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Summary

Iron-based catalysts are extensively used in the chemical industry to convert syngas
(a mixture of carbon monoxide and hydrogen) into valuable chemicals and fuels via
the Fischer-Tropsch synthesis (FTS). Iron-based FTS catalysts have been the
subject of intense research for several years. As a result of the reduction and
carburization of iron oxide precursors, metallic iron and iron carbides are formed,
which are thought to be the active species responsible for the catalytic reaction in
FTS. The high complexity of the catalyst makes it impossible to elucidate the
molecular details of the catalytic reaction. The main inspiration behind the research
in this dissertation is to explain how the FTS precursors interact with the surface of
a model catalyst of iron carbide. To create this model catalyst, we used an electron
beam evaporator to evaporate iron on top of two copper single crystal substrates
with a (100) and (111) surface, respectively.

Ethylene was used as a carbon precursor in a post-treatment step to synthesize iron
carbide.

The structure of the surface was studied by means of LEED (Low-energy electron
diffraction), AES (Auger spectroscopy) and CO TPD titration (Temperature
programmed desorption), and the reactivity of these films was studied with SR-XPS
(Synchrotron radiation X-ray photoelectron spectroscopy), AES, LEED and RAIRS
(Reflective absorption infrared spectroscopy).

Chapter 3 describes the structure and growth mode of the evaporated iron and iron
carbide films where LEED, AES and CO titration was used to characterize the film.
In the initial stages of growth, the iron films follow the FCC(100) crystallographic
directions, as evidenced by the lack of superstructure spots in LEED from 0.5 ML to
2 ML of Fe. Different superstructure spots appear in LEED from 2 ML to 12 ML,
confirming the coexistence of FCC(100) and BCC(110) iron. Synchrotron X-ray
photoelectron spectroscopy (SR-XPS) and Auger electron spectroscopy (AES)
confirm that a pure surface carbide is formed after ethylene dissociation from 0.5 ML
to 12 ML of iron, showing a single peak at 282.6 eV in the C1s spectrum, and three
characteristic Auger transitions in the Ck.L Auger spectrum. Carbon atoms enforce a

tetracoordinate square planar arrangement of the surrounding iron atoms creating a
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p4g(2x2) clock reconstruction with coverage of 0.5 ML, forming a Fez2C surface
composition. The electron diffraction does not show any spots related to BCC-
Fe(110), indicating that the structure of the underlying Fe layers transforms into the
FCC structure when the outermost layer reconstructs into the p4g(2x2) clock
reconstruction. Introducing carbon into the subsurface layers through post-treatment
with ethylene was unsuccessful. However, experiments involving the evaporation of

Fe in an ethylene atmosphere resulted in the population of subsurface layers
exhibiting a p4g(2x2) surface structure.

After characterizing the iron and iron carbide films, their interaction with CO and H:
was explored, as described in Chapter 4. On iron, it was found that CO and H:
dissociate independent of the thickness of the film, and the carbon found after CO
dissociation also shows carbidic nature. Contrary to what happens on non-
carburized films, CO and H2 do not dissociate on a fully saturated Fez2C film
(p49(2x2)). The interaction with molecular CO is also weaker since the CO and H:z
desorption temperature decreases by 100 K with respect to the non-carburized film.
To adsorb Hz on FezC films, a W filament was used to transfer energy to the H:
molecules and thus overcome the dissociative barrier of adsorption.

In Chapter 5, the growth mode and structure of different iron and iron carbide film
thicknesses on Cu(111) were studied using the same techniques described in
Chapter 3. The first part describes the iron film thickness regime below 2.6 ML,
where the iron film consists of multilayer islands with an FCC-Fe structure before
ethylene exposure. After dissociating ethylene on such islands, the shape of the CkLL
peak in AES corresponds to graphitic rather than carbidic carbon. Between 2.6 and
16 ML, Fe forms a mixed BCC-FCC film. AES after ethylene decomposition indicates
that a pure carbide is formed after ethylene dissociation, while a complex LEED
pattern suggests the formation of a mixture of structures, where the FCC-Fe parts
appear to form a clock-reconstructed surface (p4g(2x2)). The behaviour changes for
films thicker than 16 ML: the LEED pattern shows that the BCC(110) surface is
formed, but after dissociating ethylene on this surface, the presence of both on-
surface and bulk carbide are identified from quantification of the carbon content and

spectroscopically by means of AES.
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Chapter 6 shows that forming a closed iron film on Cu(111) requires ~8.6 ML of Fe,
and on such pure iron films, the maximum amount of CO that can be dissociated is
0.2 ML, leaving a maximum of 0.4 ML of dissociated products on the surface. A pure
BCC(110)-Fe phase is formed for films above ~16 ML, where a maximum of 0.3 ML
of CO can dissociate. Like Fe2C/Cu(100) described in Chapter 4, carbon monoxide
cannot dissociate on a fully saturated iron carbide film. The desorption temperature
of carbon monoxide on the iron carbide film decreases by 50 K with respect to the
desorption from the non-carburized iron film, which is attributed to the weaker
bonding of CO in the presence of surface carbon. The carbon monoxide dissociation
reaction has been examined on an 8 ML iron film surface with different
concentrations of pre-adsorbed carbon. The dissociated amount decreases linearly
with increasing carbon coverage, and the sum of dissociation products (Cad+QOad)
remains constant at 0.4 ML. After saturating the surface with carbon and oxygen, the
surface becomes unreactive toward any dissociation reaction.

The primary aim of this research was to create an iron carbide model catalyst for
FTS. Throughout the investigations, a Fe2C surface carbide with a p4g(2x2) structure
was found, which is remarkably stable and inert. We found that a carbon-saturated
iron surface exhibited no reactivity towards CO and H: dissociation, but a non-
saturated surface did show dissociative reactivity.

In real-life iron catalysts, different carbide and oxide phases can be found after
exposing the catalysts to FT conditions (~230 °C and 20 bar total pressure); even
though these conditions are far from our experimental conditions, we found that the
thick iron films, where only BCC(110) is present, and the substrate does not play a
role in the structure anymore, could be used as a model catalyst, mainly because
there is no formation of p4g(2x2) due to carbon diffusion; hence a reactive iron
carbide structure could be studied. Furthermore, we also learnt how to create bulk

iron carbide, the closest structure to real-life catalysts someone can get at UHV.
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Samenvatting

IJzergebaseerde katalysatoren worden uitgebreid gebruikt in de chemische industrie om
syngas (een mengsel van koolmonoxide en waterstof) om te zetten in waardevolle
chemicalién en brandstoffen via de Fischer-Tropsch-synthese (FTS). |Jzergebaseerde
FTS-katalysatoren zijn al enkele jaren onderwerp van intensief onderzoek. Als gevolg
van de reductie en carburisatie van ijzeroxideprecursoren worden metallisch ijzer en
ijzercarbiden gevormd, die naar verluidt de actieve soorten zijn die verantwoordelijk zijn
voor de katalytische reactie in FTS. De complexiteit van de katalysator maakt het
onmogelijk om de moleculaire details van de katalytische reactie te achterhalen. De
belangrijkste inspiratie achter het onderzoek in deze dissertatie is om uit te leggen hoe
de FTS-precursoren interageren met het opperviak van een modelkatalysator van
ijzercarbide. Om deze modelkatalysator te creéren, hebben we een
elektronenstraalverdamper gebruikt om ijzer te verdampen op twee koperen
enkelkristallijne substraten met respectievelijk een (100) en (111) opperviak. Ethyleen
werd gebruikt als koolstofprecursor in een nabehandelingsstap om ijzercarbide te
synthetiseren.De structuur van het opperviak werd bestudeerd met behulp van LEED
(Low-energy electron diffraction), AES (Auger spectroscopy) en CO TPD-titratie
(Temperature programmed desorption), en de reactiviteit van deze films werd bestudeerd
met SR-XPS (Synchrotron radiation X-ray photoelectron spectroscopy), AES, LEED en
RAIRS (Reflective absorption infrared spectroscopy). Hoofdstuk 3 beschrijft de structuur
en groeimodus van de verdampte ijzer- en ijzercarbide-films, waarbij LEED, AES en CO-
titratie werden gebruikt om de film te karakteriseren. In de beginstadia van de groei
volgen de ijzeren films de kristallografische richtingen FCC(100), zoals blijkt uit het
ontbreken van superstructuurpunten in LEED van 0.5 ML tot 2 ML Fe. Verschillende
superstructuurpunten verschijnen in LEED van 2 ML tot 12 ML, wat de gelijktijdige
aanwezigheid van FCC(100) en BCC(110) ijzer bevestigt. Synchrotron X-ray
photoelectron spectroscopy (SR-XPS) en Auger electron spectroscopy (AES) bevestigen
dat er een puur oppervlaktecarbide wordt gevormd na ethyleendissociatie van 0.5 ML tot
12 ML ijzer, wat zich uit in een enkele piek bij 282.6 eV in het C1s-spectrum, en drie
karakteristieke Auger-overgangen in het CKLL Auger-spectrum. Koolstofatomen
dwingen een tetracoordinatie-vierkant-vlakke rangschikking van de omringende
ijzeratomen af, waardoor een p4g(2x2) klokreconstructie met een dekking van 0.5 ML

wordt gevormd, resulterend in een Fe2C opperviaktesamenstelling. De
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elektronendiffractie toont geen punten die verband houden met BCC-Fe(110), wat
aangeeft dat de structuur van de onderliggende Fe-lagen transformeert naar de FCC-
structuur wanneer de buitenste laag zich hervormt tot de p4g(2x2) klokreconstructie. Het
introduceren van koolstof in de subsurface lagen via nabehandeling met ethyleen was
onsuccesvol. Echter, experimenten waarbij Fe werd verdampt in een ethyleenatmosfeer
resulteerden in de populatie van subsurface lagen die een p4g(2x2) oppervlaktestructuur
vertonen.

Na het karakteriseren van de ijzer- en ijzercarbide-films werd hun interactie met CO en
H2 onderzocht, zoals beschreven in Hoofdstuk 4. Bij ijzer werd vastgesteld dat CO en
H2 dissociéren onafhankelijk van de dikte van de film, en de koolstof die wordt
aangetroffen na CO-dissociatie vertoont ook een carbide-achtige aard. In tegenstelling
tot wat er gebeurt op niet-gecarbureerde films, dissociéren CO en H2 niet op een volledig
verzadigde FexC-film (p4g(2x2)). De interactie met moleculair CO is ook zwakker,
aangezien de desorptietemperatuur van CO en H2 met 100 K daalt ten opzichte van de
niet-gecarbureerde film. Om Hz op Fe2C-films te adsorberen, werd een W-filament
gebruikt om energie over te dragen aan de H>-moleculen en zo de dissociatiebarriere
van adsorptie te overwinnen. In Hoofdstuk 5 werd de groeimodus en structuur van
verschillende diktes van ijzer- en ijzercarbide-films op Cu(111) bestudeerd met behulp
van dezelfde technieken als beschreven in Hoofdstuk 3. Het eerste deel beschrijft het
ijzerfilm-diktegebied onder 2.6 ML, waarbij de ijzerfilm bestaat uit meerlaagse eilanden
met een FCC-Fe structuur voor blootstelling aan ethyleen. Na het dissociéren van
ethyleen op dergelijke eilanden komt de vorm van de Ck..-piek in AES overeen met
grafietachtige koolstof in plaats van carbidische koolstof. Tussen 2.6 en 16 ML vormt Fe
een gemengde BCC-FCC-film. AES na ethyleenontleding geeft aan dat er een puur
carbide wordt gevormd na ethyleendissociatie, terwijl een complex LEED-patroon wijst
op de vorming van een mengsel van structuren, waarbij de FCC-Fe-delen een opperviak
met een klokreconstructie (p4g(2x2)) lijken te vormen. Het gedrag verandert voor films
dikker dan 16 ML: het LEED-patroon toont aan dat het BCC(110)-opperviak wordt
gevormd, maar na het dissociéren van ethyleen op dit opperviak wordt de aanwezigheid
van zowel oppervlakte- als bulkcarbide geidentificeerd aan de hand van kwantificatie van
het koolstofgehalte en spectroscopisch met behulp van AES.

Hoofdstuk 6 toont aan dat het vormen van een gesloten ijzerfilm op Cu(111) ~8.6 ML Fe
vereist, en op dergelijke zuivere ijzerfilms kan de maximale hoeveelheid CO die kan

dissociéren 0.2 ML zijn, waarbij maximaal 0.4 ML gedissocieerde producten op het
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oppervlak achterblijven. Voor films boven ~16 ML wordt een zuivere BCC(110)-Fe-fase
gevormd, waarbij maximaal 0.3 ML CO kan dissociéren. Net als Fe2C/Cu(100)
beschreven in Hoofdstuk 4 kan koolmonoxide niet dissociéren op een volledig
verzadigde ijzercarbide-film. De desorptietemperatuur van koolmonoxide op de
ijzercarbide-film daalt met 50 K ten opzichte van de desorptie vanaf de niet-
gecarbureerde ijzerfilm, wat wordt toegeschreven aan de zwakkere binding van CO in
aanwezigheid van oppervlaktekoolstof. De dissociatiereactie van koolmonoxide is
onderzocht op een ijzerfilmoppervilak van 8 ML met verschillende concentraties
voorgeadsorbeerde koolstof. De gedissocieerde hoeveelheid neemt lineair af met
toenemende koolstofbedekking, en de som van dissociatieproducten (Cad+Oad) blijft
constant op 0.4 ML. Na verzadiging van het oppervlak met koolstof en zuurstof wordt het
oppervlak niet-reactief ten opzichte van enige dissociatiereactie. Het primaire doel van
dit onderzoek was het creéren van een ijzer carbide modelkatalysator voor FTS.
Gedurende de onderzoeken werd een Fe2C oppervlaktecarbide met een p4g(2x2)
structuur gevonden, die opmerkelijk stabiel en inert is. We ontdekten dat een
koolstofsaturatie van het ijzeropperviak geen reactiviteit vertoonde ten opzichte van CO-
en H2-dissociatie, maar een niet-gesatureerd opperviak vertoonde wel dissociatieve
reactiviteit. In echte ijzerkatalysatoren kunnen verschillende carbide- en oxidefasen
worden gevonden na blootstelling aan FT-condities (~230 °C en 20 bar totale druk);
hoewel deze omstandigheden ver verwijderd =zijn van onze experimentele
omstandigheden, ontdekten we dat de dikke ijzerfilms, waar alleen BCC(110) aanwezig
is en het substraat geen rol meer speelt in de structuur, kunnen worden gebruikt als een
modelkatalysator, voornamelijk omdat er geen vorming van p4g(2x2) is als gevolg van
koolstofdiffusie; hierdoor kon een reactieve ijzercarbide-structuur worden bestudeerd.
Bovendien hebben we ook geleerd hoe bulkijzercarbide kan worden gecreéerd, de
structuur die het dichtst in de buurt komt van katalysatoren in het echte leven die men
kan bereiken bij UHV.
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1.1 Greenhouse gases

1.1 Greenhouse gases

The increase in anthropogenic carbon dioxide (COz) emissions has been a topic of
significant concern in recent years. Human activities, such as burning fossil fuels,
deforestation, and the cement industry (limestone- CaCOs is heated in a kiln to
produce lime-CaO and COz) have rapidly increased atmospheric CO2 concentrations
[1]. These emissions are considered the leading cause of the increase in global
temperature and Earth's climate changes by enhancing the greenhouse effect [2].
The impact of climate change on ecosystems, health, and global economies may be
evident today, but it is anticipated that the effects will worsen significantly if no action
is taken to mitigate them.

With the alarming consequences of climate change, it is crucial to augment the share
of energy supply from renewable resources, such as wind and solar, that produce
significantly lower CO2 emissions. Despite the pressing need to reduce carbon
emissions, some projections estimate that natural gas, coal, and petroleum may still
constitute more than 70% of energy demand by 2040. This phenomenon can be
attributed to the relatively low cost of fossil resources like coal in certain parts of the
world, unconventional natural gas resources such as shale gas, and advanced oil
recovery technologies that facilitate the extraction of previously inaccessible
reserves. [3]

Countries worldwide are setting ambitious targets to reduce their greenhouse gas
emissions and increase their use of renewable energy. The European Union, for
instance, has set a goal of reaching net-zero emissions by 2050 and has
implemented policies and regulations to promote the use of renewable energy.
Similarly, the United States has rejoined the Paris Agreement and set a goal of
reaching net-zero emissions by 2050. China, the world's largest emitter of
greenhouse gases, has pledged to peak its emissions by 2030 and achieve carbon
neutrality by 2060. The energy transition has become a priority in the Netherlands in
recent years. The country aims to reduce its COz emissions by 49% by 2030 and
achieve carbon neutrality by 2050. Various policy measures, such as subsidies for
renewable energy projects and a carbon tax on fossil fuels, have facilitated the

transition to renewable energy sources. The Netherlands has invested heavily in
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1.1 Greenhouse gases

renewable energy sources such as wind and solar and has become a world leader
in offshore wind power. [4]

The adoption of renewable energy sources has the potential to significantly reduce
CO:2 emissions and mitigate the impact of climate change. However, using
renewable energy sources also presents challenges, such as intermittency, which
can affect the stability and reliability of the power supply. Therefore, integrating
renewable energy sources with energy storage technologies and smatrt grid systems
is crucial to overcome these challenges and ensuring a sustainable and reliable
energy supply.

Synthesis gas, a mixture of carbon monoxide (CO) and hydrogen gas (Hz), can be
produced from various feedstocks, such as coal, natural gas, and biomass, and has
wide-ranging applications in producing fuels, chemicals, and materials. It is also
expected to play an important role in the sustainable chemical industry since
synthesis gas can be produced from CO2 and green hydrogen [5,6]. This reaction is
the so-called "reverse water gas shift" reaction (RWGS->Eq 1.1) in which CO2 and
H2 over a suitable catalyst, typically a mixture of metal oxides such as FeOx, CeOz,
Mn20s, CrOs or TiO2 between 500 °C and 600 °C to produce CO and H20 [7]. Metal
carbides, like iron carbide, are also active towards RWGS [8]. The reaction is slightly

endothermic and requires energy input to proceed:

€O, + H, = CO + H,0 AH,eor = 41kJ/mol  Eq. (1.1)

Synthesis gas can be converted into various products, such as olefins, paraffins, and
oxygenated compounds, as well as long-chain hydrocarbons via Fischer-Tropsch
synthesis (FTS).



1.2 Heterogeneous catalysis

1.2 Heterogeneous catalysis

A,+B,>2AB

Energy

Gas-phase
activation barrier

Catalytic
activation barrier

Reaction coordinate

Figure 1.1. The diagram illustrates the potential energy difference between the catalytic
and non-catalytic pathways of the reaction A2+B2-22AB. The reaction without a catalyst

requires more energy to overcome the barrier than the catalytic pathway. Adapted from [9].

A catalyst is a substance that speeds up the rate of a chemical reaction by offering
an alternative pathway with lower activation energy without being consumed in the
reaction. This allows the reaction to occur more quickly, making the process more
efficient (depending on the reaction conditions, some catalysts can be used for
several years).

Heterogeneous catalysts, frequently employed in the chemical industry, consist of
solid materials that interact with gaseous or liquid reactants. Figure 1.1 shows a
simplified model of the main reaction sequence for a heterogeneous cycle. The
catalytic cycle consists of the adsorption of the reactant on the catalyst surface, bond
breaking, diffusion of the reactants, product formation, and desorption. The Haber-
Bosch reaction is an example of a catalytic process, where a solid material (the

catalyst) is used to increase the reaction rate between N2 and Hz to produce
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ammonia (NHs). In the case of the Haber-Bosch reaction, iron is used as a catalyst
to lower the activation energy required for the reaction to occur, allowing nitrogen
(N2 bond energy is ~ 945 kJ/mol, making it one of the strongest bonds found in
diatomic molecules) and hydrogen to react and form ammonia more readily. Using
a catalyst in the Haber-Bosch process is crucial for achieving high reaction rates and
energy efficiency. Without the catalyst, the reaction would occur much more slowly
and at higher temperatures and pressures, making the process impractical and

uneconomical [10].

1.3 Fischer-Tropsch synthesis

Basics

In 1902, Sabatier published the first results of syngas conversion, demonstrating that
a mixture of carbon monoxide and hydrogen could be transformed into methane
using nickel and cobalt catalysts. In the 1920s, Franz Fischer and Hans Tropsch
advanced this process by showing that synthesis gas could be converted into a
mixture of hydrocarbons (1-olefine, paraffin, and oxygenated products), which could
serve as gasoline or diesel fuel through the FTS.

The following equations summarize the overall reactions to the various products:

nCO + 2nH, - C,H,, + nH,0 Eq. (1.2)
nCo0 + (2n+ 1)H, = C,Hy,,, + nH,0 Eqg. (1.3)
nCO + 2nH, - C,Hy,,,0 + (n —1)H,0 Eq. (1.4)
CO0 + H,0 - CO, + H, Eg. (1.5)

Equations 1.2, 1.3 and 1.4 show the formation of olefins, paraffin, and oxygenates,
respectively. Reaction 1.5 is the water-gas shift, which mainly occurs in Fe-based
catalysts, and through this reaction, the products can be reused to minimize Hz use

in feedstock at the same time that the H2/CO ratio is adjusted to the formation of
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hydrocarbons in situations where the amount of H2/CO is low, like when the syngas
is derived from coal. Several transition metals, such as Fe, Co, Ni, Ru, and Rh, show
FT activity [11,12]. Iron- and cobalt-based catalysts are mainly used in industry
[13,14] as the best trade-off between catalyst cost, lifetime, and product selectivity.

On the fundamental level, the process is a surface polymerization reaction with an
initiation step to start a chain, propagation steps to make it grow, and a termination
step where the product leaves the surface. As a result, a distribution of chain lengths
is produced that typically follows an Anderson-Schultz-Flory distribution: a is the
chain growth probability, (1- a) is the probability that specific chain terminates, wi is

the weight fraction of chain length, and i the number of carbon atoms.

w; = i(1 — a)?a’! Eq. (1.6)
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Figure 1.2 Anderson-Shultz-Flory distribution for different a values. High-temperature
Fischer—Tropsch technology (HTFT) corresponds approximately to 0.70<a<0.75, and low-
temperature Fischer—Tropsch (LTFT) to about 0.85<a<0.95 [16].
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Figure 1.2. illustrates the product distribution (Eq. 1.6) for various a values. Iron
catalysts typically exhibit a values ranging from 0.70 to 0.75, resulting in gasoline
production (Cs-Ca1) at high-temperature Fischer-Tropsch, and lower temperatures
will increase the chain growth probability (0.85 to 0.95) forming larger hydrocarbons.
Whereas cobalt catalysts have a values of 0.75 to 0.90, leading to larger
hydrocarbon generation [15]. The a value may also vary based on operating
conditions, such as lowering the temperature, reducing the H2/CO ratio, and
increasing pressure, which results in a higher a value and longer chain production.
Additionally, using promoters in the reaction tends to increase the chain length. [11]
The FTS reaction has been a topic of study for nearly a century, but a definitive
mechanism has yet to be established. Three different mechanisms have been
proposed throughout history, each one of them with different initiation, propagation
and termination steps:

The carbide mechanism proposed by Fischer and Tropsch in 1926 says that CO
dissociates before the carbon atom is partially hydrogenated into CHx species.
These CHx species combine by adding one monomer at a time to produce
hydrocarbon chains. Before leaving the catalyst surface, the intermediate can
terminate in various ways, resulting in an alkane, alkene, or oxygenate. Many
variations have been considered within the basic carbide mechanism, such as
whether CO dissociation occurs unassisted or through hydrogen interaction and
whether there are two or more hydrogen atoms per monomer (CH or CHy). [16]
The enol mechanism describes the initiation step as an H-assisted CO dissociation
forming CHOH species (oxymethylene), which acts as a monomer, and the
propagation step occurs via condensation with H20 elimination. Different products
can be obtained depending on the termination route.

The CO insertion mechanism involves inserting a CO molecule into a CxHy molecule,
followed by the cleavage of the C-O bond to form a Cx+1H: intermediate that can
accommodate another CO molecule.

These mechanisms produce surface oxygen atoms, which must be removed for the
reaction to proceed. This can be achieved by hydrogenating oxygen to form water

or coupling it with CO to produce COs.. [17]
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In summary, the main difference between these mechanisms are the monomers of
the propagation steps. These monomers are CHx, CHOH and CO for the carbide,

enol and CO insertion mechanisms.

1.4 Fe catalysts for FTS

As a catalyst for FTS, Fe presents a notable advantage over Ru and Co in terms of
its abundance and affordability [10]. The Fe catalyst exhibits a broader temperature
range for operation compared to the Co catalyst, and it can endure lower H2/CO
ratios in the synthesis gas feedstock. This can be attributed to the fact that Fe-based
FT catalysts actively participate in the WGS, which converts CO and H:0 into Hz and
COg2, elevating the H2/CO ratio during the process. Furthermore, it is believed that
Fe displays higher selectivity towards lower olefins when compared to Co, which has
contributed to the advancement of catalysts for FT to olefins technology. [17,18]

The most commonly used iron catalyst precursor for FTS is iron oxide (Fe203)
[19,20]. Iron oxide is reduced to metallic iron in the presence of hydrogen (Hz) and
CO at elevated temperatures, typically between 200-350°C, to form the active
catalyst for FTS, as shown in Equations 1.7 and 1.8 [20]. Metallic iron can
subsequently adsorb CO on one of the active sites (* in Eq 1.9) and dissociate it.
The dissociated products can react with the iron atoms to form, i.e., iron carbides

(Eq 1.10). This will be discussed further in the next section.

Fe, 0, + yH, & xFe + yH,0 Eq. (1.7)
Fe 0, + yCO < xFe + yCO, Eq. (1.8)
*+CO0* & C*+0 * Eg. (1.9)
yC* + xFe < Fe,(, Eg. (1.10)
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1.4.1

Structures

Iron carbides

Iron carbides are interstitial compounds where carbon atoms are located in the

spaces between the iron atoms without significantly disrupting the crystal structure.

This arrangement of carbon atoms within the iron lattice gives rise to unique

properties. The presence of carbon atoms can affect the mechanical, thermal, and

catalytic properties of the material. Typically, two classes of iron carbides are

distinguished depending on the carbon location: carbon atoms can occupy trigonal-

prismatic interstices (Fe7Cs, x-FesCz, 8-FesC) or octahedral interstices (e-Fe2C, €'-

Fe2C), Figure 1.3 [21].

. I Atomic ratio Interstitial occupation
ormula C:Fe Crystal lattice of carbon atoms Wt% carbon

Hexagonal € Fe,C 0.50 hcp to monoclinic Octahedral 9.7
carbide

54 Fe,,C 0.45 hcp Octahedral 8.9
Eckstrom and Fe,C; 0.43 Orthorhombic Trigonal prismatic 8.4
Adcock
carbide
Hagg carbide X FesC, 0.4 Monoclinic Trigonal prismatic 7.9
Cementite (5] Fe,C 0.33 Orthorhombic Trigonal prismatic 6.7

Fe,C

€-Fe,,C

Fe,C,

X-FesC, 0-Fe;C

Figure 1.3 Top: Iron carbide phase characteristics. The table was taken and modified from

[13]. Bottom: Ball diagram of the crystal structures of iron carbide. Models adapted from

Liu et al. [22].
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The FesC phase, known as cementite, is the most important iron carbide phase in
metallurgy. It is commonly found in the pearlite (FesC+a-Fe) microstructure of steel.
It acts as a hardening phase and determines the properties of the steel produced. A
low carbon content, for example, leads to softer and more ductile steel, while a high
carbon content leads to harder and more brittle steel.

