundamentals of the methods
applied in this thesis. In the first part (3.3.1), the theory of the molecular beams will
be discussed, focusing on the effusive beams, used in this work, and a small mention
on the supersonic beam, part of the experimental setup but not employed for this study.
The next part will focus on the surface science detection methods and their physical
background employed in this thesis: infrared-reflection-absorption spectroscopy
(3.3.2), quadrupole mass spectrometry and temperature programmed desorption
(3.3.3), low energy electron diffraction (3.3.4).

3.3.1

Molecular Beam

Molecular beam techniques are well-established tools to study dynamics and kinetics
of surface reactions and it is possible to find in the literature several reviews with a
large number of case studies106,107,11,98. A detailed description of the molecular beam
setup used in this work can be found elsewhere10,108.
A molecular beam is a spatially well-defined, directed and collision-free flux of
molecules, or atoms, which is typically produced in a beam source such as showed in
Fig. 3.3. A gas expands from a gas reservoir (so-called stagnation state, p0, T0) into a
vacuum chamber. The properties of the molecules in the expansion depend on the
specific conditions (see below). A skimmer (aperture) cuts a small solid angle to
produce a direct beam that can be further modified in many ways. For example, the
flux can be modulated using a mechanical chopper or shutter. In order to separate the
molecular beam from the effusive background of molecules, several differential
pumping stages are implemented. The pumping speed in the first expansion typically
limits the achievable flux.
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Fig.3.3. Schematic illustration of a molecular beam source. The figure used is adapted
from Ref.10,108

Finally, after the last pumping stage, the beam will enter the scattering chamber and
hit the sample at the desired angle of incidence.
The main advantage of using a molecular beam over a simple reactor is given by the
possibility to perform experiments under single scattering conditions. This means that
every molecule will interact only once with the sample surface in an otherwise
collision-free environment. The collision-free environment allows several new
experimental options which will be discussed briefly as follows.
1. Possibility to determine the absolute reaction probability. Since the incidence flux is
known, it is possible to have access to the absolute probability of different reactive
processes (i.e. sticking coefficient in the case of adsorption). Experiments to determine
the sticking coefficient have not been performed in this work, but it is still worth to
mention how the experimental setup can be used to execute them. The procedure is
based on the experiment developed originally by King and Wells109: a molecular beam
is directed to the sample and the partial pressure of the species of interest is detected.
At the beginning of the experiment the shutter between the beam and the sample is
kept closed, so that the beam is blocked. As soon as the shutter is opened, the partial
pressure decreases due to partial absorption. The change in the pressure is related to
the absolute sticking probability. This method allows determining sticking
probabilities in the range between 10-2 and 1. It must be taken into account that i) for
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lower values, detection of surface species is superior to the gas phase analysis, ii) for
reactive gases the interaction with the chamber walls may slow down the response of
the vacuum system.
The determination of absolute adsorption/reaction probability gives the possibility to
compare reaction rates as function of surface parameters.
2. Fast and flexible reactant flux modulation. The flux modulation plays a key role in
kinetic and dynamic experiments because it allows to precisely study transient
processes. Different kind of modulated beam experiments give fundamental
information on the kinetics and the mechanism of surface reactions.
3. Isothermal reaction conditions. Most of the molecular beam experiments operate
under isothermal conditions, meaning simplifying the analysis of the kinetics.
4. Collision-free detection of scattered and desorbing molecule. Local pressures at the
sample position are up to 10-4 mbar and are several orders of magnitude higher than
the background pressure. Therefore, atoms or molecules that are being scattered or
desorbed from the surface can be detected as they are in a collision-free environment.
Several information are available due to this direct detection, such as the angular
distribution of reactant molecules, their kinetic energy, their rotational or vibrational
energy distribution107,98,110,111. With this kind of studies is possible to have access to
details on the potential energy surfaces, which determine desorption and reaction
events or scattering processes.
It is possible to distinguish two limiting cases regarding molecular beam sources:
effusive and supersonic beam sources. The differences between the two categories are
related to the expansion conditions, generating different types of energy distribution
of the molecules in the beam112.

Supersonic Beam
The expansion conditions (temperature and pressure in the gas reservoir and in the
expansion stage) have a huge effect on the properties of the molecules or atoms in the
beam. The expansion conditions can be described by the Knudsen number, 𝐾𝑛 =

𝜆
𝑑

,

with λ = main free path of molecules and d = diameter of the nozzle. A supersonic
beam is formed at low Knudsen number conditions (𝐾𝑛 ≪ 1) and it is characterized
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by narrow velocity distribution of molecules. This resembles to a supersonic expansion
from a gas reservoir with a high pressure, where collisions between molecules are
frequent, through a small nozzle into a vacuum chamber. A scheme of a supersonic
beam source is shown in Fig. 3.4.

Fig. 3.4. Schematic representation of a supersonic beam. The figure used is adapted
from Ref.10,108
Typically, the gas starts in the stagnation stage (p0, T0) with a negligibly small velocity,
and then accelerates towards the source exit. Under sufficiently extreme conditions the
flow reaches sonic speed as it exits the nozzle, and supersonic speed upon further
expansion. Due to the small mean free path of the molecules, numerous collisions
occur in the nozzle during the expansion and this results in an efficient cooling of the
gas. From this part of the expansion a solid angle of the beam is extracted by means of
a skimmer and it is then collimated by further apertures and modified by choppers or
shutters. Following the trend of the velocity of the molecules (𝑣) as a function of the
distance from the source112, it is seen that 𝑣 approaches an asymptotic value, whereas
the translational temperature, density and collision frequency decrease drastically. The
translational temperature 𝑇|| characterizes the width of the parallel velocity distribution
for the flux 𝐼|| , which is typically described as a shifted Boltzmann distribution:
𝐼|| = 𝑁 𝑣 3 𝑒𝑥𝑝 (−

𝑀(𝑣−𝑣𝐼𝐼 )2
2𝑘𝑇||

)

(3.7)

with 𝑣𝐼𝐼 = parallel flow velocity and 𝑀 = molecular mass of the molecules in the
beam and N is a normalization factor10.
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In summary, the main advantages of a supersonic beam source are: i) the narrow
velocity distribution, ii) the variable kinetic energy and iii) the large degree of control
over the internal energy. Thus, the main application fields of supersonic beam studies
are the dynamics of gas-surface interactions, scattering and diffractions studies, which
require well-defined monochromatic beams.

Effusive Beam
An effusive beam is formed at large Knudsen number conditions (𝐾𝑛 ≫ 1). A
relatively low pressure is applied in the gas reservoir (𝑝 < 1 𝑚𝑏𝑎𝑟) which is
sufficiently low to maintain the molecular flow. These conditions result in a low
collision frequency and, therefore, the energy distribution remains constant during the
expansion. The velocity distribution follows the Maxwell-Boltzmann distribution (Fig.
3.5b):
𝐼 = 𝑁𝑣 3 𝑒𝑥𝑝 (−

𝑀𝑣 2
2𝑘𝑇0

)

(3.8)

Fig. 3.5. Schematic representation of an effusive beam. The figure used is adapted
from Ref.10,108

There are several types of effusive sources that can be used in the kinetic experiments:
the thin wall orifice (Fig. 3.5a), the single channel and the multi-channel array (Fig.
3.6). The simplest case is the thin-wall orifice, where the orifice produces a cosine
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angular flux distribution. Only a small solid angle is extracted in order to produce the
beam, while the rest will be pumped out by differential pumping. A substantial portion
of molecules is not able to contribute to the beam because of the low directionality of
the expansion, causing low intensities of the beam and requiring high pumping speeds.
Is this case, the available pumping speed is the limiting factor for the maximum beam
intensity. It is possible to improve the directionality, and therefore the intensity, of the
beam using channels with a strongly angle dependent transmission probability instead
of thin-walled orifice. In the absence of intermolecular collisions, only the molecules
moving in the direction close to the centerline can pass through the channel. This
results in the formation of the well-collimated flux of molecules. Typically, the
collimation effect of the channel depends on the length to radius ratio of the channel
itself and it is described as function of the peaking factor (κ), which equals the ratio of
the center-line intensity of the actual distribution 𝐼(0) and the center-line intensity of
the cosine distribution at identical total flux 𝑁̇. For long enough tubes and at low
pressure, κ can be approximated as follows112-10:
𝜅=

𝜋
̇
𝑁𝐼(0)

=

3𝐿
8𝑟

(3.9)

𝐿

With typical length to radius ratio = 40, peaking factors of 15 can be reached, while
𝑟

in the case of supersonic beam enhancement of less than 2 are displayed.
With increasing pressure in the gas reservoir, the mean free path decreases, thus
intermolecular collisions inhibit the increasing flux, leading to broadening of the
angular distribution and deviation of the Maxwell-Boltzmann velocity distribution.
While, on one hand, for tubes with smaller overall dimensions the above discussed
pressure limit is higher, on the other hand in small channels the total flux of molecules
is low. As shown in Fig.3.6, the use of several parallel arrays of small channels (multichannel arrays, MCA) allows overcoming this issue. In this way it is possible to have
a collimation effect at high stagnation pressure and thus at high total flux.
In the case of effusive beams, the main advantages are the following: i) having a
variable beam flux over several orders of magnitude without changes of the beam
properties; ii) high maximum intensities despite the moderate pumping speed; iii) low
backing pressures, conceding the use of chemicals with low vapor pressures and also
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reducing the consumption of gas (this point be particularly important when using
expensive reactants like isotopically labeled molecules).

Fig.3.6 Schematic illustration of the focusing effect of a capillary and capillary array
of a gas flux. The figure used is adapted from Ref.10,108
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3.3.2

Infrared Spectroscopy

Infrared spectroscopy (IR) is a powerful technique to detect the interaction between
adsorbates and surface. Molecular vibrations are excited by adsorption of IR light and
their frequency provides detailed information about chemical bonds and thus about the
interactions of the molecules with the metal surface113–115. The adsorption frequencies
of covalent bonds in some molecules, e.g. CO, are related not only to the surface, but
also to the specific adsorption site where they are sitting. Therefore, CO adsorption is
often used to characterize the morphology of the surface (see Chapter 4).

Molecular Vibrations
The excitation of molecular vibrations by electromagnetic radiation can be described
using the time-dependent perturbation theory. In the case of wavelength λ bigger than
the dimensions of the excited vibration (always valid for IR radiation), the electric
field 𝐸⃗ induced by the electromagnetic radiation is approximately constant over the
size of the excited dipole116. Thus, the Hamiltonian operator 𝐻 (1) of the perturbation
can be written as follows:
𝐻 (1) = −𝜇 ∙ 𝐸⃗

(3.10)

where 𝜇 is the electric dipole moment of the molecule and 𝐸⃗ the electric field vector
of the electromagnetic radiation117. In line with Fermi’s golden rule, the excitation
probability is given by:
𝑊 ∝ |⟨𝜓𝑓 |𝜇 ∙ 𝐸⃗ |𝜓𝑖 ⟩|

(3.11)

with 𝜓𝑓 and 𝜓𝑖 being the vibration eigenfunctions in the excited and ground state.
Within the Born-Oppenheimer approximation of the independent electron and nucleus
motion, the wave function can be factorized to the vibrational and electric components,
𝜈𝑘 and ϵ respectively:
𝜓 = |⟨𝜖, 𝜈𝑘′ |𝜇|𝜖, 𝜈𝑘 ⟩|
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(3.12)

Where 𝜈𝑘 and 𝜈𝑘′ are the vibration eigenfunctions before and after the excitation. In
this approximation the two terms can be treated separately. Therefore, the probability
for a vibrational transition along the normal coordinate 𝑄𝑘 is:
⟨𝜈𝑘′ |𝜇|𝜈𝑘 ⟩ = ⟨𝜈𝑘′ |𝜇 + ∑𝑖 (

⃗
𝑑𝜇

⃗
𝑑𝜇

) 𝑄𝑖 + ⋯ |𝜈𝑘 ⟩ = (

𝑑𝑄𝑖 0

) ⟨𝜈𝑘′ |𝑄𝑘 |𝜈𝑘 ⟩ (3.13)

𝑑𝑄𝑘 0

Therefore, a vibration is IR-active if it is associated with an oscillating dipole moment:
(
The derivative

⃗
𝑑𝜇
𝑑𝑄𝑘

⃗
𝑑𝜇
𝑑𝑄𝑘

)≠0

(3.14)

is denoted as dynamic dipole moment of the molecule along the

normal coordinate 𝑄𝑘 .

Fourier-Transform Infrared Spectroscopy
Nowadays, the most commonly used IR spectrometers are Fourier-transform (FT)
spectrometers

113,114

. They present several advantages over the dispersive

spectrometers which/that were mostly employed in the past. Dispersive spectrometers
work by dividing polychromatic IR light by gratings on prisms. As consequences of
the monochromatization procedure, disadvantages such as low beam intensities, low
detection limits, long times required for the spectra acquisition with a reasonable
resolution and signal-to-noise ratio, emerge. Fourier-Transform spectrometry can help
to overcome these drawbacks. In fact, in FT-IR the sample is exposed to light from a
wide spectral range and all the frequency components are collected simultaneously.
The measured quantity in FT-spectroscopy is the interference signal from a two-beam
interferometer. Most of the interferometers used today are based on the setup of the
original one designed by Michelson. In more details, a Michelson interferometer is a
device that splits the beam of radiation into two paths and then recombines the partial
beams. Fig. 3.7 shows a simple form of the interferometer. It consists of two mutually
perpendicular plane mirrors, one of which can move along the axis shown. Between
the fixed and the movable mirror, a beam splitter is located, at which the beam is
partially reflected to the fixed mirror and partially transmitted to the movable mirror.
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Fig. 3.7. A schematic illustration of the in-situ IRAS setup (FT-IR spectrometer
containing a Michelson interferometer). The figure used is adapted from Ref.30

Each beam is reflected back to the beam splitter, where the superposition of both
beams causes the interference. The resulting beam intensity I(x) is measured by the/a
detector as a function of optical path difference x. The function I(x) is termed the
interferogram and contains all the information accessible in an IR experiment118.
Depending on the path difference x, constructive or destructive interference can occur.
If the path difference x is zero, constructive interference of all waves occurs, leading
to the maximum in the interferogram. Away from this position most waves undergo
partially or totally destructive interference, resulting in rapidly decaying oscillations
on both sides of the maximum. Ideally, the interferogram should be symmetrical.
However, experimental interferograms are usually asymmetrical due to certain
electronic and optical effects in the spectrometer. A numerical phase correction is
applied in this case to improve the quality of the resulting spectrum. Even if a single
scan of the mirror position can be sufficient to provide an interferogram, the mirror is
usually scanned N times to improve the signal-to-noise ratio. The interferogram I(x) is
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then converted into a spectrum that describes the measured intensity as a function of
the wavenumber 𝜈̃:
1 ∞
∫ 𝐼(𝑥)𝑒 −2𝜋𝜈̃𝑥 𝑑𝑥
2𝜋 −∞

𝑆(𝜈̃) =

(3.15)

where 𝜈̃ = 𝜆−1 . The obtained spectrum is termed single channel spectrum. The single
channel spectrum contains additional absorption signals due to the optical setup,
detector function and due to the adsorbed molecules on the sample. The strategy to
eliminate the contributions from these factors is to divide the sample spectrum by
another single channel spectrum, called reference, obtained before using the very same
optical setups, but with no adsorbates.

Infrared Spectroscopy on Surfaces
The vibrations of molecules adsorbed on planar model surfaces, which are not
transparent to the IR light, are often detected using a method called infrared-reflectionabsorption spectroscopy (IRAS)

116–118

. This method is generally used on thin

dielectric films deposited on top of metal surfaces, which acts as mirrors assuring high
signal intensity in reflection geometry. It has to be taken into account that, due the
dielectric behavior of the metal, there is a difference between the adsorption of the IR
light by a molecule adsorbed on a metal surface and a molecule in the gas phase119–121.
In the gas phase, the electric field of the incident infrared light interacts only with the
dipole moment of the molecule, exciting in this way the molecular vibrations.
However, on metal surfaces both the incident IR light and the dipole moment of the
adsorbed molecule interact with the metal electrons. Therefore, a strict metal surface
selection rule (MSSR) is imposed from the metal surface. First of all, IR-active
vibrations are only the ones having a dynamic dipole moment or a non-zero component
perpendicular to the metal surface, i.e. for which
(

⃗
δ𝜇

) ≠0

δ𝑄𝑘 ⊥

(3.16)
⃗
δ𝜇

Fig. 3.8. shows what happens to the parallel component of the dynamic dipole (

):

δ𝑄𝑘 ∥

this is being screened by the metal electrons, which are fast enough, on the time scale
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of molecular vibrations, to generate an imaged dipole moment that cancels the parallel
component of the dynamic dipole122.

