
 

 

 

DISSERTATION 

Surface Chemistry of Fe3O4 (001)  

 

Ausgeführt zum Zwecke der Erlangung des akademischen Grades  

eines Doktors der Naturwissenschaften unter der Leitung von 

  

Univ.-Prof. Dipl.-Ing. Dr.techn. Ulrike Diebold  

Institut für Angewandte Physik (E134) 

Zweitbetreuung:  

Univ.-Ass. Gareth S. Parkinson, PhD  

eingereicht an der Fakultät für Physik 

der technischen Universität Wien  

von 

 Oscar Alberto Gamba Vasquez  

1228638  

Josef-Baumann-Gasse 8a/402, 1220 Wien 

 

Wien, Oktober 2016 

 

Die approbierte Originalversion dieser 
Dissertation ist in der Hauptbibliothek der 
Technischen Universität Wien  aufgestellt und 
zugänglich. 
http://www.ub.tuwien.ac.at 

 

 
The approved original version of this thesis is 
available at the main library of the Vienna 
University of Technology.  
 

http://www.ub.tuwien.ac.at/eng 
 



 

 

A 

 

 

 

 

 

 

 

 

 

 

 



 

 

A 

 

 

Acknowledgements 

I would like to express my sincere gratitude to my supervisor, Ulrike Diebold, for 

giving me the opportunity to work in her group, for her constant supervision and 

interest for my work, and for showing me a really nice way to make science. I 

would like to thank Gareth Parkinson for being an important person during my PhD 

studies, thanks for opening the door of his house, for all the teachings that I 

received from him and for always being willing to offer his advice. I am grateful to 

Michael Schmid, who always has been willing to offer his inexhaustible knowledge 

to answer any kind of question. I would like to say thank you to all members of the 

surface science group for the nice work team. I am grateful to Roland Bliem for 

helping me with the german version of the abstract and for all his  help during my 

time here. I acknowledge support from the Austrian Science Fund (FWF) doctoral 

school Solids4fun (Project W1243), the Austrian Science Fund START prize Y 

847-N20 and Project No. P24925-N20.  

Quiero agradecer a las personas más importantes en mi vida que en la distancia 

siempre fueron el soporte y la motivación de continuar con este sueño; mis padres, 

Eduardo y Ana, mis hermanos Olga, Nestor y Hugo y mi sobrinito Sebas. A mi 

gran amigo Manuel por las charlas, su amistad y por mandarme la convocatoria, 

jeje. Por último, y no menos importante quiero agradecer el amor e 

incondicionalidad de mi novia, gracias por ser. 

 



 

 

A 

 

 



 

 

I 

Abstract 

Metal oxides offer a diversity of structures and compositions that make them 

excellent candidates as catalysts for reactions involving organic compounds. In this 

context, magnetite, Fe3O4, appears as an attractive material due to its naturally 

abundance and its electronic properties that make it a material widely used in 

several catalytic process. Its catalytic activity is related to the presence of both, Fe 

2+ and Fe 3+ cations, in its inverse spinel structure. Moreover, the presence of these 

cations together with oxygen anions represent an important aspect in its acid-base 

chemistry. 

The present thesis presents a surface science study with the aim to understand the 

reactivity of the Fe3O4(001) surface toward small organic molecules such as 

methanol (CH3OH) and formic acid (HCOOH), as well as its role in the water gas 

shift reaction. The surface chemistry was investigated using an array of surface 

science techniques including scanning tunneling microscopy (STM), X-ray 

photoelectron spectroscopy (XPS), low-energy electron diffraction (LEED), 

temperature programmed desorption (TPD), and infrared reflection absorption 

spectroscopy (IRRAS) (in collaboration with another group). 

The Fe3O4(001) surface undergoes a (√2x√2)R45° reconstruction associated with a 

cation rearrangement in the subsurface layers, involving two subsurface Fe 

vacancies and one interstitial Fe atom per unit cell. A major part of the work 

presented here was devoted to the identification of the most common surface 

defects, and determining their effect on adsorption. It was discovered that surface 

defects can be classified in two groups. The first group, line defects include step 

edges and anti-phase domain boundaries (APDBs). The latter arise because the 

(√2×√2)R45° reconstruction is lifted during annealing cycles, and then renucleates 

on cooling through 723 K with one of two distinct registries with respect to the 

underlying bulk. The second group, point defects, include surface hydroxyl groups 

and a defect related with Fe atoms incorporated in the subsurface. In this thesis 



 

 

II 

this defect is identified, and purposely created by the deposition of Fe onto the 

clean surface at room temperature. This process also leads to Fe adatoms, and, at 

high coverage, the so called Fe-dimer surface. Here the Fe atoms of the "dimer" 

are fourfold coordinated to surface oxygen atoms, filling two of the four octahedral 

interstitial sites per unit cell. XPS indicates that the Fe-dimer surface contains Fe2+.  

The Fe3O4(001) surface adsorbs HCOOH and CH3OH at room temperature, 

yielding adsorbed formate (HCOO-) and methoxy (CH3O
-) species, respectively.  

Formate adsorbs in a bridging bidentate configuration at regular iron surface lattice 

sites locally producing two different periodicities, one with (11) symmetry and a 

second one with (21) symmetry. The adsorbed formate decomposes to produce 

CO, H2O, CO2, and H2CO, and the reactivity is linked with the presence of surface 

defects. Methanol adsorbs dissociatively on the Fe3O4(001) surface at defect sites 

that were identified as step edges, antiphase domain boundaries (APDB), iron 

adatoms and incorporated-Fe defects. The adsorption at the steps and Fe adatoms 

can be explained in terms of coordinative unsaturation, while the reactivity at the 

APDBs and incorporated Fe defects is linked to the local electronic structure; 

specifically to the presence of Fe2+ cations in the surface layers. The adsorption of 

multiple methoxy species at the latter two defects promotes a disproportionation 

reaction to form methanol and formaldehyde.  

The implications of Fe3O4(001) surface chemistry on catalytic processes was 

studied using the water gas shift reaction as an example. The co-adsorption of CO 

and H2O generates the presence of four carbon surface species that are stable at 

room temperature. Three of them were identified as formate, iron carbide, and 

carbon in the form of graphite or CHx hydrocarbon fragment respectively. The other 

species was postulated to be HOCO or HCO groups, but test experiments on 

formaldehyde adsorption did not confirm this hypothesis. Theoretical studies would 

necessary for complete identification. 
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Kurzfassung 

Metalloxide kommen in einer Vielzahl von Strukturen und chemischen 

Zusammensetzungen vor und in vielen Anwendungen eingesetzt unter anderem 

für die Katalyse organischer Verbindungen. Magnetit, Fe3O4, gilt hier als besonders 

attraktives Material, da es in der Natur weit verbreitet ist und aufgrund seiner 

elektronischen Eigenschaften bereits in verschiedenen katalytischen Prozessen 

Anwendung findet. Die katalytische Aktivität dieses Materials steht in engem 

Zusammenhang mit der Koexistenz von Fe2+ und Fe3+ Kationen im Kristallgitter, 

welches auf der inversen Spinellstruktur basiert. Diese Eisenkationen stellen 

gemeinsam mit den Sauerstoffanionen einen wichtigen Aspekt der Säure-Basen-

Chemie von Magnetit dar. 

Die vorliegende Dissertation ist eine oberflächenwissenschaftliche Studie mit dem 

Ziel, die Reaktivität der Fe3O4(001) Oberfläche für kleine organische Moleküle, wie 

Methanol (CH3OH) und Ameisensäure (HCOOH) zu verstehen, und die Rolle 

dieser Oberfläche in der Wassergas-Shift-Reaktion zu untersuchen. Die 

Eigenschaften dieser Oberfläche wurden mittels oberflächenphysikalischer 

Methoden, insbesondere mit Rastertunnelmikroskopie (STM), Röntgen-

photoelektronenspektroskopie (XPS), Niedrigenergie-Elektronenbeugung (LEED), 

Temperatur-programmierter Desorption (TPD) und Infrarot-Reflexions-Absorptions-

Spektroskopie (IRRAS), untersucht. 

Die Fe3O4(001) Oberfläche bildet eine (√2x√2)R45° Rekonstruktion, die auf einer 

Umschichtung der Struktur mit zwei Eisenfehlstellen und einem 

Zwischengitteratom pro Einheitszelle in den ersten beiden Lagen unter der 

Oberfläche beruht. Ein Großteil der hier vorgestellten Arbeit befasst sich auf der 

Identifizierung der häufigsten Oberflächendefekte und der Beschreibung ihrer 

Wirkung auf die Adsorptionseigenschaften. Es wurde gezeigt, dass 

Oberflächendefekte in zwei Gruppen eingeteilt werden können: Zur Gruppe der 

Liniendefekte zählen Stufenkanten und Anti-Phasen-Domänengrenzen (APDBs). 

Letztere entstehen, wenn sich die Rekonstruktion nach Heizen der Oberfläche bei 
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etwa 723 K wieder ausbildet. Diese Keimbildung beginnt an unterschiedlichen 

Orten auf der Oberfläche aus, welche um eine nicht rekonstruierte Einheitszelle 

versetzt sein können, was zur Bildung von Domänengrenzen führt. Die zweite 

beobachtete Gruppe von Defekten sind Punktdefekte, diese schließen neben 

Hydroxylgruppen an der Oberfläche auch Eisenatome, die die Fehlstellen in der 

Rekonstruktion füllen ein. In der vorliegenden Dissertation wird dieser Defekt als 

Inkorporation von Eisen identifiziert und durch Aufbringen von Eisen auf die reine 

Oberfläche bei Raumtemperatur reproduziert. Dieses Verfahren führt auch zur 

Bildung von Eisenadatomen und bei hohen Bedeckungen zur sogenannten Fe-

Dimer Oberfläche. Dabei sind die Eisenatome des sogenannten Dimers vierfach zu 

Sauerstoffatomen in der Oberfläche koordiniert und füllen zwei der vier 

oktaedrischen Zwischengitterplätze pro Einheitszelle. XPS Experimente zeigen 

eine Anreicherung der Fe-Dimer-Oberfläche mit Fe2+. 

HCOOH und CH3OH adsorbieren auf der Fe3O4(001) Oberfläche bei 

Raumtemperatur als Formiat- (HCOO-) und Methoxy- (CH3O-) Spezies. 

Adsorbiertes Formiat bildet zwei Bindungen zu den benachbarten Eisenatomen 

aus.  Es entstehen unterschiedliche Periodizitäten auftreten, entweder mit (1×1) 

oder (2×1) Symmetrie. Beim Aufheizen der Probe wird das adsorbierte Formiat 

wird zu CO, H2O, CO2 und H2CO zersetzt, wobei die Reaktivität mit der 

Anwesenheit von Oberflächendefekten korreliert. Methanol adsorbiert dissoziativ 

auf Defekten der Fe3O4(001) Oberfläche, welche als Stufenkanten, Antiphasen-

Domänengrenzen (APDB), Eisenadatome und inkorporierte Eisenatome 

identifiziert wurden. Die Adsorption an Stufen und auf Eisenadatomen kann mittels 

ungesättigter Bindungen aufgrund niedriger Koordination erklärt werden, während 

die Reaktivität der APDBs und inkorporierten Eisenatomdefekte mit der lokalen 

elektronischen Struktur zusammenhängt; insbesondere mit der Anwesenheit von 

Fe2+-Kationen in der Oberfläche. Die Adsorption von mehreren Methoxy-Spezies 

auf den beiden letztgenannten Defekten begünstigt die Disproportionierung zu 

Methanol und Formaldehyd. 



 

 

V 

Die Auswirkungen der Eigenschaften der Fe3O4(001) Oberfläche auf katalytische 

Prozesse wurden in Bezug auf die Wassergas-Shift-Reaktion untersucht. Die 

Koadsorption von CO und H2O bei Raumtemperatur führt zur Bildung von vier 

stabilen Kohlenstoffspezies auf der Oberfläche. Drei dieser Spezies konnten als 

Formiat, Eisencarbid und Kohlenstoff in Form von Graphit oder Kohlenwasserstoff-

Fragmenten CHx identifiziert werden. Die aufgestellte Hypothese, dass es sich bei 

der vierte Spezies um Formaldehyd handeln könnte, konnte durch getrennt 

durchgeführte Adsorptionsexperimente nicht verifiziert werden. Die verbleibende 

Spezies könnte HOCO oder HCO Gruppen zugeschrieben werden, wobei für eine 

vollständige Identifizierung noch zusätzliche theoretische Studien benötigt werden. 
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1. Introduction 

In the most general concept catalysis can be defined as a process where a catalyst 

accelerates a chemical reaction. During the process the catalyst typically forms 

bonds with the reactant molecules such that these can react to form a product. The 

product then leaves the surface, making the catalyst available for the next reaction. 

The catalytic reaction is thus as a cyclic event in which the catalyst takes part and 

is recovered in the last step of the cycle (1). 

The importance of catalysis lies in the fact that the rate of chemical reactions can 

be accelerated by orders of magnitude, and allow reactions to be carried out under 

favorable conditions of temperature and pressure. This has had a big impact in the 

chemical industry, in which almost 90% of all processes require at least one 

catalytic process in its implementation (2). 

Catalysis can be divided in two main subclasses: homogeneous and 

heterogeneous catalysis. In homogeneous catalysis, the catalyst and the reactants 

are of the same phase, while in the heterogeneous catalysis the phase of the 

reactants and catalysts is different. In heterogeneous catalysis the catalyst is 

usually a solid, which catalyzes reactions of molecules in gas or liquid phase (3).  

Most industrial catalyzed reactions are of the heterogeneous type. The first crucial 

step in heterogeneous catalysis is adsorption of the reactants, which leads to the 

formation of reaction intermediates. This adsorption is normally divided into 

physisorption and chemisorption. In the case of physisorption the interaction 

between the adsorbate and the surface is due to van der Waals forces. 

Chemisorption, on the other hand, is characterized by strong chemical bonds, 

which can be either covalent or ionic, between the adsorbate and the surface (4). 

Once the reactants are adsorbed, they may migrate over the surface of the 

catalyst. When the reactants meet, they could react forming new surface 
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intermediates compounds which remain bound to the surface. Finally the products 

of the reaction are desorbed from the surface (3). 

A crucial unknown in the catalytic process is often the nature and stability of 

surface intermediates, which play an important role in the pathway between 

reactants and products. The chemistry behind these intermediates is difficult to 

determine, and often depends strongly on the structure and composition of the 

surfaces used as catalyst (3). 

The development of ultra-high vacuum technology led to the development of many 

modern techniques for the study of the adsorption and reaction of molecules on 

surfaces. The use of well-defined single crystals of different materials as model 

catalysts, prepared and studied under controlled conditions, allows researchers to 

describe the basic processes involved in heterogeneous catalysis (5, 6). In this 

context, surface science appears as a crucial field, which offers powerful tools to 

understand the principles behind heterogeneous catalysis and determine the active 

sites for adsorption and reactions on surfaces. 

A particularly important development was the emergence of scanning probe 

techniques in the 1980s. Previously, studies of adsorption and reactions on 

surfaces were limited by a lack of knowledge of the local atomic structure of the 

surface (5). With the emergence of scanning tunneling microscopy and atomic 

force microscopy, these methods have been used extensively to characterize the 

structure of the surfaces and have provided atomic resolution images of many 

adsorption process on different kind of surfaces (5-7). 

Metal oxides are important components of a wide range of solid catalysts. The 

variety of the structure and composition of metal oxide surfaces leads to a wide 

range of roles in catalytic processes, for example as the inexpensive support of 

active phases, as precursors of active phases components, or as active phase 

itself.  Even when just used as a support of metal nanoparticles the properties of 

the oxide are important as they can facilitate the transport of reactants over the 

catalyst surface, and facilitate surface phenomena such as hydrogen spillover (8) 
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and the spillover of organic intermediates (6, 9-11). Furthermore, the metal oxide 

support is crucial in processes such as SMSI (12) and can even become involved 

in oxidation reactions via the so-called Mars van-Krevelen mechanism (13). 

In many cases metal oxides function as the active phase, interacting with 

adsorbates to make reactions such as oxidation and selective dehydrogenation of 

organic compounds. Here the activation of the organic compounds on the metal 

oxide surfaces involves the scission of different chemical bonds such as the C-H or 

O-H bonds (10, 14). 

The presence of accessible coordinatively unsaturated centers appears as one of 

the most important factors. The metal oxides have to exhibit to act as an active 

phase in adsorption and reaction processes,  In this sense, metal oxides present 

two of these active centers, the cations and anions (7, 10). 

The reaction of metal oxide surfaces with different organic compounds such as 

alcohols, aldehydes, and carboxylic acids, is an important issue because these 

organic compounds and their derivatives are often important intermediates in 

reactions such as cracking and isomerization of hydrocarbons, oxidations, 

dehydrogenation, dehydration, and esterification, among others  (5, 6, 10). 

These type of reactions have been described in terms of acid-base interactions. 

Acidity and basicity depend on the nature of the oxide, the charge and radius of the 

metal ions, the character of the metal-oxygen bond, and the coordination numbers 

of the anions and cations (15).   Metal oxides expose cation-anion pairs which can 

be active sites for dissociative adsorption of alcohols and carboxylic acids (5, 16). 

The adsorption occurs due the abstraction of the acidic proton of the organics by a 

surface O2-  anion to form a hydroxyl group, while the conjugate base anion of the 

molecule bonds to an exposed metal cation. This process is often described using 

a Brønsted acid-base formalism (5, 7).  

Another important concept to describe the reactivity of metal oxides is the Lewis 

acid-base definition. The bonding of the conjugate base of an organic molecule to 

a surface metal cation can be described as a Lewis adduct, where the conjugate 



Chapter 1. Introduction 
 

 

4 

base anion (Lewis base) donates a pair of electrons to the metal cation which acts  

as electron-accepting (Lewis acid).  

Acid-base chemistry on metal oxide surfaces are often characterized in terms of 

probe reactions. One example of this is the dehydration/ dehydrogenation 

selectivity for conversion of alcohols. It has been shown by adsorption on ZnO 

(17), MgO (14, 18) and TiO2(19, 20) that both dehydration and dehydrogenation of 

alcohols proceeds through a common surface alkoxide intermediate. Here, the 

initial dissociative adsorption on acid or base sites is not what controls the product 

distribution, it is the selectivity between competing alkoxide decomposition 

channels. The dehydration that leads to the production of alkenes or ethers is 

generally considered to be an acid-catalyzed pathway, while dehydrogenation is 

categorized as base catalyzed.  Nevertheless, this categorization must be taken 

with care due that the reducibility of the oxide plays a role in the selectivity (5, 7). 

As will be described throughout this document, the local coordination of the cations 

and anions, and their electronic configurations are crucial aspects to explain their 

reactivity, as well as the presence of surface defects. 

Step edges are common defects on metal oxide surfaces, and have been 

cataloged as active sites for the adsorption of weak acids, as in the case of MgO 

(100) surface (14, 18, 21). In general, steps are reactive because the atoms at the 

step edge are missing more bonds than the atoms on the regular terrace. A 

particularly interesting case in point is ZnO, where two inequivalent polar surfaces 

exist; the (0001) surface that is terminated with Zn cations and the (000 1 ) surface 

that is terminated with O anions. Neither surface is expected to be reactive 

because of the lack of undercoordinated cation-anion pairs, but in reality both 

surfaces show some activity linked to the step edges. The ZnO (0001) surface, in 

particular, exhibits many small terraces with steps that expose undercoordinated 

cation-anion pairs in close proximity (22-24).  
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In addition to steps, the leading role of point defects such as oxygen vacancies has 

been highlighted. This defect has been identified as an active site for dissociative 

adsorption of oxygenates on CeO2 (111) (25-27) and TiO2 (110) surfaces (28, 29). 

The oxygen vacancies act as a direct adsorption sites or as electron donor sites 

thus modifying the local electronic structure (30). Here two ways in which the 

oxygen vacancies can modify the adsorption on metal oxide surfaces appear: 

decreasing the coordination of the surface atoms and changing the electron count.  

