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Chapter 1
Introduction and Scope

1. Introduction
The increasing energy needs of our civilization and stricter environmental
regulations set challenging standards for existing and prospective energy systems1.
The diminishing oil reserves, which constitute our major source of transportation
fuel and chemicals, and the political instability of the oil-rich parts of the world are
fueling the need to produce oil-derived chemical products via different routes2. At
the same time, the consumption of fossil fuels at an increasing rate, especially in the
transport sector, brings up challenges to reduce automotive exhaust emissions3.

A major field of consumption for fossil fuels is the transport sector. Currently, 70
percent of the fossil fuel use in United States is utilized as fuel for vehicles4. There
is an increasing awareness in the world about the emissions caused by automotive
vehicles, which leads to increasingly strict regulations on automotive exhaust
emissions. These emissions consist mainly of hydrocarbons, NOx and carbon
monoxide for gasoline engines and NOx and soot for diesel engines. The reduction
in emission of these species is achieved by oxidizing CO and CxHy and reducing
NOx using a catalyst based on precious metals.

Fischer-Tropsch Synthesis (FTS) is a process that can be used to convert synthesis
gas, a mixture of carbon monoxide and hydrogen, into long chain hydrocarbons5. It
is at the heart of a chemical process called XTL (X to liquids), which stands for the
conversion of coal, natural gas or biomass to synthetic liquid fuels. The reaction
was discovered in the beginning of the last century and developed into a
commercial process by Franz Fischer and Hans Tropsch6-7. At present, the
technology is industrially applied in some areas of the world, mainly in South
Africa and Qatar. FTS converts synthesis gas, a mixture of carbon monoxide and
hydrogen, to a variety of (long chain) hydrocarbons, which can be further processed
to obtain the desired product, for example synthetic diesel. As the products are
similar to those obtained from crude oil the viability of the process depends on the
unit cost of the product in comparison with oil prices. In order to achieve this aim,
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several improvements have to be made in the process such as designing better
reactors and improving catalytic properties, such as increasing the selectivity of iron
based FTS catalysts and preventing the poisoning of cobalt based FTS catalysts.

Due to the multitude of reactions that take place on the surface of the FTS catalyst it
is often not possible to obtain the fundamental reaction parameters under realistic
conditions. The mechanism of the reaction, which can help the rational design of
catalysts and reactors, is considered to be one of the greatest challenges of
heterogeneous catalysis and has been the subject of ongoing debate for decades2, 8-9.

1.1. Automotive exhaust catalysis
Given the effect of the transport sector on local smog formation and air pollution, it
is understandable that the regulations concerning the emissions will get stricter and
stricter. The pollutants have to be removed because they act as poisons for humans,
add to acidification of the environment, and result in formation of smog. The
emissions result from incomplete combustion of fuel (CO, hydrocarbons, soot) and
reactions of N2 and O2 at the high working temperature of the engine (NOx) . The
catalyst that is used in gasoline driven cars to convert these species is known as
three-way catalyst (TWC)3. TWC catalysts contain metals such as Pt, Pd and Rh as
the active component. The pollutant removal reactions that take place on the
surface of the active metal are as follows:

CO + 1 / 2O2 → CO2

(1.1)

C x H y + ( x + y / 4)O2 → xCO2 + ( y / 4) H 2 O

(1.2)

NO x + (CO + H 2 + C x H y ) → N 2 + CO2

(1.3)

Reactions (1.1) and (1.2) are oxidation reactions, while reaction (1.3) is a reduction
reaction. That is why the conditions under which the catalyst operates should be
neither totally oxidizing nor totally reducing3. Hence, there is an optimum air/fuel
(A/F) ratio, which results in high conversion of all three pollutants. Figure 1.1
shows the impact of A/F ratio on the performance of the three way catalyst. The
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effect of the A/F ratio on TWC activity implies the composition of the catalyst
surface has an important role in determining the catalyst efficiency.
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Figure 1.1. Pollutant conversion performance of three-way catalyst with respect to
air-to-fuel ratio (Adapted from Nieuwenhuys10)

Further improvement of the TWC catalyst depends both on the optimization of the
reaction conditions and on the improvement of the intrinsic catalytic activity.
Further understanding of the elementary reactions is crucial to improve the intrinsic
catalytic activity.

