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Summary

The conversion of CO and hydrogen into long-chain hydrocarbon molecules through
Fischer-Tropsch (FT) synthesis over a heterogeneous catalyst has recently gained re-
newed interest in academia as well as in industry as a consequence of the recent
surge in demand for clean fuels in a carbon-neutral society. Instead of relying on tra-
ditional coal and gas as feedstocks for FT synthesis, sustainable carbon sources such
as CO2, agricultural and municipal waste, along with green hydrogen produced via
water electrolysis using renewable energy, offer a practical approach towards sus-
tainable hydrocarbon production.

Cobalt catalysts have been widely recognized for its activity in FT synthesis. The
experiments in this thesis were carried out on cobalt single crystal surfaces which
are structurally well-defined model catalysts. These single crystal surfaces provide
a controlled environment with known site concentrations, facilitating the study of
the influence of surface structure on reactivity of FTS. To investigate the reactivity of
different surface structures, we examined both the flat close-packed Co(0001) surface
along with the stepped Co(1019) and kinked Co(1129) surface. These high Miller
index surfaces expose monoatomic steps and kinks, which are separated by close-
packed terraces.

Previous research has highlighted the significance of step and kink sites in the re-
action, as they are actively involved in the direct dissociation of the CO bond. There-
fore, understanding the adsorption of CO on different Co sites, particularly step and
kink sites, plays a crucial role in comprehending their contribution to FT synthe-
sis. This study examined and compared the adsorption of CO on flat Co(0001),
stepped Co(1019), and kinked Co(1129) surfaces. The focus was primarily on low
CO coverage. Our investigation involved multiple techniques, such as infrared (IR)
spectroscopy, X-ray photoelectron spectroscopy (XPS), and density functional the-
ory (DFT) simulations. The IR spectroscopy results indicated the presence of CO
adsorbed on the top sites of both the terraces and the steps of the surfaces stud-
ied. XPS analysis revealed that there was a slight preference for CO adsorption on
stepped sites over terrace sites. This finding was supported by DFT simulations,
which demonstrated minimal variation in CO adsorption energies on the top sites of
surface atoms with different coordination numbers. The small difference in CO ad-
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sorption energy between undercoordinated sites and terrace sites of Co indicated a
lack of a strong driving force for CO-induced surface reconstruction. Consequently,
under typical reaction conditions, significant CO-induced reconstruction is unlikely
to occur, and Co catalyst nanoparticles are expected to retain their initial structure
without transforming into highly faceted nanoparticles. This implies that the defect
sites will remain accessible for further adsorption during FTS.

During FTS, CO and hydrogen adsorb onto the catalyst surface, leading to surface
crowding and lateral interactions between the adsorbates. These interactions have
a significant impact on the adsorption behavior of CO and hydrogen. Therefore,
non-reactive co-adsorption of CO and hydrogen on the flat Co(0001) surface was in-
vestigated to gain further insights into the co-adsorption phenomena. A brief study
of CO and hydrogen on Co(0001) on their own serves as background information for
the co-adsorption study. The CO adsorption on Co(0001) has been widely discussed
in literature. For hydrogen on the other hand, it is observed that when hydrogen
is already adsorbed on the surface, the dissociative adsorption of additional hydro-
gen becomes hindered as the coverage approaches ¢ = 0.5 ML. This phenomenon
explains the maximum coverage of 0.5 ML of atomic hydrogen (H,4) achieved when
introducing hydrogen gas. In the existing literature, it is well-established that while
hydrogen coverages up to 1 ML remain energetically favorable, the adsorption en-
ergy of hydrogen on this surface is coverage-dependent where it decreases approxi-
mately 0.12 eV around 6 = 0.5 ML. To overcome the kinetic limitation of achieving a
hydrogen coverage of 0.5 ML, an experimental approach employing a hot tungsten
filament is utilized. The tungsten filament creates hydrogen atoms and hot hydro-
gen molecules that increase the dissociative sticking probability and make it possible
to obtain hydrogen coverages above 0.5 ML.

Our investigations of the co-adsorption system revealed that as the coverage of
atomic hydrogen (H,q) on Co(0001) increases at low surface temperatures, the ad-
sorption capacity of CO co-adsorbed with H,4 decreases. This decrease in CO ad-
sorption showed a linear trend; however a single-site model is not sufficient to cap-
ture the complexity of CO-H co-adsorption, as the saturation coverages of the two
adsorbates do not add up to unity with the single-site model. By considering adsor-
bate segregation into ad-islands, we were able to obtain a reasonable quantitative de-
scription of the correlation between 6 and f¢ o values in our model system. CO and
hydrogen form known structures within the islands but still get mutually influenced
on adsorption. Our findings reveal that even on a fully saturated Co(0001) surface
with H,g, a significant amount of CO can still be adsorbed. In contrast, when the
surface is saturated with CO,4, minimal hydrogen adsorption occurs. This behavior
can be attributed to the occupation of sites required for dissociative hydrogen ad-
sorption by CO molecules or their inaccessibility due to neighboring CO molecules,
thereby increasing the energy barrier for hydrogen’s dissociative adsorption. Con-
versely, dosing hydrogen in the presence of a hot tungsten filament results into hot
hydrogen atoms and molecules enabling them to overcome the dissociative adsorp-
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tion barrier on Co(0001) surfaces pre-covered with CO.

The role of steps/kinks on CO and hydrogen co-adsorption was also investigated
as a part of the research. We initially focus on studying the adsorption of hydrogen
alone on the kinked Co(1129) surface. Subsequently, we examine the co-adsorption
of CO and hydrogen on the same surface. Our investigations demonstrate that the
presence of steps and kinks on the close-packed surface plays a crucial role in facili-
tating both the dissociative adsorption and recombinative desorption processes, pro-
viding a barrierless pathway. The steps and kinks on the surface reduce the barrier
for dissociative hydrogen adsorption, resulting in an increased sticking coefficient.
Consequently, the dissociative sticking probability exhibits a direct correlation with
the density of steps, whereby an increased step density leads to a gradual downward
shift of the desorption peak. For the co-adsorption system we find that minimal hy-
drogen can adsorb on a CO-saturated kinked Co(1129) surface similar to the flat
Co(0001) surface. Additionally, under similar CO saturation coverage, no ordered
structures are observed, indicating the absence of long-range ordering.

Although the importance of defects and undercoordinated sites in the dissocia-
tion of CO is widely acknowledged, there is ongoing debate regarding the specific
nature of active sites responsible for CO dissociation—an essential step in FT syn-
thesis. Therefore, we compare the CO dissociation behavior on the stepped Co(1019)
and kinked Co(1129) surfaces to elucidate the reactivity of these two types of defect
sites. Chapter 4 of this thesis focuses on a comparative analysis of the kinetics of
CO dissociation on stepped Co(1019) and kinked Co(1129) surfaces. Our investiga-
tions reveal that the dissociation reaction exhibits a similar energy barrier on both
stepped and kinked Co surfaces, approximately 110 k] /mol. However, it is worth
mentioning that defect sites on the surfaces can become blocked by atomic oxygen
(O) and carbon (C), thereby hindering further dissociation. It was also found that
both B5-A and B5-B sites are active for CO dissociation to the same extent on the
stepped Co(1019) surface. These findings provide valuable insights into the CO dis-
sociation process on different surface structures of cobalt catalysts, highlighting the
importance of step-edge sites and the potential limitations imposed by the presence
of atomic oxygen and carbon species.

Throughout the thesis, a variety of different approaches have been combined dur-
ing the investigation of each subject, such as UHV experiments and DFT modelling.
While each approach has its own limitations, combining their results allowed for
a comprehensive understanding of the catalytic problem. For instance, experimen-
tal data collected in the UHV chamber, such as TPD spectra, can be influenced by
background desorption and may originate from different surface processes. On the
other hand, DFT modeling offers the advantage of providing adsorption energies
on a selected surface and facilitating a more detailed data interpretation. However,
it should be noted that DFT has inherent inaccuracies, such as the inability to reli-
ably predict CO adsorption sites and energies on transition metal surfaces, as well
as van der Waals forces. Therefore, the validity of the results relies on obtaining



viii

experimental confirmation. By combining experimental and theoretical approaches,
a comprehensive understanding of the catalytic surface reaction at the molecular
level can be achieved. Finding the right balance between simplicity and complex-
ity in studying the target system poses an additional challenge. Investigating a flat
Co(0001) surface allows for easier and more feasible acquisition of detailed catalytic
information compared to studying stepped or defective cobalt surfaces, which bet-
ter represent real catalyst nanoparticles. The situation is similar when a number of
adsorbates are present on the surface. However, under FTS conditions, the cobalt
catalyst surface would be covered with numerous adsorbates. To gain a compre-
hensive understanding of the more intricate dynamics, it is crucial to explore high
coverage CO adsorption and CO dissociation in the presence of CO on stepped and
kinked cobalt surfaces.
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Chapter 1

Introduction

As the world’s population grows and per capita energy consumption increases, de-
mand for energy continues to rise. Currently, a majority of the world’s energy is
derived from fossil fuels, which are a finite resource. Consequently, there is an ur-
gent need to explore alternative methods of fulfilling the energy needs of the planet.
Additionally, human activity has been shown to have a significant impact on the
environment!!l. Burning fossil fuels like coal, natural gas and oil release large quan-
tities of COy, as well as other byproducts such as NOx and SOx and unburned hy-
drocarbons. Therefore, it is crucial to identify and develop sustainable sources that
can meet our energy needs while minimizing environmental harm.

Research indicates a steady rise in global temperatures, a trend closely associ-
ated with increasing atmospheric concentrations of carbon dioxide (CO3), a pri-
mary greenhouse gas!>®l. In response to the urgent need for emissions reduction,
many industrialized nations have established ambitious targets and policies. For
example, the European Union has committed to achieving net-zero emissions by
2050, with regulations promoting renewable energy use. Similarly, the United States
has rejoined the Paris Agreement, aiming to keep global temperature rise well be-
low 2°C—and ideally below 1.5°C—above pre-industrial levels by mid-century[*].
China, currently the largest emitter, has pledged to peak its emissions by 2030 and
reach carbon neutrality by 2060. In the Netherlands, the energy transition has be-
come a national priority, with goals to cut CO; emissions by 49% by 2030 and attain
carbon neutrality by 2050. A combination of policies, including renewable energy
subsidies and a carbon tax on fossil fuels, has facilitated the country’s shift toward
renewable energy sources. This highlights the importance of identifying and de-
veloping alternative, sustainable sources that can meet the world’s energy needs.
Fortunately, the sun offers an abundant source of energy that could potentially fulfill
the world’s energy needs. Various methods, such as solar cells, wind power, and
biomass, can be employed to directly or indirectly harness this virtually limitless
energy source. However, wind and solar energy present challenges stemming from
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their inherent variability and intermittency, potentially affecting grid integration and
stability due to the mis-match between their availability and demand. Cost-effective,
high-capacity, and long-duration energy storage solutions is imperative to address
these issues.

Despite the urgent need to cut carbon emissions, projections suggest that fossil
fuels—including natural gas, coal, and petroleum—could still account for over 70%
of global energy demand by 2040. This persistent use of fossil fuels is largely due to
the relatively low cost of resources like coal in certain parts of the world, the avail-
ability of unconventional natural gas sources (such as shale gas), and advances in
oil recovery technologies that make previously inaccessible reserves economically
viablel. In light of this, interest is growing in alternative, sustainable carbon feed-
stocks to produce hydrocarbons with a lower environmental impact. Sustainable
sources such as atmospheric CO,, agricultural and municipal waste, and green hy-
drogen (produced through renewable-powered water electrolysis[?!) offer promising
pathways for renewable hydrocarbon production. Although converting renewable
energy into hydrocarbons is generally less efficient than direct energy use, it remains
valuable for long-term energy storage (e.g., from summer to winter), long-distance
energy transport, and as an alternative for aviation fuels and critical chemicals in the
chemical industry. In this context, Fischer-Tropsch Synthesis (FTS)—a process that
generates long-chain hydrocarbons from CO and hydrogen—can play a crucial role
in transforming renewable energy into chemical forms essential for diverse indus-
trial applications.

1.1 Fischer-Tropsch synthesis

The first observation of the conversion of synthesis gas (a mixture of carbon monox-
ide and hydrogen) into methane on heated nickel was reported by Sabatier in 1902171,
In the 1920s, Franz Fischer and Hans Tropsch further developed this process and
showed that passing syngas over iron or cobalt below 300 °C can lead to the forma-
tion of higher hydrocarbons, now known as the Fischer Tropsch process!®*'!l. The
long chain hydrocarbons formed via FTS can serve as gasoline, diesel, and waxes.
A broad range of C-containing feedstocks such as CO,, natural gas, biomass and
coal can be used to derive synthesis gas, resulting in a flexible process that can be
adapted to local resource availability[!”l. FTS can generate high-quality fuels with
low levels of impurities like sulfur and nitrogen-containing compounds, leading to
cleaner burning fuels that emit fewer pollutants. The overall reaction equation for
the formation of paraffins and olefins is shown below:

Paraf fins (2n+ 1)Hs +nCO  catalyst CpHapio + nHO (1.1)

Olefins 2nHy +nCO  catalyst CpHay, + nHyO (1.2)
—
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The catalyst facilitates the reaction by providing surface sites that offer a more
energetically favorable path for the reactants to convert to products at a given tem-
perature and pressure. To improve catalyst activity and selectivity, understanding
of the kinetic aspects of this chain reaction, which encompass monomer formation,
chain initiation, chain propagation and chain termination'*, is crucial. The complex
network of elementary reaction steps (listed below) in the FT reaction mechanism
(eq- 1.1) begins with the adsorption and activation of Hy and CO molecules (eq. 1.3
and 1.4), followed by chain growth of the monomer species (eq. 1.5), carbon-carbon
coupling (eq. 1.7) and subsequent chain growth (eq. 1.8) steps to form longer chains,
and hydrogenation and desorption steps to detach the final product (eq. 1.6 and 1.9).

Adsorption of CO CO+x — COgu (1.3)
Adsorption of Ho Hy+2%x —  2H.y (1.4)
Monomer formation CO+zH — C(Hy—y)+O(Hy) (1.5)
Ozxygen removal 2OH)+ (2 —1)H — xH20(g) (1.6)
Chain initiation CH,+CH, — CyH,yy (1.7)
Chain growth C.Hy+CH, — CypiHy,. (1.8)
Chain Termination CoHy+2zH — CyHyy.(9) (1.9)

The FT reaction exhibits a surface polymerization nature, whereby chain-growth
monomers!'*!°! are generated in situ. As a result, the products formed display
a distribution of chain lengths, which in first approximation adheres to the well-
established Anderson-Schulz-Flory (ASF) distribution!'®'8l. The ASF distribution
is characterized by a single parameter known as the chain growth probability («),
which is the probability that a growing intermediate will encounter a monomer and
grow further (propagation) rather than desorb from the surface (termination). The
growth probability is defined as follows where the rates of hydrocarbon chain prop-
agation and termination are denoted by "r,," and "r;", respectively:

Tp

——— (1.10)

Traditionally, two operating modes of FT synthesis are identified based on the
reaction temperature: low-temperature FIS (200-240°C) where either cobalt or iron-
based heterogeneous catalysts are used to produce higher molecular weight prod-
ucts such as wax (high «) and high-temperature FTS (300-350°C) on iron-based cat-
alysts for lower molecular weight (low ) products!'’l such as gasoline and short
chain olefins. A comparison of cobalt and iron catalysts suggests that cobalt is a

good choice for the production of long-chain hydrocarbons in the low-temperature
mode 2],
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1.2 The surface-science approach

The development of modern characterization techniques has made it possible to
study catalysis at the atomic level, providing essential insights into active sites, ad-
sorption mechanisms, and reaction pathways. Such atomic-scale understanding is
critical for the design and optimization of catalysts. Surface science offers a unique
opportunity to simplify the complexity of industrial catalysts by examining their
structure, morphology, and reactivity under controlled conditions. This progress
is largely due to advancements in ultrahigh vacuum (UHV) technology, which en-
ables studies at pressures ranging from 10~® to 107! mbar, and surface-sensitive
techniques like X-ray photoelectron spectroscopy (XPS) that allow molecular-level
investigations. However, because surface atoms comprise only a small fraction of
the overall material, their signals are often weak compared to those of the bulk,
complicating data interpretation. Additionally, surface contamination from the en-
vironment presents a challenge in modeling and acquiring reliable data on surface
reactions. To address these issues, this study employs surface-sensitive techniques
on single crystal surfaces to achieve an atomistic understanding of heterogeneous
catalysis.

The use of UHV provides significant advantages for the fundamental study of
catalytic processes, as surface contaminants can be removed in-situ and the surface
remains clean for up to 1 hour afterwards. This allows for the study of clean metal
surfaces instead of contaminated surfaces. However, this approach introduces the
pressure gap, with the reactant pressures used in model experiments being orders of
magnitude lower than those in actual catalytic processes under industrial conditions.
Studies!?'??l at high CO pressures demonstrate that results obtained under UHV
conditions at low temperatures on cobalt can extrapolate well into higher pressures
and temperatures. At identical coverages, similar surface structures are observed
that are independent of the surface temperature. Hence, by using low temperatures
we can achieve similar coverages as under industrial conditions, hence obtaining rel-
evant information on FTS. However, the low temperature needed introduces kinetic
limitations and the contribution of entropy is comparatively lower. Therefore, we
should always be cautious when extrapolating the results obtained from UHV and a
single crystal surface to real catalytic processes.

In surface science, low-index single crystal surfaces such as Co(0001) are com-
monly used to study surface chemistry. However, this approach also introduces the
so-called material gap as these models may not fully represent the surface chemistry
occurring on real Co catalyst nanoparticles, which often have a large fraction of edge
and corner atoms that are undercoordinated compared to the atoms on low index
surfaces. These under-coordinated atoms can act as active sites due to the specific
local atomic arrangements that contribute to the activity of the catalyst!?’l. Previ-
ous research has suggested using high index, or vicinal surfaces**!, which consist
of terraces separated by periodically arranged monoatomic steps containing atoms
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with a lower coordination number, to study the reactivity of these sites. This allows
for monitoring of the local adsorption and dissociation behavior in the vicinity of
under-coordinated atoms. This thesis studies on Co vicinal surfaces, which reveal
clear differences in adsorption and dissociation of both CO and hydrogen between
flat Co(0001) and vicinal Co surfaces.

1.3 Catalysts for the FT reaction

The catalytic activity and selectivity of the system are determined by the delicate
balance between bond breaking and bond formation steps!*. Transition metals to
the left of the periodic table (eg. Mn) readily dissociate CO, but the atomic C and
O formed bind too strongly with the surface, hindering further hydrogenation and
coupling reactions. Metallic iron is too reactive, and it is its carbide phase that is
considered to be most relevant for FTS?*?’l. Transition metals to the right of the
periodic table (e.g. Ni) promotes more rapid hydrogenation thus leading to prefer-
ential formation of methane. Cobalt offers a good balance between the activation
of reactant molecules and hydrogenation and C-C coupling reaction steps. It has a
lower selectivity towards the water gas shift reaction as compared to Fe, resulting
in a higher C hydrogenation efficiency!”’l. Because cobalt is significantly more ex-
pensive compared to iron, the surface area to volume ratio is increased by making
the cobalt particles very small, i.e. between 1-100 nm. These nanoparticles are then
usually deposited on a porous high surface area support!*l.

Various researchers, such as Bartholomew[®! and Yermakov[®"!, have investi-
gated the impact of particle size on supported Co catalysts. Iglesia and colleagues
conducted extensive studies and found that the surface-specific activity, referred to
as Turnover Frequency (TOF), of cobalt particles within the size range of 9 to 200
nm is independent of particle size!*!l, a conclusion supported by others*>%]. How-
ever, for smaller cobalt particles (<10 nm), a decrease in FT performance has been
observed. Barbier et al. reported a decline in TOF for cobalt particles smaller than 6
nm on a silica support**l. Bezemer et al., while utilizing cobalt on carbon nanofiber
(CNF) catalysts tested at 1 and 35 bar, demonstrated that cobalt particles smaller
than 6 nm (1 bar) or 8 nm (35 bar) exhibit significantly lower TOF compared to larger
catalyst particles*>*!. Moreover, these researchers noted an increase in methane se-
lectivity alongside the decrease in TOF for smaller particles. Martinez and Prieto
also observed a similar effect of particle size when they employed catalysts prepared
via a colloidal route®l. As a result, for Co nanoparticle catalysts, achieving high
Fischer-Tropsch activity necessitates relatively larger metal particles (>6 nm)*’l. Dif-
ferent proposals have been made to explain this particle size effect. According to one
viewpoint, small particles exhibit reduced reactivity due to the strong adsorption of
CO, which hinders chain growth!"l. Other authors propose that step-edge sites,
which are essential for promoting the chain growth reaction, are less abundant on
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larger particles®**°l. This observation suggests that larger particles lack the neces-
sary step-edge sites required to drive the chain growth reaction. In both arguments,
the structure of the catalyst particle and reactivity differences on different surface
sites play an important role.

Theoretical and experimental studies have shown that CO?>**2l and hydro-
gen ] dissociation require significantly lower activation energy on step sites com-
pared to terraces, where reaction rates are approximately an order of magnitude
lower. As a result, terrace sites are unable to compete with step sites in terms of reac-
tion activity. Supported catalysts typically present a heterogeneous surface, consist-
ing of terraces, steps, and kinks, with the relative proportion of these sites influenced
by particle size and shape. Step-edge sites are formed by crystalline materials when
one layer terminates, exposing the atoms of the underlying layer[“>#’]. Atoms at the
step-edge exhibit a lower coordination number (CN). Generally, smaller particles ex-
hibit a higher density of steps and kinks, which can as described earlier, affect the
elementary steps of the FTS reaction. To gain deeper insight into the role of step and
kink sites in the initial reaction stages of FTS, this thesis systematically investigates
the influence of surface structure on the early elementary steps of the FTS process.

1.4 Scope and structure of this thesis

In the context of a heterogeneous catalyst, the reaction proceeds through a sequence
of events: the adsorption of reactants onto the catalyst surface, the interaction be-
tween adsorbed species, and the subsequent desorption of the resulting product. A
heterogeneous catalyst can be conceptualized as a surface with a multitude of active
sites and the adsorption process can be seen as the reaction between a vacant site and
a molecule. The reactivity of a surface site varies as a function of surface structure,
i.e. (1) the coordination number (CN), (2) the site’s topology, and (3) the type of the
metal - all affect the reactivity of a surface site. The CN denotes the number of near-
est neighbors surrounding a surface atom. The topology is determined by the crystal
facet type and the orientation of different facets relative to each other. The nature of
the adsorbate bond that is activated, whether it be a = or ¢ bond, is dictated by the
type of the metal catalyst and interaction with active site.

The goal of this thesis is to evaluate the influence of steps and kinks on the ad-
sorption behavior of CO and hydrogen and their mutual interactions in the context
of FTS. The motivation behind this study is to model the elementary reactions of FTS
on well defined surfaces and under controlled conditions. The surface science exper-
imental methods employed in this research include Temperature Programmed Des-
orption (TPD), Low Energy Electron Diffraction (LEED), Work Function (WF) mea-
surements, and synchrotron-based X-ray Photoemission Spectroscopy (XPS). Com-
putationally, Density Functional Theory (DFT) was applied to examine CO adsorp-
tion on the stepped and kinked Co surfaces, providing insights that are otherwise in-
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accessible through experimental methods or complementing the experimental find-
ings to strengthen conclusions.

Chapter 2 provides an introduction to the fundamental concepts and detailed in-
formation obtainable from the experimental techniques used in this study. It also
covers the vacuum setup, single crystal surfaces, and the cleaning procedures em-
ployed to ensure reliable experimental conditions.

In chapter 3 of this thesis, we explore if CO adsorbs more strongly on the step
sites of Co as compared to its terrace sites like other transition metals such as Pt
and Rh*%%l and hence has the potential to poison the step sites during FTS. After
detailing the dissimilarities in atomic structures of flat Co(0001), stepped Co(1019)
and kinked Co(1129) surfaces, we conduct a comparative analysis of molecular CO
adsorption at low coverage on these surfaces to determine the influence of the steps
and kinks on CO adsorption. This is achieved by using a combination of experi-
mental and computational approaches. LEED and TPD techniques are employed to
characterize the crystal structure of the clean and CO covered- cobalt surfaces and to
provide insights into the desorption behavior of CO on these surfaces. XPS is used to
not only corroborate the CO coverages on different surfaces obtained from the TPD
experiments but also to differentiate between the CO adsorption sites based on the
core-level binding energies of Co.

Since all elementary reaction steps in the FTS mechanism occur under high CO
pressure, CO is expected to significantly influence the behavior of other reactants
and products on the catalyst surface. Chapters 4 and 5 explore this in detail, ex-
amining the interplay between CO and hydrogen adsorption on both flat Co(0001)
and kinked Co(1129) surfaces under UHV conditions. By using low temperatures,
these studies aim to replicate the high surface coverage conditions typical of FTS re-
actions. Additionally, these chapters investigate co-adsorption phenomena (mixing,
segregation, and compression) on a flat cobalt surface, and analyze how step edges
and kinks modify these interactions on open surfaces. Chapter 4 studies CO and
hydrogen adsorption on the flat Co(0001) surface at high coverage proposing a co-
adsorption model. The study explores two dosing sequences: hydrogen adsorption
followed by CO, and CO adsorption followed by hydrogen adsorption, highlight-
ing differences in adsorption behavior based on the sequence. Chapter 5 delves into
the dissociative adsorption of hydrogen and the effect of CO on this process on the
kinked Co(1129) surface. Additionally, it explores the interactions between adsorbed
CO and hydrogen atoms, aiming to understand how lateral interactions influence
their adsorption on kinked Co sites during FTS. This chapter experimentally exam-
ines how lateral interactions vary with surface structure by comparing the kinked
Co(1129) surface to the flat Co(0001) surface.

Chapter 6 investigates the reactivity of different surface defects, specifically steps
and kinks, in facilitating CO dissociation, and how various stepped sites differ in
their reactivity. A kinetic model, which incorporates temperature effects, is em-
ployed to simulate experimental data and estimate reaction barriers, allowing a com-
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parison of the reactivity between stepped Co(1019) and kinked Co(1129) surfaces.
Work function measurements were used to detemine the surface coverages of CO
and O during the CO dissociation experiments and AES was used to study the sur-
face composition after CO dissociation. Chapter 7 summarizes the key results and
conclusions drawn from the thesis. It includes a broader discussion on the impli-
cations of these findings for industrial catalysis, particularly under FTS conditions.
Finally, potential directions for future research are outlined, building on the insights
gained from this study.

1.5 Abbreviations

1. FTS Fischer-Tropsch Synthesis

2. CN Coordination number

3. CNF Carbon nanofiber

4. TOF Turn over frequency

5. XPS X-ray photoelectron spectroscopy

6. UHV Ultrahigh Vacuum

7.« Chain growth probability

8. 1, Rate of hydrocarbon chain propagation

9. 1 Rate of hydrocarbon chain termination



Chapter 2

Research Methods

2.1 Introduction

This chapter details the theoretical and practical aspects of the techniques and de-
scribes the experimental set-up used in the present thesis. Details specific to the
experiments in various chapters will be described in the chapter itself.