Fig. 3.8. The metal surface selection rule and screening of the parallel component of
the dynamic dipole. The figure used is adapted from Ref .122-123

Besides, molecular vibrations on metal surfaces can be excited only by a radiation
having a component parallel to the plane of incidence (p-polarized light)123. In fact,
the s-component of the electric field at the surface goes through a uniform phase shift
of 2π for all angles of incidence. This implies that the electric field parallel to the
surface vanishes due to destructive interference. Accordingly, it is not possible to
excite vibrations parallel to the surface because of two factors: the screening of the
vibrating dipole due to its image and the loss of the field component parallel to the
surface. For these reasons the p-polarized light is usually used in the IRAS experiment.
The phase shift for the p-light is strongly dependent on the incidence angle, and the
maximum surface electric field as well as the maximum absorption intensity, is
established at grazing incidence.

IRAS of adsorbed molecules
The IR-spectrum of adsorbed molecules can provide information related to the
chemical state, e.g. if the molecule is dissociated, or to the strength of the metaladsorbate bond which is known to affect the vibrational frequency shift, unlike in the
case of molecules in the gas phase. Several effects on the vibrational frequencies, such
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as frequency shift, intensity of vibration, line shape and width of the adsorption band,
can be observed and their interpretation is usually based on specific models, briefly
considered in the following.
Frequency shift. The frequency shift of an isolated adsorbed molecule can be affected
by four important effects.
1. Mechanical renomarlization. The adsorption of a diatomic molecule (e.g.) CO to a
rigid surface will give rise of a purely mechanical shift of internal frequencies of the
molecule (e.g. C-O stretch). The shift can be predicted using a simple model of masses
and springs. In case of the metal–C–O system, the C–O stretching is affected by a blue
shift (to higher wavenumbers) of 50 cm−1 as compared to the gas phase. In case of a
vibrating

substrate,

additional

renormalization

appears115,117–120,123,124.

The

renormalization model predicts a frequency shift to higher wavenumbers. However,
experimental results mostly indicate lower frequencies for adsorbed molecules. This
indicates that this model alone is not sufficient to describe the experimental results.
2. Polarization effect. The dynamic dipole moment of an adsorbed molecule induces an
image dipole in the metal substrate. The interaction between the dynamic dipole
moment and its own image tends to lower the vibration frequency (red shift).
3. Chemical shift. The chemical shift derives from the chemical interaction between the
molecule and substrate. A theoretical description of this phenomenon in the case of
CO is given by Blyholder125,126. This model defines the CO bond with the metal
substrate as deriving from a charge transfer from the 5σ molecular orbital of CO into
the metal, and a “back-donation” from the metal d-bands to the unoccupied 2π*
molecular orbital of CO. Whereas the 5σ orbital is weakly bonding, the 2π* orbital has
strong antibonding character. Thus, the population of the 2π* molecular orbitals results
in weakening the CO internal bond, giving rise of a red shift in the stretching
frequency.
4. Charge transfer. Charge transfer between the metal surface and adsorbed molecule
results in an electrostatic interaction, which may cause a frequency shift. Theoretical
calculations predicted a shift of 10-20 cm-1 for a single adsorbed non-polar molecule,
such as CO127.
The sum of these effects results on an occurrence, widely used for surface site
identification: the vibrational frequency of an adsorbate strongly depends on the nature
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of the adsorption site on the surface. For example, the internal stretching of the CO
molecule adsorbed on transition metals generally decreases with increasing of
coordination number: the typical frequencies are observed around 1800-1900 cm-1 for
CO on threefold hollow sites, 1900-2000 cm-1 for CO on bridge sites, and 2000-2100
cm-1 for CO at on-top sites127.
Frequency shift due to adsorbate-adsorbate interaction. Typically, as described
above, the vibrational frequency of an isolated adsorbate molecule shows a red shift
deriving from the interaction with the metal substrate. However, when the coverage
increases, a blue shift is observed. This phenomenon arises from lateral interaction
between adsorbates. The three major effects are the following:
1. Dynamic dipole-dipole interaction. When the distance between the molecules in an
adlayer decreases, a spatial dipole-dipole coupling between neighboring dipoles and
image dipoles becomes increasingly important.
2. Chemical Shift. The chemical shift has been already discussed on the bases of the
Blyholder back-donation model for the example of CO-metal interaction. In the case
of increasing coverage, adsorbate molecules compete for d-electrons from the metal
orbitals, decreasing the degree of back-donation. Since the back-donation into the
antibonding orbital lowers the frequency, this effect leads to a blue-shift.
3. Static dipole-dipole interaction. The vibrational frequency of an adsorbate is also
affected by the electric field generated from neighboring static dipoles. This kind of
interaction is typical for co-adsorption experiments where a considerably difference in
the vibrational frequencies precludes dynamic dipole-dipole interactions. The
frequency shift of an adsorbed dipole depends on its orientation relative to the electric
field: a parallel orientation leads to a redshift, an antiparallel to the blue shift.
Intensity. The intensity of the IR absorption of adsorbed molecules is not only
influenced by the MSSR, but also by adsorbate–adsorbate interactions. In the low
coverage limit the intensity is proportional the number vibrating dipoles. With
increasing coverage, however, all the above discussed effects on the value of the
dynamic dipole must be taken into account. This results in a non-linear behavior of the
absorption intensity as a function of coverage.
One frequently observed effect is known as intensity borrowing. This effect can lead
to difficulties in identification of species on a surface. If a surface is populated with
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two species with slightly different vibration frequencies, dipole–dipole coupling can
result in intensity transfer from the IR adsorption at lower frequency to the one at
higher frequency. This effect can result in strong changes in the intensity distribution
between different species.

3.3.3

Mass Spectrometry and

Temperature Programmed Desorption
Mass spectrometry is a very useful tool to investigate the chemical composition of the
gas phase. The method uses the separation of gaseous ions according by their masscharge (𝑚/𝑧) ratio. This technique is generally employed to examine neutral
molecules and, therefore, these are first converted into ions by means of an ionizer.
The ions that are generated can be singly or multiply charged and have masses
corresponding to the original molecules or to their fragments. In the next step the ions
go from the source to the mass analyzer: here a magnetic or an electric field, or a
combination of both, will divide the ions into appropriate mass-charge groups. Ideally
the ions travel from the source to the detector in a free-collision path, and this is
possible when the gas pressure is below 10-5 torr (the mean free path is long compared
to the ion trajectory). The setup is schematically illustrated in Fig. 3.9.

Fig. 3.9. Illustration of the principle of the quadrupole mass spectrometer.
The figure is taken form http://what-when-how.com/proteomics/quadrupole-massanalyzers-theoretical-and-practical-considerations-proteomics.
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Ionization Process
For the analysis of the gas compounds, electron and chemical ionization are the more
often used ionization methods. The most common method (also used in this work) is
the electron ionization (EI). For this, electrons e− emitted from a cathode are
accelerated onto the neutral molecules with energies ranging typically from 10-100
eV. Part of the kinetic energy can be transferred from the electron e− to the molecule
M which is thereby ionized:
𝑀 + 𝑒 − → 𝑀∙+ + 2𝑒 −

(3.17)

Furthermore, if enough energy is transferred to the ion, fragmentation can occur:
𝑀∙+ → 𝐴∙+ + 𝐵

(3.18)

Typical values for the electron energies used in conventional mass spectrometers are
around 70 eV.

Mass analysis
The mass spectrometers are usually divided into two categories, according to the type
of field used for the mass separation: static instruments use static electric and/or
magnetic fields, while dynamic ones use periodic fields. One of the most common
dynamic analyzer, also used in this work, is the quadrupole mass analyzer, shown in
Fig. 3.10. The analyzer behaves as “filter” where the ions are separated by the massto-charge ratio. Such filter consists of four electrical conducing rods, arranged in
parallel.

40

Fig.3.10. Schematic representation of a quadrupole mass analyzer.
The figure is adapted from http://flashahead.info/category/q/quadrupole-mass-filter.

Each opposing rod pair is connected together electrically, and a radio frequency (RF)
voltage with a DC offset voltage is applied between one pair of rods and the other. Ions
travel down the quadrupole between the rods. The resulting oscillating motion of the
ions can be described by the Mathieu equations128:
𝑑2𝑥
𝑑𝑡 2

+

𝑒
𝑚𝑖 𝑟02

(𝑈 + 𝑉𝑐𝑜𝑠𝜔𝑡)𝑥 = 0 ;

𝑑2𝑦
𝑑𝑡 2

+

𝑒
𝑚𝑖 𝑟02

(𝑈 + 𝑉𝑐𝑜𝑠𝜔𝑡)𝑦 = 0

(3.19)

The ions move in an oscillating motion through the quadrupole mass filter. For a given
parameters set U, V, ω, only ions with a fitting m/z ratio pass the filter on a stable
trajectory in the z-direction parallel to the electrodes. All other ions on unstable
trajectories leave the mass filter and are thus, not detected. During this mass selection,
the ions are not accelerated or decelerated along the z-direction.
Ion detection
For the detection of ions different detectors may be used. In our setup, a channeltron
electron multiplier (CEM) is applied as detector (see Fig. 3.11). CEM detectors are
very commonly used today due to their high temporal resolution and high signal to
noise ratio. However, CEM detectors require high vacuum conditions (< 10−6 mbar)
because of possible spark overs. CEM detectors consist of a small tube, typically made
from glass, which is coated with a highly resistive material that emits electrons. Along
the tube, a potential of ∼ 1 − 3 kV is applied. The positively charged cations are
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accelerated to the negatively charged entrance of the CEM where their impact onto the
surface leads to the emission of electrons. These are attracted by the anode on the other
side of the CEM. On their way, they create an avalanche of secondary electrons. In
this way, amplification factors of up to 108 can be achieved. When working at high
fluxes, it is important to realize that the detected signal increases with flux only up to
a certain threshold. When too many ions arrive simultaneously on the detector, the
resulting electron flux will not increase linearly. This can be circumvented by e.g.
reduction of the acceleration voltage. However, when signals of very high and very
low intensities should be quantitatively detected simultaneously, this approach is not
advantageous. In this case, one possibility is to follow the high intensity signal not on
the maximum of the mass signal, but rather on a flank.

Fig. 3.11. Scheme of an electron multiplier.The figure is adapted from
http://www.specmetcrime.com/detectors.htm.
TPD- Temperature Programmed Desorption
A powerful way of applying mass spectrometry to study desorption processes from the
surface, or decomposition reactions due to desorption of previously adsorbed species,
is Temperature Programmed Desorption. This technique is also known as TDS
(thermal desorption spectroscopy), when the experiments are performed in UHV
chambers on well-defined single-crystalline surfaces, as in the case of this work. The
working principle is quite simple: the sample, previously exposed to a gas reactant, is
linearly heated with a rate 𝛽 = 3𝐾 ∙ 𝑠 −1 resulting in a temperature ramp 𝑇 = 𝑇0 + 𝛽𝑡
(where t= time). The desorbed species and their concentrations are monitored with a
quadrupole mass spectrometer (described above).
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The analysis of TPD data gives access to the understanding of the energetics and
kinetics of adsorption. A typical TPD spectrum is a pressure-temperature curve like
the one shown in Fig. 3.12.

Fig. 3.12. Schematic temperature programmed desorption spectrum. The figure is
adapted from Ref.100

A common desorption profile is characterized by a desorption peak, indicating the
maximal concentration of the desorbing species at a certain temperature, according to
the Maxwell-Boltzmann distribution. The amount of the desorbing species is
proportional to the area of the peak, while their enthalpy of adsorption is related to the
peak position (temperature). In general, a TPD spectrum provides information about
the bond strength between adsorbate and substrate.

Fundamentals of thermal desorption spectroscopy. In a TPD-experiment, the
sample is placed in a chamber having volume 𝑉, which is pumped out at a constant
speed 𝑆, and where a gas is leaked inside at a constant rate 𝐿. At equilibrium, it is
possible to write the steady-state pressure as function of L as follows:
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(3.20)

𝐿 = 𝐾𝑆𝑝𝑒𝑞

with K = proportionally constant (𝐾 = 3.27 ∙ 1019 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 −1 , at 𝑃 = 1 𝑡𝑜𝑟𝑟 and
𝑇 = 295𝐾). If the sample is heated at constant rate, the gas pressure inside the
chamber increases due to the desorbing species. If we assume that no particles readsorb on the surface and that adsorption on the chamber walls can be neglected, the
mass balance of species leaving and coming into the chamber is given by the
adsorption and desorption processes:
𝐴

𝑑𝑁
𝑑𝑡

+ 𝐿 = 𝐾𝑆𝑝 + 𝐾𝑉

where 𝐴 is the surface area of the adsorbent,

𝑑𝑁
𝑑𝑡

𝑑𝑝

(3.21)

𝑑𝑡

is the desorption rate and 𝑝 is the

instantaneous pressure inside the chamber. Considering that 𝛥𝑝 = 𝑝 − 𝑝𝑒𝑞 , it is
possible to rewrite the eq. 3.21 as follows:
𝑑𝛥𝑝
𝑑𝑡

with 𝑎 =

𝐴
𝐾𝑉

and 𝜏 =

𝑉
𝑆

+

𝛥𝑝
𝜏

=𝑎

𝑑𝑁

(3.22)

𝑑𝑡

= characteristic pumping time. Two experimental scenarios

are possible, depending on the pumping speed: i) at small pumping speed (τ→∞), the
𝑑𝑁

desorption rate is proportional to the first derivative of pressure with time (

𝑑𝑡

∼

𝑑𝛥𝑝
𝑑𝑡

);

ii) at high pumping speed (τ→0), as in the most cases of TPD experiments, the
𝑑𝑁

desorption rate is proportional to the pressure (

𝑑𝑡

∼ 𝛥𝑝).

Analysis of desorption signals is based on treating the desorption process as a kinetic
phenomenon. In the Polanyi Wigner model, it is assumed that the rate of desorption
from a species on a surface may be written in the form:

𝑅𝑑𝑒𝑠 = −

𝑑𝜃
𝑑𝑡

−𝐸𝑑𝑒𝑠

𝑛

= 𝑛𝜃 𝑒

𝑎 )
( 𝑅𝑇

(3.23)

where 𝑅 = 8.314 𝐽 ∙ 𝐾 −1 ∙ 𝑚𝑜𝑙 −1 is the universal gas constant, 𝑇 is the absolute
temperature in K, θ is the coverage (0 ≤ 𝜃 ≤ 1), ν is the pre-exponential factor (with
good approximation 𝜈 = 1013 𝑠 −1 ), n is the desorption order and 𝐸𝑎𝑑𝑒𝑠 is the desorption
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activation energy expressed in 𝑘𝐽 ∙ 𝑚𝑜𝑙−1 . During TPD measurements, the
temperature of the sample surface is linearly increased as 𝑇 = 𝑇0 + β𝑡. Therefore, the
Eq. 3.23 can be re-written as:

−

𝑑𝜃
𝑑𝑇

=

𝜈(𝜃)
𝛽

𝑒

−𝐸𝑑𝑒𝑠
𝑎 (𝜃))
𝑅𝑇

(

𝜃 𝑛(𝜃)

(3.24)

where β is the heating rate measured in 𝐾 ∙ 𝑠 −1 . Initially the temperature increase
results in an exponential rise of the desorption rate. At the same time the coverage
decreases. The activation energy 𝐸𝑎𝑑𝑒𝑠 , the desorption number n, and the preexponential factor ν should be generally considered as functions of coverage and may,
in cases of complex kinetics (e.g., a phase equilibrium on the surface), also depend on
the desorption temperature (function of the heating rate). Therefore, the desorption
parameters can depend on the TPD experiment conditions.
The coverage θ, it is a function of the gas pressure over the sample and can be
considered using the Langmuir adsorption model129, based on the following
assumptions: i) the adsorption is localized, i.e., the adsorbed particles are immobile,
ii) the surface substrate is saturated at 𝜃 = 1𝑀𝐿, i.e., when all adsorption sites are
occupied, iii) there are no interactions between the adsorbed particles. The desorption
order, if interpreted as the molecularity of an elementary reaction, allows insight into
the nature of the rate-limiting step of the desorption process. In particular, from the
molecularity of the desorption process one can often draw conclusions about the state
of the adsorbate itself. The TPD spectra of three different adsorbate systems,
corresponding to zero-, first-, and second-order kinetics are shown in Fig. 3.13.