1.2. Fischer – Tropsch Synthesis (FTS)
Synthetic fuels offer advantages over crude-oil derived fuels as they are cleaner
and produce fewer emissions. FTS stands for the manufacture of predominantly
straight chain hydrocarbons, such as paraffins, waxes, olefins and small amounts of
oxygenated products from synthesis gas5. Synthesis gas has to be produced from a
carbon-containing source such as coal, natural gas or biomass. Because of the
variety of sources that can be used to produce synthesis gas, the overall process
starting from a carbon rich source to liquid synthetic fuels or chemicals is named
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XTL (X to Liquids), X being named according to the hydrocarbon source, e.g. Gas
to Liquids (GTL), Coal to Liquids (CTL) or Biomass to Liquids (BTL).

XTL starts with gasification and purification of the hydrocarbon source, followed
by modifications on the gas (cleaning, adjusting the hydrogen/CO ratio, heating,
etc.) to make it suitable for FTS. After the gas carries the necessary properties, it is
named synthesis gas, a mixture of CO and H2, which is ready to be catalytically
converted into products via FTS. Aside from the main FTS products, water and
carbon dioxide are produced as main byproducts, the latter due to the watergas shift
reaction (WGS). Simplified reaction equations for FTS and WGS are as follows:

CO + 2 H 2 → −CH 2 − + H 2O ∆H = −165kJ / mol

(1.4)

CO + H 2O ↔ H 2 + CO2

(1.5)

∆H = −42kJ / mol

FTS active catalysts are mainly iron, cobalt, ruthenium and nickel2. Due to the cost
of ruthenium and the high selectivity of nickel to methane, only iron and cobalt are
used as industrial FTS catalysts. The operating temperatures during FTS can be
either 200 – 250 oC, Low Temperature Fischer-Tropsch (LTFT) synthesis or 320 –
350 oC, High Temperature Fischer-Tropsch (HTFT) synthesis. Both processes take
place under 10-50 bar pressure using slurry, fixed bed or fluidized bed reactors,
depending on the choice of the operating company.

Iron based FTS catalysts are cheap and can produce a variety of products. The iron
catalyst converts a portion of carbon monoxide to carbon dioxide through the
water-gas shift reaction (WGS) at high temperature. Depending mainly on the
operating temperature, but also on pressure and H2/CO ratio, these catalysts can
produce a light hydrocarbon stream which a high concentration of branched
products, which are suitable for the fuel and chemical industry, or heavier
hydrocarbons (C35+) appropriate for the waxes market5, and, when cracked back to
shorter chains, for the diesel market. Iron catalysts are more poison tolerant
compared to cobalt catalysts. However, the disadvantage of Fe catalysts is that they
deactivate rapidly. Moreover, since a wide variety of products form via iron
catalyzed FTS, tuning the selectivity towards the desired product can be a
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challenge and extensive separation steps are typically needed to obtain pure
product streams

Cobalt catalysts are the first FTS catalysts that were commercialized by Germany
and Japan during the second world war. Since then, they have been used mainly for
wax production, which is then converted to synthetic diesel by hydrocracking. The
advantages of using cobalt catalyst in FTS are high activity, high selectivity to
linear paraffins (saturated linear hydrocarbons) and stability. Furthermore, cobalt
catalysts are not WGS active. However, the high sensitivity to poisons still remains
as a challenge in cobalt-based FTS11. Since the cobalt catalyst is around 250 times
more expensive than the iron catalyst, improvements in the catalyst lifetime are
crucial. Surface science studies can help in that respect, since the interaction of the
poisons with the cobalt surface can be studied systematically and in-depth, which is
very hard to perform with a real/realistic system due to the complexity of the
catalyst surface during FTS.

Very interesting fundamental research on cobalt catalysts has been reported in the
last decades, both in academia12 and industry5, 13. Research topics in academia
included CO adsorption14-16 and decomposition17-18, water adsorption19 and
formation20-21, particle size effects22-23, promoter effects24-27 and mechanistic
studies8, 28-31. For these purposes, surface science techniques and molecular
modelling were applied, as well as supported model catalysts and in-situ analyses
at relevant industrial conditions. Published research from industry focused mainly
on surface restructuring of cobalt single crystal surfaces32 and structure sensitivity
of FTS33-34 under industrially relevant pressures, adsorption of FTS related
molecules35-36, promoter segregation37 and possible causes of catalyst
deactivation38-42. These fundamental studies contributed to the understanding of the
Fischer-Tropsch reaction in various aspects and pave the way for the development
of better FTS catalysts.