In this regard the reducibility of the oxides also plays an important role in the 

mechanism of adsorption on defects as the case of oxygen vacancies.  MgO has 

been categorized as an irreducible oxide, wherein the oxygen vacancies leave 

electrons trapped in the vacancy (31-33).  These oxygen vacancies have a great 

importance for the properties and reactivity of MgO (30, 34).  

On the other hand, TiO2 is a reducible oxide. The removal of a neutral O atom has 

been shown to result in two unpaired electrons on the fivefold coordinate Ti 

neighboring to the vacancy. Here the adsorption is associated with an electron 

transfer, where the reduction of a Ti atom  is expected (35). Deoxygenation 

reaction of D2O, CH2O and NO have been related with the presence of Ti 3+ sites 

on  TiO2 (110) surface (36).  

Different to these materials, where the oxygen vacancies play an important role, 

another class of metal oxides exists where stoichiometric variation and their 

reactivity is related to the presence and absence of cations, the iron oxides(37).  

The iron oxides appears as an important material in heterogeneous catalysis. They 

have been used in numerous processes such as the synthesis of NH3, the water 

gas shift reaction, the Fischer-Tropsch synthesis, and the oxidation and 

dehydrogenation of different  organic compounds (38).  

In the case of the synthesis of NH3, the main component of the catalysts used for 

the process is magnetite with others promotors such as Al2O3. Here the magnetite 

is reduced to iron, to give an alpha-Fe matrix, where the Al2O3 is distributed over 
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the surface of the Fe particles (38). Here the surface of the catalyst forms a 

nitrogen complex, which is more easy to  hydrogenate to NH3 than the N2 (39). 

In Fischer-Tropsch synthesis, hydrogen reacts with CO at around 200-300 °C to 

produce a range of reactions products, which includes acids, alcohols, aldehydes, 

and hydrocarbon fuels. In the industrial process, SiO2 promoted with hematite is 

used as catalyst (40). During the reaction the catalyst changes to a mixture of iron 

carbide, hematite, and magnetite (41-43). Here the active phase appears to be 

carbide compounds from the transformation of magnetite and hematite (40, 44). 

The water gas shift reaction, in which carbon monoxide and water react to produce 

carbon dioxide and hydrogen, is one of the most important reactions in the field of 

catalysis. The current industrial catalyst most used for the reaction is based on 

magnetite (Fe3O4) (45-47) (Further information about this reaction will be discussed 

in chapter 7.) 

Despite the intensive use of iron oxides in the processes mentioned above, details 

concerning reaction pathways, the identification of active intermediates and active 

sites is not completely clear. This synopsis shows clearly the need for further 

investigation in this field, where the use of surface science approach appears as an 

attractive alternative. 

The goal of this thesis is to investigate the surface chemistry of a prototypical iron 

oxide surface; Fe3O4 (001). Magnetite is an important material in different fields 

such as groundwater remediation (48), corrosion, and is of particular interest in 

heterogeneous catalysis where it is involved in different reactions as was 

mentioned above (46, 49). The (001) surface has received increasing interest in 

surface science, partly because it exhibits an interesting reconstruction that is 

stable over a wide range of chemical potentials (37). Moreover, the surface can be 

reproducibly prepared, and functions as a robust adsorption template for metal 

adatoms (50, 51). In the context of this thesis, this surface is attractive because it 

offers the possibility to directly probe the influence of the cation concentration and 

coordination on the surface reactivity, as different terminations can be prepared 
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under precise control. The first objective was to study the structure of the different 

terminations that the surface offers via Fe deposition experiments. This allows to 

identify the surface defects present in our material and investigate their influence 

on adsorption. Thereafter, the influence of the defects and termination were probed 

using two important and representative organic compounds: methanol and formic 

acid. Finally, a preliminary study about the use of Fe3O4 (001) surface in the water 

gas shift reaction is presented.  
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2. Experimental 

This chapter introduces the fundamentals and technical aspects of the 

experimental techniques and instruments used during the development of this 

work.  

2.1 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy, also known as Electron Spectroscopy for 

Chemical Analysis (ESCA), has become to one of the most useful and powerful 

methods in surface science analysis. The technique allows measurement of the 

chemical composition and electronic structure of a sample with high surface 

sensitivity (52).  

XPS belongs to the family of electron spectroscopies, where electrons are the 

detected and analyzed particles.  The technique is based on the photoelectric 

effect explained by Einstein (53). 

Electrons from occupied states of atomic core levels, which have a binding energy 

(EB), are liberated into vacuum by absorption of a photon with energy (ℎ ). When 

the electron is ejected, it possesses a specific kinetic energy  (Ekin). This is 

represented in the equation: 

EB = ℎ  - (Ekin +  )  [1] 

Where    is the work function  of the sample. Figure 2.1 shows a schematic 

representation of the photoemission process. 



Chapter 2. Experimental 
 

 

10 

 

Figure 2.1.  Schematic of the XPS process.  

As every chemical element has a unique set of atomic orbitals, every element 

yields a characteristic set of peaks in the XPS spectra. The position of the peak 

provides information about  the binding energy. An interesting aspect that makes 

XPS a powerful tool for investigations of surface phenomena such as adsorption 

and chemical reactions is the fact that the chemical surrounding affects the 

electronic structure of the atom, an effect known as chemical shift. Here, the shifts 

of the peaks offers information about the valence states of the atoms, while its 

shapes and the presence of satellites offers information related to their bonding 

environment.  

As mentioned before, XPS is a surface sensitive technique. Although the X-rays 

penetrate deep into the sample, the distance which a photoelectron can travel 

through the sample without being inelastically scattered is only few Å. 
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Figure 2.2.  Empirical data of some inelastic mean free path for photoelectrons of 

different atoms (54).  

The plot in Figure 2.2 shows the dependence in the inelastic mean free path of an 

electron with the kinetic energy. With kinetic energies in ranges between 10 to 

1000 eV (typical energies in XPS), the mean free path is limited to distances below 

3 nm.  

In order to modify the surface sensitivity of the measurement,  the emission angle 

of the detected electrons, hence the distance travelled in the sample, or the energy 

of the exciting photons is changed. 

2.2 Temperature Programmed Desorption (TPD)  

When species that have been adsorbed on surfaces gain enough energy from 

thermal vibrations to leave the surface, we are talking about thermal desorption.  

Such desorption has been described in terms of a desorption rate, rdes, which 

represents the number of particles desorbing from unit surface area per unit time. 

The desorption rate can be written as 

                              [2] 
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Where        describes the coverage dependence;    is the desorption coefficient 

related to steric and mobility factors, and  the term               is the temperature 

dependent Boltzmann term.  

When it is assumed that the sites occupied by the adsorbed molecules are 

identical and the adsorbates species do not interact with each other, the desorption 

rate is given by the Polanyi- Wigner equation (4).  

       
  

    
    

                   [3] 

Where Edes is the activation energy of desorption, n the order of the desorption 

kinetics, and    
  the desorption rate constant (55). As is observed, the equation 

presents an Arrhenius equation form, which is typical for thermally activated 

processes, as the case of the desorption. 

The kinetic order falls into three general cases, the zero, first and second order. In 

the zero order kinetics (n=0), the desorption rate is independent of the coverage. 

Zero order takes place at the desorption of a homogeneous multilayer film. 

In the first order (n=1), the desorption rate is proportional to the coverage. This 

case correspond to desorption of single atoms directly from their adsorption sites. 

Here the rate constant  appears in units of frequency, s-1. This frequency has 

values on the order of atomic frequency of crystal lattices. 

In the second order (n=2), where the desorption rate is proportional to   . Here the 

desorbing molecule often originates from two fragments residing at separates sites, 

which have to join in order to desorb, this is commonly called associative molecular 

desorption. Where the rate constant     
   is in units of   ML-1 s-1. 

The term Edes on the Polanyi- Wigner equation refers to the desorption energy, 

which is related with the activation barrier that the adsorbate species has to 

overcome in order to leave the surface.  
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The desorption energy values depend on the process that take place. Two main 

processes are considered: The activated chemisorption and the non-activated 

chemisorption. In the case of activated chemisorption, where exist a barrier for 

adsorption of the precursor state to a chemisorbed state, the desorption energy is 

the sum of the binding energy in the chemisorbed state and the activation energy 

for adsorption. While in the non-active chemisorption the desorption energy is just 

the binding energy in the chemisorbed state.  

For the determination of these kinetics parameters, Temperature Programmed 

Desorption appears as powerful tool. In this technique, the temperature of the 

adsorbate-covered surfaces is increased, which promotes the desorption of the 

adsorbate. The desorption process induces increases of pressure, which are 

monitored as a function of temperature.   

In TPD experiments, the sample is heated using a linear temperature ramp, 

defined as: 

             [4] 

where t is time and β is the heating rate, typically on the order of 1-10 K/s. The 

molecules desorbing from the surface are monitored with Quadrupol Mass 

Spectrometer (QMS).  

TPD spectra show the desorption rate of the desorbed molecules with respect to 

the sample temperature. Analysis of these spectra offers information about the 

desorption mechanism, the strength of the bond between adsorbate and substrate, 

and its coverage. Figure 2.3 shows a series of TPD spectra calculated for the 

kinetic orders described above. 
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Figure 2.3. (Figure taken from ref. 4) TPD spectra calculated for zero order, first 

order, and second order desorption kinetics and various initial coverages.   

For the zero order (Figure 2.3 a), the TPD curves present a common leading edge 

and rapid drop beyond the peak temperature (Tm) for all the initial coverages. The 

peak temperature shifts to higher temperature with increasing the initial coverage 

  .  Figure 2.3 b shows the TPD curves for the first order; here the peak has an 

asymmetric shape, while the Tm keeps the same position with increasing initial 

coverages. Finally for the second order (Figure 2.3 c) the TPD curves present a 

nearly symmetric shape, where the Tm  moves to lower temperature with increasing 

the initial coverage. Nevertheless, the cases exposed above represent the ideal 

cases of desorption. Some complex kinetics would result in other  order exponents 

of desorption (4). 

The peak temperature, Tm, is related to the desorption energy. Different 

approximations have been postulated. For the case of first-order kinetics, a 

relationship between Edes and Tm has been established as (Redhead equation): 

             
     

 
          [5] 

Where β is the heating rate. Here it is assuming that Edes and    are coverage 

independent (56). 
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2.3 Scanning Tunneling Microscopy (STM) 

The Scanning Tunneling Microscope (STM), developed by Binning and Rohrer in 

the early 1980's,  allows the visualization of a surface at the atomic scale (57, 58) .  

The principle of STM is based on the quantum mechanical tunnel effect, which 

establishes that a particle is able to tunnel through a potential barrier under 

adequate conditions. In STM experiments, an atomically sharp tip (generally made 

of tungsten) is brought within a few nanometers of a conducting surface, where the 

potential barrier is represented by the vacuum between the two objects. Then a 

small potential difference is applied between the sample and the tip. Depending of 

the bias which is applied, a tunneling current is generated between the sample and 

the tip. If the tip is biased positively with respect to the sample an energetic 

incentive is provided for electrons from the sample to flow to the tip.  

The magnitude of this current is exponentially dependent on the tip-surface 

separation. In this way, measuring the magnitude of the tunneling current as the tip 

is moved across the surface, can offer a topographic image of the surface. 

The basic principle of the tunneling current can be described by a simple model 

where electrons are described by wave functions      , which satisfy the 1D time-

independent Schrödinger equation:  

 
     

  
                        [6] 

With  ,  ,  , and   being the electrons mass, the reduced Plank constant, the 

height of the vacuum barrier, and the kinetic energy of the electron, respectively. 

The solution inside the vacuum barrier is an exponentially decreasing wave 

function: 

          , with      
   

  
   [7] 
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where   is the vacuum barrier. The tunneling current (It), is proportional to the 

probability (T) for electrons tunneling through the vacuum barrier (width d): 

                          [8] 

Here the expression shows that the tunneling current depends exponentially on the 

distance between the sample and the tip. Small changes in this distance cause big 

changes in the current.   

The local density of states around the Fermi level of the tip and the sample, as well 

as the applied voltage affects the tunneling current. Figure 2.4 shows an 

schematics of electron tunneling in STM, for a tip close to a surface with work 

functions Φtip and Φsample respectively. Here, the electrons tunnel from the tip into 

empty states of the sample (positive sample bias). 

 

Figure 2.4.  Schematic view of electron tunneling between tip and sample in STM 

(positive sample bias). 

Figure 2.5 illustrates the typical components of a scanning tunnelling microscope. 

Commonly the microscope is operated in the constant current mode. Here, an 

electrochemically etched W tip is mounted on a piezoelectric scanner and is 

approached to the sample surface. The tunneling current is compared with a 

reference value, and the difference is amplified to move the z piezo. As the tip scan 

in the x-y plane of a sample the z piezo changes its height in order to keep 

constant the tunneling current.  
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Figure 2.5.  Schematic view of an scanning tunneling microscope. 

2.4  Low Energy Electron Diffraction (LEED) 

Low Energy Electron Diffraction has been one of the main techniques to study the 

long range periodicity of a crystal surface. The technique is part of the surface 

sensitive techniques, due to the mean free path of low energy electrons (Figure 

2.2).  

The de Broglie wavelength      of an electron is given by the equation: 

    
ℎ

    
    [9] 

Here, in the range of energies ( ),  used in LEED (50-500 eV) the electrons have a 

wavelength in the range of 0.5 - 1.7 Å. These wavelength are on the order of the 

inter-atomic distances, which allows investigating the structure on the atomic scale.  

When a crystal surface is bombarded with electrons, the wave fronts of the 

elastically scattered electrons can interfere with each other. In the case of 

constructive interference the following relation is satisfied. 

             [10] 
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where   is the order of the maximum,   the lattice constant and   the angle 

between the diffracted electrons and the sample normal.  

An alternative way of representing the conditions for diffraction is in terms of 

reciprocal lattice vectors. In the reciprocal space, the conditions for constructive 

interference are given by:  

              [11] 

here,    is the incidence wave vector,   is the scattered wave vector, and      is 

the reciprocal lattice vector. Where           in elastic scattering.  

For the case of diffraction on 2D surface, due to the lacking of  crystal periodicity in 

the direction normal to the surface,  the condition for constructive interference in 

the reciprocal space will be: 

        
  
      [12] 

The equation previously described refers to the Laue condition, which can be 

visualized using the Ewald's sphere construction. LEED spots are observed at any 

energy when the sphere intersects the diffraction rods. 

In the experimental method, an electron source irradiates the surface with a beam 

of electrons with an energy in the range of 50 to 300 eV. The electrons are 

diffracted from the surface and are accelerated through grids, which also filter the 

inelastically scattered electrons, until they reach  a fluorescent screen.  

LEED pattern provides information about the periodicity of the surface unit cell from 

the position of the diffracted beams. From the variation of intensities with the beam 

energy it is possible to determine surface geometries. The diffraction pattern 

exhibits the presence of different domains and provides information about the 

homogeneity of the surface.   
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2.5 Infrared Reflection Absorption Spectroscopy (IRRAS) 

Vibrational spectroscopy  is a powerful tool for probing the bonding of atoms and 

molecules adsorbed on a surface. Infrared spectroscopy is probably the most 

suitable method to study the adsorption of different systems on surfaces.  

The principle of infrared spectroscopy is based on the vibrational excitation  of 

molecules by absorption of infrared light. The information of these vibration is 

related to the chemical nature of the adsorbed molecules and its interaction with 

the substrate. Two groups of vibrations are commonly considered, the stretching 

vibrations and the bending vibrations. In the first case the vibration produces 

changes in bond length and in the second case correspond to changes in bond 

angles. Only vibrations that result in a change of the molecular dipole moment can 

be observed. Figure 2.6 shows a scheme of some molecular vibrations modes. 

 

Figure 2.6. Molecular vibration modes in a molecule with three atoms. 

The vibration modes will depend on the geometry of the molecule, for instance if 

the molecule is linear or nonlinear, and the number of atoms present in the 

molecule. In general the factor 3n degrees of freedom (where n represent the 

number of atoms presents in the molecule) describes the motion of a molecule in 

relation to the coordinates (x,y,z). This factor also describe the translational, 

rotational, and vibrational motions of the molecule. 

In IRRAS the vibration of molecules adsorbed on surfaces are obtained in 

reflection mode. The process of reflection at a surface is analyzed by evaluating 
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the behavior of two polarization components, the s component, with its electric field 

polarized parallel to the surface and perpendicular to the direction of the 

propagation, and the p component, which is perpendicular to the s component and 

to the line of propagation as is shown in figure  2.7. When the reflection process 

occurs the magnitude and the direction of the electric field related with both 

components change. An adsorbed molecule on the surface will be affected for the 

fields due to the incident and reflected beams (59).  

 

Figure 2.7. Scheme of the electric vector of s and p-polarized radiation incident on 

a surface at an angle θ to the normal.  

As is observed in figure 2.7 the electric vectors Es and E's are canceled as they are 

equals and opposites. This come from the fact that the direction of the s 

component is reversed on reflection. In the case of the p component its behavior 

will depend on the angle of incidence θ. Here, the sensitivity is maximized by 

employing high angles of incidence.  

As was described, the absorption of IR light by a molecule adsorbed on a surface 

is influenced by the dielectric behavior of the surface. On metallic surfaces the 

electric field of the incident light and the dipole moment of the adsorbed molecule 

interact with the metal electrons. These interactions have been explained following 

a set of rules known as metal surface selective rule, which can be enunciated as 

follows (60): 
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(1) Only vibrations with a dynamic dipole moment component perpendicular to the 

surface will be excited.   

(2) The incident light should be reflected at the metal surface at grazing incidence.  

The vibrational spectrum of adsorbed molecules can give relevant information 

about the system under study. The spectrum allows the identification of the 

adsorbate state (atomic, molecular, intermediates), and determination of the 

molecular symmetry and the surface-adsorbate bond.   

2.6 Experimental Setups 

The experiments presented in this thesis were performed mainly in two different  

ultrahigh vacuum  (UHV) systems.  A short description is given in this section. 

2.6.1 OMEGA System. 

The OMEGA system is a UHV setup that consists of two chambers, the load lock 

and the main chamber, with a base pressure below 5 x 10 -8 mbar and 1 x 10 -11 

mbar, respectively. The load lock employs two different pumps, a scroll pump and 

a turbo molecular pump. The main chamber employs four pumps: a scroll pump, a 

turbo molecular pump, an ion pump and a titanium sublimation pump (TSP).  

Figure 2.8 shows a schematic model of the main facilities that the system offers, 

including an Omicron UHV-STM-1, Omicron LEED, sample heating stage (resistive 

heating up to 700 oC) Omicron ISE-10 rasterable ion gun, SPECS PHOIBOS 100 

analyser and an SRS RGA-100 residual gas analyzer. Temperatures were 

measured with a K-type thermocouple attached to the sample manipulator.  
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Figure 2.8.  Schematic view of OMEGA system. 

 

2.6.2 The Machine for Reactivity Studies "The Mrs." 

The Machine for Reactivity Studies, is a home-built UHV setup designed to 

investigate surface chemistry of metal oxide samples. It has a base pressure of ≈ 

10-10 mbar. The machine is equipped in order to carry out different surface 

analyses such as,  TPD, UPS (Ultra Violet Photoemision Spectroscopy), XPS, and 

Low-Energy Ion Scattering Spectroscopy.  

Figure 2.9 shows a schematic of the Machine for Reactivity Studies. To carry out 

XPS measurements the system includes an SPECS Phoibos 150 MCD 

hemispherical analyzer. The X-ray source is a SPECS XR50M with an Al anode. 

To obtain X-ray radiation with an energy of 1486.74 eV and a line width of 0.4 eV, 

a Focus 500 monochromator was used. 
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Figure 2.9.  Schematic view of The Machine for Reactivity Studies.  

TPD experiments were performed using a HIDEN HAL/3F RC 301 PIC quadrupole 

mass spectrometer (QMS). The sample was cooled by a Janis ST-400 UHV liquid-

He flow cryostat, and heated by direct current at a rate of 1 K/s through a Ta back 

plate, on which the sample was mounted. The temperature was measured by a K-

type thermocouple, and the sample was biased at -100 V during TPD 

measurements to prevent electrons from the QMS filament from reaching the 

sample. To dose molecules onto the surfaces of the sample, the chamber has a 

molecular beam doser, which enables precise and reproducible exposures to a 

defined area on the sample surface (61).  

