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Abstract

The interaction of water with solid surfaces is important in many scientific

fields such as corrosion, electrochemistry, geology, and heterogeneous catalysis.

Chemistry at water/oxide interfaces plays a crucial role in surface’s properties

and reactivity. Employing model systems structurally and electronically char-

acterized under well-defined conditions offers deep insights into the chemistry

of the water/solid interfaces at an atomic level. This knowledge allows one to

tune and optimize catalytic processes.

Its strong relevance to the economical and environmental concerns (cli-

mate change) has driven growing worldwide attention to carbon dioxide (CO2).

It is highly desirable to find a promising route to transform CO2 into valuable

chemicals such as fuels for further applications. In this respect, iron oxides

were considered as suitable catalysts for activation of CO2, not only because

of their natural abundance, but also due to their important catalytic role in

many industrial processes, such as the Fisher-Tropsch synthesis, the Haber

process (NH3 synthesis), and the high-temperature water gas shift reaction.

The Thesis aims to investigate the interaction of water and CO2 on mag-

netite (Fe3O4) surfaces and the role of water on CO2 activation. I also inves-

tigated the influence of surface orientation ((111) vs (001)) on the adsorption

behavior. Well-defined magnetite surfaces were prepared as thin ordered films

on metal substrates (Pt(111) and Pt(001)). For structural characterization

and reactivity studies we used Temperature Programmed Desorption (TPD),

low energy electron diffraction (LEED), Temperature-Programmed LEED (TP

LEED), and Infrared Reflection Absorption Spectroscopy (IRAS).

First, I addressed the surface termination of the films using CO as a

probe molecule. In the next step, individual adsorption of water and CO2

was studied. In the case of Fe3O4(111), water dissociates resulting in the

formation of OsH and OwH hydroxyl groups, consisting of oxygen atoms from

the magnetite surface (s) and water (w) molecule, respectively. These hydroxyl

groups act as an anchor for the incoming water molecules to form a dimer

complex, which ultimately forms (2×2) hexagonally ordered structure (seen by

LEED) via hydrogen bond network. The latter is proved by DFT calculations

to be thermodynamically favorable.
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In contrast to the (111) surface, the water molecularly adsorbs on

Fe3O4(001)-(
√

2 ×
√

2)R45◦. Upon increasing coverage, water molecule starts

to partially dissociate which reinforces the interaction between the formed

dimer or trimer and the oxide surface. Water ordering directly observed by

LEED suggests that the water ad-layer follows the symmetry of iron oxide un-

derneath, thus ice-like layers are formed on (111) and (001) in hexagonal and

square symmetry, respectively. This is the first time that water ordering has

been experimentally observed in two different structures on the same oxide.

We believe that the experimental results provide a strong basis for theoretical

calculations of water/oxide interfaces, and can even serve as benchmarks for

the investigation of ice nucleation on solid surfaces.

When compared to water, CO2 molecules are rather weakly interact-

ing with both Fe3O4(111) and (001) surfaces. However, strongly bound CO2

species may be formed as minority species at a low coverage regime, which are,

most likely, related to surface defects. Based on isotopic experiments, there

is no evidence of CO2 dissociation. TPD spectra on (111) facet manifest a

competition between CO2 and residual gases (water and CO) from the UHV

background. In fact, even traces of water may considerably alter CO2 inter-

action with the oxide. Therefore, careful precautions have to be taken while

studying CO2 interaction with the oxide surface. The results show that on

the (111) surface, CO2 may adsorb more strongly in the presence of surface

hydroxyls, resulting in CO2 desorption at 250 K (compared to ∼200 K on the

clean surface).

According to the TPD results, a water precovered magnetite (001) surface

enhances CO2 interaction, probably via the formation of bicarbonate species

which decompose at ∼350 K.

We believe that the results presented in this Thesis shed more light on

the complex interaction of ”simple” molecules with oxide surfaces.
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Zusammenfassung

Die Wechselwirkung von Wasser mit festen Oberflächen ist in vielen wis-

senschaftlichen Bereichen wie Korrosion, Elektrochemie, Geologie und hetero-

gener Katalyse wichtig. Die Chemie an Wasser-Oxid-Grenzflächen spielt eine

entscheidende Rolle für die Oberflächeneigenschaften und die Reaktivität. Der

Einsatz von strukturell und elektronisch unter definierten Bedingungen charak-

terisierten Modellsystemen bietet tiefe Einblicke in die Chemie der Wasser-

Feststoff-Grenzflächen auf atomarer Ebene. Dieses Wissen ermöglicht es, kat-

alytische Prozesse zu optimieren.

Seine starke Relevanz für die wirtschaftlichen und ökologischen Be-

lange (Klimawandel) hat dazu geführt, dass die weltweite Aufmerksamkeit für

Kohlendioxid (CO2) wächst. Es ist sehr wünschenswert, einen vielversprechen-

den Weg zu finden, um CO2 in wertvolle Chemikalien wie Kraftstoffe für weit-

ere Anwendungen zu verwandeln. In diesem Zusammenhang wurden Eisenox-

ide als geeignete Katalysatoren für die Aktivierung von CO2 angesehen, nicht

nur wegen ihrer großen natürlichen Vorkommen, sondern auch wegen ihrer

wichtigen katalytischen Rolle in vielen industriellen Prozessen, wie der Fisher-

Tropsch-Synthese, dem Haber-Prozess (NH3-Synthese), der Hochtemperatur-

Wassergas-Shift-Reaktion.

Die Arbeit zielt darauf ab, die Wechselwirkung von Wasser und

CO2 auf Magnetitoberflächen (Fe3O4) und die Rolle von Wasser bei der

CO2 Aktivierung zu untersuchen. Ich untersuchte auch den Einfluss

der Oberflächenorientierung ((111) vs. (001)) auf das Adsorptionsver-

halten. Gut definierte Magnetitoberflächen wurden als dünn geordnete

Schichten auf Metallsubstraten (Pt(111) und Pt(001)) hergestellt. Für

die Strukturcharakterisierung und Reaktivitätsstudien verwendeten ich Tem-

peraturprogrammierte Desorption (TPD), niederenergetische Elektronenbeu-

gung (LEED), Temperaturprogrammierte LEED (TP LEED) und Infrarot-

Reflexionsabsorptionsspektroskopie (IRAS).

Zuerst habe ich mich mit der Oberfläche-Terminierung der Schichten

unter Verwendung von CO als Sondenmolekül beschäftigt. Im nächsten Schritt

wurde die individuelle Adsorption von Wasser und CO2 untersucht. Im

Falle von Fe3O4(111) dissoziiert Wasser, was zur Bildung von OsH- und Ow
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H-Hydroxylgruppen führt, die aus Sauerstoffatomen der Magnetitoberfläche

(s) bzw. des Wasser(w)-Moleküls bestehen. Diese Hydroxylgruppen wirken

als Anker für die einströmenden Wassermolekülen und bilden einen Dimer-

Komplexe, die schließlich über ein Wasserstoffbrücken-Netzwerk eine (2×2)

hexagonale geordnete Struktur (gesehen von LEED) bildet. Letzteres wurde

durch DFT-Berechnungen als thermodynamisch günstig nachgewiesen.

Im Gegensatz zur (111) Oberfläche adsorbiert Wasser molekular an

Fe3O4(001)-(
√

2
√

2)R45◦. Mit zunehmender Bedeckung beginnen Wasser-

molekül teilweise zu dissoziieren, was die Wechselwirkung zwischen dem

gebildeten Dimer oder Trimer und der Oxidoberfläche verstärkt. Die di-

rekt von LEED beobachtete Wasserordnung deutet darauf hin, dass die

Wasseradsorbat-Schicht der Symmetrie des darunter liegenden Eisenoxids

folgt, so dass eisartige Schichten auf (111) und (001) in hexagonaler

bzw. quadratischer Symmetrie gebildet werden. Es ist das erste Mal,

dass die Wasserordnung auf zwei verschiedenen Oberflächen desselben Ox-

ids beobachtet wurde. Wir glauben, dass die experimentellen Ergeb-

nisse eine solide Grundlage für theoretische Berechnungen von Wasser-Oxid-

Grenzflächen bilden und sogar als Maßstab für die Untersuchung von Eiske-

imbildung auf festen Oberflächen dienen können.

Im Vergleich zu Wasser wechselwirken CO2-Moleküle eher schwach mit

Fe3O4(111) und (001) Oberflächen. Allerdings können stark gebundene CO2-

Spezies als Minoritätsspezies bei geringer Bedeckung gebildet werden, die

höchstwahrscheinlich mit Oberflächendefekten zusammenhängen. Basierend

auf Isotopenversuchen gibt es keine Hinweise auf eine Dissoziation von

CO2. TPD-Spektren auf (111) Facette zeigen eine Konkurrenz zwischen

CO2 und Restgas (Wasser und CO) aus dem UHV-Hintergrund. Tatsächlich

können sogar Spuren von Wasser die CO2-Interaktion mit dem Oxid erheblich

verändern. Daher müssen bei der Untersuchung der CO2-Interaktion mit der

Oxidoberfläche sorgfältige Vorsichtsmaßnahmen getroffen werden. Die Ergeb-

nisse zeigen, dass auf der (111) Oberfläche CO2 stärker in Gegenwart von

Oberflächenhydroxylen adsorbieren kann, was zu einer CO2 Desorption bei

250 K führt (verglichen mit ∼ 200 K auf der sauberen Oberfläche).

Gemäß den TPD-Ergebnissen verbessert die wasservorbedeckte Magneti-

toberfläche (001) die CO2-Wechselwirkung, wahrscheinlich durch die Bildung
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von Bikarbonatspezies, die sich bei ∼350 K zersetzen.

Wir glauben, dass die in der Dissertation vorgestellten Ergebnisse mehr

Licht auf die komplexe Interaktion von ”einfachen” Molekülen mit Oxi-

doberflächen werfen.
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Chapter 1

Introduction

Catalysis refers to the phenomenon (kinetic, not thermodynamic) by which

the rate of a chemical process is altered by a substance (the catalyst) which is

not appreciably consumed in the process. Based on the phase of the catalyst

material and reacting species the catalytic process can be divided into homo-

geneous catalysis and heterogeneous catalysis. In the latter, the heterogeneous

catalyst is present in a different phase from the reactant; commonly, the cata-

lyst is a solid material, while the reactant is in the gaseous or liquid phase. The

catalysts are primarily metal and metal oxide-based materials. The catalytic

processes are involved in 85 % of processes in the chemical industry, and 80 %

of these catalytic process concern heterogeneous catalysis, which makes it an

important branch of chemistry.[1]

The application of model systems, particularly in heterogeneous cataly-

sis, has made crucial progress in understanding the behavior of active sites and

unraveling fundamental information on various reactions taking place on sur-

faces. Herein lies the beauty of such systems, as they enable the investigation

of the reactivity of catalysts while avoiding the complexity of ”real” catalysis.

This thesis is divided into six chapters. Chapter 1 provides a brief in-

troduction to iron oxides especially magnetite Fe3O4. The structure of both

Fe3O4(111) and (001) facets and their termination are included as well. Chap-

ter 2 describes the experimental setup (UHV machine) and explains the funda-

mental concept of various techniques used in the study. Chapter 3 illustrates

the preparation of samples (films), and surface terminations using CO as a

probe molecule. Chapter 4 deals with detailed studies of water adsorption
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Chapter 1. Introduction

on both Fe3O4(111) and (001) films using techniques such as temperature-

programmed desorption (TPD), low energy electron diffraction (LEED), and

infrared reflection-absorption spectroscopy (IRAS). The adsorption studies of

CO2, and the induced effect of water on it, are also mentioned in Chapter

5. Finally the results and highlights of various studies are summarized in the

conclusion section.

1.1 Iron oxides

Iron oxides naturally occur in abundance in the earth’s crust. Of the 16 recog-

nized iron oxides and hydroxides [2], magnetite (Fe3O4), maghemite (γ-Fe2O3),

and hematite (α-Fe2O3) are the most common forms in nature. Several signif-

icant reviews have summarized and highlighted the properties and reactivities

of iron oxide, and can be found in Ref. [3–5]. The variety of the structures and

properties of iron oxides prove widespread applications. Table 1.1 summarizes

a selection of industrial catalytic application of the iron oxides.

Table 1.1: Iron oxide catalysts in industrial reactions. Adapted from ref.[2].

Reaction Catalyst or catalyst precursor

Synthesis of ammonia Fe3O4 promoted with

N2 + 3 H2 → 2 NH3 Al2O3/ K2O/CaO

Water gas shift reaction Fe3O4/ Cr2O3

CO + H2O → H2+CO2

Fischer-Tropsch synthesis Fe3O4/5-10% Cr2O3

CO + H2 → hydrocarbons + H2O Hematite promoted with SiO2/K2O

Dehydrogenation of ethylbenzene to styrene Hematite/K2O

Vapour phase oxidation of alcohols Hematite/MoO3

to aldehydes and ketones

Liquefication of H2 to 100% parahydrogen ”Hydrated” iron oxides

Steam gasifiaction of brown coal Ultrafine FeOOH

Magnetite (Fe3O4), hematite (α-Fe2O3), and wüstite (FeO) are oxides

of different stoichiometry, which are formed under specific conditions (oxygen

2



Chapter 1. Introduction

pressure and temperature) and are easily convertible to each form. Therefore,

it is important to control the experimental conditions for preparing a particular

form of iron oxides, as shown in the phase diagram (fig.1.1) for iron- oxygen

systems. The preparative conditions play a key role in the stoichiometries and

the final surface structure of the oxides is either a single crystal or thin film.

Figure 1.2 shows a side and a top view of wüstite (FeO), hematite (α-Fe2O3),

and magnetite (Fe3O4) crystal models.

Figure 1.1: Phase diagram of different iron-O2 systems. Adapted from [6].

Wüstite (FeO), has a cubic unit cell (fcc) consisting of a closely-packed

lattice of large oxygen anions, providing octahedral interstitial Fe2+ sites. The

lattice constant varies between 4.28 Å and 4.323 Å depending on the stoichiom-

etry.[7] Wüstite has a non-stoichiometric form FeO1−x, (where (1 − x) ranges

from 0.83 to 0.95),[8]. The non-stoichiometry is occupied by cation vacancies.

Hematite (α-Fe2O3) has the corundum structure. The hexagonal unit

cell has lattice constants of a = 5.034 Å and c = 13.746 Å.[9] The lattice

parameters of synthetic hematite depend on the preparation temperature, i.e.

by increasing the temperature from 25 to 100 ◦C, the lattice a changes from

5.042 to 5.033Å. [7, 10] However, the naturally grown crystals exhibit six

formula units in the hexagonal unit cell due to different contributions of OH.

Since this study focuses on the adsorption behavior of various molecules

3



Chapter 1. Introduction

Figure 1.2: The side view (right) and top view (left) of wüstite (FeO), hematite
(α-Fe2O3), and magnetite (Fe3O4) crystals.

on the magnetite, the following part gives a brief introduction to the crys-

tal structure and surface termination (which strongly influences the surface

chemistry) of both (111) and(001) facets of magnetite.

1.2 Magnetite

Hercules stone,lodestone, black iron oxide, ferrous ferrite, or magnetic iron

ore are all names given to magnetite. Magnetite has important temperatures

where its properties alter: i.e., (i) below 120 K, Verwey transition temperature

4
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TV , the electrical conductivity of magnetite (due to electrons hopping between

Fe3+ and Fe2+ ions in octahedral sites) decreases by two orders of magnitude.

Thus it turns into an insulator.[11] (ii) between 120 K and 850 K, Tc, the

Curie temperature, magnetite is ferrimagnetic due to the cancellation of fer-

romagnetic moments on tetrahedral sites by antiferromagnetic moments on

octahedral sites.[12] (iii) above 850 K, magnetite exhibits superparamagnetic

behavior where net magnetization is zero.[12]

Magnetite has been widely explored for many applications, i.e., spin-

tronics devices[13, 14], in magnetic storage of information,[15], and in hetero-

geneous catalysis.[16]

Depending on the physical properties, crystal structure, and phase, mag-

netite has applications in various areas. For instance, the superparamagnetic

property of magnetite nanoparticles has been exploited as contrast agents in

magnetic resonance imaging (MRI),[17] and as ferrofluids.[2] Besides these,

magnetite is also used for drug delivery particularly in cancer treatment.[18]

Magnetite is also used as catalyst in industry, where the water–gas shift

(WGS) reaction reaction [19] and the Fischer–Tropsch synthesis of hydrocar-

bons are involved.[20]

Interestingly, magnetite can serve as a navigational tool, where bacteria

synthesize and use it to guide themselves through their preferred environ-

ment.[21]

Magnetite crystallizes in the cubic inverse spinel structure and can be

written as AB2O4 or Fe3+tet [Fe2+, Fe3+]octO
2−
4 . Where oxygen anions O2− form

the close-packed face centered cubic sublattice with Fe3+ cations occupy 1/4

of tetrahedral A sites (Fetet1). Where Fe2+ and Fe3+ coexist equally and they

occupy 2/3 octahederal B sites (Feoct). The cubic unit cell has a lattice constant

of 8.396 Å.[7]

1.2.1 Fe3O4(111)

Fe3O4(111) (see fig.1.4) is classified as a Tasker type-3 polar surface, consisting

of positively charged layers (Fe cations) and negatively charged fcc close-packed

oxygen ions (O−2)).[23] It exhibits a surface unit cell with a lattice constant

∼6 Å. The stability and electronic structure of the surface terminations have
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Chapter 1. Introduction

Figure 1.3: The inverse spinel structure of bulk Fe3O4. The red, light blue and
dark blue colors refer to oxygen anions, tetrahedral Fe cations, and octahedral Fe

cations respectively. Adapted from [22].

been experimentally and theoretically investigated.

LEED analysis has been applied to determine the surface structure of

Fe3O4(111) films [24, 25]. The films exposed a 1/4 monolayer of Fetet1 over

a close-packed oxygen layer which is strongly relaxed (see Fig. 1.4(a)). The

reliability of this finding has been questioned due to a high Pendry R-factor

(RP=0.46). In another attempt Ritter et al.[26] combined LEED and STM

measurement to investigate surface termination. The results, having a Pendry

R-factor of RP=0.20, revealed that the surface terminated by 1/4 ML Fetet1

on top of oxygen (as in fig. 1.4(a)). The authors indicated that the surface

relaxation is driven by the minimization of both the electrostatic surface energy

and the number of dangling bonds. A further LEED investigation reported by

Ritte et al,[26] on Fe3O4(111) films, exhibited 1/4 ML tetrahedral termination.

A systematic LEED I/V study by Sala et al.[27] illustrated that an Fetet1

terminated surface was obtained after annealing at 900 K in UHV. The results

provided a very reasonable RP factor= ∼0.1, and provided strong evidence of

the influence that the preparation conditions have on surface structure.

Kim et al.[28] have utilized low energy electron diffraction (LEED), X-

ray diffraction (XRD) and STM, concluding that the stable (111) termination
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might have oxygen. The results obtained by Shvets et al.[29] show that oxy-

gen terminated surfaces can be formed by cooling the sample in an oxygen

atmosphere (10−6 Torr) after annealing.

Using scanning tunneling microscopy (STM), Lennie et al.[30] re-

ported two coexisting terminations depending on the surface preparation of

Fe3O4(111) single crystal. Upon annealing in oxygen (10−7 mbar, 1173 K for

30 min), the most stable termination has 3/4 ML of Feoct1 and 1/4 ML of oxy-

gen atoms, revealing single protrusion with 6Å periodicity. (The latter model

is no longer considered after the same group revised it, observing a so-called

“biphase ordering” upon reduction of the crystal surface.[31]) While in the case

of annealing in UHV (1973 K for 20 min), the unreconstructed termination has

1/2 ML of iron (Feoct2-Fetet1) exposed over a closely packed oxygen layer. The

authors suggested that the substrates or surface preparation may explain these

differences between the surface models of films and single crystal.

Figure 1.4: Side and top views represent the two terminations of Fe3O4(111),
under consideration, (a)Fetet1 and (b)Feoct2. Oxygen anions are red in the topmost
layer and light red in the layer underneath. Light blue and dark blue are Fetet1 and

Feoct2, respectively.

Further insights into the surface structure of Fe3O4(111) have been pro-

vided by adsorption studies. Using CO as a probe molecule, Lemire et al.[32]
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studied adsorption by TPD, IRAS, and HREELS. The results illustrated three

distinct adsorption states. Depending on the stretching frequencies and des-

orption temperature (Td ) these states are identified as: α =2115–2140 cm−1

(Td=110 K), β=2080 cm−1 (Td at 180 K), and γ =2207 cm−1 (Td=230 K). The

authors have assigned α peak to the physisorption of weakly bound CO, while,

the strongly bound CO (chemisorption) β and γ are associated with Fe2+ and

Fe3+ cations, respectively. Due to the observation of divalent Fe cation, the

surface was concluded to be octahedrally Feoct2 terminated (see fig. 1.4(b)).