During Fischer-Tropsch synthesis, the iron oxide, hydroxide, or oxy-hydroxide
precursors are pre-treated with CO-containing gas, and carburization occurs at a low
temperature [16]. As a result, a complex mixture of phases is formed, which evolves
with catalyst age. In-situ studies during catalyst pretreatment and under FTS
operating conditions indicate that the active phase contains a mixture of various
coexisting phases, including a-Fe, iron oxides, and various iron carbides [13,23].
Hagg carbide, x-FesCz, is always found under FT conditions and is often regarded
as the active phase for FT [23-25]. Because of this, extensive research has been
performed to understand its properties, reactivity, and phase structures [8,17,20,26—
28]. The B-FesC phase, an intermediate in the transition from pure a-Fe to the
carbon-rich x-phase, becomes the dominant phase at high temperatures and low
CO pressure. X-ray, electron, and neutron diffraction measurements experimentally
determined its structure [29-31]. The Eckstrom-Adcock iron carbide (FezCs) has
been identified in FTS by means of X-ray diffraction (XRD), X-ray absorption fine
structure (XAFS), Mdssbauer spectroscopy (MES) and Transmission electron
microscopy (TEM) [28]. It is a trigonal prismatic carbide, where the carbon is found
in the trigonal prismatic sites of distorted hcp structures of iron atoms. The formation
of Fe7Csoccurs from the FesC phase at high temperatures [32]. The ¢-Fe2C is formed
directly from a-Fe at <200 °C [32]; a mixture of phases is obtained at higher
temperatures. This phase has been identified by means of XRD and MES after FT

conditions. [33]

Reactivity on single and multiple phases of iron carbide

Industrial iron-based catalysts are complex because they contain not only the
catalytic material but also supporting materials, additives, and promoters. Adding

structural and chemical promoters can improve unmodified and unpromoted iron
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catalyst’'s selectivity, activity, and sintering in FTS processes. It is possible to
suppress sintering using structural promoters such as Si, Al, and Mg, stabilize the
active phase, and improve mechanical strength using chemical promoters such as
Cu or Ag. Using alkali metals such as potassium can help promote chain growth,
reduce the formation of methane, and inhibit the formation of secondary
hydrogenation reactions, which results in a higher olefin-to-paraffin ratio. [16]
These additional components in the industrial catalysts and the fact that the active
phase only represents a small fraction of the entire system make it challenging to
investigate the system at a molecular level. Considerable efforts have been made to
optimize the selectivity, activity, and efficiency of real catalysts using an empirical
approach. However, without a fundamental understanding, developing new catalysts
in the past was based on an inefficient and expensive trial-and-error approach.
Researchers have tried to prepare and study single-phase iron carbide structures
under FT conditions for decades to understand which phase shows the best
performance for FTS. The iron carbide phases most commonly investigated for FTS
are X-FesCz, 8-FesC, and e-Fe2C. Some studies have associated the FTS activity of
iron carbide catalysts with the presence of x-FesC2 on the catalyst surface [34,35].
Others have focused on exploring the activity and selectivity of individual carbide
phases.

Lyu et al. [36] successfully synthesized and isolated nanoparticles of ¢-Fe.C and
found that the intrinsic activity of e-Fe2C (~1258 umolCO gre™! s71) surpasses the
activity of x-FesC: by a factor of 2 and 8-FesC by 6-10 times. They achieved this by
confining the nanoparticles within graphene layers. However, the challenge lies in
the fact that e-Fe2C is unstable under FTS conditions, which complicates the
experimental investigation. This confirmed the superior activity of e-Fe2C as the most
active phase for FTS and opened a promising route to create single-phase iron
carbide nanocrystals.

In another research on ¢(')-Fe2C by Wang et al. [37], where they research the
fabrication and reactivity in FTS conditions of ¢(')-carbides (g(')-Fe2C + e-Fe2C >
same space group pé6m/mmc and cell dimensions, these two phases show similar
chemical properties and are considered as one). This phase was identified by means
of MES and XRD after FT conditions. The results show the high stability of the
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structure and the lowest CO: selectivity (<5%) compared to conventional Fe-based
catalysts.

Wezendonk et al. [28] report the reactivity towards CO and Hz on iron carbide
nanoparticles. They report that the €'-Fe2C and x-FesC: phases have the same
activity but different selectivity depending on the size of the nanoparticle (3.6 nm to
6 nm). The ¢-Fe2C phase shows higher CHa selectivity, meaning higher
hydrogenation ability and low Cs+ conversion. Moreover, the x-FesC2 phase shows a
higher Cs+ conversion. The exact reason for this behaviour is still unknown, but their
hypothesis is related to the different active site configurations on the surface or Cad
and Had surface coverage dependence.

Zhao et al. [38] synthesized phase-pure nanoparticles of Fe2C, Fe7Cs, and FesCx, all
displaying activity in the FT reaction, and FesCzwas the most active. They used XPS,
XRD, and TEM to determine the phase composition, structure, and morphology of
the nanopatrticles. Furthermore, a novel technique named transient high-pressure
stepwise temperature programmed surface reaction (STPSR) was used to calculate
the reaction mechanisms and kinetics by exploring syngas activation, hydrocarbon,
and methane formation. Note: The activity value calculated for FesC: is ~230
HMmMoICO gre! s71(270°C), almost 5 times lower than the value (~1258 pmolCO gre*
s™1-- 340°C) reported by Lyu et al. [36]

Chang et al. [28] compared a number of silica-supported iron carbides and found
that FezCs has the highest intrinsic activity (TOF= 4.59x102 s'*) compared to x-FesC:
and ¢-Fe2C in the Fe/SiO2 system. They also show that e-Fe>C produced lower CH4
and higher Cs- selectivity than x-FesC2 and FezCs, suggesting that e-Fe2C has
outstanding C-C coupling ability.

This brief overview of experimental findings shows that assessing the activity and
selectivity of iron carbides in applied catalysis is difficult because of the experimental
complexity in the fabrication process, as different preparation methods yield different
results. For this reason, DFT has gained importance in the last decades in the

systematic study of well-defined single-phase iron carbide surfaces.
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DFT studies

Density Functional Theory (DFT) has been used by others to gain detailed electronic
and structural information on well-defined systems, analyze surface reactions, and
ultimately predict catalytic properties, facilitating rational design and optimization of

efficient catalysts.

FesC:2and others. Structural studies

A study by Steynberg et al. [39] used DFT to investigate x-FesC2 surfaces with
different carbon contents and crystallographic directions. The surfaces studied have
similar surface energy, making it difficult to predict which surface will be
predominantly exposed under reaction conditions. This was explored in more detalil
using ab initio atomistic thermodynamics by Zhao et al. [40], where they explored
the effects of CO and syngas pretreatment on the surface morphology of nine
different x-FesC. surfaces. They found that CO pretreatment favours C-rich
terminations, whereas syngas pretreatments favour C-poor terminations.

Zhao et al. [41] studied the properties and reactivity of different iron carbide phases
(e-Fez2C, x-FesC2, B8-FesC, and FesC), where they found that ¢e-Fe2C-(1-21)-2.00, x-
FesC2-(100)-2.25, 6-FesC-(010)-2.33 and FesC-(100)-3.00 are the most
thermodynamically stable surfaces due to their low surface free energy. These
surfaces have a similar atomic arrangement, where "[...] each surface carbon atom
coordinates with four surface iron atoms, and each surface iron atom coordinates
with two surface carbon atoms". As a result, their reactivity is expected to be similar.
The authors indeed report that the adsorption energy of CO and the activation energy
of C-O are the same between surfaces if the same coverage is used, except for the
FesC-(100)-3.00, which shows the weakest ability to activate the C-O bond.

DFT mechanisms + reactivity

DFT has also been used for mechanistic studies, where the CO dissociation reaction
has been an important topic of study. DFT calculations have been used to investigate

two types of reaction mechanisms on iron carbide surfaces, the Langmuir-
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Hinshelwood (LH) and Mars-van Krevelen (MvK) mechanisms. According to the LH
mechanism, the iron carbide surface offers a favourable substrate where two surface
species react together from their adsorbed states to form a new species, while in the
MvK mechanism, the catalyst material plays an active role in the reaction as the
carbon atoms that form part of the iron carbide lattice take part in the reaction.
Work by Gracia et al. [42] on CO hydrogenation on carbon-terminated FesC2(100)
shows how the adsorption and dissociation of CO on fully saturated iron carbide
surface via the LH mechanism is less favourable than adsorption and dissociation at
carbon vacancies, illustrating that the MvK mechanism is feasible. In a more recent
study by Ozbek and Niemantsverdriet. [26], a x-FesC2(001)-0.05 with varying carbon
vacancy concentration was used to investigate the different steps of the mechanism.
It was found that CO dissociation is not feasible at a high carbon content. Vacancies
created by reacting surface carbon with hydrogen to CHx create vacancies in the iron
carbide structure where CO dissociation becomes feasible.

Broos et al. [27] and also shown in his PhD thesis [17], performed a comprehensive
study of direct and H-assisted CO dissociation pathways on different surface
terminations of the Hagg Carbide with the lowest surface energies (x-FesC2(010)o.2s,
(11-1)0.0, (100)0.0, (11-1)os and (100)o.287). As a general trend, they found that CO
adsorption energy depends on the presence of interstitial carbon atoms in the first
subsurface layer. Also, they found that there is competition between direct and H-
assisted pathways for CO dissociation on the surfaces mentioned above. They show
that due to the presence of interstitial carbon atoms, the H-assisted mechanism
contributes more to the CO dissociation rate than the direct pathway. Furthermore,
the direct CO dissociation mechanism becomes easier with increasing the
adsorption strength of CO.

Deng et al. [43] studied the adsorption of CO and Hd) as well as CO dissociation
and the formation of CxHy on FesC(100). They found that the direct dissociation
energy of CO and H-assisted dissociation is endothermic, but the hydrogenation of
surface carbon is exothermic and, thus, the lowest required energy for chain growth.
These authors also show that surface vacancies lower the CO dissociation barrier
considerably. Broos et al. [44] studied CO dissociation on several Fes:C surface

terminations. These authors do not consider the role of carbon vacancies in detail
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and find that dissociation barriers on terrace-like facets are high, while on the
corrugated FesC(111) surface, a barrier as low as 40 kJ mol* was found, even lower
than on Fe(111).

Zhang et al. [45] investigated the Fe7Cs phase using DFT, where they refer to the
experimental study by Chang et al. [28], who showed a high activity of Fe7Cs for FTS.
They studied the hcp-FezCs (211) surface termination and found that the effective
barrier energy of the CO activation mechanism on the hcp-Fe7Cs (211) is lower than
those on the x-FesC2 (510) and 6-FesC (100). The influence of carbon vacancies
was not considered in this work.

The carbon-rich Fe2C(001) surface was investigated in a study by Yu et al. [46]. They
found that the CO dissociation and coupling reactions are not thermodynamically
favourable compared to the CO adsorption. CO can react with the lattice carbon
forming C-CO, which is an important stage for the FTS reaction. These findings will
also be important when we discuss the reactivity of our iron carbide films on Cu(100)
and Cu(111).

1.5 The Surface Science Approach

Thanks to the development of modern characterization techniques, it is now possible
to study catalysis at the atomic level and gain fundamental insights into catalytic
phenomena. Such insights into active sites, poisoning mechanisms, and reaction
pathways are crucial for developing catalysts [11,19]. Surface science presents a
unigue opportunity to simplify the complexity of real-life catalysts used in the industry
by investigating their structures, morphology and reactivity under controlled
conditions at the atomic level. Thanks to the advancements in ultrahigh vacuum
(UHV) systems, with pressures ranging from 10 to 101° mbar, and surface-sensitive
techniques such as X-ray photoelectron spectroscopy (XPS), it is possible to create
and study simple model systems at the molecular level. These systems comprise
nanoparticles on clean single-crystal substrates called flat model catalysts. Most of
the time, this system consists of a flat substrate covered with a thin layer of support
material on which the active catalyst material is placed. The high exposed surface

area of the active material makes it suitable for applying spectroscopic techniques.
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However unlike the single-crystal approach, catalyst particles on a flat surface model
are often undefined in size and shape and exhibit multiple surface facets, making
single crystals the more accurate and well-defined method of conducting surface
chemistry. [11,19]

As shown before iron carbide has attracted significant theoretical interest in the
context of the FTS process. However, the availability of experimental data in this
area remains scarce. One of the primary reasons for this scarcity is the inherent
complexity associated with working on iron-single crystals. One of the reasons not
to work with iron single crystals is that iron is highly reactive and susceptible to
oxidation. Even small exposures to air or moisture can lead to the formation of oxide
layers on the crystal surface, which can interfere with experiments. For this reason,
some people have started working on their iron carbide surfaces without using iron
single-crystals but instead evaporating iron onto a well-defined substrate (novel
single crystals, i.e., Cu or Au).

Li et al. [12] investigated CO reactivity on iron carbide films supported on Au(111).
They claim that the carbide phase is responsible for the CO dissociation reaction
(seen by increased Cls and Ols intensity in XPS). They also studied the O:
reactivity on these saturated iron carbide films, where they found that after dosing

Oz, the C1s peak decreased considerably, forming iron oxides.

1.6 Scope of the thesis

This thesis aims to create an iron carbide model catalyst to study the interaction
(adsorption, desorption and dissociation) of the FT reactants (CO and Hz) with the
surface. To fabricate these model iron catalysts, we evaporated iron onto single
crystals of copper with a (100) and (111) crystallographic direction and used ethylene
as a carbon source to create iron carbide. The structure of the iron and iron carbide
films and their reactivity were investigated under ultra-high vacuum (UHV) conditions
using different surface-sensitive techniques such as Auger spectroscopy (AES),
Temperature-programmed desorption (TPD), Low Energy Electron Diffraction
(LEED), X-ray photoelectron spectroscopy (XPS), and Reflection-Absorption
Infrared Spectroscopy (RAIRS).
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In Chapter 2, the UHV system is described, the background theory of the techniques
mentioned above and the quantification references used to determine atomic
percentages of the dissociation products, i.e. total adsorbed carbon after ethylene or
CO dissociation, are also detailed.

The fabrication and characterization of different iron and iron carbide model catalysts
on Cu(100) and Cu(111) with different thicknesses are discussed in Chapters 3 and
5. In these chapters, LEED and TPD are used to determine the structure, growth
mode and thickness of the deposited films, AES to determine the chemical
composition and thickness, and finally, H2 TPD to determine the amount of deposited
carbon. These chapters aimed to characterize and understand the structure used to
create our iron carbide model catalysts.

The interaction of Hz and CO with iron and iron carbide films is described in Chapters
4 and 6. In Chapter 4, Synchrotron X-ray photoelectron spectroscopy was used to
follow in situ the dissociation reaction of CO and ethylene on non-carburized iron
films and in carburized iron films. Chapter 6 shows the reactivity of CO with TPD on
iron and iron carbide films supported on Cu(111). The chemical composition after
CO adsorption and desorption was studied using AES.

In Chapter 7, a general discussion is provided where the results are considered in

the context of applied catalysis, along with suggested directions for future research.
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2.1 Description of the vacuum system

ABSTRACT: This chapter overviews the experimental techniques used to study the
adsorption, desorption, and dissociation of CO, Hz and ethylene and the structure, morphology
and composition of evaporated iron and iron carbide film surfaces on Cu(100) and Cu(111).
The employed techniques are Auger spectroscopy (AES), Low Energy Electron Diffraction
(LEED), Synchrotron Radiation X-ray photoelectron spectroscopy (SR-XPS), temperature-
programmed desorption with a mass spectrometer (TPD), and Reflection absorption infrared
spectroscopy (RAIRS). An overview of the Ultra-High Vacuum system (UHV) and cleaning
procedures will also be presented.

2.1 Description of the vacuum system

Most of the results described in this thesis were obtained using a home-built UHV
system which consists of a single vacuum chamber with a base pressure of 1x101°
mbar. The pressure is maintained by a combination of a Leybold Turbomolecular
pump (Turbovac 90 i(x)) backed by a Leybold rough pump (Ecodry 65 Plus) and a
titanium sublimation pump. The system is equipped with combined Auger electron
spectroscopy (AES) and Low Energy Electron Diffraction (LEED) optics (Vacuum
Microengineering Model LPS300-D), a quadrupole mass spectrometer (QMG 250
PrismaPro), and a dual pocket electron beam evaporator (e-flux2 Dual Evaporator
from Tectra) which was used for Fe deposition. Furthermore, it has four leak valves
for high-purity gas dosage (Linde and Messer). The IPS3 sputter gun and a power
supply from Vacuum Microengineering were used to clean the surface.

In the present work, a Cu(100) and a Cu(111) single crystal were used as substrates
for iron deposition. The disc-shaped single crystals are 8 mm in diameter and have
a thickness of 1.2 mm. The sample is held by a U-shaped 0.5 mm (diameter)
Tungsten wire placed in the 0.51 mm wide slits at the side of the samples, as shown
in Figure 2.1 (a). The schematic drawing of the single crystal in Figure 2.1 (a) shows
a small hole (depth of 3 mm and diameter of 0.7 mm) in the side of the crystal that
is used to insert a type K (chromel-alumel) thermocouple to measure the sample
temperature. Temperatures can be reached from 80K to 1000 K without temperature
fluctuation. The lower temperature limit is due to the liquid nitrogen inserted in the

hollow manipulator and the thermal conductivity from the liquid container to the
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2.1 Description of the vacuum system

sample. The upper limit is to avoid copper melting. The Cu substrates are cleaned
by sputtering cycles with 2 keV Ar* bombardment at 300 K, followed by a flash anneal
to 1000 K for both substrates. The sample manipulator allows both samples to be
mounted simultaneously, which makes it possible to switch between the samples

within a minute and without breaking the vacuum.

a) b) = Protective polymeric film

Type K thermocouple

Cu single crystal

W heating wire
Single crystal drawing

W heating wire

Figure 2.1 (a) Diagram of the single crystal (image taken from Surface preparation
laboratory webpage). (b) A picture from inside of the UHV chamber. The crystal is mounted

using a W wire which holds and heats the sample at the same time.

Some additional experiments were performed in a second home-built UHV system
(base pressure 2x10° mbar), where the sample mounting and the heating is
identical to that in the UHV set-up described before. In addition to LEED/AES (same
brand as the last one), a QMS (and QMG 220 PrismaPlus) and a sputter gun, this
system is equipped with Reflection Absorption Infra-Red Spectroscopy (RAIRS)
(Nicolet iS10 spectrometer equipped with a liquid nitrogen-cooled MCT detector),
and a second shielded quadrupole mass spectrometer (Hiden Analytical) located in
a separately pumped compartment which is connected to the main chamber by a 5
mm aperture. During desorption experiments, the sample is placed at a distance of
around 2 mm from this aperture. In this way, molecules that desorb from other parts
of the sample holder do not reach the mass spectrometer; only the desorbing

molecules from the sample are measured.
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2.1 Description of the vacuum system

Synchrotron radiation X-Ray photoelectron spectroscopy (SR-XPS) was performed
at the Matline beamline of the ASTRID2 synchrotron light source (Aarhus, Denmark).
Normal emission was employed to record the Fe3p/Cu3p, Cls, and O1ls spectral
regions using photon energies of 150 eV, 380 eV, and 650 eV, respectively. The
binding energy (BE) scale was calibrated using the Fermi edge measurement for

each photon energy.

2.2 Low Energy Electron Diffraction (LEED)

In 1927, Davisson and Germer fired electrons with energies between 15 and 200 eV
at a polycrystalline nickel crystal and discovered that the angular variations in the
reflected flux were consistent with electron diffraction. They had a fortuitous sample
overheating accident that caused the coalescence of many small crystallites into a
few larger ones, which considerably helped observe the diffraction phenomena.
Although it was Thomson in the same year who reported the observation of
transmission electron diffraction patterns from a film of Pt using a beam of 'cathode
rays' (electrons) between 30-60 kV (confirming De Broglie's PhD hypothesis of the
duality wave/ particle of the electron), Davisson and Thomson were the ones that
were awarded Nobel prize in Physics for these findings [1-4]. Electrons with 100 eV
have a wavelength of approximately 1A; such low-energy electrons diffract from a
grating with periodicity on the order of atomic dimensions and thus give atomic scale
information [5]. The diffraction of low-energy electrons has developed into a valuable
surface-sensitive analysis technique used to obtain information on the long-range
order of the single crystal surface and of ordered adsorbate overlayers.

Figure 2.2. shows a schematic structure of the LEED/AES optics used to measure
the diffraction patterns shown in this thesis. The electron gun, which consists of a
heated cathode (1% Thoriated tungsten) and a set of focusing lenses, creates a
mono-energetic beam of electrons, the energy of which can be varied between 40
eV to 270 eV. The electron beam has a diameter of about 1 mm, which is a relatively
small area of the single crystal (8 mm); even so, it makes LEED an averaging

technigue since the size of domains on the surface is in the nm range.
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2.2 Low Energy Electron Diffraction (LEED)

A

etarding grids

Fluorescentscreen

Figure 2.2 Simplified LEED optics with an observer looking at the fluorescent screen where

a diffraction pattern of backscattered electrons occurs.

LEED operates the following way: The electron gun produces a mono-energetic,
collimated electron beam. These electrons strike the sample. Some of these
electrons are elastically diffracted from the surface towards the optics. A large
fraction of the incident electrons is also inelastically scattered, but the LEED optics
are used as a high pass energy filter to select out only the elastically backscattered
electrons, where the first grid closest to the sample is grounded to screen the
potentials of the other grids. Energy selection is done by grids 2 and 3. A retarding
voltage is applied to these grids so that only electrons with energies higher than the
applied voltage are passed through the filter. Two grids instead of one are used to
improve the energy resolution of the high-pass filter. The fourth grid is grounded and
filters out the potential of the screen, which is held between 3 and 5 kV and
accelerates electrons towards the fluorescent screen to produce a diffraction pattern.
The pattern is recorded using a digital camera mounted behind the fluorescent
screen [5-8]. Since the scattering cross-section is large for electrons with a kinetic
energy of around 100 eV, the penetration depth of the electron beam is in the order

of a few atomic layers, as can be seen from the so-called universal electron mean
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2.2 Low Energy Electron Diffraction (LEED)

free path curve in Figure 2.3. This results in a high surface sensitivity, and the
technique is very suitable for determining periodic surface structures.

Bragg's law states that the diffraction of X-rays or electrons occurs when the spacing
of the atoms in a crystal lattice is such that the reflected beams interfere
constructively. Mathematically, this can be expressed as 2d sin 6 = nA, where d is
the spacing between the atomic planes, 6 is the angle of incidence of the X-rays or
electrons, n is an integer, and A is the wavelength of the incident radiation.

T TTrrTTg L T T T TTTTy T T 1t rrrrr| T
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Figure 2.3. "Universal curve" of the electron mean free path as a function of electron kinetic
energy. The graph was taken and modified from [5].

The diffraction condition of Bragg's law can be understood in terms of Ewald's sphere
(Figure 2.4), which visually represents Bragg's law in reciprocal space. The sphere
represents the momentum transfer between the incident and scattered waves, and
its radius corresponds to the magnitude of the wave vector. The points where the
Ewald sphere intersects with the diffraction rod mark the point where the
corresponding atomic planes reflect the incident waves constructively, leading to a
diffraction spot at this position. The position of the diffraction spot depends on the

angle of incidence and the spacing between the atomic planes, as given by Bragg's
law [9].
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Figure 2.4. Schematic drawing of the Ewald sphere. Electrons are emitted (a) by the

electron gun normal to the surface with k before are elastically scattered. The

representation of the LEED spots based on the electron energy is represented in (b) and

(c).

Thus, the diffraction pattern is the magnified version of the reciprocal surface lattice
and the spots/beams we observe give information on the size and symmetry of the
substrate unit cell. More importantly, the size and symmetry of the overlayer unit cell
relative to that of the substrate can be deduced from the diffraction pattern [10,11].
As an example, Figure 2.5. shows the experimentally obtained diffraction patterns
for clean Cu(100) left and Cu(111) right, respectively, for electron energy of 100 eV.
The LEED pattern from the right shows different beam intensities in (0,1) and (1,0)
spots. This effect is due to layer stacking, {111}, in the Cu(111), FCC cubic structure
(ABCABC...), as is represented in the centre ball diagram. In Cu(100), the stacking
of {100} planes is ABAB the reciprocal space lattice does not show differences in the
beam intensities in this case [12,13].
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Figure 2.5. Left and right are LEED patterns from Cu(100) and Cu(111) after Ar+ sputtering
and annealing to 1000 K, respectively. Both images were taken at 100eV. The red lines are

the unit cells, and ball diagrams show the layer stacking.

Adatoms, or adsorbed molecules, often form ordered adsorbate layers on single-
crystal surfaces, giving rise to additional diffraction spots in the LEED pattern. In this
way, information about the size and symmetry of the unit cell of the adsorbate
overlayer relative to the substrate can be obtained from the relative positions of the
adsorbate-related diffraction spots [5,14]. Figure 2.6. shows an example of the
diffraction pattern obtained after 0.5 monolayer (ML) of CO was adsorbed at 100 K
on Cu(100). In addition to the (1x1) from the substrate, new spots ({1/2,1/2}) form an
additional overall c(2x2) array. A simple model of the real space lattice can be
obtained using simple vector geometry. The ball diagram corresponds to CO

molecules adsorbed on top sites in the Cu(100).
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2.3 Synchrotron radiation X-ray photoelectron spectroscopy (SR-XPS)

Reciprocal space

Real space-35°

FCC Cu(100)-c(2x2)CO

Figure 2.6. Comparison between reciprocal space measurements of the LEED (top) and

the derived ball models in the real space (bottom). The red square represents the unit cell

of the substrate, and the green square is the unit cell of the adsorbed CO molecule.

2.3 Synchrotron radiation X-ray photoelectron spectroscopy (SR-XPS)

XPS is a quantitative chemical analysis technique with high surface sensitivity. It
was developed by Kai Siegbahn and his group in Uppsala and was honoured with
the Nobel Prize in 1981 [15]. The physical principle of XPS is based on the
photoelectric effect (Figure 2.7 (a)), which was first observed by Hertz in 1887 and
theoretically explained by Einstein in 1905. Figure 2.7 (a) shows a schematic
depiction of the photoemission process.

In XPS, absorption of an X-ray photon leads to a photoelectron emission. The kinetic
energy of the emitted photoelectrons is measured, and this energy is directly related
to the energy of the photon, the binding energy of the electron within the original

atom and is typically associated with a particular element and its chemical state.
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2.3 Synchrotron radiation X-ray photoelectron spectroscopy (SR-XPS)

Since soft X-rays are typically used, the photoelectrons have energies in the 50-1000
eV energy range, which strongly interact with matter. As a result, only electrons
generated near the surface can escape without losing additional energy, and the
information depth of XPS corresponds to the outermost nanometers of the sample,

which makes XPS a surface-sensitive analysis technique.

Photon (hu) Photoe.lectron

Sample Spectrometer
(a) (b)
Figure 2.7. (a) Schematic illustration of the core-level photoemission by the photoelectric

effect in a metal. (b) Energy-level diagram of the sample and the spectrometer in a core-

level photoemission experiment on a metallic sample.