2.6.3 IRRAS Measurements 

IRRAS measurements shown in this thesis were performed by our collaborators 

Dr. Heshmat Noei and Prof. Andreas Stierle in a third UHV-system at DESY, 

Germany that is equipped with an IR spectrometer Bruker Vertex 80v (Bruker 

Optics, Ettlingen, Germany) coupled to the UHV chamber via differentially pumped 
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KBr-windows. Each IR spectrum was accumulated in 1024 scans with a resolution 

of 2 cm-1 and was taken with the unpolarized beam at an incidence angle of 80° at 

a base pressure of 510-10 mbar. 

2.7 Sample Preparation 

The samples used in the present work were Fe3O4 (001) natural single crystals 

from SurfaceNet GmbH. The crystals were mounted onto Ta Omicron-type sample 

plates using two stripes of flat Ta wire that are shaped into clips, which uniformly 

press the sample and are fixed by spotwelding the ends to the Ta plate. When the 

sample is in ultrahigh vacuum is prepared in-situ by 1 keV Ar+ sputtering at room 

temperature for 20 minutes followed by annealing in UHV at 873 K for 15 minutes. 

Once no contamination could be detected by XPS in the C1s region, the sample 

was annealed in O2 (5 x 10-7 mbar) at 873 K for 15 minutes. 

  2.8  Evaporation Materials  

Iron was evaporated from a 2-mm-thick rod (99.99 + %, MaTeck GmbH) with the 

Fe3O4 sample at room temperature using an Omicron electron-beam evaporator; 

the deposition rate was calibrated by a quartz crystal microbalance.  

2.9 Liquids and Gases 

Formic acid and methanol were obtained from Sigma Aldrich at a purity of 99.9 and 

99.8% respectively. Both were purified with several freeze-pump-thaw cycles. On 

the OMEGA system the molecules were dosed into the chamber through a high-

precision leak valve. For the machine for reactivity studies the dosing was 

performed with an effusive molecular beam source. Formaldehyde was prepared 

by thermal decomposition of paraformaldehyde (Aldrich, 95%) at 80 ℃ after 

extensive outgassing. 
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3. Iron Oxides 

As one of the transition metals, iron (Fe) has the ability to form different oxidized 

compounds, some of them used by humanity since a long time ago. These 

compounds exist as oxides, hydroxides or oxy-hydroxides with or without hydration 

water.  

These compounds show different properties. Iron oxides can be semiconductors, 

conductors or insulators; paramagnetic, ferromagnetic, or antiferromagnetic. These 

properties depend on the crystal structure, which varies from the amorphism of 

limonite, the hexagonal structure of  feroxyhyte, and the orthorhombic structure of 

goethite, to the spinel structure of magnetite.  

Within the oxides, three are the most common forms: Hematite (α-Fe2O3), the 

stable oxide phase under oxidizing conditions, where the iron has an oxidation 

state of 3+. In reducing conditions wustite (FeO) is formed with rocksalt structure 

and all the iron atoms with oxidation state of 2+, and magnetite (Fe3O4), a mixed 

valence metal oxide (38). 

3.1 Magnetite, Fe3O4 

Magnetite, described by the general formula AB2O4, belongs to the inverse spinel 

family. Figure 3.1 shows the bulk unit cell of magnetite. The structure shows a 

mixed valence oxide, with both Fe2+ and Fe3+ present in the fcc oxygen lattice, with 

a lattice unit cell of 8.397 Å. The Fe3+ cations occupy tetrahedral interstitial sites 

(FeA), while the octahedral interstitial sites (FeB) are occupied by a mixture of Fe2+ 

and Fe3+ cations (1:1) at room temperature. 

The magnetite bulk unit cell can be understood as a stack of two different atomic 

layers which are alternatively repeated in the  (001) direction. The A layer consist 

of two iron atoms with tetrahedral coordination per unit cell, and the B layer consist 
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of four iron atoms with octahedral coordination and eight oxygen anions per unit 

cell.  

 

Figure 3.1. Inverse spinel bulk unit cell of Fe3O4, consisting of an oxygen fcc lattice 

with iron in interstitial positions. 

At 125 K, the material undergoes a metal-insulator transition, the Verwey transition. 

The transition represents a drop in conductivity and changes in the magnetic and 

structural properties (62-64). Above this temperature, the material is predicted to 

be a half-metal (64). 

Magnetite represents the iron oxide most used as catalyst. It is an industrially 

important material, used as catalyst in the  Fischer-Tropsch synthesis (49), in the 

decomposition of hydrogen peroxide (65), and is the active phase in catalytic 

systems used  in the water gas shift reaction (46, 66).   
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3.2 The Fe3O4 (001) Surface  

As mentioned above, magnetite consists of alternating planes (A layer and B layer) 

in the (001) direction. This corresponds to a Tasker type 3 polar surface, where a 

non-zero net dipole moment perpendicular to the surface is present. In line with 

this, a surface reconstruction is expected (67, 68). A (√2×√2)R45° reconstruction 

has been observed experimentally (69-71). 

Previously the surface structure for the Fe3O4 (001) surface was explained in terms 

of  distorted bulk truncation (DBT) (71, 72). Here the symmetry was explained by   

subtle lateral relaxations of the surface octahedral irons and O atoms. The 

alternating, lateral relaxation of pairs of Fe atoms in a direction that is 

perpendicular to the octahedral iron rows leads to a wave-like undulation of the 

rows (Figure 3.2). This reconstruction creates two non-equivalent sites for Fetet  (A) 

bulk continuation sites of the reconstructed surface. The model predicts that Feoct 

(B) atoms in the surface and the  Fetet  (A) atoms in the subsurface layer are Fe3+, 

while the subsurface Feoct (B) atoms contains alternating pairs of Fe2+ and Fe3+ 

cations, ordered with the (√2×√2)R45° symmetry.   

 

Figure 3.2. Perspective and top views of the distorted bulk truncation model of the 

Fe3O4(001)-(√2×√2)R45° surface. 
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Recently our group used a combination of quantitative low-energy electron 

diffraction, scanning tunneling microscopy, and density functional theory 

calculations, to propose a new surface structure of the Fe3O4(001)-(√2×√2)R45° 

reconstruction (37). Quantitative measurements of the agreement between 

experimental and theoretical LEED IV curves, the Pendry R-factor (Rp), shows 

best-fit structure achieved (Rp = 0.125) for the new model over the value obtained 

for the distorted bulk truncation model (Rp = 0.34) (37).   

 

Figure 3.3. Perspective and top views of the subsurface cation vacancy structure 

of the Fe3O4(001)-(√2×√2)R45° surface. 

Figure 3.3 shows the perspective and top views of the Fe3O4(001)-(√2×√2)R45° 

structure. Here, the (√2×√2)R45° periodicity emerges from replacing two 

octahedral iron (Feoct) from the third layer by an interstitial tetrahedral coordinated 

iron in the second layer (labelled Feint in figure 3.3). This new structure has 

received the name subsurface cation vacancy (SCV) structure.  

The reorganization that occurs in the subsurface results in  a wave-like undulation 

in the Feoct rows on the surface. The new model predicts that all Fe atoms in the 

four outermost layers are Fe3+. This reconstruction creates two non-equivalent bulk 
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continuation sites per (√2×√2)R45° until cell. One of them with an Fetet (interstitial 

iron atom)  underneath, and the other site without this interstitial iron atom (green 

star figure 3.3).  

3.3 Typical Defects on the Fe3O4 (001) Surface 

Figure 3.4 shows an STM image of the clean Fe3O4(001)  surface. The surface 

exhibits rows of protrusions separated by 5.9 Å, related to octahedral iron atoms 

within the subsurface cation vacancy (SCV) reconstruction (37). Surface oxygen 

atoms are not imaged as there are no O-derived states in the vicinity of the Fermi 

level (37). A step edge runs across the centre of the image from left to right, 

separating two adjacent terraces (yellow arrow). The apparent step height of 2.1 Å 

corresponds to the spacing between equivalent planes in the bulk structure 

(73).The direction of the iron rows is perpendicular when going from one terrace to 

the next (73), consistent with the inverse spinel structure of magnetite. As reported 

previously (73) , steps that run parallel to the Fe rows on the upper terrace are 

generally straight, whereas perpendicular steps are often jagged. 
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Figure 3.4. STM images of the as-prepared Fe3O4 (001)-(√2×√2)R45° surface 

(39 × 31 nm2; Vsample = +1.7 V; Itunnel = 0.3 nA). The surface exhibit typical defects 

labeled as follows: An antiphase domain boundary (APDB) is visible as a row of 

protrusions in the lower terrace (indicated by the orange arrows).  The bright 

protrusion on the Fe rows highlighted by the cyan box is due to a surface hydroxyl. 

The green boxes highlight pairs of bright features located on neighboring Fe rows, 

attributed to additional subsurface Fe. The yellow arrow indicates a step edge.   

A schematic model of the outermost three layers of the the Fe3O4(001)-

(√2×√2)R45° surface with the most common defects on the surface is shown in 

Figure 3.5. The two outermost layers are shown in panel (a) and the third layer in 

panel (b).  
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Figure 3.5. Schematic model of defects at the Fe3O4(001)-(√2×√2)R45° surface. 

The outermost two layers are shown in panel (a) and the third layer in panel (b). 

The (√2×√2)R45° unit cell, indicated by the purple square, contains four Feoct 

atoms (big balls, dark blue) and eight O atoms (small balls, red) in the surface 

layer, and three Fetet atoms in the second layer (big balls, light blue). The Fetet 

indicated by the black circle is an interstitial (Feint) linked to the subsurface cation 

vacancy (SCV) reconstruction. The interstitial replaces two Feoct atoms in the third 

layer, such that there are only two Feoct per unit cell instead of four. The dotted 

orange line indicates an antiphase domain boundary in the SCV reconstruction. 

The pairs of surface Feoct atoms indicated by orange ovals at the boundary appear 

bright in STM images. Note that four Feoct are present in a row in the third layer 

beneath the APDB (see panel b). The green boxes highlight a defect in which an 

additional Feoct atom is incorporated in the third layer, which causes Feint to 

relocate to the other Feoct vacancy position, as will be described below. Note that 

because six Feoct are present in a row in the third layer beneath this defect, it 

appears as a double protrusion in STM images (orange ovals). The black dashed 

circle represents the position for a missing Feint in the second layer. 
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3.3.1 Line Defects on the Fe3O4 (001) Surface 

The step edge structures for the Fe3O4 (001) surface are not definitively known. 

Following the procedure of Henrich (73), we have reevaluated the step stability in 

terms of covalent stability (coordinative unsaturation) for the SCV reconstructed 

surface. As mentioned above, two different groups of step edges for the Fe3O4 

(001) surface are considered, with edges parallel or perpendicular to the 

octahedral iron atoms rows of the upper terrace, the α and β type respectively.  

The most stable step parallel to the Feoct rows (denoted B-α* by Henrich) is 

terminated with the O atoms (Figure 3.6a). All other configurations expose Feoct 

atoms with three dangling bonds at each atom, which are likely more reactive. 

Perpendicular to the rows several different configurations are similarly stable, and 

all expose both, Feoct atoms with three dangling bonds per atom, and Fetet atoms, 

which have two dangling bonds (one example is shown in Figure 3.6b).  

 

Figure 3.6. Structural models of step edges for the Fe3O4(001) surface. (a) Steps 

parallel to the iron ion rows along        (B-α type). (b) Steps perpendicular to the 

iron ion rows along       (B-β type). Labels after ref. (73)  

A second, extended defect that is frequently observed on the freshly prepared 

surface is the antiphase domain boundary (APDB) (74), indicated by orange 

arrows in Figure 3.4 and dotted orange line in Figure 3.5. This feature appears as a 

chain of bright protrusions located on the Feoct rows, and is typically aligned at 45° 

with respect to the row direction (74). The APDBs probably arise because the 
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(√2×√2)R45° reconstruction is lifted during each annealing cycle (75), and then 

renucleates on cooling through 723 K with one of two distinct registries with 

respect to the underlying bulk. The structure of the antiphase domain boundaries 

has been previously interpreted in terms of the distorted B-layer model for the (√2 x 

√2) R 45o reconstruction in which a lattice distortion couples to charge order in the 

subsurface layers (74). 

The SCV reconstruction creates two different bulk continuation sites per (√2 x √2) 

R 45o unit cell. One of them blocked by interstitial Fetet  atom, and the other site 

which remain non blocked, the four Feoct atoms in a row in the third layer are 

related with the junction of non blocked sites (Figure 3.5).  

Interestingly, with no Feint in the second layer and four Feoct atoms in a row in the 

third layer, the local structure at the APDB is similar to a bulk truncated surface 

(Figure 3.2). 

3.3.2 Point Defects on the Fe3O4 (001) Surface 

In addition to the line defects, two types of point defects are observed. Surface 

hydroxyl groups appear in STM as bright protrusions located on the Fe rows (cyan 

box in Figure 3.4). These species were identified through the adsorption of atomic 

H on this surface (76), and have also been observed following dissociative 

adsorption of water (77). They are easily distinguished from other defects as they 

exhibit a characteristic hopping between opposite Fe rows in STM movies collected 

at room temperature. It is important to note that the OH group is a H atom 

adsorbed on a surface O atom, although it appears as increased brightness of a 

pair on ajacent Fe atoms. This is an electronic effect, as the OH donates charge to 

the neighboring Fe atoms, which makes them brighter in STM (77).  

The green boxes (Figure 3.4) highlight pairs of bright features located on 

neighboring Fe rows. At first glance these features appear similar to hydroxyl 

groups, but they have a different apparent height (50 pm, compared to 20 pm for 
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the OH) and they do not exhibit the characteristic hopping behavior described 

above. 

 

 

Figure 3.7. STM image (30 x 30 nm2, Vsample = 1.9 V, I= 0.2) after deposition of 0.2 

ML Fe at RT. Fe adsorbs as adatoms (red boxes) and incorporates in the 

subsurface (green boxes) 
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Figure 3.7 shows the surface after deposition of 0,2 ML of Fe (1 ML is defined as 

one atom per (√2×√2)R45° unit cell, i.e., 1.42 × 1014 atoms/cm2). The surface 

exhibits the characteristic rows of protrusions separated by 5.9 Å, related to 

octahedral iron atoms of the SCV reconstructed surface. Fe adatoms are 

observed, as reported previously (78), which appear as bright protrusions between 

the Fe rows (red boxes). The appearance of the Fe protrusions is similar to those 

observed for adatoms of Ag, Pd and Au (50, 51, 79). 

A second group of features, which are highlighted with green boxes, appear as a 

pair of protrusions located on neighboring iron rows. It is known that  Ni, Co, Ti and 

Zr enter the subsurface, filling one Feoct vacancy in the third layer of the SCV 

reconstruction, which induces the Feint to move and occupy the other vacancy. At 1 

ML coverage this results in a (1×1) symmetry (80). Based on this, it is natural to 

propose that deposited Fe atoms can also enter the surface, and locally lift the 

SCV reconstrucion. 
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4. Fe-Dimer Surface 

Understanding the factors that control the surface terminations of metal oxides is 

important considering its implications on surface reactivity. It is documented that 

the Fe3O4 (001) surface presents more than one termination, depending on the 

preparation conditions (81). In addition to the SCV termination described 

previously, Fetet terminated surfaces were initially proposed by STM analysis, 

because an array of bright protrusions with (√2×√2)R45° periodicity was observed 

on sputtered and UHV-annealed samples. Such a surface  would in principle 

compensate polarity by providing a surface layer with a charge of +3 electrons 

(81). However, XPS measurements on this surface revealed an enhanced Fe2+ 

contribution, rather than Fe3+ as expected for this Fetet (81). Moreover, this Fetet 

surface appears to be unstable; using molecular dynamics simulations it was  

demonstrated that subsurface Fetet atoms migrate to the surface to form an Fe 

dimer (70).  

This Fe-dimer configuration has been validated by STM analysis, where the 

protrusions have been resolved into pairs of protrusions located between the Feoct 

rows (82-84). Different models have been proposed to assign the position of the Fe 

atoms in the dimer configuration, which are shown in Figure 4.1. One of these 

models suggest that the dimer is located above a subsurface Fetet vacancy (Figure 

4.1a) (70), whereas studies of Fe3O4 (001) epitaxial  films on  Fe(001) buffer layer 

on MgO (001) suggested that the Fe-dimer is located on a bulk terminated surface, 

but with the dimer straddling one of the subsurface Fetet atoms (Figure 4.1b) (85, 

86). 
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Figure 4.1. Models for the Fe-Dimer configuration. a) Model proposed in reference 

(70).  b) Model proposed in reference (85, 86) 

Deposition of Fe on the Fe3O4 (001) surface has been proposed in order to study 

directly the structure of the Fe-rich terminations (78). Previously, work from our 

group suggested that the dimer atoms are located in fourfold hollow sites between 

subsurface Fetet atoms. Nevertheless, in the light of new experimental evidence 

and the subsurface cation vacancy model for the Fe3O4(001)-(√2×√2)R45° surface 

(37), a new interpretation is proposed. 

4.1 Fe Deposition at Room Temperature: Effect of Oxygen 

Figure 4.2a shows an STM image acquired after deposition of Fe on the clean 

surface. The image shows the presence of a high density of Fe clusters. These 

clusters were reported by Novotny et al. (78) during the Fe deposition experiments 

and were attributed to excess of Fe on the surface (78). In the new experiments 

the formation of Fe clusters was observed at very low coverages, so control 

experiments were carried out to determine the cause. Here it will be demonstrated 

that the clusters result from a reaction of Fe atoms with O2 present in the residual 

gas following preparation of the clean Fe3O4(001) surface. Figure 4.2a shows the 

result of the Fe deposition with oxygen intentionally leaked into the background 

during Fe deposition at a pressure of 1x10-9 mbar.   
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Figure 4.2. (a) STM image (30 x 30 nm2, Vsample = 1.5 V, I= 0.3) after deposition of 

2 ML Fe with oxygen in the background (1x10-9 mbar O2 during deposition). (b) 

STM image (30 x 30 nm2, Vsample = 1.5 V, I= 0.3) after deposition of 2 ML Fe 

(deposition of Fe in good vacuum, after TSP cycles) 

In order to avoid this situation for the Fe deposition experiments described 

hereafter, several TSP cycles were made before Fe deposition to decrease the 

pressure of O2. During the titanium sublimation, reactive components of the 

residual gas, as is the case for oxygen, react with a titanium thin layer on the walls, 

forming stable compounds.   

Figure 4.2b shows an STM image acquired after deposition of Fe after TSP cycles. 

Clearly the cluster density is dramatically reduced, so we propose the clusters to 

be Fe oxide in nature, formed through the reaction with molecular O2 at the 

surface.  

 

 



Chapter 4. Fe-Dimer Surface 
 

 

40 

4.2 Fe Deposition: From Fe Adatom to the Fe-Dimer Surface 

Figure 4.3 shows STM images of the Fe3O4 (001) surface acquired after deposition 

of different coverages of Fe onto a clean surface at room tempertaure. Here, 1 ML 

is defined as one atom per (√2×√2)R45° unit cell, i.e., 1.42 × 1014 atoms/cm2. (The 

following experiments were carried out after TSP cycles).  

Figure 4.3a shows the surface after deposition of 0.2 ML of Fe, which was 

described in the previous chapter.    

After deposition of 0.6 ML Fe (Figure 4.3b), the number of adatom features (around 

0.1 ML)  is less than the deposited amount and the density of the features located 

directly at the Fe rows increases. In addition, a new configuration is observed in 

the STM images (yellow square), where new protrusions located between the Fe 

rows appear. The protrusions are spaced by 12 Å along the Feoct row and due their 

appearance were assigned to Fe-dimers. Previously, similar features were 

atomically resolved with STM showing two atoms per each dimer configuration 

(78). According to DFT+U calculations for the bulk truncation model, the Fe atoms 

of the "dimer" are fourfold coordinated to surface oxygen atoms, filling two of the 

four octahedral interstitial sites per unit cell, and no Fe-Fe bond is formed (78).  