2.2 Single crystals and vacuum

The experimental work in this thesis has been carried out using cobalt single crystal
surfaces which serve as structurally well-defined model catalysts to investigate the
elementary steps of Fischer-Tropsch synthesis reaction. Single crystal refers to a solid
which has a continuous crystal lattice across the entire sample with no grain bound-
aries. Single crystal surfaces expose well-defined sites with known atomic arrange-
ment which enables study of the influence of the atomic structure on reactivity. Bulk
cobalt has a hexagonal close packed (HCP) structure with a unit cell that is depicted
in fig. 2.1. The axes of the primitive unit cell are al = a2 # ¢, which for cobalt are a
=25071 A and c = 4.0695 A. The unit cell contains three close-packed planes in an
ABA stacking. The coordination number for a given atom in the ideal close packed
structure is 121°°]. Planes within the unit cell are denoted using the Miller-Bravais
notation (h, k, i, 1), where i = -(h+k), which corresponds to the vector normal to the
plane. Three different cobalt surfaces were used in the present work. The Co(0001)
surface corresponds to the close-packed layer within the unit cell in which all atoms
are identical and have a coordination number of 9. The Co(1019) and Co(1129) sur-
faces (depicted in Fig. 2.1) are vicinal and expose monoatomic steps separated by a
close-packed terrace where the two differ by the width of the terrace as well as by
the structure of the steps. Their structure will be discussed in more detail in chapter
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3 of this thesis. We have also used the Co(1120) surface for comparison, the details
of which can be found in the work of Stremsheim et al. >'1.

Ultrahigh vacuum (UHV) is necessary to perform measurements on the surface
without significant contamination from residual gases in the chamber. The rate of
surface contamination is dependent on the impingement rate of gas molecules on
the surface. The impingement rate per unit surface area can be derived from the
kinetic theory of gases and is given by

¢ L 2.1)
Na  V2rMRT

where N4 is Avogadro’s number (number of molecules per mole), P is the pres-
sure of the gas, M is the molar mass of the gas, R is the universal gas constant,and T
is the absolute temperature.

The Langmuir (L) unit (1L = 1.33 x 10~% mbar s7!) is derived as a useful measure
which gives approximately 1 ML when the sticking coefficient is unity. That is if
the sticking coefficient is 1 and the surface site density is 1x10'® cm?, exposure of the
surface to 1.33 x 10~% mbar gas for 1 second would result in a surface completely cov-
ered with adsorbates whereas exposure to 1 x 10~ mbar it would require 2.7 hours
to completely cover the surface. Therefore, at a base pressure of 1 x 107!° mbar the
cleaned single crystal surface would stay clean of unwanted contaminants for a sig-
nificant amount of time which allows us to precisely control the surface composition
by dosing small amounts of known gas and perform detailed coverage-dependent
studies.

2.21 Ultra High Vacuum Vessel

The temperature programmed desorption (TPD), Low energy electron diffraction
(LEED), work function and infrared (IR) experiments reported here were performed
in a home-built stainless steel UHV chamber with a base pressure of 1x10~° mbar.
The pressure of the analysis chamber is monitored by an ionization gauge (Varian
XGS-600). The system is equipped with a sputter gun (PSP Vacuum Tech ISIS 3000),
reverse-view four grid retractable LEED / Auger optics (Vacuum microengineer-
ing Inc.) and a UHV Kelvin Probe (KP Technology — DCV series 10). Chemical
identification of the gases inside the chamber and TPD analysis are performed by a
quadrupole mass spectrometer (QMS — Pfeiffer Vacuum QME 200) that probes the
gas composition in the main chamber, and a second QMS (Hiden HAL 301) located
in a separately pumped compartment which has a 5 mm aperture to sample the gas
desorbing from the sample. Reflection absorption infrared spectra (RAIRS) were
obtained using a Fourier-Transform infrared spectrometer (Perkin Elmer Frontier)
equipped with a KRS-5 wire grid polarizer to selectively detect p-polarized compo-
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Figure 2.1: The hcp crystal structure with Co(0001), Co(1019) and Co(1129) planes indicated.
Ball models of Co(1019) and Co(1129) surfaces optimized using DFT are shown as well.
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nent of the light. A mercury cadmium telluride (MCT) detector was used with a
spectral range of 4000-450 cm~!. The spectra shown in this thesis were recorded us-
ing a spectral resolution of 4 cm~! and the signal from the clean sample was used
as the background. An average of 256 scans is typically shown whereas an average
of 30 scans was used for time-resolved experiments. Each experiment was repeated
several times to verify reproducibility.

Co single crystals of diameter — 8 mm and thickness — 1.2 mm (Surface prepara-
tion laboratory, 4 N purity), were cut and polished to within 0.1° of the desired ori-
entation. Details of the Co(11-20) surface can be found in Stremsheim et. al.[°!l. Two
single crystals were mounted together on opposing sides of a rotary manipulator so
that the switch from one sample to the other could be made within minutes, without
breaking the vacuum. Both crystals were clamped by a u-shaped tungsten wire (0.5
mm dia) placed in two slits (width — 0.51 mm) on either sides of the crystal. Sample
heating was achieved by passing a direct current through the support wire. Sam-
ple temperature was measured using a chromel-alumel thermocouple spot-welded
to the backside of the sample close to the center. Liquid nitrogen (Linde) cooling of
the crystal was done to reach a temperature of around 97 K while the sample was
resistively heated to temperatures up to 670 K maximum to avoid the hcp-fcc phase
transition which occurs around 690 K2, The heating rate could be controlled using
a Eurotherm temperature controller. Typical heating rates that were used range from
0.1to2Ks™

Sputtering removes the outermost atomic layers of the sample and in this way
produces a clean surface. However, when done at room temperature it leads to a
rough surface. Annealing heals the surface defects, but Co samples cannot be an-
nealed at high temperature to avoid hcp-fcc phase transition (690 K). An alterna-
tive approach of sputtering at elevated temperature is adopted. This results in a
smoother surface since annealing takes place during sputtering itself compared to
when the surface is sputtered at room temperature and followed by annealing. Fol-
lowing this procedure, sample cleaning was done by bombarding the sample with
0.5-1 keV Ar™ ions (sputtering) at 670 K followed by annealing in vacuum at 670 K.
Annealing the sample in an oxygen atmosphere (<1x10~" mbar) for a short amount
of time (minutes) was also performed to remove carbon. Residual levels of atomic
oxygen could be removed if there was also residual carbon present, through heating
the surface to 670 K. If enough carbon was not present to react with the oxygen, ad-
ditional ! sputtering of the surface was required.
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Figure 2.2: The mean free path of an electron depends on its K.E. and determines how much

surface information it carries. Optimum surface sensitivity is obtained with electron in the
25-200 eV range. (Adapted from ™)

2.3 X-ray photoelectron spectroscopy (XPS)

XPS (core level spectroscopy) is a quantitative technique used to determine the ele-
mental composition of the outermost 1-10 nm of the sample. The technique is based
on the photoelectric effect, where an electron is emitted upon the absorption of pho-
tons with sufficient energy. The minimum photon energy needed to release photo-
electrons is the binding energy. Since the light is quantized, the remaining energy
of the photon transforms into kinetic energy of the photoelectron. The binding en-
ergy is different for each core-level and is element specific. Different local chemical
environments cause small variations in binding energy which can be detected and
allow distinguishing different chemical states of the atoms. In our work, we typically
use soft X-rays so that the kinetic energy of the photoelectrons is low. Low energy
electrons strongly interact with matter so that only those created at or close to the
surface-vacuum interface can escape from the sample and reach the detector. The
attenuation length of the electrons, which characterizes how the signal of non-elastic
electrons decreases with the distance they travel in solid, has a minimum of ~10 A(
the exact value depends on the material) at kinetic energy of ~100 eV. As a result,
the XPS measurements are surface sensitive (fig. 2.2). A more detailed discussion of
XPS can be found elsewhere [*4].

All XPS measurements in this work have been carried out at synchrotron facili-
ties. The use of high brilliance light from the storage rings makes it possible to get
high photon flux (~ 10! photons s~!), high-energy resolution of the X-ray photons,
and the ability to choose the photon energy. The photoemission spectra have been
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recorded in normal emission. Since the photon energy is not fixed, a typical exper-
imental approach is to plot XP spectra as a function of binding energy instead of
the kinetic energy of the photoelectrons even though kinetic energy is the parameter
that is in fact measured. The binding energy is calculated by measuring the Fermi
edge using the same photo-electron energy as that used for measurement of the ac-
tual spectra. In this way, uncertainties about the exact photon energy and the work
function of the spectrometer cancel out. It is derived from the kinetic energy using
the following equation.

Ey=hv—E, — ¢sample (22)

where ¢sample is the work function of the sample (eV), hv is the photon energy
and E, is the binding energy of the photoelectron with respect to the Fermi level
of the sample (eV) and Ej, is the kinetic energy of the emitted electron (eV). The
binding energy contains information about the chemical identity of the photoion-
ized atom while differences in chemical environments give rise to so-called chemical
shift which provides further information.

Fig. 2.3 provides an illustration of how XPS can be used. It shows a Cls core
level spectrum of CO adsorbed on Co(0001) at 100 K, obtained at a synchrotron with
photon energy of 380 eV. CO adsorbed on top and bridge sites of the flat Co(0001)
surface result in peaks at 285.5 eV and 285.0 eV, respectively*®! yielding a chemi-
cal shift of 0.5 eV. This means that the two carbon peaks result from two different
chemical species. The area under the peak can be used to determine the number of
molecules adsorbed on the two sites.

2.4 Auger Electron Spectroscopy

The Auger effect is a process in which an incident electron or photon causes emission
of a core-electron thereby creating a hole in a deep core level. This hole is filled by a
second electron from a higher core-level or valence shell with release of energy equal
to the difference between the core hole and the parent higher core-level. This energy
can be transferred to kinetic energy of a third electron, the so-called Auger electron.
Its kinetic energy is related to the energy levels in the atom making it element spe-
cific. The energy can also be dissipated in form of a photon which can be used for
e.g., energy dispersive x-ray analysis (EDX) in electron microscopes. In practice, we
measure the kinetic energy of the Auger electrons by using LEED optics as a retard-
ing field analyzer. Auger electron spectroscopy is a surface sensitive technique since
the energy of the Auger electrons is typically 50 — 1500 eV which translates to 0.5 —
5nm of the mean free path of the electrons (see fig. 2.2).
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Figure 2.3: Cls spectrum of Co(0001) covered with CO. The red and blue peaks result from
deconvolution of the Cls spectra after linear background subtraction.

AES peaks are a small signal on top of a large background signal and a lock-
in amplifier is often used to measure the derivative of the signal, where the peak-
to-peak ratio is taken as a quantitative measure of the concentration®”"%l. To ap-
proximate compositional analysis we can use relative sensitivity factors which are
supplied with most Auger data processing software!*’l. The mole fraction x4 of a
component A in a binary mixture of A and B is given by :

Ia
TrA = W (23)

sB

Where I, is the peak intensity and s, the sensitivity factor of the relative element.

In the present work we instead use a known reference state to calculate surface cov-

erages, as this approach eliminates uncertainties in the sensitivity factors. Fig. 2.4

shows an example of Auger spectra used to calculate the amount of C on Co(1129)

surface. The peak intensities of C and Co are compared with the C and Co peaks in
the reference spectra (f¢ = 0.5ML) obtained on Co(0001).

2.5 Low Energy Electron Diffraction

Low energy electron diffraction (LEED) is a surface sensitive technique used to de-
termine the surface structure of crystalline materials. A beam of low energy electrons
(<200 eV) is scattered from the surface and a diffraction pattern is formed on a flu-



16 Chapter2. - Research Methods

— — Clean

. ----Reference 6c= 0.5ML on Co(0001)
— Post dissociation experiment

dN/dE (a.u.)
|

4 T
Co

- LMM

1 I 1 I T | 1 I 1 I T I T
200 300 400 500 600 700 800 900
Electron energy (eV)

Figure 2.4: Auger spectrum of Co(1129) covered with atomic C and O. The black spectrum was
obtained on the clean Co(1129) surface whereas the dotted spectrum obtained on Co(0001)
covered with 0¢ = 0.5ML is used as a reference to determine the C coverage on Co(1129)

orescent screen after filtering out inelastically scattered electrons. For electrons with
low kinetic energy, the penetration is only a couple of atomic layers without losing
energy (see fig. 3.2). The elastically reflected electrons carry information only from
the outermost layers of the surface. The deeper the electrons penetrate the less they
contribute to the diffraction pattern. This makes LEED highly surface sensitive. To
obtain clear LEED patterns, the single crystal surface must be clean, free from un-
wanted compounds and well-ordered [*].

In this thesis, LEED was used in qualitative manner where only the relative spot
positions are evaluated. These positions provide information about the size, geom-
etry and orientation of the adsorbate unit cell relative to that of the substrate. The
LEED pattern shows the reciprocal lattice. If the 2D substrate surface lattice is ex-
pressed by a pair of two basis vectors (aTS, @ spanning the unit cell, and the recip-
rocal lattice is expressed by (af), (a3), then the reciprocal lattice vectors are related
to the real-space lattice vectors through :

2o (axXn)

@ =2 (a1.a2Xn) (2.4)
*( (alxn)

(@) = s 2.5)

where n is a unit vector perpendicular to the surface. Adsorbates on a single crys-
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tal often form ordered overlayers with a unit cell that is different from the substrate
unit cell so that it can identified using LEED. From the adsorbate-induced diffraction
spots the symmetry and rotational alignment of the superstructure with respect to
the substrate can be determined. The adsorbate super lattice represented by @415, (be
are related to the primitive translation vector of the substrate, (aTg, (az2) by :

- (2.6)

Where G is 2x2 matrix relating the adsorbate and substrate meshes[®!l. The LEED
structures in this work are expressed using Wood’s notation. In Wood'’s notation the
lengths of (bT; and (ZTQS are given as simple multiples of (Tﬁ and (aT; followed by
the angle of rotation of @ from (a1), ex. v/3 x v/3 R30° is the structure that 0.33 ML
CO forms on Co(0001) %%,

In the present work, single crystal surfaces with a regular array of steps and kinks
were used as models to represent specific facets of a catalyst nanoparticle. The nature
and concentration of steps and kinks can be controlled by varying the cutting angle
of a single crystal. As shown in the fig. 2.5, on the clean Co(0001), we observe a sharp
hexagonal LEED pattern, while on the stepped and kinked single crystals, spot split-
ting characteristic of vicinal surfaces is observed. The splitting of LEED spots occurs
due to finite width of terraces on the stepped surfaces and can be used to determine
the average terrace size. The determination of the terrace width is explained using
an example of the stepped Co(1019) surface (fig. 2.5). The spot splitting can be un-
derstood as follows — the terraces are very narrow and out-of-phase with each other
so that the domain size in one direction is very small. This would produce a large
oval spot in the diffraction pattern. The steps on the stepped surface form a reg-
ular array which would produce a 9x1 pattern. In LEED, however, only the spots
where the 9x1 pattern overlaps with the oval spots on the stepped surface are seen.
This produces the doubly or triply split spots typically seen on stepped surfaces. The
method developed by Van Hove and Somorjai states that the ratio of the Co-Co bond
distance (a) to the step-step distance (b) should be proportional to the beam splitting
distance (b*) over the distance between the nearest columns of spots (a*)[®].

L (2a%)

r o (3b%)

(2.7)

Where L is the separation between equivalent step edges and r is related to the
lattice constant, al®!. For the Co(1019) sample, the column-column ratio to mea-
sured beam splitting ratio (5.58) is approximately equal to the real space value (5.31).
Therefore, the average terrace width is 5 Co atoms. The exposed low miller index
plane (111) of metals with a fcc lattice has the same atomic arrangement as the closed
packed hcp(0001) plane. Therefore, the step orientations found on fcc (111) surface
can also be found on the hcp (0001). But, because of the ABA stacking of the hcp
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Figure 2.5: LEED images of clean Co(1019), Co(0001) and Co(1129) surfaces. The correspond-
ing ball models of Co(1019) and Co(1129) are shown in fig. 2.1

lattice the structure of adjacent steps alternates and there exist two terraces between
two equivalent step edges. As a result, the distance between two spots of the triply
split spots[® from the hcp surface would yield double the actual terrace width in
real space. Thus, the distance b* is taken as the distance between three consecutive
spots on the hcp Co surfaces. We cannot completely exclude step doubling[®®! from
the LEED pattern alone. The LEED pattern of the sputtered surface show weak,
broad spots at (1x1) positions which reflects the small size of the close-packed ter-
races after sputtering.

The direction of the splitting confirms that the step edges run along the [10-10] di-
rection on Co(1019) along the [11-20] direction on Co(1129) and the average terrace
width derived from the spot splitting, 1.25 nm (co atom rows) for Co(1019) and 0.75
nm for Co(1129), are close to the expected values. STM studies on flat and sputter-
damaged Co(0001) typically show monoatomic steps that predominantly follow the
<10-10> directions of the substrate!®*®’l. This is taken as evidence that step doubling
on the Co(1019) surface is unlikely and the sample surface has the bulk-terminated
structure.

2.6 Temperature Programmed Desorption

Temperature programmed desorption techniques are used to determine the kinetic
(activation energy of desorption and pre-exponential factor) parameters of desorp-
tion or dissociation processes and to quantify adsorbate coverages. A schematic de-
scribing the TPD experiment is given in fig. 3.7. In the present work, the technique
is applied in an UHV system where one or more chemical species desorb from a sur-
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Figure 2.6: Scheme for experimental set-up for a temperature programmed desorption (TPD)
experiment. The single crystal is heated by two heating wires pressed into the grooves at the
side of the crystal, while the temperature is measured with a thermocouple at the back of the
crystal and controlled by a PID controller. Desorption of gases from the surface is monitored
by a mass spectrometer. A desorption trace is included. (Adapted from Niemantsverdriet*™!)

face during heating with a linear ramp rate (0.1 —2 Ks™!). The heating induces either
desorption or a surface reaction; known as TPD or temperature programmed reac-
tion (TPR), respectively. The desorbing species are captured by a mass spectrometer
(QMS). The sample surface is placed as close as possible to the entrance hole (0.5
cm dia) of the QMS compartment to ensure that the majority of what is evolved
from the surface is measured by the QMS while contribution from degassing of the
heating wires is minimized. The desorption temperature is indicative of the binding
strength of the adsorbates to the surface and the signal strength is proportional to
the partial pressure of the desorbing species and corresponds to the desorption rate.
The surface coverage of the adsorbate can be back-calculated from the area under the
desorption peak using a known reference system, e.g. the well-defined v/3 x v/3 R30°
- CO structure on Co(0001) with a coverage of 1/3 ML COP2l. The rate of desorption
of a species from a surface is often described by the Polayni-Wigner equation *>%6°1;

do —Edes(9)

Tdes = _E = kde = Vd(97T)9 e RT

where rg.s is the desorption rate, 14 is the pre-exponential factor, 6 is the surface
coverage of the desorbing species, n is the reaction order of the desorption process,
Ed¢ is the activation energy of desorption, and T is temperature.

From this, it is possible to find the activation energy of desorption and the pre-
exponential factor for an adsorbed species. The interpretation of the data and ex-
traction of kinetic parameters from eq. (3.8) can be quite complicated, especially if
the kinetic parameters, i.e. the adsorption energy and the pre-exponential factor are
coverage dependent due to lateral interactions”’l. As a consequence, the Polanyi-
Wigner equation can be an insufficient tool for the analysis of complex desorption
data. A problem that often occurs is the compensation effect, where combination of

(2.8)
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high pre-factor and high activation energy may give very similar rate of reaction
as the combination of low pre-factor and low activation energy. Accurate deter-
mination of both pre-factor and activation energy requires a large data set over a
broad range of coverages and heating rates. That is not always possible to obtain
experimentally. A common approach to get an estimated barrier is the Redhead ap-
proximation, where the pre-factor is assumed, typically the range of 1010 - 1013 g1
depending on type of surface reaction”"7?l. The limitation of this method are the es-
timation of v4 and assumption of the coverage independent activation energy, which
does not apply for adsorbates with strong lateral interactions. Alternatives to the in-
terpretation by means of Polanyi-Wigner equation are based on the simulation of
desorption spectra with complex statistical models for the interactions experienced
by the adsorbate. Often so-called Monte-Carlo simulations are used [*’].

2.7 Work Function measurements

The work function is often sensitive to adsorbate coverage and in this thesis, we use
it as a quick (1 s) measurement technique that gives indirect, but in-situ information
on the adsorbate coverage that can also be used under (relatively) high pressures. We
use this to derive kinetic information about the elementary steps of Fischer-Tropsch
synthesis.

The work function is the energy that an electron needs to leave the highest occu-
pied energy level of the metal (Fermi level) to the vacuum level *. Tt is the sum of
chemical potential (bulk contribution) which is specific to the metal and the energy
required to overcome the electrical double layer on the clean metal surface[”>74. Ac-
cording to the Jellium model, the attractive potential due to the positively charged
cores at the surface is not strong enough to keep the valence electrons inside the
bulk?! and the charge density spreads in the vacuum in a direction perpendicular
to the surface. This induces a surface dipole with its negative end outside the metal.
An electron travelling from the metal to the vacuum must surmount this dipole bar-
rier as illustrated in the fig. 2.8. The size of the dipole depends on the surface struc-
ture so that the absolute work function varies with surface structure.

Adsorbates disturb the surface dipole and change the work function. Electron
withdrawing species, such as CO and O on Co(0001), cause an increase in the work
function by creating a negative dipole layer pointing away from the surface. The
contribution of adsorbed layers to the work function is in first approximation ex-
pressed by the Helmholtz equation :

A¢ == 27TPAN59 (29)
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Figure 2.7: The electron distribution in the jellium model creates a dipole layer with the neg-
ative end to the outside of the metal surafce (Adapted from Chorkendorff and Niemantsver-
driet!”)

where Ng is the number of adsorption sites per unit area, P4 is the dipole mo-
ment of the adsorbate and 6 is the fraction of occupied sites!®*”’l. This equation im-
plies a linearity of work-function change (A¢) with the number of adsorbed molecules
or coverage of adsorbates and typically a more complex coverage-dependent behav-
ior is found. We can derive the coverage-dependent behavior by comparing with
another quantitative technique such as TPD and, once the correlation is established
we can derive the coverage directly from the work function data.

We used the vibrating capacitor method to measure the relative work function.
It works on a contact potential difference between two metals in electrical contact,
which is equal to the work function difference between two metals (sample and ref-
erence plate). If an external potential is introduced in series with the capacitor plates,
the Fermi levels of two plates are equalized due to thermodynamic equilibrium. The
charge flows from one plate to the other and the plates become equally and oppo-
sitely charged. The potential difference between the plates or the contact potential
difference is the difference between the work function of the two metals. If a back
potential (V) is applied in the external circuit to restore the initial condition, then
this back potential gives the work function difference between the sample and ref-
erence plates. If the work function of the reference plate remains constant, then the
back potential will show the relative work function of the sample plate. This phe-
nomenon is illustrated in fig. 3.9.

The vibrating capacitor method was first developed by Lord Kelvin in 1898 and
the improvements to the method led to the development of Kelvin probe method.
As the distance between the plates is changes, the capacitance between the plates
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Figure 2.8: The electron energy diagram for two conducting materials, ¢ and e represent the
work function and the Fermi level of the materials, respectively. (a) The plates are isolated
and charge free (b) The plates are connected electrically, which equalizes the Fermi levels of
the materials and induces a charge transfer from one plate to another. As a result, a potential
gradient or contact potential, V. is produced. (c) Applying a back potential, V;, which is equal
to V. restores the intial condition. (Adapted from Woodruff and Delchar!**!)

also changes by

€A
C = - (2.10)

where C is capacitance, € is permittivity, A is the surface area of parallel plates
and d is the distance between plates. Varying the capacitance causes the potential
difference between plates to vary as

_Q
C=3 (2.11)

where Q is the charge on the plates and V is the potential difference between
the plates. If an external potential is introduced in series with the capacitor plates
with equal magnitude and opposite sign to the contact potential difference, then the
net charge on the plates becomes zero and no potential occurs even if the reference
plate is vibrated. At this point, the external potential or back potential gives the work
function difference between the sample plate and the reference plate and any change
in the physical and chemical nature of the surface is reflected in the work function.

We have used a UHV kelvin probe device to in-situ monitor the work function
change of Co(0001), Co(1019), and Co(1129) during adsorption and desorption of
molecules and during surface reaction. Reactants were adsorbed at 100 K and the
work function was measured continuously as the crystal was heated with a rate of
1 Ks™*. Concurrently, desorption products were monitored with a mass spectrom-
eter. Resistive heating causes a potential gradient over the sample during heating
which affects the work function measurements significantly. To compensate for this
the sample was grounded via an adjustable resistor bridge so that the sample was
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Figure 2.9: The principle of RAIRS: Infrared light is reflected near grazing angle from the
crystal surface. Due to the surface dipole selection rule, only perpendicular component of p-
polarized light can interact with an adsorbed molecule, exciting vibrations with a component
perpendicular to the surface (Adapted from Caglar!”!)

approximately at ground potential in the center. The resistors were adjusted such
that a minimal offset of the work function was found during heating. With the aid
of this arrangement, measurement were carried out with an accuracy of >50 meV.

2.8 Reflection Absorption Infrared Spectroscopy (RAIRS)

RAIRS is a vibrational spectroscopy that is based on the interaction of infrared light
with infrared active modes of adsorbed molecules as depicted in fig. 2.10. Molecules
have specific frequencies at which they rotate or vibrate corresponding to discrete en-
ergy levels. Transitions between vibrational levels occurs by absorption of photons
with frequency in the infrared range (10000 — 10 cm ™). The C-O stretch vibration,
for example, is at 2143 cm~!. A measurement of the vibrational modes of adsorbed
molecules can be utilized to identify them and to obtain details about the bonds in
the molecule and between the adsorbed molecule and the surface.

A high surface sensitivity is achieved by reflecting the infrared radiation from the
metallic sample surface with a low angle of incidence. The vibrational selection rule
is that the molecular dipole must change during the transition!”’l when stimulated
by infrared light. The vibrating dipole of the adsorbate molecule is accompanied by
an image dipole in the metal. A dipole vibrating normal to the metal surface gives
rise to a parallel image dipole in the metal, which reinforces the molecular dipole.
In contrast, a dipole vibrating parallel to the metal surface generates an antiparallel
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image dipole in the metal surface, resulting in cancellation of the molecular dipole
moment!®l. As a result, only dipole moments perpendicular to the surface are de-
tectable, which means that only p-polarized light will be adsorbed by on a flat metal-
lic surface.

An infrared spectrum shows the sample absorption as function of the wavenum-
ber, expressed as absorbance or transmittance. The transmittance is defined as the
ratio between the radiation intensity reflected from the adsorbate-covered sample (1)
and the clean sample (/,), the absorbance is the negative logarithm of the transmit-
tance:

1
Transmittance = T (2.12)
o

Absorbance = —log(i)
I

Absorbance is used more often than transmittance because it varies linearly with
the concentration of the absorbate, whereas transmittance varies exponentially with
the adsorbate concentration. Even though absorbance is better for quantification, ef-
fects like dipole-dipole coupling complicates quantitative analysis, as explained in
the next section.

(2.13)

2.8.1 Vibrational frequency and line shape of the infrared absorp-
tion bands

In the present work RAIRS is used to study the C-O stretching mode of adsorbed
CO, which is affected by adsorption on the surface and is sensitive to the exact ad-
sorption site. Here we use CO adsorption on the Co(0001) surface as an example
to discuss important phenomena in IR spectroscopy. Fig. 2.11 shows IR spectra ob-
tained for different CO coverages on the close-packed surface.

The vibrational frequency of an adsorbed molecule on a metal surface differs from
its value in the gas, liquid and solid phase or in an inert solid matrix due to sev-
eral contributions. The vibrational frequency of absorbance can be calculated as a
wavenumber using equation 2.14.

v = 1k (2.14)

2me\| p
Where k is the force constant equal to the strength of C=O , c is the speed light
and p is the reduced mass of the C=0 system. A classical model used to rationalize

this for CO adsorption is the Blyholder model®"#?l. This model takes into account
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Figure 2.10: RAIRS spectra of CO adsorbed on Co(0001) at several temperatures

that the chemical bond between CO and metal is formed by a combination of charge
transfer from the 5¢ MO of CO into the metal and by backdonation from metal d-
bands into the unoccupied (27*)- MO of CO. Since the 5¢ MO is only weakly bonding
and (27*) - MO strongly antibonding, the C-O bond is weakened by chemisorption
as the amount of backdonation in to (27*) orbital increases. Filling of the bonding
50 MO contributes to the bonding of the adsorbate to the surface, but concurrently
it weakens the internal bond of the adsorbate, resulting a lower frequency for the
internal mode of the adsorbate.