The basic equation (Eq. 2.1) that describes this effect is [16] :
Ex =hv—Eg—¢@ Eq. (2.1)

Ek= Kinetic energy of the emitted photoelectron
ho= energy of the incident photon

Es= Binding energy that the emitted electron had in the solid relative to the Fermi

level of the sample
@= Work function spectrometer (Fig. 2.7 (b))

The value ¢ remains constant, and the photon energy is known. We can reduce,

therefore, the previous equation to:
Eg = hv — Ex Eq. (2.2)
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2.3 Synchrotron radiation X-ray photoelectron spectroscopy (SR-XPS)

A mono-energetic source of X-rays is necessary to produce photoelectrons with
discrete kinetic energy. In this thesis, XPS measurements were performed with
ASTRID2, a synchrotron beamline at the Physics Department at Aarhus University.
The photon flux per unit area (brilliance) at such facility is easily ten orders of
magnitude larger than a typical laboratory source. Another advantage of using a
Synchroton source is the tunability of the photon energy so that the surface
sensitivity and photoemission cross-section can be optimized for each element.
Combined with the high flux, this means that high-resolution measurements can be
performed at a much faster rate than using a laboratory source, this allows fast
measurements even in low-density systems, i.e. the sub-monolayer adsorbate layers
studied in this work so that surface reactions such as CO desorption, CO dissociation
or ethylene dissociation can be monitored real-time [17-19].

In the present thesis, XPS was mainly used to analyze surface carbon species, and
small shifts in the binding energy of photoelectrons were used to detect differences
in the chemical nature of the surface carbon. Different carbon species show
variations in binding energies and can be easily detected using SR-XPS. Table 2.1.
shows some reference values obtained from the literature that help to assign the

surface carbon species encountered in the experiments discussed here.

sp[eV] sp?[eV] Carbide Reference
284.5 283.1 [20]
284.6 283.5 [21]
285.8 284.8 [22]
282.8 [23]
283.2 [24]
283.0 [25]

Table 2.1 Carbon binding energies for different carbon species on iron samples.

2.3.1 XPS quantification analysis

The number of photoelectrons collected from the surface is proportional to the
concentration of the elements present. In order to determine the concentration, the
peak area is analyzed. There are, however, different factors that can affect
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2.3 Synchrotron radiation X-ray photoelectron spectroscopy (SR-XPS)

guantitative analysis, such as the energy of photons, the cross-section of the core
level, the type of analyzer and the angle of incidence and angle of emission [26—28].
These factors can largely be eliminated by using a known reference state. In the
present work, we used a known reference to evaluate the Fe3p and Cls signal
intensities. For Fe3p quantification, we exploited the fact that different Fe film
thicknesses on Cu(100) give rise to distinctly different LEED patterns. Figure 2.8
shows the (5x1) LEED pattern obtained in the UHV chamber of the beamline, with
its corresponding XPS spectrum. The literature shows this (5x1) corresponds to
approximately 4 ML of iron [29]. We used this spectrum as a reference to quantify
the amount of evaporated iron.

x10%
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Figure 2.8 (a) (5x1) LEED pattern taken at 100 K after evaporating ~4 ML of iron on Cu(100)
at room temperature. (b) XPS spectrum after recording the LEED pattern in (a) using 150
eV photon energy.

Figure 2.9 shows a Cls spectrum after saturating the Fe surface with carbon from
ethylene dissociation, producing a single peak at 282.5 eV. Through in-house TPD-
based quantification (see here-after), the carbon quantity deposited in this manner
was determined to be 0.5 ML. This carbon peak was used as a reference to quantify
the amount of deposited carbon. A Shirley background (BG) (black line) was used
for quantitative evaluation. The BG represents the estimate for the inelastic scattered
electrons moving through the solid state in the Shirley approximation [30-32].
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2.4 Auger electron spectroscopy (AES)
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Figure 2.9. Cls spectra acquired in the ASTRID2, Synchrotron, using 380 eV photon

energy.

2.4 Auger electron spectroscopy (AES)

Figure. 2.10. shows a schematic diagram of the core hole decay process that
generates an Auger electron. Initially, ionizing radiation causes the ejection of an
electron from the inner shell of the atom. Subsequently, the resulting hole is filled by
an electron from a higher energy level.

The energy released by the electron relaxation from a higher to lower energy is
transferred to a third electron, which is ejected as an Auger electron. The kinetic

energy of the Auger electrons is given by:

Exin =Ex —E,, —E,, — @ Eq. (2.3)
Where Exin is the kinetic energy of the Auger electron, Ek, Evr1, EL2, and Erz are the

binding energies of the K, L1, L2 and Ls electron orbits of the atom, ¢ is the work

function of the spectrometer [33,34]. In the present work, electrons with a typical
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energy of 2 keV were used to create the core holes. The grids of the LEED optics
are used as a retarding field analyzer to record an electron energy spectrum.
Relaxation Emission

® 2" Ejected electron 5% Auger electron. ®

KLL transition
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Figure 2.10. Diagrammatic steps in the Auger process for an isolated atom.
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Figure 2.11. Upper curve: energy distribution N(E) of backscattered electrons from an iron
carbide film surface at a primary energy of 2000 eV. Lower curve: Differential distribution
of the upper curve dN(E)/dE, demonstrating the improved resolution of the peaks. The red
lines show the peak-to-peak intensities of the peaks.
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2.4 Auger electron spectroscopy (AES)

In Figure. 2.11. a spectrum obtained after evaporating iron on Cu(100) followed by
carburization of the film with ethylene is shown as an example. The signal consists
of a large background signal on top of which the Auger electrons form small peaks.
By using a lock-in amplifier, the derivative of the spectrum can be measured with a
much better signal-to-noise ratio, as shown in the lower panel, and this is the typical

manner in which Auger electron spectra are presented.

2.41 Auger quantification

Similar to XPS, AES offers a quantitative analysis of the chemical composition of the
sample's outermost atomic layers. The peak area in the Auger spectrum presented
in the N(E) form is directly proportional to the elemental concentration. The large
background of secondary electrons makes it difficult to determine the peak area
accurately; instead, the peak-to-peak height in the derivative of the spectrum is
typically used as a quantitative measure [35].

For light elements such as C or O, only the KLL Auger transition exists, but for
heavier elements such as Cu and Fe, both the LMM transitions at high kinetic energy,
and the MNN transitions at low kinetic energy (47 eV) are detectable. Many previous
works prefer to use the low kinetic energy peaks due to higher surface sensitivity
since the inelastic mean free path of these electrons (with KE of ~300 eV) is only
about two monolayers. However, these low-energy Auger electrons are more
susceptible to distortion by magnetic effects and localized specimen charging. The
lack of reproducibility combined with a large secondary electron background in the
low kinetic energy region makes it difficult to accurately determine the peak-to-peak
ratio of the MNN transitions of Cu and Fe. Instead, the high kinetic energy peaks
shown in Figure 2.11 were used as their peak heights could be determined more
accurately [36].

When different elements are present in the sample, determining their relative
concentrations in terms of atomic concentration is of interest. The elemental

concentration can be expressed as:
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2.4 Auger electron spectroscopy (AES)

¢, == /> fa Eq. (24)
8 Sxdx @ Sada

dy = LxEm,XIp,X Eq. (2.5)

Ix= peak-to-peak amplitude of the element X from the test specimen
Sx= Relative sensitivity

dx= Relative scale factor (detector and Lock-in amplifier)

Lx= Lock-in amplifier sensitivity

Em. x= Modulation energy

lp, x Primary beam current

The calculation of the sensitivity factors usually requires a pure silver target or a pure
element inside the UHV chamber. Assuming a constant relative scale factor, we find
these sensitivity factors to be tabulated elsewhere. The margin of error between
tabulated values is lower than 1% for 3 keV and 5 keV beam energy [35,37,38]. In
summary, we can calculate the atomic concentration using the peak height,
measured as shown in Figure 2.11, and sensitivity factor of 0.2 for Fe, Cu and C,
and 0.5 for O. Furthermore, well-known references like 0.5 ML of pure carbide, or

0.5 ML of oxygen were used to confirm these concentrations.
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2.4.2 Auger as a qualitative technique to identify carbidic species.

2 ML graphite

dN(E)/dE [arb.units]

KLiL; KLiLys

0.5 ML carbide

240 260 280
Kinetic energy [eV]
Figure 2.12. Comparison of two different CkLL Auger spectra of iron carbide (black) and

graphite (red) supported on Cu(100) after ethylene dissociation and heating to 500 K and
900 K, respectively. Taken at 300 K and 2000 eV.

Like in XPS, the Auger signal contains information about the chemical nature of the
element. However, since the Auger peak shape is usually complex, it is often difficult
to extract useful information easily. For the present work, the peak shape of the Ck.L
transition is of particular interest. Literature reports indicate that the peak shape of
carbidic carbon is distinctly different from that of graphitic carbon. In Figure 2.12, two
different spectra, from carbide and graphite, can be seen. Carbides present three
distinguishable features. These features are at kinetic energies of 253 eV (KL1L1),
261 eV (KLiL23) and 272 eV (KLz2sLz3) [21], and this was routinely used to evaluate
the quality of the carbide prepared. Because of the overlap of graphitic and carbidic
carbon peaks, AES is less suitable for determining relative concentrations of a
carbide and graphite mixture; in these cases, XPS provides more detailed

information.
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2.4 Auger electron spectroscopy (AES)

2.4.3 Ok + LEED to determine the amount of dissociated CO

A well-defined O-covered Cu(100) surface was used as a reference to quantitatively
evaluate the OKLL surface oxygen coverage.

250 L of Oz were dosed at 500 K on Cu(100) to create a 0.5 ML of Oad. The oxygen
adsorption forms a (V2x2vV2)R45° LEED pattern characteristic for this system and is
well-known in the literature [39-41]. After adsorbing the oxygen, an AES
measurement was performed to determine the intensity of 0.5 ML of oxygen (OkvL).
In Figure 2.13, a summary of the beforementioned pattern and the Auger spectrum
can be seen. The oxygen signal was used as a reference to cross-check XPS and

TPD data of the amount of dissociated CO on iron and iron carbide layers.

0.5 ML of O,40n Cu(100)

dN(E)/dE [arb.units]

dN(E)/dE [arb.units]

OKLL

460 480 500 520 540
Kinetic energy [eV] (\V2x2+/2)-0 R45° /Cu(100)

T T T T T T T T
200 400 600 800 1000
Kinetic energy [eV]

Figure 2.13. Auger spectrum after depositing 0.5 ML of oxygen on Cu(100). LEED pattern
shows two different Oa¢ domains. LEED taken at 100 K and Auger at 300 K and 2000 eV
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2.5 Temperature-programmed desorption (TPD)

Temperature-programmed techniques are used to examine the desorption of
adsorbates and reaction products while linearly increasing the surface temperature
[42]. These techniques have the advantage of being applicable to all areas of
catalysis, such as single crystals, model catalysts, and industrial catalysts.

The temperature-programmed desorption method is particularly useful in surface
science studies to examine the desorption of gases (dosed at low temperatures)
from single crystals and polycrystalline foils and to examine desorption kinetics
which provides information on adsorption strengths and reaction barriers.

The rate at which adsorbates desorb from the surface is given by the Arrhenius or

Polanyi-Wigner equation.[43]

daeo
Tdes = — E

(_AEdes)
= vpe RT * @M Eq. (2.6)

ries = rate of desorption

8 = coverage in monolayers

t = time (s) ; T=temperature [K]

un = pre-exponential factor of desorption [s]
AEdes = activation energy [J/mol]

R = gas constant [J/mol*K]

The TPD measurement is typically performed by adsorbing a molecule or atom onto
a surface at a low temperature, typically 100 K in the present study. The sample is
heated at a constant temperature (2 K/s in our case) after the gas is absorbed, and
the desorbing species are identified and quantified using a quadrupole mass
spectrometer.

When the pumping speeds are high, gas re-adsorption can be disregarded, and the
desorption rate is linearly correlated with the mass spectrometer signal. This leads
to the area under the TPD spectrum being proportional to the total quantity of

desorbed species and, therefore, the initial relative coverage. The exposure of an
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2.5 Temperature-programmed desorption (TPD)

adsorbate is measured in Langmuir (where 1 L = 1.33 x 10-6 mbar*s). The Langmuir
unit is frequently used in surface science to measure the quantity of a substance
adsorbed onto a surface. This unit is based on the "Langmuir pressure," defined as
the pressure necessary to deposit a single layer of atoms or molecules onto the
surface. The Langmuir unit is designed such that the number of atoms or molecules
that strike the surface per unit of time should be comparable to the number of atoms

or molecules present in a single atomic layer.

2.51 TPD+LEED References and Quantification
CO adsorption on Cu(100) and Cu(111). CO titration+coverage reference

2K/s

CO/Cu(100)

c(7V2xV2)R45°* 113 eV

CO/Cu(111)

CO desorption rate [arb.units]

c(4x2)R45°

— 7
100 150 200 250 300
Temperature [K]

Figure 2.14. TPD spectra of CO from Cu(100) and Cu(111). The CO saturated (3 L) ad-

layers form a c(7\2xV2)-45° on Cu(100), and a c(4x2) on Cu(111). LEED were taken at 100
K after saturating the surface with CO and 113 eV.
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2.5 Temperature-programmed desorption (TPD)

TPD can be used to derive the absolute surface coverage by using a well-known
reference state. For quantitative CO coverage analysis, well-known CO structures
on Cu(100) and Cu(111l) were used. Figure 2.14 shows a relevant reference
experiment of CO desorption from Cu(100) and Cu(111) single crystals. CO from
Cu(100) (red-line) shows two desorption peaks at 135 K and 175 K. Literature
proposes that the ¢(7V2x\2)-45° LEED pattern observed at 100 K corresponds to a
CO coverage of 0.57 ML. The 135 K peak corresponds to desorption of 0.07 ML,
leaving 0.5 ML that gives rise to a ¢(2x2) LEED pattern after heating to 140 K. This
insight allows CO desorption peaks from the Fe and FexCy-covered samples to be
analyzed quantitatively. For the system, CO/Cu(111), similar coverage CO/Cu(100)

was found [44].

H: adsorption on Cu(100). Carbon quantification

A well-defined adsorbate structure of hydrogen on Cu(100) was used as a reference
for quantification of the hydrogen concentration desorption. Hz dissociation on
Cu(100) is an activated process, and a hot tungsten filament (~1600 K) was placed
close to the sample during Hz dosing to increase the dissociative sticking probability
[45]. Figure 2.15 shows the Hz desorption spectrum from the Cu(100) substrate,
which served as a reference to determine the quantity of carbon deposited via
ethylene decomposition. The total desorption area corresponds to 1 ML of adsorbed
hydrogen atoms, with two different desorption states, one below 200 K forming a
p4g(2x2)-H structure [45-47], and for temperatures higher than 200 K, the Had
desorbs and the surface goes back to the original state, a (1x1). By quantifying the
amount of desorbed H2 from the Cu(100), we can determine the amount of desorbed

H2 from ethylene dissociation and, thus, the carbon left after dissociation.
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pdg(2x2)  113eV

H, desorption rate [arb.units]
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Figure 2.15. TPD spectrum from Cu(100) 2Ks™ saturated with atomic hydrogen. The

change in structure from p4g(2x2) to (1x1) is shown in the inset. LEED patterns were taken
at 100 K.

The peak shape of the Hz desorption spectrum from Cu(100) is identical to that
reported in the literature, while the desorption peak temperatures are somewhat
lower than those found in ref. [45]. These authors state that the H2 desorption peak
temperatures are susceptible to small quantities of impurities, catalyzing
recombinative Hz desorption and causing a downward shift of the H2 desorption [48].
Due to the frequent deposition of Fe in our experiments, a small amount of Fe
typically persisted on the surface after cleaning, below the detection limit of AES but
visible by SR-XPS, and we attribute the lower Hz desorption from Cu(100) to the
influence of residual Fe.

2.6 Thermal electron beam evaporation

The fabrication of iron carbide thin films discussed in this thesis involves the
deposition of metallic iron onto a Cu substrate single-crystals via physical vapour
deposition. To this end, the UHV set-up is equipped with a dual pocket electron beam

evaporator (Tectra Gmbh e-flux2). The shield around the evaporation source is
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water-cooled and prevents excessive degassing of the source during operation at
high temperatures.

For Fe deposition, an iron rod (99.997% GoodFellow) is biased by a high positive
voltage of up to 2 kV. As a result, electrons from the surrounding filament are
accelerated and bombard the tip of the rod, causing it to become heated so that iron
starts to evaporate. The evaporated iron is partly ionized, and the evaporation rate
can be measured by measuring the flux of positive ions [16]. These high-energy ions
should not reach the surface as they may lead to sputtering damage. Thus, an ion
trap is placed at the very tip of the evaporator to deflect the Fe ions so that they do
not reach the sample surface and only neutral species arrive. To ensure
reproducibility, we used a constant power to the Fe rod to obtain a flux of 20 nA for
all the experiments in this thesis. Different Fe thicknesses were achieved by
changing the evaporation time [49]. The Fe films are typically grown at 300 K at a
typical pressure of 1 x 10"° mbar during evaporation and a deposition rate of ~0.5

ML per minute.

2.7 Reflection Absorption InfraRed Spectroscopy (RAIRS)

Infrared absorption spectra were recorded using a Perkin Elmer Frontier
spectrometer. After leaving the spectrometer, the (p-polarized) light travels through
a compartment with custom-made optics that focus the beam onto the 8 mm disc-
shaped sample. The light enters the vacuum chamber through a KBr window and is
reflected off the sample surface, and the angle of incidence is 15° with respect to the
surface plane. After reflection, the light leaves the vacuum chamber through another
KBr window, after which it is focused onto a liquid nitrogen-cooled MCT detector. All
parts of the beam path at atmospheric pressure are flushed with dry N2 to eliminate
signals from CO:z (g) and Hz20 (g) from the spectra. The spectrum obtained by
reflection from a clean Cu(100) sample was subtracted from the spectra, and in
addition, a spline background was used to eliminate changes in the background
resulting from sample heating. All spectra were measured with a resolution of 4 cm™

and a step size of 0.5 cm.
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3.1 Introduction

ABSTRACT: Iron carbide (FexCy) thin films were prepared via iron evaporation on Cu(100)
followed by ethylene adsorption and heating to 500K. Epitaxial growth of iron on Cu(100) led
to the coexistence of FCC(100) and strained BCC(110) iron, whereby superstructure spots
appear in the Low Energy Electron Diffraction (LEED) patterns at almost every coverage.
Synchrotron X-ray photoelectron spectroscopy (SR-XPS) and Auger electron spectroscopy
(AES) confirm that a pure carbide is formed after ethylene dissociation, showing a single peak
at 282.6 eV in the Cls spectrum, and three characteristic Auger transitions in the Ck.. Auger
spectrum. Quantification of H2 produced during ethylene decomposition shows that a
maximum of 0.5 ML carbon can be deposited for films that cover the substrate completely (2-
12 ML). Carbon atoms enforce a tetracoordinate square planar arrangement of the
surrounding iron atoms, creating a p4g(2x2) clock reconstruction with coverage of 0.5 ML,
forming a Fe2C surface composition. The electron diffraction does not show any spots related
to BCC-Fe(110), indicating that the structure of the underlying Fe layers transforms into the
FCC structure when the outermost layer reconstructs into the p4g(2x2) clock reconstruction.
The formation of bulk carbide with a p4g(2x2) surface structure was found after evaporating
Fe in an ethylene atmosphere.

This chapter was published as: D.Garcia Rodriguez, M.A. Gleeson, J.V. Lauritsen, Z.Li, X.Yu,
J.W. Niemantsverdriet, C.J. Weststrate. Iron Carbide Formation on Thin Iron Films Grown on
Cu(100): FCC Iron Stabilized by a Stable Surface Carbide. Appl.Surf.Sci. 585 (2022) 152684.
https://doi.org/10.1016/j.apsusc.2022.152684

3.1 Introduction

FexCy finds application in various fields due to its magnetic properties, such as in
biomedicine, which can be used for drug delivery or magnetic hyperthermia [1,2].
Iron oxides have also been tested for oxygen reduction reactions as a negative
electrode for application in energy storage [3], and they are also used in the chemical
industry where iron catalysts are being used for Fischer-Tropsch Synthesis (FTS),
among others, due to high selectivity manipulation and low price [4,5]. Although the
bulk structure of catalytically active FexCy particles has been studied extensively
through the years with many different techniques like HRTEM, EXAFS, and
Mdossbauer spectroscopy [6-8], very few experimental studies discuss the structure

and reactivity of FexCy surfaces, where the catalytic action happens. Most articles
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where well-defined FexCy surfaces are studied take a computational approach [9—
14], while experimental work is much more difficult since iron carbide crystal surfaces
are not commercially available. Although iron carbide films can be formed on single-
crystal surfaces of Fe, e.g., Fe(100), Fe(110), and Fe(111) [14-17], Fe single-crystal
surfaces are generally hard to clean due to the presence of bulk contaminants such
as sulfur and carbon. In practice, multiple cycles of Ar* sputtering combined with
prolonged heating in a H2 atmosphere are often needed to remove these persistent
impurities [18,19]. Another approach is to evaporate metallic Fe onto a single crystal
substrate of, e.g., Au, an approach that has been used often to study thin film Fe
oxides [20—-22] but hardly in the formation of FexCy model systems. A recent study
about Fe deposited on Au(111) used atomic carbon and ethylene as carbon sources
in the carbiding process and highlighted the influence of Fe thickness on the
carburization process [23]. The Fe film on top of Au(111) shows a structural evolution
from a close-packed FCC-like structure for sub-ML Fe film thicknesses to a BCC
[23,24]. Bulk Fe carbide formation was only found to occur for 23ML films, but the
resulting carbide is not pure as the XPS spectrum shows sp® and sp? carbon peaks
along with the carbide peak.

We used a Cu(100) crystal to investigate the influence of the substrate on FexCy
formation. The complexity of the binary system Fe+Cu has been studied due to its
interesting magnetic properties, which vary with Fe thickness and have inspired
detailed LEED and STM studies [25-31]. We refer to the work of Biedermann et al.
for an in-depth discussion about the morphology of thin Fe films on Cu surfaces
[25,32-35].

Carbon monoxide is used as the carbon source for FexCy formation in applied
catalysis, where the oxygen is removed as either CO2 or H20O when CO/H2 mixtures
are used [4]. As oxygen removal is difficult in our model system, ethylene was
instead used as a carbon source.

After outlining the experimental details, we start with a brief discussion of the
coverage-dependent Fe film morphology prior to exposure to ethylene. The
intermediate and final stages of FexCy formation via ethylene decomposition on the
evaporated Fe film are discussed in more detail. We then show how the Fe film

thickness influences the morphology of the carbide layer, followed by an
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investigation of the thermal stability. In the last part, we step away from ethylene
post-treatment of Fe films and briefly study how Fe bulk phases can be produced by

modifying the experimental procedure.

3.2 Experimental

Temperature programmed desorption (TPD), low energy electron diffraction (LEED)
experiments, and Auger electron spectroscopy (AES), with a primary energy of 2000
eV, were carried out in a home-built UHV chamber with a base pressure below 2x10
O mbar. It is equipped with two quadrupole mass spectrometers, LEED/Auger optics,
and a dual pocket e" beam evaporator. TPD experiments were performed using a
QMS located inside a separately pumped compartment with a 5mm wide aperture
connecting the main chamber. During a desorption experiment, the sample is placed
2mm from the aperture to eliminate desorption signals from other parts of the sample
holder. Quantitative evaluation was cross-checked with the simultaneously
measured signal from a second QMS located in the main chamber to eliminate
potential errors that arise from directional desorption [36].

Synchrotron radiation x-ray photoelectron spectroscopy (SR-XPS) was performed at
the Matline beamline at the ASTRID2 synchrotron light source (Aarhus, Denmark).
Fe3p and Cu3p, Cls, and O1s core level spectra were recorded in normal emission
using photon energies of 150eV, 380eV, and 650eV, respectively. The Fermi edge
measured at each photon energy was used to calibrate the binding energy (BE)
scale. STM was measured using a home-built Aarhus STM at the Interdisciplinary
Nanoscience Center (iNANO).

For TPD and LEED/Auger experiments, a disc-shaped Cu(100) single crystal was
mounted using a U-shape 0.5mm (diameter) tungsten (W) wire placed in a couple of
slits at the side of the sample. The W wire was in thermal contact with a liquid
nitrogen reservoir to reach sample temperatures of ~90K. The temperature was
measured using a K-type thermocouple fixed in a small hole on the side of the Cu
sample. Heating was achieved by passing a direct current through the support wires.
For the SR-XPS and STM measurements, a hat-shaped Cu(100) single crystal was

mounted in a Ta sample holder. The sample is heated using a filament placed at the
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3.3 Iron thin films structure and morphology

backside of the sample. e beam heating was employed for high-temperature
annealing, while only radiative heating was used during in-situ photoemission
experiments to minimize the influence of the heater on the position of the
photoemission peaks. The temperature was measured using a type K (chromel-
alumel) thermocouple tightly clamped to the backside of the sample. The Cu(100)
substrates (8mm diameter) were cleaned by cycles of Ar* ion bombardment (10
minutes, 1keV and 300K), followed by flash annealing to 1000K, and this resulted in
a sharp (1x1) LEED pattern. Surface impurities, including carbon and oxygen, were
below the AES and SR-XPS detection limit, although small amounts of residual Fe
were occasionally detected by SR-XPS after cleaning.

Fe was evaporated at 300K by electron beam evaporation from a 99.999% purity
rod. The new evaporated Fe film remains up to around 500K, after which alloying
between Fe and Cu becomes significant, particularly for very thin films [37]. Our
studies were, therefore, in most cases limited to <500K to avoid Cu segregation [38].
An evaporation rate of around 0.5ML/min was typically used, and it was calibrated

using the attenuation of Cuwvm Auger electrons.

3.3 Iron thin film structure and morphology

The thickness-dependent iron morphology on a Cu(100) substrate after evaporation
at room temperature was studied using a combination of LEED, STM, TPD, and
AES, where the latter was used to determine film thickness based on Auger electron
attenuation as explained in detail in Chapter 2.

The initial stages of iron growth on Cu(100) were studied using STM, as shown in
Figure 3.1. Height measurements of a 0.6 ML iron film show that the smaller islands
have a height of 0.2 nm, that is, a thickness of 1 ML, with a square-like structure.
The larger islands have a typical height of 0.4 nm (2 ML), while a height of 0.6 nm (3
ML) is seen occasionally. We can see, in these Fe islands, how some of the edges
follow the Cu substrate (direction indicated in (b)), whereas other island edges form
angles of 75°-78°, close to the 70.5° bond angles of relaxed BCC Fe [39]. Thus, the

STM images show a tendency for bilayer island growth in the sub-ML regime, as
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3.3 Iron thin films structure and morphology

reported elsewhere [34,35,40]. Moreover, the LEED and STM images highlight that

the BCC-Fe forms already for a local Fe thickness of 2 ML.

Figure 3.1. 0.6 ML of Fe deposited and imaged at RT. (a) An STM image shows some Fe
clusters with bond angles of 75°-78° close to the BCC (110) bond angle of 70.5°. (Vt=0.15V
1=0.31 (15nm x 15nm)) (b) STM image showing two monoatomic step islands and as bright

spots, the third layer nucleates before the Cu substrate is completely covered (Vi=0.22V
1=0.36V (30nm x 30nm)).

LEED provides information about the surface structure of the iron film before and
after carbon deposition. After the iron is deposited at room temperature, in Figure
3.2, superstructure beams can be observed at 1/4-order positions for coverage of 2
ML, at 1/5-order positions for coverage of 4 ML, and at 1/2-order positions for
coverage of 5 to 12 ML. The superstructure beams are shown as extra spots with
discernible intensities and can only be observed near substrate spots, such as

satellites of the substrate spots.
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Figure 3.2. (a) (1x1) pattern from the Cu(100) substrate after Ar* sputtering and flash anneal
cycle. (b-d) Coexistence of Fe BCC(110) and Fe FCC(100) forming the superstructures
(4x1), (5x1) and (2x1). Colored in green is the FCC(100) unit cell due to Cu(100) and Fe
FCC(100). The unit cell of the BCC-like structure is colored red. LEED were taken at 100
K and with 100 eV electron energy.