STM investigations of water adsorption on single crystal Fe3O4(111)

indicated that water dissociation occurs on Fetet1 sites (1/4 ML) (see fig.

1.4(a)).[33]

Certainly, the theoretical approach will be very beneficial in drawing a

uniform picture about surface structure and overcoming the experimental chal-

lenges. Various groups have conducted research into the surface termination of

(111) facet.[34–37] Ahdjoudj et al,[37] have utilized ab initio periodic Hartree-

Fock calculations to consider various models. The results reveal that, upon

ideal bulk cleavage, Feoct2-Fetet1 forms the outermost stable layer. In contrast,

as a deviation from bulk stoichiometry (the net dipole moment of the entire

slab was canceled by imposing the symmetry), Feoct2-Fetet1-O is the most sta-

ble slab, in which all octahedral and tetrahedral sites are occupied by Fe2+

and Fe3+, respectively. The latter suggestion is in agreement with the results

obtained by Lemire et al.[32]

Zhu et al.[38] applied the GGA and LDA+U calculations and the results

suggested that Feoct2-Fetet1 is the most stable termination at equilibrium with

an oxygen environment. In contrast, the GGA+U approximation, predicted

that Fetet1 and Feoct2-Fetet1 are energetically very close.[39]

Grillo et al., [40] employed a GGA+U approximation and found that, at

relevant oxygen pressures at both 300 K and 1200 K, the surface terminated

with Fetet1 has the lowest surface energy.

A study of PBE+U calculations shows the chemical potentials obtained

under UHV conditions; Fetet1 termination is favoured over Feoct2. Layer relax-

ations have also been indicated.[41] These predictions are in good agreement

with the results obtained from LEED IV analysis.

As evidenced by the above illustration, there is inconsistency concerning

8
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the surface termination of Fe3O4(111). Hence the issue is still under debate.

1.2.2 Fe3O4(001)

In contrast to the (111), Fe3O4(001), single crystals and films, have been ex-

perimentally studied by various research groups. These studies show that the

(001) facet undergoes a major reconstruction (
√

2 ×
√

2)R45◦. The surface

is B (Feoct) terminated. Many structure models have been proposed (e.g. the

distorted bulk truncation (DBT) model) and discussed.[5]

The subsurface cation vacancy (SCV) structure is currently the most

accepted model.[42] This proposed SCV model was compiled with a LEED

IV investigation, which reported a Rp =0.125. According to the SCV model,

the surface is distorted (undulated) by a rearrangement of the cations in the

subsurface layers in which, two Feoct2 cations in the third layer are replaced

by an additional interstitial Fetet atom (Feint) from the second layer. The unit

cell thus has one less Fe atom. Eventually, the two surface O atoms (in the

first layer) are without a subsurface Fetet neighbour, per unit cell.

Figure 1.5: Fe3O4(001) surface displays
√

2 ×
√

2)R45◦ reconstruction due to
distortion in the arrangement of the surface cations. Fetet1 and Feoct2 are light blue

and dark blue respectively. The oxygen is red and a yellow star refers to oxygen
anions missing the neighbor subsurface Fetet1. Adapted from [22]

It must be stressed that, just as for the (111) facet, the preparation
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procedure plays an important role in the surface structure of (001) as well.

Studies on either single crystals or films have reported the Fe-rich (or Fe-

dimer) terminated surfaces. For instance, Parkinson and co-workers [43] have

found that such termination (Fe-rich) can occur after sputter/anneal cycles of

(001) single crystal, due to the reduction of the surface during Ar+ sputtering.

The authors have suggested that to recover the Feoct-O termination surface,

the final preparation must be to anneal the single crystal at ∼900 K in 10−7-

10−5 mbar oxygen (O2).

In the case of growing Fe3O4(001) films on Pt(001) crystal, Davis et al.

[44] have observed the Fe-rich terminated surface by increasing the Fe buffer

layer thickness.
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Chapter 2

Methods and Materials

The fundamental investigations in surface science, particularly those concern-

ing model systems, are carried out under ultra-high vacuum (UHV) conditions.

This is to enable clean, well-defined surfaces to be prepared and maintained in

a contamination-free state during the study. Additionally, it facilitates the use

of electron and ion-based experimental surface techniques, allowing electrons

to travel without scattering on gas-phase molecules.

This chapter focuses on the experimental setups utilized in this study

and also provides an introduction to the applied techniques. However, the

preparation of Fe3O4 (111) and (001) films will be discussed separately in

Chapter 3, due to the importance of the preparation conditions on the surface

structure of magnetite.

2.1 Experimental Setup

The experiments presented in this work were performed in two different stain-

less steel UHV chambers. These chambers are named the ”TPD chamber”

and the ”IRAS chamber” based on the main method implemented there

(temperature-programmed desorption, infrared reflection absorption spec-

troscopy). Let us first consider the TPD chamber in which the majority of

work was carried out (see fig.2.1). It is equipped with the following:

• A sputter gun is used to clean the crystal surface by Ar+ ion bombard-

ment.

• A four-grid optics for low energy electron diffraction (LEED) and also

11
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for Auger electron spectroscopy (AES) (Omicron) to monitor the surface or-

dering and chemical composition, respectively.

• Electron beam assisted metal evaporators (Focus EFM3) for iron de-

position, to prepare the desired samples.

• A quadrupole mass spectrometer (QMS, Hiden Analytical, HAL

301/3F) for temperature-programmed desorption (TPD) experiments. The

QMS is shielded by a gold-plated cone to minimize signals from the sample

heating stage. In TPD measurements, the samples were kept 1 mm away from

the nozzle.

• A ”high- pressure” reactor cell (HP cell, ∼30 ml, Au-plated Cu massive

block), for reactivity investigations under realistic pressure (as shown in fig.

2.2 (b)). A Viton O-ring located at the top of HP reactor fits the flange at the

end of the manipulator and is used to seal the HP cell during experiments to

avoid breaking the vacuum in the chamber.

• A gas chromatograph (GC, Agilent Technologies) connected to the HP

cell via the gas line in order to control the composition of the gas and the

reaction kinetics.

In addition, a system of gas lines facilities the handling of multiple gases

of high purity (fig. 2.2). Argon (Ar, Linde), carbon monoxide (CO, Linde),

oxygen (16O2 and 18O2 from Campro Scientific), carbon dioxide (CO2, Linde;

Carbon Dioxide-97 atom % 18O, Campro Scientific) and water ((Deuterium

Oxide ”100”, min. 99.96% D, D2O
16, Sigma-Aldrich); D2O

18 (Deuterium Ox-

ide labeled, Sigma-Aldrich)) are the main gases used during the study. Before

CO2 gas is admitted to the chamber, it passes through a cold trap (a mix-

ture of liquid nitrogen and KCl (saturated solution)) to minimize impurities,

particularly water. Before water (D2O) is used, it is degassed in series of

freeze–pump–thaw cycles. The gases are introduced to the chamber either by

a directional gas doser (10 µm pin-hole in the Mo foil) of the King-Wells type

[45] or by a manual leak-valve (back-filling). Before dosing any gas, the whole

gas line is ”washed” with this gas several times and pumped to avoid gas con-

tamination from the gas line walls. The pressure in the gas line and inside the

UHV chamber is monitored by Varian ionization gauge.

The UHV regime is achieved by a combination of pumps, specifically a

rotary pump, a Pfeiffer turbomolecular pump, and a Varian titanium (Ti) sub-
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limation pump and a Varian ion pump. Water, H2, CO, CO2 and hydrocarbons

are the predominant residuals gases.

At room temperature, the internal chamber instruments and walls con-

tinually desorb gases, particularly water, leading to an increase in the base

pressure. Therefore, the entire system is baked out at temperature in ex-

cess of 130 ◦C for 48 hours. Ultimately the chamber pressure decreases to

2×10−10 mbar.
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Figure 2.1: Picture of the experimental setup (TPD-chamber).

The rotatable manipulator is vertically central to the chamber and can

be moved in x-, y-, and z directions enabling the sample to approach all the

equipment.

Figure 2.2 (a) shows the sample holder. A crystal polished on one side

(Pt(111) or Pt(001) of 1.5 mm in thickness and 10 mm in diameter) is spot-
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welded to a tantalum wire (0.25 mm), on the edge of the crystal, and fixed

between two parallel Ta (1 mm) rods. It is possible to heat the sample by

resistive heating up to 1400 K. The temperature is monitored by thermocouples

(type K, chromel-alumel) spot-welded to the unpolished side (back) of the

crystal. For cooling the samples, the manipulator is filled with liquid nitrogen

(LN2). The entire sample holder is connected to the end of the manipulator

through a KF-type flange with a four-pin electrical feedthrough.

Figure 2.2: (a) The sample holder. (b) Schematic sketch shows the high-pressure
cell in the experiment setup.

Secondly, the ”IRAS chamber”, in which the IR measurements were per-

formed using the Fourier Transform Infrared Spectrometer (Bruker IFS 66v/s),

at a grazing angle of 8◦ and 4 cm−1 resolution, which is attached to the UHV
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chamber via two KBr windows.

2.1.1 Surface sensitivity

Surface sensitive techniques are mainly aimed to probing those atoms which

are located at or near the surface, within a few atomic layers. The majority

of such techniques are based on irradiating the surface with photon, electron,

or ion beams, and then monitoring the outcome signal. Of course, it is impor-

tant to ensure that the measured signal originates from the ”surface region”

more than from the bulk. It is therefore essential to know the penetration

depth of the collected data. Figure 2.3 illustrates the relationship between

the experimental values of the electron inelastic mean free path for different

solid materials and the electron kinetic energy in the range of 5-2000 eV. The

inelastic mean free path (IMFP) is defined as the average distance that elec-

trons of a given kinetic energy can travel before suffering from an inelastic

(energy loss) collision. Initially, the plot decreases with kinetic energy forming

a broad minimum and then slowly increases. The optimum surface sensitivity

can be achieved at the minimum of the ”universal” curve, where electrons with

kinetic energies in the range of 50-100 eV exhibit the lowest mean free path

(penetration depth) of ∼0.5-1 nm.

2.1.2 Low energy electron diffraction

Low energy electron diffraction (LEED) is a technique widely used to check

the crystallographic structure of well-ordered surfaces. The basic physical

principles and many important details about LEED have been described in

the literature.[47–50]

In principle, the LEED experiment depends on the duality of elec-

trons.[51] Electrons exhibit both particle and wave characteristics. The de

Broglie wavelength (λ) of an electron is given by:

λ =
h√

2meE
(2.1)

where E the energy of the incoming electron beam (roughly at the minimum
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Figure 2.3: Inelastic mean free path as a function of electron energy. Taken from
[46].

in the ”universal” curve), h is Planck’s constant (6.626 ×10−34Js), me is the

electron mass (9.11×10−31kg).

The diffraction process (see fig.2.4) is explained by Bragg’s law (eq.

2.2).[52] This law illustrates the relationship between the inter-planar spac-

ing between atomic planes (“d-spacing”) and the wavelength of the incident

beam λ. The latter is given by de Broglie relationship in 2.2.

n λ = 2dsinθ (2.2)

where n is an integer, θ is the angle between the incident wavevector and the

backscattered beam.
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Figure 2.4: Schematic diagram of the diffraction process.

Figure 2.5 depicts the experimental arrangement for LEED, which allows

direct observation of the diffraction pattern. The LEED setup comprises an

electron gun, a hemispherical fluorescent screen, and 4- hemispherical grids

(G1-G4). The sample under investigation is positioned in the center of the

curvature of these hemispherical grids.

A beam of electrons with energy E (20-200 eV) is generated by the elec-

tron gun unit (cathode, a Wehnelt cylinder and electrostatic lenses), and hits

the sample surface. The electrons that back-scatter from the sample surface

to the grids, are of two kinds, i.e. elastic and inelastic scattering electrons.

(i) The elastic scattered electrons reach the first grid and are accelerated

towards a hemispherical fluorescent screen, which is biased at a high positive

potential (5 kV). Thus the electrons in the diffracted beams create a pattern

of bright LEED spots. Both first and fourth grids are grounded to create a

field-free region.

(ii) The inelastically scattered electrons are rejected by the G2 and G3

grids, which are kept at a negative potential (suppressor voltage). These elec-

trons may contribute to the background intensity, i.e. diffuse background.
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Figure 2.5: Schematic diagram of the LEED optics setup and the Ewald sphere
construction.

It is noteworthy that the LEED pattern obtained is a representation of

the reciprocal space; the distance between LEED spots is inversely proportional

to the distance between points in the ”real” surface lattice.

Figure 2.5 presents a Ewald’s sphere which is used to describe the diffrac-

tion process in reciprocal space.[53, 54] An electron beam at normal incidence,

i.e. along the (0,0) direction, is drawn as an incident wave vector k0 and its

length is defined as the radius of the Ewald sphere,

|k| = 2π

λ
(2.3)

When the energy of the incident beam is increased, the diffracted spots move

toward the center of the LEED pattern and hence the radius of the Ewald

sphere increases. All diffraction points are intersected by the Ewald sphere,

k′ is the wave vector of any scattered beam (e.g. k1, k2,.. ), and |k0| = |k′|
as both are radii of the Ewald sphere. The difference reciprocal lattice vector,
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4k, the change in momentum on scattering, can be given as,

4k =
−→
k ′ −

−→
k = G−→hkl (2.4)

where hkl are the Miller indexes. As the diffraction that occurs on the surface

is 2D, because of the absence of a diffraction condition vertical to the surface,

the equation 2.4 can be written as,

4k = G−→hk (2.5)

Thus the LEED spots can be identified using Miller indexes with (hk), e.g.

(0.0), (0,1), .etc. Due to the inverse relationship between the reciprocal and

real spaces, peaks observed at small diffraction angles (small 4k values, 4k =
4 π
λ
sinθ) correspond to large atomic spacing d in real space. By assessing the

LEED pattern (brightness and sharpness) one can deduce the symmetry and

structure of the clean well-ordered surfaces.

2.1.3 Auger electron spectroscopy

Auger electron spectroscopy (AES) yields information about the chemical com-

position of the surface. Auger electrons are named after Pierre Auger.[55] For

more detailed discussions on AES (hardware and instrument) see refs. [56–59].

AES is based on the detection of the Auger electrons emitted from the

surface by electron bombardment of 2-5 keV. Figure 2.6 shows the Auger pro-

cess. When the sample is irradiated with a beam of electrons (or photons)

the atoms become ionized, and electrons are ejected from the K-shell, which

creates a core hole (see fig.2.6 (a and b)). Two mechanisms might occur: (i)

An energetically higher electron fills this core hole, producing energy which is

liberated in the form of x-ray fluorescence (radiation). (ii) This hole is filled

by an electron from a higher lying level, i.e., L1, which initiates another hole.

The energy difference is transferred to a third electron of the same atom (see

fig.2.6 (c)). The Auger process involves three electron transitions, therefore

Auger transitions can occur in all elements of the periodic table, except for H

and He (because atoms have less than three electrons).
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Figure 2.6: Schematic diagram of an Auger emission process in a solid.

Based on the location of the initial hole and the location of the final two

holes, the Auger transition is characterized and the kinetic energy EkL1L2,3 can

be estimated as follows:

EkL1L2,3 = Ek − EL1 − EL2,3 − Φ (2.6)

where Ek, EL1 , EL2,3 are the binding energies of the respective electronic levels,

and φ is the work function of the material, φ = Evacuum−EFermi . The kinetic

energy of an Auger electron is in the range of 50 to 1000 eV AES, which

makes the technique surface sensitive (see fig.2.3). The energy of the emitted

Auger electron is a well-defined characteristic allowing for the identification of

chemical elements in the sample.

2.1.4 Infrared reflection absorption spectroscopy

Infrared spectroscopy is an informative technique which allows for the identi-

fication of the nature of surface phonon, adsorbate molecules, and interactions

that occur between adsorbate-substrate or between adsorbate-adsorbate.[60–

64] (Phonon refers to the lattice vibrations in the crystal).

The infrared light can be divided into three regions: near infrared (12.500

to 4000 cm−1), mid infrared (4.500 to 400 cm−1), and far infrared (400 to
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12.5 cm−1).

The infrared reflection-absorption spectroscopy (IRAS) is based on the

interaction between electromagnetic radiation in the infrared region and the

surface atoms. The infrared spectrum is measured by either absorbance mode

or percent transmittance mode on the y-axis and wavenumber (cm−1) to mea-

sure the position of an infrared absorption on the x-axis.

According to the ”weight on a spring” model, atoms can be modeled as

a mass hanging from a spring attached to a fixed ceiling.[65] The frequency

of the vibrational modes for diatomic molecules can be calculated using the

harmonic oscillator, which considers the atomic mass of both atoms as well

as the strength of the bond. The absorption frequency can be calculated as

follows:

ν =
1

2 π c

√
k (m1 + m2)

m1 m2

(2.7)

where m2, m2 are the masses of vibrating atoms, c is the velocity of light

(3×1010 cm/sec), k is the force constant (bond strength, dynes/cm), and ν is

the wavenumber (cm−1).

In general, not all molecular vibrations are IR active, only vibrations

with nonzero net dipole moments are IR observable. If a molecule is adsorbed

on a metal surface, the absorption of the IR light by this molecule will be

affected by the dielectric behaviour of the metal surface. This is known as

the ”surface selection rule” (SSR),[66, 67] which is schematically displayed in

fig.2.7.

In the case of a dipole parallel to the surface, the net dipole moment is

equal to zero and the electric field does not interact (IR inactive). Therefore,

the parallel dipole moment to the surface plane is not accessible. Only those

vibrations which are perpendicular to the metal surface will be contribute to

the IR absorption spectrum, i.e. for which∂−→µ
∂%k


⊥
6= 0 (2.8)

where %k is the normal vibrational coordinate, and −→µ is the operator of the

molecular electric dipole.[68]
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Figure 2.7: The metal surface selection rule.

Another important aspect is the polarization components (S- and R) of

IR light and its phase shifts upon reflection.[69] It turns that the reflection

experiment performed with p-polarized light at grazing incidence achieved the

maximum surface electric field as well as the maximum absorption peak inten-

sity.

To increase the signal-to-noise ratio of the absorption bands, IRAS is

performed using Fourier-Transform instruments (FT-IRAS). The latter also

provides a high resolution of spectra (∼1 cm−1) and faster scanning through

the frequency range.

For an accurate assignment of the IR spectra, the absorption bands, fre-

quency shifts, and the intensity of vibrations have to be carefully rationalized.

For instance, mechanical renormalization or wall effect, [70, 71]polarization

effect, chemical shift[72], and charge transfer [73] are commonly caused a fre-

quency shift either to a higher wavenumber (blue-shift) or to a lower wavenum-

ber (red-shift).

2.1.5 Temperature programmed desorption

Since temperature programmed desorption (TPD) is the main technique used

in this study, it will be discussed in more detail. TPD is one of many tech-

niques that are extensively used in surface science. The technique is derived

from the so-called flash desorption (flash-filament) method, which was first

illustrated by L.R. Apker.[74] In the flash desorption method, gas adsorption

on a well-defined single crystal under high vacuum condition is examined.

The activation energy of desorption and the order of reaction are determined
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from the obtained results. The method was evaluated and the importance

of the pumping speed was highlighted by Redhead.[75] In 1963, Amenomiya

and Cvetanovic [76] modified the flash desorption method and first proposed

the term TPD. Since then the experimental setup and the method have been

upgraded and modified for different purposes, e.g. for the investigations of ox-

idation, reduction and sulfidation reactions. Therefore, the related techniques

are referred to as temperature programmed oxidation (TPO), temperature pro-

grammed reduction (TPR) and temperature programmed sulfidation (TPS),

respectively.

The TPD technique provides quantitative and qualitative information

about surface interactions between adsorbed molecules and the substrate sur-

face. Important kinetic parameters such as reaction order, the pre-exponential

factor, and the activation energy can be determined by analysis of the TPD

data.

TPD is applicable for the study of the adsorption process of gaseous on

solid surfaces. The discrimination between different desorbed species within

the same temperature region is perfectly achieved by the mass spectrometer.

Figure 2.8 depicts the quadrupole mass spectrometer (QMS) instrument used

in the TPD setup. In principle, QMS aims to separate ions according to their

mass-to-charge (m/z) ratio.[77] QMS combines both a DC and radio frequency

(RF) electric field applied to four parallel rods. The cathode produces electrons

(∼70 eV) to ionize gas atoms or molecules. A constant potential of both the

DC component and an oscillating RF component (V cos ωt) is applied to one

pair of rods while the opposite voltage is applied to the other pair. The field

is rapidly switching and sends most ions between the four rods. Ions with a

certain m/z ratio follow a stable periodic trajectory of limited amplitude until

they reach the ion detector. The latter includes a secondary electron multiplier

or a Faraday cup.[78] In a typical TPD experiment, the sample is kept at

a constant temperature T0. Then the gaseous molecules under investigation

are adsorbed with known dosages. After that the sample is heated with linear

ramp Tt = T0 + β t, where t is the time and β is the heating rate. Eventually,

the dependence of the desorbed gas partial pressure (rate) on temperature

changes is accomplished and referred to as the desorption spectrum. Figure 2.9

illustrates the obtained TPD spectrum when both temperature and coverage
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Figure 2.8: Sketch of the quadrupole mass spectrometer setup for TPD
measurements.

change with the same desorption rate.