1.3. Catalysis & Industrial Applications
Automotive exhaust cleaning and production of synthetic fuels are both examples
where a catalyst plays a crucial role. In general, a catalytically active material is
defined as a substance that increases the rate of a chemical reaction without being
consumed itself. Its action consists of forming bonds with reactants, allowing them
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to meet and react. After reaction the products are detached from the surface,
leaving the catalyst surface itself unaltered43. In short, the job of a catalyst is to
break bonds and to make new ones. Catalysts can be molecules (homogeneous
catalysis), solid nanoparticles consisting of thousands of atoms (heterogeneous
catalysis) or enzymes that can contain tens of thousands of atoms (biocatalysis).

The basic principles of adsorption, reaction and desorption hold for catalysts in
each of these categories, but the challenges associated with each of them are
unique. Here we focus on heterogeneous catalysis, where the reactants are most
often in the gas phase and the catalytically active component is most often used in
the form of solid nanoparticles. Around 90% of all chemical processes use
heterogeneous catalysts and a vast variety of chemicals are produced via these
processes44.

When we refer to heterogeneous catalysts, we mean an assembly of different
materials that function together to achieve the desired catalytic properties, such as
activity, stability, selectivity, etc. Thus, a heterogeneous catalyst usually consists of
nanoparticles of one or more active metals, supported on high surface area
supports, and often together with structural and chemical promoters45. Each of
these components serves to enhance a different catalytic property mentioned above.
Support materials, for example, provide mechanical strength that is important for
catalyst lifetime in the reactor. Their high surface area serves to ensure that the
catalytically active nanoparticles remain well dispersed, which increases their
activity. Chemical promoters usually enhance the activity and/or the selectivity of
the catalyst via chemical modification while structural promoters can improve or
provide the physical properties such as dispersion, stability under chemically
aggressive reaction environments or metal agglomeration.

Essentially, catalysis happens on the surface of the active component of the
catalyst. Thus, surface science plays a key role in understanding of catalysts and
developing rationally designed heterogeneous catalysts. The basic processes that
occur on the surface of heterogeneous catalysts are adsorption, reaction and
desorption, as illustrated in Figure 1.2.
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Figure 1.2. Schematic representation of a catalytic reaction (Adapted from
Chorkendorff and Niemantsverdriet46)

In this diagram, the adsorption energies of the reactants and the product, as well as
the activation barrier, are of key importance in defining the catalytic activity. In
order to have maximum catalytic activity, the reactants and products should have
optimal interactions with the catalyst surface. If the reactants bind too weakly, they
will desorb before they react at the necessary reaction temperature. If the products
adsorb too strongly, they will stay on the surface, thus acting a poison. This
principle is known as the Sabatier principle. Thus, optimizing the interaction of the
adsorbate with the catalyst surface is crucial to design active catalysts.

For the automotive exhaust catalysis, we can observe the implications of Sabatier
principle. The main the job of the three-way catalyst is to oxidize carbon monoxide
and hydrocarbons, while nitric oxide has to be reduced. Pt and Pd are active for CO
oxidation. The main job of these catalysts is to break the O-O bond, while keeping
the C-O bond intact. If they cannot break the O-O bond, no reaction will take place.
It is the optimal interaction of Pt and Pd with carbon monoxide and oxygen atoms
that enables them to be used as catalysts for automotive exhaust.
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Similarly, for FTS, C-O bond scission, i.e. carbon monoxide dissociation, is
crucial, as the growth of long hydrocarbon chains requires CHx species on the
catalyst surface. That is why the metals Fe, Co and Ru, which are able to
dissociate, CO are utilized as FTS catalysts. Metals that cannot dissociate CO, such
as Pt and Pd, are not active for FTS. On the other hand, if the metal is too reactive,
carbon atoms adsorb too strongly on the catalyst surface, eventually leading to
carbide formation, which may be either beneficial for the catalytic activity or
detrimental. Iron, for example, forms iron carbide under reaction conditions, and
this carbide rather than metallic iron is considered to be the active phase and the
catalyst47-49. In this case the modification is beneficial. Cobalt, however, may
undergo poisoning of the catalyst surface due to polymeric carbon formation or
form cobalt carbides which is unfavorable with respect to selectivity. So, it is
crucial to be able to tune the catalyst surface to allow optimal interaction with
adsorbates.