On the on-top view (real space schemes), only the top substrate layer (open circles)
and the top iron layer (grey) are displayed for simplicity. The order positions
correspond to the inverse of the distance in real space. In other words, an order of
1/4 in reciprocal space corresponds to a distance of 4 atoms in real space. The
direction of the unit cell in the diffraction pattern needs to be rotated by 90° to create
the real space diagram. With our current techniques, we cannot determine the atomic
distribution of atoms in space, although many studies in IV-LEED and STM can
confirm the distribution of atoms [30,34]. More information on how to extract
information from a diffraction pattern can be found in Chapter 2.

The (5x1) unit cell is characteristic of a ~4 ML iron film on Cu(100), as shown in
several articles [28,31,32,41]. The model of the corresponding surface structure
included in Figure 3.2 (c) is based on the IV-LEED studies by Miiller et al. [42], who
propose that the (5x1) pattern is caused by a BCC-like distortion that affects all Fe
layers in the film where the outermost layer has a strained BCC-(110) surface. This

was confirmed later in STM studies performed by Biedermann et al. [32,33], who
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3.3 Iron thin films structure and morphology

show that the surface of iron films below 6 ML consists of a regular arrangement of
2—4 atoms wide strained BCC twins. STM furthermore revealed that a few per cent
of the FCC-(100) structure [25,34] coexists alongside the strained BCC layer for films
thinner than 4 ML. The amount of FCC-(100) can vary significantly as a function of
experimental parameters such as iron deposition rate and temperature but generally
becomes more abundant for layer thicknesses above 4 ML. A p2mg(2x1) found
between ~5 ML and ~12 ML is attributed to an FCC Fe film with a reconstructed
surface. The corresponding real space structure was determined elsewhere [43] and

is displayed schematically in Figure 3.2 (d).
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Figure 3.3. The figure shows the decrease in the contribution of the CO desorption on Cu

when the Fe coverage increases. In the inset, the CO-titration technique where the CO
TPD series is plotted. For 1 ML of evaporated Fe, there is 50% of free Cu, equivalent to

bilayer island growth. The heating rate of the TPD was 2 K/s.

CO desorption from Cu(100) occurs below 200 K and can be distinguished from CO

desorbing from the Fe-covered part [44], thus providing additional information about

the Fe growth mode on Cu(100). The main panel of Figure 3.3 shows the available
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3.4 Ethylene dissociation on a 4 ML iron film

Cu surface area as a function of the quantity of Fe deposited as derived from the CO
desorption spectra provided in the inset. The data show that 1 ML of Fe deposition
leads to ~50% suppression of the Cu-related CO desorption peaks, consistent with
the growth of bilayer islands observed in STM. This is further corroborated by the
observation that the Cu-related desorption peaks have disappeared after depositing
2 ML. The nature of the peaks at temperatures higher than 200 K will be discussed
in more detail in Chapter 4, related to the reactivity of CO on iron and iron carbide

films.

3.4 Ethylene dissociation on a 4 ML iron film

The 4 ML thick iron layer that appears as a (5x1) overlayer pattern in LEED was
selected for a detailed investigation of carbide formation via ethylene decomposition.
Figure 3.4 (a) shows the Hz (m/z=2) and ethylene (m/z=26) desorption spectra after
dosing ethylene to saturation (~3 L) at 100 K. Hz desorption is seen in two stages
and occurs up to ~425 K. A second ethylene adsorption step at 100 K followed by
heating to 500 K showed only a small quantity of additional H2 produced, whereas a
third cycle did not show any additional Hz production. This indicates that one cycle
is sufficient to saturate the surface with carbon.

Figure 3.4 (a) also shows the Hz desorption spectrum from the Cu(100) substrate
(dotted line), which served as a reference to determine the quantity of carbon
deposited via ethylene decomposition, as explained in more detail in Chapter 2.
Figure 3.4 (b) shows the XP spectra obtained for two subsequent ethylene
adsorption and heating cycles. The intensity of C1s after the second dose of ethylene
hardly changes, confirming that two doses are sufficient to saturate the iron surface
with carbon. The Cls spectrum contains only a single peak in the carbide region
around 282.6 eV, attributed to a carbide of high purity [23,45-49]. This is different
from the FexCy/Au(111) system, where sp? and sp® forms of carbon were reported
alongside carbidic carbon after decomposing ethylene, as shown by the dashed line
in Figure 3.4 (b). A minor shift of 0.3 eV towards higher BE can be attributed to strain
effects [50]. The shape of the Auger spectrum recorded immediately after the TPD
experiments is shown in the inset of Figure 3.4 and confirms that a carbide layer is
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3.4 Ethylene dissociation on a 4 ML iron film

formed, as it clearly shows the Auger transitions at 254.2 eV, 261.5 eV, and 271.3
eV characteristic of carbide [45,50].
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Figure 3.4. (a) As red, the hydrogen desorption for three consecutive ethylene dosing-
heating cycles (2 K/s) on ~4 ML Fe/Cu(100). The desorption of molecular ethylene (m/z=26)
for the first cycle is also provided, along with the desorption of 1 ML Had from the clean
Cu(100) substrate used to quantify the carbon content. Note that its intensity is divided by
2 to match the scale of the other spectra. (b) Cls after dissociating ethylene two times on
the ~4 ML Fe (5x1) film (the red spectrum was recorded after the first ethylene dissociation
reaction, black after the second).

For comparison, we include the C1s spectrum of a ~6 ML Fe/Au(111) film after exposure
to ethylene and heating from [23], shown as a dotted line. The C1 spectrum contains sp2,
sp3, and carbide contributions. XPS spectra were taken with 380 eV photon energy and at
100 K. The inset shows the CkL. Auger spectrum of the 4 ML Fe/Cu(100) film after heating
in ethylene, confirming the presence of carbidic carbon.

SR-XPS was also used to identify the intermediates formed during the heating of an
ethylene-covered ~4 ML Fe/Cu(100) sample. Figure 3.5(a) shows a heat map of the
Cl1s spectral region recorded during a slow heating of the sample, while individual
spectra at key temperatures are shown in Figure 3.5(b). At 100 K, the peak at a BE
of 284 eV is attributed to ethylene molecules adsorbed intact on the Fe surface. The
spectrum between 210-280 K shows two components, at 283.2eV and 282.7eV,
respectively, associated with the first ethylene decomposition product. Ethylene

decomposition on Fe(110) gives acetylene (CzH2) as a product [15]; however, the
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3.4 Ethylene dissociation on a 4 ML iron film

presence of two peaks at 250 K suggests a species with two inequivalent carbons
or a mixture of products. Ethylene decomposition on Ni(100) was studied by high-
resolution XPS, and in this study, vinyl (CH2-CH), as well as acetylene and acetylide
(CCH), were identified as the intermediates formed during ethylene decomposition
[51]. Due to the presence of two peaks at 250 K, we suggest that the species
involved in ethylene decomposition on Fe/Cu(100) are either vinyl or vinylidene
(CH2-C), where the 283.2 eV peak would then be attributed to the H2C- end and the
282.7 eV peak to the -C(-H) end, respectively. The spectral shape changes again
at 300 K, and together with the H2 TPD from the ethylene dissociation, we can say
that 50% of the hydrogen atoms desorbed from the surface at this temperature
leaving acetylene or vinylidene as possible species. Further heating causes the
remaining hydrogen to desorb until 400 K, most likely involving acetylide (CCH or
C=C) intermediates. All carbon atoms in these species have a BE close to 282.5 eV,
characteristic for carbidic carbon and it is difficult to identify the exact composition
from the XP spectrum alone. An additional change of intensity occurs around 425K.
Itis important to clarify that the C1s intensity of the CxHy adsorbates is often affected
by photoelectron diffraction effects, especially for the low kinetic energy used here
(100 eV) [52]. This increase in the C1s intensity is then not related to an increase in
the surface carbon concentration but instead to a change in the chemical nature of
the carbon, and because at 425 K there is no hydrogen adsorbed on the surface, we
attribute this change in intensity to the scission of the C-C to yield atomic carbon.

In summary, we conclude that ethylene decomposition occurs in three steps and
involves similar intermediates to those found on Ni(100), as reported by Neubauer
et al. [51]. Ethylene decomposes around 200 K to form vinyl or vinylidene while the
two hydrogen atoms produced remain co-adsorbed. They desorb around 300 K while
the C2Hx adsorbates dehydrogenate further via acetylide intermediates. At 425 K,

the C-C bond breaks to form atomic carbon.
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Figure 3.5. (a) C1s spectra were recorded while heating an ethylene-covered 4 ML Fe film
in vacuum (hu=380eV, 6K per spectrum, low intensity=dark blue, high intensity=red/black,
heating rate 0.2 K/s). (b) Individual Cls spectra [average of 3-5 scans from (a)]

representative of the temperatures indicated in the figure as white symbols.

3.5 Carbon-induced “clock” reconstruction on iron thin films

Figure 3.6 (b) shows the sharp LEED pattern found after three cycles of ethylene
adsorption at 100 K and heating to 500K on a ~4 ML thick Fe film. The diffraction
pattern shows a p4g(2x2) with missing spots at (h+%,0) and (0,k+%2) due to the
presence of two glide planes that arise from a clock-anti-clock-wise rotation of the
substrate atoms [53-55]. The carbon coverage of 0.5 ML for this structure matches
the experimentally determined carbon coverage of ~0.5 ML. This so-called ‘clock’
reconstruction is known to form due to carbon on FCC(100) surfaces of Ni(100) [54]
and FCC-Co(100) [56], while it occurs under the influence of oxygen on Rh(100) [57].
It should be noted that the LEED diffraction pattern shows no traces of diffraction
spots other than those that come from an FCC lattice. This implies that the whole ~4
ML thick Fe layer, which exposed a BCC(110)-like surface before carbon deposition
as evident from the (5x1) pattern [Figure 3.6(a)], changes to the FCC structure after
transforming only the outermost Fe layer into clock-reconstructed Fe2C. Thus, the
combined characterisation shows that carbon causes a ~4ML thick Fe film on
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3.5 Carbon-induced “clock™ reconstruction on iron thin films

Cu(100) with a distorted BCC(110) structure to reconstruct into an FCC-Fe film
terminated by a clock’-reconstructed Fe.C surface layer, as summarized

schematically in Figure 3.6.

Fe/Cu(100) (5x1) Fe,C,/Cu(100) p4g(2x2)C

Ethylene dissociation
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Figure 3.6. (&) A ~4 ML substrate was used for the carburization reaction. (b) The LEED
pattern obtained after carbon reconstructed the (5x1) Fe surface shows a p4g(2x2), the
carbon unit cell is colored red. The systematic absences (h+1/2,0) and (0,k+1/2) confirm
the glide planes in the structure. LEED patterns were taken at 100K and 100 eV electron

energy
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3.6 Film-thickness dependence
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Figure 3.7 (a) Carbon content as a function of iron coverage, derived from TPD and XPS

analysis after three consecutive cycles of ethylene adsorption at 100 K and heating to 500
K. The dotted line shows the total iron surface area derived from CO-titration. The Cls
spectra confirm the carbide formation in all cases in the inset. (b) The LEED patterns after
carbon reconstruct the iron film confirm the p4g(2x2) formation at all ranges. LEED were
taken at 100K and electron energy of 100 eV.
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3.7 Iron carbide thermal stability

The likelihood of subsurface carbon formation was further explored in a systematic
study of how the Fe film thickness affects the carburization process. Figure 3.7
shows the H2-TPD-based quantification of carbon deposited as a function of Fe film
thickness. Multiple ethylene dissociation cycles were applied for each thickness to
ensure that the value derived corresponds to the carbon-saturated state in all cases.
Also, the carbon coverage was cross-checked with the XP spectra provided in the
inset, confirming that carbide is formed at all Fe coverages, including the sub-ML
regime. The fraction of surface that consists of Fe is included in the figure and was
derived from the CO titration experiment shown in Figure 3.3. Starting at the low Fe
coverage, the carbon content increases along with the fraction of Fe exposed on the
surface but levels off at ~0.5 ML as soon as the Fe film is entirely closed (around 1.5
ML), indicating that the carbon resides only on the surface for the thicker Fe films
and diffusion to the bulk does not occur. The LEED patterns after ethylene treatment
show a very clear and sharp ‘clock’ reconstruction pattern for coverages >2 ML,
whereas thicknesses <2 ML show the same spots but are significantly weaker and
somewhat broader than thicker films, as shown in Figure 3.7 (b). Also, the (1x1)
intensity spots are higher for films that do not cover the substrate completely.

The LEED pattern marked with a white star shows a higher intensity for the (1x1)
substrate spots. The difference in intensity may be associated with the high influence
of the substrate on the diffraction pattern. Additionally, some broadening of the spots
indicates island growth and disorder; however, this disorder does not influence the

purity of the carbide formed.

3.7 Iron carbide thermal stability

The Fe/Cu(100) system is unstable when heated to higher temperatures [58]. For
this reason, the maximum temperature used was limited to 500 K. Iron carbides also
have limited stability as they are known to decompose and form graphitic forms of
carbon, a property used for the growth of carbon nanotubes [57]. The thermal
stability of the FexCy/Cu(100) model system was investigated for an 8 ML thick
carburized Fe film using a combination of AES and LEED, summarized in Figure 3.8.

After heating the FexC,/Cu(100) sample to 700 K, the spectrum shows decreased
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3.8 Bulk carbide formation and decomposition

CkLL peak intensity and a different shape than 500 K. This is attributed to the partial
decomposition of the carbide into graphitic carbon. It can also be seen that the
FeLMM intensity decreases while the CuLMM signal increases, an indication that Fe
starts to diffuse into the Cu bulk. The LEED pattern shows that the spots due to the
p4g(2x2) structure become slightly less intense. The shape of the Ck.. peak after
heating to 900 K has changed, where the three carbide transitions are no longer
there. Instead, the shape now corresponds to that of graphitic carbon [45]. In addition
to this, the Fe peaks have reduced significantly while the Cu peaks have grown
larger. The LEED pattern shows only very weak spots due to p4g(2x2), and it is clear
that the surface carbide has disintegrated. We find that the FexC,/Cu(100) model
system is stable up to 600 K. At higher temperatures, both Fe diffusion into the Cu

bulk and FexCy decomposition destroy the structure of the surface carbide.
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Figure 3.8. AES and LEED were recorded after heating FexCy film to the temperatures
indicated in the figure. The LEED patterns were recorded at 100 K with 100 eV electron
energy.

3.8 Bulk carbide formation and decomposition

The thermal stability tests show that the surface carbide decomposes to graphite
rather than forming subsurface carbon after heating to around 700 K, which also

causes significant Fe diffusion into the Cu crystal, making this approach less suited
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3.8 Bulk carbide formation and decomposition

for fabricating bulk FexCy phases. A different method for bulk carbide formation was
explored in an experiment in which an ethylene pressure of 5x107 mbar was
introduced during a 1.5 ML Fe evaporation at room temperature. After evaporation,
the sample was slowly heated in vacuum to study the thermal stability, as shown in
the heat map of Figure 3.9 (a). The Cls TP-XPS heat map shows the result of
heating the surface after iron evaporation in an ethylene atmosphere. Individual
spectra for selected temperatures from the heat map are provided in Figure 3.9 (b),
providing further information about the chemical identity of the C1s species on the
surface at each stage. The Cls spectrum at 340 K shows a broad peak between
285.5 eV and 282 eV, which is attributed to a mixture of C«Hy species that form during
evaporation in ethylene. The BE of the peak shifts towards lower values, and it
becomes sharper during heating to 550 K, suggesting a transition to the formation of
pure carbide. However, at approximately 640 K, a new peak develops at ~284.8 eV
related to graphite formation [45]. LEED patterns recorded for a slightly thicker film
are provided in Figure. 3.9(b).
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Figure 3.9. (a) Cls spectra after evaporating 1.5 ML of iron in an ethylene atmosphere
(5x107 mbar) at 300 K followed by heating (0.2 K/s) to 700 K. (b) Individual Cls
representative of the temperatures indicated in the figure as white symbols. LEED patterns
were recorded at 100 K and 100 eV electron energy.
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3.8 Bulk carbide formation and decomposition

A blurry pattern is found at 500 K, suggesting high disorder on the surface, whereas
after heating to 700 K, the pattern becomes sharper, forming a p4g(2x2), confirming
the high stability of this structure. The C1s spectrum shows that graphite carbon has

formed, however, the diffraction pattern does not show extra spots related to graphite

formation.
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Figure 3.10 (a) Graph depicting the extent of coverage of different carbon types versus

temperature after evaporating 1.5 ML of iron in an ethylene atmosphere (5x10"mbar),

followed by heating to 700 K at 0.2 K/s. (b) and (c) Individual C1s spectrum with the carbide

reference used for quantification.

Figure 3.10 (a) shows the coverage of various species present during heating, as
derived from the series of XPS spectra shown as a heat map in Figure 3.9(a). To
deconvolute the Cls spectra, we used the surface carbide for an equally thick Fe
film as a carbide reference. After subtracting the known quantity of carbide, the
intensity left is given as a single component and corresponds to the peaks present
between 284.8-283.5 eV. It is attributed to a mixture of species at low temperatures
and to graphite above 600 K. Figure 3.10 (b) and (c) show a couple of C1s spectra
to illustrate how the quantitative evaluation of the spectra during heating was done.
The data clearly show that the carbon coverage is significantly higher than 0.5 ML

(the maximum C coverage found when ethylene is dosed after iron evaporation),
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3.9 Iron carbide thick films (>12 ML)

meaning that carbon, in this case, is also located in the subsurface region of the
sample.

dN(E)/dE [arb.units]

1Cy =272eV

p4g(2x2)
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Figure 3.11. Auger survey spectra of a ~4 ML Fe film after (a) post-dosing ethylene (b)
evaporation in 1x107 mbar ethylene, respectively. The increased Ck.L peak height and the
peak shape indicate bulk carbide formation after evaporation in ethylene. LEED was taken
at 100eV.

3.9 Iron carbide thick films (>12ML)

After evaporating ~20 ML of Fe, ethylene decomposition was used to deposit carbon
as described before. Quantitative analysis of the amount of carbon deposited in each
cycle, provided in Figure 3.13 (a), shows that the first dose of ethylene is enough to
deposit 0.4 ML of carbon on the surface, very similar to what happened with thin
films <12 ML. However, hydrogen desorption continues during further ethylene
deposition cycles, unlike the thin films where saturation was found after two cycles.
The prolonged dissociation of ethylene indicates that there continues to be space on
the surface to accommodate more ethylene decomposition products. The integral of
the amount of carbon deposited reaches a value of 0.82 ML after eight cycles, but

this does not appear to be a saturation point. Figure 3.13 (b) shows a slight increase
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3.9 Iron carbide thick films (>12 ML)

of the CkiL peak with respect to a saturated thin iron carbide surface with the three
characteristic carbide transitions, which excludes the possibility that the carbon
beyond 0.5 ML forms graphitic types of carbon, something that has been found to
happen on Co(0001) after multiple ethylene decomposition cycles [55]. The electron
diffraction pattern after one ethylene cycle does not show signs of surface

reconstruction, and thus no change in the “(3x1)” structure.

Real space

Reciprocal space

(3x1)-bce(110)

Figure 3.12. LEED picture and real space diagram for BCC(110) iron film. LEED was taken
at 100 K and 100 eV electron energy.

Our explanation of the differences in carbon types between thin and thick films is
related to the p4g(2x2) structure. We said before that the p4g(2x2) structure acts as
a carbon trap, and its high stability makes the structure on the surface stable until
700 K, thus creating a constant carbon concentration on the surface. The lack of
p4g(2x2) makes the thick iron carbide film more dynamic. The diffusion of surface
carbon into the bulk after each TPD experiment releases space for the dissociation
products of ethylene to find space to accommodate. The inelastic mean free path
(IMFP) of Ck.L electrons is 0.67nm (3.5 ML), so some of the carbon on the bulk for
films thicker than 12 ML will not be detected; this is the reason why after the
equivalent of 0.82 ML of carbon, quantified with H> TPD, we see only a small intensity

increase of the CkiL peaks.
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3.10 General discussion

In conclusion, the difference between thin and thick iron films on Cu(100) is related
to the formation of a p4g(2x2) on the surface of films below 12 ML. The diffusion of

carbon into the bulk on thick films creates different types of carbon (bulk carbide).
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Figure 3.13. (a) Uptake curve of the carbon coverage against ethylene dose derived from
the H2TPD from the inset. (b) The Auger spectra of a FexCy surface after eight ethylene
cycles, compared to a 4 ML Fe film after three ethylene cycles. In the inset, the CkLL region
compares the carbide reference from a 4 ML with the carbide deposited on 12 ML of

iron. The LEED recorded shows a (3x1) after ethylene dissociation.

3.10 General discussion

While the structure of Fe films on top of metallic single crystal surfaces and their
oxidation to form FeOx has received considerable attention [14—17], much less is
known about their reactivity towards FexCy formation. Li et al. discussed FexCy
formation on a Au(111) substrate, and we here show that a change in the chemical
identity and the surface structure of the substrate, from Au to Cu and from FCC(111)
to FCC(100), profoundly influences the reactivity of the Fe films towards carbide
formation. Thin iron films on Au(111) were unreactive for carbide formation using
ethylene as a precursor, and this could only be achieved on thicker Fe films, while

the formation of other types of carbon could not be avoided.
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3.11 Summary and conclusions

On the other hand, in Fe/Cu(100), we find that ethylene readily decomposes on Fe
films of all thicknesses studied, and a pure surface carbide is formed with a very
different structure compared to Fe/Au(111). For Fe/Au(111), the carbide was
proposed to consist of a BCC-Fe lattice where carbon occupies every second
interstitial site. The strong tendency to form a clock-reconstructed Fe>C surface
carbide on Cu(100) is most likely due to the presence of FCC-Fe(100) up to a
coverage of 12 ML on this substrate, while BCC-Fe forms already for 3 ML Fe on
Au(111). The formation of the carbon-induced FCC-p4g(2x2) structure is apparently
only favourable on an FCC surface, as it does not form on the BCC-Fe(110) surface.
This is also evident from our experiment on thick Fe films with a BCC structure that
does not show carbon-induced clock reconstruction.

The carbon-induced ‘clock’ reconstruction structure is known to occur on Ni(100) as
well as on Co(100) [54,56,59]. Recent calculations show that it is remarkably stable
because the carbon atoms reconstruct the metal surface to create a local
tetracoordinate square planar arrangement that introduces aromaticity due to
overlapping d-orbitals. The resulting bond energy is between 743 and 791 kJmol?,
higher than the bond energies in graphite and diamond [60,61]. The calculations did
not explicitly consider the Fe(100) surface but indicated that the carbon bond
strength increases with decreasing number of d-electrons. Very high stability is
therefore expected for clock-reconstructed Fe(100). Consequently, it acts as a
thermodynamic trap that keeps carbon at the surface and prevents carbon migration
to the subsurface regions. This can explain the absence of bulk carbide formation
on thin Fe films on Cu(100), as the stable surface carbon layer inhibits ethylene
decomposition so that no further carbon can be deposited. This is different on BCC-
Fe films that form only for a thickness of more than 12 ML on Cu(100) and already
for ~3 ML on Au(111). In both these cases, carbon diffused into the subsurface

during heating to 500 K while a different structure forms at the surface.

3.11  Summary and conclusions

Motivated by the lack of experiments in the fabrication and characterisation of well-
defined iron carbide films on Cu(100) and by the results of other groups using
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3.11 Summary and conclusions

Au(111l) as a substrate, we have performed an experimental study on the
morphology and structure of iron carbide on Cu(100) using LEED, AES, SR-XPS
and TPD. Fe grows predominantly in bi-layer islands and forms a closed film around
2 ML. The Fe films adopt a (strained) BCC-like structure coexisting with FCC-
Fe(100). In-situ SR-XPS shows that decomposition of adsorbed ethylene occurs in
three steps, around 200 K, where species such as CCH2 and HCCH:2 are most likely
formed. The next step occurs around 300 K and forms acetylene and CCH species
which gradually lose their hydrogen. C-C bond scission around 450 K leads to the
formation of a pure carbide after heating to 500 K, as confirmed by SR-XPS and
Auger spectroscopy. Further cycles of ethylene adsorption and heating did not
increase the carbon concentration much further, and TPD-based quantification
shows that the carbon concentration reaches a saturation point of 0.5 ML for all films
22 ML.

Carbon deposition causes the surface to reconstruct, as evident from the very sharp
p4g(2x2) electron diffraction pattern seen for all films thinner than 12 ML. The
absence of BCC-related diffraction spots in all cases after carburization suggests
that the Fe film converts to FCC-Fe after modifying the surface with carbon. The
Fe2C surface carbide thermally stable structure up to 600K after which
decomposition to graphitic carbon occurs while iron dissolves into the copper
substrate.

The particularly strong bond between Fe-C in the square-planar structure p4g-(2x2)
acts as a thermodynamic trap preventing carbon diffusion into the subsurface region,
inhibiting the formation of bulk carbide. The bulk iron carbide formation on thin films
could be brought about by evaporating Fe in an ethylene atmosphere. For a 1.5 ML
Fe film, a carbon content of ~0.75 ML was derived from SR-XPS. LEED shows that
the surface of the carbon-rich film still shows the ‘clock’ reconstructed Fe2C surface.
Heating above 600 K causes the decomposition of the carbide into graphitic carbon.
The comparison with a previous carbiding study performed on Fe/Au(111) shows
significant structural and compositional differences. Carbide forms much more easily
on thin Fe films on Cu(100) and has higher purity than the carbide formed on
Au(111). The carbide structure found is also very different: on Au(111), Fe maintains

the BCC structure with carbon occupying interstitial sites, whereas on Cu(100), thin
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Fe film becomes FCC-Fe terminated by a Fe2C surface carbide. Thick films on
Cu(100) grow as BCC iron, and for such films, the ‘clock’ reconstruction does not

occur, and carbon diffusion into the bulk occurs. [62]
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4.1 Introduction

ABSTRACT: The adsorption, desorption and dissociation of carbon monoxide and hydrogen
on iron and iron carbide films supported on Cu(100) were investigated using SR-XPS, AES,
TPD, RAIRS and LEED.

When the iron film covers the copper substrate completely, all the CO molecules pre-adsorbed
at 100 K dissociate between 275-300 K up to a maximum of 0.5 ML of products (0.25 ML Oaqg+
0.25 ML Cad). COad in excess of 0.25ML desorbs molecularly between ~200 K—400 K.

The pre-adsorbed CO on Fe2C desorbs molecularly since the presence of the atomic carbon
inhibits dissociation. The molecular desorption temperature of CO decreases by more than
100 K with respect to the non-carburized iron film. Dissociative adsorption of hydrogen only
occurs on the pure Fe film but is inhibited on iron films passivated by a well-ordered Fe2C
layer. It is possible to populate the carbide-terminated surface using hydrogen atoms
produced on the surface of a hot W filament. The two distinct H2 desorption peaks can be
attributed to a second-order recombination peak from hydrogen adsorbed on iron sites and a
first-order, reaction-limited peak attributed to the decomposition of CH species formed during
exposure to highly reactive hydrogen atoms. Both desorption peaks occur around or below

~250 K, a temperature of ~100 K lower than on pure iron films of comparable thickness.