45

Fig. 3.13 Series of TPD curves for a zero- (a), first- (b), second-order (c) desorption
process. The figure is adapted from Ref.100

In zero-order process (n=0, Fig 3.13a) the desorption rate is coverage independent, i.e.,
constant at a given temperature. This takes place in case of quasi-equilibrium
coexistance of a 2D diluted gas of adatoms and a 2D solid phase. It also occurs at the
desorption of a homogeneous multilayer film. In the TPD spectrum, the curves for all
initial coverages have a common leading edge and a rapid drop beyond 𝑇𝑚𝑎𝑥 ; the peak
temperature 𝑇𝑚𝑎𝑥 moves to higher temperature with increasing initial coverage. In first
order kinetics (n=1, Fig. 3.13b) the desorption rate is proportional to the coverage. It
corresponds to the simplest case when single species desorb directly and indipendently
from their sites. The peak has a caracteristic shape with the temperature peak
𝑇𝑚𝑎𝑥 remaining constant with increasing coverage. In second order processes (n=2,
Fig.3.13c), the desorption rate is proportional to 𝜃 2 . It is the case of recombinative
desorption, where the desorbing molecule originates from two species residing initially
at separate sites. Here, the peak is nearly of symmetric shape and the peak temperature
𝑇𝑚𝑎𝑥 moves to lower temperature with increasing coverage.
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There are three main methods that have been used to determine the desorption
activation energy, the prefactor and the order of desorption in TPD-experiments:
Redhead’s analysis, leading edge analysis and complete analysis.
Readhead’s Analysis. This analysis takes its name after P.A. Redhead, who in 1962
derived a simple relation between the desorption activation energy 𝐸𝑎𝑑𝑒𝑠 , the peak
maximum temperature 𝑇𝑚𝑎𝑥 and the desorption order 𝜈 130. He assumed that activation
parameters are independent from the surface coverage and that the desorption process
follows the first order
The maximum in the desorption rate occurs for −

𝑑2𝜃
𝑑𝑇 2

= 0. In the case of 𝑛 = 1, the

desorption rate equation can be solved as follows:
𝐸𝑎𝑑𝑒𝑠
2
𝑅𝑇𝑚𝑎𝑥

𝜈

𝐸𝑎𝑑𝑒𝑠

𝛽

𝑅𝑇𝑚𝑎𝑥

= 𝑒𝑥𝑝 (−

Solving the eq. 2.25 for 𝐸𝑎𝑑𝑒𝑠 , we obtain:
𝐸𝑎𝑑𝑒𝑠 = 𝑅𝑇𝑚𝑎𝑥 (𝑙𝑛

𝜈𝑇𝑚𝑎𝑥
𝛽

(3.25)

)

− 𝑙𝑛

𝐸𝑎𝑑𝑒𝑠
𝑅𝑇𝑚𝑎𝑥

(3.26)

)

The second term in brackets is small relative to the first and is estimated as 3.64. The
error introduced through this estimate is less than 1.5% for 108 <

𝜈
𝛽

< 1013 𝐾 −1 .

With this assessment, the relation between 𝐸𝑎𝑑𝑒𝑠 and 𝑇𝑚𝑎𝑥 can be written as follows:
𝐸𝑎𝑑𝑒𝑠 = 𝑅𝑇𝑚𝑎𝑥 (𝑙𝑛𝜈𝑇𝑚𝑎𝑥 − 𝑙𝑛𝛽 − 3.64)

(3.27)

The Redhead method is often employed to extract activation energies from a single
peak desorption spectrum in processes characterized by first order desorption.
Leading Edge Analysis. This analysis was first introduced in 1984 by Habenschaden
and Küppers131. According to them, this method is based on the assumption that in
small temperature range the variation of ν can be neglected and θ is close to the initial
coverage. The leading edge of the TPD curve fits the Polanyi-Wigner equation (see
3.25). The desorption rate is proportional to the intensity of the TPD trace. Desorption
is an activated process that obeys the Arrhenius equation and, therefore, we can write:
𝑑𝑒𝑠

𝑅𝑑𝑒𝑠 = 𝐴𝜈𝜃 𝑛 𝑒
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𝐸𝑎
(− 𝑅𝑇
)

(3.28)

where A is a proportionally constant. Taking logarithms of both sides of this equations
leads to:
𝑙𝑛𝑅𝑑𝑒𝑠 = 𝑙𝑛𝐴 + 𝑙𝑛𝜈 + 𝑛𝑙𝑛𝜃 −

𝐸𝑎𝑑𝑒𝑠
𝑅𝑇

(3.29)

1

Plotting 𝑙𝑛𝑅𝑑𝑒𝑠 versus , an Arrhenius plot with the slope 𝐸𝑎𝑑𝑒𝑠 is obteined. It is also
𝑇

possible to determine the desorption order. In TPD experiments it is not possible to
measure the absolute coverage, however integrating the area under the TPD peaks
gives a relative coverage 𝜃𝑟𝑒𝑙 . The eq. 3.29 can be rewritten considering 𝜃 = 𝜃𝑟𝑒𝑙 :
𝑙𝑛𝑅𝑑𝑒𝑠 = 𝑙𝑛𝐴 + 𝑙𝑛𝜈 + 𝑛𝑙𝑛𝜃𝑟𝑒𝑙 −

𝐸𝑎𝑑𝑒𝑠
𝑅𝑇

(3.30)

Plotting 𝑙𝑛𝑅𝑑𝑒𝑠 versus 𝑙𝑛𝜃𝑟𝑒𝑙 at a fixed temperature, the order of desorption will be
given by the gradient of this plot.
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Complete Analysis. This approach was introduced by King in1975132. The Fig. 3.14
shows the procedure.

Fig. 3.14 Complete analysis of TPD data. (a) The spectra are integrated to etermine
points on the spectra corresponding to a fixed coverage. (b) A pair of (𝑅𝑑𝑒𝑠 , T) values
for every desorption trace are given, from which an Arrhenius plot is made. (c) The
slope yields the activation energy. The figure is taken from Ref.40

A coverage is chosen (e.g. 0.15 ML); the points corresponding to 𝜃 = 0.15𝑀𝐿 on all
TPD curves are found. This gives a pair of (𝑅𝑑𝑒𝑠 and 𝑇) values from every curve with
1

initial coverage larger than 0.15 ML. An Arrhenius plot of all 𝑙𝑛𝑅𝑑𝑒𝑠 versus values
𝑇

for this particular coverage yields 𝐸𝑎𝑑𝑒𝑠 . The prefactor follows from the intercept
𝑛𝑙𝑛𝜃 + 𝑛𝑙𝑛𝜈(𝜃), when the order of desorption is known. For coverage above 0.1 ML
the term 𝑛𝑙𝑛𝜃 is much smaller than 𝑛𝑙𝑛𝜈(𝜃), and can be ignored. The pre-exponential
factor can be regarded as representing the frequency of attempts of the adsorbed
particle to escape the chemisorptive potential. The values determined vary by at least
four orders of magnitude, from 1012 to 1016 s-1.
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3.3.4

Low Energy Electron Diffraction (LEED)

LEED is a very useful technique to determine both the surface structure and symmetry
of a given crystal and of adsorbate-superstructures. The base principle of this technique
is the electron diffraction. Upon bombardment of crystalline solids with electrons
accelerated by a low voltage (typically below 300 V) to a constant velocity, diffracted
electrons spots on a fluorescent screen are observed. Due to the different interatomic
and interplanar distances in crystalline materials, the electron diffraction patterns are
characteristic for a specific crystallographic structure.
As predicted by De Broglie in 1921, every moving particle has a wave-like nature and,
therefore, electrons can undergo diffractions or interference. Combining the De
Broglie’s equation for the electron wavelength, the momentum p and the dependence
of the wavelength from the kinetic energy, a relation between the beam voltage and λ
is established:
𝜆=

ℎ
𝑝

=

ℎ
√2𝑚𝐸𝑘

=

ℎ
√2𝑚𝑒𝑉

(3.31)

where λ is the wavelength, 𝑚 = 9.11 ∙ 10−31 𝑘𝑔 is the electron mass, ℎ = 6.626 ∙
10−34 𝐽 ∙ 𝑠 is the Planck constant, 𝐸𝑘 is the kinetic energy of the electron, 𝑒 = 1.6022 ∙
10−19 𝐶 is the electron charge and V is the beam energy.
As shown in the universal curve133 in Fig. 3.15, the inelastic mean free path (IMFP) of
electrons in a solid strongly depends on the beam energy rather than on the chemical
identity of the solid. A typical LEED voltage is in the range between 20𝑉 and 200𝑉
which, according to the Eq. (3.31), corresponds to 𝜆 < 3Å. This is in the order of
interatomic distances in a crystal lattice and is small enough to probe only the first 34 atomic layers: electrons scattered from deeper layers play no role in the observation
of interference patterns on a luminescent screen opposite to the sample.
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Fig. 3.15 Universal curve of electron mean free path in solid matter. The figure is
adapted from Ref. 41.

The Fig. 3.16 shows how LEED patterns can be created using a geometric construction
known as the Ewald sphere. The real space atomic positions in a crystal lattice are
given by a vector 𝐹 . Another vector 𝐺 is defined as the reciprocal lattice. 𝐹 and 𝐺 are
related to each other as follows:
𝑒 𝑖𝐹𝐺 = 1

(3.32)

Note that the component of 𝐹 perpendicular to the surface is inherently zero. Hence,
the corresponding component of 𝐺 has an infinite length, as indicated by the dashed
parallel lines in Figure 3.16. Diffraction spots are observed, where this vector
intersects with the Ewald sphere, which is explained in the following. The incident
electron beam has a wavevector, ⃗⃗⃗⃗
𝑘0 ,
⃗⃗⃗⃗0 | = 2𝜋
|𝑘
𝜆

(3.33)

which is scattered from the sample. The scattered wavevectors ⃗⃗⃗⃗⃗
𝑘𝑖𝑗 (𝑖, 𝑗 Є ℤ), have the
same length as ⃗⃗⃗⃗
𝑘0 . Both ⃗⃗⃗⃗
𝑘0 and ⃗⃗⃗⃗⃗
𝑘𝑖𝑗 are radii of the Ewald sphere. The difference vector
between ⃗⃗⃗⃗
𝑘0 and ⃗⃗⃗⃗⃗
𝑘𝑖𝑗 , 𝛥𝑘⃗, is called scattering vector. Scattered electrons undergo
constructive diffraction if the path difference between electrons coming from different
atoms is equal to a multiple number of the wavelength (Bragg condition for
constructive interference):
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2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆

(3.34)

where d is the distance between two adjacent lattice layers, θ is the angle between the
incident beam and the surface, and n is an integer number. Bragg’s/ or the Bragg
condition is satisfied where the Ewald sphere intersects with the reciprocal lattice:
𝛥𝑘⃗ = 𝐺
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(3.35)

Fig. 3.16 Basic principles of LEED and Ewald sphere.
The figure is adapted fromRef134.

LEED Setup. The experimental setup of LEED is depicted in the left part of Figure
3.16. The standard LEED apparatus comprises a hemispherical fluorescent screen and
an electron gun aligned along the central axis of the screen. A current is applied to a
filament made of low work function metals (LaB6, W or Ir) to accelerate electrons
towards the sample. To avoid deflection of the electron beam by the residual magnetic
fields, the optics are covered by an anti-magnetic shield, which is made from μ-metal.
The typical value for the beam voltage is 70 V throughout this work, because then the
screen shows the equivalent of the first Brillouin zone, which is the reciprocal of the
real space lattice unit cell. The beam is focused by electrostatic lenses and reflected
from the sample toward a luminescent screen. Before they are registered at the screen,
they pass a repelling electrode, which is set to the beam acceleration potential (V in
equation 3.31), in order to deflect background electrons. Beyond this stage, the
electrons are accelerated by a potential of typically 6 kV to produce a pattern of
sufficient brightness.
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3.4

Experimental Setup

All the experiments described in this work (Chapter 5, 6, and 7) were performed at the
Fritz-Haber-Institut der Max-Planck-Gesellschaft in Berlin. Fig. 3.17 shows the ultrahigh vacuum molecular beam/IRAS apparatus used (the details of the chamber can be
found elsewhere108).

Fig. 3.17. A schematic illustration (adapted from Ref.30) of the molecular beam/IRAS
setup (a). The cartoon in (b) illustrates the chamber on the bottom of the setup,
containing the two effusive beams, the supersonic beam, the infrared spectrometer and
a mass spectrometer. A picture of the entire system is showed in (c).

A vacuum Fourier-Transform Infrared (FT-IR) spectrometer (Bruker IFS 66v/S) with
a spectral resolution of 2 cm-1 was used with a mid-infrared (MIR) polarizer to select
the p-component of the IR light.
The TPD experiments were performed with a commercial QMS (Hiden 301), using a
heating rate in each run of 3 K/s.

54

The reactants used for the adsorption/desorption experiments were supplied via an
effusive doubly differentially pumped molecular beam to exactly control the exposure.
The acquisition of the IRA spectra was performed at the dosing temperature.
In particular, the following reactants were used:
-

Water (Deuterium Oxide “100”, min. 99.96% D, Sigma-Aldrich; Deuterium
Oxide labelled with 18O, 95% 18O, 99% D, Sigma-Aldrich; ultrapure water,
deionized and distilled H2O);

-

Carbon dioxide (CO2, Linde; Carbon-13C Dioxide, min 99 atom %
Campro Scientific; Carbon Dioxide-18O2, 97 atom %

18

13

C,

O, Campro

Scientific);
-

Carbon monoxide (CO, Linde);

-

O18-labelled magnetite (Fe3O184(111)) was prepared using O18-gas, purity of
97 %, from Campro Scientific. The water was adsorbed on the surface in
the temperature range between 120 and 350 K, and the acquisition of the
IRA spectra was performed at the dosing temperature.

55

4.

CO Adsorption on Fe3O4(111): Surface Termination
4.1

Introduction

Iron oxides have significant relevance in many technological applications, being for
example an important active phase in iron-based catalysts for Fischer-Tropsch
processes, water-gas shift reaction, etc.135,136. It is of high interest to understand the
oxide surface structure and adsorption studies of probe molecules may be helpful in
this sense. A variety of sites may exist on a metal oxide surface, i.e. coordinatively
unsaturated cations, surface anions, and cation-anion pairs. Thus, several adsorption
modes may exist. In the specific case of reducible oxides such as hematite and
magnetite, choosing the right probe molecule for the adsorption study might is
therefore critical. The chemistry of molecules like water and/or hydrocarbons is rather
complex and processes such as temperature-dependent decomposition of the adsorbed
molecule may occur22. With the use of carbon dioxide as probe molecule, it is possible
to avoid these issues because it does not decompose on the surface and also its
adsorption properties can be directly related with the surface structure of the oxide.
CO adsorption on magnetite, has been extensively studied both theoretically and
experimentally. The first TPD study was performed in the early 80s, when Udovic and
Dumesic reported that CO does not chemisorb on magnetite at low temperature (150
K), but only weakly binds, giving rise to carbonyl species on the surface with a heat
of adsorption of 46 kJ/mol83. These results are in disagreement with later studies
performed by Watanabe and Kadowaki who showed that magnetite is indeed very
reactive towards CO137. Experiments on the water-gas shift reaction performed by
Rethwisch and Dumesic138 suggested that CO can be oxidized by the adsorbed oxygen
atom on the magnetite surface. Later on, Tinkle and Dumesic139 proposed that the
adsorption of CO occurs on coordinatively unsaturated cations sites, whereas the anion
sites are reduced by the carbon monoxide. These results were questioned by Lemire et
al. who studied the CO adsorption on thin Fe3O4(111) films by using temperatureprogrammed-desorption and found that the surface does not suffer from reduction by
carbon monoxide22. Huang et al.136, provided a density functional theoretical
investigation on the CO adsorption on Fe3O4(111), focusing on the difference between
Feoct2- and Fetet1- terminated surfaces. They predicted a more favored adsorption for
the CO molecule on Feoct2- terminated magnetite. On both surfaces the on-top
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configuration seems to be the preferred. The presented literature overview displays
some discrepancies on the way how magnetite reacts towards CO, presumably related
with the difference of the experimental conditions and possibly film preparation.
The latter studies136,22 are an example of using CO adsorption as a way to characterize
and clarify the surface termination of Fe3O4(111) surfaces. Indeed, although the (111)
surface of Fe3O4 (magnetite) has been investigated for more than twenty years,
substantial controversy remains in the literature regarding the surface termination33,40.
It seems like the main controversy regarding the Fe3O4(111) surface termination
originates from LEED and DFT studies, suggesting Fetet1-terminated surface as the
most stable, and adsorption studies (in particular of CO and water) rationalized in
terms of Feoct2 terminated surface in the outermost layer140. In order to give a unified
picture on the CO adsorption on magnetite surfaces and also shed light on the question
of surface termination of Fe3O4(111), CO adsorption studies on (111) and (001)
oriented thin films, using in-situ infrared reflection absorption spectroscopy and
temperature programmed desorption experiments, were performed in this work. The
obtained experimental results were then rationalized on the basis of theoretical
calculations. The outcome of this combined experimental and theoretical approach (the
details will follow in this chapter) allowed to determine that the Fe3O4(111) surface is
terminated by 1/4 monolayer of tetrahedrally coordinated Fe3+ ions on top of a closepacked oxygen layer, as previously determined by low energy electron diffraction14.