After deposition of 1 ML, the Feoct rows of the underlying substrate remain visible in 

some areas. The density of regions with Fe-dimers increases, and the dimers are 

distributed with (√2×√2)R45°symmetry. In some areas single Fe adatoms coexist 

with Fe dimers. Figure 4.3d shows an STM image acquired following deposition of 

2 ML Fe onto the clean Fe3O4(001) surface. The image shows a high density of Fe 

dimers with (√2×√2)R45° symmetry as is highlighted in the inset with a yellow grid 

overlay.  

The inset in figure 4.3e shows an atomically resolved STM image, where the 

protrusion of the dimer appear directly between the Feoct  atoms of the neighboring 

rows (Image adapted from Ref. (78)). This atomically resolved image resembles 

the configurations shown in Figure 4.3c and Figure 4.3d (red  square). 
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Figure 4.3. STM images of different coverage of Fe on the Fe3O4 (001) surface at 

room temperature. (a) STM image (30 x 30 nm2, Vsample = 1.9 V, I= 0.2) after 

deposition of 0.2 ML Fe at RT. Fe adsorbs as adatoms (red ovals) and 

incorporates in the subsurface (green circles). (b) STM image (30 x 30 nm2, Vsample 

= 1.7 V, I= 0.3) after deposition of 0.6 ML Fe. Fe is present in a new configuration, 

the Fe-Dimer (yellow square). (c) STM image (30 x 30 nm2, Vsample = 1.9 V, I= 0.3) 

after deposition of 1 ML Fe. The density of Fe-Dimer  patches increases with some 

Fe adatoms. (d) STM image (30 x 30 nm2, Vsample = 1.5 V, I= 0.3) after deposition 

of 2 ML Fe (Fe-Dimer surface). (e) STM image (20 x 20 nm2, Vsample = 1.0 V, I= 0.3) 

after deposition of 0.7 ML Fe. (inset) High resolution STM image of the area 

obtained within the yellow rectangle (Adapted from Ref (78)). 

 

4.3 XPS 

The reduction of the surface due to Fe deposition is visible in the XPS. Figure 4.4 

shows Fe 2p and O 1s core level spectra for the clean and the Fe-dimer surface. 

The high-resolution data were acquired using a SPECS FOCUS 500 

monochromatic source and a SPECS PHOIBOS 150 electron analyzer at normal 

emission with a pass energy of 18 eV in the Mrs chamber. Similar XPS data were 

acquired in the OMEGA system (not shown)   

For the clean surface the dominant contribution to the spectrum comes from the 

Fe3+ cations, since this is the only oxidation state present in the four outermost 

layers (37).  The Fe-Dimer surface exhibits an enhanced Fe2+ component at 

708.7 eV in the Fe2p3/2  peak, and an Fe2+ related satellite peak at 714 eV.  

The clean Fe3O4(001) surface exhibits a slightly asymmetric  O1s peak at 530.1 eV 

due to the lattice oxygen in magnetite as reported previously  (87). For the Fe-
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Dimer surface the peak has the same shape, but shifts 0.2 eV to higher binding 

energy.   

 

 

Figure 4.4. Fe 2p (a) and O 1s (b) XPS spectra before (red) and after (black) the 

deposition of 2.0 ML Fe on the clean  Fe3O4(001)-(√2 × √2)R45° surface at room 

temperature. 

4.4 Thermal Stability of the Fe-Dimer Surface 

In order to evaluate the thermal stability of the Fe-Dimer surface, temperature 

dependent XPS experiments were carried out.  Figure 4.5 shows O1s and Fe 2p 

photoemission spectra that were recorded after 2 ML of Fe was deposited on  the 

clean Fe3O4(001) surface and subsequently annealed to progressively higher 

temperatures. 
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Figure 4.5. Fe2p and O1s XPS spectra from 2 ML Fe deposited on the 

Fe3O4(001)-(√2 × √2)R45° surface at room temperature and annealed as indicated. 

The data are offset in the y-direction while the spectra in the inset were 

superimposed for clarity. 

The Fe2p spectra are shown in Figure 4.5a. The Fe-Dimer surface exhibits an 

enhanced Fe2+ shoulder as mentioned above (red), as well as shifting of the lattice 

oxygen peak to high binding energy in comparison with the clean sample (Figure 

4.5b).  

As the sample is heated to progressively higher temperatures the intensity of the 

Fe 2+ contributions i.e., signals around 708.7 eV and 714 eV decreased. By 520 K, 

the obtained spectra resemble the spectra for the clean surface  (compare inset in 

Fig. 7.4a, black and green spectra). At the same temperature, the lattice oxygen 

peak recovers its original position at 530.1 eV. These changes are related with the 

diffusion of Fe into the bulk (88).  

Similar results were observed in STM. The surface keeps the Fe-Dimer 

configuration until 523 K, annealing at higher temperature showed a clean  

Fe3O4(001)-(√2×√2)R45° surface.  
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4.5 Fe-rich (001) Surface: Reactivity to Oxygen  

As discussed previously the presence of oxygen during the iron deposition induces 

the formation of Fe clusters. Here the reactivity of the as-prepared Fe-rich Fe3O4 

(001)-(√2×√2)R45° surface to oxygen will be discussed in more detail.  

Figure 4.6a shows the surface after deposition of 0.6 ML of Fe, the surface exhibits 

the features described above: iron adatoms, Fe incorporated in the subsurface, 

and Fe dimers. Exposing the surface to oxygen (3 x 10 -9 mbar O2) for a time 

period of 1 hour and 20 minutes (10.8 Langmuir) (Figure 4.6b), leads to an 

increase of white features associated with clusters, while the species obtained after 

iron desposition decreases. Fuzzy areas are present on the image, which typically 

is the result of molecules moving on the surface.  

 

Figure 4.6. The effect of O2 exposure on Fe-rich surface. (a) STM image after 

deposition of 0.6 ML Fe at RT. (b) After exposure to O2 . Clusters have formed. 

Scanning details (both images): (40 x 40) nm2, Vsample = +1.7 V, I= 0.3 nA. 
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Figure 4.7 shows two panels from different areas of the surface during the same 

experiment. Each panel has six selected frames from sequential STM images. The 

panel a focuses on the behavior of the Fe adatoms during the exposition of oxygen 

(3 x 10 -9 mbar O2). Between frame 1 and 4 (corresponding to a time span of 22 

minutes), the surface did not show any changes. Then, in the frame 5 the three 

adatoms nearby to the Fe adatom labeled with the red circle disappear while an 

iron cluster emerges, which is indicated with the cyan arrow. 

 

Figure 4.7. The effect of O2 exposure on Fe-rich surface. STM images selected 

from sequential STM images (a) (7.6 x 7.6) nm2, Vsample = +1.7 V, I= 0.3 nA. (b) (16 

x 8) nm2, Vsample = +1.7 V, I= 0.3 nA. Image details: Omega-STM:  from data 0647 

until data 0652. 
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In panel b, the yellow  box highlights a small patch of Fe-Dimers. As in the case of 

Fe adatoms, the formation of clusters is observed from the dimer configuration due 

the presence of oxygen. This phenomenon appears to be related with the induced 

mobility of Fe adatoms by oxygen, a similar process as was observed during the 

adsorption of CO on a Pd adatoms on Fe3O4 (001) (51).  

The oxidation of the Fe-rich surface due to oxygen exposure is visible in XPS. 

Figure 4.8 shows Fe 2p and O 1s core level spectra for the Fe-Dimer surface, the 

surface after exposure to 10 L of O2,  and subsequent annealing to 472 K. 

The Fe 2p spectra are shown in Figure 4.8a. After that Fe-Dimer surface is 

exposed to oxygen the spectra loses its Fe2+ component at 708.7 eV in the Fe2p3/2  

peak and the satellite peak at 714 eV. For the O 1s region (Figure 4.8b), the lattice 

oxygen peak recovers the position for the clean Fe3O4(001)-(√2×√2)R45° surface 

at 530.1 eV. Subsequent annealing to 472 K not does induce any changes with 

respect to the oxidized surface. 

 

Figure 4.8. Fe2p (a) and O1s (b) XPS spectra from  2 ML Fe deposited on the 

Fe3O4(001)-(√2 × √2)R45° surface at room temperature (black line). After exposure 

of 10 L of oxygen (red line), and annealed at 472 K (blue line) The data are offset 

in the y-direction for clarity. 
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4.6 Discussion  

Our results suggest that for low coverage of Fe (       ) deposited at room 

temperature, Fe is present on two configurations; as a single Fetet adatoms and as 

Fe atoms incorporated in the subsurface, which locally lifts the (√2×√2)R45° 

reconstruction. When the coverage is increased the density of patches due to 

unreconstructed unit cells increases while the density of adatoms decreases. At 

this point, the Fe dimers start to nucleate on the unreconstructed patches until the 

Fe-Dimer surface is achieved after the deposition of 2 ML of Fe with few SCV 

reconstructed areas.  

These results allow us to propose a mechanism for the formation of the Fe-Dimer 

surface by deposition of Fe on the Fe3O4(001)-(√2×√2)R45° surface. It is known 

that some elements such as Ni, Co, Ti, (80) enter the subsurface, filling one Feoct 

vacancy in the third layer of the SCV reconstruction, which induces the Feint to 

move and occupy the other vacancy. Our observations suggest that the formation 

of the Fe-Dimer surface requires a similar process as the first step, i.e. deposited 

Fe atoms should enter the surface, and locally lift the SCV reconstrucion as our 

low coverage STM experiments suggest. This Fe incorporation would explain the 

two bright protrusions on opposite Feoct rows observed in STM (see also Figure 3.5 

and 3.7).  

Once the reconstruction is lifted, a new configuration is obtained (which is most 

likely the DBT structure as reported previously (71, 78) and described in the 

previous chapter, Figure 3.2). In this structure there are two vacant tetrahedral site 

per unit cell. According to STM results, the Fe-dimer configuration is only formed 

on regions where the reconstruction is lifted. One might expect that extra Fe atoms 

should occupy these sites within the distorted bulk truncation (Fe adatom on DBT). 

Nevertheless, adsorption of a second Fe atom in the other tetrahedral site per unit 

cell on DBT structure appears to be unfavorable by DFT + U calculations (78) and 

were never observed experimentally. Rather, a high coverage of Fe atoms at room 
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temperature seems to facilitate a conversion from tetrahedral to octahedral Fe 

coordination, forming the Fe-dimer configuration.  

Figure 4.9 shows the perspective and top views of the Fe-dimer on the Fe3O4(001) 

surface. The Fe atoms of the dimer (green atoms) are fourfold coordinated to 

surface oxygen atoms, filling two of the four octahedral sites per unit cell. The 

orange square on the top view show the (√2×√2)R45° periodicity, which is 

generated by the Fe-dimers.  

 

 

Figure 4.9.  Perspective and top views of the Fe-dimer on the Fe3O4(001) surface. 

The mechanism described for the formation of Fe-dimers on the Fe3O4(001) 

surface appears to be consistent with first principles thermodynamics calculations. 

Figure 4.10 shows the surface phase diagram for different configurations related 

with the Fe3O4 (001) surface.  
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Figure 4.10. Surface energy as a function of oxygen chemical potential, µo, for 

different Fe3O4 (001) surface configurations (Adapted from(88)). 

The subsurface cation vacancy (SCV) appear in red and is energetic favored with 

respect to the distorted bulk truncation (DBT) (black line), which is favored below 

an oxygen chemical potential of - 3 eV.  

The diagram shows a similar surface energy between the DBT structure and the 

Fe adatom on the SCV (cyan dot line), which is consistent with the observation that 

both Fe adatoms and incorporated Fe atoms are observed after deposition at low 

coverage (one additional Fe adatom per unit cell).  
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To validate our mechanism, two configurations for the Fe-Dimer surface were 

calculated (88): the dimer on the SCV structure and the dimer on the BDT 

structure, the diagram shows how the formation of Fe-Dimer on the SCV structure 

is very unfavourable while the formation of the Fe-Dimer on the BDT structure 

under reducing conditions occurs.  

4.7 Conclusions  

The Fe-Dimer termination was prepared by evaporating Fe onto the Fe3O4(001)-

(√2×√2)R45° surface at room temperature. At low coverage, the Fe coexist as Fe 

adatoms and as Fe atoms incorporated in the subsurface. The Fe-Dimer surface is 

formed onto the distorted bulk truncation surface suggesting that the (√2×√2)R45° 

reconstruction should be lifted before the formation of the dimer. The Fe-Dimer 

surface is formed at two Fe atoms per unit cell, exhibiting (√2×√2)R45° symmetry. 

The Fe-Dimer surface is unstable in oxygen rich condtions, and Fe-oxide clusters 

are formed. Formation of clusters also were observed when Fe atoms, and patches 

of Fe-Dimers on Fe rich surfaces reacted with oxygen.  
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5. Surface Defects on Fe3O4:The Methanol 

Adsorption Case 

This chapter is based on a manuscript published in Topics in Catalysis Special 

Issue 2016, doi:10.1007/s11244-016-0713-9, where most parts of this chapter can 

also be found. However, this chapter contains more information about TPD 

analysis, and adsorption on the Fe-Dimer surface, which is not discussed in the 

published paper.  

5.1 Adsorption of Methanol on Metal Oxide Surfaces 

Methanol can be involved in several processes to produce hydrogen, as in the 

case of oxidative reforming, decomposition, steam reforming (89) and has received 

renewed interest for its importance in fuel-cell technology (90). Its importance is 

based in its characteristics; methanol has a high H/C ratio (4:1), equal to methane, 

which is crucial in its application as hydrogen carrier. Unlike methane, methanol is 

a liquid at atmospheric pressure and environmental temperature. It has a low 

boiling point, which allows a facile vaporization.  Furthermore, its conversion to 

hydrogen requires lower temperature than other fuels (89).    

Moreover, the adsorption of methanol (CH3OH) has been used to study and 

quantify the density of active sites on metal oxide catalysts, and the product 

distribution observed upon desorption is thought to reflect the nature of the active 

sites (91). In this sense, Wachs and Badlani have proposed a novel chemisorption 

method to quantitatively determine the number of surface active sites on metal 

oxide catalysts, using the dissociative adsorption of methanol as a reference   (91).  

Such dissociation is typically described as follows :  

CH3OH → CH3O
-
  + H+   [1] 
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Here, the authors claim that methanol oxidation product distribution at low 

conversion reflects the nature and number of the surface active sites, calling the 

methanol molecule a "smart" chemical probe  (91). 

Whether CH3OH dissociates upon adsorption on a metal-oxide surface depends on 

the atomic-scale structure, the adsorption temperature, and the degree of 

coordinative unsaturation of the surface sites, i.e., the number of bonds missing in 

comparison to the bulk environment (14, 92). 

The adsorption of methanol on MgO (100) surface is a good example of this. The 

dissociative adsorption appears to be dependent of the preparation conditions of 

the sample and the adsorption temperature. When the samples were exposed to 

methanol at low temperature (180 K), the sputtered surface shows a higher  

adsorption of methanol than the surface which was not sputtered. Different results 

were found when the adsorption of methanol was made at room temperature. 

Here, the sputtered surface shows high intensity of methoxy species due to the 

dissociation reaction, while on the not sputtered surface was not observed 

adsorption (14). 

Another important aspect to consider is related to the basicity and acidity present 

on the oxides.  While MgO (001) shows dissociative adsorption of methanol, as 

was described above, the NiO (100) surface, with a similar structure as the MgO 

(001) surface, does not present dissociative adsorption of methanol.  This suggests 

a lower basicity on the NiO (001) surface to induce dissociation of weak acids (93). 

Several studies have focused on the interaction of methanol with metal oxide 

surfaces, and show a strong correlation between the atomic-scale structure with 

the chemical reactivity (5, 14, 27, 91, 92, 94-99). The presence of defects has been 

shown to have a high importance.  

On ZnO (0001) surface the step edges would expected to be the sites for 

dissociative adsorption of methanol. Step edges which have under-coordinative 

cations-anions pairs in its structure (100).   



Chapter 5. Surface Defects on Fe3O4: The Methanol Adsorption Case 
 

 

55 

Oxygen vacancies (VOs) have been shown to be the major active sites on TiO2  

(96, 97) and CeO2 (27, 98) surfaces, with adsorbed methoxy species (CH3O
-) and 

hydroxyl groups formed at room temperature. Reaction products such as 

formaldehyde and methane are reported to emerge from this chemistry. Here the 

use of scanning probe microscopies has been relevant. On the TiO2 (110) surface,  

atomic resolution STM images show that methanol adsorbs dissociatively on the 

oxygen vacancy sites (96).  The use of  NC-AFM has helped to identify the oxygen 

vacancies  as the dissociative adsorption site for methanol on CeO2 (111) surface 

(98). 

On the Fe3O4(111) surface (100) methanol undergoes dissociative adsorption on 

Fe-terminated regions of the surface, while O-terminated regions do not show any 

reaction at room temperature. This observation led to the conclusion that the 

dissociation occurs via a Brønsted acid-base mechanism requiring under-

coordinated cation–anion pairs. 

Recombination to produce methanol was observed at 330-360 K in TPD, along 

with a disproportionation reaction between two adsorbed methoxy species to 

produce methanol and formaldehyde as follows (101)  

2 CH3Oads → CH3OHgas  + CH2Ogas     [2]. 

5.2 Adsorption of CH3OH on the Clean Fe3O4(001)  Surface  

When the clean Fe3O4 (001)-(√2×√2)R45° surface is exposed to 20 L of CH3OH at 

room temperature new features appear at some of the defects described in chapter 

3; compare Figure 3.4 with the one shown on Figure 5.1. The defects do not 

change their positions, but their apparent height in STM increases significantly. For 

example, the bright features located on the incorperated Fe defect are now 150 pm 

high, as compared to the 50 pm previously reported (green square). 
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Figure 5.1. STM images of the as-prepared Fe3O4 (001)-(√2×√2)R45° surface 

(39 × 31 nm2; Vsample = +1.7 V; Itunnel = 0.3 nA) after exposure to 20 L CH3OH at 

room temperatue.  

Interestingly, the methanol-induced, bright features were sometimes observed to 

disappear as the surface was scanned with the STM tip at room temperature, and 

the defects assumed their original appearance. However, because methanol was 

still present in the residual gas following the initial exposure, re-adsorption at 

defects was also observed (See also Figure 5.4, below).  

5.3 Fe-rich Fe3O4 (001) Surface 

To create an increased coverage of defects, 0.1 monolayer (ML) of Fe was 

deposited on the Fe3O4 (001) surface at room temperature. As described in the 

previous chapter, 1 ML Fe is defined as one atom per (√2×√2)R45° unit cell, i.e., 

1.42 × 1014 atoms/cm2. 

After deposition (Figure 5.2) , Fe adatoms and Fe incorporated in the subsurface 

are observed. 



Chapter 5. Surface Defects on Fe3O4: The Methanol Adsorption Case 
 

 

57 

 

 

 

Figure 5.2. STM images of as-prepared Fe3O4(001)-(√2×√2)R45° surface modified 

by deposition of 0.1 ML Fe (48 × 45 nm2; Vsample = +1.7 V; Itunnel = 0.3 nA).  Fe 

adsorbs as adatoms (red circles) and incorporates in the subsurface, forming bright 

double features on the Feoct rows (green circles), see inset. 
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5.4 Adsorption of CH3OH on the Fe-rich Fe3O4 (001) Surface 

Exposing the Fe-rich Fe3O4 (001) surface shown in Figure 5.2 to 20 L CH3OH 

(Figure 5.3) leads to similar features as already shown for the adsorption of 

CH3OH on the clean Fe3O4(001) surface. Adsorption occurs at the step edges, 

APDBs, and the incorporated Fe defects.  

On the incorporated Fe defects, after methanol adsorption each of the two 

protrusions shows two maxima (see zoomed areas and line scans in Fig. 5.3), 

suggesting the adsorption of two methanol related species in close proximity to this 

defect. 