4.1 Introduction

Carbon monoxide dissociation is a key step in Fischer-Tropsch synthesis, and it is
often considered a slow reaction due to the high strength of the triple bond between
carbon and oxygen and the fact that it is iso-electronic with the highly stable N2
molecule. In the carbide mechanism [1], chain growth proceeds via polymerization
of CiHx intermediates that are either formed by direct CO dissociation into Cad+Oad
followed by hydrogenation or via a hydrogen-assisted scission mechanism, in which
a hydrogen atom binds to the CO molecule to form a CHxOHy species and scission
of the weakened C-O bond into C(H)x + O(H)y subsequently occurs [2,3]. In a CO-
insertion mechanism, CO dissociation is not needed for every step, but it is still
required to produce the first CiHx species that initiates chain growth. In this
alternative mechanism, chain growth proceeds via the insertion of CO into the
carbon-metal bond to form an HxCy-CO intermediate followed by (R-)C-O bond
scission. [4,5].

Although carbon monoxide has often been used as a probe molecule on model

catalyst surfaces, there are only a few studies that discuss carbon monoxide
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4.1 Introduction

adsorption on evaporated iron films and carburized iron films [6-8], while several
experimental studies use iron single-crystal surfaces. For this reason, we compared
our results with the literature on CO on Fe(110) and polycrystalline iron. In a study
by Sieben et al. [9] on Fe(110), CO shows two desorption maxima, one at 420-440
K due to molecular desorption and the other at 750 K due to associative desorption.
The latter peak confirms the CO dissociation on the surface. Scheijen [10]
demonstrated that the molecular desorption of CO from polycrystalline iron occurs
at 100 K lower than on BCC Fe(110). An additional desorption maximum associated
with recombination at 750-800 K confirms the dissociation of CO on these surfaces.
Similar to what occurs with CO and Hz on evaporated films, there is also a dearth of
experimental studies of CO and Hz on iron carbide surfaces. We compared our
results to those of DFT studies done elsewhere on different types of iron carbide
surfaces. Several computational studies of CO on iron carbide surfaces can be found
in the literature [3,11-16]. Ozbek et al. [11] report that the CO dissociation reaction
on a carbon-terminated FesC2(001) surface only occurs on carbon vacancies in the
lattice, while CO dissociation on a carbon-saturated surface is strongly endothermic,
and the desorption is preferred. Similar findings were reported by Gracia et al. [3] on
a FesC: surface, where they did not see any CO dissociation on a surface saturated
with carbon atoms.

Egawa et al. [17] studied the Hz adsorption on evaporated iron films, where they
found the heat of adsorption of hydrogen on the thickest film (8ML) is -71 kJ/mol,
which is low compared to that on BCC Fe single crystals -(88-109 kJ/mol).
According to theory, on BCC Fe(100) single crystal surfaces with different
concentrations of pre-adsorbed carbon, the dissociation barrier of hydrogen
increases as the carbon coverage increases. The calculated barrier for H:
dissociation on clean and pre-covered 0.5 ML carbon on Fe(100) is 23 kJ/mol and
94 kJ/mol, respectively [18].

Once hydrogen has overcome the dissociation barrier, the adsorption energy
predicted with DFT is -74.4 kJ/mol, -144.7 kJ/mol, and -143.7 kJ/mol for non-
carburized Fe(100), FesC2(100)(3-Fold), and FesC(100)(3-Fold/CH) respectively
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4.2 Experimental

[18-20], meaning that hydrogen prefers to adsorb on the carbon-rich
FesC(100) surface (3-fold hydrogen adsorption on carbon atoms and forming a
surface CH fragment).

The present chapter describes our findings on the adsorption and dissociation of CO
and H: on different iron and iron carbide films and film thicknesses. Similar to the
previous chapter, we use a combination of SR-XPS, TPD, RAIRS, and AES to
determine the nature and concentration of the various adsorbates, while LEED

informs us about the surface structure.

4.2 Experimental

Temperature-programmed desorption (TPD), low energy electron diffraction (LEED)
experiments, and Auger electron spectroscopy (AES) were carried out in a home-
built UHV chamber with a base pressure below 2x10° mbar. The chamber was
equipped with two quadrupole mass spectrometers, LEED/Auger optics, and a dual
pocket e beam evaporator. TPD experiments were performed using a QMS located
inside a separately pumped compartment with a 5 mm-wide aperture connecting to
the main chamber. During a desorption experiment, the sample is placed 2 mm from
the aperture to eliminate desorption signals from other parts of the sample holder.
Quantitative evaluation was cross-checked with the simultaneously measured signal
from a second QMS located in the main chamber to eliminate potential errors that
could arise from directional desorption [21].

Synchrotron radiation x-ray photoelectron spectroscopy (SR-XPS) was performed at
the Matline beamline of the ASTRID2 synchrotron light source (Aarhus, Denmark).
Fe3p and Cu3p, C1s, and O1s core level spectra were recorded in normal emission
using photon energies of 150 eV, 380 eV, and 650 eV, respectively. The position of
the fermi-edge was measured after each change of the monochromator settings and
was used to calibrate the binding energy (BE) scale.

Fe was evaporated at 300 K by electron beam evaporation from a 99.999% purity
Fe rod. A freshly evaporated Fe film remains stable up to around 500K, after which
alloying between Fe and Cu becomes significant, particularly for the thin films [22].

Therefore, our studies were usually limited to temperatures below 500 K to avoid
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4.3 Results and discussion

mixing [23]. An evaporation rate of around 0.5 ML/min was typically used, a value
derived from film thickness estimations based on the attenuation of Cuwvm Auger

electrons.

4.3 Results and discussion

In this section, we study the reactivity of carbon monoxide and hydrogen on iron films
of different thicknesses using TP- XPS, TPD, AES and LEED.

4.3.1 Reactivity of CO on 4 ML of Fe/Cu(100)

A heat map of the C1s region during slow heating of a 4 ML Fe film exposed to 5 L
CO (saturation) at 130 K is shown in Figure 4.1(a) and in the selected spectra at key

temperatures to facilitate closer inspection of Figure 4.1(b).
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Figure 4.1. (a) Intensity map of C1s spectra recorded during heating of a pre-saturated CO
on 4 ML Fe/Cu(100) surface in vacuum (hu=380 eV), 6 K per spectra, low intensity=dark
blue, high intensity=red/black, heating rate 0.2 K/s. (b) Individual C1s spectra correspond

to the white symbols in the intensity map.

At low temperatures, the C1s spectra contain a single peak at 285.8 eV, attributed

to molecularly adsorbed CO on top sites [24]. This adsorption site is confirmed by IR

absorption experiments discussed in more detail in section (4.3.3). The intensity of
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4.3 Results and discussion

the CO peak decreases gradually during heating in vacuum due to the desorption of
CO. At 275 K, a new peak appears at 282.6 eV, a binding energy identical to that
found after the ethylene decomposition (see Chapter 3), attributed to atomic carbon
[25] formed by CO decomposition. In Chapter 3, it was found that ethylene
decomposition produces a carbon coverage of 0.5 ML, and the corresponding C1s
spectrum on a Fe film of similar thickness was used to quantify both the molecularly
adsorbed CO and carbon and plotted in Figure 4.2 (a). The coverages found show
excellent agreement with an independent determination of the molecular CO
coverage from a TPD experiment (Figure. 4.2, inset), where the CO-saturated
Cu(100) surface with 8co=0.57 ML served as a quantitative reference. [26]

The quantitative analysis shows that the coverage of the CO-saturated surface is
0.58 ML, somewhat higher than the 6.9x10'* atoms of CO/cm? (0.4ML) reported on
BCC Fe(110) but lower than the 1.2x10% atoms of CO/cm?(1ML) of CO adsorbed on
BCC Fe(100) (atomic density of Fe(110) is 1.7x10%® atoms/cm? and Fe(100) is
1.2x10% atoms/cm?) [27—29]. Comparing the CO coverage of different single crystals
with our surface requires establishing the fraction of Fe(100) and BCC(110) present
on the surface at each thickness. As such, it is not possible to perform the coverage
comparison without conducting an STM analysis at each thickness to determine the
surface composition.

After CO adsorption at low temperature, a single Ols peak is seen at 531 eV in
Figure 4.2 (b), which is attributed to molecularly adsorbed CO. This peak, according
to quantitative evaluation of the C1s spectra, corresponds to 8c0o=0.58 ML used as
a reference to quantify the oxygen coverage after CO dissociation. The Cls data
shows that this happens below 400 K, and the single peak at 528 eV after heating
to 450 K is attributed to atomic oxygen [30]. Quantitative analysis of the peak area
yields an Oad coverage of 0.25 ML, a value that agrees well with the 0.25 ML found
in the quantitative evaluation of the C1s spectra. The O1s spectrum after a second
CO dosing (at 100 K) and heating (to 500 K) is identical to that after the first cycle
and thus shows that one CO dissociation cycle already saturates the surface with
0.25 ML Cad and 0.25 ML Oaq.
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Figure 4.2. (a) The CO and carbon coverages during heating a CO-covered 4 ML Fe film.
The black, red, and blue curves in (a) represent the coverage of the Cls intensity of the
atomic carbon, the adsorbed carbon monoxide and the total carbon content on the surface,
either in the form of CO or atomic carbon, respectively. The integral of the CO TPD
spectrum in the inset is shown as a grey curve, representing the CO species desorbed from
the surface. (b) The O1s spectra after dissociation of CO and after a second dose of CO
show no change in intensity (recorded at 100 K), which indicates no additional Oad was

absorbed after the second dose.

Figure 4.3 shows a collection of LEED patterns taken at different stages of the CO
interaction with the iron film. The pattern obtained prior to CO exposure [shown in
(a)] shows a (5x1) structure typical for a ~4 ML iron film. The pattern after CO
adsorption at 100 K [provided in (b)] shows a blurry and broad c(2x2) pattern and
almost indistinguishable p(2x2) spots. This c(2x2) pattern matches our findings in
Chapter 2, where 0.5 ML of CO was adsorbed on Cu(100) and used as a reference
for quantification. The diffraction pattern after heating the CO-covered iron film is
provided in Figure 4.3 (c) and shows a sharp c(2x2) structure along with a much
weaker p(2x2) pattern with missing spots characteristic of p4g symmetry. The
pattern is difficult to understand since we do not know whether carbon and oxygen
form an atomically mixed layer or if they instead segregate into pure carbon and pure

oxygen islands. The pattern may suggest the latter, where the weak p4g(2x2) spots
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come from clock-reconstructed C-only islands with a local carbon coverage of 0.5
ML and covering 50% of the surface, whereas the strong c(2x2) spots come from
the combined contribution of the carbon-covered part and pure oxygen islands with
a c(2x2) structure and a local coverage of 0.5 ML Oad. However, further information,
e.g. an STM image, would be needed to obtain more details about the morphology

of the surface after CO dissociation.

CO,4/4ML Fe Caa+0.4(CO)-4ML, pdg(2x2)

Figure 4.3. LEED images of (a) (5x1) 4 ML iron film on Cu(100) (b) CO adsorbed to
saturation on the (5x1) at 100 K (c) p(2x2)+c(2x2)/ 0.25 ML Cag+ 0.25 ML Oag after CO

dissociation. Images were taken at 100 K and 100 eV.

As shown in Figure 4.4 (a), TPD was used to study CO reactivity as a function of the
CO coverage. It should be noted that a fresh Fe film was deposited for each CO
coverage studied since the TPD involves heating to a high temperature which

destroys the Fe layer. Apart from CO (m/z=28), only a small amount of Hz desorption
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(~0.05 ML) was found, while the absence of CO2 (m/z=44) desorption excludes that
CO reacts with surface oxygen. For the smallest CO dose (0.1 L), only a single
desorption peak is visible at around 775 K, attributed to the recombination of Cad and
Oad produced by CO dissociation. Additional desorption peaks develop around 675
K as the CO coverage increases and are also attributed to the Cead) + Oag)
recombination reaction. Molecular desorption (at 375 K) only starts to be seen for
the highest CO coverages when the recombination peaks are fully developed, which
is as expected, in line with the TP-XPS data shown in Figure 4.1 and has been
reported elsewhere on a polycrystalline surface [29], Fe(110) single crystals
[23,24,28], and stepped iron Fe(310) and Fe(710) [31,32].

The desorbed amount of CO [ML] from both the low- and high-temperature
desorption features in Figure 4.4 (a) is plotted against the total dosed amounts of
CO [ML] in Figure 4.4. (b). The maximum amount of carbon and oxygen recombined
extracted from the TPD is 0.15 ML, 0.1 ML less than the values obtained in the XPS;
the discrepancy may be attributed to the high temperature needed for the
recombination of Cad and Oag. Stability tests presented in Chapter 3 show that iron

diffuses into the Cu bulk above 600 K, while carbon tends to form unreactive graphitic

carbon.
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Figure 4.4. (a) TPD spectra of CO were obtained after exposing 4 ML iron films on Cu(100)
to various doses of CO at 100 K. The heating rate was 2K/s. (b) The amount of CO
desorbing from 4 ML iron film either molecularly (100 to 400 K) or by recombination (600 K
to 900 K) against the total dosed amount of CO.
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One of the main differences between the desorption spectra of our evaporated iron
film, both (BCC-)Fe(110) and polycrystalline (BCC)-Fe, is the presence of what
appears to be two recombination peaks at 675 K and 775 K for coverages higher
than 0.1 ML (Figure 4.4). These recombination peaks are probably related to the
presence of FCC Fe(100) and BCC Fe(110) on films of between 2-10 ML, and thus
the dissociation products could be accommodated on different adsorption sites.
Unfortunately, no CO dissociation experiments can be carried out on FCC Fe(100),
and no DFT papers are related to this topic. However, the difference in desorption
energy on polycrystalline iron at 775 K is 177 kJ/mol [10], and on BCC Fe(110), it is
152-188 kJ/mol [14], which suggests different desorption temperatures, and thus the
two desorption peaks at 675 K and 775 K could be the consequence of the
recombination of Cag and Oad adsorbed on different sites. It should be noted that from
500 K, the iron and iron carbide films begin to intermix, diffuse and segregate,

complicating any hypothesis related to recombination peaks.

4.3.2 CO reactivity: influence of Fe film thickness

In addition to the 4 ML film thickness discussed in the previous paragraphs, SR-XPS
was also used to study CO adsorption and dissociation on Fe films with a nominal
thickness of 1 ML and 8 ML to determine the effect of thickness on CO molecular
desorption and dissociation. An iron film with a nominal thickness of ~1 ML typically
contains regions with one and two iron layers so that a part of the copper surface is
still available [31,32] while intermixing of copper atoms in the Fe may also occur [33].
Figure 4.5 (a) shows a heat map of the C1s region recorded while slowly heating a
CO-covered 1 ML Fe film, while individual spectra at key temperatures are shown in
the inset. The complex shape of CO photoemission peaks on coinage metals, e.g.
Cu, Ag and Au [29,34,35], is attributed to low energy electron-hole pair excitations
and shows three characteristic peaks on Cu(100) at 285.5, 288.5 and 293 eV. This
sets the CO-on-Cu peak apart from CO-on-Fe, which shows only a single peak.
Using the C1s spectrum of CO-saturated Cu(100), the spectrum of CO on 1 ML

Fe/Cu(100) could be deconvoluted into the two contributions and evaluated

88



4.3 Results and discussion

guantitatively. At 115 K, a CO coverage of 0.6 ML is found, with 0.4 ML CO adsorbed
on Cu and 0.2 ML on Fe.
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Figure 4.5. (a) Intensity map of C1s spectra recorded during heating of a pre-saturated CO
on 1 ML Fe/Cu(100) surface in vacuum (hu=380eV, 6K per spectra, low intensity=dark blue,
high intensity=red/black, heating rate 0.2K/s). Inset Individual spectra corresponding to the
white symbols on the intensity map. (b) The black, red, and blue curves in (b) represent
the coverage of the C1s intensity of the atomic carbon, the adsorbed carbon monoxide and
the total carbon content on the surface, either in the form of CO or atomic carbon,
respectively. The integral of the CO TPD spectrum in the inset is shown as a grey curve,

representing the CO species desorbed from the surface. The heating rate was 2K/s.

All CO adsorbed on copper desorbs molecularly below 200 K, leaving only 0.2 ML
of CO adsorbed on iron. At 300 K, the appearance of a peak at 282.6 eV due to
atomic carbon indicates that some CO dissociates and forms carbide. Figure 4.5(b)
shows that the adsorbed CO coverage calculated from the quantitative evaluation of
the C1s intensity is very similar to the TPD-based quantification of the CO fraction
that desorbs molecularly.
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Figure 4.6. (a) Intensity map of C1s spectra recorded during heating of a pre-saturated CO
on 8 ML of Fe on Cu(100) surface in vacuum (hu=380eV, 6K per spectra, low
intensity=purple, high intensity=red/black, heating rate 0.2K/s. (b) Individual spectra

corresponding to the white symbols on the intensity map.

The experiment shown in Figure 4.6 is similar to that in Figures 4.5 and 4.1, except
that CO was adsorbed on 8 ML of iron instead.

The total CO coverage calculated from the C1s intensity plotted against the
temperature in Figure 4.7 was again consistent with the quantification of the CO
desorption spectra. The total CO coverage calculated was 0.75 ML, a value within
the range of coverages on polycrystalline iron films (0.73 ML) [36]. Approximately
0.25 ML of CO can be dissociated, the same amount as in 4 ML of iron films, leaving
0.5 ML of dissociation products on the surface. The desorption spectrum shown in
the inset of Figure 4.7 is similar to the TPD spectra found by others on Fe BCC(110)
[9,37] and for polycrystalline surfaces [38]. However, the CO desorption temperature
from the 8 ML iron film is 50 K lower than BCC(110) and polycrystalline iron.

Using SIMS, XPS, UPS, and EELS, different groups have shown that CO dissociates
at a temperature of roughly 300 K on polycrystalline iron surfaces, with a rate
constant ten times higher than the desorption constant at a temperature of 390 K

[34], where no more molecular CO remains on the surface [39,40].
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Figure 4.7 The evolution of the molecular coverage of CO on 8 ML of Fe and the amount
of carbide formed derived from the individual spectra from the heat map vs. temperature.
The black, red, and blue curves represent the coverage of the C1ls intensity of the atomic
carbon, the adsorbed carbon monoxide and the total carbon content on the surface, either
in the form of CO or atomic carbon, respectively. The integral of the CO TPD spectrum in
the inset is shown as a grey curve, representing the CO species desorbed from the surface.
In the inset, a TPD spectra that was obtained after exposing an 8 ML film with CO at 100
K to saturation. Heating rate 2K/s.

On BCC Fe(110), Gonzalez et al. [37] reported that the maximum amount of CO able
to dissociate corresponds to 1/8 of a monolayer, similar to the findings on
polycrystalline iron [10] and 0.1 ML lower than those found for Fe BCC(100), 0.25
ML(0.25 Cad+ 0.25 Oad) [41,42]. Thus, the total dissociation products on evaporated
iron films up to 10 ML is higher than in single crystals, probably related to the open
structure of the FCC Fe(100) influence of the film, which can accommodate more
products on the surface.
Figure 4.8 summarises the XPS and TPD results presented in this section. In (a),
the CO TPD spectra from different thicknesses show how the desorption and

dissociation temperature shifts towards higher temperatures with increased
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thickness, also confirmed by XPS measurements summarized in (b). At4 ML and 8
ML, the reactivity is almost identical, meaning a similar surface structure. However,
at 4 ML, the surface is a mixture between FCC Fe(100) and BCC Fe(110), and at 8
ML, the surface is mostly BCC Fe(110). From these graphs, we can also extract the
ratios between adsorbed CO and dissociated CO: For 1, 4, and 8 ML, the ratio
between the total adsorbed CO on iron and the quantity of CO that dissociates is 3:1
(0.15/0.025), 2.2:1 (0.55/0.25), and 3:1 (0.75/0.25), respectively.

We propose that CO reacts as follows on films between 2-10 ML (close film): CO
adsorbs molecularly at low temperatures (100 K) and dissociates into carbon and
oxygen on the surface at temperatures between 275-300 K. Similar values of
dissociation are found on polycrystalline iron or Fe BCC(110) (300 K — 350 K)
[10,24].
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Figure 4.8 (a) CO TPD from iron films of different thicknesses (2K/s) (b) Uptake curve of
the molecular CO coverage extracted from the TP-XPS C1s area. (c) The uptake curve of
the carbon content after CO dissociation was extracted from the C1s intensity in the TP-
XPS

4.3.3 CO on FexC: molecular adsorption, desorption and dissociation

In this section, we examine the results of the interaction of CO with the Fe2C
p4g(2x2) surface carbide, named Fe2C/Fe/Cu(100), for simplicity, which was studied
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using a combination of SR-XPS, TPD, RAIRS and Auger electron spectroscopy.
Chapter 3 describes in detail that the Fe2C structure formed by ethylene
decomposition on Fe films is very stable and acts as a carbon trap, which prevents
carbon diffusion into the bulk so that the surface remains carbon-rich and inactive
for further ethylene dissociation.

Figure 4.9 (a) compares CO desorption spectra from clean copper, a pure (4 ML) Fe
film and a Fe2C/Fe/Cu(100), respectively. The CO desorption from CO-saturated
Fe2C/Fe/Cu(100) shows two desorption peaks (dark blue) corresponding to ~0.25
ML COag with a ratio of ~1:2. The most strongly bound CO desorbs ~300 K
(~0.17ML), around 50 K lower than the most strongly bound molecular desorption
peak from the pure Fe film (red), implying that CO adsorbs more weakly on the Fe2C
surface than on the pure Fe film. The same effect has been observed to a lesser
extent in polycrystalline iron films. It has been demonstrated in the PhD thesis by Dr
F.J.E. Scheijen [36] that carbon on the surface can decrease the desorption barrier
by 10 kJ/mol, attributed to repulsion between pre-adsorbed carbon and COad.

A small desorption peak is observed at 650 K on Fe2C, whose origin is difficult to
determine due to the high temperature. However, there are reports on non-
carburized Fe(100), Fe(111) and polycrystalline iron films that these peaks are
related to the recombination of Cad and Oad [38,43,44]. It was shown in the previous
chapter that saturated iron carbide films are inactive toward ethylene dissociation
due to the presence of atomic carbon, which blocks the sites at which dissociation
products are accommodated. We attribute this peak to contamination during iron
evaporation; if we take the area under the curve, between 600 K and 700 K, the
coverage calculated results in 0.01 ML of Cag+QOad.

Figure 4.9 (b) shows the C1s spectra after adsorbing CO on Fe2C/Fe/Cu(100) at 100
K. The two peaks at 286 eV and 282.5 eV are attributed to COad and have the same
binding energy as COad 0on pure Fe films, while 282.5 eV is attributed to surface
carbide. The decrease of the signal intensity, as well as the shift to higher binding
energy, is attributed to the effect of co-adsorbed CO on the position and intensity of
the Cad peak, as previously reported on cobalt by Weststrate et al. [45] and gold by
Yi et al. [30]. Upon desorption of CO from the carburized surface, the process is

completely reversed; a comparison with the spectrum prior to CO dosing indicates
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that neither the intensity nor the binding energy of the atomic carbon/carbide peak
has changed, and no significant CO dissociation took place. This is confirmed by the
absence of an Oad peak in the O1s region following desorption of CO, as shown in
the inset of Figure 4.9.

CO thus adsorbs intact and does not dissociate on the stoichiometric Fe>C surface,
and IR absorption spectroscopy was used to further characterize molecularly
adsorbed CO on Cu(100), Fe/Cu(100) and Fe2C/Fe/Cu(100). As shown in the inset
of Figure 4.9, the frequency of the C-O stretching band ranges from 2088 cm-* for
CO on Cu(100) to 2030 cm™ for CO on 2 ML Fe/Cu, that is, all in the region for CO
bound on top sites [7,40,46—48]. We note that the spectra of the 2 ML Fe show two
peaks, one for CO adsorbed on Fe and a second for CO on Cu, indicating that the
iron film had not yet fully closed for this small quantity of iron. A sharp peak with a
shoulder at lower wavenumbers can be seen at 4 ML of CO adsorbed on
Fe2C/Fe/Cu(100). According to Tanabe et al. [49], this shoulder could be related to
CO adsorption on an equivalent bridge adsorption site (1942-1970 cm-1). They used
IR to study the different adsorption sites of CO at 90 K on polycrystalline Fe foil and
8 ML Fe film on Cu(100), using different CO doses [7,49]. At low doses (0.2 L), CO
adsorbs predominantly on bridge sites with a band at 1960 cm™. The bridge band
remains unchanged at high doses (1.2 L), but a new band representing adsorption
on top sites can be seen, 2032-2055 cm™.

At this point, there are two hypotheses as to why CO can not dissociate on Fe2C
films. The first is related to electrostatic repulsion between the pre-adsorbed carbon
and the adsorbed CO molecules, making molecular desorption the more favourable
reaction. An alternative explanation is that CO cannot dissociate since the preferred
location for the dissociation products is already occupied [16,41,50]. For ethylene
decomposition, depositing more than 0.5 ML on the surface was found unfavourable,
and we found the same value when adding the C + O dissociation products for the

maximum amount of CO dissociation.
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Figure 4.9. (a) TPD spectra of CO on 4 ML iron and iron carbide film at a heating rate of 2
K/s. In the inset RAIRS spectra of CO for saturated adsorption at 100 K on 2 ML and 4 ML
of iron and Fe2C/Fe/Cu(100). (b) C1s spectrum of CO adsorbed on 4 ML of Fe2C at 100 K,
and after CO desorbed the surface at 500 K. The Black dotted line is the 0.5 ML carbide
reference. In the inset, the Ols intensity after trying to dissociate CO on the iron carbide

overlayer.

Figure 4.10 shows the LEED pattern before and after adsorbing CO at 100 K on a
Fe2C surface carbide, which shows a pattern with p4g(2x2) symmetry prior to and
after CO dosing. This is similar to the results reported by Nieskens et al. [51], who
found that CO adsorption on carbon-covered ¢(2x2)C/Rh(100) did not create extra
spots in the LEED pattern.

-

Fe,C-p4g(2x2) 113eV CO/Fe,C-p4g(2x2) 113eV

@®Adsorbed CO

@ Pre-adsorbed
carbon

Figure 4.10 LEED pictures of (a) A p4g(2x2) before and (b) after adsorbing CO at 100 K.
A proposed model for CO adsorption on Fe2C/Fe/Cu(100). LEED were taken at 113eV and

100 K.
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Proposing a CO adsorption model on Fe2C only based on our IR results is not
enough. In our case, the wavenumber after adsorbing CO at 100 K on iron and iron
carbide is the same, corresponding to a top site on iron. In Figure 4.10. we draw a
model based on this finding, where (A) is an adsorption site where the CO is
surrounded by pre-adsorbed carbon atoms where electrostatic repulsion makes this
scenario the least likely. However, the threefold (B) or bridge sites (C) are more
plausible adsorption options. More experiments with IR, together with DFT, are
required in this system to propose a valid model.

CO dissociation on a sub-saturated iron carbide surface was explored by dosing the
equivalent of 0.3 ML of carbon (=1 L ethylene) onto a 4 ML thick Fe film. Figure 4.11
shows the XPS results obtained before and after CO dosing and heating to 450 K.
The C1s spectrum afterwards shows a slight increase in the atomic carbon signal,
from 0.25 to 0.33 ML, but the Ols spectra provide much clearer proof for CO
dissociation. The Ol1s spectrum, after preparation of the sub-saturated FexCy,
contains only a tiny amount of oxygen, but it shows a peak equivalent to 0.1 ML O
after CO adsorption and heating. An attempt was made to dissociate additional CO
by performing another adsorption + heating cycle, but as we did not find an increase
of either the C1s or O1s, we concluded that one cycle of CO adsorption and heating
created a surface that is inactive for CO dissociation. With the initial carbon
concentration of 0.25 ML, a gain of 0.08 ML Cad and 0.1 ML Oad, the sum of C and O
becomes 0.43 ML, reasonably close to the value of 0.5 ML that we find at the
saturation point of ethylene decomposition as well as after CO dissociation on clean
iron. Thus, this coverage seems to be the point where the reactivity of the surface
shows a pronounced change, irrespective of the exact chemical identity of the
adsorbate.