Figure 2.9: Desorption rate β, surface coverage Θ, and temperature dependence
on time during temperature, taken from [79].

The desorption rate per unit area (dθ/dt) of the adsorbent is described
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as follows;
dθ

dt
=

(
V

A KB Tg

) (
dP

dt
+

SP

V

)
(2.9)

where S is the pumping speed; V is the volume of the desorption chamber; A is

the surface (adsorbent) area; T g is the gas phase temperature; θ is the surface

coverage (molecule cm−2); and P is the pressure increase above the back-

ground. KB is the Boltzmann constant (1.3806×10−23 J K−1), alternatively

R = NA × KB, where NA is Avogadro’s number, 6.02214× 1023. Whenever

the heating rate dT/dt = β is low and the pumping speed to volume ratio

(S/V ) is large, then dP/dt � (S/V )P is well proportional to the increase in

the pressure P . In the TPD experiment, the readsorption is negligible because

of fast pumping i.e., the pumping speed ∝ - dθ/dt.[80]

Furthermore, the rate of desorption can also be written as follows for a

linear heating ramp;

rdes = − dθ

dt
= kn θ

n (2.10)

where n is the order of desorption. The desorption rate constant kn can be

described by the Arrhenius equation:

kn = ν exp

(
− Edes
RT

)
(2.11)

in which rdes is the rate of desorption that is measured by mass spectrometer;

Ea is the activation energy of desorption; and T is the temperature.[80] ν is

the pre-exponential factor of desorption that describes the frequency (or lattice

oscillations) of adsorbed species that vibrates towards desorption (commonly

has an assumed value of about 1013 s−1).

The equation that represents the desorption rate (rdes) as a function of

coverage and temperature is generally known as the Polanyi-Wigner equation

(Eq. 2.12):

rdes = − dθ

dt
= νn θ

n e− Edes / R T (2.12)

The Polanyi-Wigner equation (eq. 2.12) is used to analyze TPD data, and to

determine the kinetic parameters of the adsorption process.
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The overall shape of the TPD spectra for several initial coverages can pro-

vide information (n=0) about the adsorption kinetic. A zero-order desorption

profile is typically observed for weak adsorped species, which is characterized

by shearing the leading edge of a nonsaturated peak with sharp descending

(see fig.2.10 (a)). In the case of first-order desorption (n=1), the spectra

symmetrically appear around the peak maximum, fig.2.10 (b), with the in-

dependence of peak maximum temperature on the coverage. Figure2.10 (c)

presents second-order desorption (n=2), in which the peak position shifts to-

ward lower temperatures as coverage increases, as is commonly observed in

many dissociative adsorption reactions.

Figure 2.10: The kinetic orders of desorption process, (a) a zero order, (b) first
order, and (c) second order desorption process.

Interpretation and evaluation of TPD spectra can provide significant in-

formation about adsorption kinetics. Numerous methods have been introduced

to analyze TPD spectra. These methods have been critically reviewed in ref.

[81–83] Here, we will demonstrate some of these different procedures that have

been introduced for calculating desorption parameters from TPD spectra.

2.1.6 Methods of Analyzing TPD Data

Complete analysis

This analysis is also known as the Taylor-Weinberg-King method.[80] The in-

dicated method allows the desorption energy Edes to be determined precisely
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without any assumption about ν. The TPD spectra (see figure 2.11) are inte-

grated to obtain the coverage as a function of temperature (coverage vs tem-

perature). Then the coverage at a certain known value θ′ is chosen (e.g., θ =

0.15 ML). The desorption rate (rdes) value that corresponds to θ′ is determined

on all spectra with initial coverage higher than θ′, taking into account that the

value of θ′ is reached at different temperatures for each spectrum. Finally, an

Arrhenius plot of the corresponding natural logarithm of the desorption rate

ln(rdes) versus the reciprocal of the temperature 1/T is constructed.

Figure 2.11: The different steps of Taylor-Weinberg-King method. The figure
adapted from Ref. [84]

The slope of the plot presents E(θ′). Meanwhile, the intercept of the Ar-

rhenius plot yields (n ln θ′+ ln ν(θ ′)). If the desorption order n is known, and

assuming that ν(θ) is temperature independent, then ν(θ ′) can be estimated.

The term n ln θ ′ is much smaller than ln ν(θ′), for coverage above 0.1.
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Inversion analysis of Polanyi-Wigner equation

This analysis relies on two assumptions in order to derive the functional depen-

dence of Edes on coverage, namely: the desorption is a first-order process, and

ν is coverage and temperature independent.[85] By integrating the desorption

rate signal with respect to the temperature from T to the limit T → ∞, i.e.,

θ (T ) =
1

β

∫ ∞
T

dθ

dT ′
dT ′ (2.13)

where limT→∞ θ (T) =0 and β = dT/dt. If we take the Polanyi–Wigner

equation (2.12) and apply mathematical inversion and rearranging, it yields

Eq. 2.14.

Edes(θ) = − R T ln

[
− dθ / dt

ν θ

]
(2.14)

where Edes(θ)is the coverage-dependent desorption activation energy. As

n=1, and ν (assumed value) are known, the energy curve (E des(θ) versus θ)

for each TPD spectrum can be obtained.

Notice that the general behavior (shape) of the obtained energy curve

is the same for every value chosen for ν (e.g., Edes increases with increasing

ν). Furthermore, the energy curve reveals Edes descending with increasing

coverage, which can be explained by adsorbate–adsorbate interactions and/or

different adsorption sites.
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Figure 2.12: Coverage-dependent desorption energy curves for benzene on
graphene covered Pt(111). The vertical dashed line is at a coverage of 0.5 ML, at

which the desorption energies (kJ/mol) and the pre-factors are indicated. Adapted
from [86]

Redhead’s peak maximum method

This method is applicable for first order desorption that follows the Polanyi-

Wigner equation. Both Edes and ν are coverage independent. Redhead [75]

reformulated the Polanyi-Wigner equation to simply obtain the desorption

energy Edes (independent of coverage) at desorption peak maximum. For 1st

order desorption (n = 1) and the sample temperature Tt = T0 + β t, when T

reaches maximum (Tm) then the derivative (- dθ2 / dT 2) = 0. By using the

Polanyi-Wigner equation (Eq. 2.12), the relation between Tm, Edes and β can

be represented as follows (for 1st order desorption);

Edes/ R T 2
m = (ν/β) exp (−Edes / R Tm) (2.15)

After taking natural logarithm and rearranging, we arrive at;

Edes = RTm

[
ln
ν Tm
β
− ln

Edes
R Tm

]
(2.16)
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Knowing that Edes and T m are linearly correlated for certain ν and β values,

then ln(Edes/R Tm) is estimated, and given in eq. 2.17.

Edes = RTm

[
ln
ν Tm
β
− 3.64

]
(2.17)

This estimation has an error below 1.5% for (ν / β) values between 108 to

1013 K −1. Note that, for estimating Edes value, ν is usually assumed to

be = 1013 s−1. Additionally, Redhead proposed another equation (see eq.

2.18) that can be used to determine ν if Edes is already known (from another

method).

ν = (E β / R T 2
m θn−10 ) exp (E / R Tm), for n > 0 (2.18)

The Habenschaden-Küppers (HK) or leading edge analysis

Habenschaden and Küppers [87] have suggested a simple procedure for esti-

mating Edes without any assumption about ν, which can be calculated later at

low coverage. The low temperature side of TPD spectra is selected in order to

keep both ν and T constant. Then these selected points are plotted as ln rdes

versus 1/T , as stated in the logarithmic Polanyi-Wigner equation (eq.2.19):

ln(rdes) = − Edes
RT

+ ln ν + n ln θ (2.19)

This results in the Arrhenius plot with a slope (- Edes/R), where R is the gas

constant (8.314 J.K−1.mol−1). The intercept of the obtained straight line is

represented in the term (n ln θ + ln ν(θ,T )), from which ν can be determined

with high accuracy, as long as the coverage is low (θ −→0). For the reliability

of this method, a high signal to noise ratio is required at the leading edge.

Heating rate variation method (HRV)

In this method TPD spectra of the same coverage are collected at different

heating rates β, assuming that at all heating rates the fractional coverage left

on the surface is the same, once the peak reaches the maximum. Furthermore,

both ν and Edes are coverage independent and heating rate dependent. Lord
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and Kittelberger [88] had discussed this method in detail applying Eq. 2.21.

ln

(
T 2
m

β

)
=

Edes
RTm

+ ln

(
Edes
νR

)
(2.20)

ln

(
T 2
m

β

)
=

Edes
R

(
1

Tm

)
+ ln

(
Edes
νR

)
(2.21)

Plotting ln(T 2
m/β) versus 1/Tm as a function of the heating rate β results in

a straight line that yields Edes from the slope, and the frequency factor ν from

the intercept.

In the case of 2nd order desorption, Edes and ν can be determined by

plotting ln(T 2
m θn−1m / β)versus 1/Tm, if the coverage is known. Keeping

the same surface coverage in each experiment (for every heating rate) is es-

sential, otherwise the obtained plot will be scattered. Also, the heating rate β

should be changed by at least one order of magnitude for reliability with this

method.[75]

According to Jong and Niemantsverdriet,[82] evaluation of the previous

analysis procedures, the complete analysis described by King [80], or the lead-

ing edge analysis [87], provide a meaningful data for Edes and pre-exponential

factor. However, the kinetic order of desorption has to be determined before-

hand.

Recently, these authors have followed up their work in ref. [83] and have

highlighted the rule of the ”compensation effect” phenomenon on the evalua-

tion of kinetic parameters obtained from TPD data. At a higher coverage, the

kinetic parameters of the desorption processes become dependent on coverage,

due to lateral interactions. Consequently a new term called “compensation

effect” has to be considered. Otherwise, false estimated values of both the

activation energy and the pre-exponential factor might happen.
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CO adsorption as a probe for

surface terminations of Fe3O4

(111) and (001) films

This chapter presents the preparation procedure for Fe3O4(111) and

Fe3O4(001) films, which were grown on Pt(111) and (001), respectively. We

investigated the adsorption of CO, as a probe molecule, on both (111) and

(001) facets, to determine the surface termination. The results of this part are

published in reference [89].

3.1 Preparation of Fe3O4(111) films on

Pt(111)

Pt(111) was chosen as the substrate for the growth of Fe3O4(111) films. After

each step of the preparation procedure, the chemical composition and morphol-

ogy of the surface were explored by LEED and AES, respectively, as illustrated

in fig. 3.1(a-d).

The clean Pt(111) surface was achieved by repeated cycles of argon ion

sputtering and annealing to 1100 K, followed by oxidation (PO2=10−6 Torr at

900 K), in order to burn off the carbon impurities that segregated from the

bulk during the annealing step. Finally, the surface was flashed to 1100 K in

UHV. The LEED shows a clear hexagonal (1×1) pattern (fig. 3.1(a)). The
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absence of any contamination signals in AES spectra is considered to be good

evidence that the Pt(111) surface is clean (fig.3.1(d)). Besides that, CO TPD

was always performed before growing the film (fig. 3.2).

Fe3O4(111) films were prepared by following the recipe presented in Ref.

[3, 27]. However we put a lot of effort into adjusting the preparation param-

eters (e.g. oxidation temperatures, oxygen partial pressures, and annealing

temperature) to obtain a well ordered film surface showing a single termina-

tion.

Hence the Fe3O4(111) film was produced as follows: (i) Fe was deposited

on Pt(111) at RT, and then oxidized with 10−6 Torr oxygen at 1000 K for

2 min to form 1 ML FeO layer. The latter exhibits a Moire LEED pattern

due to the lattice mismatch, as in fig.3.1(b). The AES spectrum shows Fe and

oxygen signals. (ii) The Fe3O4(111) film was finally obtained by repeating 2-3

cycles. Each cycle consists of 8-10 ML Fe deposited at RT in UHV and then

oxidized in 5 ×10−7 Torr oxygen at 940 K. (iii) The sample was then annealed

at 900 K for 5 min in UHV.

A Fe3O4(111) film exhibited a sharp hexagonal LEED pattern of well

ordered surface (fig. 3.1(c)). As the film thickened the signal of Pt substrate

attenuated until it completely disappeared (fig. 3.1(d)). According to the

amount of deposited iron and previous cross-sectional TEM studies, the films

are > 5 nm in thickness.

Since CO adsorbs at room temperature on Pt(111) substrate and not on

iron oxide, CO uptake curves reflect the surface coverage. Therefore, the Fe

evaporator was calibrated by CO titration of the Pt(111) surface (via TPD)

after the growth of various FeO films that were formed by different Fe depo-

sition times (with the same flux). Based on TPD spectra of CO, the surface

was assumed to be covered with a monolayer equivalent once the CO uptake

signal had completely disappeared. The results of these measurements and the

coverage profile (obtained by integration the CO peak) are illustrated in fig.

3.2.
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Figure 3.1: LEED pattern taken for (a) the Clean Pt(111), (b) FeO and (c)
Fe3O4(111), at the indicated energies. The (1×1) unit cell is also indicated. The
AES spectra of these surfaces are displayed in (d). All spectra were recorded at

3 kV primary beam energy.
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Figure 3.2: TPD data obtained upon adsorption of 1 L CO at RT on clean
Pt(111) and on FeO films grown with different iron deposition times as indicated.

The inset exhibited the TPD peak area as a function of iron evaporation time. The
arrow points to 1 ML equivalent. The heating rate is 3 K/s.

3.2 CO adsorption

Several studies are reported on the interaction of carbon monoxide on the

surfaces of metal and metal oxides, since CO appears either as product or

reactant in reactions such as Fischer–Tropsch synthesis [20], the water-gas

shift (WGS) reaction [19], the reverse water gas shift (RWGS)[90] etc..

CO is a simple molecule with high dissociation energy which is often used

as a probe molecule. Since oxides are ionic compounds exposing acidic and

basic sites, their interaction with CO can be used to evaluate the acidic/basic

properties of the surfaces. For instance, CO interacts poorly with weak acidic

sites on surfaces (e.g., TiO2 rutile (110) [91, 92]), while surfaces with strong

acidic sites form a stronger bond with CO (e.g., Co3O4(111) [93] and (001)
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[94]).

The adsorption of CO on magnetite film surfaces has been studied by

Udovic et.al.,[95] using TPD. The authors concluded that CO is weakly ad-

sorbed on the magnetic surface through formation of carbonyl species, with

a desorption heat of 46 kJ/mol. However, this finding was contradictory to

the results from thin Fe3O4 film on Fe metal.[96] The latter surface displayed

stronger interaction with CO.

Lemire et al.,[32] utilized various experimental techniques such as IRAS,

HR-EELS and TPD to examine CO adsorption on Fe3O4(111) film. The sur-

face exhibited three desorption states at 110, 180, and 230 K. Based on TPD

and IRAS results, the surface was suggested to be octahedrally (Feoct2) termi-

nated.

The density functional theory calculations for CO adsorption with dif-

ferent coverage on both terminations Fetet1-and Feoct2−tet1 of Fe3O4(111) were

examined by Huang et al.,[35]. It was concluded that surface termination

with Feoct2−tet1 is more favored, with adsorption energy in the range -1.94 to

-0.83 eV, while adsorption of CO on Fetet1 is less stable. In the case of (001)

surface, DFT + U method indicated that CO is strongly bound to the defective

B-layer of Fe3O4(001) surface than the defectless surface.[97]

Due to the discrepancy in the literature about the surface termination

(Fetet1 or Feoct2), the termination of our film has to be verified. Therefore, CO

was used as a probe molecule, where TPD, IRAS and DFT calculations were

combined to estimate the most stable surface termination of Fe3O4(111). The

CO-TPD results are presented in more detail below.

Fe3O4(111) was kept at 90 K then exposed to 1 L CO. The TPD curve

reveals that CO desorbs in three peaks at 105, 170 and 230 K denoted as α, β

and γ (as in ref.[32]), respectively. In order to achieve better resolution of β

and γ peaks, the experiment was repeated at a higher adsorption temperature

of 140 K. The CO-TPD profiles at 90 K and 140 K are illustrated in fig. 3.3.
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Figure 3.3: TPD spectra of 1 L CO adsorbed at 90 and 140 K on Fe3O4(111)
film. The surface was heated to 600 K (spectra are cut off at 400 K) with a

heating rate of 3 K/s.

The TPD data for CO on the clean Pt(111) substrate was suitable as

a reference to quantify CO coverage on Fe3O4(111) film, especially since all

measurements were performed in the same setup. Figure 3.4 shows a com-

parison between TPD spectra obtained from clean Pt(111) and Fe3O4(111)

upon the adsorption of 1 L CO at 140 K. The CO coverage was estimated

from the integrated area of the thermal desorption peak. Ertl et al.[98] re-

ported two different LEED patterns (
√

3 ×
√

3)R30◦ and c(4×2) of CO on

clean Pt(111) at a coverage of about θ= 1/3 and θ= 0.5, respectively. Clearly

the CO superstructure is dependent on the adsorption temperature and cov-

erage. Therefore, the LEED pattern was recorded after the adsorption of 1 L

CO at 140 K (see the inset in fig. 3.4). The obtained LEED pattern displays

c(4×2) and the same pattern has been reported by Steininger et al.[99] for CO

coverage of about 0.5 < θ < 0.58. Knowing that, the c(4×2)-CO structure at

0.5 ML coverage corresponds to a CO density of 7.4×1014 cm−2. Bearing this

in mind, the lattice constant of Pt(111) and Fe3O4(111) are 2.77 Å and 6 Å,
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respectively, and the β and γ states in TPD spectra are equivalent to 8×1013

cm−2 CO coverage, i.e 0.25 ML. 1 ML is referred to 3.2×1014 atoms cm−2, i.e.,

one atom per Fe3O4(111) unit cell. Apparently, this coverage value is small

to be assigned to the regular surface sites and hence it is attributed to defect

sites.

Figure 3.4: TPD spectra of 1 L CO adsorbed on clean Pt(111) (black spectrum)
and Fe3O4(111) (red spectrum) at 140 K and heated by 3 K/s. The LEED pattern
reordered after CO adsorption on clean Pt(111) is presented in the inset and shows

the c(4×2)-CO structure.

To address the apparently low intensity of the β and γ peaks peak (in

fig.3.3) as compared to those reported in Ref.[32], the residual water in the

UHV background was also monitored during the CO TPD experiments.

Figure 3.5 (a) demonstrates the TPD profile for both CO and water after

dosing 1 L CO at 140 K. As shown in both repeated experiments, the lower

participation of residual water shows the higher intensity of the γ peak and

vice versa.

Thus it may be inferred that water adsorption may take place on the

surface while the sample is cooled to 140 K. Therefore, the film was cooled
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down to 140 K in a CO atmosphere (backfilling the whole chamber) after

flashing to 700 K. The TPD profiles obtained for CO and H2O are shown in

fig. 3.5 (b). It can be seen that the water adsorption still occurs, despite the

presence of high CO content, and this adsorption prohibits CO adsorption in

the γ peak. Despite the water contribution is lower than that in fig.3.5 (a).

An apparent trend can be observed in that the water and CO (γ peak)

signals are inversely related. Thus water adsorption on the surface blocks CO

adsorption in γ peak. The latter observation may be the reason for the atten-

uation in γ peak for CO adsorbed at 90 and 140 K (see fig. 3.3). Clearly, even

under UHV, adventitious adsorption of water is difficult to avoid. Hence, the

Fe3O4(111) films were always flashed to 900 K in UHV prior to any adsorption

experiment. Furthermore, it is, therefore, logical that the next step has to be

about the water interaction with magnetite surfaces before investigating CO2

adsorption.

Here this raises the question about the possibility of CO2 formation, so

the signal of the mass 44 amu was always monitored. We did not detect CO2

production, by the reaction with CO, in the TPD spectra.

Figure 3.5: TPD spectra of CO (28 amu) and H2O (18 amu). Signals were
obtained during the heating of the Fe3O4(111) film to 700 K (spectra cut at

500 K) by 3 K/s. (a) The data obtained after exposure to 1 L CO at 140 K. (b)
The spectra recorded after cooling the film from 700 K to 140 K in CO

atmosphere. The spectra in (a) and (b) are not offset in order to observe the
different levels of water in the residual gases.