The vibrational frequency of adsorbed molecules depends on the adsorption site
and geometry[®l. For CO, the vibrational frequency is lowered for adsorption in
higher coordination sites: CO on top sites is observed between 2100 and 2000 cm ™!,
CO on bridge sites is observed between 2000 and 1900 cm~! and CO in three and
four-fold position is observed below 1900 cm~![%?l. The reason for that is also ex-
plained by the Blyholder model. When CO adsorbs in a higher coordination site
(i.e. twofold bridge, threefold), the overlap between the LUMO of CO (27*) and
d orbitals of metal becomes higher, causing a lower CO stretching frequency for
molecules bonded in a higher coordination sites®l. This is clearly seen in fig. 2.11
in the spectrum after heating to 180 K, in which the frequency of CO on the top site
(2015 cm™!) is higher than that of CO on the bridge site(1908 cm™1).

The vibrational frequency of adsorbed CO molecules also depends on the cover-
age due to intermolecular interactions: chemical interaction (e.g. repulsive interac-
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tion) and vibrational coupling (or dipole-dipole coupling). The chemical interaction
can be understood on the basis of the chemical shift described above. Dipole-dipole
coupling is based on the fact that a vibrating molecule gives rise to a long range
oscillations in the dipole field which is sensed by the other adsorbate molecules[®].
As a result, dipole-dipole coupling becomes effective, which leads to an increase in
frequency of CO on the top site. This can be seen in fig. 2.11 where at high coverage
(lower sample temperature) the peak corresponding to occupation of top sites is at
2025 cm~!. As CO coverage decreases by desorption from the surface during heat-
ing, the peak maximum is seen to shift to lower wavenumbers reaching 1975 cm ™!
at 400 K.

The intensity of an infrared band differs from one adsorbate to another and is
proportional to the dynamic dipole moment of the adsorbed molecule. The intensity
cannot directly be translated to a relative amount of adsorbed species by compar-
ison. Moreover, the adsorption bands of a single adsorbate in different sites differ
in intensity. A striking example can be seen in the data in fig. 2.11. On the basis
of other techniques a top /bridge ratio of 1:6 was derived®l, but the ratio of the IR
peaks is around 1.33:1. The infrared band intensity of an adsorbate increases with
coverage, but there is no linear relation between the intensity increase and the adsor-
bate coverage. At high coverage, the gradient of the intensity increase is reduced [*’1.
According to a model developed by Persson and Ryberg for CO adsorbed on a tran-
sition metal®], this is attributed to dipole-dipole coupling between adsorbed CO
molecules. For larger molecules (i.e. hydrocarbon, oxygenates), the linear relation
between the infrared band intensity for a specific mode of molecule and coverage
can also be broken by the change in molecular orientation as the coverage increases.
This follows from the surface selection rule stated above since only the component
of dipole moment perpendicular to the surface contributes to the band intensity. In-
homogeneous broadening can be caused by an inhomogeneous distribution of indi-
vidual oscillator frequencies determined by the adsorption site of molecules or inho-
mogeneity of the intermolecular distance (between adsorbates). For our study;, it is
sufficient to know that a well ordered adsorbate layer results in a narrow symmetric
peak, while a broadened and asymmetric peak is expected for a distorted adsorbate
layer. In summary, IR spectroscopy is good to gain qualitative insights on CO ad-
sorption sites, but for quantitative interpretation it is best used in conjunction with
another quantitative technique like XPS or TPD.
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Chapter 3

Influence of defect sites on CO
adsorption at low coverage

3.1 Abstract

In studies aimed at understanding the chemical bonding of CO to metal surfaces in
the context of Fischer-Tropsch synthesis, the influence of the crystallographic orien-
tation is often considered critical. In this chapter, we examine CO chemisorption
in the low coverage regime on defect rich Co surfaces and compare it with a flat
Co(0001) surface. We provide experimental data on the adsorption of CO on dif-
ferent sites by identifying and quantifying the CO adsorbed on terrace and defect
sites based on their respective core-level lines in XPS. The analysis of XPS and TPD
results allows us to detect the undercoordinated site species and follow their ther-
mal behavior to show weaker adsorption on the kink sites compared to the terrace
sites of the kinked Co surface but with a similar strength on the step sites as the ter-
race sites on the stepped Co surface. Experimental evidence is combined with DFT
calculations to provide fundamental insights into the lack of driving forces for CO
induced surface reconstruction of Co nanoparticles.

3.2 Introduction

The conversion of CO and H; into long chain hydrocarbon molecules, Fischer-Tropsch
(FT) synthesis[®%, over a heterogeneous catalyst is of great industrial and academic
importance. Interest in FT synthesis has recently been revived due to demand for
clean fuels for a carbon neutral society. Instead of traditional FT synthesis feed-
stocks (e.g. coal, oil, gas), sustainable carbon sources such as CO, agricultural and
municipal waste, combined with green hydrogen generated from water electrolysis

29
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using renewable energy, presents a practical trajectory to a more sustainable future.
The metals Fe, Co, Ru and Rh are known to be FT active. Of these Ru and Rh are too
expensive, leaving only Fe and Co as the predominately used FT catalysts. Fe-based
FT synthesis is generally performed at high temperatures with the catalytically active
phase being iron carbides/oxides. Co-based catalysts are adopted for low tempera-
ture FT synthesis where metallic Co is the active phase. The application of metallic
Co leads to higher selectivity toward long chain paraffins making it the preferred FT

catalyst*-11.

For efficient atom utilization of the active metallic cobalt as well as high cata-
lyst surface area per reactor volume, supported Co nanoparticles are used. These
nanoparticles expose a range of surface terminations directly to the reaction atmo-
sphere. The most stable crystallographic phases of metallic cobalt nanoparticles un-
der FT-relevant synthesis conditions are the face-centered cubic (fcc) followed by the
hexagonal close-packed (hcp) phase® "I, Wulf construction of both these phases
show the presence of various surfaces with a wide range of coordination numbers
for surface cobalt atoms !, Whilst the proportion of different catalytic sites on cobalt
nanoparticle surfaces may depend on numerous factors, the role of defect sites has
been placed at the center of CO activation in the FT synthesis process. Following CO
activation, a complex network of elementary reaction steps are involved in the chain
initiation and propagation. Defect sites are argued to be at the center of both the FT
reaction activity as well as catalyst deactivation '+,

The adsorption of CO on defect sites, is therefore of great importance in the quest
to understand their role in FT synthesis. The adsorption of various atomic and
molecular species on metallic surfaces has been shown to depend strongly on the
electronic structure of adsorption sites and consequently on the coordination envi-
ronment of such sites!”’. In some reaction systems, this relationship has often been
cited in arguing that edge and defect sites are poisoned/ blocked by reaction inter-
mediates”?°l. In the case of FT synthesis, numerous experimental and theoretical
studies?'771%l have been conducted to understand the adsorption and activation of
CO on the flat cobalt surface, i.e. Co(0001), which represents over 65% of the avail-
able surface of hcp-Co nanoparticles[®?l. On the contrary, steps and defect sites have
mostly been explored using theoretical methods where they are often represented
as high Miller-index surfaces. Aside from well-established challenges of local and
generalized gradient density functional theory (DFT) methods in predicting accu-
rately the adsorption energy and site preference of CO on metallic surfaces, there
remains disagreement in the reported reactivity of defect sites compared to terrace
sites. While some theoretical studies indicated stronger CO adsorption on defect
sites of Co(1016), when compared to the terrace sites!!”®!, more recent evidence on
hcp Co(1120) and Co(1012) surfaces®! and fcc Co(111), Co(100) and Co(110) sut-
faces!” show strong CO adsorption on all Co surfaces with a weak dependence of
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adsorption strength on the surface structure.

A typical consequence of strong adsorption of CO to the defect sites of metal
nanoparticles is their reconstruction to more stable highly faceted particles. Co nanopar-
ticles have been found to be more robust under the FT reaction conditions whereas Pt
nanoparticles undergo reconstruction when exposed to high pressure of CO*l. The
adsorption strength of CO on metal surfaces as well as its bond stretching frequency
have been explained using various models including the Blyholder model *!l. Based
on the Blyholder model, the adsorption strength and CO stretching frequency are de-
pendent on factors such as metal substrate, local coordination environment as well
as surface coverage. This dependence is preserved in more recent models such as the
d-band theory and its improved version ®#>1%] The behavior of CO on one surface
is unlikely to match that on a different surface due to differences in backdonation
and/or hybridization energies.

Experimentally, Boller et al. did not observe significant reconstruction of a defect
rich Co(0001) surface when exposed to atmospheric pressure of Hy /CO gas mixtures
at 500 K in STM. Weststrate et. al. also compared the CO adsorption strength on fcc
and hcp Co surface and Co foils!'””! and found that the CO desorption temperature
that is independent of surface structure. Available experimental data is incomplete
and scattered over different studies where the different experimental approaches
used make comparisons difficult. Therefore, we present this work to develop an
understanding of different CO adsorption sites on different facets under reaction
conditions and comment on the adsorption strength on sites which can act as a driv-
ing force for surface reconstruction. We use single crystals as models of stepped
and kinked facets available on a Co catalyst nanoparticle. We also study CO ad-
sorption and desorption on the defect-rich Co surfaces and compare them with the
flat Co(0001) surface on the basis of CO adsorption strength on different adsorption
sites. The results show that CO prefers to adsorb more strongly to on-top sites but
does not preferentially adsorb on the defect sites, a finding that is supported by the
DFT simulations.

3.3 Experimental setup

Temperature programmed desorption (TPD), LEED, and Infrared (IR) spectroscopy
experiments were performed in a home-built stainless steel UHV chamber with base
pressure of 1x107' mbar as described in chapter 2 of this thesis. The chamber is
equipped with a sputter gun, LEED/Auger optics (Vacuum Microengineering, Inc.),
and two quadrupole mass spectrometers (QMS). The flat Co(0001) and one of the
three high index surfaces - stepped Co(1019) or kinked Co(1129) or Co(1120) ! were
mounted on an xyz manipulator with a rotary feedthrough in an identical manner
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allowing switching between samples without breaking the vacuum. Both crystals
could be heated by passing DC through a u-shaped tungsten wire (0.5 mm dia)
which contacted the crystal through two slits (width - 0.51 mm) on opposite sides
of the crystal. Sample temperature was measured using a chromel-alumel thermo-
couple spot-welded to the back of the crystal close to the center. The samples were
heated to a maximum of 670 K to avoid the hcp-fcc phase transition ( 690 K). The
tungsten wire was in thermal contact with a liquid nitrogen reservoir so that the
lowest sample temperature can be reached in ~ 3 min after sample annealing. The
single crystals were prepared in vacuum by repeated cycles!®?! of 1 kV Ar+ sputter-
ing (15 min) and annealing (670 K, 15 min). The samples were cleaned at 300 K right
after exposure to air followed by subsequent O, treatment (670K, 1 X 10~7 mbar, 5
min) and cleaning cycle (670 K) until the samples were clean. Sample cleanliness
was checked by LEED/AUGER electron spectroscopy.

A QMS (Hiden HAL 301) is located in a separately pumped compartment with
an aperture (dia - 5mm) that can be brought close in close proximity ( 2-3 mm) of
the sample surface. This supresses the signal due to desorption from other parts
of the sample holder resulting in a background which is a straight line that can be
reliably subtracted. The drawback of this arrangement is that the signal intensity
is a function of the exact position of the sample relative to the aperture. As there
were differences in positioning of the two samples, the shielded MS data was not
suited for quantification of the CO coverage on the Co samples. Therefore, in order
to determine the CO coverages, the samples were placed outside the line of sight of
another QMS (Pfeiffer Vacuum QME 200) installed in the main chamber. This QMS
functions as a residual gas analyzer and the signal intensity is insensitive to the sam-
ple position. The well-ordered (v/3 x v/3)R30° structure corresponding to 0.33 ML
CO coverage that forms on Co(0001) at 320 K was used as a reference to calibrate the
desorption peak areas of the other Co surfaces®!l. More details on this procedure
are provided in the SL

Reflection absorption infrared spectra (RAIRS) were obtained using a Fourier-
Transform infrared spectrometer equipped with a KRS-5 wire grid polarizer to se-
lectively detect the p-polarized component of the light. A mercury cadmium tel-
luride (MCT) detector was used with a spectral range of 4000-450 cm ™. The spectra
shown were recorded using a spectral resolution of 4 cm ™' and the signal from the
clean sample was used as a background. An average of 256 scans is typically shown
whereas an average of 30 scans was used for time-resolved experiments. Each ex-
periment was repeated several times to verify reproducibility.

High-resolution (HR) photoemission experiments on the well-annealed Co(0001)
and sputtered Co(0001) surface were performed at the superESCA beam-line (ELET-
TRA, Trieste) 1%l while the FlexPES beamline at MAXIV (Lund, Sweden) was used to
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obtain medium resolution (MR) photoemission spectra on the Co(1019), and Co(1129)
surfaces. All the photoemission experiments were carried out at normal emission.
Cl1s core level spectra were taken using a photon energy of 380 eV and binding ener-
gies are reported with respect to the Fermi edge. Sample cleanliness was confirmed
by photoemission experiments. For the XPS measurements at the SuperESCA beam-
line a Ta rod was spotwelded to the back of the sample and used to fix the sample
to the manipulator. The thermocouple was spotwelded to the side of the sample.
The sample was heated radiatively via two W filaments placed at the backside of
the sample. At the FlexPES beamline, the samples were clamped onto a Ta flat plate
by thin tantalum wires spotwelded to the sample plate and the thermocouple was
directly connected to the sample. The as-measured temperatures in a temperature-
programmed XPS experiment were compared with a TPD experiment performed
with the same heating rate in the home laboratory and corrected for any discrepency.
Intensity and energy of different components of Cls spectra can be extracted by in-
tegrating the C1s signals following the subtraction of Shirley '™’ background on the
data collected at the SuperESCA beamline. For the data obtained at FlexPES the
spectrum corresponding to the clean surface is subtracted. The Cls spectra corre-
sponding to §co = 0.33 ML was used to deconvolute the spectra obtained on heating
the CO covered sputtered Co(0001), Co(1019), and Co(1129) surfaces.

3.4 Computational methods

Atomistic insights into the interaction of CO with various cobalt surfaces were ob-
tained from spin-polarized density functional (DFT) calculations, using the Vienna
Ab initio Simulation Package (VASP)[''*!!!l and an implemented vdw-DF exchange-
correlation functional '>113], The latter was found to predict a correct adsorption site
preference for CO on Co(0001) as well as a reasonably accurate adsorption energy, in
contrast to standard DFT functionals!''*'1°l. The electronic and geometry optimiza-
tion steps were converged to within 10~ eV and 0.01 eV /A, respectively. The 2"
order Mathfessel-Paxton (MP) method [''”! with a smearing width of 0.2 eV was used
for all adsorbed state calculations. Dipole correction was applied along the surface
normal in all slab calculations. The ground state electronic energies were extrapo-
lated to zero smearing.

The adsorption energy of CO on each surface site was defined as,

Euis,co = Ecoysiab — Esiab — Eco(g) 3.1)

with E being the ground state electronic energy of CO adsorbed on a slab (CO/Slab),
clean slab (slab) and gas phase CO (CO(g)). Furthermore, vibrational analysis cal-
culations were performed using the finite differencing method in order to guide
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(d)

Figure 3.1: (a) Ball model of Co(0001), (b) STM image of sputtered surface adapted from Boller
et al.[®1. The scale bar is 4nm. (c) ball model as perceived from (b) showing a section of (b)
as represented by the blue rectangle (d) LEED of a clean sputtered surface. Blurred spots
represent poor ordering of the surface atoms.
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Figure 3.2: Ball model of Co(1019), Co(1129), and Co(1120) surfaces exhibiting A and B type
steps and kinks. The coordination number of different atoms is indicated in the figure

assignment of experimentally measured IR absorption bands and related them to
theoretically calculated adsorption states. Fig. 3.1 and 3.2 show the structure of
the various cobalt surfaces used in the present computational study. The Co(0001)-
p(3x3), Co(1019)-p(1x3) as well as the Co(1129)-p(1x2) slab supercells were modelled
from bulk optimized hexagonal close-packed (HCP) cobalt with the lattice param-
eters, a = 2.526A and c/a = 1.613. The Co(0001), Co(1019) and Co(1129) slabs had
5, 4 and 4 atomic layers, respectively. In all cases the top two layers were allowed
to fully relax during geometry optimization calculations and the adsorbed CO was
introduced atop the relaxed surfaces. A 15A vacuum gap was maintained between
periodic slabs. The Monkhorst-Pack grid was adjusted to give a k-point sampling
density of ca. 0.030A~" for each slab system.
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3.5 Surface Structures

The Co(0001) surface exposes large close-packed terraces with only four unique
high-symmetry adsorption sites. The defect density on flat, well-annealed single
crystals is typically in the order on 1%[*!l. Surface sputtering (1 keV Ar+, 300 K —
350K, 5 min) creates a corrugated surface with a high density of undercoordinated
sites. STM images (adapted from ref. Boller et al.[?°l) show that the holes created
by sputtering expose small, close-packed terraces with a broad distribution of ter-
race widths separated by mono-atomic steps running in different directions!®!. The
roughened surface has a high density of step edges with very small terraces preva-
lent over the surface!''®l. Since it is not well defined, a blurred hexagonal pattern
was observed in LEED (fig. 3.1(d)).

The Co(1019) surface consists of 4-5 atom wide (0001) terraces separated by mono-
atomic steps that run along the [1010] direction. The atoms at the step edge, which
account for 20% of all surface atoms, have a coordination number (CN) of 7. It should
be noted that the step edge structure alternates between A-type (100-like microfacets)
and B-type (111-like microfacets) as a consequence of the HCP bulk structure. Each
terrace has four high-symmetry adsorption sites at different proximity to the step-
edge region. In addition, there are also edge-bridge and edge-top sites for each step-
edge type.

The Co(1129) sample resembles that of the FCC-Co(321) surface!''l and contains
2-3 atom wide (0001) terraces separated by monoatomic steps that run along [1120]
direction. The steps consist of kink sites composed of alternating 111 and 100-like
micro-facets which expose 6 and 8-coordinated atoms in equal amounts that together
account for 40% of all surface atoms. In addition to the terrace sites on Co(1129) there
are also step-kink atop and bridge sites. Two different step-kink atop sites are distin-
guishable by their coordination numbers of 8 (k8a/b) and 6 (k6a/b). The Co(1120)
surface is of particular interest as a sample for comparison in the present study since
it only exposes zigzag rows of 7-coordinated atoms!®!! without exposing any close-
packed terraces and thus gives clear information about CO adsorption on step sites
only. Hence, the desorption data on Co(1020) is obtained as a part of the collabora-
tion with Stremsheim et al.[>! and is used as a good surface for comparison with
kinked Co(1129) surface.

The LEED pattern of the sputtered surface (fig. 3.1(d)) show weak, broad spots
at the (1x1) positions which reflects the small size of the close-packed terraces after
sputtering. The diffraction patterns of the stepped and kinked Co surfaces show spot
splitting characteristic of stepped surfaces (shown later in fig. 3.6 (d) and (f)). The di-
rection of the splitting confirms that the step edges run along the [1010] direction on
Co(1019) and along the [1120] direction on Co(1129). The average terrace widths de-
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Figure 3.3: Two pathways shown exploring surface reconstruction of Co(1129)

rived from the spot splitting were 1.25 nm for Co(1019) 0.75 nm for Co(1129), which
are close to the expected values. We note that the HCP bulk structure results in an
alternating step structure and the spot splitting distance corresponds to the distance
between two equivalent steps, that is, twice the terrace width. As a consequence,
the LEED pattern cannot exclude that step doubling occurs!®! and the susceptibil-
ity to this specific surface reconstruction was considered further. STM studies on
flat and sputter-damaged Co(0001) typically show monoatomic steps that predomi-
nantly follow the <10-10> directions of the substrate!®>'?%. This is taken as evidence
that step doubling on the Co(1019) surface is unlikely and the sample surface has the
bulk-terminated structure.

The Co(1129) surface atoms have a wide range of coordination numbers rang-
ing from 6 to > 9 and conventional wisdom suggests a tendency to reduce the con-
centation of undercoordinated atoms. Migration of the 6-coordinated atoms may
lead to formation of more 7-coordinated surface Co atoms at the expense of 6- and
9-coordinated sites and it is not immediately obvious whether this is energetically
favorable. Fig. 3.3 shows the two potential pathways considered by DFT, where
6-coordinated Co atoms migrate along (intra-) and across (inter-) the terrace lead-
ing to fewer 6-/9-coordinated sites and more 7-coordinated sites. It is found that
both reconstruction pathways are energetically unfavorable, i.e. AEdiffusion = + 10
kJmol ™!, and reconstruction of the clean surface is therefore deemed unlikely.
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Figure 3.4: Selected Cls spectra at 100 K, acquired on (a) Co(0001) and (b) sputtered Co(0001)
surfaces. (c) Individual IR spectra during CO adsorption depicting only intensity increasing
in the top-bound region on flat Co(0001) (solid black lines - divided by a factor of 2) and
sputtered Co(0001) surface (solid red lines), shown for comparison. The corresponding CO
coverage is indicated alongside each spectra. (d) Evolution of peak area with CO exposure
after individual fits to all Cls spectra in uptake curves of panel (b). (e) Difference in adsorption
energy of CO on St and Tr sites during CO adsorption with increasing CO dose

3.6 CO adsorption on flat and sputtered Co(0001)

Fig.3.4 (a), and (b) shows the series of high resolution Cls spectra acquired during
CO exposure on Co(0001) and sputter-damaged Co(0001) at 100K. On Co(0001), lat-
eral interactions between CO molecules cause population of the hollow sites along
with top sites when the coverage increases beyond 0.33 ML. We here limit the dis-
cussion to the coverage regime <0.33 ML where only top sites are populated on flat
Co(0001) and where site occupation is not affected by lateral interactions.

Only one photoemission peak is observed at 285.5 eV on the flat Co(0001) sur-
faces which is attributed to CO chemisorbed on top sites of close-packed terraces™”!
(hereafter, referred to as Tr). The spectra on the sputter-damaged Co(0001) surface
shows an additional low binding energy (B.E.) shoulder around 284.8 eV, the inten-
sity of which increases together with the main peak located at 285.5 eV. Studies on
stepped Rh and Pt surfaces show that CO adsorbed at step-top (hereafter, referred
to as St) sites give rise to a separate photoemission peak in the Cls spectrum at a
ABE of - 0.35 eV for Rh!'?!l and -0.28 eV for Pt!'??! relative to the terrace-top peak. In
line with this, we attribute the low BE shoulder at 284.8 eV to CO adsorbed on top
of undercoordinated surface atoms at the steps and kink sites that were introduced
during sputtering. The peak at 283 eV is attributed to a small ( 0.03 ML) atomic C
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contamination that was deposited during sputtering.

The assignment of top-CO is confirmed by the IR absorption spectra shown in
fig. 3.4 (c). Both flat and sputter-damaged CO(0001) show only a single peak around
2000 cm™*, attributed to the C-O stretching frequency of top-bound CO™?!. Presence
of CO on top of terrace and step sites leads to a broader absorption peak on sputter-
damaged Co(0001) and is found at a comparatively lower wavenumber.

Fig. 3.4 (d) shows the evolution of different photoemission peaks (obtained by
deconvoluting the spectra as shown in the inset) with CO dose on the sputter-damaged
Co(0001) surface. The simultaneous emergence of both Sy and T components sug-
gests no strong preference for either adsorption site. In contrast, CO adsorption on
stepped Pt and Ni surfaces!'?>"1?4l show a clear preference towards the undercoordi-
nated sites. Assuming that no significant photoelectron diffraction (PED) effects are
associated with species adsorbed at defects, the Cls intensity is proportional to the
CO coverage in the same way on all vicinal surfaces.

When we assume that there are no kinetic or diffusion limitations for CO and
thus it can arrange itself in the most stable configuration, we can use Boltzmann dis-
tribution to estimate the difference in adsorption strength of CO on Sy and T of
the sputtered surface at 100 K. Boltzmann distribution states that the adsorption site
with the lowest energy (higher adsorption strength) will have the highest probability
of being occupied ">, With the defect site concentration assumed to be 15%!%], eq.
3.2 results into a higher CO adsorption strength on defect sites than on the terrace
sites by 2-3 k] mol~! during CO adsorption. This difference, while measurable, is
relatively small compared to values typically associated with CO-induced surface
reconstruction.

U85 *pry _ Srppte (3.2)
0.15 % pg,.
Where pr,. is the probability of CO occupying the Tr sites, pg, is the probability
of CO occupying the Sy sites, eg,, is the adsorption strength of CO on the St sites, R
is the gas constant, and T is the surface temperature (K). Fig. 3.4 (e) shows a higher
preference for CO adsorption on defect sites at very low coverage. With increasing
CO exposure, the CO molecules on Tr experience lateral interaction. Greater initial
flexibility of CO molecules on St weakens their lateral interactions and explains the
increase in the difference between Sy and Tr adsorption energies as the coverage
increases. This difference in adsorption energies decreases before attaining a plateau
as the defect sites saturate with CO.

CO adsorption on various defect rich Co surfaces was also investigated using



3.6. CO ADSORPTION ON FLAT AND SPUTTERED CO(0001) 39

Table 3.1: Adsorption energy and vibrational frequency of CO on differently coordinated sites
of Co(0001), Co(1019) and Co(1129)

Co(0001)-p(3x3) Co(1019)-p(1x3) Co(1129)

Site  Egqqs [Kfmol~ 1] v; [em™T] Site Eods [ mol™ ] v; [em™1] || Site  Euqs [Kf mol~]  »; [cm™1]
T -138 1918 Tedage—1 -140 1897 Tksa -143 1884
FCC -128 1704 Tedge—2 -138 1910 Trso -141 1882
HCP 126 1693 Trerrace—1 134 1909 || Thea 131 1900
Bridge -123 1880 Tierrace—2 -135 Treb -132 1899
FCClorrace 125 1701 Tioa 124 1874
HCPyerrace -124 T -126 1871
Tiop -136 1884

DFT. Table 3.1 shows the calculated adsorption energies of CO on different sites as
well as the associated C=0 stretching modes. On the flat Co(0001) surface, CO ad-
sorbs strongest on atop sites with an adsorption energy of -138 k] mol~! compared to
-128 k] mol~! and 126 k] mol~! for adsorption on the three-fold FCC and HCP sites,
respectively. On bridge sites CO adsorbs with an even lower adsorption energy of
-123 k] mol~'. This predicted adsorption site preference is in good agreement with
experimental observation!'?°l. Moreover, the magnitude of the adsorption strength is
also in reasonable agreement with experimental values of -115 to -128 k] mol ~* [9%126],

In contrast, terrace sites on the Co(1019) surface binds CO relatively weakly, ca.
+ 3 k] mol~! compared to the edge sites. On atop sites at the central region of the
wide terrace CO adsorbs with an energy of -134 k] mol~! whilst on nearby FCC
and HCP the adsorption energy is -125 and -124 k] mol ™, respectively. This small
difference is likely an attribute of finite structure effects—the presence of the edges
affects adsorption on terraces. Consistent with adsorption on Co(0001), the atop sites
are still more preferred than three-fold and bridge adsorption sites. The atop sites
nearer to the edge region of Co(1019) binds CO slightly more strongly. The edge atop
sites bind CO with adsorption energies of -140 k] mol~* and -138 k] mol !, at edges
terminating wide and narrow terraces, respectively. These adsorption energies are
~ 4 k] mol~! higher than adsorption on terrace atop sites of the same slab surface.