4.2

Surface Preparation

The preparation of the Fe3O4(111) film is critical to understand the CO adsorption
results and link them with the surface termination. Prior to use, the Pt(111) substrate
was cleaned by repeated cycles of Ar+ ion bombardment at room temperature,
annealed at 1200 K and oxidized in 1·10-6 mbar O2 at 1000 K. In the first step of the
film growth, an ultrathin FeO(111) film was prepared33 on a Pt(111) substrate, by
deposition of 1 ML Fe at room temperature and then annealing at high temperature
(1000 K) in 5∙10-7 mbar O2 atmosphere. The evaporation rate of Fe (~1 Å/min) was
calibrated by a quartz-crystal microbalance (QCM, Sigma instruments). The quality of
the FeO layer is easy to be checked by LEED, but also CO titration of Pt was used.
After that, Fe3O4(111) is grown by 3-5 cycle of Fe deposition onto the Pt substrate
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(kept at room temperature), followed by an oxidation step at 900 K for 5 minutes. In
the final steps, the oxidation procedure is performed at slightly higher temperature
(950-1020 K). The oxygen atmosphere is kept in the chamber also during the cooling
process and pumped down at 500 K. The above described film preparation allowed us
to grow ~50 Å thick Fe3O4(111) films.

4.3

Results and Discussion

The adsorption of CO at different exposures on well-ordered Fe3O4(111) films was
performed dosing carbon monoxide at low temperature (100 K). Fig.4.1a shows the
infrared spectra recorded as function of coverage upon CO adsorption on magnetite,
until saturation is reached. At saturation, it is possible to see that the CO chemisorbs
on Fe3O4(111) giving rise of three main vibrational features, indicated in the figure as
, , and  As the figure clearly shows, these peaks are coverage dependent and their
trend will be discussed below.
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Fig. 4.1. a) Infrared spectra of CO adsorbed at low temperature (100 K) on
Fe3O4(111) surface as function of coverage. b) TPD recorded after CO adsorption on
Fe3O4(111) surface at 100 K.

When a small amount of CO is adsorbed on Fe3O4(111) at low temperature, the IRAspectrum shows a very sharp peak centered at 2211 cm-1 and a very broad and tiny
feature at around 2136 cm-1, referred in the figure as  and  respectively. As the CO
coverage increases, both peaks gain intensity and undergo red-shift. However, while
in the case of the  peak the shift is very small and most likely due to a coverage effect
(see Chapter 3, Section 3.3.2 for more details), the  peak seems to correlate to a
broader range of frequency which go from 2136 cm-1 to 2111 cm-1 (∼25 cm-1 separation
between the two extremes). In the high coverage regime, a new feature centered at
around 2097 cm-1 appears, which is labelled as  in the figure. The IRA adsorption
features correlates well with the desorption peaks obtained when a temperature
programmed desorption experiment is run on the same sample, after CO saturation is
reached on the surface (~40∙1013 CO molec.∙cm-2). The latter experiment is shown in
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Fig.4.2. According to the IRA-experiment, the TPD spectrum shows three main
desorption features at around 120 K, 180 K, and 230 K. It must be mentioned that the
experiment shown in Fig.4.1b may suffer from low resolution because the mass
spectrometer used (described in Section 3.4, Chapter 3), is not equipped with
differential pumping stage. However, the results are in very good agreement with what
was observed in an earlier study done by Lemire et al.22, and also in one of our recent
works140 where the same experiment was repeated using a setup especially designed
for TPD experiments. According to them22,140, the three desorption peaks in Fig. 4.1a
can be assigned to the IRA features as follows. The sharp peak at 2211 cm-1, indicated
as  desorbs around 230 K; the  peak, which is consistent with a wider range of
frequencies, shows a broad desorption feature centered at around 180 K; finally, the 
correlates with the sharp desorption peak at 120 K.
As already mentioned, a very similar investigation was performed in 2004 by Lemire
et al.22 The study presented in this work shows some similarities with the previous one
in the vibrational as well as in the desorption spectra, although the peak assignment
and the general interpretation of the experimental data differs substantially. In
particular, in the earlier study the infrared peak that here is assigned to  was
attributed to a very weak band showing frequency at 2141 cm-1, which is a value very
close to the CO vibration in the gas phase (2143 cm-1). However, in the experiments
done for this work, no tiny 2141 cm-1 peak has been observed. The reason for that
might be the surface preparation. For this purpose, several different samples were
prepared during this work, following the procedure illustrated in the Section 4.2 of this
Chapter and all of them showed reproducible IRA and TPD spectra. It was, though,
noted that the intensity of the  and  features is very sensitive to the surface
preparation and varies randomly from sample to sample, even though no differences
in the LEED pattern are observed.
Fig. 4.2 shows an interesting comparison of the TPD spectra obtained after CO
adsorption on Fe3O4(111) and F3O4(100). Before drawing any conclusions on the
spectra showed in the figure, it must be pointed out that these spectra were performed
in a different chamber equipped with differential pumping stages and, therefore, the
peak resolution is definitely higher. Despite that, it is clear that both sets of
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experiments are in good agreement with each other, and therefore the results from the
two chambers can be correlated.
As depicted in Fig. 4.2, while from the (111) surface CO desorbs giving rise to the
three desorption features discussed above, on the (100) facet it is possible to observe
only the  state, whereas the  and  features are not present. Unlike the Fe3O4(111),
the F3O4(100) surface structure is known with a high degree of precision and both thin
films and single crystals, expose an almost defect-free uniform and homogeneous
surface40,33,21. According to this, the fact that the CO TPD in the case of the (100) does
not show the  and  desorption states might mean that are indeed the surface
imperfections the responsible for these two features in Fe3O4(111).

Fig. 4.2. TPD of CO adsorbed at 90 K on Fe3O4(111) -blue spectrum- and on
Fe3O4(100) -red spectrum- surfaces. This TPD experiment was performed by Eman
Zaki at the Fritz-Haber-Institut der Max-Planck-Gesellschaft in Berlin.

61

Another experimental evidence supporting this hypothesis is given by the CO coverage
estimation on our Fe3O4(111) film. A quantification can be done comparing the
desorption spectra for the  and  states with the CO TPD for the bare Pt(111) prior to
film growth. This experiment is shown in Fig. 4.3.

Fig. 4.3. TPD spectra of CO adsorbed on Fe3O4(111) – black line - and on bare
Pt(111) – red line. It must be noted that the envelope of the TPD profile showed in this
figure is quite consistent with the one showed in Fig. 4.2 which was performed in a
different UHV setup. The reproducibility and consistency of these data in two different
systems allows to safely cross-correlate them.

The CO adsorption on Pt(111) has been widely investigated in the past141,142, and it is
well known that CO exhibits a c(4x2) structure at CO density of 7.5∙1014 molec.∙cm-2.
Using this value for the calibration, defining one monolayer (ML) as 1ML = 3.2∙1014
molecules ∙ cm-2 (corresponding to one molecule per Fe3O4(111) surface unit cell), the
CO coverage on magnetite corresponding to the integral area of the  and  desorption
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peaks is consistent with ~0.25 ML. The latter value is very small to be associated to
adsorption on a regular surface and it seems more likely to account for CO adsorbed
on defects sites.
In order to use the outcome from the CO adsorption/desorption experiments towards
understanding the surface termination of our Fe3O4(111) film, a density functional
theory study was required. The DFT calculations were performed by Xiaoke Li and
Dr. Joachim Paier (Humboldt University, Berlin) and the details of this study can be
found in140 and references therein. Here, only the relevant points will be discussed in
order to reach a unified picture between experiments and theory.

Fig. 4.4. Comparison between observed (black) and calculated (red) vibrational
frequencies of CO adsorbed on Fe3O4(111) (a). Calculated structures for CO
adsorbed on a regular Fetet1, on regular Feoct2, and on step edges of type A and B
displayed by structure 1, 2, 3 and 4 respectively (b). Color code: the Feoct2 and Fetet1
ions are dark and light blue, respectively; the lattice oxygen is red; the oxygen in Oad-layers (structures 3 and 4) is orange; the carbon is black; the oxygen in CO is dark
red.

Four structures have been calculated as a result of the CO adsorption on regular
tetrahedrally terminated surface (Fetet1), on regular octahedrally terminated surface
(Feoct2) and on two different types of step edges (A and B types22,143). These structures
and the corresponding calculated vibrational frequencies compared with the
experimentally observed one are shown in Fig. 4.4. The calculation for CO adsorbed
on an octahedrally terminated surface (structure 2) shows a CO-stretching at 2049 cm1

. This value is red-shifted compared to the CO stretching in the gas phase and this is
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essentially due to the back-donation from metal d-bands to the unoccupied 2π*
molecular orbital of CO. Since the 5σ orbital is only weakly bonding, but the 2π*
orbital has strong antibonding character, the population of the 2π*-MO weakens the
CO internal bond, which lead to the red shift in the frequency126,144. Form the
thermodynamic point of view, CO strongly adsorbs on Feoct2 with adsorption energy of
~ -103 kJ/mol. Using this energy value in the classical Redhead analysis130 to calculate
the corresponding desorption temperature, a value of Tdes= 400 K is obtained. As Fig.
4.2 shows, this value is quite out of the range of the desorption temperatures that we
have measured experimentally with TPD. According to this calculation and together
with the experimental evidences an octahedrally terminated surface can be ruled out.
The calculated structure indicated as structure 3 represents a CO on a type A-defective
surface (with an oxygen layer on top of the Feoct2), having a stretching frequency of
2200 cm-1. This feature, which is blue-shifted in comparison with the free CO
stretching frequency, fits very well the observed  peak (observed experimentally at
2211 cm-1). The blue-shift can be explained by the known “wall effect”145. When CO
is adsorbed on an ionic surface and vibrates without moving its center of mass from
the surface, the carbon lone pair gets closer to the surface thus increasing the Pauli
repulsion and the potential well in this region. This results in a blue shift of the
vibrational frequency. The last two structures, 1 and 4, represent CO adsorbed on a
regular Fetet1 surface and on a Fe-rich step edge (B-type) respectively. The
corresponding vibrational frequencies for these two models are 2105 cm-1 and 2120
cm-1 and both fall in the experimentally observed spectral region between 2136 and
2090 cm-1 which exhibits more complicated features. The assignment is more complex
but based on the relative peak positions and on what we have learned earlier from the
TPD studies, it is reasonable to correlate the  peak with the CO adsorbed on a B-type
defective surface. Thus the  peak, present only at low temperatures, is assigned to
CO adsorbed on regular tetrahedrally terminated surface (Fetet1).
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4.4

Conclusions

Carbon monoxide can be used as probe molecule to study the surface structure of iron
oxides because it does not undergo decomposition and also its adsorption properties
can be directly correlated with the adsorption sites on the surface itself. A combination
of experimental techniques such as IRAS and TPD as well as theoretical calculations,
allows the characterization of the Fe3O4(111) surface leading to an unified picture. By
following the preparation procedure of the iron oxide described in Section 4.2, it is
possible to obtain a well-ordered film terminated by a 1/4 monolayer of Fetet1 ions over
close-packed oxygen layer. This study highlights the important role of surface
preparation and exposure conditions as well as defects. Having a clearer idea about the
surface termination of Fe3O4(111) is the first step towards understanding the initial
stage of water adsorption on magnetite. There is indeed certain controversy in the
literature on the interaction between water and Fe3O4(111) which can be substantially
attributed to the difficulties to prepare well-defined uniform surfaces. A detailed study
on the adsorption of water on magnetite, rationalized in terms of tetrahedrally
terminated surface will be the subject of the next chapter.
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5.

Water Adsorption on CO Adsorption on Fe3O4(111)
5.1

Introduction

The all-presence of water and oxide surfaces in nature and their extensive application
in heterogeneous catalysis, photo- and electro-chemistry, renewable energy production
and storage, etc., make them a subject of study of enormous scientific and practical
importance. Iron oxide is the most abundant class of oxides on earth and, therefore,
the understanding of the interaction between water and iron oxide is interesting and
essential. Iron is a multivalent element which can form oxides having different
stoichiometry and surface terminations33,22,40. Hence, by choosing the appropriate
preparation conditions, it is possible to finely tune the physical and chemical properties
of the final material. It is possible to find in the literature a considerable number of
studies on the interaction of water with different metal oxides. Indeed, adsorption
studies have been performed at atomistic level on model surfaces such as TiO24–150,
MgO151, ZnO152,153, Fe3O465,67,68,70,71, Fe2O3154, RuO2155, CaO156, SrTiO3157, and others.
The latter studies, mainly employing imaging techniques and theory, largely
contributed towards the understanding of the water interactions with oxides and some
systematics in the water adsorption process as a function of coverage are observed.
However, a detailed atomistic mechanism of this interaction on transition metal oxides
is still lacking and, where present, controversial. Indeed, as already mentioned in
Chapter 2, the comprehension of the initial stage of water adsorption and dissociation
remains an open question. In the case of water adsorption on Fe3O4(111), the main
disagreement can be found between a general accepted model – also known as
“classical model”- proposing water dissociation on a tetrahedrally terminated
surface67,68,70, and a more recent study invoking an octahedrally terminated surface to
explain the formation of a water complex from the onset upon adsorption on the
surfaces51. Hence, in the first study the water molecule dissociates on the surface
giving rise of two hydroxo-species, OwH-Fe and OsH, where Ow and Os indicate
oxygen atoms in water and on the oxide surface, respectively. In the second study, the
water spontaneously assembles in a complex formed by dissociated and nondissociated molecules, known as “half-dissociated dimer”. The main origin of this
controversy is related to the difficulties of preparing well-defined, uniform and clean
66

surfaces. Also, surface imperfections are hard to quantify using LEED, conventionally
employed to evaluate the quality of the prepared film. Our recent work, explained in
detail in Chapter 4, allowed us to prepare a well-characterized Fe3O4(111) with a
tetrahedrally terminated surface, eliminating such discrepancy. In particular, it looks
like the annealing step in ultra-high vacuum at high temperature (above 750 K) during
the surface preparation plays a crucial role for the formation of a uniform Fetet1terminated surface.
In this chapter we present the initial stage of water adsorption on a well-defined
Fe3O4(111) surface – prepared using the knowledge learned in Chapter 4. In particular,
combined IRAS and TPD data revealed that water readily dissociates on the surface to
form two hydroxyl species. The first, OwD, contains an oxygen atom from the water
itself and sits on top of a Fe cation; the second, OsD, derives from a D atom from the
water and an oxygen from the surface lattice. These species act as anchors for
molecular water adsorption ultimately giving rise to a long-range ordered structure.
The results were rationalized by DFT calculations in the framework of cooperative
formation of the hydrogen bonding network.
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5.2

Low Coverage Regime

The study of the water adsorption on magnetite has been performed adsorbing D2O on
the surface at several temperatures and recording the IRA spectra as function of
coverage. Fig. 5.1 shows the water behavior at 300 K, corresponding to a very low
coverage.

Fig.5.1. IRA spectra of D2O adsorbed on Fe3O4(111) as function of coverage (black).
Each water pulse corresponds to a dose of 6∙1013 molec.∙cm-2. The red and the blue
spectra correspond to D2O adsorbed on Fe3O4(111) at 320 K and 350 K respectively
(dosage = 2.4∙1014 molecules∙cm-2).
At 300 K, D2O adsorbs on the surface giving rise of two sharp peaks, at 2723 cm-1 and
2680 cm-1 respectively. These features grow together and saturate almost immediately.
Although the peaks appear together, adsorption experiments performed at higher
temperature indicate that their behavior is independent. Hence, the lower frequency
peak remains up to temperatures as high as 350 K, while the 2723 cm-1 peak disappears
above 320 K. Based on this observation, we can tentatively assign the 2680 cm-1 peak
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to water adsorbed on defects sites. Instead, the peak at 2723 cm-1 falls in the range of
the frequencies calculated for an OD group on top of a Fe cation74. More information
can be obtained by looking at higher coverages. Fig.5.2a shows the case of D2O
adsorption on magnetite at 250 K. It is clear that, even if the spectrum after the first
D2O pulse looks similar as for the adsorption at 300 K, at higher water dosage the
picture changes. It seems that the higher frequency peak exhibits a red shift whereas a
blue-shift is observed for the lower frequency peak. Also, a new broad band appears
at 2569 cm-1, which falls in the frequency range for hydrogen bonded species.