Concerning the FTS mechanism, our results demonstrate that non-carburized and
partially-carburized iron surfaces contain sites that enable CO dissociation. Since
CO dissociation cannot be rate-determining, as no carbon build-up would occur if it
were, these sites might be necessary to form the iron carbides, which are believed,

as noted earlier, to be active species in the FTS [3].
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Figure 4.11. XPS spectra of the C1s region after CO dissociation on a pre-covered iron
carbide surface with 0.3 ML of carbon taken at 160 K. As a black dotted line, the 0.5 ML
carbide reference after ethylene dissociation. In the inset, the Ols before and after CO

dissociation on a pre-adsorbed 0.3 ML carbon surface.

4.3.4 H, adsorption and desorption on Fe and Fe,C films on Cu(100)

Dissociative adsorption of hydrogen on both pure iron films and Fe>C/Fe/Cu(100)

was investigated using thermal desorption spectroscopy. Figure 4.12 (a) shows a

series of Hz desorption spectra for different Fe film thicknesses using the same

hydrogen dose of 10 L, which was found to be sufficient to saturate the different iron
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films. For an iron coverage of 0.5 ML, only a relatively small single peak at 375 K
can be seen. The shape and temperature of the desorption peaks remain the same
when the Fe coverage is increased from 1 to 6 ML of iron, and only the amount of
desorbed H: increases.
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Figure 4.12 (a) Hydrogen thermal desorption spectra from iron films on Cu(100) as a
function of iron coverage. Hydrogen exposure 10L (saturated). In the inset, the coverage
calculation is extracted from the desorption areas of the TPD. The green line corresponds
to the desorption from a BCC(110) surface. As a black dotted line, the H2 reference from
ethylene dissociation. (b) (5x1) LEED pattern after evaporating 3.4 ML of iron. (c) (5x1)
LEED pattern after adsorbing at 100 K 1 ML of Had. LEED images were taken at 100 K and
100 eV.
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The morphology of the iron film changes from FCC-Fe(100) to BCC-Fe(110) around
12 ML (see Chapter 3). The Hz desorption temperature and shape match the
previous experiments on Cu(100)-supported Fe films reported by Egawa et al.
[17,52]. As in their case, we found that the hydrogen desorption temperature shifts
towards higher temperatures with increased thickness.

We tentatively attribute the new high-temperature shoulder that appears for Bre~12
ML to hydrogen adsorbed on BCC-Fe(110) and note that the spectral shape
converges to the desorption temperature found for polycrystalline pure BCC-Fe films
reported in [53]. The maximum temperature of desorption on iron single crystals,
BCC Fe(100) [44] and BCC Fe(110) [9], vary from 400 K to 450 K, respectively.
Polycrystalline iron [36] and evaporated iron films on Cu(100) [17] are 350 K and 325
K, respectively. The heating rates for these experiments vary from 2 K/s to 10 K/s,
so the desorption temperature difference could be related to this.

The hydrogen coverage is reported relative to a 1 ML Had-on-Cu(100) reference.
The area under the H2 desorption peaks was plotted against iron film thickness and
is shown in the inset of figure 4.12 (a). At a thickness of 2 ML, the area underneath
the H2 desorption reaches a constant value, indicating that the Fe film closes at a
film thickness of 2 ML, as discussed previously in Chapter 3.

Figure 4.12 (c) shows the LEED pattern after 1 ML of hydrogen adsorption on 3.4
ML of iron, where a vague p(2x1)-H is observed. Biedermann et al. [54] observed an
iron surface reconstruction to p4g(2x2) without adsorbants between 5 K and 80 K
on 6-7 ML. On this p4g(2x2), hydrogen is adsorbed, resulting in a p(2x1) with
hydrogen sitting on the threefold sites. In Chapter 3, we found that the p4g(2x2)
reconstruction of the (5x1) iron surface can only occur when carbon is adsorbed on
the surface. Hydrogen or temperature changes cannot lead to p4g(2x2) symmetry.
Therefore, we can exclude the possibility of p4g(2x2) formation due to H adsorption.
Some articles related to the appearance of additional LEED spots due to Had can be
found in the literature: Hads on W(100) [55], Pd [56], and Had on Co(0001) [57]. Boszo
et al. [58] studied hydrogen adsorption on BCC Fe(110) single crystals where
ordered overlayers were observed on coverages between 0.5 ML and 1 ML.
Therefore, we may tentatively interpret this diffraction as an ordered structure in the

evaporated iron films.
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The hydrogen desorption temperature from our experiments was much lower than
the 450 K obtained from the Fe(110) crystal and resembles the BCC Fe(100),
confirming the complexity of this system when interpreting the adsorption and
desorption of hydrogen from iron films.

After adsorbing hydrogen on different thicknesses of iron, we investigated the
adsorption and desorption of hydrogen on fully saturated iron carbide films
(Fe2C/Fe/Cu(100)).

Similar to the case of Cu(100), we found that H2 does not dissociatively adsorb on
saturated iron carbide surfaces (Fe2C/Fe/Cu(100)) even with high doses of Hz, 1000
L at 100 K. Therefore, we used a hot W filament to generate atomic H, which we
found to adsorb on the iron carbide film as well.

Figure 4.13 shows a Hz TPD series after dosing different quantities of Hz on a
Fe2C/4AMLFe/Cu(100). Apart from Hz, no other traces, such as CO (m/z =28) or COz
(m/z=44), were observed. At 0.1 ML of Had, only one desorption feature is visible at
a temperature of 240 K. At higher coverages of Had, a shoulder develops from the
main peak following second-order kinetics (shift towards lower temperatures with an
increase in coverage). In contrast, the temperature of the main peak remains
constant irrespective of the coverage of Hz, characteristic of first-order desorption
kinetics. The desorption spectra from Fe:C and non-carburized iron films
demonstrate that the desorption temperature is almost 100 K lower. As there is no
previous literature related to hydrogen desorption from iron carbide films on Cu(100),
the interpretation of these peaks and the possible adsorption sites must be derived
from DFT results.
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Figure 4.13. TPD spectra of Hz2 from 4ML of iron (blue) and the TPD spectra of Hz2 desorption
(2 K/s) after different dosages on Fe2C/Fe/Cu(100) at 100K as red. H2 was adsorbed onto
the FezC film using a W filament at 100 K. The dotted spectrum is from Hz desorption from
Cu(100) used as a reference, together with H2 desorption from ethylene dissociation shown
as grey. In the inset, the uptake curve in which the areas of the H. desorption from
Fe2C/Fe/Cu(100) have been converted to coverage. The LEED pictures were taken before
(a) and after (b) adsorption of hydrogen (W filament), and (c) pattern after desorbing all
the Had. LEED were taken at 100K and 100 eV.

An uptake curve is shown in the inset derived from the area under the curve of the
TPD spectra. The total content we adsorbed on the saturated iron carbide film is 0.93
ML; we decided to stop the experiment when we reached almost 1 ML of Had, where
the ratio between desorption peaks from a Fe2C / 4 MLFe/Cu(100) is approximately
1:1.

A possible explanation for the 1 order behaviour would be that hydrogen atoms are
reactive enough to create a C-H bond. The 1% order behaviour would be caused by
C-H bond breaking, a 1% order reaction, as the rate-limiting step. This hypothesis
aligns with the size of the 1% order peak in TPD, 0.5 ML Hag, which matches the
carbon concentration. The low desorption temperature, on the other hand, speaks
against the formation of C-H bonds: ethylene decomposition on our Fe films
proceeds in steps, where the first C-H bond is broken around 250 K, but the last C-
H bond in the C-CH species persists up to 400 K. As CH is most similar to the latter
species, it appears unlikely that it would decompose already at 250 K. This also
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could explain the formation of the c(2x2) pattern, where, according to DFT
calculations made elsewhere [18,19], Had Sit on the fourfold site between iron atoms
following second-order desorption, while the other 50% of adsorbed atoms (TPD
peak ratio is 1:1) is bonded to C. Note how we suggest a model, in 4.13 (c) where
no p4g(2x2) can be seen. Instead, an FCC Fe(100) dominates the surface now. The
reasoning for drawing such a model is the following: When H is adsorbed, a C-H
bond is formed, and thus, this weakens the bonding between C and the surrounding
Fe atoms, making the surface slightly reconstructed until all the H is desorbed, after
this, the lack of the fourth bond in C, creates a driving force where the p4g(2x2) is
formed again.

However, without spectroscopic information from, e.g., XPS or EELS, the origin of
the 1% order Hz desorption peak at 250 K remains undetermined.

In their study, Benziger et al. [24] adsorbed Hz on a carbon-contaminated iron single-
crystal surface without using a W filament. It was found that the H> desorption
temperature shifted toward lower temperatures compared to the non-contaminated
surface, and after heating, the carbon diffused into the bulk, similar to what we
observed in our thick films (>12 ML, as discussed in Chapter 3). They also claim,
together with Brucker and Rodin [59], that the adsorption of hydrogen on a
carburized BCC Fe(100) surface at 98 K leads to the formation of methylene, so the
desorption of hydrogen from the surface could be a combination of hydrogen

desorption and methylene decomposition.

4.4 Conclusions

This chapter describes the interaction of CO and Hz on 1,4 and 8 ML of iron and iron
carbide surfaces with different pre-adsorbed carbon concentrations.

Carbon monoxide dissociation on evaporated iron films on Cu(100) is the preferred
reaction over molecular desorption. This is concluded since the desorption peak from
TPD, at 750 K, due to recombination saturates before molecular desorption is seen.
The CO dissociation reaction always occurs independently of the thickness, between

275-300 K, leaving 0.5 ML of products on the surface when the iron films cover the
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substrate entirely. The BE of the C1s after CO dissociation is 282.6 eV, confirming
that CO is a precursor for the carbide phase.

Molecular desorption of CO from a Fe2C surface occurs at a 100 K lower temperature
than uncarburized films, indicating that the pre-adsorbed carbon and CO interact in
an electrostatically repulsive manner, leading to a weakening of the bond between
CO and the surface. Also, the presence of pre-adsorbed carbon inhibits CO
dissociation primarily because carbon atoms occupy the preferred adsorption sites
of the dissociation products. When the iron film becomes thicker, the molecular
desorption temperature of CO increases from 325 K (1 ML of Fe) to 350 K (8 ML of
Fe) until the surface reaches a relaxed BCC Fe(110) structure, where the desorption
temperature is similar to the single crystals.

We found that Hz desorption temperature is also affected by the iron thickness,
showing a shift towards higher temperatures when the film behaves BCC Fe(110),
increasing the similarities with the BCC Fe(110) single crystal and total coverage of
~1 ML Hag.

The carbon on the surface inhibits dissociative adsorption of Hz, thus exciting the Hz
molecule to overcome the dissociation barrier is required for adsorption. The
H2 desorption temperature on iron carbides is 100 K lower than on non-carburized
films, suggesting a weakening of the Fe-H and C-H bonds when carbon is present
on the surface. The desorption temperatures of Hz from Fe2C/Fe/Cu(100) show a
mixed behaviour between second- and first-order desorption. We suggest C-H and
Fe-H bonding, being the latter related to second-order and the 15t order behaviour,
would be caused by C-H bond breaking, a 1% order reaction, as the rate-limiting step.
We wish to conclude this chapter by highlighting the objective of this thesis, which is
to create an iron carbide model catalyst for FTS.

The use of near ambient pressure (NAP)- XPS may prove helpful to push the surface
to higher Hz and H radical pressures in order to evaluate, i.e., whether the carbon in
the p4g(2x2) structure can be removed or/and act as an initiator for chain growth.
Nonetheless, the Fe2C films may have potential applications in the study of catalyst
deactivation or the investigation of the importance of defects on surfaces.

Surfaces with lower amounts of carbon exhibit reactivity towards CO and H:

dissociation. In order to explore the feasibility of iron carbide as a model catalyst,
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lower carbon concentration experiments are necessary to determine if it can be used

as a model catalyst.
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5.1 Introduction

ABSTRACT: |In this chapter, the fabrication of iron carbide films on Cu(111) via ethylene
post-treatment of pre-deposited iron films of various thicknesses are explored. The thin film
morphology and composition were characterized using a combination of AES, TPD, and
LEED. The first part describes the iron film thickness regime below 2.6 ML, where the iron film
prior to ethylene exposure consists of multilayer islands with an FCC-Fe structure. After
dissociating ethylene on such islands, the shape of the Ck.. peak in AES corresponds to
graphitic rather than carbidic carbon. Between 2.6 and 16 ML, Fe forms a mixed BCC-FCC
film. AES after ethylene decomposition indicates that a pure carbide is formed after ethylene
dissociation, while a complex LEED pattern suggests the formation of a mixture of structures,
where the FCC-Fe parts appear to form a clock-reconstructed surface (p4g9(2x2)). This
structure acts as a carbon trap, preventing further ethylene dissociation on the surface. The
behaviour changes for films thicker than 16 ML: the LEED pattern shows that the BCC(110)
surface is formed, but after dissociating ethylene on this surface, the presence of both on-
surface and bulk carbide are identified from quantification of the carbon content and

spectroscopically by means of AES.

5.1 Introduction

The previous chapters describe the fabrication, characterization and reactivity of the
p4g-Fe2C surface iron carbide on iron grown on a Cu(100) substrate. The present
chapter expands on this work by investigating how a change from the Cu(100) to the
Cu(111) substrate affects the structure, composition and morphology of the iron
carbide phase formed after ethylene post-treatment of the iron film.

The literature contains several studies of the structure of Fe films on Cu(111), where
earlier work made use of low-energy electron diffraction [1-3] and Auger
spectroscopy while Scanning Tunneling microscopy [4—8] was used in more recent
studies. These studies show that iron on Cu(111) grows in small multilayer islands,
unlike iron on Cu(100), where the initial bilayer island growth is followed by layer-by-
layer growth. The Fe/Cu(111) film contains a mixture of relatively flat FCC-Fe islands
and ridgelike BCC-Fe structures, which expose the (110) surface, where the BCC
parts become increasingly dominant with increasing thickness. The in-plane nearest
neighbour distance of 2.54 A for FCC Fe(111) is very close to the value of 2.55 A

for the Cu(111) substrate, so little strain is expected. Due to the different shape of
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5.2 Experimental

the BCC-Fe(110) unit cell, only one of the lattice vectors aligns with the FCC(111)
lattice of the substrate so that six differently oriented domains are formed in the so-
called Kurdjumov-Sachs orientation [9—11].

Currently, studies that describe iron carbide formation on Cu(111) are unavailable in
the literature. Li et al. [12] studied iron carbide formation on iron films grown on a
Au(111) substrate. They report that “Fe films with a thickness less than two atomic
layers showed no tendency to form Fe carbide in XPS studies irrespective of the C
source used, while Fe films thicker than three atomic layers readily incorporated C,
either via exposure to ethylene at 500 K or by using atomic carbon as carbon
precursor at 300 K”. Carbon was found to populate both surface and subsurface
sites, but XPS showed that other types of carbon were formed alongside the carbide.
This is different from the findings on Cu(100) described in Chapter 3, where it was
found that a pure surface carbide forms upon ethylene decomposition, even on thin
films, while carbon diffusion into the subsurface region does not occur unless the
initial film is thick and has adopted the BCC form. The present study of iron carbide
formation on Cu(111) was undertaken to understand better the influence of the
substrate on iron carbide formation: Cu(111) has a structure that is similar to Au(111)
but lacks the herringbone reconstruction typical for Au(111). In addition, the lattice
mismatch with FCC-Fe(111) is much smaller, and iron growth on both substrates is
expected to be different.

This chapter starts by providing some experimental details, after which the coverage-
dependent Fe film morphology before exposure to ethylene is discussed in detail.
Afterwards, we demonstrate how the initial structure of the Fe film, which varies with

film thickness, influences the composition and morphology of the carbide layer.

5.2 Experimental

Temperature-programmed desorption (TPD), low energy electron diffraction (LEED),

and Auger electron spectroscopy (AES), with a primary energy of 2000 eV, were

conducted in a UHV chamber with a base pressure below 2x10-1° mbar. The vacuum

chamber has two quadrupole mass spectrometers, LEED/Auger optics, and a dual

pocket e- beam evaporator. The QMS used for the TPD experiments was placed
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inside a compartment with a 5 mm wide hole connecting it to the main chamber.
Desorption experiments typically involve placing the sample 2 mm away from the
aperture to eliminate signals generated by other areas of the sample holder. To
prevent errors that may arise from directional desorption, the quantitative evaluation
was cross-checked against the signal measured by a second QMS located in the
main chamber [13].

For TPD and LEED/Auger experiments, a disc-shaped Cu(111) single crystal was
mounted using a U-shaped 0.5 mm (diameter) tungsten (W) wire placed in the slits
at the side of the sample. The W wire was in thermal contact with a liquid nitrogen
reservoir to reach sample temperatures of ~90K. The temperature was measured
using a K-type thermocouple fixed in a small hole in the side of the Cu sample.
Heating was achieved by passing a direct current through the support wires. The
temperature was measured using a type K (chromel- alumel) thermocouple fixed in
a hole in the side of the sample. The Cu(111) substrate (8mm diameter) was cleaned
by cycles of Ar* ion bombardment (10 minutes, 1 keV and 300 K), followed by flash
annealing to 1000K, and this resulted in a sharp (1x1) LEED pattern. Surface
impurities, including carbon and oxygen, were below the AES detection limit.

The carbon content was quantified from the amount of Hz desorption deriving from
ethylene decomposition, where the hydrogen-saturated Cu(111) surface, with
coverage equal to 0.7 ML Had [14], was used as a reference. The nominal thickness
of the deposited iron was determined by AES following the approach of Tian et al.

[3], who used equation 5.1:
il
1-etsier Eq. (5.1)
—-d
elozo ev

R =R,

The ratio R=Ire(es1ev)/lcuz0ev), that is, the peak-to-peak intensities of the Fe AES line
at 651 eV and the Cu AES line at 920 eV, respectively, while R, =
Iﬁ(esmm/la(gzowfo-% corresponds to the signal ratio of a very thick Fe film and

a clean copper sample, respectively. The values of A correspond to the inelastic
mean free paths in iron. Following ref. [15] these values were taken as Aes1ev=13.8

A and Ao20ev=16.4 A. The thickness of the film, d, was derived iteratively from this
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equation. It should be noted that this approach assumes a film of uniform thickness
over the Cu(111) substrate, but since iron forms 3D island structures, this nominal
thickness is expected to deviate somewhat from the absolute quantity of iron
deposited [7,8,16,17]]. The iron surface structure also changes with thickness,
similarly as in the case of Fe/Cu(100) [18]. These changes in surface structure give
different diffraction patterns, which are well-documented in the literature and were
used to verify the thickness of the evaporated iron film [3,8].

The diffusion barrier of iron into Cu(111) is even lower than on Cu(100) [8], which
makes the experiments sensitive to the loss of iron to the bulk of the copper substrate
during heating. To minimise this effect, the temperature used for the experiments
discussed here was kept below 500 K. For some experiments, an annealing step to
600 K was required to improve the crystallinity of the structure and thus obtain a
better quality LEED pattern.

5.3 Iron thin film structure and morphology

The present section describes the thickness-dependent iron morphology on a
Cu(111) substrate after evaporation at room temperature up to a nominal thickness
of ~16 ML before ethylene decomposition using a combination of LEED, AES and
TPD. Figure 5.1. (a) shows the LEED pattern typical of the thickness regime between
~1 ML and ~2.6 ML. The threefold symmetric p(1x1) pattern with respect to the clean
copper substrate indicates pseudomorphic growth, meaning that the iron atoms
follow the structure of the FCC-Cu(111) substrate.

For films between ~2.6 and ~16 ML (Fig.5.1 (b)), five satellite spots are seen around
each substrate spot, with three in the inner circle and two in the outer circle. They
arise because of the formation of BCC-Fe, which forms six different domains on the
hexagonal Cu(111) substrate, often referred to as Kurdjumov-Sachs orientations
(KS) [4,10,19,20]. These correspond to the alignment of FCC(111) dense-packed
<-110> rows of atoms with the BCC(110) troughs along the <-111> (<001>)
directions [10], as schematically depicted for four different domains in Figure 5.1.
These orientations are also found in Fe on Ni(111) [21], Mn on Pd(111) [22], and Fe
on Ru(0001) [23]. The angular separation of 8° calculated in the LEED pattern in
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5.3 Iron thin film structure and morphology

Figure 5.1 (b) is related to the differences in lattice between BCC a-Fe(110) and FCC
Cu(111) and agrees well with the literature [8]. The reader is referred to the studies
by van der Merwe [20,24,25] for a detailed discussion on the structures of metallic

overlayers.

<2.6 ML Fe/Cu(111) >2.6 ML Fe/Cu(111)

Figure 5.1 (a) LEED pattern of 1ML Fe/Cu(111) film showing a p(1x1) pattern indicative of
FCC-Fe(111). (b) For iron film thicknesses of 3 ML and higher, satellite spots start to
appear around the substrate spots. These satellite spots are caused by BCC(110) domains
with Kurdjumov-Sachs orientations (KS), two of which are explicitly shown (yellow and
green unit cells). The corresponding atomic models are shown in the lower half, where only
four out of the six possible orientations of BCC Fe(110) have been drawn for simplicity.
Also, the Fe FCC(111) phase, represented in blue, appears in the thickness range between

~2.6 and ~16 ML together with Fe BCC(110). The LEED patterns were recorded at 100 K.
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5.3 Iron thin film structure and morphology

The diffraction spots of FCC-Fe(111) overlap with those of the Cu(111) substrate, so
LEED alone cannot determine whether FCC-Fe(111) is still present alongside BCC-
Fe. STM studies reported by other authors [16,17] indicate that both phases coexist
on the surface between 2.6 ML and 16 ML. For example, the ~2.6 ML Fe image in
Figure 5.2 contains relatively large, flat islands attributed to patches with an FCC
structure. The ridgelike structures (white arrows in the STM image) are attributed to
the onset of BCC(110) domain formation, which, in LEED, gives rise to additional
spots with a KS orientation [6].

CO desorption from Cu(111) occurs below 200 K and can be distinguished from CO
that is adsorbed on the Fe-covered part, which desorbs between 300-450 K [26—29].
This was used to deduce the wetting of the copper surface as a function of nominal
iron film thickness. The main panel in Figure 5.2. shows the available copper surface
area as a function of the quantity of iron deposited, as derived from the CO
desorption spectra provided in the inset. The data shows that the available copper
surface area in Fe/Cu(111) decreases much slower with iron thickness than in
Cu(100). For example, the deposition of ~2.8 ML of iron leads to ~60% suppression
of the Cu(111)-related CO desorption peaks, while the same amount of Fe practically
covers the surface of Cu(100). This suggests that Fe grows in the form of multilayer
islands on Cu(111), a conclusion that agrees with STM images of Fe on Cu(111)
[adapted from ref. [17], plotted in the inset of Figure 5.2], which shows multilayer
islands of approximately 5 ML in height after depositing ~2.6 ML Fe. The CO
desorption peaks from the iron-covered parts show that the peak maximum shifts
towards lower temperatures with Fe thickness. At ~9 ML, the iron film completely
covers the substrate, implying that CO desorption from the copper substrate no

longer occurs at these iron coverages.
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Figure 5.2. Two CO titration experiments from iron on Cu(100) and Cu(111). In the inset,
the CO TPD series from different iron thicknesses. STM image of a 2.6 ML iron on Cu(111)
film. The marked line profile is shown below the STM image, which indicates that there are
five layers exposed on the surface before iron completely covers the substrate. Ridgelike
structures are known to be BCC(110) domains indicated by white arrows. STM image
adapted from [17].

5.4 Ethylene dissociation for Fe coverages below 2.6 ML

Our experiments, combined with insights from the literature, indicate that iron films
with thicknesses below ~2.6 ML form multilayer islands. In the LEED pattern of figure
5.3, no extra spots apart from the (1x1) of the substrate are seen, indicating that the
predominant phase at this stage is Fe FCC(111). Figure 5.3 shows that a large
amount of Hz (m/z=2) desorbs in a TPD experiment after dosing 3 L of ethylene at
100 K onto a ~2.6 ML Fe film. A second ethylene adsorption step at 100 K followed
by heating showed only a small quantity of additional H2 produced. Since additional
ethylene exposure steps do not produce significant hydrogen desorption, it is clear
that a single ethylene decomposition cycle already saturates the surface with carbon.
The carbon quantity was indirectly determined by using a reference experiment
where Hz was dosed onto Cu(111) in the presence of a hot filament, such that part
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of the Hz dissociates, and atomic H adsorbs directly on the surface. The (3x3) LEED
pattern afterwards corresponds to 0.7 ML Had [14], and from this quantitative
reference, the maximum carbon content on ~2.6 ML Fe after ethylene decomposition
was determined as ~0.2 ML. The CO titration experiment for 2.6 ML Fe showed that
only 40% of the surface is covered by iron. Assuming ethylene decomposition only
occurs on Fe, the local carbon surface coverage on the iron island surface is 0.5 ML,
the same coverage found on Cu(100) for saturated pure carbide. More information
about the chemical identity of carbon was obtained by Auger electron spectroscopy.
The shape of the CkLL spectrum after two ethylene cycles (shown in the inset of
Figure 5.3) differs from that of a pure carbide reference. It contains features similar
to the spectrum of graphitic carbon - for which a reference spectrum is included -
and thus shows that a mixture of these different forms of carbon is present instead
of a pure carbide, in contrast to the Fe/Cu(100) case. The LEED image after two

ethylene cycles shows no differences with the p(1x1) of the clean iron surface.

1
Pure carbide reference
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Figure 5.3 H2 desorption spectrum from the first and second dose of ethylene (2K/s) on 2
ML of iron. The desorption of 0.7 ML Had from the clean Cu(111) substrate was used to
quantify the carbon content. Note that its intensity has been divided by 2 to match the scale
of the other spectrum. The p(1x1) LEED and Ck.L Auger spectra were taken after two

ethylene decomposition cycles at 100K/100eV and 300K, respectively.
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5.5 Ethylene dissociation on iron for film thicknesses between 2.6 ML
and 16 ML. Carburization on BCC Fe(110) + FCC(111) mixtures.

The carburization of the BCC-rich iron film that forms above 2.6 ML of Fe on Cu(111)

is markedly different from that of the thinner films. Figure 5.4 shows the hydrogen

(m/z=2) desorption spectrum after dosing ethylene to saturation (~3 L) at 100 K on

3 ML of Fe (which covers 60% of the surface). Three doses are enough to saturate

the surface. For a ~3 ML iron film, the maximum amount of carbon that can be

reached is ~0.3(%-0.05) ML, where the error margin stems from the uncertainty about

the amount of hydrogen adsorbed during Fe evaporation prior to ethylene dosing. In

contrast to the thinner films, the CkiL Auger spectrum shows the three characteristic

carbide features confirming that a relatively pure carbide is formed.
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Figure 5.4. Hz desorption from ethylene dissociation from a 3 ML Fe film on Cu(111). In the

inset, the CkLL Auger spectra after the fourth dose of ethylene show the three carbide

transitions. The Auger spectrum was taken at 300 K.