Finally, the Co(1129) surface has a larger number of unique adsorption sites given
the presence of step-kink edge and the small size of the intervening (111) terraces.
Adsorption of CO on these sites was considered. As was the case for the Co(1129)
surface, atop adsorption was preferred over bridge and three-fold adsorption states.
The two 9-coordinated atop sites on the wide terrace adsorb CO with an adsorption
energy of -126 k] mol~! and -136 k] mol~!, with the lower value being closer to the
step-kink terminating the narrow terrace. On the narrow terrace there is only one
9-coordinated atop site which binds CO with an energy of -124 k] mol~'—this site is
located at an equivalent proximity to the step-kink as the weakly binding atop site
on the wide terrace.

Compared to these terrace sites, on the step-kink edge CO can adsorb atop either
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6- or 8-coordinated Co atoms. The adsorption on 8-coordinated Co atoms (k8a/b)
was found to be more favorable with adsorption energies of -141 to -143 k] mol~!
compared to adsorption on the 6-coordinated Co atoms (k6a/b) where CO adsorbs
with an adsorption energy of ca. -132 k] mol~!. Adsorption on bridge and three-
fold sites only lead to energies in the range of -100 and -132 k] mol~!. Vibrational
analyses were conducted for all considered adsorption states (see table 3.1). In gen-
eral, adsorption on atop sites was found to be in the range of 1890 and 1950 cm ™!
compared to adsorption on fec (1700 cm™!), and hep ( 1690 cm™?) sites. These C=0O
stretching modes although lower in wavenmber compared to experimental observa-
tions, are different enough for the different adsorption states to enable a confident
assignment (interpretation of the experimentally measured modes). Focusing only
on the atop adsorption states, no discernable trend was observed.

3.7 CO desorption

Fig. 3.5 (b,c) shows the HR Cls spectra recorded while slowly heating the CO cov-
ered sputter-damaged Co(0001) and flat Co(0001) in vacuum. CO desorption from
T7 and St with increasing temperature can be explored by following the reduction
in the intensity of the photoemission peaks (285.5 eV and 284.8 eV) as shown in fig.
3.5 (j,k) with increasing temperature. On the sputter-damaged Co(0001), the peak
representing CO adsorption on Sy disappears 50 K before the Tr peak. This can be
explained by smoothening of the sputtered Co(0001) surface during heating >350 K
when the surface starts to restructure itself and consequently leads to disappearance
of the defect sites.

Furthermore, the same desorption experiments were performed on the well-defined
Co(1019) and Co(1129) surfaces. Fig. 3 (a,d) show characteristic MR XPS spectra ob-
tained while heating the CO covered Co(1019) and Co(1129). Selected spectra mea-
sured at 300 K from panels (a,d) in fig. 3.5 are deconvoluted into a peak associated
with adsorption on terraces and a low binding energy peak associated with adsorp-
tion on steps/kinks and shown in the fig. 3.5 (e,h). The changes in the CO coverage
represented by the integrated intensity of the photoemission peaks with increasing
temperature is shown in fig. 3.5 (i,1). The experiment shows that both species are
completely desorbed at 420K on the various Co surfaces. Comparison of the CO
desorption temperature of Ty and Sr species suggests equal probability of CO to
occupy either the terrace or defect sites on Co(1019). These results suggest structure
insensitive adsorption of CO on the Co surfaces which is also supported by theo-
retical calculations. No significant CO dissociation and eventual build-up of surface
carbon was observed on the defect-rich surfaces during adsorption and desorption,
hence it has been left out of the systematic coverage analysis. As explained in sec-
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Figure 3.5: (a) - (d) Cls spectra recorded during CO desorption (0.3 Ks™*) from Co(10-19),

Sput. Co(0001)

Co(0001)

Co(11-29)

Intensity (a.u.)

(b)
HR

(©)

Binding Energy (eV)

(f)

(d)

(k)

I I I I
300 350 400 450 300 350 400 450300 350 400 450300 350 400 450

Temperature (K)

41

sputtered Co(0001), Co(0001) and Co(11-29) surfaces. (e-h) Selected spectra measured at 300
K, showing fitting lines for different chemisorption sites. (i-1) Changes in peak area with in-
creasing temperature, after individual fits to all C1s spectra in the desorption curves of panels
(a-d). The black, red and blue lines represent total CO coverage, CO coverage on terrace top
sites and CO coverage on step top sites, respectively. The green dashed line on roughened
Co(0001) in panel j shows evolution of atomic C during heating
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Figure 3.6: (a) Comparison of Cls spectra on CO covered Co(1129) and Co(1120) (green
dashed line) at 300 K. The red and blue curve represent the deconvolution of the total black
curve on Co(1129) surface. (b) CO TPD curves on heating CO saturated Co(0001), sputtered
Co(0001), Co(1019), Co(1129) and Co(1120) surfaces in vacuum at 1 Ks~!. (c) Variation of
CO desorption energy with increasing coverage on Co(0001)(red curve), sputtered Co(0001)
(black curve), Co(1019) (green curve), Co(1129) (blue curve) and Co(11-20) (purple curve). (d-
f) LEED images of CO covered Co(1019), Co(0001) and Co(1129) at 100 K after heating to 300
K.

tion 3.6, the small ( 0.03 ML) atomic C contamination on the sputtered Co(0001) was
deposited during sputtering.

In order to confirm the attribution of the photoemission peaks in XPS, Cl1s spectra
recorded on CO covered unreconstructed Co(1120) were compared with the current
data set on Co(1129). Co(1120) consists of zig-zag row of Co atoms and misses the
terraces present on Co(1129). Therefore, the core-level line on Co(1120) arises from
CO adsorption solely on defect sites which compares with the Sy peak in the Cls
spectra of Co(1129) surface (fig. 3.6 (a)).

Separate desorption features in the TPD spectra are observed on Pt(355) 11124
Pt(322)11241, Pt(112)'%7], and residual steps on Pt(111)[12$12°] attributed to desorption
from terraces at lower temperature and from defects at higher temperature support-
ing the notion of stronger adsorption on the undercoordinated sites. Although on
stepped Rh(553)“®! and Rh(311)[*], stronger CO adsorption on steps was established
by techniques like IR and XPS, there was no additional high-temperature feature
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observed in the TPD spectra. Many CO chemisorption studies that have been per-
formed through these years have found that more open surfaces provide a larger
adsorption energy as compared to the closed pack surfaces. Examples of this are
Ru(1010)13%, ( 150 k] mol~') and Ru(0001)"*!1 ( 122 kJ mol~'), Rh (111)[13% (130
k] mol~!) and Rh(110) (125 k] mol~'), and Pd(111)['*] (143 k] mol~"') and Pd(110)
(150 k] mol~1). However, no distinctive high temperature desorption feature was
observed on heating the CO saturated defect-rich Co surfaces when compared to the
flat Co(0001) surface (fig. 3.6 (a)). Fig. 3.6 (c) compares the activation energy of CO
desorption (Eg4es) as a function of coverage and temperature from the various Co
surfaces using the rate of desorption expression.

0 (3.3)

assuming a pre-exponential factor of 10'3 s~!. We arrive at an initial adsorption
energy E,qs of 112 k] mol~! on the flat Co(0001), 114 k] mol~! on the roughened
Co(0001) and stepped Co(1019) surfaces, 110 k] mol~! on the kinked Co(1129) and,
100 k] mol~! on the kinked-only Co(1020) surface. The values of E4.,, thus obtained
are in agreement with the adsorption energy determined by Weststrate et. al. on
Co(0001) surface™!. The desorption curve in fig. 3.6 (b) of Co(0001) exhibit a respec-
tive increase in 4. or decrease in the slope at about 330K, suggesting that at this CO
coverage, the well ordered (v/3x1/3)R30° structure is formed (fig. 3.6 (e)). The large
terraces on Co(0001) allow the formation of this ordered structure to relieve the re-
pulsive lateral interactions between the CO molecules with increasing CO coverage.
This ordering is also reflected in narrowing of the TPD curve on Co(0001) between
300 K - 330 K (fig. 3.6 (b) — dashed lines).

Conversely, ordering of CO molecules becomes difficult on the defect rich sur-
faces as increasing defect concentration is accompanied by shortening of the terrace
width. The consequence of CO molecules’ inability to arrange themselves in large
ordered structure on the defect rich surfaces is an increase in the repulsive inter-
actions between the molecules with increasing coverage and broad TPD curves. CO
forms a (v/3x1/3)R30° structure on the terraces of Co(1019) (fig. 3.6 (d)) and Co(1129)
(tig. 3.6 (e)) accompanied by increasingly blurred spots with decreasing width of the
terraces. No traces of reconstruction was found on Co(1019) and Co(1129) surfaces
in the presence of CO in the corresponding LEED images.
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3.8 Discussion

Sputtered surfaces have previously been used as a model for a defect rich surfaces in
CO adsorption on Pt['? and Aul"** and dissociation studies on Ni!'**l. The different
electronic structure of the defect and terrace atoms makes it possible to distinguish
between CO adsorption on those sites. Cls peak positions from XPS were used to
determine the hierarchy of CO adsorption sites on sputtered Co(0001), Co(1019), and
Co(1129) and compared with Co(0001). The two C1s components varying in relative
intensity with CO coverage indicate the presence of two inequivalent types of CO
molecules (T and St) on the defect-rich surfaces. Absence of atomic C peak on the
well defined Co surfaces during CO adsorption rules out the role of C in the origin
on the low binding energy S peak. CO adsorption on Pt(111) curved crystall'??],
comprising of A and B-type steps and Rh(553)!%! results in a core-level line at a
higher binding energy when adsorbed on terrace site as compared to the defect sites
with preference for adsorption on defect sites. However, from the high resolution
Cls adsorption spectra on the roughened Co(0001) (fig. 3.5) it can be concluded that
CO shows slight preference for defect than the terrace sites on Co surface.

No evidence to support a CO-driven reconstruction of surface defect site was
found in either the experiemental data or in DFT calculation on the Co(1129). There-
fore, under both CO and UHV conditions, Co(1129) remains unreconstructed.

Calculations confirm the preferred adsorption site for CO to be the atop at both
terrace and defect sites, consistent with experimental IR measurements in the present
study. Moreover, the calculated IR frequencies are in agreement with experiments
suggesting atop adsorption as being the most preferred state, albeit with small dif-
ferences in the actual magnitude of the calculated modes. The adsorption on defect
top sites is only ca. 6 k] mol~! more stable than on terrace sites. This difference is
at first glance in the range of error expected from computational factors such as slab
thickness. However, since from experiments two adsorption states are resolved, i.e.
terrace and defect atop, with a comparable energy difference in the range 4 — 6 kJ
mol~!, this calculated difference supports the results. Therefore, computational cal-
culations confirms the suggested weak dependence of CO adsorption on the surface
structure of cobalt.

The idea of CO adsorbing with equal (or slightly higher) adsorption strength on
defect sites than terrace sites on Co surface is not previously reported in the exper-
imental work in the literature. The work discussed in this paper present a strong
proof of identification of CO adsorption on defect sites of Co with the help of XPS.
This study is helpful to understand and extrapolate the influence of defect sites on
the FTS reaction on the catalyst nanoparticles which consists of both terraces and
defect edges. The results reported are obtained under UHV conditions which are far
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from real FTS conditions where high pressure of CO prevails. The catalyst nanoparti-
cle (relevant for catalysis) are prone to be blocked for CO dissociation by the strongly
adsorbing CO or its dissociated products C and O during FTS. However, we propose
that CO molecules do not prefer defect sites over the terrace sites for adsorption and
adsorb more or less with the same adsorption strength on both the undercoordinated
and terrace sites of the Co surface. Thus, even under high pressure defects can still
remain available for CO and Hj dissociation unless blocked by other intermediates
and reaction products. As outlined in the introduction, stronger adsorption of CO on
defect sites might lead to the reconstruction of Co nanoparticles into highly faceted
nanoparticles. A small difference in adsorption strength on defect and terrace sites
also means small driving force for surface reconstruction. We note that the CO ad-
sorbs most strongly to kink sites as compared to terrace and step sites. Therefore,
the reconstruction of a Co catalyst under reaction conditions would lead to a surface
exposing lesser highly undercoordinated sites like kinks than the other way round.

3.9 Conclusions

In this work we have compared the adsorption of CO on flat Co(0001), sputtered
Co(0001), stepped Co(1019), and kinked Co(1129) single crystal surfaces in the regime
of low CO coverage. The flat surface is used as reference to get detailed insight
into the influence of defects on the adsorption of CO. The TPD spectra of CO from
the sputtered surface and the kinked Co surface are very similar to the TPD from
Co(0001) at low CO coverage at the first glance. However, a separate desorption
feature was observed on the defect-rich and kinked surface which made the desorp-
tion spectra broader at the lower temperature end. This could be attributed to CO
desorbing from the defect sites. Infrared spectroscopy and X-ray photoelectron spec-
troscopy show that at low coverages both terrace-top and step-top sites are occupied
simultaneously. However, a very sharp distinction between the two sites cannot
be made using just IR. The IR experiments in combination with temperature pro-
grammed XPS and desorption data suggest that the defect sites have only a small
influence on CO adsorption. No under-coordinated-site preference is observed on
the defect-rich surfaces for CO adsorption. Hence, Co catalyst nanoparticles are not
expected to reconstruct into highly faceted nanoparticles and the defect sites can re-
main available for further adsorption during Fischer-Tropsch synthesis.
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3.10 Supplementary Information

3.10.1 TPD measurements

CO coverage determination on defect-rich Co(0001), stepped Co(1019) and kinked
Co(1129)

Several studies show that adsorption of CO at room temperature on Co(0001) leads
to the formation of an ordered (v/3 x v/3)R30° adsorbate overlayer with a coverage
of 0.33 ML?l. This coverage was used as a reference point in our work to determine
the CO coverage on the other Co surfaces. We made use of the fact that Co(0001)
and one of the defect-rich could be simultaneously mounted on the sample holder.
In this way, it was possible to change between the two samples in less than a minute
without breaking vacuum. Fig. 3.7 summarizes the results of the TPD experiments
that were performed to quantify the CO coverage on Co(1129) (for eg.) using CO
desorption from Co(0001) as a reference. The samples were intentionally placed far
away from the entrance of the QMS (Hiden HAL 301) compartment as indicated in
the figure and the QMS (Pfeiffer Vacuum QME 200) installed in the main chamber
is used for quantification of the signal intensity, instead. In this way, it is possible
to compare the TPD peak areas from the two samples since the signal intensity is
no longer sensitive to the exact sample position. Fig. 3.7 (a) shows a schematic of
the sample position relative to the QMS compartment opening for this series of ex-
periments. This arrangement led to a loss of signal intensity in the QMS so that the
signal-to-noise ratio for a single TPD measurement is relatively high. We therefore
repeated the TPD experiment several times. The desorption spectra for repeated ex-
periments (with a cleaning step between each experiment for Co(1129)) were very
similar both in terms of peak shape and in signal intensity. The average of a number
of such TPD spectra was used to evaluate the peak area and to derive coverages.
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Figure 3.7: (a) Illustration of the two sample positions for the TPD measurements; (b) MS
desorption spectra, without background subtraction, acquired with sample not in line of sight
of QMS; (c) corrected areas with respect to sample size and atom density.
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3.11 Abbreviations

1. BE Binding Energy (eV)

2. CN Coordination number

3. DFT Density Functional Theory

4. FCC Face-centered cubic

5. FTS Fischer-Tropsch synthesis

6. HCP Hexagonal close packed

7. HR High resolution

8. IR Infrared

9. LEED Low energy electron diffraction
10. MR Medium resolution
11. r Rate of desorption
12. R Universal gas constant (m?® . Pa. K=! . mol™1)
13. RAIRS R eflection absorption infrared spectra
14. QMS Quadrupole mass spectrometer
15. T Absolute temperature (K)
16. Tr Top site of steps
17. STM Scanning tunneling microscopy
18. TPD Temperature programmed desorption
19. Tr Top site of close-packed terraces
20. Eges Activation energy of desorption (k] mol~1)
21. VASP Vienna Ab initio Simulation Package
22. vdw-DF van der Waals - Density Functional
23. XPS X-ray photoelectron spectroscopy

24. 6 Surface coverage of the desorbing species (ML)



Chapter 4

CO and hydrogen co-adsorption
on Co(0001)

4.1 Abstract

The interaction between hydrogen and CO on cobalt surfaces is of fundamental inter-
est for Fischer-Tropsch synthesis. In this chapter, the adsorption and co-adsorption
of hydrogen and CO on the Co(0001) surface is studied under UHV conditions using
a combination of TPD, LEED, and IR. The present work delves into the influence of
lateral interactions between CO and hydrogen adsorbed on the Co(0001) surface as
reflected in the TPD spectra of both species. Our investigation explores the different
overlayer structures formed to accommodate both CO and hydrogen on the sur-
face and how their stability is affected by the lateral interactions. The co-adsorption
study reveals that hydrogen and CO form segregated islands on Co(0001). Several
distinct phases with specific stability were identified for different hydrogen and CO
coverages. Dosing CO onto a surface covered with 0.5 ML H4 produces CO islands
with a (2v/3x21/3) R30° structure and a local coverage of 0.58 ML while hydrogen is
compressed into (1x1) H islands. Desorption of CO and hydrogen during heating
results in an intermediate phase where CO islands with a (\/gx\/g)R30° structure
co-exist with (2x2)-2H islands with a local hydrogen coverage of 0.5 ML. The pres-
ence of pre-adsorbed CO inhibits the dissociative adsorption process of hydrogen
and when the surface is covered with 0.33 ML of CO, dissociative hydrogen adsorp-
tion is blocked. Analysis of the co-adsorption structure formed for lower CO pre-
coverages shows the presence of (v/3xv/3) R30° CO islands co-existing with (2x2)-2H
islands. Although the H and CO phases are segregated the hydrogen desorption
temperature is still lowered by the presence of CO islands nearby, indicating a desta-
bilizing effect that is attributed to the repulsive interactions at the CO-H island in-
terface. When hydrogen is dosed with help of a filament, "hot” hydrogen molecules
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and atoms capable of surmounting the dissociation barrier are generated resulting in
high hydrogen coverages on the surface. In this case, a structure with (v/3xv/3) R30°
CO islands and (1x1) H islands with a local coverage 1 ML is formed.

4.2 Introduction

Given the significance of cobalt catalysts in Fischer-Tropsch synthesis, it is impor-
tant to investigate the interaction of adsorbed hydrogen and CO,4 on cobalt. Even,
non-reactive interactions can affect surface coverages and binding strengths, which
ultimately influences the overall reaction rates and selectivity. Understanding non-
reactive interactions gives fundamental insight into the molecular phenomena that
occur on the surface of the catalyst and ultimately translate to overall activity and
selectivity "131%7]. CO and H co-adsorption is an attractive topic for surface sci-
ence studies. The adsorption of CO and hydrogen on their own has been extensively
investigated *3*+52%] on Co(0001), but co-adsorption is more complex than the sin-
gle adsorbate studies. The complexity of co-adsorption systems arises from the in-
troduction of a number of new phenomena such as site blocking, segregation, and
mixing[*%!3°]. Under FT high pressure reaction conditions, a high coverage of hy-
drogen and CO is expected. To simulate this scenario at low pressure, we employ
low temperatures, which also yield high adsorbate coverages. This enables us to ex-
plore how high coverage of CO influences adsorption of hydrogen and vice-versa.
It is important to note that although not identical to the real reaction conditions, this
approach can provide valuable insights into the nature of interactions between H
and COP!.

Earlier research on the simultaneous adsorption of hydrogen and CO on transi-
tion metal surfaces has revealed that the nature of their interaction (attractive or re-
pulsive) varies depending on the specific metal catalyst and surface structure. Stud-
ies have shown that on Pt(111)[4%'#1l and Pd(111)[*?! surfaces, hydrogen tends to
segregate and form a compressed phase, coexisting with CO ad-islands. This segre-
gation is similar to what has been observed on other close-packed metal surfaces['4].
Studies on Ir, Ni, Ru and Pd!"*>"'%’] have proposed that when a surface is already
covered with CO, the presence of CO inhibits the adsorption of hydrogen!*°l. This
inhibition occurs because CO raises the barrier for dissociative hydrogen adsorp-
tion, either through geometric site blocking or by altering the electronic structure
of the substrate. In addition, studies have shown that CO can displace hydrogen
on surfaces pre-covered with hydrogen at higher temperatures, as demonstrated on
Ir(111) 431 Ni(111) 144, and Pd(111) 142, Morkel et. al.['”] reported that on Pd(111),
hydrogen adsorption is suppressed by CO,q at low surface temperature, while CO
replaces hydrogen at higher temperatures ( 150 K). They also found that CO,4 hin-
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ders the dissociative adsorption of hydrogen by modifying the electronic structure
of the substrate and increasing the barrier for hydrogen adsorption. In a tempera-
ture and pressure regime where both hydrogen and CO adsorption are in dynamic
equilibrium with the gas phase, CO also suppresses dissociative hydrogen adsorp-
tion. Similarly, Johansson et al.['*¥] discovered that ppm levels of CO significantly
inhibit the formation rate of HD in a 99% H3/1% D, mixture on evaporated metal
films of various metals. This effect is attributed to the presence of CO, which results
in a decreased dissociative coefficient. These surfaces are comparable to Co(0001)
and have shown segregation of CO and H during co-adsorption while formation of
mixed H-CO layer is mostly observed on stepped surfaces (elborated in the intro-
duction of chapter 5).

For cobalt, Lewis et al.!'*! found that during CO adsorption on a H,4 pre-saturated
surface, small CO islands form within the H,4 layer on Co nano-islands exposing a
Co(111) surface as revealed by scanning tunneling microscopy (STM) experiments.
No diffusion between them occurs because they are locked in place due to the ab-
sence of vacant Co sites at high coverages. The same study reported DFT calculations
on three mixed phases of CO,4 and H,4 which suggest that segregation of CO,4 and
H,q is energetically favored over mixing.

The present chapter explores the co-adsorption of hydrogen and CO on the close-
packed Co(0001) surface using two different exposure sequences. First, exposing
Co(0001) pre-covered with hydrogen to CO and secondly, exposing Co(0001) pre-
covered with CO to hydrogen. After a brief description of the experimental setup
and procedures, we first investigate the coverages that can be reached with hydro-
gen (in the absence and presence of a hot hydrogen source) and CO together on
the surface to shed light on how CO adsorption properties are affected in a densely
packed hydrogen co-adsorbate layer. Finally we gain insight on dissociative adsorp-
tion of hydrogen in presence of pre-adsorbed CO.

4.3 Experimental

The experiments were carried out in an ultrahigh vacuum (UHV) chamber with a
base pressure of 1 x 10719 mbar equipped with a sputter gun for sample cleaning,
LEED/ Auger optics, an infra-red spectrometer, and two quadrupole mass spectrom-
eters (QMS). One mass spectrometer was on the main chamber and probed the resid-
ual gas while a second mass spectrometer was in a separately pumped compartment.
For desorption studies, the sample was placed around 2 mm away from the 5 mm
wide opening of the differentially pumped QMS housing (see fig. 2.7). The TPD
spectra reported here were taken at 2 Ks~! with the sample facing the mass spec-
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trometer with the separate pumping compartment. This sample placement elimi-
nated desorption from other parts of the sample holder but quantitative evaluation
may be affected in cases where desorption occurs preferentially in one direction with
respect to the surface normal!*l. The mass spectrometer located in the main cham-
ber was used whenever possible to make quantification more reliable.

Hydrogen and CO were passed through a cold trap held at liquid nitrogen tem-
perature and dosed through individual leak valves into the vacuum chamber. A
tungsten coil with a wire diameter of 0.38 mm and a total length of about 12 cm
was used to generate ‘hot” hydrogen. It was operated at 5 - 5.5 A, which resulted in
the filament temperature between 1570 and 1640 K, as determined using a pyrom-
eter. The filament was attached to a z-translator and was placed ~10-30 mm away
from the sample surface during dosing [see inset fig. 4.2]. The close proximity of
the hot filament caused the sample temperature to slowly rise during dosing, and
the filament-sample distance was adjusted so that the sample stayed below 130 K
during exposure to hydrogen. The filament was degassed prior to use and the back-
ground pressure in the system during operation of the filament remained at 3 x 10~1°
mbar.

4.4 Results and discussion

4.4.1 CO adsorption on Co(0001)

The adsorption of CO on Co(0001) has been previously described by several authors
and is summarized here to serve as background information for the co-adsorption
study. Fig. 4.1(a) shows CO desorption spectra for different CO coverages (0 -
0.58 ML) on Co(0001) while fig. 4.1(b) shows the IR spectra and corresponding
LEED patterns for specific coverages (0.33 ML and 0.58 ML). At low pressure sat-
uration coverage (fco = 0.58 ML), the electron diffraction pattern shows a unit cell
of (2v/3x2v/3) R30° while the IR spectrum shows occupancy of top (2025 cm~!) and
twofold bridge sites (1908 cm~!) . From the literature studies[°>"%], the top /bridge
ratio is found to be 1:6, that is the 12 surface atom large (24/3x2v/3) R30° unit cell
contains 1 CO molecule adsorbed on a top site and 6 CO molecules adsorbed on a
bridge site. The narrow desorption peak at 240 K corresponds to a change in the
IR spectra, where the disappearance of the signal at 1908 cm ™! and the appearance
of a broad peak around 1833 cm~! indicates a shift in site occupancy from bridge-
top to top-hollow. Between 250 and 320 K, the gradual desorption of 0.17 ML CO
takes place, during which the hollow sites are depopulated and the concentration of
CO on the top sites increases. At around 320 K, a (v/3x+/3) R30° LEED structure is
formed, corresponding to a (fco of 0.33 ML, where CO solely adsorbs on top sites
(2025 cm~!) with an adsorption energy of 115-125 k] mol~* ®>%1. As the temperature
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Figure 4.1: (a) Selection of CO TPD spectra obtained by heating the Co(0001) at 2 Ks™" fol-
lowed by exposure to CO (b) Illustration of the IR spectra at §co = 0.58 ML CO, 0.43 ML CO
and 0.33 ML. LEED patterns corresponding to §co = 0.33 ML and 0.58 ML is shown alongside
the corresponding IR spectrum.The LEED structures were recorded at 100 K using 92 eV elec-
tron energy
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rises further, the surface is gradually depopulated, and by approximately 450 K, all
CO,q has left the surface.

4.4.2 Hydrogen adsorption on Co(0001)

The adsorption of hydrogen was investigated by introducing H to the surface main-
tained at 110 K. At this temperature, hydrogen undergoes dissociation upon adsorp-
tion, and a saturation coverage of 0.5 ML of atomic hydrogen (H,.) is observed when
UHV-like pressures are used for dosing. The desorption of hydrogen in this cover-
age regime occurs between 300 to 400 K (as shown in fig. 4.2)*#150151 The shifting
of the peak maximum towards lower temperature with increasing hydrogen cover-
age shows second order desorption kinetics as a result of recombinative desorption
of two hydrogen atoms to form Hj(g).

Theoretical findings suggest that the process of dissociative hydrogen adsorption
on a smooth Co(0001) surface is slightly activated. Additionally, these results indi-
cate that the presence of hydrogen already adsorbed on the surface hinders the disso-
ciative adsorption of additional hydrogen as the coverage approaches 6 = 0.5 ML,
This phenomenon accounts for the maximum coverage of 0.5 ML of atomic hydro-
gen (H,q) achieved when hydrogen gas is dosed at UHV-like pressures. Calculations
further reveal that hydrogen coverages up to 1 ML remain energetically favorable.
However, the adsorption energy of hydrogen on this surface is coverage-dependent,
showing a decrease of approximately 12 k] mol~! per hydrogen molecule around 6
=0.5ML.