The figure shows two kinds of step edges on the Fe3O4(001) surface. The yellow 

arrow in Figure 5.3 highlights a straight step edge, which runs parallel to the iron 

rows on the upper terrace. The second type, perpendicular to the octahedral iron 

rows, is more jagged (red arrow) as was described in Chapter 3.  
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.  

Figure 5.3. STM images of as-prepared Fe3O4(001)-(√2×√2)R45° surface modified 

by deposition of 0.1 ML Fe (48 × 45 nm2; Vsample = +1.7 V; Itunnel = 0.3 nA) after 

exposure to 20 L CH3OH at room temperatue. Defects have a larger apparent 

height than those observed on the Figure 5.2 (see line profiles); the fuzzy 

appearance of the species on top of Fe adatoms indicates weakly adsorbed 

molecules.   
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In addition, fuzzy features appear at the position of the Fe adatoms (red circle). 

Such apparently noisy parts in STM images are typically associated with weakly 

bound adsorbates that move during the scan.  

As in the case of the clean surface,  dynamic desorption and readsorption was 

observed while scanning the surface with the STM at room temperature. The 

Figure  5.4 shows an STM images sequence acquired, which exemplifies this 

situation.  

 

Figure 5.4. Dynamic desorption and readsorption of methanol related species on 

Fe-rich Fe3O4 (001) surface. Consecutive STM images (2.5 × 3.2 nm; 

Vsample = +1.6 V; Itunnel = 0.3 nA). Panel a shows a couple of incorporated Fe defects 

before methanol adsorption. Following the adsorption, features related to methanol 

are observed on the defects. Desorption and readsorption process are observed 

during STM scanning.  Image details: Omega-STM:  from data 1405 until data 

1411. 
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5.5. Spectroscopic Study of the Adsorption and Reaction of Methanol on 

Clean and Fe-rich Fe3O4(001)-(√2×√2)R45° Surface 

To investigate the nature and reactivity of the observed protrusions on STM, the 

adsorption and reaction of methanol on clean and Fe-rich Fe3O4(001)-(√2×√2)R45° 

surface has been studied with  XPS and TPD. 

5.5.1 XPS 

Figure 5.5 shows O1s and C1s photoemission spectra that were recorded after the 

Fe3O4(001) surface was exposed to 1.8 L of CH3OH at 65 K, and subsequently 

annealed to progressively higher temperatures.  

The O1s spectra are shown in Figure 5.5a.  Adsorption of 1.8 L CH3OH at 65 K 

and annealing to 95 K produces two additional signals in addition to the peak at 

530.1 eV that is associated with the lattice oxygen (76, 87). The shoulder on the 

high-energy side at approximately 531 eV is consistent with both surface OH 

groups and methoxy species (102), while the peak at 533.1 eV is attributed to 

molecular CH3OH (26). Neither the shape nor position of the lattice oxygen peak is 

affected by methanol adsorption, only its intensity is reduced.  

When the sample is heated to progressively higher temperatures the molecular 

methanol desorbs first. By 280 K, the intensity of the peak area at 533.1 eV has 

decreased from 32 % to 4 %. The signal from the lattice oxygen increases again.  
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Figure 5.5. C1s and O1s XPS spectra from methanol adsorbed on the Fe3O4(001)-

(√2 x √2)R45° surface at 65 K and annealed as indicated. The data are offset in the 

y-direction for clarity. 

The C1s spectra are shown in Figure 5.5b. The C1s region has no detectable C 

signal when the surface is freshly prepared. Following the adsorption of methanol 

at 65 K and annealing to 95 K, a symmetric peak centered at 286.5 eV appears. 

Upon heating, this peak becomes narrower and decreases in intensity. When the 

sample is heated to 280 K, its intensity decreases notably and its position shifts to 

286 eV. This suggests that molecular methanol desorbs below room temperature, 

leaving only adsorbed methoxy species at 280 K. Methoxy generally has a lower 

C1s binding energy than methanol (e.g. on ZnO (103), TiO2 (110) (97), TiO2 (001) 

(104), MgO (105), and CeO2 (111) (26)) due to an increase in the electron density 

around the C atom when the hydroxyl proton is removed (103). 
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In order to get more details about the effect of the  Fe defects on the adsorption of 

methanol, we performed XPS measurements for a surface on which the defect 

concentration was enhanced by deposition of 0.3 ML Fe.  

Figure 5.6a compares the Fe2p spectra obtained before and after the deposition of 

the Fe (no methanol exposure). The deposition of Fe on the Fe3O4(001) surface 

results in an increase in the Fe2+ component at 708.7 eV in the Fe2p3/2 peak (inset 

in Fig. 5.6a). Adsorption of 10 L methanol at 280 K has no effect on the Fe2p 

spectrum for the clean or Fe rich surface. In the C1s region (Figure 5.6b) however, 

a peak appears at 286.1 eV on the clean surface, related to adsorption on defects. 

Heating to 300 K decreases this peak’s intensity, while it remains at the same 

position. On the Fe deposited surface (blue), a peak appears at 286.3 eV, which is 

50 % larger than the one obtained for the clean Fe3O4(001) surface. Again, heating 

to 300 K decreases the intensity of the peak, which remains at the same position.   

The C1s spectra show a small shift in the binding energies between the 0.3 ML 

ML Fe-Fe3O4(001) surface and the clean Fe3O4(001) surface. This shift may be 

related to changes in the valence charge on the carbon due to changes in the 

electronegativity of the vicinity. Such an interpretation was suggested for similar 

differences between oxidized and reduced cerium oxide thin films (26), where the 

peak position on the reduced surface is shifted to higher binding energy. 

Alternatively, there may be a contribution from molecular methanol adsorbed on Fe 

adatoms. The O1s spectra after adsorption of 10 L methanol at 280 K are shown in 

Figure 5.6c. On the clean surface  a peak at 530.1 eV is observed that is 

associated with the lattice oxygen (76, 87). The lattice oxygen peak on the Fe 

deposited surface (blue spectra),  shifts to higher binding energy as expected.The 

shoulder on the high-energy side at approximately 531 eV is higher than the 

observed on the clean surface (compare inset in Fig. 5.6c). The peak at 533.1 eV 

(attributed to molecular CH3OH), is not observed due presumably to the low 

concentration to methanol species on the surface. 
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Figure 5.6. a. Fe 2p XPS spectra before (red) and after (black) the deposition of 

0.3 ML Fe on the clean Fe3O4(001)-(√2 × √2)R45° surface at room temperature. b. 

C 1s XPS spectra from methanol adsorbed at 280 K on the Fe3O4(001)-(√2 × 

√2)R45° surface (green line) and the 0.3 ML Fe/  Fe3O4(001)-(√2 × √2)R45° 

surface (blue line). c. O 1s XPS spectra from methanol adsorbed at 280 K on the 

Fe3O4(001)-(√2 × √2)R45° surface (green line) and the 0.3 ML Fe/  Fe3O4(001)-(√2 

× √2)R45° surface (blue line). The data are offset in the y-direction for clarity. 
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5.5.2. Temperature Programmed Desorption Spectroscopy  

Figure 5.7 shows a series of TPD spectra for several methanol dosed surfaces. 

The figure shows the spectra monitored at m/z= 31, which is the main product of 

the methanol cracking. Other masses (32, 28, 18, 19)  were followed and its 

spectra showed the same trend that the mass 31, which indicates that these 

masses  were products of mass spectrometer cracking of methanol.   The 

methanol was dosed at temperature of 110K. During the experiment the sample 

had been flashed to 900 K after each TPD measurement, with no evidence of 

changes on the surfaces between experiments after flashing.  

The lowest temperature desorption peak is measured at 134 K, and appears after 

doses of 1.9 L of CH3OH. Its intensity increases as exposure increases. The peak 

has been assigned to multilayer desorption according to observations on other 

metal-oxides surfaces such as, Fe3O4 (111) (101), TiO2 (110) (19) and ultrathin 

MgO films on Mo (100) (106).   

A small peak is observed at 173 K, similar signals have been observed on TiO2 

(110) and Fe3O4 (111) surfaces and have been attributed to physisorption of 

methanol molecules on bridging oxygen sites. On the Fe3O4 (111) surface, the 

adsorption is attributed to O-terminated areas.  (19, 101).  

Two TPD peaks are observed at 226 and 260 K. The peak at 260 K appears after 

exposure to approximately 0.1 L of CH3OH and saturates at 0.8 L (red curve). After 

dosing 1.0 L the peak at 226 K starts to grow, and reaches saturation at 1.4 L (blue 

curve).  Both peaks follow a first-order desorption kinetics, where the temperature 

stays constant with different methanol coverage. Similar observations were 

observed on the Fe3O4 (111) surface, where these peaks were attributed to two 

different molecular adsorption states of methanol.  
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Figure 5.7. TPD spectra of methanol on the clean Fe3O4 (001) surface, monitored 

at m/z=31, for several dosing values. 

As observed in Figure 5.8, the amount of CH3OH represented by the integrated 

area of the TPD curves increases linearly with the dosage. The linear yield implies 

that the sticking coefficient of methanol on magnetite at 110 K is constant with 

exposure and is likely unity.  
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Figure 5.8. Total CH3OH (m/z=31) TPD peak area vs. methanol exposure at 110 K 

Above room temperature additional TPD signals are observed, which has been 

assigned to adsorption at defects. Temperature programmed desorption was 

performed following the adsorption of 10 L CH3OH at 280 K on the clean 

Fe3O4(001) surface (Figure 5.9 a) and on the 0.3 ML Fe-Fe3O4(001) surface 

(Figure 5.9 b). Desorption of methanol was monitored by following mass 31 (red 

dots), which is the most intense cracking fragment of this molecule. By comparing 

this signal with mass 29 (black dots), possible reaction products can be determined 

(94). On the clean surface, the TPD spectra exhibit two peaks; a sharp peak at 

335 K, and a broad shoulder in the region between 400 and 580 K. While the peak 

at 335 K has a similar shape and intensity for both masses, indicative of molecular 

methanol, the signal in the region between 400 and 580 K is higher for mass 29. 

With the addition of 0.3 ML Fe, the low-temperature peak at 335 K slightly shifts to 

320 K, and its intensity increases by 42%. As before, the intensity and line shape is 

similar for both mass 29 and 31. In the region between 400 and 580 K, the peak for 

mass 31 has its maximum at 450 K, while the peak for mass 29, which is 

significantly sharper, has the maximum intensity at 470 K.  
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The blue curves in the spectra result from substracting the smoothed signal for 

mass 31 from the mass 29 spectrum. This procedure removes the contribution of 

methanol from the mass 29 signal, leaving only that of formaldehyde. A broad peak 

is observed at 480 K, which is increased in intensity following the deposition of 0.3 

ML Fe. This peak is most likely attributable to desorption of formaldehyde, as 

observed previously on Fe3O4(111) (101). The mass spectra show no evidence for 

CH4 or CXHY, which would have been related to C–O bond cleavage (107). 

Evolution of CO and H2 was also not observed.  

 

 

Figure 5.9. TPD spectra of 10L of CH3OH dosed at 280 K. (a) Fe3O4(001)-

(√2 × √2)R45° surface; (b) 0.3 ML Fe - Fe3O4(001)-(√2 × √2)R45° surface. The 

data are offset in the y-direction for clarity. The blue curve, calculated by 

subtracting the smoothed signal from mass 29 from the smoothed signal of mass 

31 represents the desorption of formaldehyde. 
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5.6 Adsorption of CH3OH on the Fe-Dimer Surface 

As reported in the previous chapter, the Fe-Dimer surface exposes two extra 

octahedral Fe atoms per reconstructed unit cell. These under-coordinated cations 

could be active sites for dissociation of molecules. The adsorption of methanol on 

the Fe-Dimer surface was studied using STM and XPS. 

Figure 5.10a shows the Fe-Dimer Fe3O4 (001) surface obtained as reported in the 

previous chapter. After dosing  20 L of CH3OH at room temperature (Figure 5.10b), 

a high density of bright protursions, located atop of the Dimers appears as a 

consequence of methanol exposure.   

 

Figure 5.10. a. STM image of as-prepared Fe-Dimer (50 × 50 nm2; 

Vsample = +1.4 V; Itunnel = 0.3 nA). Image b shows the surface in a after dosing 20 L 

of CH3OH at room temperatue (50 × 50 nm2; Vsample = +1.4 V; Itunnel = 0.3 nA).  
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Figure 5.11 shows C1s, O1s and  Fe 2p photoemission spectra that were recorded 

after the Fe-Dimer surface was exposed to 10 L of CH3OH at room temperature, 

and subsequently annealed to progressively higher temperatures.  

The C1s spectra are shown in Figure 5.11a. Following the adsorption of methanol 

a symmetric peak centered at 286.8 eV appears.  When the sample is heated to 

373 K, its intensity decreases. By 433 K,  the  intensity decreases notably and its 

position shifts to 286.1 eV, assigned previously to adsorption of methanol on 

defects. At 773 K, the C1s region has no detectable C signal. 

The position of the carbon peak at 286.8 eV  is higher than the position assigned to 

methanol and methoxy adsorption on the Fe3O4 (001)-(√2×√2)R45° surface. Again, 

the shift may be related to changes in the valence charge on the carbon, where the 

peak position on the more reduced surface is shifted to higher binding energy (26).  

The O1s spectra are shown in Figure 5.11b. The Fe-Dimer surface exhibits a 

slightly asymmetric peak at 530.3 eV associated with the lattice oxygen in the Fe-

rich surface (78). Adsorption of CH3OH produces an additional signal at 

approximately 531 eV, which is consistent with both, surface OH groups and 

methoxy species (102). 

When the sample is heated to 433 K the signal at 531,3 eV decreases its intensity. 

The O1s peak recovers the position for the lattice oxygen in magnetite at 530.1 eV 

when the sample is annealed at 773 K.  

Adsorption of methanol does not involve changes on the Fe 2p spectra for the Fe-

Dimer surface (Figure 5.11c). As discussed previously, the Fe-Dimer surface 

exhibits an enhanced Fe 2+ component (compare inset in Fig. 5.11c, black and red 

spectra). This feature persist after adsorption of methanol and further annealing 

until 473 K. By 773 K, the obtained spectra resemble the spectra for the clean 

Fe3O4 (001)-(√2×√2)R45°  surface due diffusion of Fe into the bulk (88)  
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Figure 5.11. C1s, O1s and Fe2p XPS spectra from methanol adsorbed on the Fe-

Dimer surface at room temperature and annealed as indicated.  
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5.8. Discussion 

The results described above show clearly that methanol adsorption on the 

Fe3O4(001) surface at room temperature is restricted to defect sites. The active 

sites for dissociation are identified as step edges, incorporated Fe defects, and 

APDBs. 

The reactivity of step edges on metal oxide surfaces is well documented (5, 108, 

109), and is linked to the coordinative unsaturation of the atoms located there.  

Iron adatoms are a common defect when the Fe3O4(001) surface is prepared in 

reducing conditions (81), when the Fe3O4 bulk is Fe-rich (85, 110), or when Fe is 

evaporated onto the surface (78). The reactivity of the Fe adatoms is again most 

likely linked to coordinate unsaturation, because such cations have only two bonds 

to surface oxygen. The fuzzy appearance of the adsorbed methanol (inset Fig. 3), 

which indicates mobility underneath the STM tip, could mean that the molecule is 

adsorbed more weakly as compared to the other defects. This is probably because 

dissociation of the molecule is precluded by the lack of nearby lattice oxygen that 

can receive the acid proton. Previous experimental and theoretical studies have 

found that adsorption of H is energetically unfavorable for an Osurface with a 

subsurface Fetet neighbor (111). 

Fe atoms incorporated in the surface appears in STM as a pair of bright 

protrusions on opposite Feoct rows. The density of such defects scales with the 

amount of deposited Fe. As described in the previous chapter it is proposed that 

deposited Fe atoms can enter the subsurface and occupy one of the Feoct 

vacancies present in the third layer. This induces the Feint interstitial to move and 

occupy the other Feoct, resulting in a structure that locally resembles a bulk-

truncated Fe3O4 lattice.  

The coordinative unsaturation of the Fe and O atoms are similar for the bulk 

truncated surface and for the SCV reconstruction. DFT+U calculations predict that 

both surfaces contain only Fe3+-like cations in the surface layer (37). A key 
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difference affecting reactivity might be the local electronic structure: Density-of-

states plots for the bulk truncation exhibit significantly greater density of (empty) 

states above the Fermi level than the SCV reconstruction due to Feoct
2+-like cations 

in the third layer (72, 112). The presence of such states can make the region a 

stronger Lewis acid site, and more receptive to the electrons from the methoxy 

species.   

The APDB appears as an interruption of the vacancy-interstitial pattern in the 

second and third layers of the SCV reconstruction (Figure 3.5). Due to this, four 

Feoct cations meet in the third layer at the junction. Locally, such a configuration 

also resembles again the unreconstructed lattice. Thus the reactivity can be 

explained in similar terms to the incorporated-Fe point defect.  

Analysis of the TPD data for the clean Fe3O4(001) surface and the Fe-rich Fe3O4 

(001) surface shows that, for both surfaces, the signals for masses 29 and 31 

match perfectly over the range between 280 and 350 K (Figure 5.9).  This is 

evidence that the peak around 300 K is due to desorption of CH3OH only (94). 

Similar observations have been reported on Fe3O4(111) (101) and TiO2(110) (19), 

where peaks in the same range of desorption temperatures have been assigned to 

the recombinative desorption of CH3OH. Deposition of Fe results in an increased 

desorption in this region, which is probably linked to molecular methanol adsorbed 

at the Fe adatoms. 

The presence of Fe-related defects increases the desorption signal in the region 

between 400 and 580 K. Following the behavior of the spectra for both masses (29 

and 31), it is clear that in the high-temperature range, the intensity and the shape 

of both spectra are different; this observation indicates the presence of another 

species in addition to methanol. Mass 31 has a contribution from methanol, while 

mass 29 has contributions from both methanol and formaldehyde (H2CO); the latter 

is often observed as product of methanol reaction. Consequently, we assign the 

signal at high temperature as due to partial oxidation of methanol to formaldehyde.  
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Partial oxidation has been identified on other oxide surfaces as one of the main 

possible reactions. Interestingly, when the Fe3O4(001) surface was modified to 

have additional Fe adatoms and incorporated Fe defects, a similar increase was 

observed in the peak at 320 K and the high-temperature products linked to the 

disproportionation reaction. Given the relative abundance of Fe adatoms and 

incorporated Fe defects (approx. 50:50 at 0.3 ML coverage), and the probability 

that the Fe adatoms cannot dissociate CH3OH and thus contributes to the lower 

temperature peak, it seems likely that the increase in formaldehyde production is 

due to the subsurface Fe defects. This can be because this defect promotes the 

disproportionation reaction by adsorbing two methoxy species in close proximity as 

STM data suggest (Figure 5.3); yielding formaldehyde and methanol as was 

observed on TPD data. 

On the Fe3O4 (111) surface, complexes with iron ions with a CH3O-Fe-CH3OH 

configuration have been proposed, where the strong interaction of the organic 

species with the iron atom prevents steric repulsions between the methanol related 

species (101). It could be expected that here, where the adsorption of species 

occurs in neighboring atoms rather than the same Fe atom, the steric repulsion 

interaction between the species should be lower.    

The temperature for the disproportionation reaction appears to depend on various 

factors such as the oxidation state of the metal oxide. In the case of vanadium 

oxide supported on CeO2, formaldehyde desorption curves have shown signals in 

temperature ranges from 500 to 610 K, depending on the oxidation state of 

vanadium (113). At the CeO2 (111) surface, methanol was oxidized to 

formaldehyde and water at 680 K after that methanol dissociation had occurred at 

oxygen vacancies (98). On the other hand, complete dehydrogenation of methanol 

to CO and H2 has been reported on highly reduced ceria surfaces (27).  

Oxygen vacancies have shown to be active site for dissociative adsorption of 

methanol. At the surface, the vacancies affect its electronic structure which would 

explain its high reactivity. The Fe3O4 (001) surface does not present oxygen 
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vacancies. Here, the reactivity of the surface with methanol has been explained 

due the presence of defects which changes the electronic structure of the surface 

via changes on the oxidation states and distribution of the cations among 

octahedral and tetrahedral interstitial sites.  