Fig.5.2. a) IRA spectra of D2O adsorbed on Fe3O4(111) as function of coverage at 250
K. Each water pulse corresponds to a dose of 6∙1013 molecules∙cm-2. b) Spectra in Fig.
5.2a superposed. c) Integral intensity of deconvoluted peaks as function of water
dosage.
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The superposition of the spectra in Fig.5.2a is shown in Fig.5.2b and provides a closer
look into the details of the spectra evolution. In the case of the higher frequency peak,
not only a small red shift is observed, but also a new feature shows up as a shoulder at
2714 cm-1, and grows as the coverage increases. On the other hand, the feature
observed at 2680 cm-1 is present for the first pulses but disappears as the water dosage
increases. At the same time, a new peak at 2689 cm-1 appears. The trend of the integral
intensities of the above-mentioned peaks is shown in Fig. 5.2c. Although the
deconvolution may suffer from a low signal-to-noise ratio, it is reasonable to say that
the features at ~2723 cm-1, 2714 cm-1, and 2689 cm-1 have all the same tendency and,
therefore, they may have the same origin. Also, keeping in mind the information
learned from the superimposition of the spectra and the deconvolution of the integral
peak intensities, when looking more carefully at the Fig. 5.2a, an inverse correlation
between the broad 2569 cm-1 feature and the 2680 cm-1 peak can be found. Earlier the
latter peak was tentatively assigned to water adsorbed on defects sites. If this
assignment is correct, the 2569 cm-1 band might be related to further water interaction
with the pre-existing OD on defects sites responsible for the 2680 cm-1 feature.
It is shown that, as the coverage increases, the spectral evolution becomes harder to
rationalize. A better understanding of the peak shifts can be achieved by performing
isotopically labelled experiments. Different experiments using isotopes were used for
this purpose. First, H2O was adsorbed on a single-pulse D2O-precovered Fe3O4(111)
at 250 K. The comparison between the above-mentioned experiment and the behavior
of pure H2O on the surface at the same temperature conditions is shown in Fig. 5.3a,
in the blue and black spectra, respectively. The pure water on the magnetite surface
(black spectra) nicely reproduces the coverage-dependence behavior also found for
D2O. In particular, H2O adsorbs on the surface showing initially two main features at
3690 cm-1 and 3634 cm-1. As already observed for heavy water (Fig. 5.2a), with
increasing coverage the lower frequency band attenuates and then disappears at the
same time as a band at 3641 cm-1 shows up. Meanwhile, the higher frequency band
slightly undergoes red shift and a new feature at 3682 cm-1 starts appearing as a
shoulder on the pre-existing 3690 cm-1 peak, and gains intensity as the coverage
increases. When the surface is pre-covered with a single pulse of D2O (corresponding
of a dosage of 0.6 molec.∙1014∙cm-2) the first signals are the already familiar peaks at
2722 cm-1 and 2681 cm-1. Upon H2O exposure on the D2O pre-covered surface, the
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spectral evolution appears different as compared with the pure H2O behavior. Indeed,
the two features at 3682cm-1 and 3641 cm-1, which in the case of pure H2O develop
later at high coverage, show up immediately. Likely, the first D2O pulse generates on
the surface OD species that are the equivalent of the OH-features having frequency at
3690 cm-1 and 3634cm-1. Therefore, it can be stated that the species coming from the
H2O interact with the pre-existing OD-species formed upon D2O pre-coverage of the
surface. Interestingly, also the peaks related to the first D2O pulse undergo shifts as in
the case of pure D2O shown in Fig.5.2a, even if no heavy water is added to the surface.
However, the formation of new OD species on top of the pre-existing ones is not
possible because no D2O is added to the surface. Therefore, the observed shift can be
interpreted as result of a coverage induced effect.

Fig. 5.3. a) H2O adsorption on a single-D2O pulse pre-covered Fe3O4(111) surface at
250 K (light blue spectra), compared with the pure H2O adsorption on the clean
magnetite surface (black spectra). b) D2O adsorption on a single-H2O pulse precovered Fe3O4(111) surface at 250 K (light blue spectra), compared with the pure D2O
adsorption on the clean magnetite surface (black spectra). Each pulse of D2O or H2O
corresponds to a dosage of 0.6 molec.∙1014∙cm-2.
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Fig.5.3b shows a similar experiment, executed adsorbing D2O on a single-H2O pulse
pre-covered magnetite surface at 250 K (blue spectra in the figure), and compared with
the pure D2O adsorbed on the clean surface (black spectra). It is not surprising, that
the outcome of this experiment is analogous to what has been observed already in Fig.
5.3a. Thus, the pre-adsorbed water induces the suppression of the first D2O features
(2723 cm-1 and 2681 cm-1), and the OH signals shift accordingly because of the
coverage effect. On the basis of the latter evidence, the following observation can be
made: in the low coverage regime, the scenario is characterized by the progressive
formation of hydroxo-species whose increasing coverage induces frequency shifts. As
mentioned in the Section 3.3.2 of Chapter 3, frequency shifts in infrared spectroscopy
can be caused by both dynamic dipole-dipole interactions of neighbor molecules and
synergy with the metal oxide support.
Further IRAS experiments using isotopic labelling of oxygen in D2O as well as in the
iron oxide film were carried out, in order to identify the nature of the sharp peaks. Fig.
5.4 shows the comparison between the D2O adsorption on a regular Fe3O4(111) (black
spectrum), with, on one hand, the double labelled water D2O18 adsorbed on regular
magnetite (red spectrum) and, on the other hand, the “regular” D2O on O18-labelled
Fe3O184(111) (blue spectrum). Clearly, upon D2O18 dosage on Fe3O4(111), the 2720
cm-1 peak undergoes shift of about 17 cm-1. Additionally, when D2O is adsorbed on
iron oxide prepared with O18, the just above-mentioned peak does not shift, but the one
usually centered at 2688 cm-1 exhibits a blue shift. This is a strong indication that the
higher frequency peak (2720 cm-1) is related to a terminal Fe-OwD species coming
from the D2O, whereas the lower frequency peak relates to ODs species containing
oxygen from the lattice surface. This experiment is consistent with the “classical
model” of water dissociation on magnetite proposed - albeit not proven - in the first
place by Leist et al in 200370.
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Fig. 5.4. Infrared spectra for the adsorption of double labelled water D2O18 on
Fe3O4(111) (red spectra), D2O on Fe3O4(111) (black spectrum), D2O on iron oxide
prepared with O18 (blue spectrum). The experiments shown in this figure are
performed at 250 K and at saturation conditions (4.2∙1014 molec.∙cm-2).

It was already mentioned in Chapter 2, that the latter conclusions were questioned by
the data proposed in Ref.51 The disagreement found in the two studies can be related
to the already discussed difficulties associated with the Fe3O4(111) surface
preparation. Indeed, the study presented in Chapter 4, showed the crucial role of the
preparation parameters as well as the vacuum conditions. These variables affect the
formation of a uniform Fetet1 terminated surface and, therefore, also the water
adsorption on it.

73

5.3

High Coverage Regime

In the following section, the adsorption of water on magnetite in the high coverage
regime – i.e., lower adsorption temperatures – will be presented. The first set of
experiments was performed at 200 K and it is shown in Fig. 5.5a. In this case, the very
first pulse of D2O adsorbed on the surface produces in a similar, but not identical,
scenario as observed for the low coverage regime. Indeed, as in the case of the first
stage of water adsorption at 250-300 K, the peak at 2722 cm-1 is observed. In the lower
frequency region, the first peak appearing is not the “familiar” 2688 cm-1, but a brandnew feature having a frequency at 2669 cm-1. Only at slightly higher water dosage, the
latter band starts attenuating and, at the same time, the feature at 2682 cm-1 starts
growing. Earlier (Fig.5.1), the lowest frequency band at low coverage was tentatively
assigned to water adsorption on defects sites. Accordingly, the mentioned features
might form because of surface diffusion. The superposition of the spectra from Fig.
5.5a, shown in Fig. 5.5b, makes easier the understanding of the water behavior at
higher dosage. In particular, the whole experiment can be classified into two groups
of spectra. The first group depicts the water behavior at low dosage (going from 0.6 to
4.8∙1014∙D2O molecules∙cm-2): here the spectra look somehow similar to what was
observed before in Fig.5.2a at 250 K. The second group, displaying a water dosage
from 6 to 11.4∙1014∙D2O molecules∙cm-2, highlights the more complex spectra
evolution with increasing coverage. Hence, the higher frequency band centered at 2720
cm-1 loses intensity whereas two features centered at 2712 cm-1 and 2707 cm-1 gain
intensity. On the other hand, the peak at 2688 cm-1 shifts to 2693 cm-1 and decreases
in intensity. Such complex spectra evolution suggests the formation of some complex
H-bonded structure at the expenses of simpler species. This is leads to an isosbestic
point in the spectra (marked as circle in the Fig.5.5b). The low frequency region is
dominated at low dosage by a broad band centered at 2561 cm-1, as in the case of the
experiment done at 250 K. Later, two broad features centered at 2600 cm-1 and 2475
cm-1 show up, becoming more prominent at increasing coverage. The two bands are
the fingerprints of H-bonded hydroxyl species.
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Fig 5.5 a) IRA spectra of D2O adsorbed on Fe3O4(111) as function of coverage at 200
K. Each water pulse corresponds to a dose of 6∙1013 molecules∙cm-2. b) Spectra in Fig.
5.5a superposed. The isosbestic point is marked as a circle. c) Selected spectra
(saturation conditions) of D2O adsorbed on Fe3O4(111) at 140 K, 180 K and 120 K
respectively.

In order to clarify the peak evolution observed so far, further experiments with isotopes
were performed. Therefore, keeping in mind what was learned from the experiment
shown in Fig. 5.4, further investigations adsorbing D2O at 200 K on a film grown with
O18 were carried out. The comparison between the spectra of water adsorbed on regular
magnetite and on O18-labelled magnetite is shown in Fig. 5.6. As already observed at
250 K, the lower frequency bands (in this case centered at 2681 cm-1 and 2669 cm-1)
undergo a shift when water adsorbs on O18-labelled magnetite. These peaks are only
observed at the very first dosages, thus could be attributed to adsorption on surface
imperfections. Also, the feature at 2681 cm-1, observed also at very low coverage, may
occur even before the appearance of the Fe-OwD peak at 2723 cm-1. If this is true, the
above-mentioned adsorption on defects may involve OwD species which have similar
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in nature as OsD. This might be the case of adsorption on surface defects such as
oxygen-vacancies sites. The O-vacancy might be filled by OwD-species which behave
resembling OsD-species.
At higher dosage, the 2688 cm-1 peak shifts by ~ 17 cm-1, according to the formation
of OsD containing oxygen from the surface. The Figure 5.6 shows clearly that the band
at 2672 cm-1 on the O18-labelled film is well-separated from the rest of the bands in
the high frequency region (see Fig. 5.5a for comparison). This suggests that the
hydroxyl species involving surface oxygens (OsD), participate to further water
coordination via H-bonding, which typically leads to band broadening and strong redshift of about 250 cm-1. Besides, the other hand, the broad band at 2565 cm-1,
characteristic for H-bonded species, does not shift when D2O is adsorbed on the 18Olabelled surface. This suggests that the molecular water contribution only involves
OwD-species.
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Fig. 5.6. Infrared spectra of D2O adsorbed at 200 K on regular Fe3O4(111) (black
lines) and on O18-labelled Fe3O4(111) (pink lines).

After the above description of the infrared data in both low and high coverage regimes,
the proposed overall picture follows.
At higher temperatures (see Fig. 5.1) the scenario is dominated by adsorption of water
on defect sites, while, at increasing coverage, the primary event is the dissociative
adsorption on regular Fetet1 surface giving rise to a Fe-OwD (~ 2720 cm-1) and an OsD
(2688 cm-1). Both bands undergo shift as the coverage increases, probably due to a
substrate-mediated dipole-dipole interaction (see again Chapter 3, Section 3.3.2).
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The high coverage scenario, with the evolution of several sharp peaks as well as the
contribution of the molecular water, is harder to interpret only by means of infrared
techniques. As already mentioned in the introduction, metal oxides surfaces, and - in
particular - magnetite, are very complex systems and the understanding of the
adsorption processes on these surfaces is a notoriously challenging task. A joint effort
between several different experimental techniques (and setups) as well as theoretical
support, must be employed in the attempt of a unified picture of the water interaction
with this surface.
Particularly, further experiments, by means of temperature programmed desorption
technique, were performed in two different UHV setups. Figure 5.7 shows water TPD
spectra measured after D2O exposure on the Fe3O4(111) surface at 140 K and 250 K,
in the same UHV chamber used for the IRAS experiments (see Section 3.3.5, Chapter
3). In the water desorption profile three major features (two of them sharper and one
quite broad) can be distinguished at ~193 K, 230 K, and 270 K. Above 270 K, a
shoulder at ~305 K and a very small desorption feature at 375 K appear (the latter
assigned to water adsorbed on surface imperfections).
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Fig. 5.7. TPD spectra measured after IRAS experiments performed at 140 K (blue line)
and 250 K (purple line). The heating rate is 3 K/s.
These spectra differ considerably with the ones reported by Joseph et al.67, who
showed a TPD profile characterized by featureless desorption traces in the 200–300 K
region. This behavior can be interpreted as a consequence of the surface heterogeneity
and/or reorganization of ad-species during the TPD run, leading to broadening and
smearing desorption features. However, this cannot be applied to the surface prepared
in this work (see recipe described in the Section 4.2, Chapter 4), which exposes a single
Fetet1-termination140. On the contrary, the presence of resolved peaks in the spectra
showed in Fig. 5.7, suggests that water molecules/aggregates with discrete binding
energies desorb individually.
Moreover, the presented TPD spectra show quite similar desorption profiles to those
measured in a different UHV setup and presented in Ref158. The deviations in the
temperature reading in the two different TPD experiments are certainly related to the
different sample holders and thermocouples used in the two setups, whereas the lack
of resolution observed in the spectra in Fig. 5.7 is due to the absence of differential
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pumping stages in the mass-spectrometer. Nevertheless, the two experiments can be
considered as equivalent and this allows to link the TPD and IRAS results performed
in the two different setups.
As this work is mainly focused on the spectroscopic aspect of the water adsorption
process on magnetite, the details of the temperature programmed desorption data will
be deepened elsewhere159.
Moreover, LEED experiments of water adsorbed on the same magnetite surface as
function of coverage reported in Ref.158, reveal additional spots arranged in a (2x2)
pattern in the range of temperatures between 190 and 280 K. In the same temperature
range, the IRA spectra - reported in Fig. 5.5 - showed increasing molecular water
contribution, whereas the TPD profiles display resolved desorption features (Fig. 5.7).
The experimental evidences obtained combining the three techniques suggest a
rearrangement of the water ad-layer in a (2x2) ordered structure. There are only a few
examples in the literature of water ordered ad-layer at the interface with the metal
oxide152,160,161. In the case of water adsorbed on MgO(100), likely the most intensively
studied system151, LEED experiments showed c(4×2) and p(3×2) patterns, which were
then rationalized by DFT calculation in terms ordered structures, stable at low and
higher temperatures, and containing ten and six water molecules per unit cell,
respectively. However, it is still not entirely understood which driving force leads the
water to aggregate in such a way on the oxide surface.
It seems clear that, to shed light on the atomic structure of the water ad-layer on
Fe3O4(111), and so provide a unified picture to the experimental observations, the
input from the theoretical point of view is required. DFT calculations have been, then,
performed by Xiaoke Li and Joachim Paier in the Humboldt University in Berlin, to
analyze the formation of the water ordered structure in a Fe3O4(111)-(2x2) unit cell.
The outcome from the theory will drive us to the conclusions of this section.
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5.4

Density Functional Theory Results

DFT calculations show that, when water is dosed on Fe3O4(111) surfaces, a
dissociative adsorption is the thermodynamically most stable process, with a
calculated adsorption energy of -123 kJ/mol. The calculated structure for the
dissociated water molecule (“monomeric species”) is shown in Fig. 5.8 and includes a
terminal OwD on top of a Fe cation and an OsD which forms involving a surface
oxygen. The same figure also shows the calculated frequencies for the latter species,
2736 cm-1 and 2699 cm-1, respectively. These are in very well agreement with the ones
observed experimentally (2720 cm-1 and 2688 cm-1), under the assumption the very
first peak appearing at 2681 cm-1 (Fig. 5.1) is related to the adsorption of water on
defects sites.

Fig.5.8. The upper part of the Figure shows the top and side views of a single water
molecule dissociated on Fe3O4(111) surface. Surface Fetet ions are violet, surface Os
ions are pink, oxygen n water (Ow) is red, proton atop Os is green, hydrogen in water
is blue. The bottom part of the Figure shows a table which compares the calculated
and observed vibrational frequencies for OwD-Fetet1 and OsD.
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When a second water molecule arrives on the surface, it may either dissociate as the
first one, or form dimer anchoring the already adsorbed “monomer” on the surface. At
coverages up to 1ML (~ four molecules per unit cell), the energy gain for the monomer
formation is substantially higher than for the dimer formation158. Hence, for this
coverage conditions, DFT calculations predict structures containing monomeric
species, although dimers formation becomes highly probable159,162. Accordingly, in a
unit cell, up to 4 water molecules will dissociate, and this is considered the initial stage
for water adsorption on Fe3O4(111). Additional molecules do not dissociate and add
on the surface in such a way to maximize the H-bonding interaction24.
The calculated frequencies of OwD and OsD for selected structures, containing one to
seven water molecules per Fe3O4(111)-(2x2) unit cell, are summarized in Fig. 5.9. In
the figure, in the case of five, six and seven water molecules per unit cell, the structures
are indicated with the superscript cl and n, meaning the difference between “clustered”
structures (groups of oligomers on the surface) and hydrogen-bonded dimers and
monomers159.
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Fig.5.9. Stick representation of calculated frequencies for OwD (blue) and OsD (green)
for structures containing 1 to 7 water molecules per unit cell, for comparison with the
one observed experimentally and showed in the top panel.
As the coverage increases, a calculated red-shift of 10 cm-1 in the OwD frequencies
(blue sticks), and a blue-shift of 5 cm-1 for the OsD modes (green sticks), is observed.
Moreover, the calculated OsD vibrational frequencies (green sticks) for the structures
5cl, 6n, and 7n show a red shift of ~16 cm-1, when compared to ones for low coverage
structures (one to 4 water molecules per unit cell). The latter finding agrees very well
with the experimental observations showed earlier in this chapter. In particular, among
the potential candidates, the structures labelled as 5cl and 6n seem to be in best
agreement with the IRAS experiment performed at 200 K (see Fig. 5.5a). Reasonably,
the formation of these more complex structures develops at expense of the less
complex “monomeric” species, giving rise of the isosbestic point already discussed in
Fig.5.5b. Furthermore, according to what observed experimentally in Fig. 5.5c, at
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increasing coverages all computed OD bands start to overlap with each other, resulting
into one feature. The latter band can be related to the experimental one centered at
2712 cm-1, which monopolize the scene at 120 K, before the ice multilayer starts
growing.