The kinetic limitation of a hydrogen coverage of 0.5 ML can be overcome ex-
perimentally by utilizing a hot tungsten filament (as shown in the inset of fig. 4.2).
This method generates hot hydrogen molecules and hydrogen atoms which possess
a high sticking probability on the surface. As a result, hydrogen coverages above 0.5
ML can be attained. However, the hydrogen exceeding 0.5 ML binds more weakly
to the surface and desorbs in a separate low-temperature desorption peak at 280 K
as shown in fig. 4.2. This is consistent with the study done by van Helden et. al.!*"!
who showed that heating the sputtered Co(0001) saturated with 0.75 ML hydrogen
results in two broad peaks, one centered at 220 K and the other at 310 K, both at
significantly lower temperatures than the single desorption peak from the smooth
surface, which is centered around 340 K and is equivalent to § = 0.5 ML. The LEED
pattern for a hydrogen coverage above 0.9 ML only show the (1 x 1) diffraction spots
of the Co(0001) substrate. The hydrogen most likely forms a (1 x 1) overlayer in
this regime with adsorption primarily in the fcc hollow sites followed by hcp hollow
sites. A faint (2 x 2) pattern becomes visible for H,4 = 0.8 ML. The (2 x 2) diffraction
spots increase in intensity and become sharper with decreasing hydrogen coverage,
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Figure 4.2: A selection of hydrogen TPD spectra obtained by heating the hydrogen covered
Co(0001) at 2 Ks™*. The corresponding LEED structures of the surface covered with 1 ML
and 0.5 ML hydrogen on Co(0001) are shown; 1 ML hydrogen on Co(0001) is obtained by
dosing hydrogen in presence of a hot W filament, as shown in the inset . The LEED patterns
were recorded using 62 eV electron energy. Structure models of the (1x1)-1H and (2x2)-2H
honeycomb structure are shown on the left.
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reaching a maximum intensity around 0.5 ML after which their intensity decreases
again[*!l. In accordance with literature[*!], these spots are assigned to (island of) a
(2x2)-2H honeycomb structure with local coverage of 0.5 ML.

4.4.3 Dosing CO on CO(0001) pre-covered with hydrogen

Here we investigate the amount of CO and H,4 that can co-adsorb on Co(0001) by
exposing the sample to varying amounts of hydrogen at 110K followed by a CO dose
of around 4 L which is sufficient to populate all the remaining sites with CO,4. The
desorption of hydrogen and CO, recorded while heating the Co(0001) covered with
different combinations of 8y and 8¢, are presented in fig. 4.3(a,b), where the pure
H,q (1 ML) and pure CO,q (0.58 ML) layers are represented by dotted spectra, re-
spectively.

For hydrogen coverages below 0.25 ML, a single Hy desorption peak is observed
at 300 K, 50 K lower than for the same quantity of H,4 desorbing from the CO-free
surface (see fig. 4.2). The intensity of this peak increases with increasing hydrogen
pre-coverage while the peak maximum remains constant around 270 - 280 K which
is identical to that of the low temperature peak seen for the pure 1 ML Hj, desorp-
tion spectrum. The CO desorption spectra for the co-adsorbed system, provided in
fig. 4.3(b), show slight variations compared to the reference case without H,q. All
three desorption peaks show a decrease in intensity as the hydrogen pre-coverage
increases, while only the two CO desorption peaks below 350 K change their shape
significantly, in particular the sharp desorption peak at 240 K which broadens and
shows a slight downward shift.

The desorption spectra show a clear change when the hydrogen pre-coverage
exceeds 0.25 ML H,4: an additional high-temperature shoulder develops in the H;
desorption spectra, while in the CO desorption spectra, the shape of the peaks below
350 K are more significantly changed as compared to the pure CO spectrum in this
coverage regime.

The impact of CO on the Hy desorption peak temperature decreases with increas-
ing Hyq/CO,q ratios, leading to the emergence of a high-temperature shoulder in the
H, desorption spectrum for the higher H,4/CO ratios. These observations can be ra-
tionalized when we consider the findings of Lewis et al.!'**! about co-adsorption of
CO and hydrogen on the close-packed cobalt surface. Their STM measurements at
low temperature show that CO adsorption onto a hydrogen-covered surface leads to
the compression of the hydrogen adlayer into segregated islands with a local (1x1)
structure, while the remaining areas are solely covered by CO. In our experiments,
the quantities of H and CO that can co-adsorb can also be understood from the seg-
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Figure 4.3: Selection of TPD spectra of (a) Hz and (b) CO, from Co(0001) after pre-adsorbing
increasing quantities of Hqq, followed by a saturation dose of CO. (c) Quantification of the 0
- Oco correlation from the spectra shown in (a)

regation model. Since hydrogen forms islands with a local coverage of 1 ML, the
global hydrogen coverage derived from the TPD experiment corresponds to the frac-
tion of the surface taken up by hydrogen. The remaining sites are occupied by CO,
and considering that the maximum attainable CO coverage under these conditions
is 0.58 ML, the sum of 0y + (6c0/0.58) is expected to be unity. Fig. 4.3 (c) indeed
demonstrates that this sum remains approximately constant at a value of 1, thereby
providing quantitative validation of the segregation model. Hence, our results in-
dicate that a single-site model is not sufficient to explain CO-H coadsorption on the
flat Co(0001) surface, as the saturation coverages of the two adsorbates do not add
up to unity. In the single-site model each adsorbed species (CO or hydrogen) is con-
sidered to interact with the metal surface independently, meaning that only one type
of adsorbate can occupy a particular site at a given time, without significant lateral
interactions between neighboring adsorbed molecules.

The desorption spectra show a complex evolution as a function of adsorbate cov-
erage. To better understand the underlying dynamics at the surface the co-adsorption
system of 0.5 ML H and 0.27 ML CO was chosen for further study by a combination
of TPD, IR spectroscopy and LEED. Fig. 4.4(a) shows IR spectra and the correspond-
ing LEED patterns obtained at 110 K after briefly heating the co-adsorbed system to
the indicated temperatures. The desorption spectra of H, and CO, shown in fig 4.3,
were used to derive the CO and H coverage at each temperature during heating, as
shown in fig. 4.4 (b).

The LEED after heating to 170 K shows a blurred (2\/§x2\/§) R30° pattern which
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Figure 4.4: IR spectra recorded at 110 K after heating the Co(0001) covered with first hydro-
gen followed by CO to the temperature indicated alongside each spectra. The corresponding
LEED structures are shown next to the IR spectrum, (b) Change in 6z (black) and 0co (red)
with temperature derived by integrating the desorption curves in (c); inset - Structure models
of Co(0001) covered with CO and hydrogen arranged into separate islands with (1x1) - H and
(2\/§x2\/§)R30° structure are shown in the inset on top right. The dotted lines are presented
to aid the ease of comparing different states in the desorption curves with the corresponding
IR spectrum
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indicates that the (2\/§x2\/§)R30° structure is somewhat disordered. The IR spectra
show peaks at 2033 cm~!, 1910 cm ™!, and 1864 cm ™! attributed to CO adsorption on-
top, bridge, and hollow sites, respectively!™’. In the well-ordered (2v/3x2v/3) R30°
structure only top and bridge sites are occupied, and the presence of hollow site oc-
cupation is taken as an indication that the (2v/3x2v/3) R30° structure is not present
everywhere and co-exists with a disordered CO phase in which hollow sites are also
occupied.

Heating the co-adsorbed system to 230 K causes a small quantity of CO to des-
orb (shown by the decrease in the integrated spectra of CO in fig. 4.4 (b) and fig.
4.4 (c)) and the sharpening of the (2v/3x2v/3) R30° LEED pattern. The corresponding
IR spectra of this state shows that CO occupies only top (peak at 2030 cm~') and
bridge (peak at 1910 cm™?) sites, an indication that the (2v/3x2v/3) R30° (local cover-
age of 0.58 ML) structure is now the dominant CO phase. The fraction of the surface
covered by CO at this point is 0.23/0.58 = 0.40. Therefore, 60% of surface is left for
hydrogen adsorption. Since hydrogen did not desorb yet, the 0.5 ML H,, that was
initially present occupies 60% of the surface so that the local coverage is 0.83 ML, i.e.
hydrogen will predominantly form a local (1x1) structure (as illustrated in the inset
of fig. 4.4 (b).

Hydrogen desorption starts at 250 K, which is accompanied by the desorption of
0.15 ML CO. The hydrogen atoms are more weakly bound in the compressed Hgq
islands with 1 ML coverage which explains the downward shift of the Hy desorp-
tion peak maximum caused by CO,4. At ~ 300 K, the CO desorption stops while
a change in the slope of the integrated hydrogen curve is seen. The IR spectra at
this stage shows one peak at 2022 cm™! due to CO adsorbed on top, and the LEED
pattern shows the presence of a (v/3x1/3) R30° structure alongside a (2x2) structure.
The amount of CO left on the surface after desorption is 0.214 ML, which, accord-
ing to the LEED arranges itself in (v/3x1/3) R30° islands with a local coverage of 0.33
ML. The fraction of the surface left for hydrogen adsorption = 1- (0.214/0.33) = 0.35.
The global coverage of hydrogen at 300 K is 0.20 ML and since it sits on 35% of
the surface, the local coverage is 0.2/0.35 = 0.57 ML H,4 which then explain the (2
x 2) spots in LEED. This implies that the shoulder at high temperature in the hy-
drogen desorption curve represents hydrogen desorbing from the parts covered by
the (2x2)-2H islands!'*! and it is therefore expected to be similar to the desorption
of 0.5 ML pure hydrogen from the Co(0001) surface (fig. 4.2), which also forms a
(2x2) structure. However, a detailed comparison shows that the presence of CO has
a slight destabilizing effect on the (2x2) hydrogen islands. This destabilizing effect is
more prominently visible in fig. 4.5. and will be discussed there in the next section.
For the CO desorption spectrum, no further changes with respect to peak shape or
position compared to spectra without co-adsorption can be noted for the desorption
peak above 300 K.
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Figure 4.5: (a)Thermal desorption spectra from Co(0001) of hydrogen adsorbed at 110K on
various fractional coverages of CO. The initial coverage of CO was accomplished by exposing
the surface to CO at 110K : 8co (a) 0 ML, (b) 0.07 ML, (c) 0.19 ML, (d) 0.24 ML, (e) 0.31 ML.
the corresponding CO TPD spectra are shaded in red

In summary, our investigation reveals an initial surface state marked by segre-
gation of pure CO and pure hydrogen islands, characterized by a (21/3x21/3) R30°
arrangement with a local coverage of 0.58 ML for CO, and a (1x1) structure with
a local coverage of 1 ML for hydrogen. The desorption spectrum’s profile can be
understood from the composition of this surface layer. Upon raising the surface
temperature, CO molecules begin to desorb at a temperature slightly lower than the
desorption temperature observed for the (2\/§x2\/§)RBOo structure. Simultaneously,
hydrogen molecules start to desorb at a temperature consistent with desorption from
the H-only covered surface when the coverage is around 1 ML. As the coverage of
both hydrogen and CO decreases, CO molecules form (\/gx\/g)R30° islands, and
hydrogen forms (2x2)-2H islands. The desorption of CO stops, while hydrogen des-
orption continues at a temperature typical for surfaces covered with (2x2)-2H struc-
tures, albeit at a slightly reduced temperature due to the presence of CO islands,
which destabilize the hydrogen islands.

4.4.4 Dosing H,; on Co(0001) pre-covered with CO

Several studies on other metals indicate that CO suppresses dissociative Hy ad-
sorption[*>7145] The effect of CO,4 on the dissociative adsorption of hydrogen on
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Co(0001) was investigated at 110 K by first dosing a specific quantity of CO, fol-
lowed by exposure to increasing doses of hydrogen. Fig. 4.5 (a-€) shows a selection
of hydrogen TPD spectra for different CO pre-coverages. The dotted spectra rep-
resent the spectrum of a 0.5 ML H,4-covered surface for reference, while the CO
desorption peak, which remains constant irrespective of hydrogen coverage, is pro-
vided by the red-filled spectra. The area under each hydrogen desorption spectrum
was used to quantify the hydrogen adsorbed alongside pre-adsorbed CO in fig. 4.6
and is plotted for different quantities of CO in fig. 4.7 (a).

Firstly, we observed a decrease in the total amount of hydrogen that can co-
adsorb with CO as the CO coverage increases. This trend is clearly visible when
comparing spectra in fig. from 4.5 (a) to 4.5 (e). For 0co > 0.31 ML (fig. 4.5 (e)),
the amount of hydrogen adsorbed is negligible, with only 0.05 ML of H,, adsorbed
alongside 0.31 ML of CO. This is significantly lower than the 0.38 ML of H,4 (blue
curve in fig. 4.7 (a)) that could co-adsorb alongside 0.38 ML CO when hydrogen was
dosed first. It is clear from the results that adsorbed CO has a significant impact
on the hydrogen adsorption process. More specifically, we see that the maximum
coverage reached on the surface pre-covered with CO is lower than when hydrogen
is dosed first as illustrated in fig. 4.7 (b). In the previous section it was found that
hydrogen and CO form segregated islands where different local coverages are pos-
sible. For the dataset where H; was dosed after CO, it can be seen in fig. 4.7 (b) - red
trace that the combined fraction of the surface covered with CO and H ad-islands is
always unity when we assume that a combination of (\/§x\/§) R30° CO islands and
(2 x 2) hydrogen islands is formed on the surface. This assumption was corrobo-
rated by IR and LEED for the co-adsorption system with 0.19 ML pre-adsorbed CO
followed by a high dose of Hy (which results in 0.24 ML 6y), as shown in the fig. 4.8.

The LEED pattern showed a well-ordered (v/3xv/3)R30° and (2 x 2) structures.
The IR spectrum in fig. 4.8 after heating to 210 K shows a narrow peak at 2015 cm™*
attributed to CO adsorbed on top sites while LEED showed a well-ordered (2x2) pat-
tern superimposed with a (v/3x1/3) R30° pattern. These observations are consistent
with the presence of CO islands with a local (\/§x\/§) R30° structure and a local cov-
erage of 0.33 ML while a (2x2) structure was formed with the local coverage of 0.5
ML within the H-islands!*!. For a CO coverage of 0.19 ML, this model implies that
the fraction of the Co(0001) covered with CO-islands is 52% (0.19 ML/0.33 ML), leav-
ing 48% of the surface available for hydrogen to adsorb. TPD quantification shows a
global coverage of 0.24 ML H,4 on 48% of the surface, i.e. a local coverage of 0.5 ML
within the hydrogen islands.

In summary, the quantity of H that can be adsorbed when H; is dosed on CO-
covered Co(0001) can be rationalized from the segregation model where CO blocks
part of the surface by forming a local (v/3xv/3)R30° structure. Hy can only disso-
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Figure 4.8: IR spectrum of Co(0001) covered with 0.19 ML CO followed by 0.24 ML hydrogen.
The corresponding LEED image of the cold sample after heating the surface to 210 K is shown
on the left side of the IR spectrum , inset on the bottom right- Comparison of CO and hydro-
gen TPD spectra obtained by heating this co-adsorbed system at 2Ks™'. Structure models of
Co(0001) covered with 0.19 ML CO and 0.24 ML hydrogen arranged into separate islands with
(2x2)-2H and (v/3xv/3) R30° structure are shown in the inset on top right.
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ciate on the remaining part of the surface and, just like on the clean surface, it can
only populate the surface up to a local coverage of 0.5 ML. This also makes the basis
of calculating the data points of the red curve in fig. 4.7(b).The adsorbed hydrogen
does not compress the pre-adsorbed CO layer into more compact high local coverage
(2v/3x2+/3) R30° CO islands to free up the space.

The desorption spectra show that hydrogen desorption from the (2x2) hydrogen
islands is still affected by the concentration of CO, despite the fact that the two ad-
sorbates are segregated. It can be seen in fig 4.5 that the hydrogen desorption peak
maximum shifts to the lower temperature as the CO/H ratio increases, indicating a
progressive weakening of the hydrogen adsorption strength. We rationalize this as
follows: the segregation of CO and hydrogen into distinct ad-islands suggests that
repulsive interactions exist between CO and H,4. A higher CO/H ratio in the seg-
regated system means that the hydrogen islands are comparatively smaller so that
the fraction of H at the interface between the islands, which is in direct contact with
the CO, is also larger. Their weaker binding causes them to desorb at a lower tem-
perature so that the desorption spectrum shifts to lower temperature with increasing
CO coverage. These findings align with previous studies conducted on Ru(001)1%7,
where it was suggested that CO inhibits hydrogen adsorption, as well as on simi-
lar closely packed transition metal surfaces like Rh(111)1"**, where it was concluded
that hydrogen and CO undergo near-complete segregation.

To gain a deeper understanding of the influence of CO on the kinetics of dis-
sociative Hy adsorption, the hydrogen uptake curves in the presence of CO were
recorded. As the surface pre-coverage of CO increases, the global hydrogen cover-
age decreases, as evidenced in fig. 4.7 (a) by the decreasing slope as the CO coverage
increases. This raises the question whether this decrease is primarily caused by CO
blocking adsorption sites or by alterations to the electronic structure of the surface
leading to changes in the barrier for hydrogen dissociation, or a combination of both
factors. To shed light on potential electronic effects, we analyze the normalized up-
take curves (fig. 4.9), which accounts for the maximum coverage achievable at a
specific fco. As shown in the inset of fig. 4.9, the curves have a similar uptake slope
up to a hydrogen dose of 2L, indicating the same sticking probability for hydrogen
before repulsive interactions begin except for the 6o of 0.31 ML. Thus, for total sur-
face coverage of < 0.5 ML, the rate of adsorption primarily depends on the imping-
ing hydrogen molecule finding an empty site. However, for total surface coverage
> 0.5 ML, CO appears to somewhat impede dissociation by altering the electronic
structure of the surface in addition to simple site blocking. The results displayed in
fig. 4.9 exhibit some scatter, making it challenging to draw definitive conclusions.
Therefore, further detailed studies are needed to elucidate how pre-adsorbed CO in-
fluences the dissociative adsorption of Hs.
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Figure 4.9: Plot of normalized hydrogen coverage versus hydrogen dose, illustrating the im-
pact of changes in electronic structure of Co(0001) due to CO co-adsorption on the dissociative
adsorption of hydrogen on Co(0001). The hydrogen uptake curves, normalized to the 6 ob-
tained when hydrogen is adsorbed alone, allow for direct comparison of the slopes across
different CO co-adsorption conditions. The inset illustrates the curves zoomed in upto 5L of
hydrogen dose. Because of the normalization procedure and low hydrogen signal at 0.31 ML,

this data set is unreliable
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When CO is dosed first followed by hydrogen, we find that that 0.24 ML Hgq4
can be adsorbed alongside 0.19 ML CO,4. Conversely, when H is dosed first 0.19
ML of CO can be adsorbed on a surface precovered with 0.7 ML of H - a factor of 3
increase in the coadsorbed H coverage. To investigate this phenomenon further, we
conducted experiments where the Co(0001) surface pre-covered with 0.19 ML CO
was exposed to hydrogen in the presence of a tungsten filament. The IR spectrum
after heating to 210 K shows a narrow peak at 2015 cm ™! attributed to CO adsorbed
on top sites while LEED showed a well-ordered (\/§x\/§) R30° pattern as shown in
fig. 4.10. The observed phenomena can be explained by the formation of CO is-
lands exhibiting a local (v/3xv/3) R30° structure with a local coverage of 0.33 ML,
According to this model, when the CO coverage is 0.19 ML, approximately 52% of
the Co(0001) surface is covered by CO islands (0.19 ML/0.33 ML), leaving 48% of
the surface available for hydrogen adsorption. Through TPD quantification, a global
coverage of 0.42 ML of hydrogen is observed on this 48% region of the surface, in-
dicating a local coverage of approximately 1 ML within the hydrogen islands. This
interpretation is consistent with the presence of the low temperature desorption peak
(280 K) in the hydrogen spectra which is comparable to hydrogen desorption from
a surface covered by 1 ML H,,4. Consequently, if the segregation model holds true,
the local coverage of 1 ML within the H-islands**! would result in a (1x1) structure
within the hydrogen islands.

In summary, we find that when hydrogen is dosed after CO, the hydrogen only
occupies the space that is left by the (v/3x1/3) R30° islands of CO. When Hs is dosed,
only half of the potentially available area for hydrogen on the Co(0001) surface is
covered with hydrogen. However, using a hot filament increases hydrogen cov-
erage up to 1 ML on these areas also corresponding to (1x1) islands of hydrogen.
When CO is dosed on Co(0001) after hydrogen, it can compress hydrogen into (1x1)
islands while simultaneously forming a (2v/3x 2v/3)R30° structure within the CO
islands. When hydrogen is dosed in the presence of a hot filament onto Co(0001)
pre-covered with CO, it does not compress CO into the (2v/3x 2\/§) R30° structure.
We do not observe compression of the CO layer into denser structures to accommo-
date more hydrogen. This indicates that the hot hydrogen molecules with a higher
reactivity for dissociation generated by dosing the hydrogen in the presence of a hot
tungsten filament enhances the overall global coverages of hydrogen on the Co(0001)
surface.

Although the method of dosing hydrogen in the presence of a tungsten filament
is not applicable during FTS, it allows surface scientists to study structures forming
under ‘real” hydrogen pressures which may lead to similar coverages on the cat-
alyst surface relevant to FTS. It is essential to note that not all CO molecules and
hydrogen atoms segregate into islands. Consequently, a minor discrepancy in deter-
mining 0 from the fraction of the surface covered by CO may arise. The majority of
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Figure 4.10: IR spectrum of Co(0001) covered with 0.19 ML CO followed by 0.42 ML hydrogen.
The corresponding LEED image is shown on the left side of the IR spectrum , inset - Compar-
ison of CO and hydrogen TPD spectra obtained by heating this system at 2Ks™'. Structure
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CO molecules and hydrogen atoms, however, preferentially segregate into islands,
establishing ordered structures that are discerned through LEED analysis.

4.5 Summary and conclusions

This chapter provides a detailed investigation into the non-reactive interaction be-
tween CO and hydrogen on the Co(0001) using TPD, IR and LEED surface which
is crucial for understanding the fundamental steps involved in FTS. For CO alone,
the site occupancy of top, hollow, and bridge sites on the surface undergoes signif-
icant variations as the CO coverage increases. Up to a coverage of 0.33 ML, only
the top sites are occupied. Subsequently, between 0.33 and 0.55 ML, a combination
of top and hollow site occupation is observed. As the coverage approaches 0.55 -
0.58 ML, a transition to a bridge-top configuration occurs. The sequential depopu-
lation of the CO-covered surface during heating in vacuum mirrors the occupancy
sequence observed during the CO,,4 build-up upon exposure to CO at low temper-
atures. The high-coverage bridge-top structure, corresponding to 0.58 ML, exhibits
stability up to 180 K. Upon further heating additional CO desorbs around 240 K, re-
sulting in a configuration with 0.5 ML CO,4 in a top-hollow arrangement. Further
heating results into a gradual desorption of CO, accompanied by an increase in the
top/hollow ratio. At 320 K, the remaining 0.33 ML CO,, is adsorbed in the top po-
sition, ultimately desorbing during continued heating up to 400 K.

Exposure to hydrogen at low temperatures, shows that dissociative hydrogen
adsorption is activated, resulting in a low dissociative sticking probability at low
surface temperature. This kinetic limitation also makes it difficult to reach a hy-
drogen coverage above 0.5 ML in UHV experiments. When hydrogen is dosed in
the presence of a high-temperature tungsten filament ( 1600 K), placed close to the
sample surface, 'hot” hydrogen molecules and atoms capable of surmounting the
dissociation barrier are generated. This approach allows the attainment of hydro-
gen coverages beyond 0.5 ML. Excess hydrogen above 0.5 ML desorbs in a distinct
low-temperature desorption peak. LEED shows the formation of adsorbate islands
exhibiting a (2x2)-2H honeycomb structure within the 0.3 to 0.8 ML coverage range,
signifying a broad coverage regime indicative of the special stability of this structure.
As the hydrogen coverage approaches 1 ML, a transition to a (1x1)-1H structure is
observed.

Our results indicate that a model assuming that each surface site is occupied by
CO and hydrogen (single-site model) is not sufficient to capture the complexity of
CO-H co-adsorption, as the saturation coverages of the two adsorbates do not add
up to unity. By considering adsorbate segregation into ad-islands, we were able to
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obtain a reasonable quantitative description of the correlation between 6y and 6co
values in our model system. Our proposed model shows that the co-adsorption of
hydrogen and CO on Co(0001) can yield high adsorbate coverages (~ 1 ML). The
segregation model suggests that, irrespective of exposure sequence or surface cov-
erage, CO and H segregate into islands on the Co(0001) surface, with the adsorption
capacity of the surface determined by the local coverage within these islands. The
co-adsorption system are effectively studied using LEED patterns and correspond-
ing IR spectra, highlighting the local coverages of CO and hydrogen.

We observed a reduction in the adsorption capacity for CO as the hydrogen cov-
erage increases, particularly at a temperature of 110 K where CO desorption is im-
possible. When hydrogen is dosed first followed by CO, the CO compresses the
hydrogen into (1x1) islands and forms a (2v/3x 2\/§)R30° structure in the islands it-
self. This is shown by IR peaks at 2033 cm~?, 1910 cm !, and 1864 cm ™!, attributed
to CO adsorption on-top, bridge, and hollow sites, respectively. When heated, dur-
ing desorption the structure within the CO islands transitions from (2v/3x 2v/3) R30°
structure to a (\/gx\/g)RSOO pattern when the local 6o is < 0.33. This is seen by
an IR peak at 2015 cm~'. When hydrogen is introduced after CO, hydrogen atoms
occupy the parts of Co(0001) not occupied by CO islands. Specifically, only 0.5 ML of
hydrogen is adsorbed on the available part of the surface when Hy is dosed. The CO
forms a (v/3x v/3) R30° structure within the CO islands. When hydrogen is dosed in
the presence of a hot filament on the CO covered Co(0001), we see that hydrogen ar-
ranges itself in (1x1) structure with H islands whereas CO forms a (v/3x\/3) R30° pat-
tern, i.e. H does not compress the CO into (2v/3x 2v/3) R30° structure. This suggests
that the existing CO arrangement remains unchanged to accommodate additional
hydrogen adsorption. The arrangement within hydrogen islands is determined via
LEED, namely (1X1)-1H and (2X2)-2H, corresponding to local 6 values of 1 ML and
0.5 ML, respectively. The 6y is determined by the available surface space following
CO island formation. Our description of the co-adsorption system, grounded in the
segregation model, integrates these CO and H local structures within the islands.
This shows that the interactions between CO-CO and H-H are stronger than the in-
teraction between CO-H.