Furthermore, IRAS and DFT calculations were compiled to rationalize
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the results from CO adsorption on Fe3O4(111); more details can be found in

Ref.[89] Now let us highlight the main points that bridged the experimental

and theoretical results. DFT inspected CO adsorption on four model struc-

tures (each exposes a different termination) and are labeled as: - Structure (1)

is Fetet1 terminated surface. - Structure (2) is octahedrally terminated surface

(Feoct). - Structure (3) and (4) are defect sites (step edges) of type A (Feoct2)

and type B (Feoct1 or ”Fe-rich”)[32, 100], respectively, each type being modified

by an additional O-layer. Figure 3.6 shows the calculated vibrational frequen-

cies of CO stretching mode and adsorption energy (at 1 ML CO coverage) of

these structures gathered with the experimentally observed ν CO bands for

comparison.

The calculated ν(CO) frequency (fig. 3.6, red column) of structure 2

is red shifted with respect to free CO (fig. 3.6, black column). Moreover,

the adsorption energy of -102.6 kJ/mol, CO bound to Feoct, is the highest for

all four structures. Applying Redhead analysis with a pre-factor of 1013 s−1

results in CO desorption peak ∼ 400 K , which have never been experimentally

observed (see TPD spectra in fig.3.5 and fig.3.3). Based on this comparison,

the octahedral termination can be safely excluded.

In the case of structure 3 (defect sites of type A), the calculated frequency

is very close to the observed γ peak and exhibits blue shift concerning the

stretching frequency of CO gas (2204 cm−1). This blue shift can be explained

by the ”wall effect ”[101] due to the repulsion between surface O2− ions and

the lone electron pair of the C atom.

The predicted CO stretching frequencies of both structures 1 and 4 fall

within the range of experimental observation. As earlier observed, the β peak

is relatively low pronounced and sensitive to the adsorption temperature (see

fig.3.3), therefore, it is rational to assign β state to adsorption on the defect

sites of type B (Fe-exposing step edge). On the other hand, α state dominated

the spectra at low temperature and was thus attributed to regular sites, Fetet1.
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Figure 3.6: The upper panels and present the experimentally observed (black
columns) and calculated (red columns) ν (CO) bands corresponding to the

structures (1-4) displayed below. The calculated adsorption energies of 1 ML CO
coverage (i.e., 1 CO molecule per (1×1) unit cell) are given in kJ/mol. Dark blue,

light blue and red colors are referred to Feoct, Fetet1 and lattice oxygen,
respectively. The oxygen-adlayers in structure 3 and 4 are in orange. CO molecule

is colored in dark red (O) and black (C). Adapted from [89].

Consequently, the DFT calculation and experimental results are consis-

tent with the assumption that the Fe3O4(111) surface is a single terminated,

exposing 1/4 monolayer of tetrahedrally coordinated Fe3+. However, the na-
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ture of the defects responsible for high-temperature CO desorption remains

unclear and and subject to speculation.

3.3 Preparation of Fe3O4(001) films on

Pt(001)

The clean Pt(001) surface was achieved using standard cleaning procedures,

i.e. sputtering and annealing in UHV and oxygen. Thereafter the surface

quality was evaluated by LEED and AES as shown in fig.3.7. It can be seen

that no additional signals other than Pt are observed in the AES spectra, and

the hex-reconstructed Pt(001) surface is very clear in LEED (fig. 3.7(a)). CO

TPD was investigated and the clean Pt(001) exhibited the well known profile

of a sharp desorption peak at ∼520 K with a shoulder at 440 K.

Following the recipe developed in our department in Ref. [44], that was

developed in our department, after optimizing the preparation parameters, well

ordered reconstructed Fe3O4(001)-(
√

2 ×
√

2)R45◦ was formed, as is evident

in the LEED pattern (see fig. 3.7(b)). The preparation consists of three main

steps. In the first step, the metallic iron is evaporated on the clean Pt(001)

at RT in UHV forming a buffer layer of ∼15 ML (according to Fe calibration

on Pt(111)). Reactive deposition of iron is the second step, where 25 ML Fe

was deposited at RT and in an oxygen atmosphere (i.e.,7×10−6 Torr). Subse-

quently the surface was annealed at 960 K for 20 min in oxygen 7×10−6 Torr.

The corresponding LEED pattern clearly reveals (
√

2 ×
√

2)R45◦ reconstruc-

tion with respect to the (100)-unreconstructed Fe3O4 surface unit cell (see fig.

3.7(b)). Due to the absence of a Pt signal in the AES spectra, and based on

the amount of deposited Fe and the previous cross-sectional TEM studies, the

thickness of the films is more than 5 nm.
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Figure 3.7: The LEED pattern of (a) clean Pt(001)-hex and (b) Fe3O4(001)-(
√

2
×
√

2)R45◦ are shown with an electron energy of 95 eV. The bulk truncated and
reconstructed unit cells display in white and pink squares, respectively. AES

spectra are taken for both surfaces.

Figure 3.8 illustrates the difference in the CO profile on Fe3O4(001) and

(111) films. The α state appearsin both surfaces and is regarded as a ”tail” of

the desorption peak at lower temperature. The latter observation is in agree-

ment with the TPD results on a single crystal Fe3O4(001), revealing a weak

interaction via adsorption on regular sites.[102] Contrary to (111), Fe3O4(001)-

(
√

2 ×
√

2)R45◦ lacks β and γ peaks. This implies either that the (001) facet

has fewer defects [5, 44] or, more probably, that the defects that do exist are

inert to CO.
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Figure 3.8: CO TPD data after adsorption of 1 L CO on Fe3O4(111) and (001)
films at 90 K. The heating rate was 3 K/s.

Concerning the β and γ desorption states on Fe3O4(111), which are as-

signed to surface defects, these are found to be crucially dependent on the

film preparation and vacuum conditions. Thus the prediction or control of

the surface quality is difficult and should be precisely evaluated prior to any

study. Additionally, since the interference from UHV residual gases may lead

to misinterpretations, these gases should be carefully monitored.

3.4 Summary

The Fe3O4(111) surface is tetrahedrally terminated Fe3+tet1, while defect sites

which are manifested themselves by β and γ desorption states may expose

other terminations. The adsorption of CO on both Fe3O4(111) and Fe3O4(001)-

(
√

2 ×
√

2)R45◦ surfaces is relatively weak, showing a main desorption peak

at temperatures lower than 100 K. However, CO may be strongly bound to
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the defect sites, although the exact nature and extent of these defects on the

magnetite (111) and (100) surfaces are not known. The Fe3O4 (111) surface

is very sensitive to traces of water in the UHV background. The latter affects

CO adsorption in the γ state, and it seems that both CO and water compete

for the same adsorption sites.
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Water adsorption on Fe3O4

4.1 Introduction

Water is ubiquitous and abundant in the environment; it covers 70 percent

of the Earth’s surface. The heat of the sun and the pull of gravity result

in the continuous exchange of water between the earth and the atmosphere.

From the physical perspective, ”water properties” are unique compared to

other liquids. Water appears as a reactant, a product, a solvent and a reaction

medium that is associated with all life on earth and for most activities of

human society. On a wider level, one can find the pervasive role of water in the

world of science, which includes meteorology, geology, heterogeneous catalysts,

electrochemistry, solar energy, corrosion chemistry, and physical chemistry.

These scientific disciplines of water-related sciences demand a comprehensive

detailed understanding of water interactions, especially at the atomic-scale.

In many interfacial systems water appears as an important adsorbate,

making the interaction of water with surfaces, particularly metal oxides, a

topic of interest. Water/iron oxide interfaces play key roles in many impor-

tant heterogeneous catalytic processes, such as in photocatalytic splitting of

water [103], the Fischer–Tropsch synthesis of hydrocarbons [20](i.e. nCO +

(2n+1)H2 −→ Cn H2n+2+ nH2O), the dehydrogenation of ethylbenzene to

styrene [104] and WGS reaction [19]. Magnetite has a significant importance

in these processes. Therefore, the WGS reaction in particular exemplifies the

significant importance of magnetite.

WGS reaction, i.e. CO + H2O � CO2 + H2, is an industrial process
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that is used in hydrogen production for fuel cell applications. WGS utilizes

different catalysts depending on the temperature range. The high temperature

step (320-450 ◦C) utilizing the Fe3O4-Cr2O3 catalyst, while the low tempera-

ture step (200-250 ◦C) uses Cu/ZnO/Al2O3 catalysts.[105] Magnetite provides

a surface for adsorption and interaction of the WGS reactant species to form

product species followed by desorption. Moreover, it acts as an oxygen transfer

medium and is alternately oxidized and reduced via a “regenerative” mecha-

nism.[19] Water dissociation has been reported as one of the rate-limiting steps

of WGS reaction. Indeed getting more insights about water/Fe3O4 interface

will help in increasing H2 production efficiency.

Despite intensive studies, many questions concerning interface water

structure are still elusive: Does water adsorb dissociatively or intact? What is

the energy difference? Which adsorption sites are involved? In the following

section, we will address these questions. Furthermore, we will demonstrate

the important role of the metal oxide surface structure in the water/magnetite

interaction.

As far as water adsorption on magnetite Fe3O4 is concerned, different

studies are highlighted here.

A comparative study between FeO(111) and Fe3O4(111) films upon water

adsorption demonstrated that FeO(111) is chemically inert while the dissoci-

ation occurred only on Fe3O4(111).[106, 107] The latter surface exposed 1/4

Fe (Fetet1) atoms over a close-packed oxygen layer underneath which act as a

Lewis acid and Broensted bases, respectively.

Leist et al.[108] combined IRAS and TPD spectroscopy in order to inves-

tigate water adsorption on epitaxially grown FeO(111), Fe3O4(111) and Fe2O3

(biphase) films in the range 110–320 K. The authors found that at low cover-

age water adsorbed dissociatively on Fe3O4(111), followed by dimers formation

with increasing coverage. The authors suggested that these dimers could act

as nucleation centers for 3D-ice formation. Meanwhile, IR spectra displayed

two adsorption bands at 2712 and 2691 cm−1 that were assigned to OsD and

OwD-Fetet1 species. OsD and OwD are hydroxyl groups interacting via oxygen

atoms from Fe3O4(111) lattice (Os) and oxygen atoms from water molecule

(Ow), respectively. Contradicting these findings, a recent study [109] assumed

that Fe3O4(111) is Feoct2 terminated surface. The authors also suggested the
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formation of a ”half-dissociated” complex as a result of binding of two OH

groups (resulting from dissociated water molecules) with non-dissociated wa-

ter molecules.

Adib et al.,[110] applied TPD to investigate D2O on Fe3O4(111) single

crystal. They observed that TPD spectra showed complex desorption features

in the range of 300–770 K. This observation has been rationalized on the basis

of multiple adsorption sites e.g., different terminations and defects.

Another study was carried out by Kendelewicz et. al [111] on Fe3O4(111)

and (001) single crystals using O 1s and Fe 2p photoemission spectra and

Fe L-edge and O K-edge near-edge extended X-ray absorption fine structure

(NEXAFS) spectra before and after water adsorption at 298 K. The study

revealed that water similarly adsorbed independent of crystallographic orien-

tation. New electronic states appeared depending on water partial pressure.

Additionally, the study pointed to the critical issue of controlling the surface

structures and stoichiometry of iron oxide samples.

However, the study done by Cutting et. al. [33] on Fe3O4(111) single

crystal using scanning tunnelling microscopy (STM) and with X-ray photoe-

mission (XPS) and UV-photoemission (UPS), demonstrated that water dis-

sociated at 200 K and at lower water partial pressure than that reported by

Kendelewicz et. al.[111]. This discrepancy was explained by the intermolecu-

lar mechanism of water molecules that plays a critical role in promoting water

dissociation on the Fe3O4 (111) surface. At the same time, STM images sug-

gested that hydroxyl groups are sitting atop Fe3+ (Fetet1) ions. Similar findings

have been reported applying STM and DFT calculations on Fe3O4(111) sin-

gle crystal surface, prepared by a reduced surface of hematite single crystal

α-Fe2O3(0001).[112]

Further insights into this framework have been brought by theoretical

investigations. In the work of Grillo et al.[40] they used Spin-density functional

theory and on-site Coulomb interactions (GGA+U) to study water/Fe3O4(111)

interaction. The result validated the dissociation of the initial water molecule

into OH groups over Fe sites (Fetet1) and H atoms on surface oxygen. Next H2O

molecule bridges the OH and H groups forming a hydronium-ion-like bridge

structure OH+
3 -OH. The estimated adsorption energy of water dissociation

and molecular H2O over the hydroxylated magnetite surface were -95.40 and
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-75.34 kJ/mol, respectively. As reported by Rim et al. [112] dissociative

pathway has an adsorption energy of about -126 kJ/mol and is more stable

than molecular adsorption by 47 kJ/mol.

Another attempt applying DFT predicted that water dissociation on

Feoct2−tet1 terminated Fe3O4(111) is energetically favorable at low cover-

age.[113] Therefore, Li et al, [114] have addressed water adsorption on Feoct2

and Fetet1 terminated Fe3O4(111). The calculations revealed that, adsorption

on Feoct2 (dissociative) is favorable over the Fetet1 (molecular) terminations.

Obviously, differences and debates on these insights exist and studying

the water/Fe3O4 interface remains a challenging task. One reason for this dis-

crepancy is uncertainty regarding the surface termination (i.e. Feoct2 vs Fetet1

terminated) Fe3O4(111) surfaces. Accordingly, identifying surface termination

was the mandatory step in this study (Fetet1 as mention in the previous Chap-

ter) before going forward to investigate water adsorption. With this knowledge

about surface termination will enable us to rationalize our results.

This chapter demonstrates the influence of the crystallographic orienta-

tion of magnetite films on water adsorption. The main results of this section

are published in references [22, 115, 116].

4.2 Water Adsorption on Fe3O4(111)

4.2.1 Temperature programmed desorption

Herein D2O is used instead of H2O to differentiate between the water we in-

troduced on the surface and the one that present in the background of the

vacuum chamber.

Figure 4.1 displays TPD spectra for different water (D2O, m/z = 20 amu)

exposures (in Langmuirs (L), 1 L = 10−6 Torr × sec) upon adsorption at room

temperature (RT) on Fe3O4(111), and heating to 700 K with a heating rate

3 K/s (the spectra cut at 600 K). The TPD spectra show a broad desorption

feature within 320 - 380 K range for each exposure, which suggests that ad-

sorbed water molecules are interacting strongly with Fe3O4(111). Moreover,

a small amount of water (∼ 0.1 L) is sufficient for saturating the desorption

signal. After this observation of water desorption above room temperature,
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Fe3O4(111) films were always flashed to 900 K in UHV prior to measurements.

In a further step, water adsorption on Fe3O4(111) film was conducted at lower

adsorption temperature (Tads = 140 K).

Figure 4.1: TPD spectra of D2O (20 amu) adsorbed on Fe3O4(111) at RT upon
increasing exposures as indicated. The heating rate is 3 K/s.

Figure 4.2 shows TPD spectra measured upon increasing of D2O dosage

at 140 K and heating to 700 K with a heating rate of 3 K/sec (the spectra cut

at 600 K). As the dosage increases, several desorption peaks appear ranging

from ∼160 to 375 K.

At low water exposure (0.1 and 0.15 L), there are two desorption peaks

at 375 and 315 K. The first one at ∼375 K, can originate from adsorption on

surface defects and may even be saturated by reaction with water in the UHV

background during cooling of the sample to 140 K. The second desorption

signal at ∼315 K, shifts to lower temperatures with increasing coverage and

gives rise to very broad signal centered at 290 K. This signal is characteristic of

second order desorption kinetics. Second order desorption kinetics corresponds

to recombinative desorption of dissociated water molecules.
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Increasing water exposure (up to 1 L) results in evolution of several se-

quentially populated desorption peaks at 201 K, 223 K, and 255 K. The peaks’

position is almost unchanged with increasing water coverage, thus exhibiting

1st order desorption kinetics.

Upon further water exposure (> 1 L), a new desorption signal at ∼160 K

starts to grow. This signal exhibits a common leading edge, which is charac-

teristic of zero-order desorption kinetics. It does not become saturated upon

further exposure and is consistent with the formation of amorphous solid water

(ASW), or ”ice” for brevity.

Figure 4.2: TPD spectra of D2O (20 amu) adsorbed on Fe3O4(111) at 140 K at
increasing exposures as indicated. The heating rate is 3 K/s and the formation of

amorphous solid water is indicated by ASW.

Our TPD spectra shows some similarities to those presented in other

studies (ref.[106–108]). However, their TPD spectra displayed broad feature-
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less desorption traces in the 200–300 K range, probably, due to the surface

heterogeneity and/or experiments conditions. In contrast, our spectra shown

in figure 4.2 have well-resolved desorption peaks.

It is important to mention that similar desorption peaks have been

noticed for water adsorbed on the Fe3O4(111) selvedge surface of hematite

Fe2O3(0001) natural crystal.[110, 112] The authors interpretation was that

these peaks have multiple adsorption sites which exposed different termina-

tions, that unavoidably formed during this surface preparation. Of course

that is not the case for our films. As mentioned in previous Chapter on CO

adsorption, our films expose a single, i.e. Fetet1, termination.

To quantify water coverage on Fe3O4(111), TPD spectra of D2O adsorbed

on the clean Pt(111) surface were performed for calibration. Water interaction

on Pt(111) surface is studied in ref. [117, 118]. Several studies have reported

the formation of different structures of well-ordered hexagonal ice ”bilayer” on

Pt(111) surface. High resolution helium atom scattering measurements were

able to determined two highly ordered ice bilayer phases. (
√

37 ×
√

37)R25.3◦

symmetry was interconverted to (
√

39 ×
√

39)R16.1◦ upon completion of the

water layer, because water molecules were able to be compressed and rotated to

form these supercells.[119] Further growing of a thicker ice bilayer on Pt(111),

a hexagonal (
√

3 ×
√

3)R30◦ LEED pattern was observed.[120, 121] (
√

3 ×√
3)R30◦ superlattice has been considered as a model water structure at in-

terfaces, due to the fact that is has been broadly detected on various metal

surfaces such as, e.g. Ru(001)[122], Ni(111)[123], and Rh(111)[124]. The crys-

talline ice growth on Pt(111) proceeds layer by layer up to the formation

of three-dimensional (3D) islands following Stranski-Krastanov (SK) growth

mode.[125]

Alternative models have been introduced to determine the positions of

the O and H atoms at the contact layer between water molecule and Pt(111).

Figure 4.3 (a, b) displays the “ice-like” bilayer model (“H-up”) and the flat

model “H-down” respectively.

The ”standard” model is water ”bilayer”. It commonly describes the

structure of intact water molecules. Bilayer consists of two layers (upper and

lower) of water molecules which have six water molecules bonded via hydrogen

bond to form a puckered ring on a metal as illustrate in figure 4.3(a).
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Figure 4.3: The structure of ice bilayer on Pt(111) (side and top view). (a)The
red spheres represent O atoms of water molecules bind directly to the surface
(lower layer). The blue spheres are O atoms of water molecules (upper layer)

directed toward the vacuum in the H-up configuration. (b)the flat ice structure.
Adapted from Ref. [126].

The flat ice structure model (figure 4.3 (b)) have been proposed by the

authors in ref.[126]. The water molecules are adsorbed through alternating

metal-oxygen (M-O) and metal-hydrogen (M-HO) bonds to the surface and

to each other through the in-layer H bonds, creating a buckled 2D hexagonal

network overlayer.

By conducting TPD measurements on the same setup and using the same

Pt(111) crystal that used to grow Fe3O4(111) film, all apparatus effects are self-

cancelled. Figure 4.4 shows TPD spectra of water adsorption on clean Pt(111)

at 100 K. The spectra are very similar to that presented by Haq et al.[121]

and showed two main peaks. The first peak at 174-178 K, is associated with

the first water bilayer desorption. The second peak at 155-160 K is associated

with desorption from multilayer ice.

Likewise, the LEED pattern of water on Pt(111) at 110 K was monitored

at 55 eV upon increasing exposures. Up to 1.25 L water exposure no additional

LEED spots have been viewed, but above that the (
√

3 ×
√

3)R30◦ pattern

was observed. The inset of figure 4.4 shows the LEED pattern of 2 L water on

Pt(111) at 110 K.

The water coverage in monolayer (ML), is defined as the number of water
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Figure 4.4: D2O (20 amu) TPD spectra following indicated exposures on Pt(111)
at 100 K. The inset shows (

√
3 ×
√

3)R30◦ LEED pattern (at 55 eV) of 2 L D2O
on Pt(111) at 110 K.

molecules that adsorb on Fe3O4(111) surface, normalized to the number of wa-

ter molecules on clean Pt(111) surface. The coverage on Pt(111) was estimated

from the integrated area of the thermal desorption peak of TPD spectra that

obtained form D2O adsorption on clean Pt(111) surface measured prior to film

growth (knowing that 1 water BL = 1.2 × 1015 cm−2). Using this value for cal-

ibration and assuming the saturation coverage of ideal bilayer ice forms a (
√

3

×
√

3)R30◦ LEED structure on Pt(111), the water coverage was estimated.