5.5

Conclusions

The presented work studied in detail the adsorption of water on the Fe3O4(111) surface
in different coverages regime. Infrared data confirmed the prediction of Leist et al.
(known as “classical model”), where water in the initial stage of the adsorption readily
dissociates on the Fetet1-terminated surface giving rise of two hydroxyl species, OwD
and OsD, involving oxygen atoms from the water (w) itself and from the oxide surface
(s), respectively. At higher coverage, water molecules start forming dimer and more
complex oligomers through the pre-existing hydroxyl on the surface, reflected by the
presence of the isosbestic point in the IRA spectra. These oligomeric species ultimately
assemble in a hydrogen-bonded network architecture, prior formation of the ice
multilayer.
The focal point of the obtained results is the important role played by the hydrogen
bonds which favor the formation of particular structures in the water ad-layers, driven
by a thermodynamic force known as cooperativity158,163.
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6.

Interaction of CO2 with Fe3O4(111)
6.1

Introduction

The interest on CO2 has raised enormously in the last two decades, being involved in
the methanol synthesis164 and also as one the most important greenhouse gases78.
Indeed conversion of CO2 into fuels and other value-added chemicals is a currently
hot topic addressed by obvious environmental and economic motivations165. However,
CO2 displays the most oxidized state of carbon which renders it rather inert to chemical
transformations, thermodynamically highly unfavorable. Furthermore, the use of
water

as

hydrogen

resource

(instead

of

hydrogen

itself)

for

CO2

reduction/hydrogenation would be the most ideal process which remains challenging.
Despite certain advances in this field, further fundamental studies need to be addressed
to understand the interaction of water and CO2 with catalyst substrates, especially
metal-oxide surfaces, for rational design of heterogeneous catalytic processes. In this
sense the progresses in the last years in the preparation and characterization of thin
oxide films exposing polar surfaces12 made possible such investigation.
However, as already mentioned in Section 2.5 of Chapter 2, fundamental
investigations on transition metal oxides surfaces are scarce. Nevertheless, it can be
found in the literature that CO2 interacts stronger with metal oxides, rather than with
clean metal surfaces166, and mainly physisorption (on TiO2167, ZnO168, and MgO169,170)
and different carbonates formation (on CaO171,172, Cr2O3173,174, Al2O381) have been
observed. Besides, it seems that this interaction is favored when it involves surface
imperfection (i.e., oxygen vacancies) rather than regular surface sites175,176.
On the CO2 adsorption on magnetite surfaces, although the versatility of these oxides
makes them potentially suitable for such a purpose, the information is even less dense.
Very recently, Pavelec et al.175 investigated the CO2 adsorption on Fe3O4(100) single
crystals, and proposed a model where CO2 adsorbs initially and most strongly on Fe2+related defects, to then form a physisorbed monolayer with molecules adsorbed on
regular surface sites. Density functional theoretical calculations performed on
Fe3O4(111) surfaces suggest that carbon dioxide chemisorbs binding undercoordinated
oxygen sites177. However, to the best of our knowledge, there are no experimental
studies facing up to the CO2 activation on well-defined Fe3O4(111) surfaces.
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In this chapter, a “surface science” study of the interaction of CO2 with wellcharacterized Fe3O4(111) films grown on Pt(111) single crystal140, by means of
infrared reflection absorption spectroscopy, is presented. Experimental data of
Fe3O4(111) surfaces exposed to CO2 show, at lower temperatures (~120-150 K),
mainly contribution from weakly bound species (CO2 phisysorption), although small
chemisorbed features can be detected. The formation of the latter species might be
interpreted as driven by the presence of surface imperfections175,177. At higher
temperatures (~200-240 K) stronger chemisorption evidences are observed. However,
at this temperature conditions, the sensitivity of the surface towards preparation
conditions and residual gas adsorption (in particular of water)140,158,72,159 has to be
taken into account. Indeed, as already observed in Chapter 5, the presence of OH
groups on the surface is unavoidable because water readily dissociates on magnetite.
It will be shown at the end of this chapter that, in these conditions, the hydroxyl groups
present on the surface play a critical role in the early stage of the CO2 activation,
promoting the formation of bicarbonate-like species.
6.2

CO2 Adsorption on the Clean Surface

Isothermal interaction of CO2 on the surface of a well-defined Fe3O4(111) film was
spectroscopically (IRAS) investigated as a function of surface temperature (within the
120-280 K range) and exposure. Fig. 6.1 shows a series of IRA spectra obtained after
CO2 adsorption on the magnetite at different surface temperatures (120 K, 140 K, 200
K, 240 K, 280 K). It is important to mention that the experiments showed below are
performed after a relatively high carbon dioxide dosage, i.e. 3.6∙1017molec.∙cm-2 and
1.1∙1018∙molec.∙cm-2 (Fig 6.1a and Fig.6.1b respectively). At lower exposures (not
shown) CO2-related signals can hardly be seen. The latter observation might indicate
that the regular magnetite surface could be rather inert towards CO2 chemisorption,
and that the observed species form binding uncoordinated sites175,177.
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Fig.6.1. CO2 exposure on Fe3O4(111) at different surface temperatures (280K, 240K,
200K, 140K, 120K). The same temperatures at different CO2 exposures are compared:
(a) shows a dosage of 3.6·1017 molec.·cm-2, whereas (b) of 1.1·1018 molec.·cm-2.

Nevertheless, different CO2 behavior at different surface temperatures is observed.
In particular, the lower temperatures seem to be the most promising for the CO2
activation. At lower exposure (3.6·1017 molec.·cm-2), the higher wavenumbers region
of the spectra is dominated by a sharp peak centered at around 2350 cm-1, characteristic
of the asymmetric stretching mode of physisorbed CO2 molecule174. The latter peak
loses its intensity when going from 120 K, where it is accompanied by a shoulder at
around 2338 cm-1, to 200 K and disappears completely at 240 K. On the other hand, in
the region between 1100 and 1500 cm-1 a set of bands which are consistent with
chemisorption are distinguished by different growth rates with a dependence on the
surface temperature. Indeed, while at 120 K only a signal at around 1255 cm-1 is
detected, at 140 K and lower CO2 exposure three main peaks are observed at 1400 cm1

, 1278 cm-1 and 1254 cm-1. At increasing coverage (Fig. 6.1b), the ratio of intensities

of the latter species changes: the 1400 cm-1 and the 1278 cm-1 features gain intensity,
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whereas the 1255 cm-1 peak - before higher in intensity than the others - loses it. Also,
at this coverage a tiny peak at 1220 cm-1 can be observed.
At 200 K, only the two chemisorbed-like species at 1400 cm-1 and 1220 cm-1 are
detected, which gain intensity with increasing dosage. At this temperature, the
physisorbed contribution is smaller and no longer visible, even at higher CO2
exposures. At 240 K, physisorption is not observed from the onset, and the same
features observed also at 200 K are identified. At this temperature, the chemisorbed
species seem to be smaller in intensity, even if their contribution is slightly higher at
higher exposures. Finally, at temperatures above 240 K, no CO2 contribution can be
found.
As already widely discussed in Chapter 2, Section 2.5, the assignment if the IRA
features is difficult and several adsorbate species including CO2-, C2O42- and various
types of CO32- must be included in the discussion174. The main difficulty in the peak
assignment is because such intermediates are characterized by vibrational features
which fall all in the same range of frequencies. Plus, several of these chemisorbedspecies can be simultaneously present at the surface and therefore overlap. To have a
more detailed insights on the behavior of CO2 on the surface at the different
temperatures, the full trend of the carbon dioxide adsorption on Fe3O4(111) as a
function of coverage at 120 K (a), 140 K (b) and 200 K (c), is shown in Fig. 6.2.
Before going into the details of the above-mentioned experiments, assigning the IRA
features, a few considerations must be made. Since the features related with the carbon
dioxide chemisorption are relatively small in intensity, experiments using isotopic
substitutes were also performed to confirm if the signals are originating from the
molecular beams or from residual gas in the chamber background. The Fig. 6.2 shows,
for each temperature, the spectra obtained for the 13CO2 (red spectra) and CO182 (blue
spectra) adsorption on magnetite at saturation conditions. Clearly, upon isotopes
adsorption, the shifts expected for 13C- and O18- labelled molecules are observed for
both, physisorbed and chemisorbed features. Therefore, it is possible to conclude that
all the adsorption bands observed in the IRA spectra are originated from bonds
vibrations of carbon dioxide, dosed with the molecular beams.
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Fig.6.2. IRA spectra of the CO2 adsorption on Fe3O4(111) as a function of coverage
at 120K (a), 140 K (b), 200 K (c). Each set of experiment shows also the corresponding
adsorption spectrum for isotopically labelled
spectra) at saturation conditions.
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CO2 (red spectra) or CO182 (blue

As already mentioned, at 120 K the spectra are dominated by physisorption
characterized by a sharp peak centered at about 2353 cm-1. On the chemisorption side,
a single feature is observed which shows up immediately at 1258 cm-1 and growths in
intensity with increasing coverage. At higher temperatures (140 and 200 K), the
spectra evolution results more complex.
The following analysis of the peaks evolution in the chemisorption region is based on
the first approximation that the physisorbed-CO2 acts as a spectator, not affecting the
chemisorption process.
Fig. 6.3 provides a zoom of the chemisorption region in the IRA spectra obtained at
140 K and 200 K.

Fig.6.3. Zoom of the chemisorption region of the IRA spectra for the CO2 adsorption
on Fe3O4(111) as a function of coverage at 140 K (a), and 200 K (b).
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At 140 K the first peak shows up at 1249 cm-1 and decreases in intensity as the
coverage increases. Finally, it “converts” into the peak centered at 1278 cm-1, which
growths at higher CO2 exposures on the surface.
Furthermore, another peak starts to grow around 1398 cm-1 accompanied, at very high
exposures, by a small feature at 1220 cm-1. At higher temperature, the latter species,
1398 cm-1 and 1220 cm-1, are present on the surface from the very beginning and gain
intensity as the coverage increase. However, the earlier observed peaks at 1258 cm-1
and 1278 cm-1, cannot be longer seen at this temperature.
An attempt to assign the observed IRA features follows. The first species that gets
formed at 120 K and 140 K, observed at 1255 cm-1, is consistent with the symmetric
stretching of the O-C-O bond of bent negatively charged CO2, also known as
carboxylate (CO2-)173,174. These species seem to be stable only at temperatures < 200
K. Also, carboxylate formation is more favored on metals substrates with a low work
function8, even though the proper adsorption sites existence plays also an important
role.
As shown in Table 6.1, carboxylates have three infrared-active modes, the symmetric
and antisymmetric O-C-O-stretching and the bending vibration, which are centered at
around 1200-1300 cm-1, 1600 cm-1 and 800 cm-1 respectively. The bending vibration
is at the border of the frequency range accessible with the IRAS set-up used in this
work and, therefore, hard to detect. Also, such species can adsorb on the surface in
two different geometries, through the carbon atom, or with both oxygens standing on
the surface iron. If the CO2- is adsorbed in a C2v178 symmetry, it is not possible to see
the antisymmetric stretching because of surface selection rules179. Hence, the peak at
1255 cm-1 (Fig. 6.2a-b) is consistent with the symmetric stretching vibration of
carboxylates adsorbed in C2v symmetry. Indeed, no features around 1600 cm-1 is
detected, suggesting that the CO2- might be adsorbed with the alignment of the O-O
axis parallel to the surface.
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Table 6.1. Computed vibrational frequencies (in cm-1) of carboxylate species (CO2-).
The table is adapted from Ref.173 and references therein.
Nonetheless, as already specified in Chapter 3, Section 3.5, the CO2 chemisorption on
metal oxides is primarily associated with the formation of different types of carbonatelike species81,173. Hence, at 140 K, the peak associated with CO2- , which appears from
the very beginning of the exposure, decreases in intensity with increasing exposure
and slowly converts into the band at 1278 cm-1. On the basis of previous studies the
latter feature can be identified as surface-carbonates81,173,174.
There is a simple model in literature, which describes a charge transfer from the
oxygen in the surface lattice to the carbon dioxide molecule approaching and, then,
bending giving rise to a [O-CO2]2- complex180. Table 6.2 summarizes the frequencies
for mono-dentate carbonates adsorbed on metal oxides involving oxygen from the
surface.
Although the corresponding adsorption sites are considerably different (oxygen vs iron
ions), this process is somehow analogous to the formation of the [M+-CO2-] and this
could justify our experimental observations. Further theoretical calculations of the
optimized geometries of such molecules on a Fetet1-terminated magnetite will be
needed in the future.
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Table 6.2. Vibrational frequencies (in cm-1) of monodentate carbonates species. The
surface oxygen is labelled as Os .The table is adapted from Ref.173 and references
therein.
As for the carboxylates, also the surface-carbonates decompose at temperatures ≥200
K. At these (higher) temperatures the only visible features in the IRA spectra are the
two peaks having frequencies at ~1398 cm-1 and 1220 cm-1. The nature of these species
was for long time under debate and their assignment is one of the aims of this work.
Previous studies assigned these peaks to oxalate species95,170. Oxalates are dimer-like
molecules which could be easily formed through the reaction between a carboxylate
sitting on the surface and another CO2 molecule coming from the beam. The bands
observed in the IRA spectra in Fig. 6.3b, fall in the range of frequencies typically
associated with oxalates. Although, this fits our experimental observations, some
considerations must be done. First of all, theoretical calculations suggest for the
adsorption of this molecule on the surface a planar configuration as the most stable
one170. As mentioned earlier in this Chapter as well as in the Section 3.3.2 of Chapter
3, when a molecule is arranged on the surface in a way that makes the perpendicular
component of the dipole moment equal to zero, because of surface selection rules, no
IR-vibration will be detected179. Because of that, even if a molecule is present on the
surface, it cannot be detected. This represents one of the limitations of the IRAS
technique on a metal-oxide substrate: if some molecules are not observed, it is not
necessarily straightforward that they are not present on the surface. Indeed, oxalates
are predicted to be quite stable as CO2-intermediate, but it seems to be unlikely to
detect them by IRAS.
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An interesting experiment performed with isotopically labelled CO2 molecules may be
used to discern which type of molecule is being formed, i.e. to distinguish between a
dimeric species –such as oxalates– or of a monomeric one. Indeed, when regular CO2
and 13C-labelled 13CO2 are simultaneously sent to the surface, two possible scenarios
can happen. If a dimer is formed on the surface, the corresponding IRA features splits
into three different peaks, having a ratio of intensity of 1:2:1. These peaks correspond
to the dimer-species formed by two 12C (12C-12C), to one obtained from the statistical
combination of the two isotopes (13C-12C; 12C-13C), and to the dimer with two 13C (13C13

C), respectively. If the statistical combinations of the two C-isotopes gives two not

identical molecules and if the experimental setup is able to distinguish between them,
then a splitting in four peaks with a ratio of intensity of 1:1:1:1 will be observed.
The case of the monomer formation appears quite different from what was described
above. Hence, no splitting occurs, and the IRA spectrum is characterized by two well
separated peaks, which are the signatures for the monomers formed with 12C and 13C,
respectively. The just described experiment is illustrated in Fig. 6.4. The figure depicts
the comparison between the co-adsorption of regular CO2 and 13C -labelled 13CO2, the
co-adsorption of regular CO2 and O18-labelled CO182, and the adsorption of pure CO2
on Fe3O4(111) at 200 K.
In this experiment, only the changes in the 1398 cm-1 peak will be discussed, because
the 1220 cm-1 feature is too low in intensity and hard to examine since, as shown
already in Fig. 6.2, the shifts concerning it are too small to be appreciated. Clearly,
upon co-dosage of CO2 and 13CO2 on the magnetite surface, no splitting for the 1398
cm-1 is observed. Instead, two separated peaks appear at 1398 cm-1 and at 1365 cm-1
in correspondence of the molecules formed with regular C and labelled 13C (with the
shift expected for this molecule, ~35 cm-1).
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Fig.6.4. Co-adsorption experiment of pure and isotopically labelled CO2 to distinguish
between monomers and dimers on the surface. The comparison between the coadsorption of 13CO2 and CO2 (red), the co-adsorption of CO182 and CO2 (blue), and
the pure CO2 adsorption (black) is presented. The experiments are performed at 200
K with a CO2 dosage of 3.6∙1017molec.∙cm-2.