It is worth noting that a significant amount of CO can still be adsorbed on Co(0001)
surface that is covered with the amount of H, obtained under UHV-like conditions
with (Hgq), while very little H adsorption occurs on a surface saturated with COad.
This can be attributed to the fact that the sites for dissociative hydrogen adsorption
may be occupied by CO or rendered inaccessible by neighboring CO molecules, lead-
ing to an increased barrier for dissociative adsorption of hydrogen. These findings
offer insights into the behavior of CO and hydrogen on Co(0001) surfaces, which can
aid in the optimization of FTS.
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4.6 Abbreviations

1. COuq Adsorbed CO

2. Heoq Adsorbed hydrogen

3. IR Infrared

4. LEED Low energy electron diffraction

5. ML Monolayer

6. QMS Quadrupole mass spectrometer

7. STM Scanning tunneling microscopy

8. TPD Temperature programmed desorption
9. 0co CO coverage

10. Og Hydrogen coverage



Chapter 5

CO and hydrogen co-adsorption
on Co(1129)

5.1 Abstract

Cobalt catalysts play a pivotal role in large-scale production of synthetic fuels through
the Fischer-Tropsch synthesis process. During this reaction, long chain hydrocar-
bons are formed by reaction of adsorbed CO molecules and hydrogen atoms on a
catalyst surface that is covered with these adsorbates. Thus, it is interesting to study
how lateral interactions between these adsorbates affect the stability and reactivity
of the catalyst. In this investigation, we explore the adsorption of hydrogen, CO,
and their co-adsorption on the kinked Co(1129) surface and draw comparisons with
the flat Co(0001) surface to elucidate the influence of the undercoordinated sites on
the dissociative adsorption of hydrogen and its co-adsorption with CO. The desorp-
tion temperature of hydrogen is lower on kinked surfaces compared to the Co(0001)
surface because the stepped and kinked sites offer a barrierless route for dissociative
adsorption of hydrogen, unlike the small barrier present on the flat Co(0001) surface.
It is also found that the presence of pre-adsorbed CO molecules impedes dissociative
hydrogen adsorption on both Co(0001) and Co(1129) surfaces. This is either due to
the occupation of the sites for dissociative hydrogen adsorption by CO or that the
sites rendered inaccessible by neighboring CO molecules, leading to an increased
barrier for dissociative adsorption of hydrogen. However, even when the Co(1129)
surface is saturated with CO, we observed that some hydrogen molecules can still
dissociate, unlike the flat Co(0001) surface where hydrogen adsorption is completely
blocked on the surface covered with 0.33 ML CO. This phenomenon is attributed to
the step sites on the Co(1129) surface, which remain vacant, allowing hydrogen to
adsorb onto a CO-saturated surface.

71
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5.2 Introduction

This chapter investigates the dissociative adsorption of hydrogen, the influence of
CO on this process, and the interaction between adsorbed CO and hydrogen atoms.
The goal is to understand how the kinked sites of Co catalyst influence the lat-
eral interactions between these reactants and affect their adsorption during Fischer-
Tropsch synthesis (FTS). Using single-crystal surfaces, we examine the individual
and combined adsorption behaviors of CO and hydrogen under conditions (UHV)
where the formation of hydrogenated products is negligible. These surfaces expose
well-defined sites with known concentrations, allowing us to study how atomic
structure influences reactivity. This simplified context provides insights into sur-
face reactions at the molecular level, exceeding what is currently achievable in more
complex reaction systems.

It is well-established that defects, such as step sites, significantly influence sur-
face reactivity /133151 as the sites often exhibit a pronounced propensity to induce
the dissociation of molecules upon adsorption!'**1%! and stronger bonding of the
adsorbates due to their lower atomic coordination. However, when multiple adsor-
bates are co-adsorbed on a surface, their mutual interactions can modify the adsorp-
tion landscape, leading to site blocking, which can impede the occupation of critical
active sites.

The co-adsorption of CO and H can lead to the emergence of either a segregated
layer, where the adsorbates form isolated islands on the surface, or a mixed layer
characterized by randomly mixing or ordering of CO and H['*’l. The outcome is de-
termined by the relative strength of the adsorbate-adsorbate and adsorbate-substrate
interactions!'™!. Since a segregated layer consists of patches of pure component, its
properties (vibrational and electronic) are expected to be the (weighted) sum of the
properties of the pure CO and H systems. Synergistic effects are, however, likely in a
mixed adlayer due to CO-H interactions. In a mixed layer, each hydrogen atom is in-
fluenced by adjacent adsorbed CO molecules!'®!. Other effects contrbute to complex
behavior such as blocking of hydrogen adsorption by CO[!>#161162] displacement of
adsorbed H by COI54163-16%] changes in the hydrogen desorption temperature upon
adsorption of CO!">¥, and formation of subsurface H and H absorption [161166-169],

Studies!'*! on the co- adsorption of CO and hydrogen have been carried out on
transition metal surfaces like Pt!"7%71 Tr[172] and Nil'73174] In a study conducted by
Wang et al.['”%1, a comparative analysis of CO and hydrogen co-adsorption was car-
ried out on Pt(335)['7%1 and Pt(111) surfaces using electron energy loss spectroscopy
(EELS) and TPD. Both CO and hydrogen bind more strongly on the step sites on
Pt(335) surface — this observation was used to study the mutual influence by switch-
ing the exposure sequence. Dosing hydrogen followed by CO resulted in blocking of
the edge sites with H which allowed CO adsorption on the terrace sites. They found
that when hydrogen was co-adsorbed on the step sites, it exerted a strong influence
on the vibrational spectrum of CO, due to the CO adsorption changing site from
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atop to bridge positions on the terrace. Since CO prefers to adsorb on the edge sites
on the Pt(335), when hydrogen is dosed after CO, co-adsorbed hydrogen exhibited
virtually no effects on CO’s vibrational spectrum, even at very high hydrogen cover-
age. On Pt(111) surface, regions of mixed H and CO one-dimensional islands coexist
along the edge of one-dimensional islands of pure CO, mirroring observations on
other densely packed surfaces!!7>71,

Pd surfaces have exhibited unique characteristics in CO and hydrogen coadsorp-
tion, primarily due to the exceptionally strong interaction between Pd and hydrogen,
which results in the dissolution of hydrogen into the bulk. Matthias et al. studied CO
and hydrogen coadsorption on Pd(111) and revealed that the mutual site blocking of
CO and H critically depends on factors such as the type of gas exposure (sequential
versus gas mixture) and the exposure temperature!'*’l. When hydrogen was ad-
sorbed on CO-precovered Pd(111) it was shown that CO coverages above 0.33 ML
were very effective at preventing dissociative hydrogen adsorption, presumably by
increasing the dissociative adsorption barrier because purely geometric considera-
tions cannot explain the observed site blocking!*’! but can be explained by the elec-
tronic site blocking. When CO was adsorbed on hydrogen-precovered Pd(111) the
site-blocking ability of hydrogen strongly depended on the substrate temperature.
While at 100 K the energy barrier for hydrogen bulk dissolution cannot be overcome
hence hydrogen stays on or near the surface and blocks adsorption of CO. At 150
K, the energy barrier can be overcome, allowing CO to displace hydrogen to bulk
Pd sites. In contrast, Pd(110) surfaces have been found to exhibit weaker mutual
interactions between CO and hydrogen['%°].

Experimental evidence supporting the formation of surface complex species like
H; and CO has been documented on W(100)'®1 and Ru(110)[**1] surfaces. However,
only limited reports!!®?l are available regarding similar investigations conducted
on stepped cobalt surfaces. By conducting co-adsorption experiments on kinked
Co(1129) surface and leveraging insights from well-studied low-index Co(0001) sur-
face as described in the previous chapter, we can delve into how the mutual interac-
tions between CO and hydrogen are influenced by step sites.

5.3 Experimental setup

The experimental methodology closely resembled the procedure outlined in chapter
4, which focused on the co-adsorption of CO and hydrogen on Co(0001). For mon-
itoring changes in the partial pressure of CO or hydrogen during sticking probabil-
ity measurements or TPD experiments, a differentially pumped quadrupole mass
spectrometer (QMS) was employed. The CO coverage was determined using TPD
experiments using Co(0001) as a reference, as explained in section 3.3 of this thesis.
The desorption spectrum of 0.5 ML H,, on the close-packed surface!!3150/151,183] yag
used as a quantitative reference to determine the hydrogen coverage on the Co(1129)
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surface '],

During the adsorption and desorption experiments, the sample was positioned
in close proximity to the small aperture of the quadrupole mass spectrometer (QMS)
compartment as shown in fig. 3.7(a), ensuring that a significant proportion of molecules
that reach the QMS compartment have interacted with the surface. This configura-
tion enabled a focused examination of the kinetics of adsorption. To illustrate, we
discuss a representative experiment depicted in the Fig. 5.1, where CO was intro-
duced into the main chamber, and the m/e=28 mass signal is concurrently monitored
by the shielded QMS.

Initially, a substantial fraction of impinging CO molecules adheres to the cold sur-
face, preventing their entry into the QMS compartment. As the surface becomes pro-
gressively populated with adsorbed molecules, a growing number of CO molecules
rebound from the surface and enter into the QMS compartment, leading to an in-
crease in the m/e=28 signal. From this, we calculated the fraction of impinging
molecules that stick to the surface. It is essential to acknowledge that our measure-
ments of the adsorption kinetics are not absolute. Some molecules may directly en-
ter the QMS compartment from the main chamber without undergoing interactions
with the surface. Despite this limitation, maintaining a constant sample position
allows us to discern relative trends.

The sticking coefficient is defined as the ratio of particles that adsorb to the total
number of particles arriving at the surface during the adsorption process. It serves
as a key indicator of the influence of adsorbate coverage on subsequent adsorption
phenomena. The sticking probability at a specific adsorption time, denoted as "t,"
can be calculated using the following equation:

Papic
S(t) —1_ shielded@QM S (51)

Pmainchamber

Variables are shown in Fig. 5.1. P(t) is the increase in partial pressure of the
impinging gas over and above P,, P, is the initial pressure in the chamber before
the introduction of CO and P(f) is the pressure when the surface is saturated with
gas. The numbers presented in Fig. 5.1 correspond to different stages within the
experimental sequence: (1) The initial state before gas introduction into the chamber.
(2) The subsequent entry of gas into the chamber, leading to molecules impacting the
surface. (3) The adsorption of gas on the surface. (4) The point of surface saturation,
marking the cessation of further adsorption. The data extracted from the P-t plot
can be further transformed into a sticking probability-dose plot, visually depicted
in the fig. 5.1 (b) and further on in the chapter, in fig. 5.4 (d) and 5.5 (d). This plot
serves as a tool for unraveling insights into the underlying adsorption mechanisms,
such as distinguishing between Langmuir dissociative adsorption and precursor-
type kinetics, as discussed in subsequent sections.
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Figure 5.1: MS signal of CO (mass 28) measured by the differentially pumped QMS during
a sticking probability measurement at 100 K (red trace). This trace represents the pressure in
the shielded QMS chamber. The black trace represents the pressure in the main chamber (b)
Sticking coefficient computed using the data in (a) and eq. 5.1

5.4 Results

5.4.1 CO adsorption on Co(1129)

The adsorption of CO on Co(1129) was previously discussed in chapter 3 of this the-
sis where the focus is on the low coverage of CO, and it serves as essential back-
ground information for the co-adsorption study presented here. In fig. 5.2, we
present CO desorption spectra for various CO coverages, ranging from 0 to 0.645
ML. Inset (a) provides IR spectra acquired at specific temperatures: 310 K (approxi-
mately 0.35 ML 0¢0), 250 K (approximately 0.42 ML 6 o) and 95 K (around 0.645 ML
0co). Inset (b) showcases the temperature-induced changes in ¢, as determined
by integrating the desorption curve for the 0.645 ML case.

At saturation coverage (0co = 0.645 ML), the IR spectrum exhibits characteristic
peaks indicating the occupancy of top sites (2080 cm~! and 2040 cm™1), twofold
bridge sites (1920 cm ™), and hollow sites (1830 cm~!). Notably, no discernible LEED
patterns were observed during CO adsorption on Co(1129) at 100 K, signifying the
absence of long-range ordered structures. As the sample temperature is raised, CO
desorption starts at around 140 K. The desorption peak at 250 K corresponds to a
shift in the IR spectra, where the signal at 1920 cm~! disappears, and a distinct peak
emerges at approximately 1825 cm ™!, indicating a transition in site occupancy from
bridge-top to top-hollow sites. Between 250 and 320 K, a gradual desorption of 0.12
ML CO takes place, leading to the depopulation of the hollow sites and an increase
in CO concentration on the top sites. With further temperature increase, the surface
undergoes progressive depopulation, and by approximately 450 K, all CO molecules
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Figure 5.2: Selection of CO TPD spectra obtained by heating the Co(1129) covered with CO at
2 Ks™%; inset (a) Illustration of the IR spectra at co=0.645 ML CO at 95 K, 0.42 ML CO at 250
Kand 0.35 ML CO at 310 K.; inset (b) Change of fco on Co(1129) with increasing temperature
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have desorbed from the surface.

5.4.2 Hydrogen adsorption on Co(1129)

Hydrogen adsorption on the kinked Co(1129) was studied by dosing H, at 110 K.
At this temperature, hydrogen molecules undergo dissociation upon adsorption, re-
sulting in a saturation coverage of ~ 1ML of atomic hydrogen (H,4) (inset Fig. 5.3).
Weststrate et. al.[*l systematically examined a collection of regularly stepped and
kinked cobalt surfaces to investigate the influence of undercoordinated sites on dis-
sociative hydrogen adsorption. Their study showed that the sticking probability cor-
relates with the step density, demonstrating approximately a tenfold enhancement
on surfaces with around 10% step site atoms, and up to a fortyfold enhancement for
surfaces with roughly 40% kinked steps.

Theoretical findings suggest that the process of dissociative hydrogen adsorption
on a smooth Co(0001) surface is slightly activated. Additionally, these theoretical re-
sults indicate that the presence of hydrogen already adsorbed on the surface hinders
the dissociative adsorption of additional hydrogen as the coverage approaches 0
= 0.5 MLU#. This phenomenon accounts for the maximum coverage of 0.5 ML of
atomic hydrogen (H,q) that can be achieved on flat Co(0001) when hydrogen gas is
dosed at UHV-like pressures (see chapter 4). When dosing Hs with a hot tungsten
filament ( 1600 K) placed close to the sample surface, higher coverages on Co(0001)
can be achieved since the filament gives the molecules more energy so they have a
higher probability to dissociate manifesting as higher sticking coefficient and hence
more hydrogen adsorption on the surface. The resultant higher coverage is akin
to the influence of steps on the hydrogen adsorption on the kinked Co(1129) sur-
face. Hence, hydrogen was not dosed in the presence of a tungsten filament on the
Co(1129) surface because proximity to the hot filament raises the surface tempera-
ture to approximately 130 K, which is near the temperature for the onset of hydrogen
desorption. This would risk unintended desorption of hydrogen from the surface.

On heating the kinked Co(1129) surface dosed with hydrogen (Fig. 5.3) we see
that for 8y < 0.5 ML, the desorption spectra shows a single desorption peak with
second-order desorption characteristics similar to that obtained on Co(0001). The
peak for the coverage below 0.5 ML is labeled as the 3, peak, adopting nomenclature
akin to Ni(111) [14%182], When the hydrogen coverage exceeds > 0.5 ML, a second des-
orption peak, labeled as 3;, emerges, at around 240 K. The coverage appears to stabi-
lize at approximately 1 ML after dosing 3L on Co(1129). The desorption of hydrogen
in the coverage range between 0 ML — 1 ML occurs within a temperature range of
180 to 420 K. The shift of the peak maximum of both $; and 3, peaks toward lower
temperatures with increasing hydrogen coverage is indicative of second-order des-
orption kinetics, arising from recombinative desorption where two hydrogen atoms
recombine to form Hy(g).

Comparing the desorption spectra obtained from Co(0001) (red spectrum in fig.
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5.3) covered with 1 ML of hydrogen to those from the Co(1129) surface saturated
with hydrogen, the 8; peak exhibit a substantial downward shift relative to its posi-
tion on Co(0001). This shift is associated with the hydrogen adsorption barrier and
can be elucidated by the principle of microscopic reversibility: step sites offer an al-
ternative barrierless pathway to the pathway with barrier on terraces for dissociative
adsorption, and by the principle of microscopic reversibility, the desorption barrier
is also lowered by an equivalent amount.

5.4.3 Dosing CO on Co(1129) pre-covered with hydrogen

This section investigates the co-adsorption behavior of CO and H,4 on Co(1129). To
achieve this, the sample was exposed to varying quantities of hydrogen at 110 K,
followed by a CO dose ( ~ 4 L) sufficient to occupy all remaining sites with CO,g4.
The desorption profiles of both hydrogen and CO for different hydrogen and the
associated CO coverages are depicted in fig. 5.4 (a) and (b). In these figures, the
spectra corresponding to pure Hyq (0.98 ML) and pure CO,q (0.645 ML) layers are
shown by a dotted green trace for reference.

For a hydrogen coverage of 0.31 ML, a single desorption peak (/3,) is observed
at 260 K after post-dosing CO, which is 50 K lower than the desorption temperature
for an equivalent quantity of Hyq on a CO-free surface (as shown in fig. 5.3). The
intensity of this peak increases with increasing hydrogen pre-coverage, and the peak
maximum shifts to lower temperatures. This behavior is consistent with that of the
low-temperature peak (5;) observed in the pure Hy desorption spectrum. The CO
desorption spectra for the co-adsorbed system, presented in fig. 5.4 (b), exhibit only
subtle variations when compared to the reference case without H,4. The desorption
peaks, except the peak at 380 K, show a decrease in intensity with notable changes
observed in the shape of the two CO desorption peaks below 350 K. Specifically, the
desorption peak at 180 K vanishes entirely, and the peak at 240 K first experiences an
intensity increase and subsequently disappears as the co-adsorbed hydrogen cover-
age increases.

The hydrogen desorption spectra undergo significant changes when the hydro-
gen pre-coverage surpasses 0.64 ML H,4. At this point, an additional high-temperature
shoulder emerges in the H, desorption spectra which has been attributed to the hy-
drogen atoms adsorbed in the 3; state in chapter 4 of this thesis. No CO desorption
occurs < 350 K once this state emerges.

The decrease in the amount of CO that can co-adsorb with increasing pre-adsorbed
hydrogen coverage is shown in fig. 5.4 (c). The sticking coefficient was determined
using eq. 5.1. The results, provided in fig. 5.4 (d), reveal distinct stages in the CO ad-
sorption process. During the initial CO dosing, a plateau is present in all CO signals
for the first few L of CO. The CO adsorbs with the same sticking probability irrespec-
tive of the H pre-coverage at the start of the dosing sequence. The initial plateau in
the sticking coefficient can be understood from a mobile precursor state['*l. When
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Figure 5.3: A selection of hydrogen TPD spectra obtained by heating the hydrogen covered
Co(1129) at 2 Ks™*. The red desorption spectrum is obtained by heating the Co(0001) surface
covered with 1 ML hydrogen at 2 Ks™! and is shown here for comparison. The inset shows
the growth of hydrogen coverage with increasing hydrogen dose
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adsorbing increasing quantities of H,4, followed by a saturation dose of CO. (c) Quantification
of the #y—6co correlation from the spectra shown in (a). (d) Sticking coefficient of CO on
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a CO molecule collides with an occupied adsorption site, it can either rebound into
the gas phase, following Langmuir’s predictions, or form a weak van der Waals-type
bond with the surface. At low temperature, the CO molecules can remain phys-
iosorbed on the surface long enough for it to diffuse across the surface. Upon en-
countering a vacant adsorption site, it chemisorbs onto the surface. This is followed
by a decline in the value of the sticking coefficient, which is attributed to adsorbed
molecules filling up the surface. The sticking coefficient reaches 0, signifying that
the surface is filled up and no additional surface space is available for further CO
adsorption. The CO dose required to reach saturation decreases with increasing H
pre-coverage. With increasing H pre-coverage, the rate at which the surface gets
saturated after CO dose also increases as represented by the slope of the curves.

Our aim is to determine whether the co-adsorption of H and CO on the kinked
Co(1129) surface can be explained using the segregation model. As discussed in
Chapter 4, if CO and H segregate into islands, the sum of 6y + (6c0/0.65) in fig.
5.4 (c) is expected to be unity considering that the maximum attainable CO coverage
under these conditions is 0.65 ML. This assumption holds only if the adsorption sites
are uniformly equivalent across the entire surface. In contrast to the predominantly
flat structure of Co(0001), the Co(1129) surface exhibits numerous small terraces and
step sites. This structural difference allows for a more accommodating arrangement
of H and CO on the surface and hence allows higher coverages of H and CO com-
pared to the relatively flat Co(0001) surface. Building on the insights from prior
studies!"! regarding CO and hydrogen co-adsorption, the formation of a mixed
layer requires that the interactions between CO and H in the adlayer are either more
attractive or less repulsive compared to CO-CO and H-H interactions. This balance
of interactions would be reflected in the desorption spectra of individual species in
a co-adsorption system. However, if this condition is not met, the system is likely
to segregate into distinct CO and H regions, as observed on the Co(0001) surface.
While the desorption spectra alone do not provide a definitive picture of the adlayer
structure on the more complex Co(1129) surface, a co-adsorption model can still be
proposed.

For instance, for a subsaturation pre-dose of H followed by CO exposure, CO
tends to adsorb in the hydrogen-free areas. When the surface becomes saturated
with hydrogen, CO compresses the hydrogen adlayer into segregated islands into
due to repulsive H-CO and attractive CO-CO interactions, leading to a total surface
coverage of > IML (blue trace in fig. 5.4 (c)). The CO desorption peak for the satu-
rated H dose aligns with that of CO desorbing independently from the Co surface, as
hydrogen fully desorbs by 350 K and hence does not influence CO desorption. Ad-
ditionally, no new peaks appear in the desorption spectra of either CO or H over the
entire range of H coverage (¢y), indicating that a mixed CO-H layer does not form
on the Co(1129) surface. This segregation, however, does not result in long-range
ordered structures, likely due to the small size of the terraces on Co(1129), as also
evidenced by the absence of ordered patterns in LEED observations.
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5.4.4 Dosing H, on Co(1129) pre-covered with CO

Numerous studies on various metal surfaces have indicated that CO inhibits the dis-
sociative adsorption of Hy ["*>71451 on Co(0001). It was also found that steps on the
Co surface enhance hydrogen dissociation[®?l. This makes it interesting to explore
the influence of both CO and steps on the dissociative adsorption of hydrogen on
the kinked Co(1129) surface. To investigate the impact of CO,4 on the dissociative
adsorption of hydrogen on Co(1129) at 110 K, we performed a series of experiments
involving the sequential dosing of a specific quantity of CO followed by the intro-
duction of hydrogen. In fig. 5.5 (a) and (b), we present CO and hydrogen TPD spec-
tra, respectively for different CO pre-coverages. For reference, the dotted hydrogen
spectrum represents the desorption from the surface with ~ 1 ML Hyq (co = 0 ML).
The area under each hydrogen desorption spectrum in fig. 5.5 (b) was used to deter-
mine the amount of hydrogen that could dissociatively adsorb on a CO-precovered
surface, as shown in fig. 5.5 (c).

The amount of hydrogen that could dissociatively adsorb in the presence of the
pre-adsorbed CO decreases with increasing 6¢o. This trend is clearly visible when
comparing spectra in fig. 5.5 (c). Only 0.05 ML of hydrogen can fit with 0.65 ML
CO on the surface (fig. 5.5 (b)) which is a significant reduction compared to the 0.38
ML of H,q adsorbed that can fit alongside 0.645 ML CO when hydrogen is dosed
first (see fig. 5.4 (c) for comparison). The results clearly indicate that adsorbed CO
exerts a significant influence on dissociative hydrogen adsorption. More specifically,
the maximum coverage ( 0co+ 0x=1.12 ML) reached on a surface pre-covered with
CO is lower than when hydrogen is dosed first (1.5 ML), compare fig. 5.4 (c) and 5.5
(c). On carefully analyzing the desorption spectra from the co-adsorbed system we
find that in the coverage regime of 0 < fco < 0.27, the 8; peak not only decreases
in intensity, but it also shifts towards higher temperatures with decreasing 6 and
increasing 6co. However, the 3, feature remains unchanged within this coverage
range, indicating that hydrogen desorption from this state is relatively unaffected.
In the range of 0.27 < o < 0.645, the (3 feature experiences a decrease in intensity,
but no shift in peak maximum occurs with increasing co-adsorbed 6¢¢, similar to the
results for the clean surface (co = 0 ML). There are no changes in the CO desorption
spectra obtained while heating the co-adsorption system when compared to the pure
CO/Co(1129) system (fig. 5.2).

In the previous section it was postulated that hydrogen and CO form segregated
islands on the kinked Co(1129) surface. For the dataset where H, was dosed after
CO, it can be seen in fig. 5.5 (c) that the combined fraction of the surface covered
with CO and H ad-islands is < unity. This can be rationalized by a co-adsorption
model where CO occupies its favourable sites on the kinked surface and hydrogen
adsorbs in the CO-free areas. The similarity between the CO and hydrogen desorp-
tion spectra from a co-adsorption system to the pure CO and H spectra, respectively
suggests the absence of a mixed H-CO layer.
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Figure 5.5: Selection of TPD spectra of CO (a) and Ha (b) (2 Ks™') from Co(1129) after pre-
adsorbing increasing quantities of CO,q4, followed by a saturation dose of hydrogen. (c)
Quantification of the 8y—-6co correlation from the spectra shown in (a) and (b). (d) Stick-
ing coefficient of hydrogen on CO covered Co(1129) surface with increasing CO pre-coverage
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To gain a deeper insight into the impact of CO on the dissociative adsorption of
hydrogen, we conducted a more detailed study of the hydrogen sticking coefficient
in the presence of CO. As the surface coverage of CO increases, a reduction in the
overall sticking coefficient of hydrogen is observed, as depicted in the inset of fig. 5.5
(d). The data points in the inset are the average of the first few points of all the traces.
Importantly, the slopes of the curves, which represent the rate of surface saturation,
remains constant. This can be explained by the preference of CO to adsorb on the
terraces slightly before the steps rather than selectively poisoning step sites first. As
the CO coverage increases H adsorption is rather effectively blocked. The steps may
be still available up to a high coverage, but they are certainly less effective at letting
H onto the surface.

The dissociative hydrogen adsorption can be explained by the Langmuir disso-
ciative adsorption model where every gas phase molecule that impinges upon the
surface becomes chemisorbed when it encounters two adjacent empty surface sites.
To illustrate, if we symbolize an empty site as "0" and a site filled with adsorbate
as "x," the molecule will solely adsorb when it discovers a landing position of "00"
(signifying two unoccupied nearest neighbor sites). In contrast, the molecule will
be repelled when landing on "ox" or "xx." At the beginning of the co-adsorption ex-
periment in the absence of pre-adsorbed CO or low CO coverages, the two empty
adjacent sites can be found on the terraces. As the CO coverage increases on the
terraces of the kinked surface, the probability of two vacant sites occurring adjacent
to one another on the terraces decreases proportionally to the square of the CO cov-
erage. However, the trend in the inset of the fig. 5.5 (d) does not show an inverse
quadratic dependence of the sticking coefficient on the CO coverage. This suggests
the presence of other favorable reaction paths like the one through the steps that
can act as a catalyst for Hy dissociation and hence maintain high sticking coefficient
during the experiment.

Weststrate et al.[*3] observed that, in the case of sputter-damaged Co(0001) and
Co nano-islands, defect sites adjacent to extended close-packed terraces act as ef-
ficient catalysts for Hy dissociation. The dissociation products, H,q, binds more
strongly on the edge of the defect sites than on the defect sites themselves. Given
the high mobility of adsorbed hydrogen atoms on a metal surface, the energetically
most favorable site occupation prevails at practical temperatures. Consequently, the
heightened stability of H,4 on terrace sites induces its diffusion away from the de-
fects, the primary active sites for H, dissociation. This effective displacement of Hgq
prevents the poisoning of active sites, allowing Hsy dissociation to persist even at
elevated total adsorbate coverages. The observed reduction in the sticking coeffi-
cient of hydrogen on the surface with increasing CO coverage, as depicted in fig.
5.5, can be predominantly attributed to CO obstructing adsorption sites, inducing
modifications in the electronic structure of the surface that alter the barrier for hy-
drogen dissociation, or a combination of both factors. As described in chapter 3, the
CO molecules do not have a strong preference to adsorb on the uncoordinated sites
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Figure 5.6: A cartoon depicting how CO and hydrogen can co-adsorb in high quantities on
the kinked Co(1129) surface. This is purely based on hypothesis which can not be confirmed
due to the absence of ordered structures of CO and hydrogen alone and co-adsorbed system
in LEED. The carbon atoms are represented in gray, oxygen in red and hydrogen in white.
Different layers of Co atoms are shown in different shades of blue, lightest shade being the
topmost layer of Co atoms

over adsorption on the terrace sites. Hence, the defect sites can remain available
for further dissociative adsorption of hydrogen. Nevertheless, the results obtained
are inconclusive, necessitating further investigations to comprehensively explore the
impact of pre-adsorbed CO on the sticking coefficient of H,.