Considering the lattice constant of Pt(111) and the outermost Fe cations of

Fe3O4(111) are 2.77 Å and 6 Å, respectively. 1 ML of water on Fe3O4(111) cor-

responds to 3.2 × 1014 cm−2, i.e. one water molecule per Fe3O4(111) unit cell.

The results showed that the total amount of water that adsorbs on Fe3O4(111)

prior to the ASW film growth, corresponds to 2.3 ± 0.2 ML.

4.2.2 LEED

Inspired by TPD showing sharp desorption peaks raises the question: Does

water on Fe3O4(111) form ordered structures, and what do they look like? To
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verify this, we employed LEED. LEED patterns were monitored for different

water exposures at 140 K. Of course, precautions had to be taken to minimize

possible electron beam induced effects on the water ad-layer.

Figure 4.5: LEED patterns at 64 eV following the indicated exposures of water
on Fe3O4(111) at 140 K and 1 L at 203 K. Rhombus in white and yellow indicate

the unit cells for Fe3O4(111) (1×1) and water (2×2) overlayer, respectively.

The general behavior of LEED patterns (at 64 eV) as a function of water

exposures at 140 K on clean Fe3O4(111) are shown in figure 4.5. The clean

Fe3O4(111) surface shows a sharp (1×1) LEED pattern. At low water coverage

(0.1 and 0.15 L) no additional spots are observed. Upon increasing water
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coverage (0.25 L) new additional weak and diffuse spots appear. Then these

spots become sharper and more intense, giving a (2×2) LEED pattern as the

exposures increases (0.5 and 0.75 L). These ordered structures are observed at

coverages that coincide with those that have a sharp TPD desorption peaks at

201, 223, and 255 K as in figure 4.2.

With further increases of water exposures to 1 L or higher, the LEED

(2×2) of water ad-layer disappears. However, the Fe3O4(111) (1×1) LEED

pattern is still visible. ASW formation can explain the disappearing of (2×2)

LEED structure. Remarkably, the TPD spectrum for 1 L lacks the ASW

desorption peak (figure 4.2), even though no (2×2) superstructure is observed.

Perhaps the surface adsorbs slightly higher than 1 L water that might be

coming from the UHV background (especially after many days of working

with water), as water is always present in the UHV background .

It is important to point out that the (2×2) structure appeared in LEED

immediately upon electron exposure and showed no visible intensity attenua-

tion (or gain), at least, in minute’s scale. Therefore, the beam induced effects

on the observed ordering of water ad-layer can be safely ruled out.

Based on the above observations, it seems that at certain coverages water

molecules develop a long-range ordered (2×2) structure through the formation

of a hydrogen-bonding network, as its minimum energy structure. The ordered

pattern is not observed by LEED at low water coverages. This can be explained

as follows: the low coverage is not enough to form ordered structure. Moreover,

if water molecules are formed in small-range ordered or random clusters, this

will be not seen by LEED (typical coherence length is 10–20 nm).

To avoid ASW formation, we increased the adsorption temperature of

1 L water to 203 K, and the LEED pattern shows spots with a symmetry

(2×2). This suggested that increasing the surface adsorption temperature

allows greater mobility of the water molecules such that more stable bonding

configurations can be formed.

Ordered water ad-layer have been reported on a few oxides surfaces, for

instance, ZnO(10-10) [127] where half-dissociated water dimers form a (2×1)

superstructure. The MgO(001) system has been studied in detail experimen-

tally [128, 129] and theoretically [130]. Water/MgO(001) interfaces have dis-

played c(4×2) and p(3×2) LEED patterns. DFT calculations described two
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stable structures depending on the temperature. A c(4×2) structure is stable

at low temperature and consisted of 1.25 H2O per MgO(001) unit cell (ten

water molecules in the supercell). At high temperature, a p(3×2) structure is

more stable containing 1 H2O per unit cell (six water molecules per cell).

The LEED patterns of 1 L D2O at 140 and 203 K (figure 4.5) open

the question of whether the ordered water ad-layer depends on the coverage

or on the adsorption temperature. Moreover, the TPD profile in figure 4.2,

especially these three sharp desorption peaks that followed first order desorp-

tion kinetics, indicates the presence of water molecules having discrete binding

energies and desorbing almost simultaneously at certain temperatures, hence

implying a certain degree of ordering. Therefore, the entire LEED video is

recorded simultaneously while heating the sample with the same heating rate

as in TPD measurements (henceforth referred to as temperature programmed

(TP)LEED).

After adsorption of 1 L water at 140 K, the (TP)LEED video at 64 eV

is recorded during heating with heating rate 3 K/s. Figure 4.6 shows selected

snapshots at different temperatures from the LEED video and synchronized

with TPD profile during the desorption process. Clearly, the (2×2) structure

only forms after water desorbs via the peak at 200 K and is still observed until

250 K. Water ordering is not observed by LEED at 300 K, i.e. in the relative

abundance of dissociated water species.
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Figure 4.6: Sequence snapshots of LEED video (at 64 eV) during heating (3 K/s)
of 1 L D2O adsorbed at 140 K on Fe3O4(111), and the temperatures are indicated.

The general behavior of LEED patterns as a function of temperature was

independent of the initial water coverage above about one monolayer. Adsorp-

tion of water at higher temperatures produced LEED patterns similar to those

seen at that temperature during desorption following low temperature adsorp-

tion. Therefore, the observed long-range ordering is thermodynamically driven

and not kinetically limited, and only occurs at average coverages between 1.2

and 1.8 ML, as determined by calibration of a mass-spectrometer as described

above.

In addition to the observation of (2×2) water overlayer, there are changes

in the intensities of Fe3O4(111) diffraction spots. Therefore, the intensity of

the LEED spots through the whole video was investigated.

In principle, the intensity of a diffraction spot depends on the electron

energy. The so-called I-V curves for several different spots are used for a quan-

titative analysis of ordered surface structures. Commonly, the I-V curve is

collected by following the changes of both intensities and position of diffrac-
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tion spots during energy sweeping. Increasing the energy range and the number

of beams provides higher precision for the structure determination. In fact,

it was the I-V LEED analysis that provided compelling evidence for the cur-

rently accepted models of both the Fe3O4(111) [26, 27] and Fe3O4(001)-
√

2

×
√

2)R45◦ surfaces.[42] Basically, the surface geometry determines the posi-

tions of the peaks in I-V curves, whereas their intensities additionally include

inelastic losses and thermal vibrations. Obviously, the adsorbate layer may

alter the I-V curve, both peak position and its intensity, thus leading to in-

tensity changes at the energy monitored. Taking into account sample damage

by the electron beam and residual gas adsorption, precaution should be taken

during measurements.

Three diffraction spots were selected for presentation in our study.

(0,3/4), (0,1/2) and (0,1) characterize the water, Fe- and O- layers in

Fe3O4(111), respectively. The integral intensities of spots are presented after

background subtraction. Figure 4.7 shows the spots intensities as a function

of temperature together with the water desorption profile for 1 and 2 L water

exposures.

First, the (2×2) spots, the water adlayer, appear at temperatures be-

tween 190 and 250 K, having a maximum at 208 K ±3 K. Meanwhile, the

(0,1) spot, i.e. related to the O sub-lattice, shows a monotonous increase as

the temperature increases for both 1 and 2 L exposures. Clearly, the signal of

the oxygen-sub-lattice spot is very intense.

However, the situation for Fe sub-lattice (0,1/2) spot is different. At

1 L water (fig. 4.7 (a)), the intensity decreases at the beginning of water

desorption, and starts to increase after water (2×2) disappears above 250 K.

While the intensity profile of 2 L water (fig. 4.7 (b)), starts with intensity

lower than at 1 L, once ASW layer has been desorbed the profile mirrors TPD

(2 L), then again intensity increases.

Obviously, the intensity drop obtained at 150-250 K for (0,1/2) spot is

linked to the shift of the I-V curve in the region close to the energy used here

(64 eV), which suggests substantial changes in the Fetet-O interlayer distance

at the oxide surface. This is likely because of the bond of terminal hydroxyl

(OwH) group to the surface Fetet cation.
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Figure 4.7: Intensity of the selected diffraction spots taken from the TP-LEED
movie (at 64 eV) of Fe3O4(111) exposed to (a) 1 L and (b) 2 L D2O at 140 K. The
TPD spectra are shown as dashed line and the unit cells are indicated in the inset

(snapshot at 220 K).

The latter observation, in turn, raises a question about the intensity

profile of these diffraction spots without water. Therefore, the TP-LEED

of clean Fe3O4(111) has been investigated. Figure 4.8 shows that (0,1) and

(0,1/2) spots intensities of the bare Fe3O4(111) surface remain almost the

same through the investigating temperature range 140-400 K.

Figure 4.8: The intensity of the selected diffraction spots taken from the
TP-LEED movie (at 64 eV) of clean Fe3O4(111) (without water) and heating rate

3 K/s.
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Such a behavior underlines the reliability of TP LEED intensities anal-

ysis for studying long-range ordered adsorbate/oxide interfaces, that result

from the adsorption process. A quantitative evaluation of the results is not

straightforward at this stage. To date, acquisition of the whole I-V data set

during sample heating, which would shed more light on the TP LEED results,

remains technically challenging. Our work is considered as the first step in

this field. We are certain that experimental and theoretical efforts will lead to

valuable results. For instance, the latter could provide a model for interplay-

ing the interlayer distance through controlling the surface coverage, this would

probably constitute an important advantage for coming future applications.

4.2.3 Desorption kinetics

In order to get insight into the reaction kinetics of water desorption, the ob-

tained TPD data were utilized to estimate the desorption energy and pre-

exponential factor. The activation energy for desorption can be extracted us-

ing different TPD analysis methods, i.e. inversion analysis of Polanyi-Wigner

equation [85], ”leading edge” analysis [82, 87], the Redhead analysis of peak

maximum[75], and the heating rate variation method.

Figure 4.9 (a) shows the coverage of water as a function of temperature

upon integration (Eq. 2.13, where β= 3 K/s) of desorption curve. Water cov-

erage is normalized to the maximum (θmax) obtained before the ASW related

peak sets in. With making assumptions that ν= 1013 s−1, and the desorption

kinetic is first order, then following Eq. 2.14, the result shows that the desorp-

tion energy considerably decreases with increasing coverage, most markedly in

the low coverage regime (θ/θmax < 0.1), as display in figure 4.9 (b). Despite

the fact that ν is independent of temperature and coverage, but the absolute

values of Edes depends on its (ν) assumed value. Thus increasing the pre-factor

to 1015 s−1 leads to a shift of all energies towards higher (i.e. more exothermic)

values by about 15 kJ/mol.

Another approach that does not include any assumption about the pre-

exponential factor is a ”leading edge” analysis. In principle, the desorption

leading edge of TPD spectra in figure 4.2 is approximated by the Arrhenius-

type behavior. The analysis resulted in an energy of 68 kJ/mol at low coverage

that gradually decreases with the increasing coverage as shown in figure 4.9(b).
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Figure 4.9: (a) Temperature-dependent of D2O coverage after normalized to the
maximum obtained before the ASW related peak sets in. (b) Desorption energy as

a function of water coverage obtained by a ”leading edge” analysis and by
inversion analysis of the Polanyi– Wigner equation with a pre-factor ν= 1013 s−1.

Table 4.1 presents the desorption energy obtained by the conventional

Redhead analysis of peak maximum and assumed a pre-factor ν = 1013 s−1.

The values are a range of desorption energies from 50 kJ/mol for the peak at

∼200 K up to 95 kJ/mol for the peak at ∼375 K. Changing the pre-factor

by one order of magnitude up (or down) increases (decreases) the desorption

energies by approximately 5 kJ/mol. These results are very similar to those

obtained by ”leading edge” analysis, thus suggesting the pre-factor of 1013 s−1

as a good approximation.

Table 4.1: Desorption energy of water on Fe3O4(111) obtained by: (1) Redhead
analysis following Eq.2.17, using a pre-factor ν = 1013 s−1. (2) HRV method for

1 L water (fig. 4.10 (f)).

Tm (K)
Desorption energy kJ/mol
Redhead HRV

200 50 61
223 57 73
255 65 84
290 75 –
375 96 97

The heating rate variation method (HRV) can be viewed as a particular
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choice that provides us a way to calculate the pre-exponential factor, which,

however, requires an assumption about the desorption order. This method is

also suitable to determine desorption energy without any assumptions on the

pre-exponential factor or the desorption order. Following Eq. 2.21, graphs of

ln(T 2
m/β) versus 1/Tm are constructed, and Edes is extracted from the slope

of the linear fit. The intercept represented the pre-exponential factor, whereas

ν is coverage independent for first-order desorption processes.

A series of TPD spectra of a selected water exposures, lower than ASW

formation, 0.1, 0.25 and 1 L are shown in figure 4.10 (a), (b), and (c), respec-

tively, as a function of heating rate in the range of 0.25–5 K/s. The calculated

values of Edes and ν are illustrated in figure 4.10 (d), (e) and (f) for 0.1, 0.25,

and 1 L water exposures, respectively, for each fixed desorption peak.
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Figure 4.10: TPD spectra of water on Fe3O4(111) at 140 K with a variable
heating rates (as indicated) and at fixed exposure; (a) 0.1, (b) 0.25 and (c) 1 L.

Whereas Edes and ν obtained from plotting ln(T 2
m/β) versus 1/Tm are presented

in (d), (e) and (f) for 0.1, 0.25, and 1 L water, respectively.
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HRV method has often been employed for the analysis of very simple

TPD spectra, having a single desorption peak, and at coverages lower than

multilayer formation. To the best of our knowledge, this is the first time

that the HRV analysis method was applied on such complicated TPD spectra

(multiple desorption peaks), as on our case. Thus, to rationalize the obtained

kinetics parameters via HRV with other analysis methods, that used here, we

have to sum them on all exposures.

Using n=1 in HRV method, the obtained desorption energy (average

value over all exposures) for each desorption peak are summarized as fol-

lows; E370K= 97.5 kJ/mol, E255K= 79.5 kJ/mol, E223K= 73 kJ/mol, and

E200K= 61 kJ/mol. This result is in agreement with the data obtained from

other methods. Whereas, the pre-exponential factor values (average) obtained

from the intercept of the linear fit are ν370K= 2.8×1013 s−1, ν255K= 5×1015±1

s−1, ν223K= 8×1016 s−1, and ν200K= 4×1015 s−1.

Clearly as displayed in figure 4.10 (b) and (c), the desorption signal

at ∼300 K, which follows second desorption kinetics, at 0.25 and 1 L water

exposure is difficult to follow. However, at 0.1 L (fig. 4.10 (a)) the water

coverage is not enough to saturate this state, therefore, it appears as a cut

off edge. Thus, the kinetic parameters could not be extracted. It should be

mentioned that large errors were notified for a second or higher-order process

because desorption energy and ν are surface coverage dependent.[88]

Moreover, the desorption energies based on Redhead’s peak maximum

and HRV analysis methods are gathered in table 4.1 for comparison. There

are small variations between the calculated values, i.e., at 200, 223, and 255 K,

whereas the exact energy is obtained at 375 K. The latter is due to the perfect

match between the calculated and assumed pre-exponential factor in both

analysis methods, which is not the case on other temperatures.

Finally, it is important to note that the desorption energy values that

obtained via all previous analysis methods fall in the range of 115 kJ/mol

at low coverage and decreases with increasing coverage to 50 kJ/mol. Our

results are in excellent agreement with data obtained by single crystal ad-

sorption calorimetry (SCAC), ranging from 100 to 55 kJ/mol upon increasing

coverage.[109] Most of observed variations in our data of both the prefactor
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and desorption energy can be attributed to the distinct analysis methods we

employed.

4.2.4 Infrared reflection-absorption spectroscopy

Apparently the above TPD investigation is able to provide only insights about

how water desorbs from Fe3O4(111) surface, while vibrational spectroscopy is

a very important tool to identify adsorbed water species on the surface. There-

fore, TPD measurements have been complemented by IRAS investigation. In

another UHV chamber, IRAS measurements were carried out on Fe3O4(111)

films prepared using the same recipe and flashed to 900 K prior to water expo-

sure. Furthermore, TPD and TP LEED measurements were repeated. Again,

as in the first UHV chamber, the water ad-layer was found to order in a (2×2)

superstructure and TPD spectra revealed similar desorption profiles. These re-

sults have further strengthened our confidence to link the TPD and the IRAS

results obtained in two different setups.

Figure 4.11 provides the spectra taken upon increasing water (D2O) ex-

posure on Fe3O4(111) at 250 K. At low coverage, the spectra display two bands

at 2723 and 2680 cm−1. Upon further increasing exposure, both signals gain

considerable intensity, but one shifts to a lower frequency 2718 cm−1 while an-

other to a higher frequency 2685 cm−1. This shift is quite small and is close to

the spectral resolution 4 cm−1. In addition, a weak broad band that centered

at 2570 cm−1 starts to grow with increasing exposure. The latter band falls in

the range of hydrogen bonded OD species.
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Figure 4.11: IRA spectra of D2O adsorbed on Fe3O4(111) as function of
increasing water exposure at at 250 K.

On the basis of DFT calculations, dissociation of a single water molecule

on both terminations of Fe3O4(111) have been investigated.[109, 114] Table

4.2 summarizes the calculated frequencies. Taking into consideration that

terminal OwD hydroxyl bonded to the Fe cation and surface hydroxyl OsD

(the water proton transferred to surface oxygen) are the expected product

from dissociation process. Experimentally, no vibrational bands related to

Feoct2 termination were observed. This can be considered as further evidence

to discard that Fe3O4(111) surface is Feoct2 terminated.

Table 4.2: The computed frequencies in cm−1 for hydroxyls groups resulting from
dissociation pathway of a single water molecule on Fe3O4(111) data are from Ref

[109, 114].

Feoct2− Fetet1−

OwD 2754 2729

OsD 2440 2705
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While the predicted values of hydroxyl groups over Fetet1− are very close

to the experimental data, in order to identify the origin of 2723 and 2680 cm−1

signals isotopic experiment is needed. Isotopically labeled IR investigation is

always considered a helpful tool to recognize the different nature of adsorbed

species. Therefore, Fe3
18O4(111) and Fe3

16O4 (111) were prepared with 18O

and 16O, respectively. IR spectra obtained after D2O adsorption at 250 K are

shown in figure 4.12 for comparison.

Figure 4.12: Infrared spectra for the adsorption of D2O on Fe3O4(111) prepared
with O16 (black spectrum) and with O18 (red spectrum). The spectra are collected

at 250 K and under saturation conditions.

The labeling of surface oxygen results in a frequency shift of about

17 cm−1 for the band at 2686 cm−1. Whereas, in the case of adsorbing D2
18O

(ref.[115] for more details) the band at 2723 cm−1 red-shifts ∼ 17 cm−1. Con-

sequently, the vibration bands that are experimentally observed at 2723 and

2686 cm−1 must be assigned to terminal Fe-OwD and surface OsD, respectively.
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The main outcome here is that the dissociation of a single water molecule

on Fe3O4(111) supports the “classical” adsorption model that has been earlier

proposed.[108] We would like to stress that surface preparation and vacuum

conditions play a crucial role in the formation of a uniform Fetet1-terminated

surface. The latter was probably not well controlled in Ref.[109], this may

explain the disagreement with our results about water adsorption mechanism,

particularly at low coverage.

4.2.5 Density Functional Theory

In principle, the structures of adsorbed water ad-layer at the water–oxides in-

terfaces are determined by two fundamental competitive forces. Firstly, water-

water interaction through the formation of hydrogen bond, as its minimum

energy structure. The second force that primarily influential water–oxides

connecting layer, is the water-oxides surface interaction.

Density functional theory (DFT) is a useful and supplemental tool that

will refine a better understanding to rationalize experimental data. Hence

DFT calculations were performed in Humboldt University Berlin, through the

collaboration with Prof. Joachim Sauer group (Xiaoke Li and Dr. Joachim

Paier). Following our observation of (2×2) ordered structure, the calculations

were performed using a (2×2) slab. The calculations for the structural surface

models, utilized asymmetric stoichiometric slabs comprising twelve atomic lay-

ers and a (2×2)-periodicity, i.e., the clean Fetet1-terminated Fe3O4(111) surface

has a cell content equivalent to Fe48O64.

As the first water molecule undergoes dissociation pathway, the DFT

calculations predicted two distinguishable stretching wavenumbers 2736 and

2699 cm−1 for OwD and surface OsD groups, respectively. When one compares

these values with the observed bands (table 4.3), wavenumbers differences are

in good agreement. The latter assignment is based on the assumption that the

first appearing band at 2680 cm−1 is associated with adsorption on defects.