Given the available evidence it appears that the adsorption of multiple methoxy 

species in close proximity at the incorporated Fe defect may promote the 

disproportionation reaction.  

5.9 Conclusions 

The adsorption of methanol on the Fe3O4 (001) surface was studied. Methanol 

adsorbs dissociatively on Fe3O4 (001) at 280 K at defect sites that were identified 

as step edges, antiphase domain boundaries (APDB), iron adatoms and 

incorporated-Fe defects.  

The adsorption at the steps and Fe adatoms can be explained in terms of 

coordinative unsaturation. In contrast the reactivity at the APDBs and incorporated 

Fe defects is linked to the local electronic structure; specifically to the presence of 

Fe2+ cations in the surface layers.  

The adsorption of multiple methoxy species at the latter two defects promotes a 

disproportionation reaction to form methanol and formaldehyde.  
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6. Adsorption of Formic Acid on the Fe3O4 

(001) Surface 

This chapter is based on a manuscript published in The Journal of Physical 

Chemistry C 119, 2015, 20459. However, this chapter contains additional data and 

analysis that cannot be found in the published manuscript.   

6.1 Adsorption of Formic Acid on Metal Oxide Surfaces  

Formic acid (HCOOH), the simplest carboxylic acid, has often been used as a 

model system to investigate the reactivity of metal-oxide surfaces. This is due to its 

simple molecular structure, and because it is a common intermediate product in the 

decomposition of harmful organic compounds. Furthermore, the study of the 

adsorption and reaction of this carboxylic acid is relevant for catalysis, because 

formate (HCOO-) has been proposed as a reaction intermediate in the water-gas 

shift reaction, (45, 114, 115). 

CO+H2O  CO2+H2  [1] 

Several experimental and theoretical studies have been undertaken to understand 

the chemistry behind the adsorption and reaction of formic acid on metal oxides. It 

is known that adsorption can be molecular, particularly at low temperature, but is 

often dissociative on surfaces that expose under-coordinated cation/anion pairs 

(e.g. rutile-TiO2(110)(28, 116), MgO(100) (117), NiO(111) (118) CeO2 (119), 

anatase-TiO2 (101) (120)  , ZnO (121) ,and SnO2(110) (122)).  

Such dissociation is typically described in terms of an acid-base reaction; the acidic 

proton of the HCOOH is abstracted by a basic O2- anion, forming an OlatticeH 

species, while the remainder of the molecule, a formate (HCOO-) species, is bound 

to acidic metal cation sites (5):  

HCOOHad  + Olattice  →HCOOad + OlatticeH  [2] 
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Whether HCOOH dissociates upon adsorption on a metal-oxide surface depends 

on the atomic-scale structure, the adsorption temperature (123), and whether the 

cation/anion pair are close enough together to facilitate the H transfer. The degree 

of coordinative unsaturation (CUS) of the surface sites, i.e. the number of bonds 

missing in comparison to the bulk environment, affects the strength of the 

interaction (5, 124).  

Three configurations have been considered to explain the bonding of formate on 

metal oxides surfaces. Figure 6.1 shows schematic models for these 

configurations: monodentate (Figure. 6.1a), bidentate bridging (Figure. 6.1b) and 

chelating configuration (Figure. 6.1c) (119, 125, 126). In all cases bonds are 

formed between the oxygen atoms of the molecule and surface cations. 

 

Figure 6.1 Adsorption geometries for formate on metal oxide surfaces: (a) 

monodentate configuration, (b) bidentate bridging configuration, and  (c) non-

bridging bidentate or chelating configuration. 

As an example, we briefly consider the prototypical metal oxide surface rutile 

TiO2(110). It is known that the distance between the oxygen atoms of the free 

formate group is 2.25 Å (127), and the distance between Ti atoms parallel to the 

[001] direction on rutile TiO2(110) surface is 2.968 Å, sufficiently close that formate 

can adsorb in a bridging bidentate configuration (128). Systems where the  

distance between metal atoms on surface are larger present a chelating or 

monodentate configuration, as is the case of ZnO(0001) (129), where the distance 
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between Zn cations is  3.25 Å.  On the Fe3O4(001) surface the distance between 

Fe atoms in the surface Fe rows is around 3 Å, here a similar behaviour as the 

observed on TiO2 (110) surface would be expected.  

After adsorption, formate species can suffer decomposition reactions. Both 

dehydration, to produce H2O and CO, and dehydrogenation to produce H2 and CO2 

(5), are known to occur. In general, dehydration has been associated with acidic 

oxides while the dehydrogenation occurs on basic oxides (5). The concept of acidic 

or basic oxides appears to be related to the metal-oxygen bond strength of the 

oxide. Here, acidic oxides will present a stronger metal-oxygen bonding than the 

basic oxides, where the metal-oxygen bonds will be weak (130). According to their 

selectivity to dehydration or to dehydrogenation reactions, the oxides most widely 

studied have been classified according to this concept. MgO and ZnO are mainly 

active in dehydrogenation reactions. Oxides such as Al2O3 and SiO2 have been 

associated with dehydration reactions. The oxides of the transition metals have 

shown reactivity for both reactions. Nevertheless, factors such as the temperature 

and  preparation conditions can change these reactivities (131-133). 

When just one channel is present, either dehydration or dehydrogenation, the 

reaction has been postulated to follow a monomolecular decomposition.  On 

surfaces where both channels are present, the reaction may proceed via a 

bimolecular mechanism, where two formate species react, or where reactions 

between formic acid and formate species take place (134).    

For bimolecular mechanisms the presence of other decomposition products has 

been postulated. Decomposition of formic acid on the TiO2(110) surface showed 

evolution  of formaldehyde and carbon dioxide as product of decomposition.  Here 

the process was explained by the equation: 

2HCOO-
ad  + *  → CO2(g) + H2CO(g) + O(a)  [3] 

Where * represents the active site necessary for the disproportionation reaction to 

occur.  In the case of the TiO2(110) surface this active site was associated with 
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oxygen vacancies (28), and on the TiO2(001) surface with Ti cations of 4-fold 

oxygen coordination (135).    

6.2 Adsorption of Formic Acid on Iron Oxide Surfaces 

On the Fe3O4(111) the adsorption of HCOOH varies with the surface termination. 

On the 1/4 ML Fetet terminated surface, dissociation of HCOOH occurs, and since 

the distance between under-coordinated Fetet atoms is 5.92 Å, formate groups take 

a chelating configuration. Molecular adsorption occurs on the oxygen terminated 

surface (125). The terminations often coexist, and the structure of each remains 

somewhat controversial (88); therefore it is difficult to draw further conclusions.  

The (001) surface, in contrast, undergoes a (√2√2)R45  reconstruction that 

dominates over a wide range of chemical potentials as was described in Chapter 3. 

The reconstruction is linked  to a rearrangement of the cations in the subsurface, 

but the surface layer is essentially bulk-like save for a subtle distortion of the lattice 

and the fact that all surface cations are Fe3+ (37).  
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6.3 Adsorption of Formic Acid on the Clean Fe3O4(001)  Surface 

6.3.1 XPS 

To investigate the nature of the species obtained after adsorption of HCOOH on 

the Fe3O4(001)  surface, XPS measurements were conducted at room temperature 

and low temperature (70 K) in the Mrs. system (Section 2.6.2). 

6.3.1.1 XPS at Room Temperature 

Figure 6.2 shows O1s and C1s photoemission spectra that were recorded after the 

clean Fe3O4(001) surface was exposed to HCOOH at room temperature.  When 

the surface is freshly prepared, the C1s region has no detectable carbon signal 

(black spectrum) but a peak emerges at 288.7 eV as the exposure of formic acid is 

increased (Figure 6.2a). At room temperature, the saturation coverage is obtained 

following a nominal exposure of 1.2 L, and the line shape is well approximated by 

one peak at 288.7 eV (Figure. 6.2c). The peak at 288.7 eV is consistent with 

adsorbed formate, which typically appears below 289 eV on other metal-oxide 

surfaces (117, 134, 136).  

As HCOOH is deposited the lattice oxygen peak at 530.1 eV (75) decreases in 

intensity and a shoulder emerges on the high-energy side (at approximately 532.2 

eV), which is saturated by 1.2 L (Figure 6.2b).  

The position of this peak is consistent with both, OH groups and formate species 

on other metal-oxide surfaces (134, 136, 137). Figure 6.2d shows a direct 

comparison of the clean surface and 5 Langmuir HCOOH O1s data. 
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Figure 6.2. C1s and O1s XPS spectra from formic acid adsorbed on Fe3O4(001)-

(√2x√2)R45° at room temperature. The upper panels show the evolution of the 

XPS spectra as a function of HCOOH exposure. The bottom panels show the best 

fit of the C1s data for 5 L exposure. For the O1s data, a direct comparison of the 

clean and 5 L data is shown. 
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6.3.1.2 XPS at 70 K 

When the XPS experiment is performed with the sample at 70 K, at low exposure 

(≤ 0.4 L) the C1s data closely resemble those acquired at room temperature 

exhibiting a single peak at 288.7 eV (Figure 6.3a). As the exposure is increased 

however, the peak broadens and shifts toward higher binding energy. At 1.2 L the 

spectrum can be fitted by two components at 288.7 eV and 289.7 eV (Figure 6.3c). 

When the exposure is increased further, the peak at 289.7 eV grows without 

saturation, consistent with condensation of HCOOH multilayers onto the sample. 

Figure 6.3b shows O1s photoemission spectra. A shoulder again emerges on the 

high binding-energy side, but its intensity continues to grow with increasing 

exposure, as expected for HCOOH multilayers. A direct comparison of the data 

with the Fe3O4(001) surface before and after exposure to 5 L HCOOH (Figure 6.3d) 

shows the peak related to the substrate is more greatly diminished by the HCOOH 

multilayers than it was by the formate monolayer in Figure 6.2d.  
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Figure 6.3 C1s and O1s XPS spectra from formic acid adsorbed on the 

Fe3O4(001)-(√2x√2)R45° surface at 70 K . The upper panels show the evolution of 

the XPS spectra  as a function of HCOOH exposure. The bottom panels show the 

best fit of the C1s data, for 1.2 L exposure at 70 K. For the O1s data, a direct 

comparison of the clean and 5 L data is shown. 
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6.3.2 Infrared Reflection Absorption Spectroscopy 

Previous studies have shown the advantages of Infrared Reflection Absorption 

Spectroscopy (IRRAS) to investigate the configuration of adsorbates on metal 

oxides surfaces (138).  For example, bands observed in the IRRAS-spectra for 

formate species on anatase TiO2(101) surface helped distinguishing the presence 

of formate species in a monodentate and bidentate configuration (120).  

Figure 6.4 shows IRRAS-spectra at (a) room temperature and (b) 190 K acquired 

for the clean Fe3O4(001)-(√2√2)R45° surface and following exposure to 2 L and 

10 L HCOOH. As was mentioned above, these spectra were taken by our 

collaborators Dr. Heshmat Noei and Prof. Andreas Stierle at DESY. After dosing 2 

L at room temperature (Figure 6.4a), a resonance at 1370 cm–1 appears and 

reaches saturation around a dose of 10 L. In addition, a resonance with similar, but 

inverted shape appears at ≈1540 cm–1. These peak frequencies are characteristic 

for the symmetric (1370 cm–1) and asymmetric (1540 cm–1) OCO stretch of formate 

species (139-141).  

The resonance signals show  Fano line shapes. Magnetite is neither a perfect 

conductor as the metals nor a perfect dielectric as the case of some oxide single 

crystals studied using IRRAS (138, 142). It has been noted that the shape of the 

peaks on IRRAS-spectra are related with the conducting characteristics of the 

materials, asymmetric peaks or Fano line shapes can occur due to poorly 

conducting substrates (143-145). Further description of this topic can be found in 

ref 145.   

Two additional features appear, a double positive peak for the 1370 cm–1 

resonance, with the absorption maxima very close to the steep slope ≈1372 cm–1 

and ≈1385 cm–1. This indicates the superposition of two resonances near 1370 cm–

1. We attribute the weaker signal to the C-H bending mode δ(CH). As it is 

superimposed on the strong symmetric OCO stretch signal, the position and shape 

of the weaker peak cannot be determined with any certainty. No bands are 
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observed in the region around 1700 cm-1, which would be expected  for the  

(C=O) stretch of intact HCOOH molecules (139-141).  

The IRRAS-spectra at room temperature confirm the assignment to formate based 

on the XPS spectra, and show an upright (bidentate) orientation of the molecule. 

Due to the parallel, small dynamic dipole moment for the OH, the stretch mode 

expected was not detected (120). 

Figure 6.4b shows IRRAS-spectra recorded at 190 K after exposure to HCOOH at 

the same temperature. The spectra show the symmetric and asymmetric OCO 

stretch signals at almost the same wavelengths (1365 and 1550 cm–1). In addition, 

a broad peak appears at ≈1710 cm–1, which can be assigned to the stretching 

vibration mode of (C=O) in molecularly adsorbed HCOOH (139-141).  

 

Figure 6.4. IRRAS experimental spectra at (a) room temperature and (b) 190 K 

acquired for the clean Fe3O4(001)-(√2√2)R45° surface and following exposure to 

2 L and 10 L HCOOH. The asymmetric (1540 cm-1) and symmetric (1370 cm-1) 

vibration modes are sketched in small boxes.  
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6.3.3 Low Energy Electron Diffraction  

As described in Chapter 3, the clean Fe3O4(001) surface exhibits a (22)R45° 

reconstruction, which is observed in LEED (Figure 6.5a) (37). When the surface is 

exposed to 5 L HCOOH at room temperature the spots related to the (22)R45° 

reconstruction disappear and the surface exhibits a (11) periodicity (Figure 6.5b).  

 

 

Figure 6.5 LEED patterns acquired from the Fe3O4(001) surface with an electron 

energy of 90 eV. (a) Clean surface. The yellow square shows the (√2√2)R45° 

periodicity of the surface reconstruction, whereas the green square indicates the 

(11) unit cell.  (b) After exposure to 1.2 L HCOOH at 70 K, the (√2√2)R45° 

periodicity is maintained, although the spots are less intense than for the clean 

surface.  (c) After exposure to 5 L HCOOH at room temperature, the spots 

associated with the (√2√2)R45° are absent and the surface exhibits a (11) 

periodicity (green square). 
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Since the half-order spots are absent at all energies, this observation implies that 

the (22)R45° reconstruction is lifted by the dissociative adsorption of HCOOH. 

At 70 K, however, following exposure to 1.2 L of HCOOH, close to saturation of the 

dissociated species according to XPS, the LEED pattern retains some intensity of 

the (22)R45° superstructure (Figure 6.5c).  

 

 

Figure 6.6 Intensity variation of the (√2√2)R45° reconstruction spots of the 

Fe3O4(001) surface after exposure to 1.2 L HCOOH at 70 K and subsequent 

annealing until 800 K.  The associated LEED patterns were acquired with an 

electron energy of 90 eV.   
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Figure 6.6 shows the intensity variation of the (√2√2)R45° reconstruction spots 

(3/2, 1/2) of the Fe3O4(001) surface after exposure to 1.2 L HCOOH at 70 K and 

subsequent annealing up to 800 K at 1 K/s. This plot was obtained taking LEED 

patterns of the sample while the temperature was increasing. Between 100 and 

200 K, the intensity of the reconstruction spots remain constant, which indicates 

the stability of the reconstruction on the surface. Around 200 K the intensity of the 

reconstruction spot decreases dramatically and reaches a minimum around 280 K. 

The intensity remains constant from this point until around 526 K where the 

intensity of the reconstruction spots increases. This change is related with the 

formic acid decomposition and desorption from on the surface, as will be shown in 

section 6.3.5. Once the intensity of the reconstruction spots increases at around 

526 K, its intensity remains constant until a drop of the intensity occurs around 700 

K, which is thought to be related with an order-disorder phase transition on the 

surface (75). 

6.3.4 Scanning Tunneling Microscopy  

Following a nominal exposure of 1L HCOOH on the Fe3O4(001) surface at room 

temperature (Figure 6.7a), the Fe rows of the substrate are completely obscured. 

Patches of circular protrusions related to formic acid species (corrugation, 20 pm) 

are separated by areas characterized by streaks in the fast-scan direction of the 

STM (vertical in the image). Such streaks typically result from weakly bound 

molecules moving under the influence of the STM tip. The protrusions have a 

nearest neighbor distance of 5.9 Å in the [1-10] direction, which corresponds to 

every other Fe atom along the Feoct row. In some cases the nearest neighbor is 5.9 

Å away in the [1-10] direction (the yellow line in Figure 6.7a joins two such 

protrusions), which corresponds to equivalent sites on the neighboring Fe row. In 

other areas neighboring protrusions are located 6.6 Å away at an angle +/- 26.6° 

from the [110] axis (orange line in Figure. 6.7a).  
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Figure 6.7 STM images of the Fe3O4(001) surface following exposure to HCOOH 

at room temperature. (a) After exposure to 1 L HCOOH, the surface is 

characterized by protrusions associated with formate species, and areas obscured 

by rapidly diffusing molecules (20  10 nm2,Vsample= +1.5 V, Itunnel= 0.1 nA). (Fast 

scan direction vertical.) (b) After dosing 10 L of HCOOH, close packed formate 

species cover the surface (20 x 10 nm2,Vsample= +1.5 V, Itunnel= 0.1 nA). Two local 

orderings of the protrusions are observed, (11) (within the yellow square) and 

(21) (within the orange rectangle). The red arrow points to a 9 Å gap between 

protrusions in the [110] direction; at either side of which the local order switches 

between (11) and (21). 
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When the exposure is increased to 10 L HCOOH, the surface is covered by a 

nearly complete over layer of protrusions (Figure. 6.7b). In some areas the 

protrusions are arranged with a square pattern with a nearest neighbor distance of 

5.9 Å (one such patch is indicated by the yellow square); this corresponds to a 

(11) registry with the substrate. In other areas the protrusions are arranged with a 

local (21) order. This order is an extension of the 6.6 Å configuration observed in 

Figure 6.7b (orange rectangle). Occasionally, a row of protrusions running in the 

[110] direction exhibits a gap of 9 Å (red arrow), which results in a switch of the 

local ordering with the neighboring protrusions.  

Figure 6.8 shows a schematic representation of the ordering observed in STM 

(Figure 6.7b) superimposed on a Fe3O4(001)-(11) surface (unit cell indicated by 

black square). The blue rectangles represent bridging bidentate formate bound to 

two surface Feoct atoms along the row between subsurface Fetet atoms. In the (11) 

ordered area formate binds to symmetrically equivalent Feoct pairs, but the (21) 

ordering formate requires that an inequivalent Feoct pair is occupied that straddles 

the line between two subsurface Fetet atoms (green). Note that in the centre of 

Figure 6.8 one Feoct atom is not occupied by formate; this results in a distance of 9 

Å between formate species along the row direction, as observed experimentally at 

the border between the (11) and (21) phases (Figure 6.7).    
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Figure 6.8. Schematic model of bridging bidentate formate adsorption on a 

Fe3O4(001)- (11) surface. Blue rectangles represent formate bound to an Feoct 

pair located in the center of four subsurface Fetet atoms (cyan), whereas green 

rectangles represent formate bound to an Feoct pair that straddles the line between 

two subsurface Fetet. A (11) periodicity can be formed by either the green or blue 

formate, both configurations are required to form the (21) periodicity observed in 

STM. 
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6.3.5 Temperature Programmed Desorption Spectroscopy  

Figure 6.9 shows a series of desorption spectra observed on the Fe3O4(001) 

surface exposed to formic acid (HCOOD) at 100 K. At low exposures (<0.4 L) a 

weak HCOOD+ (m/z =47) desorption signal was observed between 450 and 550 K. 

After exposure of more than 0.6 L HCOOD, a new peak appears at 275 K. The 

peak increases in intensity, shifts to lower temperature with increasing HCOOD 

exposures, and saturates at around 1.2 L (violet curve).  According to literature, the 

signal at 275 K could be attributed to the recombination of surface formates with 

surface hydroxyl groups. The desorption between 450 and 550 K is related to 

decomposition of the monolayer of bidentate formate species as will be discussed 

later (28, 130).  