5.4.5 Discussion

It is interesting to compare the co-adsorption of CO and H on the kinked surface with
the flat Co(0001) (as described in chapter 4 of this thesis). A comparison of CO and
hydrogen co-adsorption between Co(0001) and Co(1129) has been conducted , for
the two exposure sequences: (a) hydrogen followed by CO and (b) CO followed by
hydrogen, as summarized in fig. 5.7. A closer analysis of the comparison presented
in fig 5.7 (a) reveals that CO adsorption capacity on the Co(0001) surface diminishes
more rapidly in the presence of H,; when contrasted with the kinked Co(1129) sur-
face. This phenomenon can be attributed to the presence of undercoordinated atoms,
which potentially provide sites for CO adsorption in a tilted position, particularly at
the step sites. This implies that a significant amount of CO can be co-adsorbed along-
side hydrogen, thereby achieving a higher total coverage on the kinked surface. This
is a hypothesis based on the high coverages of co-adsorbed CO and hydrogen that
can be achieved on the Co(1129) also depicted in the cartoon in fig. 5.6.

Upon examining fig. 5.7 (b), it becomes evident that dosing CO followed by hy-
drogen results in a similar total final coverage on both Co(0001) and Co(1129). Fur-
thermore, we observe that the rate of decrease in H,; alongside CO when hydrogen
is dosed following CO, is comparable on both the flat and kinked Co surfaces. Study
by Weststrate et al.[*3] have previously established that during adsorption, hydrogen
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Figure 5.7: Comparison between CO and hydrogen co-adsorption on both Co(0001) and
Co(1129), examining two exposure sequences: (a) hydrogen followed by CO and (b) CO fol-
lowed by hydrogen. In both cases, hydrogen was dosed in the presence of the tungsten fil-
ament on Co(0001) to enable comparison of co-adsorption behavior with similar hydrogen
coverages

initially utilizes the step sites for dissociative adsorption and subsequently diffuses
to the terrace of the surface. Furthermore, as previously established in Chapter 4 of
this thesis, CO exhibits no clear preference for either step or terrace sites for adsorp-
tion. This characteristic implies that CO can freely diffuse to both types of sites since
it adsorbs with almost an equal adsorption energy on step and terrace sites. Con-
sequently, on the Co(1129) surface, the step sites can remain unoccupied until the
maximum surface coverage is reached. As a result, these step sites not only facilitate
hydrogen adsorption but also remain available for additional CO adsorption.

5.4.6 Summary and conclusions

We investigated the influence of surface structure on the co-adsorption of hydrogen
and CO. For pure hydrogen, our study demonstrates a significant enhancement in
the dissociative adsorption of Hy on Co(1129) compared to the flat Co(0001) surface,
attributed to the barrierless route for dissociative adsorption provided by the kinks
on the surface. For CO, we found that a higher saturation coverage of CO can be
achieved on the kinked Co(1129) surface ( 0.65 ML) compared to the flat Co(0001)
surface (~ 0.58 ML) at 110 K. At low-pressure saturation coverage (fco = 0.645 ML),
the IR spectrum exhibits characteristic peaks indicating the occupancy of top sites
(2100 cm ™! and 2075 cm™!), twofold bridge sites (1930 cm™!), and hollow sites (1860
cm™1). Notably, no discernible LEED patterns were observed during CO adsorption
on Co(1129) at 100 K, indicating the absence of long-rangeordered structures.
Additionally, this chapter explores the non-reactive co-adsorption of CO and hy-
drogen on the Co(1129) surface, comparing it to the flat Co(0001) surface to highlight
the role of step sites on the co-adsorption process. Two adsorption sequences are in-



5.4. RESULTS 87

vestigated: hydrogen followed by CO, and CO followed by hydrogen. In the first
sequence, where hydrogen is dosed before CO at 110 K (a temperature where des-
orption is impossible), our findings reveal a decreasing adsorption capacity for CO
as hydrogen coverage increases. Our results suggest that the co-adsorption of CO
and hydrogen on the kinked Co(1129) surface can be explained by the formation
of a segregated layer, as H-H and CO-CO interactions are stronger than H-CO at-
traction. However, this observation does not fully capture the complexity of CO-H
co-adsorption, as the combined saturation coverages of these two adsorbates exceed
unity. The exact structures of CO and hydrogen at the terraces and steps remain un-
clear and require further investigation. This contrasts with the flat Co(0001) surface,
where findings align well with the segregation model.

We show that a significant amount of CO can still be adsorbed on the Co(1129)
surface, even when it is saturated with H,;. In contrast, a surface saturated with
COqq exhibits minimal hydrogen adsorption. This inhibition of hydrogen adsorp-
tion by CO can be attributed to CO occupying step sites or obstructing these sites
due to the presence of neighboring CO molecules, as hydrogen dissociation primar-
ily occurs at step sites. CO can adsorb on both terrace and step sites without a clear
preference, so adsorbate coverage at the steps follows the trend of overall CO cover-
age. Thus, steps remain available for hydrogen dissociation up to high CO coverages
but the adsorption of hydrogen atoms depends on the available hollow sites on the
surface. In the context of Fischer-Tropsch Synthesis (FTS) catalysis, we propose that
steps on the kinked surface can remain unoccupied and serve as primary sites for
dissociative Hy adsorption as long as the surface is not fully saturated. This feasibil-
ity arises from CO'’s slightly higher preference for adsorbing on terrace sites rather
than step sites, thereby avoiding the poisoning of step sites and allowing them to
facilitate dissociative hydrogen adsorption.
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Abbreviations
EELS Electron Energy Loss Spectroscopy
FTS Fischer-Tropsch Synthesis
IR Infrared
L Lagmuir
LEED Low energy electron diffraction
ML Monolayer
QMS Quadrpole mass spectrometer
P, Initial pressure in the chamber before the introduction of CO
Py Pressure after surface saturation
TPD Temperature Desorption Spectroscopy
UHV Ultrahigh Vacuum
fco CO coverage (ML)
On H coverage (ML)
"o" empty site
"x" occupied site



Chapter 6

CO dissociation

6.1 Abstract

This study systematically explores the reactivity of a stepped cobalt surface in com-
parison to a kinked cobalt surface for CO dissociation which is an important elemen-
tary step in the mechanism of Fischer-Tropsch synthesis. The dissociation reaction
of CO was studied on the two Co surfaces between room temperature and 500 K,
at pressure of x 107> mbar. The surface concentrations were monitored mainly by
the variation of the work function during the experiment, while the reactant (CO)
and product (atomic O and C) composition was determined using AES and XPS. Ex-
periments show that CO dissociation can occur on defect sites at around 390 K and
leads to a surface covered by both atomic O and C. The product concentrations reach
90% of the total step /kink site concentration of the surface. The dissociation kinetics
were modeled using the coverage of CO molecules adsorbed in equilibrium with the
gas and by the availability of active sites for the dissociation of adsorbed mobile CO
molecules. Fitting the experimental data with a set of rate equations revealed an av-
erage CO dissociation barrier of 112 k] mol~* on the stepped Co(1019) surface. Both
types of active sites on the stepped surface, present in equal concentration, showed
similar reactivity for CO dissociation. On the kinked Co(1129) surface, the CO dis-
sociation barrier was slightly lower at 110 k] mol~!, indicating a marginally higher
activity for CO dissociation compared to the stepped surface. No CO dissociation
was experimentally observed on the flat Co(0001) surface. These findings suggest
that for Fischer-Tropsch synthesis on Co, CO dissociation can occur readily at low
temperatures (390 K) provided the appropriate sites are available, demonstrating
that direct C-O bond scission is not difficult under these conditions.

89
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6.2 Introduction

One of the critical steps in the FT process is the dissociation of CO as a prelude to the
formation of monomer (CHx) groups and subsequent chain growth via the coupling
of these monomers!>>1%>-187]_ Both theoretical and experimental investigations of CO
dissociation have been reported extensively in the literature?>0%77/136185-191 on 3 va-
riety of transition metal surfaces. Recent efforts have focused more on Co instead of
the traditional Fe because of its superior activity, its higher chain growth probability,
and its lower water gas shift activity (119,

Cobalt catalysts, used in the form of supported nanoparticles during FTS, expose
various micro-facets of different orientations containing defects such as steps and
kinks'”’]. These undercoordinated sites play an important role in heterogeneous
catalysis. While their concentration is typically much lower than that of flat terraces
their reactivity may be substantially higher. The experimental literature contains sev-
eral elegant examples which show that step sites have a particularly high activity for
the dissociation of diatomic molecules such as Ny, CO , NO and H,, [4344107,192,19,199]

The thermodynamically preferred structural arrangement for bulk cobalt, such
as a single crystal, is the hexagonal close-packed (hcp) configuration®?l. However,
for Co crystallites of size 5-10 nm, the face-centered cubic (fcc) structure becomes the
thermodynamically favored configuration!!”’). The distinctly different bulk symme-
tries exposed on the HCP and FCC Co also lead to the different exposed surface
structures. The same “sites” can be found on real catalysts, where the overall reactiv-
ity is determined by the summation of activities of the different sites.

Simulations have revealed that fcc Co nanocrystals with diameters up to 8 nm ex-
pose a variety of surface structures which may have different reactivity [*°). Within
the fcc crystal lattice, two distinct arrangements of five atoms each have been identi-
fied to be highly active and energetically preferred for CO dissociation. Specifically,
configuration Bs-A (shown in fig. 6.1) exposes a square and triangular step site ge-
ometry!*! found for example on the Co(2 1 1)?I or Co(3 1 1) surfaces, while con-
figuration Bs-B (shown in fig. 6.1) exhibits a step arrangement with 3-fold symmetry
found for example on the Co(2 2 1) surface. However, on an fcc single crystal, ei-
ther one of the B5-A or Bs-B step arrangements is present, whereas both Bs-A and
Bs-B step arrangements are present on a hexagonal close-packed (hcp) single crystal
due to its ABAB stacking of atoms. In addition to the Bs-A and Bs-B step arrange-
ments, another type of step arrangement, known as B6 sites (or kinks), is predicted
by Van Helden et al.['*®! to be present in similar concentrations to both types of
B; sites on fcc and hep Co nanoparticles. Liu et al.[”!l recently compared CO dis-
sociation on hcp and fcc Co based on predicted particle morphologies using Wulff
constructions. They found that CO dissociation favors a direct route as opposed to
H- assisted CO dissociation on hcp Co due to the presence of favorable active sites
which are absent on fcc Co. This is attributed to differences in their crystallographic
structures and morphology.
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Figure 6.1: Detailed views of the Bs-A and Bs-B sites on Co(1019) and Co(1129), repectively.

Previous investigations using scanning tunneling microscopy (STM) on Ru(1,1,10)
and Ru(001) surfaces have shown that Bs-B sites!®*20!l exhibit lower reactivity for CO
dissociation compared to Bs-A sites!!””]. Density Functional Theory (DFT) calcula-
tions indicate that the activation barriers for direct CO dissociation are in the range
of 116-129 kJ mol~! for hcp stepped Co surfaces (Co(1011), Co(1010) and Co(1012))
and 103-134 k] mol~! for hcp kinked Co surfaces”'"l, (Co(1120) and Co(1121)),
compared to 237 k] mol~! on the hcp close-packed Co(0001) surface>"].

Zijlstra et al.[?! investigated how the activation barrier for direct CO dissocia-
tion depends on CO coverage for step-edge and terrace Co sites. They found that
at low CO coverage, the CO activation barrier was 151 k] mol~! on the stepped
Co(1105) surface?”! and 100 k] mol~! on the kinked Co(1121) surface. At higher
coverage, the variation of the activation barriers was within 14 k] /mol and remained
below 100 kJ/mol on the kincked surface. The Bs-B step-edge geometry which is
found to be less active for CO dissociation was held responsible for the high CO
activation barrier on the stepped surface. They concluded that the CO dissociation
barrier for the kinked sites on the kinked surfaces does not change appreciably with
CO coverage. Another study found that the activation barrier for CO at a kink site
on the hep Co(1124) is lower than at the step or terrace sites, indicating that kink
sites may also exhibit enhanced activity for CO dissociation on Co particles!!®"l.

Experimental investigations conducted on a stepped Ru surface, which exposes
both types of step sites, showed a preference for CO dissociation to occur primarily
at Bs-A sites!''®l. Complementing theoretical studies show that the Ru surfaces ex-
hibit lower barriers 65 k] mol~! for CO dissociation!*”?%*l at Bs-A stepped sites on
the kinked Ru(1121) surface. In contrast, Filot et al.[?*! observed a comparatively
higher barrier of 173 k] mol~! for direct CO dissociation on the B5-A stepped sites
of Rh(211).

This chapter focuses on studying the reactivity of steps and kinks via direct CO
dissociation on hcp-Co single crystals. We explore the reactivity of undercoordi-
nated sites by using a vicinal cobalt single crystal that exposes a high density of
monoatomic steps. We use two hcp-Co surfaces - stepped Co(1019) and kinked
Co(1129) to compare the reactivity of steps and kinks for CO dissociation. The step
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site concentration on the kinked Co(1129) surface is 50% higher than the stepped
Co(1019) surface. We compare the reactivity of these two surfaces in the low CO
pressure regime by determining the barrier for CO dissociation through kinetic anal-
ysis. Our findings reveal that the stepped surface exhibits a higher CO dissociation
barrier of 113 k] mol~! to that of the kinked Co(1129) surface which exhibits a CO
dissociation barrier of 110 k] mol~!. The kinked surface demonstrates a higher con-
centration of atomic C and O post-CO dissociation owing to its higher defect site
concentration compared to the stepped Co(1019) surface.

6.3 Experimental

CO dissociation was explored on the stepped Co(1019) surface and a kinked Co(1129)
surfaces, ball models of which are shown in fig. 6.2. The surfaces of Co(1019) and
Co(1129) are vicinal, exposing monoatomic steps within a close-packed terrace. The
distinction between the two lies not only in the width of the terrace but also in the
structural characteristics at the steps, as elaborated in section 3.5 of this thesis.

Stepped Co(10-19) Kinked Co(11-29)

B ste S-(111) Asteps-(100) {100}"'{11

CN=7

Figure 6.2: Ball models of the stepped Co(1019) and kinked Co(1129) surfaces illustrate the
unit cell and exposed undercoordinated sites. The Co(1019) surface has 2 step atoms among
9 Co atoms in the unit cell, resulting in a defect site concentration of approximately 22%. In
contrast, the Co(1129) surface exposes 4 defect atoms among 10 Co atoms, yielding a defect
site concentration of 40%. Co atoms beneath other Co atoms are not included in the count of
exposed atoms. Here, CN refers to the coordination number of the atoms

The experiments were performed in a home-built UHV chamber, extensively de-
scribed in previous chapters. In brief, the chamber is equipped with a sputter-gun
for sample cleaning, LEED/ Auger optics to measure the chemical composition of the
surface, a mass spectrometer, and a Kelvin probe for work-function measurements.
CO gas was obtained from Merck (research purity of 99.99%). The gas was further
purified by allowing it to flow through a liquid nitrogen trap to remove water and
residual carbonyls. Post reaction analysis with Auger spectroscopy revealed no de-
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tectable contamination of CO gas, eg., Ni from Ni(CO),, under the chosen reaction
conditions.

Temperature-programmed work function (TP-WF) measurements, conducted with
a Kelvin probe and normalized with respect to the clean surface, were carried out at
a heating rate (3) of 2 Ks~!. The work function values were normalized by subtract-
ing the clean surface value. The normalized work function (A¢) was found to be
directly proportional to the surface coverage of atomic oxygen (O,q4), thus offering
direct insights into O,4 surface concentration %,

Matline beamline at ASTRID2 (Aarhus, Denmark) was used to obtain medium
resolution photoemission spectra on the Co(1019) and Co(1129) surfaces. All the
photoemission experiments were carried out at normal emission. Cls and Ols core
level spectra were measured using a photon energy of 380 eV and 650 eV, respec-
tively. Binding energies are reported with respect to the Fermi edge, which was
measured after every change of the photon energy. For the XPS measurements, the
samples were clamped onto a Ta flat plate by thin tantalum wires spotwelded to
the sample plate. Since the thermocouple is not in direct contact with the sample,
the temperature reading is less representative than the data obtained in the home
laboratory. Sample cleanliness was confirmed by photoemission experiments.

The (v/3xv/3) R30° - CO structure (1/3 ML,"8l), prepared by heating the CO sat-
urated Co(0001) surface to 330 K, was used as the reference for quantification of
the Cls and Ols signal intensities and deconvoluting the Cls and the Ols spectra
obtained on the high-index Co(1129) and Co(1019) surfaces. To quantify the contri-
bution of atomic C (evidenced by peaks distinct from those attributed to CO,4), the
area under the peaks originating from CO,4 was subtracted from the total spectral
area, leaving only C peaks. Quantification of §p and 6¢ using Auger at the home
laboratory is discussed in the next section of this chapter along with the detailed de-
scription of CO dissociation experiment. This is done with the assumption that the
dissociation experiments at both Matline and home laboratory are performed under
similar conditions.

6.4 Results

We looked for direct experimental evidence of CO dissociation on the kinks of a
kinked Co(1129) single crystal surface as a function of the crystal temperature. To
achieve this, we could follow the increase in the concentration of either atomic C or
atomic O since CO dissociation results in equal amounts of C and O. Fig. 6.3 (a) and
(b) show the Cl1s core level spectra obtained at various stages of a CO dissociation
experiment conducted on the kinked Co(1129) surface. As the first step of the exper-
iment, we recorded the Cls spectra at 350 K under vacuum. This spectra (see fig. 6.3
(a)) was recorded on the surface that had just undergone a CO adsorption-desorption
cycle and hence not on a freshly cleaned Co(1129) surface. No discernible peak at 283
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eV was observed, indicating the absence of atomic C. Subsequently, the surface was
subjected to a CO pressure of 1 x 107° mbar at 350 K, followed by recording another
Cl1s spectrum after closing the CO valve. Closing the CO valve leads to a lower
CO partial pressure which disrupts the adsorption-desorption equilibrium, leaving
0.32 ML CO on the surface. The amount of CO adsorbed at 350 K during a CO ad-
sorption - desorption experiment can be found in fig. 3.7. Analysis of the recorded
spectra revealed a distinctive peak at 285.5 eV, attributed to CO adsorbed (CO,4) on
the top sites in agreement with the previous literature!®!. No traces of atomic C were
detected, indicating the absence of CO dissociation at 350 K. This experimental pro-
cedure was subsequently repeated at elevated surface temperatures until evidence
of CO dissociation, characterized by the presence of C,4, was observed.

A comparison of the Cls spectrum obtained after exposing the kinked Co(1129)
surface to CO at 350 K (fig. 6.3 (a)) and 390 K (fig. 6.3 (b)) showed that a new peak has
developed after exposing the surface to CO at 390 K, at a binding energy of 283 eV,
assigned to atomic C1?°°!. The presence of atomic C on the kinked surface after CO
exposure serves as a definitive marker for CO dissociation. Thus, the temperature
at which CO starts dissociating on the kinked Co(1129) surface is identified as ~ 390
K. To ensure that the Cls spectra were not influenced by the co-adsorbed CO, we
increased the surface temperature to 420 K, the temperature at which all CO desorbs
from the surface. The intensity of the 283 eV peak increased with each subsequent
exposure cycle at 420 K, stabilizing after a total dosing time of approximately 17
minutes. Once no further changes in the intensity of the 283 eV peak were observed,
with the sample temperature or the duration of CO exposure (data not shown in
this chapter), the dissociation cycles were stopped. The Cls spectra consistently
exhibited a peak at a binding energy indicative of 283 eV which is characteristic of
"carbidic" carbon. No "graphitic" carbon (BE ~ 284.4 eV) was found on the surface,
even at higher temperatures i.e. >550 K.

After reaching the point where no more CO could be dissociated on the kinked
Co(1129) surface, the sample was heated to 670 K (at 1 Ks~!) while simultaneously
recording the Ols and Cls spectra as shown in the fig. 6.4 (a) and 6.4 (b), respectively.
The O1s and Cls spectra were used to quantify 6o and 6¢ (the respective coverages
of oxygen and carbon). The plot in fig. 6.4 (c) represents 6o and ¢ against tempera-
ture, showing no significant changes in §p and ¢ until 525 K.

Upon reaching 525 K, the surface coverages of 6 and 6o exhibit a decline which
is attributed to the recombination of atomic C and O species?”’]. It is interesting to
note that at 549 K, the rate of decrease in 6 (0.0027) is higher than that of 5 (0.0013).
This discrepancy challenges the expectation that if all deposited C and O resulting
from CO dissociation were solely recombining and desorbing from the surface, the
rate of decrease in 6 and 6, would be the same. However, the difference in ob-
served rates suggest an additional mechanism at play. Once the surface temperature
reaches 590 K, the area under the Cls peak corresponding to 6c goes to zero, while
the level of O, stabilizes at 0.15 ML. Therefore, apprximately 33% of C recombines
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with O and desorbs from the surface. The disappearance of the C1s peak is attributed
to the diffusion of atomic carbon into the bulk in addition to the recombination of
Cand O. A relevant process of practical interest is short-term deactivation of the Co
catalyst under FT reaction conditions which can be caused by the residual oxygen as
a result of CO dissociation. In their study, Kizilkaya et al.[?*! determined the barrier
for water formation on the defective Co(0001) surface to be 136 + 7 k] mol mol~!. The
high barrier associated with oxygen removal through water formation implies that
this process cannot be immediately classified as a rapid step within the FTS reaction
mechanism ?>#!1. Further exploration of this topic is not the part of this thesis but
it is interesting to note that contrary to a range of both theoretical and experimental
investigations, CO dissociation may not unequivocally govern the rate-determining
step in the FTS process.
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Figure 6.3: Cls spectra recorded at (a) < 390 K and (b) > 390 K to determine the temperature
at which the CO dissociation begins to occur on the kinked Co(1129) surface under pco =
1x10~° mbar for a total of 17 minutes
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Figure 6.4: (a), (b) Ols and Cls spectra recorded while heating the kinked Co(1129) at 1 Ks™!
after the CO dissociation experiment. The Ols and Cls spectra from a clean surface is shown
as the green dotted curve in (a) and (b), respectively. (c) Comparison of behavior of O and C
coverage with increasing temperature > 440 K

XPS data for CO dissociation obtained at the Matline beamline has limitations
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in determining the kinetic parameters due to temperature reading uncertainties, as
the thermocouple was attached to the sample-plate instead of the directly to the
sample. Hence, to compare CO dissociation on the kinked Co(1129) and stepped
Co(1019) surfaces, we performed an isothermal experiment within our home labora-
tory, leveraging insights obtained from the temperature onset of CO dissociation on
these surfaces via the XPS experiments. Throughout the experiment, we recorded
work function and Auger spectra for both the Co(1019) and Co(1129) surfaces, pro-
viding crucial data for subsequent in-depth analysis during CO dissociation.

Fig. 6.5(a) provides a reference, illustrating the relative work function (rWF) gain
from 0 as the Co(1129) surface is exposed to CO pressure of 1 x 1078 mbar at 100 K,
plateauing when saturation is reached and no further CO can be adsorbed. The rise
in rWF is attributed to the increased work function caused by the adsorbed CO. An-
alyzing the work function change (A¢) with increasing CO coverage and comparing
it with 6co obtained from other quantitative techniques like TPD, we observed a
direct correlation between A¢ and 0co. This method of determining the correlation
between A¢ and Oco is also demonstrated in literature®>42%1  Since 1 L corre-
sponds to an exposure of 1.33 x 107% mbar per second, fig. 6.5 (a) shows that the
surface coverage of CO reaches a stable value after an exposure of approximately 8
L. This corresponds to a tWF value of 1200 meV, attributed to a CO,4 coverage of
0.645 ML, as derived from TPD measurements. CO adsorption induces a positive
work function shift of 1800 mV per ML. This conversion factor is used throughout
this article whenever work function data is used to determine the coverage of CO.

The CO dissociation experiment started with the determination of the work func-
tion of the clean kinked Co(1129) surface, for reference. Subsequently, the surface
was exposed to brief pulses of CO at 1 x 107° mbar and held at a constant tem-
perature until no further change in the work function was observed upon closure
of the CO valve. Fig. 6.5 (b) shows the result of such an experiment performed at
430 K. The work function change associated with the first CO pulse is around 600
meV, which is around half of the value for the surface saturated with CO at low tem-
perature (see fig. 6.5 (a)). This shows that the CO coverage during dissociation is
substantial, on the order of 0.32 ML. Following the initial CO pulse, the valve was
closed, and the sample temperature was maintained at 430 K as CO was pumped
out, rapidly decreasing the chamber pressure to 1 x 107!° mbar. The desorption of
residual CO molecules from the surface is marked by a drop of the A¢ by 450 meV.
This behavior is corroborated by XPS experiments, demonstrating complete desorp-
tion of CO from the kinked surface above 390 K. The A¢ stabilizes at 150 meV as
a result of the co-adsorbed oxygen. Kizilkaya et al.[?”’! demonstrated that oxygen
induces a positive A¢ as expected from the adsorption of negatively charged (i.e.
electron withdrawing) O atoms 209 whereas carbon does not alter the rWF. As the
rWF of the co-adsorbed system is a linear combination of the contributions from
0,4 and CO,, 25210 we determined 6y on both the Co(1019) and Co(1129) surfaces
using the CO uptake curves from the clean Co(1019) and Co(1129) surfaces. The
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subsequent deposition of oxygen following CO dissociation corresponds to a Ogq
coverage of 0.08 ML. This sequence defines one cycle of exposure.
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Figure 6.5: (a) Work function measurements following CO adsorption on Co(1129) surface at
100 K (for reference), (b) Work function measurements during pulsed CO dosing (p =1x 107°
mbar) on Co(1129) surface at 430 K. The work function during pulse contains contributions
from COqq and O,q while the signal between the pulses (represented by red dots) is solely
due to Ogq

During the next exposure cycle, the introduction of CO induces an increase in
the rWF of 425 meV, corresponding to a coverage of 0.22 ML of CO. The diminished
A¢ observed during CO dosing in the second cycle can be attributed to two primary
factors: (i) the presence of atomic carbon and oxygen, recognized for diminishing
the CO adsorption capacity of the surface?!!! (geometric site blocking), and (ii) the
reduced adsorption energy of CO due to co-adsorbed C and O species, which concur-
rently results in a lower equilibrium coverage?'?l. Upon closure of the CO dosing
valve, rWF drops to 200 meV, correlating with 6o = 0.1 ML. These cycles were re-
peated until no additional increase in work function was observed during exposure.
This experiment phase is denoted as a kinetic run. After each exposure cycle, an
Auger electron spectrum (AES) under vacuum was recorded and the approximate
coverage of atomic C and O on the surface was determined. The coverage of carbon
(8¢), for eg. on the surface is determined by:

Ic

00 _ ICo(llég) (61)

Icref

Ico(0001)

Where Ic and I, , represent the peak-to-peak intensity, i.e., the difference be-
tween positive and negative peaks of the differentiated spectrum of carbon (C) on
the Co(1129) surface and the reference spectra. The reference spectra were generated
on Co(0001) utilizing a previously established method?'?!, involving exposure of
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warm (630 K) Co(0001) to ethylene. At this higher surface temperature, ethylene un-
dergoes complete decomposition upon adsorption, resulting in the formation of 0.5
ML of atomic carbon on the surface. In our current study, this well-defined reference
state is employed to calculate surface C coverages, thereby minimizing uncertain-
ties associated with sensitivity factors. Fig. 6.6 presents a comparison of the Auger
spectra obtained on the Co(1129) surface post-CO dissociation experiment with the
reference spectra obtained on Co(0001).
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Figure 6.6: Comparison of Auger spectra from clean Co(1129) (solid black line) and Co(1129)
after CO dissociation experiment at 430K (red line), Auger spectra of 8¢ = 0.5 ML obtained on
the flat Co(0001) (dotted black line) is added for reference and quantification of ¢. The inset
shows the comparison of the 8¢ obtained using Auger and 6o obtained using WF

The surface coverages obtained from Auger spectroscopy were validated by cross-
referencing with coverages obtained from the analysis of the work function data (in-
set of Fig. 6.6). Kinetic runs were carried out using the same procedure for different
sample temperatures - 430 K, 450 K, 475 K and 500 K - for a total of 4 complete kinetic
runs. The same experiment was also performed on the stepped Co(1019) surface.