The strategy of the performed DFT calculations is based on populating

the Fetet1-terminated Fe3O4(111) surface ((2×2) cell) with water molecules

one by one. As illustrated in figure 4.13 (structure 1), the dissociation of the

first water molecule is the most thermodynamically favorable process, having
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Table 4.3: The calculated and experimental observed vibrational frequencies in
cm−1 for both hydroxyls groups OwD and surface OsD.

νExp. νcal.
Fetet1-OWD 2723 2736
OSD 2685 2699
4ν 38 37

an adsorption energy of -123 kJ/mol. This results in occupying the surface

with Fetet1-OwD and surface OsD hydroxyls groups ”monomers”. Once the

second water molecule (i.e. 0.5 ML coverage) approaches the surface, it may

either dissociate as the first one on available free sites (structure 2), or form

a ”dimer” complex (structure 2cl) via anchoring to the preformed hydroxyls

”monomer”. Dimer complex refers to molecular water binding to dissociated

water molecule. On the basis of calculated energies, -100 vs -104 kJ/mol per

water molecule both processes are equally possible. Taking into account that

the energy gain from monomer formation on the clean surface (-123 kJ/mol) is

considerably high, it makes the oxide surface primarily covered by hydroxyls

at coverages of nearly to 1 ML (i.e. four H2O molecules in the (2×2) cell).

However, the possibility of dimer formation cannot be excluded.

Figure 4.13: Top and side views of several computed structures on the
Fe3O4(111)-(2×2) cell upon water adsorption. (1) A single dissociated water
molecule, (2) two dissociated molecules, and (2cl) a ”half-dissociated” dimer
complex. Adsorption energies per molecule (in kJ/mol) are displayed below

individual structures. Color code; violet is surface Fetet1 ions, pink is surface Os

ions, red is oxygen in water (Ow), proton atop Os is green, hydrogen in water or
hydroxyl is blue. Adapted from [116].
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At 1 ML coverage, the surface is completely covered by ”monomers”

(OwD and OsD). Therefore, the fifth water molecule anchors to one of the

monomers to form a dimer. The energy of chemical reaction for sequential

water adsorption is calculated as in Eq. 4.1.

Fe3O4(111).nH2O +H2O 
 Fe3O4(111).(n+ 1)H2O,

4E(n) = En+1 − (En + EH2O) (4.1)

To analyze the LEED observation of water ad-layer, the coverage increases

from 5 to 8 water molecules on (2×2) cell, i.e 1.25-2.0 ML. The structures and

calculated energies 4E at these coverages are well illustrated in figure 4.14.

Figure 4.14: Several computed structures containing 6, 7 and 8 water molecules
in a Fe3O4(111)-(2×2) cell. The top panel describes the formation of cluster (cl).
The bottom panel represents development of the hydrogen bonding 2D-network
(n). Reaction energies upon adding one H2O are given in kJ/mol. Adapted from

[115].

The obtained structures are formed through two different pathways: clus-

tering and a hydrogen bonded network, henceforth labeled with the superscript

cl and n, respectively. In the case of six water molecules (∼ 1.5 ML), the trimer

6 cl structure is more stable than a dimer and a monomer 6n. Until the seventh

H2O molecule is added to either 6 cl or 6 n structures, both shows that 7 n is
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the more thermodynamically stable structure.

Once the ”network” structure 7 n is formed a 2 D network starts to grow

through maximizing hydrogen bonds. Accordingly, the thermodynamically

favored reaction pathway is a 2D water network formation. Establishing 8 n

structure corresponds to our experimental (1×1) LEED pattern at 140 K before

the appearance of (2×2) water ad-layer.

Let’s summarize the outcome here: initially water dissociates formed two

hydroxyl groups. The latter anchored the upcoming water molecules creating

a dimer complex. Eventually water molecules arrange themselves through a

hydrogen bonding network in a hexagonal arrangement showing a (2×2) LEED

pattern in 7n structure.

4.3 Water Adsorption on Fe3O4(001)

Several studies have combined experimental and theoretical tools in order to

explain what happens at water/Fe3O4(001) interfaces. Theoretical studies by

Mulakaluri et.al.[131, 132] have calculated coverages of 1, 2, and 4 H2O per

unit cell employing a standard GGA+U functional and a bulk-truncated sur-

face model. The results pointed to dissociative adsorption at both defect sites

and regular terrace. Moreover, the authors suggested that molecular and dis-

sociative species coexist on the surface at high water coverage. The same

conclusion has been drawn by Liu et.al.[133] applying AES, LEED, and high-

resolution electron energy loss spectroscopy.

The Diebold’s group [134] reported that dissociative adsorption of water

at room temperature results in the hydrogenation of the lattice oxygen OsH,

which upon heating leads to the reduction of the surface. Remarkably, there

was a lack of evidence for OWH species on the surface. These results were ob-

tained from Fe3O4(001) single crystal applying scanning tunneling microscopy

(STM) and low-energy ion scattering (LEIS). Very recently, the same group

drew more conclusions towards water adsorption on an Fe3O4(001) single crys-

tal, applying TPD, XPS, and AFM.[135] These techniques were gathered with

DFT calculations (considering the SCV structural model of Fe3O4(001)-(
√

2

×
√

2)R45◦) to determine the lowest-energy configurations of water molecules

upon increasing coverage from 1 to 8 H2O/u.c. For the clean surface (as
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prepared), the empty-states STM image revealed slightly brighter protrusions

assigned to the formation of the terminal O∗H groups due to residual water

adsorption. However, the DFT calculations, at 1 H2O/u.c, indicated that the

intact isolated water molecule is slightly (by 0.05 eV) more stable than a dis-

sociated molecule (Eads= - 0.59 eV). The latter forms two terminal hydroxyl

groups, i.e. surface hydroxyl (O∗H) and OwH group (bound to Feoct ion). Inter-

estingly, at 2 H2O/u.c coverage, a partially dissociated water dimer is the most

stable configuration of water (Eads= - 0.92 eV per molecule), where one termi-

nal OH and one H2O, bound to neighboring surface Feoct atoms (see fig.4.15).

Upon increasing coverage to 3 H2O/u.c the energy degenerated due to the for-

mation of two partially dissociated trimers, i.e. linear H2O-OH- H2O trimer

and nonlinear isomer (ISO) trimer (labeled as E3 and E3 ISO in fig.4.15). The

authors detected a discrepancy between their results and Mulakaluri et.al.[132],

especially at low coverage, originated from a different structural model used

in both studies. In the case of SCV reconstruction, the outermost four lay-

ers involve only Fe3+ ions, water preferred to interact molecularly. Whereas

the bulk-truncated structure, the subsurface layers contains Fe2+ cations, pro-

moted water dissociation.

To examine the effect of surface geometry on the adsorption process

of water, we performed similar experiments on Fe3O4(001) films grown on

Pt(001).
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Figure 4.15: Top view of the minimum-energy water structure, at coverages of 1,
2, and 3 H2O/u.c, derived by DFT. Adsorption energies are given in eV. The white

square indicates Fe3O4(001)-(
√

2 ×
√

2)R45◦ reconstructed unit cell, and the
surface oxygen without a tetrahedrally coordinated Fetet neighbor in the second

layer are marked by O∗. Fe atoms are in blue. Adapted from [135].

4.3.1 Temperature programmed desorption

The TPD data collected at different exposures of D2O at 140 K on Fe3O4(001)-

(
√

2 ×
√

2)R45◦ are presented in figure 4.16. The surface was heated to 700 K

(spectra are cut at 500 K) with a heating rate of 3 K/s. Our spectra are in

good agreement with the data that was recently obtained on Fe3O4(001) single

crystal. [135] Therefore, we can cross-correlate the results obtained in these two

studies, labeling desorption peaks α, β, etc as in ref. [135]. For low exposures,

a peak at 240 K (δ) appears first. That followed by peaks at 220 (γ) and 200 K

(β) subsequently populated with increasing coverage. These three peaks are

characterized by first-order (or close to) desorption kinetics. According to the

calibration applying TPD and DFT investigations, the estimated coverages

were 3, 6, and 8 D2O/u.c., to saturate δ, γ and β peaks, respectively. [135]

It is important to point out that the water signal above 250 K keep gaining

intensity (tiny) upon increasing exposure (fig. 4.16), instead of all spectra

sharing the same descending edge (ideal situation). Therefore, the desorption

tail above 250 K is considered to be artificial due to the limitation of pumping
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speed for the mass spectrometer.

Figure 4.16: TPD spectra upon D2O (20 amu) adsorption on Fe3O4(001) at
140 K as a function of increasing exposure as indicated. The heating ramp was

3 K/s.

Starting at about 1.5 L, a peak at ∼ 188 K (α∗) develops between β

and α
′

(177 K). Eventually, ASW desorbs at 160 K. It is important to note

that at α∗ peak appeared in our TPD spectra but not in Ref.[135]. Therefore,

we put much effort into ensuring that the experimental results are solid and

reproducible. Thus, further investigations on newly prepared samples varying

the heating rate and deposition flux were performed. All obtained data reveal

the existence of the α∗ peak. When we consider that the two studies have

different heating rate and adsorption temperature, the former observation can

be explained.

The expected questions that might be interesting to address are whether

the TPD profile, as well as the epitaxial growth of water ad-layer, will be

affected by varying the crystallographic orientation of the magnetite film.
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Figure 4.17: Comparison of TPD spectra obtained on Fe3O4(111) and (001)
films after 1 and 1,5 L D2O exposures, respectively. D2O dosed at 140 K and the

temperature ramping by 3 K/s.

Taking advantage of the fact that all TPD investigations have been done

utilizing the same experimental setup, the spectra on both (111) and (001) can

be safely compared. The outcome of the comparison is summarized in figure

4.17, where the TPD data for exposure prior to ASW formation of water at

140 K and heating rate 3 K/s on Fe3O4(111) and (001) films are shown. Both

surfaces show some similarities and some differences.

Similarities clearly appear in the position of the β and γ peaks on the

(001) films that almost coincide with desorption maxima at 200 and 220 K

obtained on the (111) films, all peaks are related to molecular water adsorption.

At high temperatures, the differences are more obvious. In the case of

(111), the surface displays a peak at 255 K and a long ”tail” up to 400 K

following second-order desorption kinetics due to water dissociation. While

the desorption peak at 240 K, with a steep descending edge, on (001) surface

showing pseudo-first-order desorption kinetics. The latter suggests that water

adsorption on Fe3O4(001)-(
√

2 ×
√

2)R45◦ is either nondissociative or that
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the hydroxyl groups resulting from dissociation do not separate on the surface

during the TPD ramp and readily recombine.

4.3.2 LEED

Motivated by the latter observation of the resemblance between β and γ peaks

on (001) with 200 and 220 K peaks on (111), that suggest water ad-layer on

(001) may also form an ordered structure, a study on (001) was conducted

using LEED. As noted early, the water superstructure on (111) is immediately

observed at 200 K (fig.4.5).

Thus, the LEED pattern at 70 eV was monitored after Fe3O4(001)-(
√

2

×
√

2)R45◦ film was exposed to 1.5 L at 200 K. No additional diffraction spots

were observed. Therefore, this procedure was repeated for several exposures

(1, 2, 3, 4, and 5 L), and for each of these, the LEED was taken at different

electron energy i.e., 20, 40, 60, and 70 eV. Moreover, the adsorption flux,

heating rate and adsorption temperature (at 200, 210, and 220 K) were all

checked. Despite these many attempts, trying every possibility, it seems that

water did not form an ordered superstructure on Fe3O4(001) surface under

these conditions.

Previously, Mulakaluri et.al.[131] reported suppression in the (
√

2 ×√
2)R45◦ reconstruction upon water adsorption of 2 ×10−6 mbar for 2 min

(i.e., ∼300 L) at 273 K. The same attenuation has been observed at 165 K for

0.01 L on Fe3O4/Mo(001).[133] The latter observation has been considered as

indirect evidence for water dissociation, however surface termination was not

precisely determined in that work.

To monitor any tiny changes in the reconstructed diffraction spots we

inspected the LEED pattern at lower electron energy (E = 25 eV). LEED

patterns were examined after adsorption of 1.25, 1.5, 1.75, 2, 2.5, 4, 5 and 6 L

at 140 K, as displayed in fig. 4.18(b-i).

The clean Fe3O4(001)-(
√

2 ×
√

2)R45◦ reconstructed surface exhibits a

sharp LEED pattern (fig.4.18(a)). No clear additional spots were observed

after exposure of 1.25 L of D2 at 140 K. At 1.5 L exposure, a very faint

additional set of spots, highlighted in yellow circles, developed. Remarkably, at

1.75 L these additional spots become more intense revealing (2 ×2) symmetry

(fig.4.18(d)). Increasing water exposure to 2 L, results in the disappearance
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of (2 ×2) structure; additionally, the intensities of the oxide film diffraction

spots get weaker upon increasing exposure. Finally, LEED disappears at water

exposure above 4 L. It worth noting that 1.75 L is the only exposure revealing

sharp (2 ×2) structure at 140 K.

Figure 4.18: LEED patterns of Fe3O4(001) as a function of increasing D2O
exposures; (a) without, (b) 1.25 L, (c) 1.5 L, (d) 1.75 L, (e) 2, (f) 2.5 L, (g) 4 L,
(h) 5 L, and (i) 6 L at 140 K. All LEED measured at 25 eV. The unit cells are

indicated.

Therefore, the TP LEED of 1.75 L water, adsorbed at 140 K, have been

performed at 47 eV. A number of LEED patterns as a function of temperature
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are shown in figure 4.19. As illustrated in the formation Fe3O4(001)-(2×2)

structure is detected at 175-187 (±3) K. Importantly, the (2×2) symmetry of

water ad-layer on (001) surface is observable for a small temperature window

comparing with Fe3O4(111) surface (i.e., 200-250 K, see fig 4.5).

Figure 4.19: Selected snapshots from LEED video (E=47 eV) recorded during
heating (3 K/s) of Fe3O4 (001)(

√
2 ×
√

2)R45◦ surface after adsorption of 1.75 L
water.

The changes in the intensity with temperature, through the TP LEED

video upon heating by 3 K/s, are shown in figure 4.20 (a, b) for 1.75 and

2.25 L water, respectively. The profiles present the average values for both

(
√

2 ×
√

2)R45◦ reconstructed surface (R-) spots and (2×2) water ad-layer
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(W-) spots.

The W-spots, at 1.75 and 2.25 L, are observed for a very short period

(i.e. 4 (±1) sec this about 12 (±3) K) having maximum intensity at ∼ 181 K.

For comparison, the (111) surface reveals a wider temperature range, i.e., 200-

250 K with maximum ∼208 K.

The R-spots show a dramatic response during water desorption; the in-

tensity maximizes simultaneously with the appearance of the (2 ×2) water

ad-layer structure. Then the intensity decreases and subsequently increases

during desorption of β peak. Eventually after water desorption (via 240 K

peak), the intensity stays almost unchangeable.

Figure 4.20: Averaged intensity of the selected (circled) diffraction spots taken
from the TP LEED movie (at 47 eV) during heating (3 K/s) of the film exposed to
(a)1.75L and (b) 2.25L. The corresponding TPD spectra are displayed as dashed
line. W- and R-spots are referring to (2 ×2) water ad-layer and (

√
2 ×
√

2)R45◦

reconstructed surface, respectively. The unit cells are indicated.

To examine the influence of water coverage on the (2 ×2) superstructure

in the observed temperature region, TP LEED movies at 25 eV were inves-

tigated. A set of D2O exposures (i.e., 1.25, 1.5, 1.75, 2, 2.5, 4, 5 and 6 L)

at 140 K then heated with the same TPD heating ramp 3 K/s. The inten-

sity profile for various exposures is plotted versus temperature in figure 4.21.

The results show that the (2 ×2) structure appears at dosages from 1.75 to
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5 L water. It shortly appears, for such a narrow temperature range, consis-

tently occurring at all exposures. This makes its observation rather difficult

to identify and easy to overlook.

Figure 4.21: Averaged intensity of the (2 ×2) water ad-layer diffraction spots
from TP LEED video (E=25 eV) at different exposure (as indicated). The heating

rate 3 K/s.

There is no observation of (2×2) structure at 1.25 and 1.5 L exposures,

indicating that the needed coverage is not reached yet. Despite the TPD spec-

trum for 1.5 L indicates that the first ”monolayer” water film almost formed.

Obviously, (2×2) spots are strongly detected (intensity) at 1.75 L. The

latter is especially important as it is the only coverage that displayed ordered

structure at 140 K. It cannot, however, explain the much larger increase in the

intensity. This can be related to this specific electron beam energy (25 eV),

however, as such behaviour consists of the LEED pattern of 1.75 L water at

140 K (see fig.4.18).

Further increasing of water exposure from 2 to 5 L leads to decreasing

(2×2) intensities. At 6 L, the ordered water ad-layer is not observed anymore.
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This implies that the structure of the water adlayer is highly sensitive to the

coverage. Also it is noticed with the existence of α∗ and α
′

peaks.

More specifically, the Fe3O4(001)-(2×2) structure is observed at a cov-

erage of about 8 H2O/u.c., or 1.2 × 1015 H2O/cm2, following the calibration

in ref.[135]. Meanwhile, Fe3O4(111)-(2 ×2) is detected at coverage 5.6 × 1014

H2O/cm2. Accordingly, the surface coverage on (001) surface is twice (111).

Since we are, in particular, studying the effect of water adsorption on

the intensity of the diffraction spots, a blank TP LEED video is required.

Therefore, TP LEED movie of clean (001) surface heated from 140 to 400 K

by 3 K/s, was also examined. The intensity profile, average values, is illustrated

in figure 4.22. Clearly, the intensity is almost constant during the temperature

range. This is considered as evidence that the changes were directly related to

water adsorption.

Figure 4.22: Intensity changes as a function of temperature of the detected spots
of a clean Fe3O4(001)-(

√
2 ×
√

2)R45◦ film through TP-LEED movie (E = 47 eV).
Heating rate 3 K/s.
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4.3.3 Desorption kinetics

By performing different TPD analysis methods reliable desorption energies

and pre-exponential factors can be extracted. For each TPD spectra in figure

4.16, the θ/θmax vs T plots can be obtained by integration the spectra from

140 to 330 K (where all water desorbed), as given in fig. 4.23(a). Inversion

analysis of Polanyi-Wigner equation [85] was applied, under the assumption

that desorption kinetics are first-order and ν= 1013 s−1 is utilized, in order

to compare the calculated data with (111) surface. Figure 4.23(b) shows the

coverage-dependent desorption energy of water.

Figure 4.23: (a) D2O coverage versus temperature plots obtained from TPD
spectra. (b) Desorption energy as a function of water coverage obtained by:
Inversion analysis of the Polanyi–Wigner equation with ν= 1013 s−1. Water

coverage is normalized to the maximum obtained before the ASW peak.

As was observed in fig.4.16, that with increasing water exposure the

signal above 250 K continuously grows up due to the limited pumping speed.

Therefore the coverage that was shown in fig 4.23 (a) is overestimated. In

turn, this causes an artificial shift of curves in figure 4.23 (b).

To correct this, water coverage and desorption energy were recalculated,

this time the TPD spectra (fig.4.16) were integrated over temperature range

from 140 to 255 K. The corrected plots are displayed in fig. 4.24 (a and b),

the new obtained energy curves are coincide and shifted to lower values (about

20 kJ/mol) than previously presented in fig 4.23 (b).
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Figure 4.24: (a) D2O coverage θ/θmax versus temperature obtained from TPD
spectra. Desorption energy as a function of water coverage obtained by: (b)

Inversion analysis of the Polanyi–Wigner equation with ν= 1013 s−1. (c) ”leading
edge” analysis. Water coverage is normalized to the maximum obtained before the

ASW related peak sets in.
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Figure 4.24(b) shows the general behavior of the desorption energy with

respect to coverage. The energies values fall in the range of 67 kJ/mol, which

then decrease with increasing coverage. Increasing the pre-factor value leads

to a shift of all energies towards higher values.

Applying ”leading edge” analysis [87], no assumption about ν is needed.

The obtained data are displayed in fig.4.24(c) ranging 73 -46 kJ/mol. It should

be noted that at 0.75 and 1 L exposures the energy slightly increasing by ∼
4 kJmol (strong binding).

Employing the conventional Redhead analysis of peak maximum[75],

reveals variation of the desorption energies from 61 to 45 KJ/mol, for ν=

1013 s−1. Table 4.4 summarizes these energy values. Energy values increased

by 10.7 kJ/mol using ν= 1015 s−1.

Table 4.4: The desorption energy obtained by Redhead analysis of peak
maximum and ν= 1013 s−1.