Interestingly, the saturation of the 275 K peak occurs at 1.2 L, which is double that 

of the high temperature peak (0.6 L, red curve). This suggests that a monolayer 

can be formed with a density of 4 HCOOH per (√2×√2)R45° unit cell, or one 

molecule per surface Feoct cation.   
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Figure 6.9 TPD spectra of formic acid on Fe3O4 (001) surface, monitored at 

m/z=47, for several dosing values. 

Above an exposure of about 1.4 L of HCOOD a new peak emerges that shifts from 

208 to 177 K with increasing exposure. Finally, above 2.4 L a new TPD peak 

appears at 155 K. This lower temperature peak is associated with multilayer 

desorption as observed on other oxides (28, 146).  

The major decomposition products for the thermal decomposition of HCOOD on 

the Fe3O4 (001) surface were CO, CO2, H2O, and H2CO, similar to those reported 

on the rutile TiO2 (110) surface (130). These products were released with the high 

temperature desorption of HCOOD. No H2 was observed.  

Figure 6.9 shows TPD results from m/z values 18 (a), 28 (b), 44 (c) and 29 (d) 

respectively, as a function of HCOOD exposure. The spectra can be separated in 

two regions. The low temperature region, between 100 and 350 K, and the high 

temperature region from 350 to 700 K.   
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Comparison of the desorption signals in the low temperature region  for the spectra 

in figure 6.9 with those for HCOOD (Figure 6.8) suggests that the signals in this 

region resulted from the mass spectrometer cracking of HCOOD species from 

desorption of formic acid species and multilayer desorption.  

 

Figure 6.9 TPD spectra of the Fe3O4 (001) surface exposed to HCOOD. (a) m/z 

=18, (b) m/z = 28, (c) m/z = 44. (d) m/z = 29.  

The spectra in figure 6.9 show  in each case (a,b,c,d)  signals at 155 K associated 

with mass spectrometer cracking of formic acid from multilayer desorption. The 

peak between 250 and 300 K increases in intensity for each mass as a function of 

increasing HCOOD exposure, and also results from mass spectrometer cracking of 

HCOOD species (28, 146). The spectra for m/z = 18 (Figure 6.9a) shows an 

additional peak at 177 K, which could be the result of small amounts of water 
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dosed with the formic acid, presumably as an impurity in the source material (28, 

147).  

In order to analyze the high temperature region and assign the signals at m/z 18, 

28, 29, and 44 with H2O, CO, CHO (this mass is monitored because it is the 

strongest cracking fragment for H2CO), and CO2 respectively, a deconvolution 

process for these signals was carried out.  A series of spectra (following the 

masses of interest) were taken after exposure of the sample to 4.2 L of HCOOD.   

First, each spectrum of the signals mentioned above (18, 28, 29 and 44) was 

superimposed with an appropriate scaling, to the spectra for the mass 47 using as 

reference the multilayer desorption peak (155 K). Afterward, both superimposed 

spectra (m/z 47 and the mass under study) are subtracted in order to discount the 

contribution, that comes from the mass spectrometer cracking of HCOOD in each 

species.  

A particular case was the signal for mass 28, which would have contributions from 

CO desorption, but also from fragmentation of HCOOD and CO2. Here, after the 

subtraction of the signal coming from fragmentation of mass 47 contributing to the 

signal at mass 28, a second subtraction of the signal coming from fragmentation of 

mass 44 contributing to the signal at mass 28 was made, using the sensitivity 

factor determined using the fragmentation pattern of CO2 dosed directly into our 

mass spectrometer (mass 44).  
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.   

Figure 6.10  Deconvoluted TPD spectra of the Fe3O4 (001) surface exposed to 

4.2 L HCOOD for H2O, CO, H2CO and CO2. 

Figure 6.10 shows the deconvoluted TPD spectra for H2O, CO, HCO and CO2. The 

products observed in the high temperature region are related to decomposition 

reactions of the formate surface species. The CO signal (red spectrum),  appears 

to be the result of two overlapping peaks located around 500 and 550 K.  The CO2 

(blue spectrum) and  H2O (black spectrum) signals show only one peak at 550 K.  

The green spectrum shows  the signal for HCO, which presents a broad desorption 

signal whose maximum is located around 540 K.  

Figure 6.11 shows temperature-programmed desorption spectra for m/z 18, 19, 20, 

28, 44, 46 and 47, obtained following exposure of the Fe3O4(001) surface  to 3.6 L 

of HCOOD (Figure 6.11a) and DCOOH (Figure 6.11b).  In both cases, the primary 
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decomposition products were CO, with CO2 and water. Signals related to hydrogen 

production were not detected. In the case of HCOOD the mass which appears at 

20 is related to D2O and in the case of DCOOH the mass corresponding to 18  is 

related to H2O.  

 

 

Figure 6.11 TPD spectra of the Fe3O4 (001) surface exposed to 3.6 L (a) HCOOD 

and (b) DCOOH. The spectra are displayed on the same intensity scale. The 

spectra are plotted according to their desorption behavior and offset for clarity.  

 

6.4. Discussion: Formic Acid on Fe3O4(001)-(√2√2)R45° Surface  

6.4.1. Adsorption Behavior 

Magnetite is characterized by a high degree of ionicity in the metal-oxygen bond. 

Consequently, the atoms are charged, and the reactivity of the surface can be 

understood in terms of acid-base reactions (5, 7, 16) . The XPS and IRRAS data 

presented here show that HCOOH is adsorbed dissociatively at room temperature 
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to form formate on the Fe3O4 (001) surface. At low temperature, however, the 

formic acid showed both, molecular and dissociative adsorption.  

Dissociation is facile in the system because the Fe3+ cations and O2- anions are 

very close together on the surface (2 Å), which promotes an acid-base reaction. 

We propose that formate binds through its O atoms to two neighboring Fe atoms 

along the Feoct row in a bridging bidentate configuration. A similar adsorption 

geometry was measured on the TiO2(110) surface (148), where the Ti-Ti 

separation is similar to the Fe-Fe separation here (3 Å).  

STM suggests that, at room temperature, the adsorption of formic acid results in 

two bridging bidentate formate species per each (22)R45° reconstruction unit 

cell,  with two OH groups formed at the O atoms. These species are responsible 

for the high temperature desorption peak observed for TPD of m/z =47 (Figure 

6.9).  

TPD of HCOOD (Figure 6.9) shows that 1.2 L, which is twice the amount needed to 

saturate the high temperature peak (peak corresponding to two formate species 

per unit cell), is the amount to saturate the desorption peak at 275 K. Moreover, 

comparing the areas for the C1s spectra at 1.2 L for adsorption at room 

temperature and adsorption at 70 K, shows a bigger area for the low temperature 

data (around 50%).  

These observations suggest that four HCOOH per (√2×√2)R45° unit cell are 

adsorbed at low temperature (70K), two of them are formate species, and the other 

two are intact formic acid molecules,  presumably adsorbed to the subsurface Fetet, 

or forming hydrogen bonds. In the light of this assignment, the peak observed in 

TPD (Figure 6.9) around 280 K is attributed to the desorption of the two formic acid 

molecules. 

The desorption of the two formic acid molecules mentioned above is linked to the 

lifting of the (22)R45° reconstruction, as observed in LEED at room 

temperature (see figure 6.5c).  Lifting the reconstruction must involve the relocation 
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of the 2nd layer interstitial Fetet atom that underlies the subsurface rearrangement 

(37), and has been observed previously following saturation of the surface by 

atomic hydrogen (76), and water (149) (150). How the desorption of formic acid 

causes the necessary rearrangement of the subsurface cations to lift the 

(22)R45° reconstruction is not yet clear, but it appears to be linked to the 

rearrangement of the subsurface induced by hydrogen atoms, which occurs in all 

cases. We currently entertain the possibility that the H atom, or even an hydroxyl 

group generated by the dissociation process of the formic acid, could be 

incorporated into the subsurface, filling the subsurface cation vacancy site 

responsible for the reconstruction. Theoretical calculations are being carried out by 

our collaborators to get more insight. 

While the formate is clearly identified in the room temperature data, the OH 

species expected on the basis of equation (2) are not detected by IRRAS, imaged 

by STM, nor uniquely resolved in the O1s XPS spectrum. We note, however, that 

DFT calculations predict the OH bond to be parallel to the surface (76), which 

makes detection by IRRAS problematic. Also, the corrugation of the STM images is 

dominated by the formate species at high coverage, and the substrate is obscured 

by loosely bound HCOOH molecules already at low coverage. Finally, where we 

expect to find the OH peak in O1s XPS, we also find the formate peak which has 

double the intensity.  
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6.4.2. Desorption Behavior 

TPD indicates that the primary pathway for the decomposition of formates on 

Fe3O4 (001) surface  was dehydration to CO.  Here  CO desorbed simultaneously 

with water during decomposition of formate at 550 K (Figure 6.10). The evolution of 

H2O and CO at the same temperature can be explained in terms of formate 

decomposition on dehydration process, as follows (28):  

2DCOO-
(a)  → 2CO + 2 OD-

(a) [4] 

2 OD-
(a)  → D2O + O(a)  [5] 

This process would be in line with the observation in figure 6.11, where desorption 

of D2O  (m/z= 20) was observed on the DCOOH experiment (Figure 6.11b) , while 

H2O (m/z= 18) was observed in the case of HCOOD (Figure 6.11a).  

The water observed below 500 K would then related with desorption of water 

involving the acidic proton.  Here, the water could be result from condensation of 

two hydroxyl groups formed at two coordinate oxygen sites, for the case of 

DCOOH (Figure 6.11b) would be represented by : 

DCOOH → DCOO-
(a) + OH-

(ac) [6] 

2OH-
(ac) → H2O + O(a)  [7] 

In the case of HCOOD (Figure 6.11a), the product will be D2O.  

The observation of CO desorption at 500 and 550 K suggests that there are two 

pathways for decomposition on the surface. Similar results were observed on 

ZrO2(001), where different pathways were attributed to different surface 

terminations. On ZrO2, the low-temperature peak was assigned to decomposition 

of formates coordinated to cations adjacent to oxygen vacancies, while the high-

temperature peak was assigned to decomposition on stoichiometric portions of the 

surface (151). In previous chapters (3,5), we described the presence of defects on 
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Fe3O4(001) surface and their effect on the local electronic structure; specifically to 

the presence of Fe2+ cations in the surface layers. These defects have shown 

different reactivity than the stoichiometric surface (reactivity to methanol, chapter 

5). Based on this, it could be expected a similar behavior could occur with respect 

to CO evolution on the Fe3O4 (001) surface as the observed on the ZrO2 (001) 

surface.   

Together with carbon monoxide, formaldehyde and CO2 were observed. The 

formaldehyde was present in a peak around 540 K (Figure 6.10). Formaldehyde 

production has been related to the presence of low coordination and reduced 

surface cation sites. (28, 135, 151, 152). Its formation has been attributed to the 

disproportionation of formates  (135, 151, 153), as was described above (Equation 

3). Once again, the presence of formaldehyde as decomposition product seems to 

be related with defect sites on Fe3O4(001) surface,  APDB and  incorporated-Fe 

point defects. 

Between 500 and 550 K formic acid (HCOOH) desorption was observed, which 

coincides with the evolution of CO.  Similar behavior  was observed on the TiO2 

(001) surface, where it was suggested that formate decomposition feeds the 

surface with protons and CO, these protons forms hydroxyl groups, which are 

available for reaction with other formate species to produce formic acid, according 

to (152): 

HCOO-
(a)  OH(a) + CO(g)  [8] 

HCOO-
(a) + OH(a) HCOOH(a) + O(a)  [9] 

HCOOH (a) HCOOH (g)  [10] 

The O(a) could react with CO to CO2 or diffuse into the bulk. 
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In fact, as was observed in Figure 6.11a the evolution of mass 46, which would 

correspond to HCOOH, presents a higher signal, which correspond to the product 

on reaction 9. It would be expected that in the case of DCOOH (Figure 6.11b), 

where the formate species would  be DCOO-, the formic acid species created in 

the reaction will be DCOOD. 

6.5  Adsorption of HCOOH on the Fe-Dimer Surface 

To test for the influence of surface structure  the adsorption of formic acid on the 

Fe-Dimer surface was studied using STM and XPS. 

Figure 6.12 shows the Fe3O4 (001) surface (Figure 6.12a) and the Fe-Dimer Fe3O4 

(001) surface (Figure 6.12b) after dosing  10 L of HCOOH at room temperature. As 

described above, when the Fe3O4 (001) surface is exposed to 10 L HCOOH, the 

surface is covered by a nearly complete over layer of protrusions (Figure 6.12a). 

Again, two local orderings of the protrusions are observed; (11) (yellow square) 

and (21) (orange rectangle).  

After dosing 10 L of HCOOH on the Fe-Dimer Fe3O4 surface (Figure 6.12b), the 

surface is covered by protrusions with similar orderings as observed on the clean 

Fe3O4 surface (yellow square). The red square highlights a region where a new 

adsorption configuration is observed. Here, green ovals show a couple of 

protrusions elongated. This new adsorption configuration could mean an increase 

of formate species on the Fe-Dimer surface due the presence of the two extra 

octahedral Fe atoms per reconstructed unit cell.  Here a new bridging bidentate 

formate will bind as follows: one oxygen of the formate molecule to one Fe atom in 

the octahedral iron row and the second oxygen atom  of the formate on one of the 

Fe atoms of the dimer. 
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Figure 6.12 STM images of the (a) clean Fe3O4(001) surface after dosing 10 L of 

HCOOH (20 x 20 nm2,V sample=1.5 V, I tunnel= 0.3 nA). (b) Fe-Dimer Fe3O4 surface 

after dosing 10 L of HCOOH (20 x 20 nm2,V sample=1.6 V, I tunnel= 0.3 nA).  

 

Figure 6.13  shows a schematic representation of the possible adsorption of formic 

acid on the Fe-Dimer Fe3O4 surface. Here, the black dotted circles represent the 

position of the Fe-Dimer. The blue rectangles represent bridging bidentate formate 

bound to two surface Feoct atoms along the row. The green rectangles represent 

bridging bidentate formate bound to one surface Feoct atoms on the row and to one 

Fe atom on a dimer.  
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 Figure 6.13 Schematic model of bridging bidentate formate adsorption on a 

Fe3O4(001)- (11) surface and on a Fe-Dimer Fe3O4 (001) surface. Black dotted 

circle rectangles highlight the position of the Fe-Dimer. Blue rectangles represent a 

formate bound to an Feoct  pair located in the octahedral Fe rows, whereas green 

rectangles represent  a formate bound to an Fe atoms pair, one of them located in 

the Feoct rows and the other Fe atom on the dimer.  
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Photoemission spectra that were recorded in the OMEGA UHV system after that 

different Fe3O4 surface terminations were exposed to 10 L of HCOOH at room 

temperature are shown in Figure 6.14. 

The C1s spectra are shown in Figure 6.14a. The C1s region has no detectable 

carbon signal for the clean Fe3O4(001) surface (black line). Following the 

adsorption of formic acid on the clean surface a symmetric peak centered at 288.7 

eV appears, which has been associated to formate species (red line, see also 

Figure 6.14a above).  

On the 0.5 ML Fe / Fe3O4(001) surface a peak appears at the same position (blue 

line), its area is 25%  larger than the one obtained for the clean surface. The Fe-

dimer Fe3O4 surface (2 ML  Fe / Fe3O4(001) surface) after HCOOH adsorption  (10 

L HCOOH) shows a peak centered at the same energy as the previous cases, but 

with an area 50% larger than the signal obtained for the clean surface (orange 

line).  

The O1s spectra are shown in Figure 6.14b. The Fe3O4(001) surface exhibits a 

slightly asymmetric peak at 530.1 eV as described above (78). Adsorption of 

HCOOH produces an additional shoulder on the high-energy side (red line) which 

is consistent with both surface OH groups and formate species (101). 

The blue and orange line shows the O1s  spectra for the Fe deposited surfaces 

(0.5 ML Fe/ Fe3O4(001) and 2 ML Fe/ Fe3O4(001)) respectively. As the coverage of 

Fe on the sample increases, the intensity of the shoulder on the high-energy side 

due to formic acid adsorption increases (compare inset in Figure 6.14b). The Fe-

Dimer Fe3O4 surface has the highest intensity, which is in agreement with the 

observations on the  C1s  region.  
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Figure 6.14  XPS spectra of different  Fe3O4 surface terminations exposed to 10 L 

of HCOOH at room temperature (a) C1s and (b) O1s.  
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According with STM and XPS measurements, the adsorption of formic acid on the 

Fe-Dimer surface increases in comparison with the SCV reconstructed Fe3O4(001) 

surface. The Fe-Dimer surface exposes two extra octahedral Fe atoms per 

reconstructed unit cell, where the Fe-Fe separation is similar to the Fe-Fe 

separation on the Feoct row . These under-coordinated cations would be active 

sites for dissociation of formic acid in a bridging bidentate configuration.  

6.6 Conclusions 

Formic acid dissociates on the Fe3O4(001)-(√2x√2)R45° surface yielding a layer of 

bridging bidentate formate and surface hydroxyl groups. The adsorption can be 

understood in terms of acid-base chemistry where the close proximity of under-

coordinated Fe3+/O2- cation/anion pairs facilitate the dissociation. Bridging 

bidentate formate groups show two different periodicities according with STM 

images, one with (11) symmetry and a second with (21) symmetry.    

The adsorbed formate decomposes to produce CO, H2O, CO2 and H2CO. The 

presence of surface defects seems to affect the reactivity of adsorbed formate 

species.  

The increase of the under-coordinated Fe atoms on the magnetite surface plays an 

important role on the adsorption of formic acid. Here the Fe-dimer surface, which 

exposes two extra octahedral Fe atoms per reconstructed unit cell, with respect to 

the SCV reconstructed  surface, showed an increases of the capacity for formic 

acid dissociation.  
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7. The Water Gas Shift Reaction on the 

Fe3O4(001) Surface: Related Adsorption 

Experiments 

7.1 Introduction 

The water gas shift reaction (WGS) is one of the most important processes in the 

fuel industry and one of the most studied reactions in the catalysis field. The 

reaction is an exothermic process and is expressed by: 

CO + H2O  CO2 + H2    H0
298 = -41.09 kJ/mol [1] 

The process is mainly used for the production of hydrogen from synthesis gas, 

which is then used for ammonia production, petroleum refineries, and as fuel for 

power generation (154, 155).  

The reaction can be carried out over a wide temperature range. Two general 

regimes have been proposed: the high-temperature WGS and the low- 

temperature WGS (154, 156). The high-temperature regime involves temperatures 

of 350-500 oC. Here, catalysts based on the oxides of iron and chromium (Fe2O3-

Cr2O3) are widely used. It is important to mention that the active phase of these 

catalysts is Fe3O4, which is obtained by reduction of Fe2O3. Oxides such as Cr2O3 

and Al2O3  are used to minimize sintering and increase the stability (157). Low-

temperature WGS is performed in a range of 190-250 oC, normally on Cu-based 

catalysts. Here Cu is dispersed on oxides such as ZnO, and Al2O3, which act as 

textural promoters and stabilizer for the Cu clusters (158-160).   

In the industrial applications, both stages of WGS are used. First, the high 

temperature stage is used due its favorable kinetics. Afterwards, a low temperature 
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stage follows, in which the thermodynamic equilibrium is favored in order to 

minimize the concentration of CO (155). 

The mechanism of the WGS reaction has been the subject of many different 

theoretical (161-163) and experimental studies (164-166). Two main mechanisms 

have been proposed to explain the reaction. The associative mechanism and the 

regenerative mechanism (also known as redox mechanism) (167). The associative 

mechanism was proposed first by Armstrong and Hilditch during their studies with 

copper chromite catalyst (168). Here is proposed that CO and H2O adsorb on the 

catalyst surface, and water dissociates on the surface, followed by the reaction 

between adsorbed OH and CO species to form surface intermediates that 

subsequently decompose into CO2 and H2. The associative mechanism could be 

described in general by the following reactions : 

H2O + *  OH* + H*  [2] 

CO + * CO* [3] 

OH* + CO*  INTERMEDIATES   [4] 

INTERMEDIATES         CO2* + H*  [5] 

CO2* CO2 + *  [6] 

H* + H*      H2 [7] 

Where * represents a surface adsorption site, and X* is an adsorbed X species  

(167).  