The LEED patterns recorded before and after ethylene dissociation on a 3 ML Fe

film are provided in Figures 5.5 (a) and (b), respectively. The pattern before ethylene
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Carburization on BCC Fe(110) + FCC(111) mixtures.

treatment shows the weak KS spots related to the BCC(110) phase alongside the
more intense (1x1) spots due to FCC-Fe and the substrate. In the pattern recorded
after ethylene decomposition, shown in Figure 5.5 (b), the BCC(110)-related spots
have become very weak, while very faint spots in between the (1x1) substrate spots
suggest that a disordered structure is formed. A flash anneal to 600 K increases the
order of the surface structure and shows a complex pattern. The same pattern was
also found on thicker films up to a thickness of 16 ML after ethylene treatment and
annealing. The three carbide transitions in the CxLL Auger spectrum provided in the
inset of Figure 5.5 confirm that a pure carbide structure is present after annealing.

The pattern is tentatively attributed to a complex mixture of carbide-terminated FCC-
Fe and BCC-Fe phases, where a p4g(2x2) clock reconstruction forms on top of the
FCC-(111) parts, in a similar manner as earlier reported for carbon on Co(0001) [30]
and Ni(111) [31,32]. A more detailed discussion of the possible structure responsible

for this complex pattern will be provided later.
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Figure 5.5 (a) LEED taken after evaporating ~3 ML of iron. (b) LEED taken at 100 K after
four cycles of ethylene decomposition (c) Sharp LEED pattern found after annealing to 600
K. The inset shows the CkiL spectrum, which indicates that carbidic carbon is present (three

transitions in the CkLL spectrum) after annealing to 600 K. LEED were recorded at 100 K
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5.5 Ethylene dissociation on iron for film thicknesses between 2.6 ML and 16 ML.
Carburization on BCC Fe(110) + FCC(111) mixtures.

Iron thickness vs. carbon content
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Figure 5.6. The black curve shows the maximum amount of carbon that can be added to

different Fe coverages. The curve flattens at approximately 4 ML, and the maximum
amount of deposited carbon is 0.35 ML. The red line shows the total iron surface area
derived from CO-titration. Each inset shows two Ck.LL spectra, where the dotted red

spectrum is a pure carbide reference from Fe2C on Cu(100).

Figure 5.6 shows the Ha-TPD-based quantification of the amount of carbon
deposited (black line) as a function of the exposed iron surface area derived from

the CO titration experiment in Figure 5.2. In all cases, multiple ethylene dissociation
cycles were applied for each sample to ensure that the value derived corresponds
to the carbon-saturated state. One sees that the carbon content increases in
approximately the same way as the exposed amount of surface Fe and reaches a
value of 0.4 ML of carbon when the substrate is completely covered (~>7 ML). This
indicates that carbon does not diffuse into the bulk but stays on the surface. In all
cases, the same complex LEED pattern was found after annealing. On Cu(100), the
stable clock reconstruction was found to act as a carbon trap that prevents carbon

from diffusing into the bulk and thereby limits the carbon uptake of the sample. The
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5.6 Ethylene dissociation on a thick iron film on Cu(111), with ~16 ML of iron

complex structure found on Cu(111) likely has the same role: it is highly stable and
traps the carbon in the surface region. With carbon trapped there, the formation of

the bulk carbide is not possible.

5.6 Ethylene dissociation on a thick iron film on Cu(111), with ~16 ML

of iron

In this coverage regime, around 16 ML, a pure BCC(110) film forms through which
the Cuwwm signal is no longer visible. The Fe coverage was estimated by
extrapolation based on the evaporation time, using the same filament power as for
the thinner films. The TPD desorption series for ethylene dissociation in Figure 5.7
shows that the first ethylene decomposition cycle deposits ~0.4 ML of carbon on the
surface. Subsequent ethylene decomposition cycles continue to produce significant
H2 desorption in contrast to the case for the thin films, which saturate after a few
ethylene cycles. In the experiment, up to eight ethylene cycles were applied, but for
clarity, only four of the desorption spectra are provided in Figure 5.7. The fourth, fifth
and sixth doses show the same amount of desorbed Hz, suggesting that ethylene
can always dissociate on the surface, similar to what happened on thick films of Fe
on Cu(100). The constant hydrogen desorption after ethylene dissociation confirms
that the surface cannot be saturated with carbon, implying carbon diffusion into the
bulk, which only happens in our experiments for pure BCC iron. A comparison of the
CkLL shape for 16 ML FexCy/Cu(111) and 16ML FexCy/Cu(100) in Figure 5.7 (b)
shows the three transitions typical of a pure carbide. The subtly different shape of
the peaks compared to the surface carbide reference indicates that a large amount
of carbon deposited occupies a combination of surface and bulk sites, as discussed
in Chapter 3.
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5.6 Ethylene dissociation on a thick iron film on Cu(111), with ~16 ML of iron

0.8
(a) . (b)
-—
-
41/
0.6 = , Ethylene
- / o7, dissociation from
= 1%t ethylene dose yds” N ~16 ML of Fe on a
= Cu(100) ’ \ Cu(100) =
() N [l | =
% . - \. Y {stethylene Im
L E 1 dose =
o (.44 a
204 / 2 ! 2 gthylene m
8 n &| 2 ethylene dose I
A 34 ethylene
S % dose Cu(100) " dg;; ylene &
= 5 4" ethylene H 5
8o Elemone e B\ s
g 5| dissaciation from 4 X - ~16 ML Feva j .
2]~16MLof Feon ! W i
@ N H
2/ cu(i11) ! LS Cu(100)
T oot N wiprert s e Py
100 150 200 250 300 350 400 450 500 L
r )
0 Temperature [K] Pure carbide referenceCy =272 V|
1 1 T L] 1 1 1 T v 1 M 1 M 1 v 1 v 1
0 1 2 3 4 5 6 7 8 9 240 250 260 270 280 290

Ethylene dose Kinetic energy [eV]

Figure 5.7. (a) Uptake curve of the carbon coverage against ethylene dose on a 16 ML iron
film on Cu(111), derived from the H2TPD from the inset. (b) The Auger spectra of a FexCy
surface after four ethylene cycles, compared to FexCy with a 16 ML nominal thickness on
Cu(100) for comparison.

Figure 5.8 shows the diffraction patterns before and after two ethylene dissociation
cycles. The pattern of the pristine iron film right after evaporation corresponds to the
different domains of BCC(110), which become somewhat weaker after ethylene
treatment. The pattern sharpens after a short annealing step at 600 K [shown in (c)],
and very vague spots are seen at the (2x2) positions after enhancing the image
contrast. On BCC Fe(110) on Au(111), a (2x2) structure was found by STM after
carbon. We, therefore, tentatively suggest that the faint extra spots at the (2x2)
positions seen in the present LEED study are due to the same Fe BCC(110)/Au(111)
structure [33].
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5.6 Ethylene dissociation on a thick iron film on Cu(111), with ~16 ML of iron
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Figure 5.8 The evolution of the diffraction patterns from a thick iron film before (a) and after
ethylene dissociation (b). The blurriness in pattern (b) suggests that the iron carbide film is
disordered, and after annealing (c), the spots become sharper and reveal what appears to
be a (2x2) unit cell. In the inset: The AES spectrum after annealing the surface, where the
three carbide transitions and the shape resemble bulk carbide. LEED images were taken
at 113 eV and 100 K.

Thick Fe films with a pure BCC bulk structure thus react in a fundamentally different
manner compared to the FCC-Fe and mixed FCC-BCC films formed for thin iron
layers, which tend to form stable surface carbide that traps carbon at the surface and
prevents carbon diffusion to the bulk. For thick iron films, the absence of such a

‘carbon trap’ causes the carbon to diffuse into the bulk so that a much higher carbon
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5.7 General discussions

content can be reached and bulk carbide formation occurs. We note that this is
similar to the behaviour found on Cu(100) and described in Chapter 3, where bulk

carbide formation was only found for thick Fe films.

5.7 General discussion

The fabrication and structures of iron carbide on Cu(111) were studied using AES,
LEED, and temperature-programmed desorption. Three different coverage regimes
can be distinguished for the carburization process. For thicknesses below 2.6 ML,
only the FCC(111) iron phase is present in the form of multilayer islands that cover
part of the substrate. The total carbon that can be adsorbed is 0.25 ML, and AES
indicates the presence of graphitic carbon instead of the carbide, as it was seen for
Cu(100) for similar coverages. For coverages above 2.6 ML, BCC Fe(110) starts to
form alongside FCC Fe(111). After dissociating ethylene on top of this surface, AES
shows only carbidic carbon. A sharp LEED pattern is only seen after heating to 600
K and is tentatively interpreted as a mixture of different phases: the FCC-Fe part
appears to form the ‘clock’ reconstruction, while on the BCC-Fe parts, a different
structure appears to be formed. The structures formed act as a carbon trap,
preventing carbon from diffusing into the sub-surface and bulk. Only BCC-Fe is
present for coverages higher than ~16 ML in multiple domains. Repeated ethylene
decomposition cycles continue to deposit carbon on the sample, which indicates that
carbon can diffuse into the bulk.

The Cku peaks show that ethylene decomposes to carbidic carbon except for the
thinnest films, where a significant amount of graphitic carbon was found instead. This
coincides with the regime where LEED shows only FCC(111) spots, and we attribute
the different nature of the carbon found to this difference. Single crystal studies on
Ni(111) and Co(0001) show that ethylene decomposes initially to acetylene [30,34].
The acetylene intermediates can decompose via C-C bond scission to atomic carbon
but may instead also polymerize into graphitic-type structures, as found by
Weststrate et al. [30] on Co(0001). We propose that both mechanisms are active on
the thin FCC-Fe(111) film so that a mixture of atomic and graphitic carbon is formed

afterwards. Thicker films expose BCC-Fe(110), and while single crystal studies on

124



5.7 General discussion

this surface show that ethylene also decomposes to acetylene, the decomposition of
the CzH: intermediate to CHx was instead found to be dominant [35]. The lower
tendency for graphene formation may be related to the poor match of the BCC-(110)
lattice with graphene, unlike FCC-Fe(111), the lattice of which fits very well with that
of graphene. In Chapter 3, the decomposition of ethylene was found to proceed via
vinyl (CH2-CH-) or vinylidene (CH2-C-), followed by acetylide (CCH-), and finally
carbide, not via acetylene. Here, the absence of acetylene intermediates rationalizes
why no graphene was found.

The LEED pattern found after annealing the carburized iron layers, between 3-16
ML, shows many spots belonging to multiple domains and possibly different iron
phases, making the interpretation complex. Figure 5.9 shows the LEED pattern after
ethylene dissociation on a 3 ML iron film, where different markers are used to
indicate the various families of spots attributed to a specific structure along with the
corresponding unit cells.

The pristine iron film consists of a mixture of BCC and FCC-Fe, and in analogy to
Ni(111) and Co(0001) [30,34], it is possible that a clock-reconstructed p4g(2x2)
surface carbide forms on top of the hexagonal FCC-Fe(111) lattice. This overlayer
has a square-shaped unit cell that can exist in six orientations relative to the (111)
pattern. The resulting spots, marked with a circle, are located on rings (f,d) and (c,b)
and account for the most prominent spots in the observed pattern. Focusing on the
spots that surround the substrate spots, it can be seen that the weak spots in ring
(a) cannot be accounted for by the clock reconstruction. Instead, we attribute the
spots in ring (a) to the different domains of BCC-Fe(110), a structure that also gives
rise to spots in ring (b) that overlap with those of the clock-reconstruction. In addition
to these, weak spots are seen on a ring labelled as (e) and also on a ring labelled as
(X). While some of these spots may be associated with a (2x2) structure on the BCC-
(110) surface, their exact origin remains unclear. We, therefore, emphasize that the
interpretation of the LEED pattern is tentative, and further structural characterization
is needed to unravel the details of the structure formed. Atomic-resolved STM has
proven to be a good technique for determining different phases on surfaces, as
Biedermann et al. [36] did to confirm that FCC Fe(111) and BCC Fe(110) can coexist.
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Figure 5.9. The same LEED pattern is shown, for simplicity, three times after evaporating
3 ML of iron at 300 K on a Cu(111) surface, followed by carburization using ethylene as a
carbon precursor and annealing to 600 K. Different phases can be distinguished from the
pattern and are represented by different symbols. In (a), the square-shaped unit cell from
the p4g(2x2) on top of the Fe FCC(111). (b) The non-carburized Fe BCC(110) (Kurdjumov-
Sachs). (c) Possible (2x2) unit cell on the Fe BCC(110) on top of the Fe FCC(111). The
white dotted circles were painted as a guide to assign the different spots. Not all the unit
cells were drawn, nor all the spots were assigned for clarity. Next to the LEED patterns, a
simulation was generated using LEEDpat42 software for each one of the scenarios. LEED
pattern was taken at 100 eV and 100 K

In conclusion, the iron carbide fabrication process on the Cu(111) substrate
produces a heterogeneous structure for thicknesses <16 ML and the mixture of
phases formed after carbon deposition makes this substrate less ideal for fabricating
well-defined iron carbide model samples. The techniques used here, AES and
LEED, were — although informative — inconclusive. Further experiments using SR-
XPS and STM are suggested to study the chemical nature of the carbon layer formed
on FCC-Fe(111) and to obtain more information on the ordered structure formed
after annealing on Cu(111).
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6.1. Introduction

ABSTRACT: Auger spectroscopy, TPD, RAIRS, and LEED were used to investigate
molecular desorption and dissociation of carbon monoxide on iron and iron carbide films
supported on Cu(111). The formation of a closed iron film on Cu(111) requires ~8.6 ML of Fe,
and on such pure iron films, the maximum amount of CO that can be dissociated is 0.2 ML,
leaving a maximum of 0.4 ML of dissociated products on the surface. A pure BCC-Fe phase
is formed for films with only the BCC(110) phase, above~16 ML, which exposes the (110)
surface. On such films, a maximum of 0.3 ML CO can dissociate. Like Fe2C/Cu(100)
described in Chapter 4, carbon monoxide cannot dissociate on a fully saturated iron carbide
film. The desorption temperature of carbon monoxide on the iron carbide film decreases by
50 K with respect to the desorption from the non-carburized iron film, which is attributed to
weaker bonding of CO in the presence of surface carbon. The carbon monoxide dissociation
reaction has been examined on an 8 ML iron film surface with different concentrations of pre-
adsorbed carbon. The dissociated amount decreases linearly with increasing carbon
coverage, and the sum of dissociation products (Cad+Oad) remains constant at 0.4 ML. After
saturating the surface with carbon and oxygen, the surface becomes unreactive toward any

dissociation reaction.

6.1 Introduction

Heterogeneous catalysts used in the chemical industry are highly complex materials.
The active component is often dispersed on supporting materials, while additives
(promotors) are typically used to improve the catalyst activity and durability. This
high complexity makes commercial catalysts poorly accessible for atomic-level
studies, mainly because the active phase of the catalyst is hard to identify. For this
reason, we aim to develop simple, well-defined model systems for the iron carbide
Fischer-Tropsch synthesis (FTS) catalyst to facilitate such atomic-level studies.

In Chapter 5, we discussed the fabrication and structure of iron and iron carbide thin
films on Cu(111), in which three distinct structural regimes were identified: below 2.6
ML, iron follows the FCC(111) substrate, between 2.6 and 16 ML, the iron film
exposes a mixture of FCC(111) and BCC(110) surfaces, and for thicker films, a pure
BCC(110) surface is formed.

The interaction of CO with the iron and iron carbide surfaces is of great importance

for understanding the catalytic processes in FTS. In general, CO dissociation
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produces carbon atoms required for hydrocarbon formation [1]. References [2—6]
provide an in-depth analysis of CO dissociation and hydrogenation at the metallic Fe
surface. Furthermore, references [1,7,8] show DFT calculations on the catalytic
properties of iron carbides towards CO in FTS. Due to the considerable challenges
in synthesis, mechanistic studies based on experiments are limited [9-11]. Besides
our findings on Cu(100) in Chapter 4, there are no fundamental studies of CO
adsorption on iron carbide surfaces to our knowledge. The successful synthesis of
iron carbide films on Cu(111) allows us to study CO adsorption and dissociation on
the carbide surface.

A comparison of the results obtained by Li et al. [12] on an Au(111) substrate and
our own on a Cu(100) substrate revealed substantial differences: on Cu(100), pure
surface carbides were formed between 0.5 ML and 8 ML of iron, while on Au(111),
pure carbides were impossible to make at any studied iron thickness. To better
understand the origin of the reactivity, we decided to investigate how changing from
Cu(100) to Cu(111) affects carbide formation, as discussed in Chapter 5. In the
present chapter, we investigate reactivity differences of CO on different thicknesses
of iron and iron carbide on Cu(111) in comparison to Cu(100).

An important factor that contributes to reactivity differences between FexCy/Au(111),
Fe2C/Cu(100) and FexCy/Cu(111) are the differences in iron growth mode during
deposition at room temperature. The iron film evaporated on Cu(111) exhibits
different phases from ~2.6 ML to ~16 ML. We tentatively proposed in Chapter 5 that
these phases are: Uncarburized BCC(110) and Fe FCC(111), carburized FexCy
p4g(2x2)-C + FexCy BCC(110). The p4g(2x2) formation on Cu(100) and Cu(111) acts
as a carbon trap inhibiting further ethylene dissociation, and as in Chapter 4, it is
expected that it also inhibits CO dissociation.

In this chapter, we show the CO results on iron and iron carbide films, and in the
discussion section, we compare the results from these films with those from Cu(100)
and Au(111).
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6.2 Experimental

The Reflection Adsorption Infrared Spectroscopy (RAIRS), temperature-
programmed desorption (TPD), low energy electron diffraction (LEED), and Auger
electron spectroscopy (AES) results described in this chapter were obtained using
the home-built UHV chamber with a base pressure of around 2x107° mbar as
described in Chapter 2.

RAIRS experiments were performed in a compartment with a base pressure of
<1x1071° mbar using a Perkin Elmer Frontier spectrometer equipped with a liquid
nitrogen-cooled MCT detector. After passing through a KBr window, the infrared
beam is specularly reflected from the front face of the single crystal and then exits
via a second KBr window to the detector. The spectra were recorded at 100 K with
a resolution of 4 cm™,

The chamber was equipped with two quadrupole mass spectrometers, LEED/Auger
optics, and a dual pocket e- beam evaporator. TPD experiments were performed
using a QMS inside a separately pumped compartment with a 5 mm-wide aperture
connecting to the main chamber. During a desorption experiment, the sample is
placed 2 mm from the aperture to eliminate desorption signals from other parts of
the sample holder. Quantitative evaluation was cross-checked with the
simultaneously measured signal from a second QMS located in the main chamber
to eliminate potential errors that arise from directional desorption [13].

The surface free energy of Cu(111) is lower than iron, which causes copper atoms
to segregate on the surface, reducing the surface energy of the system [14].
Moreover, the surface free energy of Cu(111) is lower than for Cu(100); therefore,
the experiments should not be performed the same way when using different
substrates, i.e., with different maximum sample temperatures. It should be noted that
some of the experiments presented here require temperatures similar to those in
Chapter 4, where the sample was heated to 500 K. At this temperature, molecularly
adsorbed carbon monoxide and ethylene will fully desorb from the surface. However,
some iron will be lost and diffuse into the bulk of the single crystal during the heating

process. A further discussion of this topic is provided in the results section.
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Iron was evaporated at 300 K by electron beam evaporation from a 99.999% purity
rod. An evaporation rate of around 0.5 ML/min was typically used, and it was
calibrated using the attenuation of CuLmm Auger electrons, as described in Chapter
5 (Equation 5.1).

6.3 Results

6.3.1 CO dissociation on different iron thicknesses on Cu(111)

In Chapter 5, the decrease in CO desorption from the copper substrate was used to
infer the iron growth mode and the iron and copper surface areas after different
guantities of iron were evaporated. We found in Chapter 5 that the evaporated iron
does not grow layer-by-layer and is not a flat film, on the contrary, it is a rough layer
with 5 ML height islands, and it takes ~9 ML for the iron film to close up completely.
In this chapter, we use the same data set as in Chapter 5 but now focus on the
desorption peaks from the iron-covered parts to investigate CO reactivity on the iron-
thin film in more detail.

Iron films with six different thicknesses were exposed to carbon monoxide at 100 K
until saturation (3 L). The TPD spectra recorded afterwards are shown in Figure 6.1
(a). On films between 2.5 and 7.5 ML, the desorption peaks below 200 K are caused
by CO desorption from the Cu(111) substrate, and their presence confirms that the
film is not yet fully closed [15].

Molecular desorption of CO from iron occurs up to 450 K and shows a complex
desorption peak shape that varies with Fe film thickness. For films between 2.5 ML
and 3 ML, a high-temperature desorption peak is seen around 400 K. This desorption
feature is only visible in the Fe thickness regime where only FCC Fe(111) is formed
[16]. The intensity of this peak decreases with increasing film thickness while the
intensity of the desorption peaks at 220 K and 320 K increases, indicating a marked
difference in the interaction of CO as a function of film thickness on Cu(111). The
broadening of the desorption peaks indicates some disorder, as discussed in
Chapter 5 (some indications of this disorder are the broadening of the LEED spots

right after evaporation).
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Figure 6.1. (a) CO desorption spectra (2 K/s) as a function of Fe thickness after dosing CO
to saturation (3 L) onto six different iron films at 100 K followed by heating to 500 K. (b)
AES spectra taken at 300 K after heating CO-covered Fe/Cu(111). (c) Uptake curve in
which the intensities of FeLMM, CuLMM, CKLL and OKLL have been normalized and
converted into iron thickness and carbon coverage. The iron thickness is plotted against
the iron surface area and the oxygen coverage after CO dissociation. The dashed line
indicates the surface area of Fe obtained from the desorption of CO from Cu(111) (Chapter
5).

During heating, some CO dissociates, leaving behind carbon and oxygen
adsorbates. The dissociation of CO was investigated with AES as a function of
iron film thickness after heating a CO-covered Fe/Cu(111) to 500 K, above the
desorption temperature of molecularly adsorbed CO. The AES spectra in Figure 6.1
(b) show that carbon and oxygen are present after heating, confirming that CO
dissociation occurs for all Fe film thicknesses. The oxygen found afterwards was
guantified based on the absolute Ok.L signal intensity, where the well-defined
(V2x2V2)R45°-0 structure on Cu(100) with 80=0.5 ML was used as a quantitative
reference (see Chapter 2 and references [17,18]). It should be noted that the copper
surface atom density of Cu(111) is 1.15 times larger than in Cu(100), so the AES
signal intensity from 0.5 ML Oad on Cu(100) is equivalent to 0.43 ML Oad on Cu(111),
and this value was used for quantitative evaluation of the oxygen coverage in the

present work. We note that although the Ck.L intensity is larger than the Ok, the
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latter was used to quantify the amount of dissociated CO as this approach can also
be applied to (partly) carbided films where the carbon signal is already high, making
it more challenging to determine the increase in the carbon signal after dissociation.
In Figure 6.1 (c), the oxygen coverage and iron surface area are plotted against the
iron thickness on Cu(111).

The oxygen content follows a linear behaviour until ~6.5 ML, close to the maximum
iron surface area extrapolated from the CO titration experiment. A marked difference
is seen between the iron surface area, and the amount of CO dissociated, mainly
related to the morphology and structure of the iron film on the Cu(111) (this is

discussed more in detail in the discussion section).

6.3.1.1 CO dissociation on (~16 ML) Fe BCC(110) films

The CO dissociation reaction was studied in more detail for a nominal thickness of
16 ML, where the iron exposes a BCC(110) surface [14,16]. Figure 6.2 shows the
CO desorption spectra for two different iron films with the same thickness,
evaporated at 300 K and subsequently exposed to different amounts of CO at 100
K. The surface was first saturated with 3 L of carbon monoxide and heated to 500 K
to ensure complete molecular desorption. Afterwards, Auger spectra were recorded
at 500 K to determine the surface composition after all the molecular desorption.
Once the spectra were recorded, we resumed the heating process to 800 K to record
the recombination peaks. In the second experiment, a fresh film was prepared after
adsorbing on the surface a smaller dose of CO (0.1 L).

After dosing 0.1 L of CO, the desorption spectrum shows a small desorption peak at
375 K, ascribed to molecularly desorbed CO from the iron surface, while another,
much larger desorption peak is found around 700 K, attributed to the recombination
of atomic carbon and oxygen on the surface [19]. The presence of oxygen and
carbon in the AES measurements during a pause in the desorption experiment at
500 K confirmed the dissociation of CO. The shape of the CKLL spectra shown in
the inset displays the three characteristic carbide transitions while their intensity
corresponds to a carbon coverage of 0.3 ML. This coverage is approximately 0.1 ML
more than for films <16 ML. The carbon and oxygen produced by CO dissociation
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recombine and desorb around 700 K. The area under the recombination peak seen
corresponds to a coverage of only 0.18 ML, a smaller value than the 0.3 ML
calculated with AES. This difference may be attributed to the temperature at which
the system was heated. It is known that oxygen can dissolve into the copper crystal
[20], which consumes a part of the oxygen from CO dissociation so that less

recombination can occur.
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Figure 6.2. TPD spectra (2 K/s) of CO were obtained after exposing two different ~16 ML
Fe films to a low and a high CO dose at 100 K. In the inset, the CkLL Auger spectra after all
the molecular CO desorbed from the surface. The dashed lines are the CO desorption from

the Cu(111) surface and a CkLL spectrum from pure carbide as a reference. E=2000 eV.
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6.3.1.2 Morphological changes upon CO dissociation
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Figure 6.3 The LEED images of (a) 8.6 ML iron film right after evaporation. (b) After CO
desorption from an 8.6 ML iron film. (c) After evaporating ~16 ML of iron. (d) After CO

dissociation on ~16 ML of iron. Images were taken at 100 K and 110 eV.

Figure 6.3 shows a series of LEED patterns taken before and after CO adsorption
and desorption on different iron thicknesses, 8.6 and 16 ML (when the substrate is
fully covered and the film behaves mostly BCC(110)). In Figure 6.3. (a) the LEED
pattern of a pure 8.6 ML iron film where the Kurdjumov-Sachs (KS) spots or
BCC(110) features and the FCC(111) substrate spots can be seen [14,16]. Figure
6.3 (b) shows the same film after exposure to CO followed by heating to 500 K. This
results in the BCC(110) spots getting blurrier and weaker, indicating an increase in
surface disorder probably due to the atomic carbon and oxygen left behind after
heating. For pattern (c), only the KS spots are seen due to the different domains of
BCC(110), while the FCC(111) spots from the substrate and FCC Fe(111) are no
longer visible. Figure 6.3 (d) shows the pattern after CO dissociation on a ~16 ML
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iron film. It is similar to that found in (b), where the blurriness and the extra features
between the substrate spots suggest that carbon and oxygen influence the structure,
but the details cannot be resolved from LEED. In summary, we do not find clear
morphology differences induced by CO dissociation and heating to 500 K in LEED.
For further study, we recommend STM, which could bring valuable morphology
information to resolve the reconstruction, as has been seen previously in other

studies like carbon reconstruction on Ni(100) [21] or on Fe(100) single crystals [22].
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Figure 6.4 (a) TPD spectra of CO obtained after exposing a freshly evaporated iron film
and a saturated iron carbide film (3 ethylene cycles). (b) RAIRS results after adsorbing CO
on an 8.6 ML iron and 8.6 ML pre-adsorbed saturated iron carbide film. CO was adsorbed

at 100 K, and the heating rate was 2 K/s.
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6.3.1.3 CO desorption from iron carbide films

Ethylene can be used as a carbon precursor to create an iron carbide surface on the
Fe/Cu(111) system, as described in Chapter 5. We here use a combination of IR
absorption spectroscopy, TPD and AES to investigate the interaction of CO with the
iron carbide surface formed on Fe/Cu(111). We first look at the carbide surface
obtained after three ethylene dosing cycles on an 8.6 ML Fe film, which produces a
carbon coverage of 0.4 ML, hereafter referred to as the ‘saturated surface carbide’
for short. Figure 6.4 (a) compares the CO desorption spectra from 8.6 ML
Fe/Cu(111) and FexCy/Cu(111), while Figure 6.4 (b) shows the IR absorption
spectra after adsorbing CO at 100 K onto Fe/Cu(111), FexCy/Cu(111) and CO on
Fe/Cu(100) that will be discussed later. A comparison of the desorption peaks of CO
from Fe/Cu(111l) and FexCy/Cu(111l) shows that the high-temperature CO
desorption peak from the saturated iron carbide occurs at around ~50 K lower with
respect to the non-carburized iron film. Also, like in Cu(100) systems, the CO
desorbs at a lower temperature in carburized films than in non-carburized films. The
presence of carbon on the surface weakens the surface-CO bond mainly due to the
electrostatic repulsion [7,23], thus decreasing the CO desorption temperature with
respect to the non-carburized film.