Tm. (K) desorption

energy kJmol−1

Fe3O4(001) 177 (α
′
) 45

188 (α∗) 48

200 (β) 50

220 (γ) 56

240 (δ) 61

Upon utilizing HRV method we get a hint about the pre-exponential fac-

tor. The initial water coverage was kept constant, at four different exposures,

i.e., 0.15, 0.75, 1.25, and 2 L (fig. 4.25 (a-d)). The heating rate was varied from

0.5 to 5 K/s. Knowing that desorption process is followed first order kinetic.

The obtained desorption energies and ν, for each individual desorption peak,

are illustrated in fig. 4.25 (e-f).
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Figure 4.25: TPD spectra of fixed water exposures (a) 0.15, (b) 0.75, (c) 1.25,
and (d) 2L at 144 K and different different heating rates. ln(T 2

m/β) versus 1/Tm
plots are in parallel with its corresponding exposures. Both desorption energy

(kJ/mol) and ν (s−1), for each desorption peak, are displayed.87
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Table 4.5 lists the calculated values of desorption energy for different

water exposures, as shown in fig.4.25, applying HRV method. As can be

seen that the absolute values of Ed and ν (of the same desorption state) are

varied with water coverage. Despite the limited number of papers dealing with

the analysis of kinetic data using the VHR method from such complex TPD

spectra, we still need to understand the origin of variation in Ed and ν values

upon increasing coverages.

In principle, the HRV method is strongly dependent on surface cover-

age. Neglecting the latter condition may lead to an error of several orders

of magnitude in the pre-exponential factor values, as noted by Zhdanov et

al.,[136, 137] for CO oxidation on Ir(lll). In a further attempt Zhdanov [138]

provided an intensive review highlighting the relationship between the exper-

imental and theoretical kinetic parameters for desorption of simple molecules

(such as H2, NO, and CO) on solid surfaces. Briefly, two important points

have to be stressed about coverage dependence of pre-exponential factor and

activation energy. Firstly, the sticking effect, the higher sticking probability

(the adsorbed particles are more bounded to the surface) higher ν value and

vice versa. Secondly, with increasing the surface coverage and due to the occur-

rence of many surfaces processes, such lateral interactions between adsorbed

particles (the compensation effect), adsorbate induced changes to the surface,

or participation of various types of adsorption site both pre-exponential factor

and activation energy are strongly affected. The compensation effect mainly

caused a drop in Ed and ν values.

We would like to emphasize that kinetic data, are rather difficult to in-

terpret in details particularly, when several elementary surface processes are

involved (e.g., dissociation adsorption, molecular adsorption, associative des-

orption, diffusion, etc..).[139]
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Table 4.5: The desorption energies estimated by HRV method of different water
coverage 0.15, 0.75, 1.25, and 2 L on Fe3O4(001).

D2O exposures (L)

0.15 0.75 1.25 2

δ 96 74 75 95.6

γ – 62 65 71.5

β – – 56 66.5

α∗ – – – 58

α
′

– – – 52

On the other hand, the calculated pre-exponential factors (average value

of the desorption state over all exposures), are in agreement with the values

obtained previously by Meier et.al.[135] despite the fact that each one of us

used different analysis method. For comparison, table 4.6 include the data for

water adsorption on film (our data using HRV) and single crystal (Ref [135]).

Table 4.6: Summary of the kinetic parameters (desorption energy and
pre-exponential factor) using HRV, average values, obtained from our thin film and

the data from Ref. [135] for a single crystal.

Desorption

energy kJmol−1
Pre-exponential

factor s−1
ν s−1 Ref.

[135]

δ 85 ± 11 4.7×1017.5±2.5 1017±1

γ 66 ± 4 2.2×1015.5±1.5 1016±1

β 61 ± 5 5×1015±1 1016±1

α∗ 58 6×1015 - -

α
′

52 4.5×1014 1014±2

Indeed, care should be taken when comparing the absolute values for the

desorption energy. For instance, the HRV reveals energies higher than those

obtained by Redhead analysis of peak maximum and inversion analysis of the

Polanyi–Wigner equation, originate in the difference (small) presumed prefac-

tor value used in latter methods. However, in general, all analysis methods

show a decrease in the desorption energy via increasing coverage.
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Again, as in the case of (111), further DFT investigation could help us

to rationalize our experimental observations, in particularly the LEED results.

According to the recent DFT analysis of water adsorption on (001) surface,

the following scenario was proposed:[135] isolated water molecules prefer to

adsorb intact (Ed= -0.64 eV). Once two (three) molecules meet at the sur-

face they undergo partial dissociation forming dimer (and trimer) species as

shown in fig. 4.15. This Partial dissociation makes the interaction with sur-

face metal cations more stronger. Accordingly the formation of a hexagonal ice

layer is hindered by the square geometry of Fe3O4(001) surface. Thus water

species have to follow the underlying surface periodicity forming a ring-like

structure (at coverage of 8 H2O/u.c ) suggesting that water bonding to the

metal dominates over H-bonding. Figure. 4.26 depicts the DFT based model

at 8 H2O/u.c. The latter coverage is already close to that of a close-packed

ice layer, hence, further water adsorption leads to multilayer ice formation. At

the highest coverages, where (2×2) ordering is formed, many water molecules

coordinated to each other without forming direct bonds to a substrate.

Figure 4.26: The DFT-predicted structure at the highest water coverages
(8 H2O/u.c) before multilayer formation. The yellow star marks the bridge

molecules. Reproduced from Ref[135].

Based on this DFT analysis, and bearing in mind that water was exper-

imentally (LEED) observed to be ordered at coverages between mono - and
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multilayer (ASW) at a very narrow temperature range, suggesting that order-

ing is a metastable intermediate when hydrogen bonds begin to dominate over

the water-surface interaction.

When it comes to water/oxide interface, there are too many factors in-

volved, all interrelated and may influence each other, such as; the oxide surface

imperfection. What kind of surface defect that facilitates water dissociation?

The surface geometry, which acts as a template for the ordered water ad-layer.

The competitive interaction between water/oxide bonding vs intermolecular

H-bonding. Therefore, to generalize a model for water/oxide interface, we

need to understand which of these factors are dominate the interface and why.

4.4 Summary

I studied water adsorption on two different facets of magnetite films utilizing

TPD, LEEd, TP LEED, and IRAS.

Water adsorption on Fe3O4(111) and Fe3O4(001)-(
√

2 ×
√

2)R45◦ films

is structure sensitive. Both facets display multi-desorption peaks in the TPD

profile, however, water interacted more strongly on (111) than (001).

The desorption energies observed in the low coverage regime on the (001)

surface are considerably smaller than measured on the (111) surface, 60-70 vs

90-100 kJ/mol, respectively. Generally, all applied TPD analysis methods give

a similar picture and reveal that desorption energy decreases with increasing

coverage.

Water ad-layer tends to order in (2 ×2) periodicity on both (111) and

(001) forming hexagonal and square ice-like structure, respectively. The hexag-

onal symmetry of Fe3O4(111) provides the ordered structure over a wider tem-

perature range (200-250 K) than at (001) (175-187 K).

On (111) plane, the adsorption follows the ”classical” model. Initially,

the water molecule dissociates to form two surface hydroxyls OsH and OwH.

The latter anchor the coming water molecule forming a dimer-like complex.

Eventually, (2 ×2) long-range ordering hexagonal structure is formed via a

hydrogen-bond network which is thermodynamically driven.

While on (001), water prefers to be molecularly adsorbed at first. With

increasing coverage, water dimer and trimer are formed vai partial dissociation.
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The latter reinforces the interaction with the surface metal cations, forcing ice

layer to mimic the square symmetry of (001) plane. At very highest coverages,

the hydrogen bonds are dominating over the water-surface interaction, hence,

(2 ×2) structure is metastable and intermediate.

Note, that it has not been possible so far to quantify the water coverage

at the maximum LEED intensity of water. It would be interesting to see

whether the ordering of water ad-layer may influence the reactivity of iron

oxides surfaces. To our knowledge, the reactivity at such conditions has not

been studied.
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CO2 Adsorption on Fe3O4

5.1 Introduction

Several economical and environmental aspects and various applications are the

motivation for studying interactions of carbon dioxide. The greenhouse effect

and global warming are mainly caused by an excess of CO2 which absorbs

energy from the sun and earth and ”traps” it near the Earth’s surface, thereby

resulting in significant climate change. Therefore, it is important to limit the

emission of carbon dioxide and utilize it in other applications as an alterna-

tive solution.[140] In addition, CO2 is involved in many catalysis and energy

applications; e.g., WGS, RWGS, the Bosch reaction, the Fischer–Tropsch reac-

tion and methanol synthesis. However, the thermodynamic stability of carbon

dioxide, with an enthalpy of -393.5 kJ/mol, hinders its activation. Generally,

adding an extra electron to carbon dioxide (i.e., transfer from the surface)

turns it into CO−2 molecular anion where the bond angle changes from 180◦

to 135◦. This bent CO−δ2 exhibits higher reactivity than the linear arrange-

ment. Thus, the catalytic transformation of CO2 into more valuable products

has become an interesting topic for research. A comprehensive review on the

interaction of CO2 on metals and oxides surfaces are presented in references

[141–143].

As far as the interaction of CO2 on magnetite surface is concerned, we

will only highlight the major studies that have been conducted in this topic.

Udovic et al.,[95] studied CO2 adsorption at 150 K on poorly defined magnetite

films. The latter are prepared in UHV by treatment of polycrystaline iron foil.
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The TPD results revealed two peaks at 200 K and 400 K, which were assigned

to monodentate (50-60 kJmol−1) and bidentate (60-120 kJmol−1) species, re-

spectively.

Interestingly, Chuni-lei et al.,[144] reported that complete decomposition

of carbon dioxide into carbon is accomplished if magnetite (powder) has excess

cation content. However, Na/Fe3O4(111)-(1×1) surface was reported to be

inert towards CO2 as illustrated by the synchrotron-radiation based core-level

studies and valence band photoemission spectroscopy and LEED.[145]

Another observation of decomposition of CO2 into elemental carbon

has been reported on magnetite powder, via electron donation from oxygen-

deficient site of magnetite to carbon of CO2.[146]

Based on DFT calculations, the adsorption of CO2 on Fe3O4(111), which

exposes two different terminations Fetet1-and Feoct2[147], was examined. The

study revealed that Feoct2 is chemically more active because CO2 accepted elec-

trons from Feoct2, forming a covalent bond between carbon atom and surface

oxygen atom.

Santos-Carballal et al.,[148, 149] simulated the vibrational frequencies

and adsorption energy of adsorption of CO2 on Fe3O4(111) and (001) based

on DFT. However, surface defects and environmental species (contamination)

were not considered in the simulation. Also, the (111) plane was assumed to be

Feoct2 terminated. The calculations indicated that CO2 interacts strongly with

both surfaces, where it bends and forms a highly stable carbonate group and

the most favorable interaction was on (111) surface having adsorption energy

of 1.37 eV.

The TPD, UPS, XPS and STM were employed to investigate CO2 ad-

sorption on single crystal Fe3O4(001) [150]. The data revealed that CO2 weakly

adsorbs on regular sites Fe3+. The proposed mechanism is as follows: initially

adsorption of CO2 takes place on the defect sites of Fe2+, as evidenced by

very small desorption peaks at 125 K, 165 K and 195 K. This was followed by

further adsorption of CO2 on regular sites ∼ 110 K, eventually second mono-

layer and multilayers (zero-order kinetics).[150] These results are specifically

important to us as we will compare their TPD on (001) single crystal with our

film.

Below I compare the TPD results of CO2 adsorption on both facets (111)
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and (001) films. Moreover, the critical role of water and CO adsorption from

the UHV background on the interaction of CO2 will be highlighted. Finally,

the activation of CO2 by modifying the surface by water will also be examined.

The results of this study are partially published in reference [151].

5.2 CO2 adsorption on Fe3O4(111) films

5.2.1 Adsorption on pristine surface

As previously observed (in Chapter 3), the Fe3O4(111) surface is very sensitive

to traces of water and CO in the residual gas. With this in mind, the signals

of these gases were also monitored during investigation of CO2 adsorption.

Precautions were also taken to minimize parasitic adsorption of residual water,

and a cold trap was used for CO2 gas.

At 90 K, the Fe3O4(111) surface was exposed to various dosages of CO2

in the range of 0.01-1 L. Figure 5.1 shows TPD spectra while heating the

surface up to 600 K with a heating ramp of 3 K/s. The CO2 profile displays a

desorption peak at ∼150 K at low exposure that shifts to lower temperature

∼100 K when the exposure is increased. This low-temperature CO2 peak

has a sharp descending edge indicating that this signal represents solely a

cutoff of the desorption signal, having a maximum at a lower temperature than

90 K. The latter observation can henceforth be assigned to weakly bonded or

physisorbed CO2. However, another desorption peaks, in the range of 320-

300 K, begins to appear with increasing CO2 exposure.
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Figure 5.1: TPD profile of CO2 (44 amu), CO (28 amu), and H2O (18 amu)
QMS signals obtained at increasing dosage of CO2 at 90 K as indicated. Spectral
evolution is highlighted by arrows to guide the eye. CO signals at temperatures

below 150 K appearing at high exposures are assigned to CO2 the fragmentation
pattern. The surface is heated to 600 K using 3 K/s. Both CO and water are from

the residual gases from the UHV background
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Concerning the residual water and CO, both show a change in the re-

sponses with increasing CO2 dosage. Water signal develops gradually with

CO2, resembling those spectra obtained in water adsorption experiments (see

fig. 4.2). Significantly the appearance of high-temperature CO2 peaks (i.e.

300-320 K region) are observed with increasing participation of residual water.

In the case of residual CO, the spectra exhibit a CO desorption peak at

∼235 K, i. e. in the γ-state (i.e., nearly the same peak position and amount)

as in TPD data obtained upon adsorption of pure CO. It should be noted that

the desorption signal below 150 K simply follows the cracking pattern of CO2

in the QMS.

In order to minimize the CO2 physisorption peak at low temperature,

adsorption experiments were carried out at 140 K, i.e. at the descending edge

of weakly bonded CO2. TPD spectra are acquired over a wider range of CO2

initial exposures 1-100 L and are summarized in figure 5.2.
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Figure 5.2: CO2 (44 amu), CO (28 anu), and H2O (18 amu) QMS signals
monitored upon increasing CO2 exposures (as indicated) at 140 K. The spectra are
offset for clarity. Colored shaded areas highlight apparent correlation between CO2

and H2O desorption peaks on “water-contaminated” surfaces. Both CO and water
signals participate from UHV background.
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CO2 signals exhibit several desorption states that populate with increas-

ing exposures. At 1 and 5 L, a CO2 peak appears at 200 K, at which the

detected water is almost negligible, therefore we refer to this as ”water-free”

conditions. In contrast, the CO profile reveals a peak at ∼235 K, which later

will be verified through a further experiment.

Much emphasis is placed here on the detailed evaluation of the TPD

spectra in fig. 5.2 in order to get insights and an understanding the interference

of water and CO (UHV residual gases) in CO2 adsorption process.

Obviously, the spectra of CO2 at high exposures > 5 L are accompanied

by quite substantial desorption of water, suggesting a certain kind of correla-

tion, as highlighted by the shaded areas in fig. 5.2, using the same color code

to guide the eye.

The desorption profile of water at exposures above 30 L of CO2 suggested

it is about 1 ML. The latter statement is based on our quantification of water

on (111) surfaces in Chapter 4. Such an amount of water (1 ML) suggests that

its adsorption takes place on the regular Fe3O4(111) sites as well.

It is important to note that, as the surface of Fe3O4(111) is ”water-

free”, CO2 desorbs at ∼200 K. In the presence of more water (residual), CO2

becomes more strongly bonded and therefore desorbs at a higher temperature,

resulting in multiple desorption peaks of CO2 centered at ∼260 K. This may

be indicative of individual CO2 interaction with different water species on the

Fe3O4(111) surface. This may raise the question of the origin of the increasing

water signal on increasing exposure to CO2. We need to take account of the fact

that we are increasing CO2 exposure by increasing dosage time. Accordingly,

residual water molecules which, having much higher adsorption energy, have

more time to react with the surface and dissociate, ultimately increasing the

water desorption signal in TPD.

Turning back to the observed CO peak at 230 K (fig. 5.1 and fig. 5.2), it

may be wondered whether CO2 undergoes a dissociation process. In order to

verify this possibility, adsorption of isotopically labeled CO18
2 on the same film

was conducted. The appearance of CO18 (30 amu) is the expected product of

CO18
2 (48 amu) dissociation.
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Figure 5.3: CO18
2 (48 amu), CO18 (30 amu), CO (28 anu), and H2O (18 amu)

signals collected during the three sequential TPD measurements (as indicated)
following 1 L CO18

2 adsorption at 140 K. TPD measurements were taken at a
heating rate of 3 K/s.

Three sequential runs of a constant coverage 1 L CO18
2 (48 amu) at 140 K

were recorded. Figure 5.3 shows the obtained TPD spectra. The absence of

any traces of CO18 (30 amu) indicates that the dissociation does not occur.

On the other hand, ”normal” CO16 (28 amu) was observed similarly to

the case of CO16
2 (44 amu) adsorption. The latter observation indicates that
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CO originates from the UHV background and not from CO2 dissociation or

contamination. The signals of 30 and 18 amu below 220 K imitate the CO2

signal, therefore they originate from the cracking pattern.

Attention should also be further directed towards relationships between

intensities of desorption signals of CO2 (at 200 K), CO (at 235 K), and H2O

(tiny signal at 380 K): (i) the inverse correlation between CO2 signal and CO,

whereas the water traces coincide (compare black and red curves); (ii) the CO2

signal inversely correlates with the signal of water, whereas the adventitious

CO signals are equal (compare black and blue curves). These correlations

between CO2, CO, and water, suggests that all of them are competing for the

same adsorption sites.

According to previous studies [89, 115], CO and water are most strongly

bound to defect sites. Besides, the low intensity of the CO2 signal at 200 K,

we may, therefore, conclude that CO2 chemisorption on the clean Fe3O4(111)

surface most likely occurs on defect sites. However, CO and water react more

strongly on these sites, hence they may block CO2 adsorption.

5.2.2 Adsorption on water precovered surface

An important achievement in the quest for CO2 adsorption on water pre-

covered Fe3O4(111) surface is a better understanding of what really happens on

the surface when water is purposely introduced. To investigate further, TPD

data were collected after adsorption of 1 L CO2 on the surface first exposed to

water at 140 K and heating at a rate of 3 K/s. At pre-covering the surface with

0.1 L D2O both signals are presented in figure 5.4 (black curve). It appears that

CO2 desorption takes place at 240 K, which resembles the spectra obtained

on the pristine surface at dosages above ∼30 L. The latter observation proves

that water species (either from residual UHV gases or purposely pre-adsorb)

have an enhancement effect, strongly binding, on CO2 adsorption.

However, in the case of the pre-adsorption of 1 L D2O (fig.5.4 (red curve)),

the CO2 signal only rises by a factor of ∼3, which is certainly not proportional

to the water coverage which increases by a factor of ∼10. The latter finding

may be explained as follows: At this coverage (∼2 ML) the entire surface is

saturated by water species, binding each other and acting as isolation layer

between (111) and CO2. In other words, if the CO2 adsorbs on the regular
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sites it is to be expected that its signal will disappear when the surface is pre-

covered by 1 L water (because water will completely block them), which is not

the case. This again coincidences with that CO2 interacts with (particular)

water species. Otherwise a strong inhibiting effect of the water ad-layer to be

expected.

Figure 5.4: CO2 and D2O traces in TPD spectra obtained after 1 L CO2 was
dosed to the surface first pre-treated with 0.1 L (black curve) and 1 L (red curve)

of D2O at 140 K.

Remarkably, the water TPD profiles in the coadsorption experiments (fig.

5.4) are almost identical to those previously observed in Chapter 4, for pure

102



Chapter 5. CO2 Adsorption on Fe3O4

water adsorption, see fig.4.2.

It would be useful to put everything together and see what happens.

CO2 molecules weakly adsorb on the regular Fe3O4(111) surface sites having

desorption peak below 100 K. While the peak at ∼ 200 K reveals adsorption on

defects. No CO2 dissociation is detected. Precovering the surface with water

species increases the CO2 binding strength and thus desorbs at ∼ 250 K.

These results have been corroborated by IRAS investigation; all details

are in our recent work.[151] The results suggest that surface hydroxyls have

a crucial role in CO2 adsorption on regular (Fetet1) tetrahedrally terminated

magnetite surface, hence leading to the formation of bicarbonates species on

the surface. The formation of bicarbonate (HCO−3 ) was also detected on the

TiO2(110) film surface, which desorbed as water and CO2.[152]

Before we move on, we would like to stress that, because of different

kinds of bonds that may be formed between CO2 (either through carbon or

oxygen or both) and water species that exist on (111) surface, various geom-

etry bicarbonates species may be formed. Thus the desorption of the latter

species displays several TPD peaks as shown in fig. 5.2. Theoretical models,

in turn, may provide validation of our hypothesis. It is therefore desirable for

rationalizing our TPD data.