Fig. 6.7 (a) and (c) show the growth of 6o as a function of exposure time at vary-
ing temperatures on both kinked Co(1129) and stepped Co(1019) surfaces during the
CO dissociation experiment. On the Co(1129) surface, o reaches saturation at 0.21
monolayers (ML), while on the stepped Co(1019) surface, it stabilizes at 0.13 ML.
The site concentration, e.g. the step edge atom concentration, was estimated from
the models shown in the Fig. 6.2. By counting the number of Co atoms on the top
layer of the surface with the coordination number < 9, the concentration of underco-
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ordinated atoms present at a step edge can be calculated. In this case, the step atom
concentration on the stepped Co(1019) and Co(1129) surfaces amounts to 22% and
40%, respectively.

Panels (b) and (d) in fig. 6.7 present the equilibrium CO coverage obtained dur-
ing each exposure cycle 6, starting from 6o = 0 on the kinked Co(1129) and stepped
Co(1019) surfaces, respectively. As explained earlier, the availability of CO for ad-
sorption diminishes with increasing fp. As expected from the van’t Hoff equation -
eq. 6.2, the equilibrium constant is inversely proportional to the temperature.

dink  AH©

‘dt  RT?

where In denotes the natural logarithm,k is the thermodynamic equilibrium con-

stant, AH? is enthalpy change, and R is the ideal gas constant. Hence with in-

creasing temperature less CO can be adsorbed in equilibrium on the surface. It is

important to highlight that the temperature range was capped at 525 K due to the

recombination of C and O atoms at this threshold, as elucidated in our XPS experi-
ments (Fig. 6.4(c)).

Figure 6.8 presents a comparative analysis of the oxygen growth rates on Co(1129)
and Co(1019) surfaces resulting from CO dissociation at 475 K. To ensure a fair com-
parison, the data on oxygen growth acquired from the stepped Co(1019) surface at
475 K was normalized to match the step concentration of the kinked Co(1129) sur-
face in fig. 6.8. The comparison shows that 6 increases faster on the kinked Co(1129)
surface than the Co(1019) surface. This observation suggests that the kinked surface
exhibits enhanced activity for CO dissociation relative to the stepped Co surface. In
order to quantify this difference in activity, we perform a kinetic analysis by compar-
ing isothermal uptake curves at one of the chosen temperatures.

(6.2)

6.4.1 Barrier Estimation

The work function data was used to derive the kinetics of CO dissociation by using
the build-up of the oxygen coverage that was determined between the CO pulses.
The C coverage is assumed to be the same as the O coverage since both O,4 and Cgqy
result from CO dissociation. The work function measurements also inform us about
the CO equilibrium coverage, which changes from 0.32 ML to 0.04 ML as the dissoci-
ation progresses. The global CO coverage on both terraces and step sites is represen-
tative of the step site occupation since there is a dynamic equilibrium between CO
adsorbed at steps and terraces which have approximately equal adsorption strength,
as shown in chapter 3 of this thesis. The kinetic parameters of CO dissociation were
evaluated using a microkinetic model, where the rate of C formation via CO dissoci-
ation (in ML s—1) is defined as:

kpT  AG#
reodiss = ——eap(—gz)fco(X ~ fc) (6.3)
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Figure 6.7: (a), (c) Comparison of growth of 6o during pulses of CO at different temperatures —
430K, 450 K, 475 K and 500 K on kinked Co(1129) and stepped Co(1019) surfaces, respectively.
The 6o is determined using the reference work function measurements. (b) and (d) fco able to
adsorb after each cycle in a kinetic run at the temperatures indicated in the legend on Co(1129)
and Co(1019), respectively

where X is the concentration of defect sites in ML and the temperature depen-
dent fco is derived from the work function data used as input. The data points
chosen to describe the following kinetic analysis were obtained from the experiment
performed at 430 K. We explored these two cases, (i) assuming that X=0.2 ML (22%
defects) on the Co(1019), of which 90% is ultimately covered by C and O. Fitting of
the data yields a free energy of activation, AG# of 112 k] mol~'. (ii) assuming that
X=0.4 ML (40% defects) on the Co(1129), of which 90% is ultimately covered by C
and O. Fitting of the data yields a free energy of activation, AG# of 110 k] mol~*
gives the best match. The fit for the kinetic run at 430 K is shown in fig. 6.9.

A tabulation of the computed change in the Gibbs free energy (AG¥) for the
direct CO dissociation on both the stepped Co(1019) and kinked Co(1129) surfaces
at various temperatures is presented in Table 6.1.



6.5. DISCUSSION 101

0.25— Kinked Co(11-29)

e ®

Stepped Co(10-19)

Normalized O coverage (ML)

1t 1 1rr 1 1 T 1T T
0 50 100 150 200 250 300 350
Time (s)

Figure 6.8: A comparison of the normalized rate of Oq4 growth due to CO dissociation at 475 K
on the stepped Co(1019) and kinked Co(1129) surfaces is presented. Normalization eliminates
the influence of variations in step site concentration, allowing for a direct comparison of the
CO dissociation rates on the two surface types.

6.5 Discussion

In this study, we focus on two surfaces, stepped Co(1019) and kinked Co(1129), to
compare their activity for direct CO dissociation. As shown in fig. 6.2, the Co(1019)
surface exhibits flat terraces along with 22% steps with equal amounts of both A
and B type step edges, while the kinked Co(1129) surface contains 40% kink sites.
Both step and kink sites are known to facilitate CO dissociation at relatively low
temperatures (300 - 400 K), as previously also observed on Ni(111) and stepped
Ni(977) 12112132141 "and Ru(0001)'%7]. Additionally, more open hcp Co surfaces and
Co foils have also shown facile CO dissociation!!??1521°] Theoretical studies on

Table 6.1: AG¥ for the direct CO dissociation on Co(1019) and Co(1019)

Temperature (K) | Co(1019) (k] mol~ 1) | Co(1129) (k] mol 1)

430 112 110
450 111 108
475 110 110

500 103 95
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Figure 6.9: The increase of the C,4 coverage after repeated cycle of exposure with respect to the
duration of exposure at 430 K. Markers indicate the measured data points whereas the solid
line represents the results of a microkinetic simulation used to evaluate the data as discussed

cobalt support these findings, with calculated CO dissociation barriers ranging from
103 to 130 k] mol~! on open hcp Co surfaces!”!l. In the case of fcc Co nanoparticles,
such defects constitute a significant proportion of all surface atoms, amounting to
about 10% of surface imperfections for particle size which show optimal activity for
FTSl,

Our current study indicates that the accumulation of atomic O and C on both the
surfaces, post-CO dissociation, aligns with the total concentration of stepped sites.
This observation suggests comparable levels of activity for CO dissociation at both
Bs-A and Bs-B sites on the stepped surface. If one of these sites were to exhibit
activity ten times lower (for example) than the other, a distinctive two-stage pattern
in the oxygen uptake curves as presented in fig. 6.10 would be anticipated. This
expectation arises from the fact that the more active step site would reach saturation
earlier than the less active counterpart. This result is in contrast to the previous
investigation where Bs-B sites!®*?%!l on the catalyst surface exhibit lower reactivity
compared to the B5-A sites[?0202],

Accurately estimating the activation energy for CO dissociation from the exper-
imental data presented in fig. 6.9 is challenging. The simultaneous CO desorption
and CO dissociation processes result into uncertainty in the active site concentration.
Another challenge is the influence of neighboring C and O atoms adsorbed near de-
fect sites on CO adsorption on the surfaces with small terraces, such as the kinked
Co(1129) surface?'?l. The application of an Arrhenius-type equation, accompanied
by an approximated prefactor, gives rise to a different combinations of A (prefac-
tor) and E,; (activation energy) that can fit the experimental dataset equally well.
The assumption of a pre-factor of 1 x 10'? s~ results in an activation energy of 81
kJ mol~! while assuming a prefactor of 1 x 10!3 s~! results in an activation energy
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Figure 6.10: Anticipated growth of 0o during pulses of CO at 475 K on the stepped Co(1019)
surface assuming that one of the Bs-A or Bs-B sites is 10 times more active for CO dissociation
than the other. Original data points representing growth of 6o during CO dissociation exper-
iment on the stepped Co(1019) at 475 are shown in green

of 100 k] mol~!. To simplify the fitting procedure and reduce the number of vari-
ables, an alternative approach using the Eyring equation (eq. 6.3) was employed,
as previously applied in the results section. By utilizing this method, only one vari-
able remains, namely the Gibbs free energy of activation. By employing the Eyring
equation, the computed activation energy falls within interval of 95 - 112 k] mol~*.
Given the inherent uncertainties stemming from the experimental setup and the sub-
sequent data analysis, we present a relatively wide range for the activation energy,
spanning from 80 to 110 k] mol~!, to encompass the potential spectrum of values.
While the alteration in Gibbs free energy is conventionally influenced by changes
in enthalpy, temperature, and system entropy, one would anticipate a decrease in
AG# with an increase in the sample temperature. Contrary to this expectation, our
current study reveals a marginal dependence of the change in Gibbs free energy of
activation on sample temperature. Only at 500 K, we see a significant decrease in
the gibbs free energy. This observation suggests a compensatory effect, wherein al-
terations in independent variables offset the AG#, contributing to its limited depen-
dence on temperature. For instance, the system’s enthalpy may rise with increasing
temperature, compensating the expected increase in Gibbs free energy of activation.
The analysis of data obtained from the CO dissociation experiment at 430 K re-
veals a barrier of 110 k] mol~! on the kinked Co(1129) surface. In contrast, the deter-
mined CO dissociation barrier on the stepped Co(1019) surface slightly exceeds this
value at 112 k] mol~!. This trend persists across the range of sample temperatures
chosen in this study, indicating a slightly more pronounced CO dissociation rate on
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the kinked surface compared to the stepped surface. Despite the subtle activity vari-
ance between the two surfaces, the difference in the CO dissociation barrier remains
modest. Consequently, we conclude that CO dissociation is slightly easier on kinked
Co(1129) surface as compared to the Co(1019) surface. Considering the exponential
dependence of the CO dissociation rate on the dissociation barrier, even a slight ele-
vation in the barrier on the stepped surface is sufficient to account for the observed
differences in the rate, as depicted in fig. 6.8.

6.6 Conclusions

The reactivity of the step and kink sites for CO dissociation was investigated using a
well defined stepped Co(1019) and kinked Co(1129) surfaces with a step density of
22% and 40%, respectively. CO dissociation occurs at step and kink sites at a tem-
perature > 390 K. By assuming the pre-exponential factor of 1 x 10'3 s7!, a slightly
lower barrier for this process was estimated on the kinked Co(1129) - 110 kJmol !
as compared to the stepped Co(1019) where the CO activation barrier was found to
be 112 k] mol~!. The change in the Gibbs free energy of activation is found to be
slightly dependent on the sample temperature during CO dissociation. 0.12 ML and
0.22 ML atomic O produced as a result of CO dissociation on the stepped Co(1019)
and kinked Co(1129) surfaces, respectively block the defect sites on these surfaces for
further dissociation. Our findings revealed that CO dissociation ceases upon surface
saturation, aligning with atomic O and C concentrations reaching 90% of the total
step/kink site concentration on both the surfaces. At temperatures >500 K, atomic C
and O recombine and desorb as CO while at higher temperatures, C dissolves in the
bulk and O remains on the surface. Since the barrier of CO dissociation is lower than
of O removal from the Co surface, CO dissociation may not be the rate determining
step in FTS.
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6.7 Abbreviations

1. AES Auger electron spectrum
2. Cuq Adsorbed C
3. CN Coordination number
4. FCC Face-centered cubic
5. FTIS Fischer-Tropsch synthesis
6. HCP Hexagonal close packed
7. k Thermodynamic equilibrium constant
8. LEED Low energy electron diffraction
9. ML Monolayer
10. Ouq Adsorbed O
11. R Universal gas constant (m? . Pa. K~! . mol™!)
12. tWF Relative work function
13. SITM Scanning tunneling microscopy
14. T Absolute temperature (K)
15. TPD Temperature programmed desorption
16. TP-WF Temperature programmed work function
17. UHV Ultrahigh Vacuum
18. X Concentration of defect sites
19. XPS X-ray photoelectron spectroscopy
20. fco CO coverage
21. 6¢ Carbon coverage
22. 6o Oxygen coverage
23. Ie Peak-to-peak intensity of C
24. Ie, Peak-to-peak intensity of Cobalt

25. AH© Change of enthalpy (k] mol~—1)
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26. TCOdiss Rate of CO dissociation (ML s~ 1)
27. kg Boltazmamm constant (JK~1)

28. AG# Gibbs free energy (J)



Chapter 7

Conclusions

Surface science, an interdisciplinary field focused on the physical and chemical pro-
cesses occurring at phase interfaces such as solid-gas and solid-vacuum, plays a cru-
cial role in understanding molecular adsorption and organization at the atomic level.
This understanding is fundamental to unraveling the mechanisms behind surface
chemical reactions and heterogeneous catalysis, which forms the basis for studying
the elementary reaction steps of Co based FTS in this thesis. This chapter presents
the key conclusions of this dissertation, addressing the research questions posed in
the introduction and comparing the findings with real-world conditions.

7.1 Chapter 3 : Influence of defect sites on CO adsorp-
tion at low coverage

Chapter 3 examines and compares the adsorption of CO on flat Co(0001), sputtered
Co(0001), stepped Co(1019), and kinked Co(1129) surfaces. The focus is primarily on
low CO coverage in order to study the adsorption strength of CO on the Co atoms,
with minimal interference from lateral interactions. IR spectroscopy results indi-
cated the presence of CO adsorbed on the top sites of both the terraces and the steps
of the surfaces studied. XPS analysis enabled us to distinguish step site adsorption
and terrace adsorption based on binding energy (BE) differences. It revealed that
there was a slight preference for the step sites over terrace sites in CO adsorption.
This finding is supported by density functional theory (DFT) simulations, which
demonstrated minimal variation in CO adsorption energies on the top sites of sur-
face atoms with different coordination numbers. The small difference in CO adsorp-
tion energy between undercoordinated sites and terrace sites of Co indicated a lack
of a strong driving force for CO-induced surface reconstruction. Consequently, un-
der typical reaction conditions, significant CO-induced reconstruction is unlikely to
occur, and Co catalyst nanoparticles are expected to retain their initial structure with-
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out transforming into highly faceted nanoparticles. This also implies that the defect
sites will remain accessible for further adsorption during FTS since no poisoning of
the active sites occurs by strongly bound CO. However, the influence of strong CO
adsorption on the FT chain growth on the open surfaces was not investigated in this
thesis.

In this chapter, CO adsorption on flat, stepped, and kinked cobalt surfaces was
studied using both ultrahigh vacuum (UHV) experiments and DFT modeling. While
each approach has its limitations, integrating data from both methods enabled a
highly detailed understanding of how surface structure influences CO adsorption.
For example, experimental data obtained in the UHV chamber, such as temperature-
programmed desorption (TPD) spectra, were influenced by background desorption
and signals from other surface processes, including hydrogen and CO desorption.
To address this, a quadrupole mass spectrometer (QMS) with an aperture was uti-
lized, which minimized signals from desorption on non-targeted areas of the sam-
ple holder, resulting in a consistent background signal that could be effectively sub-
tracted.

On the theoretical side, DFT modeling provided valuable insights into adsorption
energies and activation barriers on specific surface structures, supporting a more
comprehensive interpretation of the data. However, DFT has its own limitations,
such as challenges in precisely predicting CO adsorption sites and energies on transi-
tion metal surfaces and accounting for van der Waals interactions. Thus, DFT results
were experimentally validated to ensure accuracy. By combining both experimental
and theoretical approaches, this study achieved a comprehensive, molecular-level
understanding of CO adsorption on the low and high index Co surfaces. This inte-
gration of experiment and theory allowed for a more robust analysis of the complex
interplay between experimental observations and theoretical predictions, thereby
enhancing our understanding of the underlying processes involved in FTS.

7.2 Chapter 4 and 5 : CO and hydrogen co-adsorption
on Co(0001) and Co(1129)

During FTS, CO and hydrogen adsorb onto the catalyst surface, leading to surface
crowding and lateral interactions between the adsorbates. These interactions have
a significant impact on the adsorption behavior of CO and hydrogen. Therefore,
non-reactive co-adsorption of CO and hydrogen on the flat Co(0001) surface is in-
vestigated to gain further insights into the co-adsorption phenomena in chapter 4.
Our investigations of the co-adsorption system reveal that as the coverage of atomic
hydrogen (H,q) on Co(0001) increases at low surface temperatures, the capacity of
CO to co-adsorb with H,4 decreases. This decrease in CO adsorption shows a lin-
ear trend. However a single-site model is not sufficient to capture the complexity
of CO-H co-adsorption, as the saturation coverages of the two adsorbates do not
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sum to unity with the single-site model. By considering adsorbate segregation into
ad-islands, we were able to obtain a reasonable quantitative description of the cor-
relation between 6o and 6y values in our model system. CO and hydrogen form
known structures within the islands but still get mutually influenced on adsorption.
Our findings reveal that when the Co(0001) surface is covered with IML H,q4, very
little CO can still be co-adsorbed. Similarly, when the surface is saturated with CO,q,
minimal hydrogen co-adsorption occurs. This behavior can be attributed to the oc-
cupation of sites required for dissociative hydrogen adsorption by CO molecules or
their inaccessibility due to neighboring CO molecules, thereby increasing the energy
barrier for hydrogen'’s dissociative adsorption. Dosing hydrogen in the presence of a
hot tungsten filament results into hot hydrogen atoms and molecules enabling them
to overcome the dissociative adsorption barrier on Co(0001) surfaces pre-covered
with CO.

In chapter 5, the influence of surface structure on the co-adsorption of hydrogen
and CO is investigated. For pure hydrogen, our study demonstrates a significant en-
hancement in the dissociative adsorption of Hz on the kinked Co(1129) compared to
the flat Co(0001) surface, attributed to the barrierless route for dissociative adsorp-
tion provided by the kinks on the surface. For CO, we found that a higher saturation
coverage of CO can be achieved on the kinked Co(1129) surface compared to the flat
Co(0001) surface at low temperature. Notably, no discernible LEED patterns were
observed during CO adsorption on Co(1129) at 100 K, indicating the absence of or-
dered structures.

Additionally, chapter 5 explores the non-reactive co-adsorption of CO and hy-
drogen on the Co(1129) surface, comparing it to the flat Co(0001) surface in order
to highlight the role of step sites on the co-adsorption process. Two adsorption
sequences are again investigated: hydrogen followed by CO, and CO followed by
hydrogen. In the first sequence, where hydrogen is dosed before CO, our findings
reveal a decreasing adsorption capacity for CO as hydrogen coverage increases. Our
results suggest that the co-adsorption of CO and hydrogen on the kinked Co(1129)
surface can be explained by the formation of a segregated layer. However, this ob-
servation does not fully capture the complexity of CO-H co-adsorption, as the com-
bined saturation coverages of these two adsorbates exceed unity. Based on the CO
adsorption behavior on the kinked Co(1129) surface outlined in Chapter 3 and the
high coverage observed in the co-adsorption system with hydrogen, a plausible hy-
pothesis is that CO adsorbs at step-top sites in a tilted orientation, leaving room
for dissociative hydrogen adsorption at nearby hollow sites. The exact adsorption
configurations of CO and hydrogen on both terraces and steps remain unclear and
require further investigation. This contrasts with the flat Co(0001) surface, where
findings align well with the segregation model.

For the second adsorption sequence, where CO is adsorbed first followed by hy-
drogen, a surface saturated with CO,4 exhibits minimal hydrogen adsorption. This
inhibition of hydrogen adsorption by CO can be attributed to CO occupying step
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sites or obstructing these sites due to the presence of neighboring CO molecules, as
hydrogen dissociation primarily occurs at step sites. CO can adsorb on both ter-
race and step sites without a clear preference (as shown in chapter 3), so adsorbate
coverage at the steps follows the trend of overall CO coverage. Thus, steps remain
available for hydrogen dissociation up to high CO coverages until the surface satu-
ration is achieved.

Lateral interactions can profoundly influence heterogeneous catalytic reaction ki-
netics by altering the configurations of adsorbates, subsequently impacting catalytic
activity. When adsorbates interact repulsively, the effects on configurations and reac-
tivity are mainly observed at high coverages, where adsorbates are forced into close
proximity. This phenomenon is evident on Co(0001) and Co(1129) surfaces during
exposure to CO and hydrogen sequentially. Repulsive interactions lead to the desta-
bilization of H atoms and CO molecules in different configurations. In contrast, at-
tractive interactions are observed even at low coverages, resulting in the formation of
adsorbate islands on the surface. The presence of these islands can limit the contact
between species in surface reactions, hindering homogeneous mixing.

7.3 Chapter 6 : CO dissociation

Although the importance of defects and undercoordinated sites in the dissociation of
COis widely acknowledged, there is ongoing debate regarding the specific nature of
active sites responsible for CO dissociation—an essential step in FT synthesis. There-
fore, we compare the CO dissociation behavior on the stepped Co(1019) and kinked
Co(1129) surfaces to elucidate the reactivity of these two types of defect sites. Chap-
ter 6 of this thesis focuses on a comparative analysis of the kinetics of CO dissoci-
ation on stepped Co(1019) and kinked Co(1129) surfaces. Our investigations reveal
that the dissociation reaction exhibits a similar Gibbs free energy barrier on both
stepped and kinked Co surfaces, approximately 110 k] mol~!. However, the step
and kink sites on the surfaces can become blocked by atomic O and C, thereby hin-
dering further dissociation. It was also found that both B5-A and B5-B sites are active
for CO dissociation to the same extent on the stepped Co(1019) surface. These find-
ings provide valuable insights into the CO dissociation process on different surface
structures of cobalt catalysts, highlighting the importance of step-edge sites and the
potential limitations imposed by the presence of atomic oxygen and carbon species.

7.4 Future Prospects

We conducted a series of reactions on cobalt single crystal surfaces with distinct ori-
entations, including flat, defective, stepped, and kinked structures. These studies
were motivated by Fischer-Tropsch Synthesis (FTS), making the findings valuable
for both academic insight and potential industrial application. While our surface
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science approach yielded promising results, several challenges remain, suggesting
areas for further exploration. One particularly compelling direction for future re-
search is to examine how steps and kinks influence CO adsorption at high CO cov-
erage, especially given the impact of lateral interactions on densely populated sur-
faces. High CO coverage, typical under FTS conditions, is expected to significantly
raise the energy barrier for CO dissociation, likely favoring alternative dissociation
pathways and chain-growth mechanisms within the FT process. Advancing this re-
search could involve integrating the findings of this study with high-coverage CO
adsorption studies using techniques such as temperature-programmed desorption
(TPD), X-ray photoelectron spectroscopy (XPS), and infrared (IR) spectroscopy.

One primary challenge we encountered when studying CO and hydrogen co-
adsorption on the kinked Co(1129) surface was the limitation in resolving structural
details using the techniques at hand. A more systematic approach, beginning with
co-adsorption studies on stepped surfaces and building on insights gained from nar-
row terrace surfaces, as discussed in this thesis, could deepen our understanding of
CO and hydrogen co-adsorption on kinked surfaces. Additionally, the use of scan-
ning tunneling microscopy (STM) could help determine whether CO molecules oc-
cupy step sites or leave them vacant, potentially opening low-barrier pathways for
hydrogen dissociation and adsorption on the surface. Performing co-adsorption ex-
periments on the stepped Co(1019) at temperatures below 100 K, followed by struc-
tural analysis as the layer is warmed, could provide insights into the role of ordering
in introducing activation barriers for rearrangement and site changes. Further theo-
retical studies on the kinked Co(1129) surface are required to better understand mu-
tual interactions as a function of surface structure and co-adsorbate combinations.
Calculations that incorporate multiple interaction types would provide a more com-
prehensive understanding of these complex systems. The ordering of co-adsorbates
is still poorly understood, particularly with regard to how it affects adsorption site
occupation and reactivity. Overall, understanding the interplay between adsorption
energies and lateral interactions is crucial for comprehending surface restructuring
and its implications for catalytic activity in heterogeneous catalysis.

During CO dissociation experiments on stepped and kinked surfaces at the syn-
chrotron facility - FlexPES beamline, a major challenge was the rapid contamination
of the surfaces by surrounding gases in the XPS chamber. To address this, future re-
search should focus on conducting CO dissociation experiments on cleaner, defect-
rich surfaces, combined with XPS analysis to better understand the adsorption be-
havior of atomic O and C following CO dissociation. These insights will be crucial
for optimizing Fischer-Tropsch Synthesis (FTS) under realistic reaction conditions.
Step sites, which are highly reactive for CO dissociation under UHV conditions, may
become poisoned under actual FT reaction environments. This is why one should be
careful in extrapolating the data obtained under UHV conditions to high gas pres-
sured. By addressing these challenges and incorporating a complementary set of ex-
perimental techniques like steady-state isotopic transient kinetic analysis (SSITKA),
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we can advance our understanding of CO adsorption and dissociation mechanisms
on stepped and kinked surfaces, paving the way for improved catalytic applications
and industrial processes.
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7.5

10.
11.
12.
13.

14.

Abbreviations
. BE Binding Energy (eV)
. DFT Density Functional Theory
FTS Fischer-Tropsch synthesis
. Hgq Adsorbed hydrogen
. IR Infrared
. LEED Low energy electron diffraction
QMS Quadrupole mass spectrometer
FTS Fischer-Tropsch synthesis
SSITKA Steady-state isotopic transient kinetic analysis
TPD Temperature programmed desorption
UHV Ultrahigh Vacuum
XPS X-ray photoelectron spectroscopy
fco CO coverage
O Hydrogen coverage
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Chapter 8
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into carbon-carbon bond formation on cobalt under simulated fischer-tropsch
synthesis conditions”. Nature Communications, 11, 2020.
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Journal of Physical Chemistry C, 127:2974-2980, 2023.
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* Gregory Collinge, Devyani Sharma, Jean-Sabin Mcewen, and Mark Saeys. “Rate
expressions in mean field microkinetic models incorporating multiple types of
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8.3 Contributions by the author

The research presented in this dissertation was primarliy conducted by the author.
The computational results presented in chapter 3 of this thesis were contributed by
Dr. Thobani Gambu from the University of Gent, as a part of a collaborative effort
during the author’s exchange program at the university. Other than the computa-
tional results, the author designed the study, collected and analyzed the data and
wrote all chapters of the dissertation.
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