The same behavior can be observed when CO2 and O18-labelled CO182 are co-adsorbed
on the surface. Again, no shift but two separated peaks at 1398 cm-1 and 1382 cm-1 are
observed. These experimental findings confirm that the considered peak is not the
fingerprint of a dimer-species as, for example, oxalates. The assignment of these
features has to be consistent with a monomeric-like adsorbate that has not been
considered before. An answer to this open question was given by Wang X. et al181 who
studied the CO2 activation on Pd/Al2O3 catalysts. They proposed the formation of
bicarbonate-like species which are formed through reaction between CO2 and OH
groups present on the surface, stressing the role of the hydroxylation degree of the
surface itself. Several considerations follow.
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First, the peaks observed in the study presented in this work fall in the same range of
frequencies which were assigned by Wang et al. to surface-bicarbonates181. Second, it
was presented earlier in this chapter that CO2 desorption spectra present at high
coverage also considerable amounts of water desorption. Third, the sensitivity of the
Fe3O4(111) towards residual gas adsorption (i.e. water)140,158,72 has to be taken into
account. Therefore, it seems reasonable to further investigate whether and how carbon
dioxide and water adsorption on magnetite are linked to each other.

6.3

The Role of Water in the CO2 Activation

To shed more light on the nature of the CO2-chemisorbed species on the surface and
on their relationship with water, a series of experiments were carried out dosing and
co-dosing water as well as D2O, and CO2 on Fe3O4(111). The first experiment in this
sense is illustrated in Fig. 6.5a and investigates the carbon dioxide behavior on a
surface modified with OH-groups. Particularly, the magnetite surface was first precovered with H2O (dosage=5.4∙1014 molec.∙cm-2) at 200 K, and afterwards exposed to
different amounts of CO2 in the same temperature conditions. The comparison
between the above described experiment and the adsorption of CO2 on “clean”
Fe3O4(111) is also shown in the Fig. 6.5a. It is clear that the presence of hydroxyl
groups on the surface has a tremendous effect on the CO2 chemisorption. Indeed, when
the surface is covered in OH groups (evidenced by the two peaks at 3690 cm-1 and
3640 cm-1, widely discussed in Chapter 5), a big enhancement in the intensity of the
peaks related to CO2 is observed. Indeed, the peak centered at around 1389 cm-1
increases in intensity to almost double, compared to when the same amount of CO2 is
adsorbed on the “clean” Fe3O4(111).
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Fig.6.5. Comparison between the CO2 adsorption on regular (black) and OHprecovered (blue) Fe3O4(111) surfaces (a). Comparison between the CO2 adsorption
on regular (black) and OD-precovered (red) Fe3O4(111) surfaces (b). The H2O (D2O)
dosage on the surface is 5.4∙1014 molec.∙cm-2.

The above described experiment represents an already convincing evidence for the fact
that OH groups act as trigger for the formation of the surface-bicarbonates-like species.
The case where it is possible to observe these surface-species also without on-purpose
exposition of the surface with water, can be addressed to the reactivity of Fe3O4(111)
surfaces towards water present in the background of the UHV chamber, which might
simply not be detected in the IRA spectra because of the very low concentration and
the reasons cited earlier (i.e., selection rules179). A conclusive experimental evidence
for the bicarbonate-like species formation is given by the experiment depicted in Fig.
6.5b. Here, the adsorption of CO2 on an OD-modified Fe3O4(111) surface is studied.
The idea behind this experiment is that if the surface species formation is somehow
linked to the hydroxyl groups on the surface, upon reaction with OD the related peaks
must undergo isotopic shift. Indeed, in an OD-rich surface (evidenced by the wellknown IRA features at 2720 cm-1 and 2686 cm-1), not only a huge enhancement in
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intensity of the peaks is observed, but also a shift of 9 cm-1 and 6 cm-1 for the peaks at
1398 cm-1 and 1200 cm-1 respectively. Furthermore, a new features at around 1366 cm1

growths up as a shoulder. The latter findings suggest that the water on the surface (as

traces from residual gases or adsorbed on purpose) plays a crucial role in the CO2
activation at 200 K, leading to the formation of chemisorbed species consistent with
surface-bicarbonates. Now that it is clear that there is a strong relation between water
on the surface and carbon dioxide chemisorption, it is of great interest to understand
which kind of dependence is established. The first experiment that was performed in
this sense is shown in Fig. 6.6. Here, the surface is first modified with a fixed amount
of D2O (2.6∙1014molec.∙cm-2, light blue spectrum) and afterwards exposed to two
different CO2 dosages (2.7 ∙1015molec.∙cm-2 and 7.2∙1017molec.∙cm-2, red and yellow
spectra respectively). The figure clearly exemplifies the trend of the water related
species upon interaction with carbon dioxide. Indeed, the intensity of the OD-species
decreases as the intensity of the surface-bircabonates features increases. This
observation provides a strong evidence of the relation between the two species on the
surface: bicarbonate formation consumes hydroxyl groups.
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Fig.6.6. Series of IRA spectra showing the comparison between the pure D2O
adsorption (2.6∙1014molec.∙cm-2) on Fe3O4(111) (light blue); how the water-related
peaks are affected upon interaction with different amounts of CO2, 2.7 ∙1015molec.∙cm2

and 7.2∙1017molec.∙cm-2, illustrated in red and yellow respectively.

Further insight is given by the study of the behavior of CO2 with respect to different
amounts of OD species used for pre-covering the magnetite surface. This experiment,
illustrated in Fig. 6.7, shows that presence and concentration of surface-bicarbonates
strongly depends on the extent of the hydroxylation degree of the surface. Indeed,
when CO2 is adsorbed on magnetite previously modified by a relatively small amount
of OD groups a strong surface-bicarbonate related peak at 1389 cm-1 is detected. When
the OD concentration increases, the second peak around 1366 cm-1, which at the
beginning develops as a tiny shoulder, gains considerably intensity. However, when
the water coverage is high enough allowing it to self-assemble on the surface in the
known 2D network (see in the IRA spectrum the development of several sharp features
and the broad signature for the molecular water), no peak related to CO2 chemisorption
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can be detected. What is shown is a clear evidence that above a critical concentration
of D2O, surface-bicarbonates cannot form, meaning that CO2-adsorbates and D2O are
in competition for the same adsorption sites. Accessibility of the “free” OD-Fe on the
surface is necessary for the formation of CO2 adsorbates on the Fe3O4(111), and high
ODs concentration passivates the surface. Before the concluding remarks, something
else needs to be pointed out. Fig. 6.7 also shows that, upon interaction with CO2, the
intensity ratio of the water-related features changes, in comparison with pure D2O
adsorption on Fe3O4(111). Hence, when the surface-bicarbonates are formed the two
water peaks decrease in intensity asymmetrically. It was widely discussed in Chapter
5 that the two mentioned peaks do not belong to the same OD but to a terminal OwDFe (on top of a Fe cation) and OsD involving oxygen from the surface lattice.
Therefore, it might be possible that different types of bicarbonates are being formed
on the surface upon selective interaction with different OD species. This is just a
hypothesis, but it can serve as a benchmark for theoretical calculations.
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Fig.6.7. Series of IRA spectra related to the adsorption of CO2 (7.2∙1017molec.∙cm-2)
on Fe3O4(111) surfaces pre-covered with different amounts of OD species (black). For
comparison, also the adsorption of pure D2O on the clean magnetite surface is shown
(light blue). The experiments are performed at 200 K.

6.4

Conclusions

A detailed study of the carbon dioxide behavior when adsorbed on magnetite (111)
surface at different dosages and temperatures conditions was presented in this work.
The CO2 adsorption on Fe3O4(111) was investigated by means of IRAS as function of
coverage and the following scenario is proposed. IRA spectra show mainly
contribution from CO2-physisorbed in the range of temperatures between 120 K and
140K, although some features associated with chemisorption are also observed.
However, the formation of the chemisorbed species requires relatively high CO2
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exposures on the surface, meaning that a certain degree of modification of the surface
itself has to occur in order to observe chemisorption. This finding suggests that the
formation of such chemisorbed species detected in the IRA spectra is driven by the
presence of surface imperfections175,182. Nevertheless, experiments performed with
regular and

13

C- and O18-labelled CO2, allowed the assignment of the IRA features

observed in the above-mentioned range of temperatures (120-140 K), and consistency
with intermediates such as carboxylates and carbonates have been found. At higher
temperatures (~200-240 K) considerably stronger adsorbed features develop in the
IRA spectra. In these conditions it cannot be excluded that the Fe3O4(111) surface is
not clean, but contains traces of water due to its sensitivity towards residual gas
adsorption140,158,72. The correlation between CO2 and water was then in more details
investigated with infrared experiments, performed using regular as well as labelled
water, to pre-cover the surface before CO2 adsorption. It was found that the degree of
hydroxylation of the surface plays a crucial role in the CO2 activation on regular Fetet1magnetite, leading to the formation of bicarbonate-like species.
Certainly, IRAS alone is not sufficient to provide a unified picture and, therefore,
further experiments as well as DFT calculations, must be performed.
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7.

Comparison between Fe3O4(111)
and Fe3O4(100) Surfaces
7.1

Introduction

The work presented in the last chapters has shown that surface properties of magnetite
are of tremendous interest in both catalysis and material science183,184,185,15. Indeed,
magnetite being ubiquitous in nature and also reactive towards several chemicals has
a potential use as a cheap heterogeneous catalyst186,187,188,189,19. Since most of the
ambient temperature chemical reactions involving magnetite in natural systems occur
in presence of aqueous solutions, the understanding of how the surface and its
electronic properties are affected when modified by water is of high relevance. In this
sense, iron oxide catalysts are already successfully used in the water-gas shift reaction
(WGSR)

19,20

, a process of extremely high impact in technology, since it necessarily

accompanies outstanding large-scale industries as ammonia and methanol synthesis
and is furthermore needed for fuel cells applications190,191. In particular, in the
literature it is reported that the heterogeneously catalyzed water-gas shift reaction can
be regulated by two main reaction mechanisms, the so-called associative and redox
mechanism20,190. In the first one, water and CO2 interact on the surface forming
intermediate-complexes on the basis of the Langmuir–Hinshelwood kinetics (see
Chapter 2, Section 2.1). In the second mechanism, the metal oxide surface is
alternatively reduced and oxidized by CO and water respectively, following the Marsvan-Krevelen192 reaction pathway. It is commonly believed that, in both cases, the
WGSR is driven by surface hydroxyl groups: this makes the adsorption of water on
the magnetite surface one of the most important elementary steps in the reaction193.
Although most of the literature concerning water and CO2 adsorption studies on
magnetite is related to the closed-packed Fe3O4(111), more work has recently been
focused also on the Fe3O4(100), expecting different reactivity from the two surfaces21.
With respect to an atomic-level understanding of the structure of the outermost surface
layers, recent combined studies using scanning tunneling microscopy (STM), low
energy electron diffraction (LEED), and density functional theory (DFT) on the (001)
facet gave firm evidence for a resolved surface structure60. In this study, Bliem et. al.
showed that an ordered array of subsurface cation vacancy (SVC) and interstitials is
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responsible for the well-known (√2 × √2)𝑅45° reconstruction of Fe3O4(100). On the
contrary, the surface structure of the (111) facet has been under debate for almost
twenty years. As explained in details in Chapter 4, one of the achievement of this work
was indeed to shed light on the Fe3O4(111) surface structure, eliminating any
discrepancy in favor of the single metal Fetet1-termination of the Fe3O4(111)
surface140.
The reactivity of the two stable facets, (111)- and (100)- Fe3O4, towards water and
CO2 have been studied in the last years by several surface sensitive techniques and a
short summary of the state of knowledge up-to-date follows.
Water adsorption on magnetite. Experiments performed from Cutting et al. and
Kendelewicz et al. on magnetite single crystals by means of photoelectron
spectroscopy showed that on both (111) and (100) surfaces, the formation of hydroxyl
groups is favored at higher coverages with a sharp pressure dependence65,66. With
respect to the Fe3O4(111) surface, the reactivity of the surface towards water has been
found to be very sensitive to the surface termination (a wide and detailed discussion
can be found in the Chapter 5 of this work). Indeed, water dissociates on regular Fetet1terminated surface giving rise of terminal OwH on top of Fe cation and OsH groups
involving oxygen atoms from the surface67,70,158, whereas on Feoct2-terminated surface
it is more likely to form a complex consisting of a half dissociated dimer from the
onset51. On the (100) facet, water adsorption was studied by means of TPD, XPS, AFM
and DFT163,188. In particular, the group of G. Parkinson proposed that water splits on
the Fe3O4(100) surface at room temperature, resulting in the hydrogenation of the
oxygen lattice; the heating of such surface results in the extraction of lattice oxygen
atoms to form water molecules, leading to a reduction of the Fe3O4(100) under UHV
conditions188. A very recent study from the same group suggests the formation of
partially-dissociated water agglomerates (partially dissociated dimers and trimers) at
higher coverage, driven by progressive formation of intermolecular hydrogen bonds,
also favored by the presence of neighbor under-coordinated cations163. The presence
of the subsurface cation vacancies (SCV) reconstruction60 seems to be responsible for
the limited concentration of surface O (one/unit cell) that can accept a proton. The
partially dissociated species formed on the surface, act as anchor to build an H-bonded
architecture before saturation occurs.
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CO2 adsorption on magnetite. Concerning the CO2 adsorption on magnetite, the
amount of investigations conducted until now is scarce. Earlier in this work, it was
presented the first - to the best of our knowledge - adsorption study of carbon dioxide
on Fe3O4(111) as function of coverage and surface temperatures. Experimental
evidences show that at lower temperatures (120-150 K) magnetite, in the (111)
orientation, is rather inert towards carbon dioxide chemisorption and the formation of
species associated with carbonates and carboxylates is likely driven by the presence of
surface imperfections. On the other hand, at temperatures in the range 200-240 K, OH
groups present on the surfaces lead to the formation of bicarbonate-like species. These
observations are in good agreement with the only example found in literature on the
adsorption of carbon dioxide on the (100) magnetite surface175. The latter, based on
TPD, UPS and STM experiments and DFT calculations, suggests that, in its initial
stage, CO2 strongly adsorbs on Fe2+-surface defects, to form then a monolayer of
molecules which are physisorbed on the regular surface (Fe3+-sites).

According to what was exposed so far, a parallel study of the adsorption properties of
the two surfaces seems essential. In this chapter, preliminary data on the adsorption of
water and CO2 on Fe3O4(100) surfaces is presented. The experiments are performed
with the same molecular beam-IRAS experimental setup described in Chapter 3, to
allow a direct comparison with the adsorption studies performed on Fe3O4(111)
surfaces, previously discussed in detail in Chapter 5 and 6, respectively. The
Fe3O4(100) surface was prepared following the recipe employed by Davis et al.21

105

7.2

Water Adsorption on Fe3O4(100)

The reactivity of Fe3O4(100) towards water was investigated performing adsorption
experiments of D2O on the surface at several temperatures and recording the IRA
spectra as function of coverage. The adsorption temperatures were chosen on the basis
of a very recent TPD experiment of water on Fe3O4(100), published in the study of
Meier et al163. In this work, seven desorption peaks have been identified and four of
them (at ∼155 K, 190 K, 215 K, 230 K) have been considered as related to species
adsorbed on the regular surface and constituent of the first water monolayer, and have
been in detail characterized163. Therefore, it seemed reasonable to start our IRAS
investigation with the surface temperatures on the edge of the desorption peaks. Figure
7.1 shows a series of selected IRA spectra of D2O adsorbed Fe3O4(100) at 165 K, 200
K and 225 K. The aforementioned temperatures represent the most meaningful ones
for this experiment. Indeed, saturation of the surface is already observed at 225 K in
the low water coverage regime, and no infrared-signal is detected above this
temperature. On the other hand, in the higher coverage regime, ice formation is already
observed after high dosage of water at 165 K.
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Fig.7.1. Series of selected spectra showing the IRA-features evolution as a function of
coverage when D2O is adsorbed on Fe3O4 (100) at 225 K, 200 K, and 165 K
respectively. Each water pulse corresponds to a dosage of 6∙1013∙molec.∙cm-1.