5.3 CO2 Adsorption on Fe3O4(001) films

5.3.1 Adsorption on pristine surface

As a continuation to our studies of CO2 adsorption on Fe3O4(111), we now

investigate the adsorption behavior of CO2 in the (001) plane. To be able to

compare the adsorption behaviors of CO2, the same procedure was followed as

for Fe3O4(111).

The adsorption of CO2 on Fe3O4(001) was evaluated at 90 K from lower

to higher exposure ranging from 0.01 L to 1 L as indicated in Fig. 5.5. It

can be seen that CO2 is desorbed via a sharp desorption peak at ∼110 K at

all exposures. This desorption peak intensity increases with an increase in the

exposure, and the all spectra have a sharp descending edge which implies that

the peak maximum is at a lower temperature than the adsorption temperature.
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The presence and influence of residual gases CO and H2O were also monitored

during the TPD measurement, see Fig. 5.5. It can be seen that CO is weakly

desorbed and the TPD spectra follow a fragmentation pattern of CO2. On

the other hand, water shows a desorption feature at around 220-320 K, al-

though neither CO nor H2O gases exhibited any influence on the desorption

of CO2. This behavior is in contrast to our observation of CO2 adsorption on

Fe3O4(111).
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Figure 5.5: CO2 (44 amu), CO (28 amu), and H2O (18 amu) QMS signals
recorded from Fe3O4(001) after increasing dosage of CO2 at 90 K as indicated.

Both CO and H2O are residual gases monitored during CO2 desorption. CO
signals are assigned to the CO2 cracking pattern. H2O signals are offset for clarity.

The heating rate is 3 K/s.
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To further investigate the adsorption behavior at higher temperature and

more exposure, we studied the adsorption at 140 K with exposure ranging from

1 L to 200 L. Figure 5.6 displays the desorption profile of CO2 along with the

residual gases (CO and H2O) during heating with heating rate 3 K/s. The

desorption of CO2 for all exposures appears at 160 K with a sharp ascending

peak which indicates that it is a tail of the desorption peak at lower tempera-

ture. The residual CO gas does not show any additional features and it follows

the CO2 profile, as expected for a cracking pattern. Water shows a desorption

peak at 240 K as observed in fig 4.16 (Chapter.4), however, with a broad peak

over 300 K.
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Figure 5.6: CO2 (44 amu) QMS signal recorded at increasing exposures of CO2

(as indicated) on Fe3O4(001) at 140 K. The signals of residual gases CO (28 amu),
and H2O (18 amu) are monitored upon heating with a linear ramp 3 K/s. The

spectra are offset for clarity.
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From all the above TPD results, we conclude that CO2 is weakly bound at

the (001) plane of Fe3O4 having a desorption maximum at lower temperature

than our TPD experiments. These results are in good agreement with the

results obtained in Ref [150].

5.3.2 Adsorption on water precovered surface

To understand the adsorption behavior of CO2 in the presence of H2O, we stud-

ied the CO2 adsorption on Fe3O4(001) precovered with D2O (same exposure

as for (111) facet).

Figure 5.7 shows the TPD spectra for CO2 (1 L) adsorption of two ex-

posures of D2O (0.1 and 1 L). Besides the CO2 desorption peak at 150 K, no

other desorption peak is observed at low water exposure (0.1 L). However, at

1 L water exposure, a sharp CO2 desorption peak at ∼ 340 K is observed.

This peak appears at a much higher temperature in the (001) plane than in

the (111) plane (250 K). It seems that CO2 adsorption on Fe3O4(001) is also

water-dependent, hence various amounts of D2O were further investigated and

represented in figure 5.8.
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Figure 5.7: CO2 and D2O traces in TPD spectra recorded after 1 L CO2 was
dosed to the Fe3O4(001) surface first pre-exposed to 0.1 L (black curve) and 1 L

(red curve) of D2O at 140 K. The TPD spectra obtained for a heating rate of
3 K/s.
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Figure 5.8: CO2 and D2O traces in TPD spectra recorded after 1 L CO2 was
dosed to Fe3O4(001) surface first pre-exposed to D2O at 140 K. D2O exposures are

indicated and the inset zooms in 0.75 L D2O signal.

The TPD spectra were recorded after pre-treating the (001) surface with

varying amounts of D2O ranging from 0.2 to 1.5 L and then dosing a constant

exposure of 1 L CO2. Figure 5.8 illustrates the desorption profile of CO2 and

D2O. The desorption tail of CO2 (at <150 K) appears in all the exposures of

D2O, however, we observed a strong desorption peak of CO2 at 340 K if the
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surface is pre-treated with 0.75 L D2O. The D2O desorption profile was further

evaluated and compared with that of water TPD (see fig. 4.16).

As indicated in fig.5.8, the range of D2O exposures needed to observe

the CO2 peak at 340 K is rather narrow. To investigate this effect further,

D2O exposures were varied in the range of 0.6 - 1 L as displayed in fig.5.9.

Interestingly, the D2O shows similar TPD profiles as in Chapter 4 (fig. 4.16)

for pure water adsorption.

Figure 5.9: CO2 and D2O signals in TPD spectra recorded after 1 L CO2 was
dosed to Fe3O4(001) surface first pre-exposed to different exposures of D2O (as

indicated) at 140 K. The spectra for D2O signal are zoomed up in the inset.
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The TPD profile of the CO2 signal shows two peaks. The desorption

peak at 150 K, at all exposures, is a tail of the low temperature peak, while,

the desorption peak at 340 K shows an increase in the peak intensity from

0.6 L till 0.75 L, after which it decreases.

The CO2 peak intensity has a maximum when the surface was pre-treated

to 0.75 L D2O. The TPD profile of the D2O signal (inset of fig.5.9) reveals the

presence of a very tiny peak at ∼ 340 K. Therefore, the integrated area under

this peak is plotted in figure 5.10 for both CO2 and D2O signals. It appears

that both signals coincide, suggesting that they belong to the same species.

Figure 5.10: Integral of the peak at 344 K, for both CO2 and D2O signals (in
arb. units), as a function of D2O exposures.

The water desorption peak at ∼340 K cannot be assigned to pure water

desorption (e.g. from the defect sites) as it correlates with CO2, and is missing

in pure D2O adsorption experiments. Therefore, we conclude that D2O is a

result of decomposition of bicarbonate species.

From the TPD perspective, it can be speculated that at a certain ex-

posure, water forms certain species (geometries) which are strongly bound to
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the (001) surface in the presence of CO2 and vice versa. Nevertheless, there is

also a possibility that, upon desorption, there might be a change in the surface

structure, e.g., creation of defect sites during TPD runs. To assess this hy-

pothesis, we performed the experiments as in fig.5.9 by exposing the surface to

0.6 and 1 L D2O and vice-versa several times (spectra not shown). No change

was observed in the TPD profiles suggesting that the surface structure does

not change upon adsorption processes.

This raises the question of why this effect (CO2 and D2O desorption at

340 K) is observed at particular D2O exposures (coverage). In this respect,

we note that the desorption energy of pure water calculated by ”leading edge”

analysis (fig. 4.24(c)) shows some local peculiarity in the energy versus cov-

erage plot such that Ede slightly increases at this coverage regime (0.75 and

1 L). On the other hand, Ede decreases with increasing coverage on average.

Knowing that 0.75 L D2O is the maximum exposure for production of

strongly bound CO2 the reversibility of the co-adsorption process was examined

in another set of experiments, i. e. by first pre-treating the surface with CO2

and then exposing to D2O.
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Figure 5.11: CO2 and D2O traces in TPD spectra recorded after 1 L CO2 was
dosed to Fe3O4(001) surface first pre-exposed to 0.75 L of D2O at 140 K (black
curve). The red curve is obtained for 0.75 L of D2O dosed to the surface, first

pre-treated with 1 L CO2 at 140 K. The heating rate 3 K/s.

Figure 5.11 shows the TPD spectra for the desorption profiles of CO2

and D2O when the temperature is increased to 600 K with 3 K/sec. It is

observed that when the (001) surface is first pre-treated with CO2 and then

D2O, the desorption peak of CO2 does not appear at 345 K, unlike the case of

pre-treated with D2O. This may be due to the fact that once the pre-treatment
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is done first with CO2, it probably blocks some sites which are required for

D2O to form the binding species for attachment with CO2 or each other. It

is also possible that D2O need to remain close to each other for forming a

particular geometry to react with CO2.

It seems most likely that it will be bicarbonate which decomposes and

releases water and carbon dioxide. Further investigation applying other tech-

niques like STM, IRAS and theoretical calculations will provide more insights

into the identification of these species.

The residual CO does not influence the adsorption of CO2 in either of

the planes (111 and 001) but it is more weakly adsorbed on (001) than on

(111) surfaces. In the case of residual H2O, it can be seen that the adsorption

of CO2 in the (111) plane is greatly influenced by the presence of H2O which

probably enhances the binding of CO2 with the surface. However, in the (001)

plane, the residual H2O does not show any observable effect on the adsorption

of CO2.

5.4 Summary

The above studies again show that the UHV residual gases play a vital role

for CO2 adsorption. It can be summarized that adsorption of CO2 on (111)

is stronger than (001) and is dependent on the presence of water, either from

residual gases or from the pre-treatment of the surface.

The pristine Fe3O4(111) and (001) weakly adsorb CO2 on regular sites,

having a desorption maximum below 100 K. However, the defect sites on (111)

reveal a small peak around 200 K. It seems that, on a clean (111) surface,

CO2, water and CO interact with same sites. Besides, the (111) plane is more

sensitive to traces of residual water as it is found that, with an increase in water

content, the CO2 binding gets stronger and hence desorption takes place at a

higher temperature, i.e. 250 K.

For (001) surface, the residual water does not influence the adsorption

of CO2. However, in case of pre-treatment of (001) with D2O, a particular

exposure causes the adsorption, resulting in CO2 desorption at a higher tem-

perature, up to 340 K, which is substantially higher than observed for (111).

Tentatively, we assigned simultaneous CO2 and D2O desorption at 340 K to
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decomposition of bicarbonate species.

Finally, on both (001) and (111) facets, the residual CO (in UHV back-

ground) does not play any role in CO2 adsorption. Besides, no evidence for

water dissociation has been observed on either plane.
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Summary

Heterogeneous catalysts are widely used in the industrial sectors. Utilizing

a model system approach, with its ultra-high vacuum conditions, tools, and

techniques, is a key factor in understanding how (the mechanism by which)

the active site of a heterogeneous catalyst works.Such model systems can be

used to study structure reactivity relationships, thus bridging the ”material”

and ”pressure” gaps, which remain challenging. The information obtained can

furthermore be used to improve the catalytic processes, i.e. by developing new

research strategies or by modifying the catalytic protocols.

In this Thesis, I have investigated the adsorption behavior of two differ-

ently oriented magnetite films (111) and (001) towards H2O and CO2, using

LEED, IRAS, TP LEED, and TPD. The TPD data were thoroughly analyzed

to calculate the adsorption parameters by applying different analysis meth-

ods, i.e., inversion analysis of the Polanyi–Wigner equation, ”leading edge”

analysis, the Redhead analysis, and the heating rate variation method (HRV).

First, the surface termination of prepared films was characterized by

using CO as a probe molecule. There were contradictory reports on the surface

termination of the (111) plane (Fetet1 vs Feoct), hence I studied the termination

using TPD. The latter method was compiled by IRAS and DFT investigations.

The results clearly favor the model which shows that the Fe3O4(111) surface is

tetrahedrally terminated by 1/4 monolayer Fetet1 cations over closely-packed

oxygen layer. Based on this knowledge the adsorption results were rationalized.

Then I addressed water adsorption. It has turned out that, the orienta-

tion of magnetite (111) and (001) affects the interaction of the water molecules
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on the surface, through mechanisms like dissociation or molecular adsorption,

thereby influencing the TPD profile and LEED pattern of the ice-like layer.

The desorption energies were found to decrease from 110 to 50 kJ/mol as the

coverage increased, thus indicating molecular adsorption. On the (111) plane,

when the first water molecule approaches the surface, it dissociates to form

hydroxyl ion on top of the Fe cation and a hydrogen ion that spills over sur-

face oxygen to form the second hydroxyl. The hydroxyl groups then anchor

other approaching water molecules and form dimer complexes. As the surface

coverage increases, the dimer complexes form H-bond network resulting in or-

dered water ad-layer, as proved by LEED over the temperatures between 200

and 250 K. This process is thermodynamically driven.

In the case of the (001) plane, water initially follows molecular adsorp-

tion on the surface and as the coverage increases, partial dissociation of the

water molecules takes place, forming dimer (or trimer)-like complexes that

are bonded more strongly to the surface metal cations. Due to the square

geometry of the (001) surface, water orders in (2×2) periodicity in a narrow

temperature window, i.e. 175-187(±3) K showing a square symmetry. Such a

structure was detected at high coverages, and is probably metastable and/or

intermediate between mono- and multilayer water films.

Based on DFT-derived structures, one major difference between square

and hexagonal ordered water driving force is that, for the (001) facet, at

the highest coverage, the water molecules coordinate intermolecularly without

forming direct bonds to the oxide surface. However, on the (111) facet, water

hydrogen bonding network is the thermodynamically driving force. To the best

of our knowledge, this is the first report of such an experimental LEED verifi-

cation of two different ice-like layers on the same oxide surface. Temperature

programmed LEED showed varying intensity of LEED spots upon desorption

of water. This may be related to the change in the inter-layer of the surface

due to the adsorption-desorption process of water. A complete I-V analysis

over the studied temperature range is required in order to shed more light on

the TP-LEED results. This remains a challenge.

It appears that carbon dioxide interaction with iron oxide is also structure

sensitive. The study revealed differences in the desorption behavior of CO2 on

both facet surfaces. The critical role of the residual water is quite evident in
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enhancing the adsorption process. CO residues seem to not affect the CO2

adsorption.

On (111) orientation, at low dosage, the majority of CO2 is physisorbed,

leading to desorption at low temperature, <100 K. However, minority species

may be chemisorbed (at ∼ 200 K) on defect sites. The greater the participation

of residual water from UHV, the more strongly the CO2 (∼240 K) bonds to

the surface. It noted that at low exposures, all the molecules, namely, CO,

water, and CO2 compete for defect sites.

For the water pre-treated surface, the CO2 desorption takes place at

a higher temperature (∼250 K). When the surface is fully covered by water

(2 ML) CO2 signal increases by a factor of ∼3, which is indicative that probably

CO2 interacts with water species at specific sites and not directly bonded to

the oxide surface.

Unlike (111), no evidence of chemisorption is observed, and the adsorp-

tion of CO2 on (001) surface is only weak and hence the desorption occurred at

low temperature (<100 K). The residual water and CO (in UHV background)

did not show any significant influence on CO2 adsorption. Once the surface has

been pretreated with water, CO2 interacts more strongly than in (111) facet,

resulting in simultaneous CO2 and D2O desorption at 345 K. This interaction

is seen only at a specific surface coverage, where water species seem to form a

certain geometry to react with CO2 molecules.

On either surface, the participation of residual water or pre-treated sur-

faces with water, plays a crucial role in CO2 adsorption. However, the adsorp-

tion pattern is dependent on a certain limit of water coverage (species or/and

geometry) which facilitates the interaction of CO2 to the surface to be more

efficient. The mechanism remains unknown, but we may speculate that the

final product will be as bicarbonate.

From a future perspective, it would be good to identify the water species

which are involved in enhanced reactivity of CO2. Furthermore, it might be

interesting to investigate whether the ordered structure of water ad-layer alters

the chemistry of magnetite films.

It is also highly recommended to always monitor the participation of

residual gases, in UHV background, otherwise the results might be misinter-

preted.
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[49] G Ertl, J Küppers, and Manfred Grasserbauer. Low energy electrons

and surface chemistry, 2nd edn.: VCH, Weinheim, 1985 (ISBN 3-527-

26056-0). xii+ 374 pp. Price DM 168. 1987.

[50] John Brian Pendry. Low energy electron diffraction: the theory and

its application to determination of surface structure. Vol. 2. Academic

Press, 1974.

[51] Louis De Broglie. “Recherches sur la théorie des quanta”. PhD thesis.
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[139] VP Zhdanov, J Pavl’ıček, and Z Knor. “Preexponential factors for el-

ementary surface processes”. In: Catalysis Reviews Science and Engi-

neering 30.4 (1988), pp. 501–517.

[140] Bert Metz, Ogunlade Davidson, Heleen De Coninck, Manuela Loos, and

Leo Meyer. IPCC special report on carbon dioxide capture and stor-

age. Tech. rep. Intergovernmental Panel on Climate Change, Geneva

(Switzerland). Working . . ., 2005.

[141] H-J Freund and Meirion Wynn Roberts. “Surface chemistry of carbon

dioxide”. In: Surface Science Reports 25.8 (1996), pp. 225–273.

[142] Uwe Burghaus. “Surface chemistry of CO2–Adsorption of carbon diox-

ide on clean surfaces at ultrahigh vacuum”. In: Progress in Surface

Science 89.2 (2014), pp. 161–217.

[143] William Taifan, Jean-François Boily, and Jonas Baltrusaitis. “Surface

chemistry of carbon dioxide revisited”. In: Surface Science Reports 71.4

(2016), pp. 595–671.

[144] Zhang Chun-lei, Liu Zhi-qiang, Wu Tong-hao, Yang Hong-mao, Jiang

Yu-zi, and Peng Shao-yi. “Complete reduction of carbon dioxide to

carbon and indirect conversion to O2 using cation-excess magnetite”.

In: Materials chemistry and physics 44.2 (1996), pp. 194–198.

[145] Jesper Nerlov, Søren V Hoffmann, Masaru Shimomura, and Preben J

Møller. “Coadsorption of Na and CO2 on the Fe3O4 (111) termina-

tion of α-Fe2O3 (0001): relations between structure and activation”.

In: Surface science 401.1 (1998), pp. 56–71.

[146] Yutaka Tamaura and Ken’ichi Nishizawa. “CO2 decomposition into C

and conversion into CH4 using the H2-reduced magnetite”. In: Energy

Conversion and Management 33.5-8 (1992), pp. 573–577.

135



Bibliography

[147] Tongming Su, Zuzeng Qin, Guan Huang, Hongbing Ji, Yuexiu Jiang,

and Jianhua Chen. “Density functional theory study on the interaction

of CO2 with Fe3O4 (111) surface”. In: Applied Surface Science 378

(2016), pp. 270–276.

[148] David Santos-Carballal, Alberto Roldan, Nelson Y Dzade, and Nora H

de Leeuw. “Reactivity of CO2 on the surfaces of magnetite (Fe3O4),

greigite (Fe3S4) and mackinawite (FeS)”. In: Philosophical Transac-

tions of the Royal Society A: Mathematical, Physical and Engineering

Sciences 376.2110 (2017), p. 20170065.

[149] David Santos-Carballal, Alberto Roldan, Ricardo Grau-Crespo, and

Nora H de Leeuw. “A DFT study of the structures, stabilities and redox

behaviour of the major surfaces of magnetite Fe 3 O 4”. In: Physical

Chemistry Chemical Physics 16.39 (2014), pp. 21082–21097.

[150] Jiri Pavelec, Jan Hulva, Daniel Halwidl, Roland Bliem, Oscar Gamba,

Zdenek Jakub, Florian Brunbauer, Michael Schmid, Ulrike Diebold, and

Gareth S Parkinson. “A multi-technique study of CO2 adsorption on

Fe3O4 magnetite”. In: The Journal of chemical physics 146.1 (2017),

p. 014701.

[151] Francesca Mirabella, Eman Zaki, Francisco Ivars-Barcelo, Swetlana

Schauermann, Shamil Shaikhutdinov, and H-J Freund. “CO2 Adsorp-

tion on Magnetite Fe3O4 (111)”. In: The Journal of Physical Chemistry

C 122.48 (2018), pp. 27433–27441.

[152] Michael A Henderson. “Evidence for bicarbonate formation on vacuum

annealed TiO2 (110) resulting from a precursor-mediated interaction

between CO2 and H2O”. In: Surface Science 400.1-3 (1998), pp. 203–

219.

136



appendix

List of Abbreviations

UHV Ultra High Vacuum

STM The Scanning Tunneling Microscopy

LEED Low Energy Electron Diffraction

IRAS Infrared Reflection Absorption Spectroscopy

TP- Temperature-Programmed

TPD Temperature-Programmed Desorption

QMS Quadrupole Mass Spectrometer

XPS X-Ray Photoelectron Spectroscopy

XRD X-Ray Diffraction

DFT Density Functional Theory

GC Gas Chromatography

AFM Atomic Force Microscopy

ML Monolayer
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