The associative mechanism has been shown to occur in different systems. On 

CeOx/Au(111) species such as formates (HCOO-) and carbonates (CO3
2-) have 
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been identified as surface intermediates(165). Formate species have also has 

been shown to be surface intermediates on ZnO (169)  and ZrO2-supported Pt 

catalysts (166).  On the other hand,  theoretical studies have proposed 

intermediates such as carboxyl (HOCO) as the dominant intermediate in this 

reaction and the presence of species such as formaldehyde (CH2O) and formyl 

(HCO) as others possible intermediates of the reaction (158, 162, 170).  

The regenerative mechanism, also described by Armstrong and Hildithch, 

proposes that CO is adsorbed on the surface and is then oxidized by oxygen from 

the metal oxide. Then the reduced support is re-oxidized by steam, producing 

hydrogen (47).  

New suggestions show the regenerative mechanism as a Langmuir-Hinshelwood 

process (170). Here, CO and H2O adsorb on the surface and water dissociates on 

the surface, followed by CO oxidation. Finally, H2 and CO2 desorb from the 

surface. This process can be described as follows: 

H2O + *  OH* + H*  [8] 

CO + * CO* [9] 

OH* + *  O* + H* [10] 

CO* + O*         CO2* + *  [11] 

CO2* CO2 + *  [12] 

2H*      H2 + 2*  [13] 

Due its industrial importance magnetite should receive special interest. Recent 

DFT calculations have determined that the regenerative mechanism is the 
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energetically most favorable pathway for the WGS on the Feoct2-tet1 terminated 

Fe3O4(111) surface (66). The regenerative mechanism has been also confirmed on 

Fe-based catalysts by in-situ DRIFTS experiments (171). On the other hand, 

isotope tracer experiments on WGS over iron based catalysts have shown that 

both the regenerative and the associative mechanism were consistent with 

experimental observations (172). Nevertheless, although on chromia- promoted 

magnetite catalysts under water gas shift conditions the formation of formate was 

observed, these species have been attributed as inactive surface species for the 

reaction (173). This panorama shows the necessity to make further investigations 

on the mechanism of WGS on magnetite surfaces in order to offer a best 

knowledge about the system, which could improve its industrial applications.  

7.2 The WGS on Fe3O4(001) Surface 

In order to get details about the WGS reaction on the Fe3O4(001) surface, a series 

of XPS measurements were performed using the synchrotron radiation facilities of 

Max-lab in collaboration with Jan Knudsen from the Synchrotron radiation research 

group at Lund University.  As a first approximation to the reaction, here we will 

focus on the study of the co-adsorption of CO and H2O on the  Fe3O4(001) surface. 

C1s, O1s and Fe2p spectra were recorded in a differentially pumped high pressure 

XPS setup with an electrostatic pump analyzer, at photon energies of 390, 650 and 

850 eV, respectively, which results in a kinetic energy of the photoelectrons of 110-

130 eV.  

Figure 7.1 shows C1s, O1s, and Fe2p spectra that were recorded after the 

Fe3O4(001) surface was exposed to CO and H2O. The C1s spectra are shown in 

Figure 7.1a. When the surface is freshly prepared the C1s region has no 

detectable carbon signal (orange spectra).  The purple spectrum in figure 7.1a was 

taken after exposure of the sample to 1 x 10-8 mbar of CO and 1 x 10-6 mbar of 

H2O at room temperature. The spectrum shows a small signal around 285 eV. The 

following three spectra (black lines) were taken under the same conditions for CO 
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and H2O. Here is observed that, as the exposure time increases, the intensity for 

the peak at 285 eV also increases. In addition, two new signals begin to be 

resolved at 286.9 and 288.7 eV.  

The red spectrum was taken after increasing the pressure of  CO to 1 x 10-6 mbar 

while the pressure of H2O was kept on 1 x 10-6 mbar. The intensity of the 

mentioned peaks increases, and much better resolved. The blue spectrum was 

taken with the same conditions. After taking this spectra, the CO flow was removed 

completely, and the pressure of H2O was increased to 1 x 10-5  mbar. The 

remaining spectra were taken under these conditions; here the intensity of the 

peaks increases dramatically with the exposure time. 

 

 

Figure 7.1. a. Sequential C1s XPS spectra from  CO and H2O co-exposed  at 

room temperature on the Fe3O4(001) surface. The data are offset in the y-direction 

for clarity. b. O1s XPS spectra for the clean Fe3O4(001) surface (orange line) and 

after exposure of  CO and H2O  at room temperature (green line). c. Fe 2p XPS 

spectra before (orange) and after (green) the exposure of CO and H2O at room 

temperature on the clean Fe3O4(001)-(√2 × √2)R45° surface. See text for gas 

exposure conditions.  
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Figure 7.1b shows a direct comparison of the O1s spectra for the clean surface 

(orange spectrum) and the surface after exposure of CO and H2O (green 

spectrum), which corresponds to the same conditions for the green spectra in the 

Figure 7.1a. The exposure of CO and H2O decreases the intensity of the lattice 

oxygen peak, and two peaks emerge on the high-energy side at approximately 

531.3 and 533.4 eV. The Fe2p spectra are shown in Figure 7.1c. The surface after 

exposure (green spectrum), taken at the same conditions as the C1s and O1s on 

green spectra, shows a shoulder around 708 eV, which is attribute to  Fe 2+ 

contributions (78).   

 

Figure 7.2. C1s XPS (ℎν=390 eV) spectra of the Fe3O4(001) surface after 

exposure to CO and H2O at room temperature.  The signal is deconvoluted into 

four peaks.  
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Figure 7.2 shows the C1s signal corresponding to the green spectrum in Figure 

7.1a, which can be deconvoluted into four peaks using a Gaussian/Lorentzian (30) 

line shape. The fitting parameters are listed in Table 7.1, including peak position, 

full width at half maximum FWHM, and concentration.  

 

Position (eV) FWHM (eV) % Concentration 

288.7 1.1 14 

286.9 1.0 33 

285 1.3 43 

284.1 0.8 10 

 

Table 7.1. Deconvolution parameters of the C1s peaks measured at Max-lab for 

the Fe3O4(001) surface exposed to CO and H2O. 

An interesting observation was made when CO and H2O were dosed separately 

onto the sample in different experiments.  Figure 7.3a shows the C1s spectra 

following exposure to 1mbar of CO at room temperature, and Figure 7.3b shows 

the C1s spectra when the sample was exposed to 1 x 10-6 mbar of H2O at room 

temperature. Here is important to mention that during the exposure experiments is 

not possible to discount the presence of traces of H2O in the CO experiment 

coming from  the background and from the CO reagent, as well as the presence of 

CO in the water experiments. Nevertheless, these results show that the carbon 

species are not just the result of CO adsorption. Here, the water has an important 

role to catalyze the buildup of carbon species on the surface.  
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Figure 7.3. a. C1s XPS spectra from CO (1mbar) adsorbed at room temperature 

on the Fe3O4(001). b. C1s XPS spectra from H2O (1 x 10-6 mbar) adsorbed at room 

temperature on the Fe3O4(001) surface (ℎν=390 eV). 
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Similar experiments were carried out in our OMEGA system at TU Wien.  Here,  

the co-adsorption of CO and H2O on the  surface was studied using STM and XPS.  

 

 

Figure 7.4. C1s XPS spectra of the Fe3O4(001) surface taken following exposure  

to 1 x 10-8 mbar of CO and 1 x 10-5 mbar of H2O for one hour at room temperature 

in the OMEGA system using non-monochromatized Al Kα X-rays and a SPECS 

PHOIBOS 150 electron analyzer with a pass energy of 90 eV. 
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Figure 7.4 shows the C1s photoemission spectra that were recorded after the 

Fe3O4(001) surface was exposed to 1 x 10-8 mbar of CO and 1 x 10-5 mbar of H2O 

for one hour at room temperature. The signal can be deconvoluted into four peaks 

as in the previous case (Gaussian/Lorentzian [30]). The fitting parameters are 

listed in Table 7.2 including peak position, full width at half maximum FWHM, and 

concentration.  

 

Position (eV) FWHM (eV) % Concentration 

288.6 2.9 26 

286.6 2.8 20 

284.9 2.6 52 

283.7 1.3 2 

Table 7.2. Deconvolution parameters of the C1s peaks measured at OMEGA 

system for the Fe3O4(001) surface exposed to CO and H2O. 

 

Figure 7.5 shows an STM image of the Fe3O4(001) surface after the exposure to 1 

x 10-8 mbar of CO and 1 x 10-5 mbar of H2O for one hour at room temperature. A 

high density of bright protursions appears as a consequence of the co-dosing 

experiment. Moreover, the iron rows appears as straight rows of bright protrusions, 

akin to the completly hydroxylated surface after adsorption of hydrogen atoms (75). 

After the co-dosing experiment the surface exhibits a (11) symmetry in LEED, 

which suggests that the reconstruction is lifted.  
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Figure 7.5. STM image of Fe3O4(001) surface (30 × 30 nm2; Vsample = +1.8 V; 

Itunnel = 0.15 nA) after to exposure to 1 x 10-8 mbar of CO and 1 x 10-5 mbar of H2O 

for one hour at room temperature. 

7.3. Discussion: The WGS on Fe3O4(001) Surface 

The results presented here suggest the formation of C-containing intermediate 

species after the  Fe3O4(001) surface was exposed to water and carbon monoxide 

at room temperature.  The C1s signal is resolved into four peaks at 288.7, 286.9, 

285, and 284.1 eV (Figure 7.1a). The peak at 285 eV could be assigned to carbon 

in the form of graphite or CHx hydrocarbon fragments (164, 174). As observed in 

Figure 7.3a, this was the main species after the surface was exposed to 1 mbar 

CO. This signal could be the result of CO adsorption or come from hydrocarbon 

impurities in the gas. Similar observations have been reported after exposure of 

carbon monoxide on clean iron surfaces, and on the surface of native thin oxide 

films on polycrystalline iron (175, 176). 
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The position for the peak at 284.1 eV could be assigned to the presence of iron 

carbides compounds (FexC) (175, 177, 178). The peak at 288.7 eV was assigned 

to formate species, since the position in the C1s spectra is the same as that 

observed after exposure the surface to formic acid at room temperature (Chapter 

6). The assignment of the peak at 286.9 eV is challenging.  

As mentioned above, species such as HOCO, CH2O (formaldehyde), and HCO 

(formyl) have been theoretically studied, and proposed as possible intermediates in 

the WGS reaction (162, 170). The carboxylate species has been predicted to have 

a short surface lifetime during the reaction between OH groups and CO (165, 179).  

We hypothesize that the C1s signal at 286.9 eV could be due to formaldehyde.   

To evaluate if formaldehyde was indeed the C-containing intermediate species 

after the   co-adsorption of water and carbon monoxide at room temperature, its 

adsorption  on the Fe3O4(001)  surface was studied in a separate experiment.  

Figure 7.6 shows the C1s photoemission spectra that were recorded after the 

Fe3O4(001) surface was exposed to 0.9 L of HCOH at 60 K, and subsequently 

annealed to progressively higher temperatures.  

The C1s region has no detectable C signal when the surface is freshly prepared. 

Following the adsorption of formaldehyde at 60 K a peak centered at 288.9 eV 

appears. When the sample is heated to 100 K, the signal appears to have 

contributions from two peaks, at 288.9 and 287.5 eV, respectively. With increase of 

temperature, the C1s peak at 287.5 eV dominates the spectra. Upon heating, this 

peak decreases in intensity until it disappears around room temperature.    
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Figure 7.6. C1s XPS spectra from formaldehyde adsorbed on the Fe3O4(001) 

surface at 60 K and annealed as indicated. The data are offset in the y-direction for 

clarity. The measurements were performed in the Mrs. system using a SPECS 

FOCUS 500 monochromatic source (Al Kα) and a SPECS PHOIBOS 150 electron 

analyzer. 
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STM and IR studies on the adsorption of formaldehyde on TiO2(110) surface have 

shown the thermal conversion of isolated CH2O monomers (180-182). Here, CH2O 

monomers on surface Ti5c rows forms paraformaldehyde by annealing at 

temperatures higher than 70 K. This product results from the polymerization and 

occurs by coupling CH2O monomers. At high temperatures, around 250 K, the 

paraformaldehyde decomposes to form dioxymethylene species via a reaction of 

Ti5c- bound CH2O with surface O atoms (180-182). A similar processes could be 

proposed on the Fe3O4(001) surface, where the XPS results suggest changes on 

the configuration of the carbon species on the surface. Further experiments would 

be necessary to prove this hypothesis.   

The position of the peak for the CH2O and its thermal behavior discount the 

formaldehyde as an  intermediate in the XPS spectrum on Fe3O4(001). We note 

that no evidence of adsorption on the clean surface or on the pre-hydroxylated 

surface was observed at room temperature.   

Others species as HOCO or HCO could be proposed. Directly characterization of 

these species as in the case of HCOO- , where HCOOH can be used to produce it,  

is not possible. Thus, theoretical studies appear to be crucial to prove it their 

presence. 

The dissociation of water has been shown as an important step of the WGS 

reaction for both mechanisms (164, 165, 183). In the regenerative mechanism as 

described by the equation 8, the dissociation of water to produce OH species plays 

an important step on the redox process. On the other hand, in the case of 

associative mechanism the reaction between OH groups from water dissociation 

with CO (equation 4) is responsible to create intermediates such as HCOO and 

HOCO.  

Here the XPS results of the adsorption of H2O on the surface (Figure 7.3b) shows 

how the adsorption of water is crucial to create the carbon intermediate species. 

We observe that a minimum pressure of water (10-6 mbar) is required to create the 
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intermediates, but already a low pressure of CO is enough to give the conditions 

for the reaction. Indeed in the case of the experiment shown in Figure 7.3b, the 

background pressure of CO in the chamber was sufficient to produce significant 

surface C species. The minimum pressure of water appears to be related with the 

minimum pressure to extensively hydroxylate the surface. In this context, 

Chambers has shown the presence of a threshold to complete the hydroxylation of 

the Fe3O4(001) surface, which appears between 10-4 to 10-2 mbar, which coincides 

with the presence of molecular water species on the surface. Here the interactions 

between adsorbed water molecules play an important role in the dissociation and 

the hydroxylation of the surface (149). 

Several studies have established that the presence and proportion of certain 

intermediates, as well as the main mechanism observed,  depends of the 

concentration of the reactants and the temperature of reaction (184). Results which 

are supporting a regenerative mechanism have shown intermediate ratios between 

water and CO (1:1) at high temperatures (above 500 K) (185). The associative 

mechanism, via intermediate formate species, has been observed under low 

temperatures and at very high ratio of water to CO (36:1) (184). On Rh-doped 

CeO2, it has been shown that, under water rich conditions, the selectivity of 

formate to CO2 and H2 is much higher than the selectivity in vacuum conditions 

(186). The differences in the concentration of intermediate species observed in our 

results (compare Figure 7.2 and 7.4) could be related to changes in the 

experimental conditions. 

Magnetite appears as one of the most active water-gas shift catalysts. Several 

studies have attributed its reactivity to its electronic properties. Due its structure it 

is expected that a rapid electron exchange takes place between the Fe2+ and the 

Fe3+ cations in the octahedral sites; this property has been related with the 

regenerative mechanism, where surface cations capable of readily altering their 

oxidation state are decisive (46, 132). Our observations suggest some reduction of 

the surface after the co-adsorption experiment (Figure 7.1c) which could be related 

to the hydroxylation of the surface. Evidence of reduction on the Fe3O4(001) 
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surface by CO exposing at 573 K was not observed even at pressures around 10-5 

mbar (187).  

The results presented here cannot discount a possible influence of both 

mechanisms on the surface. In fact, different studies, for example on gold 

promoted water gas shift catalysts, have suggested a mechanism which contains 

both  regenerative and  associative pathways (184), where the experimental 

conditions such as temperature play an important role (184, 188).  The influence of 

the regenerative mechanism could be observed on the reduction of the surface as 

is observed in Figure 7.1c. On the other hand, although formate appears as a 

species created by the adsorption of  H2O and CO, our formic acid TPD results 

(Chapter 6), where no production of H2 was observed, would mean that this 

species would act only as a spectator. Nevertheless, the other intermediates 

observed could play an important role in the WGS reaction on the Fe3O4(001) 

surface. Further experiments about the reactivity and theoretical support are 

necessary to complete the understanding of the reaction.       
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Conclusion 

The work described in this thesis is a good example of how surface science and its 

tools can play an important role in understanding the active sites, intermediates 

and reaction pathways for the adsorption and reaction processes of organic 

molecules on metal oxides.  

The identification of common defects on the Fe3O4(001)-(√2×√2)R45° surface was 

possible using STM. In addition to the defects previously reported, i.e. the anti-

phase domain boundaries (74) and surface hydroxyl groups (76), here a new kind 

of point defect related with Fe atoms incorporated in the subsurface was identified. 

This defect can be prepared by Fe deposition. The Fe atoms behave similar to 

other metals such as Ni, Co, Ti and Zr, entering the subsurface, filling one Feoct 

vacancy in the third layer of the SCV reconstruction. This induces the interstitial Fe 

atom related to the reconstruction to move and occupy the other vacancy, locally 

lifting the reconstruction.  

A new interpretation of the Fe-Dimer termination was proposed. The Fe-Dimer 

surface is formed on the distorted bulk truncation surface. Here it is proposed that 

the (√2×√2)R45° reconstruction should be lifted before the formation of the dimer. 

The Fe-Dimer surface is formed at two Fe atoms per unit cell, exhibiting 

(√2×√2)R45° symmetry. The presence of Fe-clusters was related to reaction of the 

Fe-dimers patches and Fe atoms with oxygen. 

On the basis of the STM, XPS and TPD results, we have shown that methanol 

adsorption is restricted to defect sites on the Fe3O4(001) surface at room 

temperature. This is in contrast to formic acid, which was found to dissociate at 

regular lattice sites on this surface, resulting in a monolayer of bidentate formate 

species. That the surface dissociates formic acid suggests that the cation-anion 

site separation is not prohibitive, but rather the acid-base strength of the surface 

atoms is insufficient to induce dissociation of weaker acids, such as methanol. On 
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the basis of the STM data the active sites for methanol dissociation are identified 

as step edges, Fe adatoms, incorporated Fe defects, and APDBs.  

The presence of surface defects affects the reactivity of adsorbed species. In the 

case of formate, it decomposes to produce CO, H2O, CO2 and H2CO, while the 

adsorption of methoxy species at defects sites promotes a disproportionation 

reaction to form methanol and formaldehyde.  

We demonstrated that the increase of the under-coordinated Fe atoms on the 

magnetite surface plays an important role on the adsorption of formic acid and 

methanol. Here the Fe-dimer surface, which exposes two extra octahedral Fe 

atoms per reconstructed unit cell with respect to the SCV reconstructed surface, 

showed an increase in the capacity for formic acid dissociation and for the 

adsorption of methanol related species.  

Finally, we have identified the presence of carbon intermediates species under co-

adsorption of CO and H2O; these species were assigned to carbon in the form of 

graphite or CHx fragments, iron carbides, and formate species. The fourth species 

appears to be related to HOCO or HCO. Although the conditions of temperature 

used here does not correspond to the WGS reaction conditions, our observations 

of carbon species on the surfaces after the co-adsorption of CO and H2O suggest 

the presence of an associative mechanism. Other than that, regenerative 

mechanisms also could be involved, this idea comes from the observation of the 

surface reduction. These preliminary results represent an excellent motivation to 

continue with studies related to the water gas shift reaction on the Fe3O4(001) 

surface. In particular, experiments under different parameters of  temperature and 

concentration of reactants, supported by theoretical calculations,  are necessary to 

complete the understanding of the reaction.  
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