The minor desorption feature seen at 150 K for the carbon-covered sample is related
to CO desorbing from the substrate, which originates from how the experiments were
done. To make the iron carbide, we need first to dissociate ethylene by heating the
surface to 500 K, followed by adsorption and desorption of CO. These multiple
heating steps cause copper segregation and iron diffusion into the copper, thus
losing material in the process and exposing the copper substrate, hence changing
the surface area respect to the freshly evaporated iron film.

The IR spectrum of CO adsorbed at 100 K, shown in Figure 6.4 (b), confirms that
the adsorption of CO on FexCy vs pure Fe is different. CO adsorbed on Fe/Cu(111)
shows one broad absorption band at 2010 cm, indicating that the surface is not
atomically smooth due to the presence of BCC(110) and FCC(111) features. As a
result of this mixture of phases, the CO wavenumber will differ from that found in
BCC(110) single crystals, which is 2036 cm™, and CO on Fe BCC(110) films grown
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on Cu(100) [24]. Tanabe et al. investigated the CO adsorption on different iron film
surfaces with different thicknesses, from 1 ML to 21 ML. Their findings show a
wavenumber change from 2000 cm™! to 2032 cm* with respect to the thickness, the
first value corresponding to top sites on 1 ML FCC Fe(111) and the other to a mixture
on 21 ML BCC Fe(110), respectively. According to Tanabe’s findings, at 8.6 ML,
FCC iron is still on the surface and a substantial amount of BCC(110), as we saw in
the LEED patterns of Chapter 5.

In summary, the wavenumber of adsorbed carbon monoxide on carburized and non-
carburized iron differs by ~38 cm™. This difference in wavenumber could be
attributed to numerous things, but mainly due to the difference between surface
composition and morphology (binding sites, lateral interactions). Also, the desorption
temperature of carbon monoxide is different for carburized and non-carburized films,
the latter being higher than carburized films, suggesting that carbon plays a role in

the desorption energy.

6.3.1.4 Carbon influence on CO dissociation Fe FCC(111)+BCC(110)

The influence of carbon on the dissociation of carbon monoxide was investigated in
more detail on 8 ML films by dosing CO to saturation (3 L) using five different 8 ML
iron carbide films with various amounts of pre-adsorbed carbon. To create iron-
carbide surfaces with different carbon concentrations, we need different ethylene
doses at 100 K, followed by heating to 500 K.

Figure 6.5 shows the Ck.L and the Ok Auger spectra after CO dissociation for five
samples with different quantities of pre-adsorbed carbon. First, on the film without
pre-adsorbed carbon (green), 0.18 ML of carbon monoxide was dissociated, leaving
0.36 ML of dissociation products on the surface (0.18 ML Cad + 0.18 ML Oad). After
pre-adsorbing 0.15 ML of carbon (pink) on the surface, the total Ck.L intensity after
dissociating CO corresponds to 0.25 ML (0.15 ML of pre-adsorbed carbon + 0.1 ML
of Cad from CO dissociation), leaving on the surface a total of 0.35 ML of products.
After pre-adsorbing 0.22 ML of carbon, the total CO dissociated is 0.1 ML, and the

total adsorbants on the surface is 0.32 ML. Figure 6.5 (black) is the iron film pre-
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saturated with carbon after CO dissociation where no OKLL signal is present,
meaning no CO was dissociated on the surface.

Figure 6.5 (b) shows the oxygen coverage [ML] against pre-adsorbed carbon [ML]
for the different experiments. The amount of CO dissociation decreases linearly with
carbon pre-coverage, where the total amount of dissociation products remains
approximately constant at around 0.4 ML.
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Figure 6.5. (a) CKLL and OKLL spectra taken after CO dissociation at 500 K. (b) Uptake
curve of the total CO dissociated against the total pre-adsorbed carbon from ethylene

dissociation decomposition on different ~8 ML iron films.

6.4 Discussion

This section discusses the adsorption and dissociation of CO on iron and iron carbide
films on Cu(111) and compares them to the results on Cu(100). An important
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underlying complexity for the Cu(111) substrate is that the growth mode of iron is 3D
instead of 2D as in the case of iron on Cu(100), and the structure varies with layer
thickness [14]: films below 2.6 ML are coherent with the substrate, and only when
the islands are larger, and the iron thickness is higher than 2.6 ML, the Fe relaxes
into the BCC phase. Also, 8 ML of evaporated iron at 300 K is required to cover the
substrate completely due to 3D growth. The structure of these films, according to
Biedermann et al. [16], has a pyramidal shape (“ridgelike”), and a mixed FCC(111)
+ BCC(110) film is present until 16 ML of iron, after which a pure BCC(110) structure
forms. The heterogeneity of these films makes detailed interpretation of the carbon
monoxide desorption spectra difficult, but comparing the adsorption and desorption

of CO on these films with iron single crystals can yield some useful insights.

6.4.1 CO desorption and dissociation on Fe/Cu(111) and comparison
with Fe/Cu(100)
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Figure 6.6. CO TPD from two different iron surfaces exposing different phases. In (a), 3

and 4 ML of iron on Cu(111) and Cu(100), exposing FCC(111) and FCC(100)+BCC(110),
respectively. In (b), mostly BCC(110) is exposed. Spectra recorded at 2 K/s.
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Figure 6.6 (a) compares the desorption of carbon monoxide from 3-4 ML iron films
supported on Cu(100) and Cu(111). Atleast three different desorption temperatures
in Fe/Cu(111) can be seen, 225 K, 325 K and 400 K, alongside the peaks from bare
copper below 200 K. The absence of the desorption peak at 400 K from the
Fe/Cu(100) film shows that it is inherent to the Fe/Cu(111) system. However, the
peak at 325 K is present in both systems. The iron on 4 ML Fe/Cu(100) forms a (4x1)
BCC-like structure, and we, therefore, attribute this peak to desorption from the
BCC(110) phase. On Cu(111), the film instead exposes a mixture of FCC and BCC.
We attribute the peak at 400 K, only seen on Cu(111), to CO adsorbed on FCC-
Fe(111). In Figure 6.1. it can be seen how this peak at 400 K gets smaller with iron
thickness until it is not present anymore, which suggests that the phase FCC(111)
disappears with increasing thickness (Chapter 5). These desorption peaks are no
longer visible for thicker iron films, 8 ML Fe, where the BCC(110) phase is dominant
on both surfaces.

This explains why the CO desorption spectra for both the Cu(100) and Cu(111)
substrates [shown in Figure 6.6. (b)] look very similar. Note how in Figure 6.6. (b)
these peaks are shifted slightly towards higher desorption temperatures and are
sharper compared to the BCC-related peaks for the thin films. This is probably
because, at this thickness, the BCC(110) phase is the predominant one on the
surface, making it more relaxed and, thus, smoother and more homogeneous.
Figure 6.7 shows the total oxygen concentration after CO dissociation on Fe/Cu(100)
and Fe/Cu(111) together with the total iron surface area against iron thickness. The
total oxygen content on Fe films that fully covered the substrate is 0.05 ML lower for
Fe/Cu(111). Furthermore, the oxygen on Fe film on Cu(100) saturates faster than
Fe on Cu(111). This is seen by how fast the maximum oxygen coverage is reached
at 2 ML Fe/Cu(100) and at 8 ML on Cu(111). This is taken as an indication that the
FCC(100)+BCC(110) is more reactive than the FCC(111)+BCC(110) film, which is
not surprising due to the open structure of the FCC(100), which can accommodate

dissociation products much easier than FCC(111).
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Figure 6.7. Oxygen content as a function of iron coverage derived from AES analysis after
heating to 500 K a pre-adsorbed saturated carbon monoxide surface. The graph also shows
the uptake curve of the oxygen content after CO dissociation extracted from the Cls
intensity in the TP-XPS from Chapter 4.

A closer look at Figure 6.5 shows how the Ck.L carbidic nature decreases when we
decrease the quantity of pre-adsorbed carbon or increase the quantity of adsorbed
oxygen ( the three carbidic transitions are less defined). However, this decrease in
carbidic nature could also be related to carbon diffused into the bulk or the formation
of graphitic carbon. In these cases, no p4g(2x2) symmetry is seen (no carbon trap),
as we mentioned in the LEED patterns of Figure 6.3. In Chapter 4, XPS
measurements on 8 ML of Fe on Cu(100) show a clear BE of 282.5 eV, confirming
carbide formation after CO dissociation, contrary to what we see in the AES spectra
of Figure 6.5 for a system without pre-adsorbed carbon. More experiments with SR-
XPS are required to determine the exact nature of the carbon after CO dissociation

on a non-carburized iron film and semi-saturated iron surface.
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6.4.2 CO desorption and dissociation on FexCy/Cu(111) and
comparison with Fe;C/Cu(100)

This section compares how the CO molecule interacts with iron carbide films on

Cu(100) and Cu(111). Figure 6.8 compares two CO desorption spectra from iron
carbide films on Cu(100) and Cu(111).
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Figure 6.8. (a) TPD spectra of CO were obtained after exposing different thicknesses of
iron carbide to CO on Cu(111) and Cu(100) at a temperature of 100 K and a heating rate

of 2 K/s/. (b) IR spectra after CO adsorption on different thicknesses of iron carbide on
Cu(100) and Cu(111) at 100 K.

Both systems have the same high desorption temperature at ~300 K. However, the

low-temperature desorption peak for the FexCy/Cu(100) system is different than on
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Cu(111). This difference could be attributed to the roughness of the FexCy/Cu(111)
system and the possible Cu segregation after carburizing the iron film. The copper
segregation at 300 K is already high [14], so the non-carburized phase of the iron
film could be covered with copper, reducing the iron surface area for the next
experiment, i.e. CO adsorption on thin films on Cu(111). Figure 6.7 shows a feature
of the aforementioned scenario at ~150 K (red spectrum).

RAIRS experiments were also done in conjunction with the TPD experiments after
adsorbing CO on fully carburized iron films on Cu(100) and Cu(111), as shown in
Figure 6.8. The C-O stretch band on both systems is the same, 2050 cm™, and
corresponds to the adsorption of CO on top sites on the iron carbide surface [25,26].
A surface structure with p4g(2x2) symmetry is obtained after carburizing iron films
on Cu(100) and Cu(111). An extremely highly stable structure that acts as a carbon
trap and avoids any diffusion. Taking this into account, we can say that the results
obtained of CO dissociation reaction on films that form the p4g(2x2), 2-12 ML and
2.6-16 ML, respectively, are very similar.

However, similar to Cu(100), the wavenumber difference between stretch bands of
C-O adsorbed on iron and iron carbide is less than 10 cm™. Hence, no significant
differences are expected in the adsorption of CO on Fe and FexCy on Cu(111). If the
copper substrate was not entirely covered, a stretch band of C-O at 2078-2070cm™
is expected from CO/Cu(111) [27].

Saturated iron carbide surfaces on Cu(100) and Cu(111) show no reactivity towards
CO dissociation. In the presence of carbon, the dissociation products cannot
accommodate on the surface; hence there is a lack of reactivity toward dissociation.
Molecular desorption of CO shifts to lower temperatures also due to the presence of
carbon and the electrostatic repulsion it generates on the adsorbed CO, which
weakens the Fe-CO bond.

6.5 Summary and Conclusions

We studied the CO dissociation reaction and molecular adsorption and desorption
on iron and carburized iron films on Cu(111) through AES, TPD and RAIRS.
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An increase in the Ok intensity confirmed CO dissociation on non-carburized iron
films from FCC(111), FCC(111)+BCC(110) and finally, BCC(110). The quantity of
CO that can be dissociated increases with iron thickness due to an increase in the
projected iron surface area up to 0.4 ML of dissociation products on
FCC(111)+BCC(110) (when the substrate is fully covered by iron). For films with a
thickness where only pure BCC(110) is present, ~16 ML, the maximum amount of
CO dissociation products measured was 0.6 ML (Cad+Oad).

The saturated FexCy/Cu(111), like in Fe2C/Cu(100), is unreactive towards CO
dissociation. The amount of CO that dissociates decreases linearly with the amount
of pre-adsorbed carbon and reaches zero when the surface is fully saturated. The
molecular desorption temperature of CO on iron carbide films decreases between
50 K and 100 K with respect to the non-carburized iron film, suggesting weaker
bonding to the film due to repulsion between carbon and the adsorbed CO. Lower
quantities of pre-adsorbed carbon on the surface show activity towards CO
dissociation confirming that the responsible for inhibiting this reaction is the presence
of carbon on the surface.

Overall, the CO reactivity on FexCy/Cu(111) and Fe2C/Cu(100) are similar. After
ethylene dissociation, both systems form a very stable and unreactive p4g(2x2)
structure, which inhibits any dissociation reaction studied here, ethylene and CO
dissociation.
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7.1 Chapter 3: Iron and iron carbide films on Cu(100). Conclusions and Outlook

The conclusions of the dissertation are presented in this chapter. The chapter
contains several conclusions divided into different sections (structure versatility and
usefulness as a model catalyst) where they are also compared with real-world
conditions. The rationale for using new characterization techniques like STM and
Near Ambient XPS is explained.

To achieve a more representative iron carbide model catalyst, we briefly explain how
the evaporation of thick iron films on an ethylene atmosphere could shed some light

on the fabrication of iron carbide model catalysts for FTS.

7.1 Chapter 3: Iron and iron carbide films on Cu(100)

This thesis presents a fundamental study on the fabrication of iron carbide thin films
on FCC copper substrates and their reactivity towards CO and Hz. Cu(100) was
chosen as the substrate, as its open structure was expected to yield an open
FCC(100) iron film with a different reactivity than commercially available BCC iron
single crystals. The similarity in atomic radii between iron and copper was also
expected to result in a high level of epitaxy, which was observed mainly for films
< ~3 ML. However, the formation of BCC(110) became more dominant as the iron

thickness increased, and for films > ~12 ML, the films are purely BCC(110).

Structure versatility

Chapter 3 describes how iron and iron carbide thin films can be created on Cu(100)
to be used as model catalysts. For iron, the thickness determines the surface
structure. For films between 0 ML and ~3 ML, the iron films grow as bilayer islands
following the FCC(100) substrate. From this point onwards, ~3 ML to ~12 ML, a
mixture of FCC(100) and BCC(110) coexists on the surface, and the growth mode
becomes layer-by-layer. The structure tends to become BCC(110) with an increase
in iron thickness until no more FCC(100) can be seen using LEED. Full BCC(110)
was found for films >12 ML.

An iron film saturated with ethylene at 100 K was heated to 500 K to complete the
dissociation reaction of ethylene and create the iron carbide. However, this
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7.1 Chapter 3: Iron and iron carbide films on Cu(100). Conclusions and Outlook

fabrication process exhibited a drawback: From 500 K, the iron atoms begin to
diffuse into the copper single crystal, meaning that the absolute iron film thickness
might be lower than initially intended. This drawback is only evident after several
cycles of ethylene, and depending on the thickness of the iron film, it might not affect
the chemistry of the surface.

The carburization of iron films, < 12 ML, creates a surface structure with a p4g(2x2)
symmetry, which is recurrent in this research. The p4g(2x2) structure acts as a
carbon trap, limiting carbon diffusion due to its remarkable stability, limiting the
formation of bulk iron carbide, and thus limiting the applications of these films.
However, we can create subsurface and bulk iron carbides by evaporating iron in an
ethylene atmosphere (5x10°7 mbar), and 300 K. The efficacy of this approach stems
from the interaction between freshly deposited iron and atmospheric ethylene during
the evaporation process. As iron undergoes evaporation, it reacts with ethylene,
forming iron carbide. This sequential process continues, with iron continually
evaporating atop the newly formed and deposited iron carbide. This method holds
promise for synthesising bulk iron carbide and warrants further exploration in future
investigations. Utilizing a more realistic model in subsequent studies could enhance
our understanding of this process in real-life scenarios. Nonetheless, this method
forms p4g(2x2) on the surface. In collaboration with Gubdé et al. [2], bulk
FesC>FesC: (FesCaot+Fes) was made (confirmed by XPS and STM) by evaporating
iron on ethylene atmosphere, where they found on the uppermost layer, p4g(2x2).
The formation of p4g(2x2), in the perspective of model catalysis, is an undesired
structure, as we mentioned before. However, by evaporating larger quantities of iron,
we could circumvent the formation of p4g(2x2), and achieve a more dynamic surface.
For films >12 ML, an elongated (3x1) pattern is found using LEED attributed to
multiple domains of BCC-Fe. Its reactivity towards carbon is markedly different since
experiments show that carbon atoms (after ethylene dissociation on the surface) can
now diffuse into the subsurface/bulk region of the sample (measured by the decrease
in CkuL intensity after a couple of heating cycles as shown in Chapter 6). By using
thick iron films (>12 ML — full BCC(110)) we could create a model catalyst where
the superficial carbon could be removed, i.e., by hydrogen and hence, try to mimic

carbon removal as in FTS. However, it is important to take into account, that by
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evaporating thick iron films we are replicating the behaviour from BCC(110) iron
single crystals (this is discussed in 7.3.3.).

The versatility of these films, where different types of carbide structures can be
formed depending on the fabrication method, is only limited by the presence of the
FCC-Fe, which inhibits carbon diffusion, and forms p4g(2x2). By limiting the
presence of FCC-Fe in our model catalysts, we could form a more reactive surface

and tune the film at will and thus explore the model catalysts we want.

Usefulness as model catalysts

The evaporated iron films show a high activity towards CO, H2 and ethylene
dissociation. The iron films proved to be useful in investigating the reactivity of iron
towards FT precursors, and hence, they give information about the reactions that
occur during the formation of iron carbide in the initial stages of the FTS reaction.
The fully saturated carbon surface structure consists of a layer of Fe2C with a
p4g9(2x2) symmetry and acts as a carbon trap, effectively impeding carbon diffusion
and inhibiting the dissociation of CO, Hz, and ethylene. When the surface carbon
concentration is lowered, the dissociation of both CO and ethylene is possible, where
we observe an inverse proportionality between the dissociative ability and the carbon
content. By tuning the carbon content, different model systems can be made. For
example, a 3 ML thick iron film with 0.25 ML of carbon on the surface will present a
pristine FCC Fe(100) and BCC Fe(110) + FCC FexCy(100)0.25. This mixture of
phases resembles real-life catalyst surfaces, where different carburized and not
carburized species with different surface configurations coexist simultaneously.

As mentioned in the last section, the structures where Fe behaves BCC(110) (> 12
ML of Fe) can be a good candidate for further exploration as model catalysts due to
its high carbon diffusion after ethylene dissociation and the lack of p4g(2x2)
formation. Fabricating iron carbide structures by evaporating thick iron films (>12
ML) on an ethylene atmosphere is also a promising method of fabrication that forms
bulk carbide structures with no p4g(2x2).
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In an attempt to remove carbon from the surface of iron carbide and replicate C-H
interaction in real-life catalysts, we adsorbed hydrogen using a W filament, as
detailed in Chapter 2. However, the carbon content on the surface remained
unchanged after the adsorption and desorption of hydrogen, indicating that no
carbon was removed during these processes, confirmed by AES and XPS. After
hydrogen desorption, the iron carbide structure remains unaltered as it was

confirmed by the LEED pattern before and after adsorption.

7.2 Chapter 5 and Chapter 6: Iron and iron carbide films on Cu(111). Structure

versatility and usefulness as a model catalyst

A Cu(111) single crystal was used to study the influence of the substrate on the iron
carbide structure. In earlier work by Li et al. [1], an Au(111) substrate was used as a
support for iron carbide structures, and unlike our Cu(100) results, these authors did
not find pure carbide but mixtures of different carbon species at every thickness
studied. Also, they found that thin FCC iron films on Au(111) were inert, and carbide
could only be formed on thicker Fe films with a bulk BCC structure. The work on
Cu(111) was therefore undertaken to investigate whether the role of these
differences was due to the different chemical nature of the substrate or if it is instead
due to the different surface termination, i.e. (111) vs (100).

Iron films on Cu(111) show a markedly different morphology than films on Cu(100).
Iron deposition at room temperature leads to the formation of 3D islands up to a
coverage of 5 ML, after which the film closes but remains rough/heterogeneous,
making it interesting to study local differences for different film thicknesses. In this
system, the iron structure depends on film thickness, where FCC-Fe forms at low
thicknesses while BCC features start to appear around 3 ML. After 3 ML, a mixture
of FCC and BCC coexist up to a coverage of ~16 ML, after which only BCC(110) is
seen.

From the fabrication of iron carbide, we can say that the system Fe/Cu(111) is
morphologically and structurally more complex compared to Fe/Cu(100) due to the
higher Cu segregation at temperatures where the ethylene and CO dissociate (450

K), limiting the study to a small temperature window. Also, this finding makes the
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quantification of iron and dissociation products complicated by averaging
techniques.

Furthermore, the lack of superstructures (LEED) at each level of thickness makes
the iron thickness quantification only reliable from the evaporation time.

After ethylene dissociation, iron carbide was found using AES. The expected product
of the carburization of the morphologically heterogeneous iron film is also a
heterogeneous iron carbide film. These iron films resemble real-life catalysts more
than those found on Cu(100). Furthermore, after carburizing the iron film, we believe
a mixture of structures was found: Fe BCC(110), Fe FCC(111), FexCy BCC(110) and
FexCy FCC(111).

7.3 Outlook

Generally, research projects are never finished, which is not different for this thesis.
In this section, we propose follow-up experiments and the usage of different

characterization techniques to complement our findings.

7.3.1  Other characterization techniques

To gain more valuable information on the iron and iron carbide films on Cu(100) and
Cu(111), pre and post-adsorption of CO and Hz, more characterization techniques
could be used.

STM has been shown by others in the past to be an advantageous technique for
characterizing the morphology of surfaces. With this extra information, we would be
able to determine precisely what the proportion of BCC(110) and
FCC(100)/FCC(111)is in iron films. Furthermore, and especially for iron carbide films
on Cu(111), to gain extra depth on the phase distribution after carburization. We have
shown, in Chapter 5, using LEED, to be at least five coexisting FCC and BCC phases
that could be resolved with STM. As mentioned before, in collaboration with Gubo et
al. [2] they characterized the surface of the iron carbide (p4g(2x2) using STM.
SR-XPS (Synchrotron radiation X-ray photoelectron spectroscopy) in Cu(111)
systems is crucial to level the data gathered in Cu(100) systems. Due to COVID-19,
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the beamtime assigned to us in ASTRID2 was cancelled, and we never had the
opportunity to recover the time. AES proved to be an extremely efficient and easy-
to-use technique, but XPS gives a better resolution to determine the nature of the
carbon. Replicating the SR-XPS experiments from Chapter 3 and Chapter 4, but in
Cu(111), will be extremely valuable to understand CO and ethylene dissociation
temperatures and the nature of carbon after dissociation.

Also, NAP-XPS (Near ambient pressure X-ray photoelectron spectroscopy) would
help us to decrease the gap between real-life catalysts and our model catalysts. Of
course, NAP-XPS is still far from real life, but it could bring light to: i.e. if the carbon
from the p4g(2x2) can be removed with Hz by applying more pressure onto the
surface, as it usually occurs in real-life catalysts.

DFT calculations could also be interesting to learn about the energetics of catalytic
systems on these surfaces. In this topic, other groups, like the group from Dr. Richard
Gubd et al. [2], are already working on STM and DFT calculations in FexCy/Cu(100)

systems. Some of their results are described in Chapter 3.

7.3.2 Improved measurements with present techniques

In the laboratory located at DIFFER, where most of this thesis was performed, there
are some techniques with a lot of potential. RAIRS is one of these techniques that
was not used as exhaustively as the others presented in this thesis, and it could
teach us more about CO adsorption on pure and carburized iron films (interaction
with the substrate, molecule orientation, coverage, and adsorption sites).

A Kelvin-Probe is also located in both systems used for this thesis. Work function
measurements can potentially yield valuable information about adsorbate coverage,
desorption, and surface reaction rates. However, it needs to be used together with
other techniques in order to extract valuable information. By combining work function
with other techniques, more information related to CO adsorption on iron and iron

carbide films and its reactivity can be obtained.
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7.3.3 Fe(110) single crystal comparison

A Fe(110) single crystal surface is to some extent similar to our thick iron films
supported on Cu(100) or Cu(111), but the films on the copper substrate expose
different (110) domains, and the iron films on these substrates, especially Cu(111),
are not as flat and homogeneous as a single crystal. Hence, the binding sites are
better defined on the single crystal.

One of the main drawbacks of using iron single crystals instead of evaporating iron
films is related to the complexity of creating defined bulk carbide structures in single
crystals. For thin films, the bulk is insignificant compared to the single crystal, making
it easier to make more carbide-rich bulk structures. Also, this approach creates a
structure which is closer to real-life catalysts. The present thesis presents limited
results about bulk carbide fabrication, but follow-up work shows that different iron
bulk carbides can be prepared on Cu(100) [2].

One could argue about the best choice between single crystals BCC Fe(110) and
iron films as model catalysts. As mentioned in Chapter 2, contaminants in the iron
single crystal make the cleaning process tedious and, thus, time-consuming. For
evaporated films, the determining factor is the time spent in the fabrication and
characterization of the films and the subsequent cleaning process to remove the
contaminated iron film. Although it sounds like a lot of time, the preparation phase of
these films, including the cleaning, usually does not take longer than two hours,

against the time required to clean an iron single crystal which could be weeks.

7.4 Final Remarks

As highlighted in the introduction, the Surface Science approach creates a pressure
disparity between the experimental system (typically maintained under vacuum
conditions) and real-world catalysts. For example, a real-life iron catalyst for FT is
usually used at 20 bar, which is a considerable pressure gap [3]. Also, temperature
conditions in iron carbide catalysts for FTS are usually between 495-625 K, which is

higher than we used in these experiments (100 K to 500 K for controlled conditions).
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Despite all the possible differences between industrial catalysts and single crystals,
the latter still delivers valuable information on the reaction kinetics and adsorbate-
adsorbate interactions. It helps to gain fundamental insights into the structure-
function relationships of catalysts under well-defined and controlled conditions. The
insights from studying flat model catalysts can be used to design and optimize real-
life industrial catalysts by tuning their structure and composition for better
performance. Additionally, the flat model catalyst approach can be used to
investigate the underlying principles of catalysis, which can lead to the development
of novel catalytic materials and processes.

Gaining more insight into iron carbide structures and their interaction with CO and
H2 can help develop more active catalysts for FTS and study the deactivation
mechanisms of these catalysts. Eventually, the focus of this research should be
shifted to near-ambient pressures and try to bring the real-life catalysts and the

results found in this thesis closer.
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