The spectra evolution can be discussed as follows. At 225 K, two broad adsorption
features with a center of gravity at around 2719 cm-1 and 2642 cm-1 can be observed.
These two features are already saturated after the first D2O pulse on the surface. As
the coverage increases (Tasd = 200 K) new features appear and the overall picture
becomes more complex.
The peak at 2719 cm-1 decreases in intensity, while a new band at 2708 cm-1 starts
growing in parallel with another feature centered at 2695 cm-1 which appears as a
shoulder. In the lower frequencies side of the spectrum, it seems that the band at 2642
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cm-1, previously observed at higher temperature, survives only for low water dosages
and then disappears, whereas a new feature at 2662 cm-1 starts grow. At 165 K, the
2719 cm-1 peak is no longer visible, and the intensity ratio between the peaks at 2708
cm-1 and at 2695 cm-1 changes, showing the latter peak with the highest intensity. On
the other hand, the lower frequency peak at 2662 cm-1 grows and undergoes blue shift.
Also, a new broad feature centered at around 2495 cm-1 appears. At high water dosage
saturation is reached with the formation of ice (ASW), characterized by the sharp peak
at 2723 cm-1 and the broad one at 2493 cm-1, typical for stretching vibrations of
dangling OD species at the surface and D-bonded OD in water clusters respectively.
To be able to interpret the spectra evolution and then compare the water behavior on
the (100) surface with the one on the (111), the help of isotopic labelling is required.
In particular, D2O was exposed on a magnetite film prepared using O18, and the results
of this experiment were then compared with the one obtained for water adsorption on
regular Fe3O4(100). Fig. 7.2 shows the above-mentioned experiment when D2O is
adsorbed on Fe3O184(100) at 225 K.
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Fig.7.2. IRA spectra of D2O adsorbed on O18-labelled Fe3O184(100) as function of
coverage at 225 K (a). Comparison of the IRA features of D2O adsorbed on regular
Fe3O4 (100) (black spectra) and on O18-labelled Fe3O184(100) (green spectra) (b) The
figure shows the isotopic shifts due to the OsD involving a surface oxygen.

The Fig.7.2b clearly shows that, upon O18-labelling in the magnetite film, the band
centered at 2641 cm-1 shifts of about 18 cm-1. This represents a strong evidence of the
fact that the band at around 2719 cm-1 must be associated with terminal Fe-OwD,
whereas the one at 2641 cm-1 is due to surface hydroxyl groups (OsD). As previously
showed in the Fig.5.4 in Chapter 5 in the case of water adsorbed on Fe3O4(111), also
in the case of the Fe3O4(100) such experiment allows a first conclusion about the water
adsorption in the low coverage regime. Hence, the initial stage of the adsorption
process involves water dissociation in a terminal Fe-OwD and an OsD. Interestingly,
the isotopic shift observed in this case is very similar to the one observed for the (111)
surface (18 cm-1 vs 17 cm-1). However, the Fig.7.2 also shows that on this surface the
OD-related IRA features are significantly small (and also smaller than the same bands
observed in the low coverage regime on the (111) surface).
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The low coverage conditions as well as the quite low signal-to-noise ratio, suggest that
these features might form on defect sites. This hypothesis is supported by the
temperature programmed desorption experiments showed in Fig. 7.3. Hence, the
desorption profile of water adsorbed at 225 K on the Fe3O4(100) surface (blue curve),
appears to involve only minority species which are, therefore, not considered as
adsorption on regular sites. On the contrary, the figure shows desorption profiles
obtained after water adsorbed at 200 K (red curve) and at 165 K (black curve), which
seem to be consistent with adsorption on the regular surface. This finding is in well
agreement with the results reported in Ref.163
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Fig. 7.3. TPD spectra measured after IRAS experiments performed at 165 K (black
line), 200 K (pink line) and 225 K (light blue line). The heating rate is 3 K/s. The
observed desorption profiles are in very well agreement with the one presented in the
study of Meier et al.163 The lower resolution can be related to the absence of
differential pumping stages in the mass spectrometer.
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Figure 7.4 shows the IRA features for D2O adsorbed on Fe3O184(100) at 200 K as
function of coverage (a), and also their comparison with the signals observed for the
adsorption on a regular magnetite film (b).

Fig.7.4. IRA spectra of D2O adsorbed on O18-labelled Fe3O184(100) as function of
coverage at 200 K (a). Comparison of the IRA features of D2O adsorbed on regular
Fe3O4 (100) (black spectra) and on O18-labelled Fe3O184(100) (green spectra) (b).

This experiment displays a peaks evolution virtually identical to the one detected in
the case of water adsorption on a regular on Fe3O4(100). The features at 2719 cm-1,
2708 cm-1 and 2695 cm-1 do not shift upon O18-labelling of the surface, suggesting that
-at this coverage- molecular water adsorption dominates. On the other hand, two new
small bands can be identified at around 2650 cm-1 and 2630 cm-1. Nevertheless, even
if these bands are somehow red shifted if compared with the features at 2660 cm-1 and
2642 cm-1 on the regular Fe3O4(100), their size is as small as the noise and they also
112

disappear after few pulses, indicating that most likely surface diffusion and surface
heterogeneity must be taken into account. Hence, in this experiment no significant
isotopic shift is observed. It might be, then, concluded that water adsorption on regular
surface sites at 200 K occurs molecularly. This is in quite good agreement with what
was recently proposed by Meier et al.163, who calculated that the most stable
configuration of water on the Fe3O4(100) surface involves the formation of a partially
dissociated water dimer (Eads = -92 eV/molecule). However, the difference in the
adsorption energy for molecular (Eads = -0.64 eV) and dissociative adsorption (Eads =
-0.59 eV) of water on the surface is quite small, therefore some mixture might be
observed in equilibrium at finite temperatures163,194. The partially-dissociated water
dimers may then anchor further new water molecules to form bigger oligomers.
Accordingly, adsorption of water at high coverage on O18-labelled magnetite films was
investigated. This experiment is shown in Fig 7.5, where the IRA features for D2O
adsorbed on Fe3O184(100) at 165 K as function of coverage (a), and also their
comparison with what observed for the regular magnetite film (b), are displayed.
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Fig.7.5. IRA spectra of D2O adsorbed on O18-labelled Fe3O184(100) as function of
coverage at 165 K (a). Comparison of the IRA features of D2O adsorbed on regular
Fe3O4 (100) (black spectra) and on O18-labelled Fe3O184(100) (green spectra) (b).

In the high coverage regime, the spectra in the 2720-2695 cm-1 range follow the same
evolution as for the adsorption at 200 K. In the lower frequency region, the picture is
less straightforward. Hence, at higher dosage and prior the amorphous solid water
formation, a broad band centered in the regular film at ∼2611 cm-1 starts growing and
shifts of about 19 cm-1 upon water adsorption on O18-labelled Fe3O184(100). The
isotopic shift clear indicates that this band, despite its width and frequency, is not
related to the ASW formation, but it involves indeed surface hydroxyls (OsD). An
explanation for this may be found in the already mentioned study from Maier et al.
This work proposes that half dissociated water dimers on the surface bind further
molecules coming on the surface at increasing coverage, giving rise of partially
dissociated water trimers24. The geometry of these stable oligomers, calculated with
density functional theory and observed experimentally with non-contact AFM
measurements, is shown in Fig. 7.6.
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Fig.7.6. Top view of the minimum-energy structures for water adsorbed on Fe3O4(100)
sufaces calculated by DFT. (A) shows that an isolated water molecule adsorbed intact
is less energetically preferred than the formation of dimers and trimers. The two
isoenergetic geometries for trimers are also shown. (B) and (C) show a ring-like
structure and a more complex one using dangling bonds, typically observed at very
high water coverages.
This model is proposed by Meier, M., Hulva, J., Jakub, Z., Pavelec, J., Setvin, M.,
Bliem, R., Schmid, M., Diebold, U., Franchini, C., and Parkinson, G. 163
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It consists of a linear D2O-OD-D2O configuration, where the third molecule binds on
the surface Feoct row and donates an H-bond into the OD. According to this picture, it
might be possible to detect OsD involving surface oxygen and that might explain the
isotopic shift in the IRA features upon O18-labelling of the film.
Increasing the water dosage leads to water molecules chains and ring like structures
(as shown in Fig. 7.6 in the calculated structures), and – finally - to the ice layer
formation, displayed in the IRA spectra by the characteristic sharp peak at 2724 cm-1
and the broad band centered at 2500 cm-1.
Based on the experimental observation, it is possible to conclude that the water
behavior on the (100) facet of magnetite is similar but non-identical to one on the (111)
surface. Indeed, IRA measurements of water adsorption at 165 K, hence suggesting
adsorption also on the regular sites, first revealed no surface hydroxyls (beyond those
on defects), indicating that molecular adsorption dominates at low coverages. Only at
relatively high coverages and up to the point when amorphous solid water starts to
form, surface hydroxyls are observed, thus reflecting the formation of half-dissociated
dimers and other linear oligomers (most likely half dissociated water trimers), which
ultimately form a hydrogen bonding network in which surface hydroxyls "survive" in
the structure.
The scenario proposed with the presented infrared data is of course still preliminary
and DFT calculations for a more detailed assignment of the IRA features will be
performed in the near future.
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7.3

CO2 Adsorption on Fe3O4(100)

The adsorption of CO2 was investigated with IRAS on the Fe3O4(100) surface as a
function of coverage first at 200 K. The reason for choosing this temperature relies on
the fact that it allows a more straightforward comparison with the results obtained for
the Fe3O4(111) surface; spectra at this temperature are easier to interpret than such
from lower temperatures, where a more complex peak evolution occurs.

Fig.7.5. Series of IRA spectra showing the comparison between the CO2 adsorption
on Fe3O4(111) and Fe3O4(100), in (a) and (b) respectively, at 200 K and as a function
of CO2 exposure.

Figure 7.5b shows our first IRA results of the CO2 adsorption on a Fe3O4(100), kept
at 200 K. In comparison with the adsorption experiment on the (111) surface (Fig.
7.5a), the following considerations can be done. First, as in the case of the (111)
orientation, two main chemisorbed species are detected, having frequencies centered
at around 1414 cm-1 and 1220 cm-1, which are very similar to the one observed on the
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(111)-oriented surface and, therefore, also in the range of bicarbonate-like species.
This surface seems to be less reactive towards CO2, since the intensity of the abovementioned peaks is rather small compared to what is found in the case of Fe3O4(111).
Second, the peak related to physisorbed CO2, centered at around 2350 cm-1, is higher
in intensity, – in comparison with the one on Fe3O4(111), and also does not disappear
at increasing exposure. This finding is in good agreement with what was proposed by
Pavelec et al.175, who found that the CO2 adsorbs first on defects-related sites, and
afterwards forms a physorbed monolayer on the regular surface. Indeed, LEED and
STM studies of the Fe3O4(100)-(√2𝑥√2)R45° surface (in both cases of single crystals
and thin films) showed a uniform, atomically flat and almost defects-free surface15,21.

7.4

Preliminary Conclusions

The experiments shown in this Chapter are the first step towards a better understanding
of the different adsorption properties of the (111)- and (100)- oriented surfaces.
According to the preliminary experimental evidences, the reactivity of the Fe3O4(100)
towards water and CO2 seems to be similar to the one of the (111) facet, but not exactly
the same. The very early stage of the water adsorption process has been found to be a
splitting of the water molecule, likely involving defects sites on both surfaces. In the
case of the (100) facet though, water seems to prefer a partially dissociated dimer
configuration on the regular sites even at low coverage, whereas strong experimental
evidences have been presented to demonstrate the water dissociation on the (111)
surface also in the regular sites prior more complex oligomer formation (Chapter 5).
The partially dissociated water dimers act as an anchor for further molecules coming
on the (100) surface, leading to the formation of partially dissociated water trimer.
On both surfaces dimers and further oligomers assemble into a hydrogen bonding
structure before the amorphous solid water is formed.
Carbon dioxide adsorption also involves at first surface imperfection. On both
surfaces, evidences for water-induced bicarbonate species have been found, indicating
the that water presence (induced or from residual gas adsorption) plays a key role on
the CO2 chemisorption on magnetite.
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For both molecules, the IRA signals have been found to be smaller in intensity for the
(100) surface than for the (111). This might be essentially related to a lower affinity of
the Fe3O4(100) surface towards water and CO2 chemisorption, compared to the
Fe3O4(111). However, as widely explained in the Section 3.3.2 of Chapter 3, several
and sometimes unpredictable factors affect the intensity of the IRAS signals, which
make a quantitative analysis based only on the peak intensity and area difficult.
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8.

Summary

Understanding the fundamentals which govern adsorption and activation processes of
water and CO2 on metal oxide is one of the main achievements in catalytic research.
The ubiquity of these two molecules in the ambient environment renders their
interaction with solid surfaces of tremendous interest. However, determining their
structure upon adsorption on solid surfaces seems to be rather challenging from both
experimental and theoretical point of view. In this work, infrared-reflection-adsorption
spectroscopy, with the support of temperature programmed desorption and also density
functional theoretical calculations, was employed to investigate the catalytic activity
of magnetite surfaces towards water and CO2 adsorption. The combination of these
powerful techniques with well-defined model substrates allowed the understanding of
structure-activity relationships.

The first step in this direction was the preparation of a well-ordered Fe3O4(111) film
epitaxially grown onto Pt(111) single crystal and its characterization. The
characterization of the surface termination of Fe3O4(111) is crucial in the elucidation
of its adsorption properties. Hence, although this surface has been investigated for
more than twenty years, significant controversy remains in literature concerning the
thermodynamically most favored surface termination. In the past, LEED experiments
combined with LEED I/V and STM studies, suggested a bulk termination at the Fetet1
plane with a 1/4 monolayer of tetrahedrally coordinated Fe3+ ions over a close-packed
oxygen layer. However, former adsorption studies of CO and water on the magnetite
surface invoked the octahedrally terminated surface Feoct2 to rationalize the
experimental data. The main origin for this controversy may be found in the fact that
multiple terminations can coexist, and they are strongly sensitive to the growth
conditions and also to the sample history. In this work, CO was used as probe molecule
to shed light on the Fe3O4(111) surface termination question because its adsorption
properties may be directly correlated to the surface structure of the metal oxide. In
particular, a CO adsorption study using IRAS and TPD techniques, corroborated by
DFT calculations, ruled out the presence of octahedrally coordinated iron ions (Feoct2)
on the regular surface, suggesting the Fetet1-terminated surface as the most stable.
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The core of this thesis is the study of the fundamental stages in the adsorption of water
and CO2 on a well-defined thetrahedrally terminated Fe3O4(111) surface.
The understanding of the initial stage of water adsorption and dissociation is a
notoriously challenging task and a certain disagreement can be found in the literature,
mainly related to the difficulties of preparing well-defined, uniform and clean surfaces.
Indeed, the first established model for the water adsorption on Fe3O4(111) was based
on the water dissociation on a Fetet1-terminated surface, giving rise to two hydroxospecies, OwH-Fe and OsH (where Ow and Os indicate oxygen atoms in water and on
the oxide surface, respectively). A more recent study diverges with this picture,
suggesting that water spontaneously assembles in a complex formed by dissociated
and non-dissociated molecules, known as “half-dissociated dimer”, on a Feoct2terminated surface. Once again, the role of the surface termination seems to be crucial
for the interpretation of the experimental data. In this work, based on the fact that according to the Fe3O4(111) surface preparation protocol proposed in Chapter 4- the
most stable surface termination is the thetrahedrally one, the following model is
proposed. Water readily dissociates on the surface to form two hydroxyl species. The
first, OwH, contains an oxygen atom from the water itself and sits on top of a Fe cation;
the second, OsH, derives from a H atom from the water and an oxygen from the surface
lattice. These species act as anchors for molecular water adsorption ultimately giving
rise to a long-range ordered structure. The results were rationalized by DFT
calculations in the framework of cooperative formation of the hydrogen bonding
network.
Further, the adsorption and activation of carbon dioxide on Fe3O4(111) was
investigated. Despite CO2 adsorption studies on magnetite surfaces are scarce, proves
of chemistry involving mainly different types of carbonates, bicarbonates,
carboxylates intermediates, can be found on several metal oxide such as alumina, TiO2,
MgO or ZnO. This work provides - to the best of our knowledge - the first study on
the CO2 adsorption on Fe3O4(111) model-surfaces. IRAS and TPD measurement
showed that, between 120 K and 150 K, the Fetet1-regular surface behaves as rather
inert towards CO2 chemisorption, and mainly physisorption is observed. In this range
of temperatures, the detected IRA-features characteristic for chemisorbed species
consistent with carboxylates and carbonates, have to be interpreted as being driven by
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the presence of surface imperfections. At temperatures as high as 200 K and slightly
above, the presence of OH on the surface (both induced and/or coming with the
residual gas adsorption) plays a critical role in the early stage of the CO2 activation,
promoting the formation of bicarbonate-like species.
Finally, a well-defined Fe3O4(100) model film was grown onto Pt(100) single crystal,
and preliminary investigations on the adsorption of water and of CO2 on this surface
were performed by IRAS. These prior results were compared with the one obtained on
Fe3O4(111), expecting a difference in the reactivity of the two surfaces due to their
different structures. The Fe3O4(100) surface was found to be slightly less reactive
towards water and CO2, but the overall picture seems to be in good agreement with the
results reported for the Fe3O4(111) surface. Certainly, more accurate and systematic
work must be done in this direction, but these exploratory results on the (100)-oriented
magnetite can serve as high quality benchmarks for further experimental investigations
as well as theoretical calculations.
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FT Fourier Transform
HREELS high-resolution electron energy loss
IR infrared
IRAS infrared reflection-absorption spectroscopy
LEED low energy electron diffraction
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MB molecular beam
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ML monolayer
MSSR metal surface selection rule
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QMS quadrupole mass spectrometry
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TR time-resolved
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