1.4. The Surface Science Approach
Catalysis is a discipline that falls on the boundary of several disciplines such as
physics, chemistry, and engineering, since it encompasses broad time and length
scales. On a fundamental level, catalysis is performed by ensembles of metal
atoms, metal nanoparticles of various sizes. At the molecular level the elementary
reaction steps take place on the order of femtoseconds while the catalyst particles
are on the order of nanometers. From an engineer’s perspective, catalysis takes
place inside reactors that can have lengths and diameters up to several meters. The
time scale of interest in case of, for example, catalyst deactivation, may be
covering days, weeks or even months. That is why it is important to carefully select
the property of interest and the related time and length scales. For example, if one
is interested in the mass transport limitations inside a catalyst particle, the study
should be macroscopic, most probably performed in the pilot reactor scale. In our
case, we are interested in the elementary reaction steps that convert reactants to
products on the surface of the catalyst. In this case well-defined single crystal
surfaces can be used as model systems. Figure 1.3 illustrates the different length
scales involved in catalysis.
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Figure 1.3. An overview of relevant length scales in catalysis (From Chorkendorff
and Niemantsverdriet46)

The surface science approach involves the study of well-defined single crystal
surfaces that are cut in the desired orientation to obtain a well-defined single
crystalline surface. They serve as models for the active surface of the catalyst. In
order to obtain information related to the surface clean from all impurities, the
studies are done in an Ultra High Vacuum (UHV) (P ~ 10-10 mbar) environment.
The second reason to do surface science studies under UHV is that the use of
powerful spectroscopies rely on the interaction of electrons and ions with the
sample surface. Such techniques, when employed well-defined systems can
provide detailed, often atomic scale information. Some relevant information that
can be obtained includes surface structure and the effect of various structures such
as steps, kinks and defects on surface reactions, location, adsorption strength and
identity of adsorbed species, elementary reaction rates and the role of lateral
interactions, etc. The downside of using well-defined single crystal surfaces is that
it introduces the so-called material and pressure gap.

The materials gap concerns the discrepancy of an extended single crystal surface
compared to a supported nanoparticle. A supported catalyst usually consists of
nanoparticles deposited on a support and it is typically promoted with different
species. It usually contains metal particles with a distribution of sizes and
morphologies, and therefore a variety of atoms in different coordination. The use of
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single crystals introduces a simplification of the complexity of the real catalyst.
The pressure gap concerns the use of ultra-high vacuum conditions. Under realistic
conditions, catalysis mostly takes place at pressures on the orders of tens of bars.
This brings a pressure gap associated with the surface science approach. Because
of these boundaries, projecting the information obtained on single crystal surfaces
to real catalyst is not a straightforward process50.

1.5. Using surface science to address fundamental issues in catalysis
In this study we employ surface science to address fundamental issues in
automotive exhaust catalysts as well as Fischer-Tropsch Synthesis catalysts. An
important topic in this thesis is how adsorbates influence each other.

During a catalytic reaction the surface is covered with reactants, intermediates and
products. In case of low temperature FTS, there is mainly carbon monoxide,
hydrogen, carbon, oxygen, CHx and CxHy. Due to the relatively low temperature
the total surface coverage is high29. In case of automotive catalysis, in addition to
the mentioned species, there is also nitric oxide. Due to the high working
temperature of the catalyst the total coverage in this case is probably not very high.
Adsorbates, in particular when present in high concentrations, can potentially
influence each other, either by stabilizing or destabilizing other adsorbates.

A clear example of this is the adsorption of CO. On many metal surfaces
desorption of CO occurs at different temperatures. This is primarily caused by
repulsive interactions between neighboring CO molecules. On the flat Co(0001)
surface, for example, CO desorbs in three different peaks, at 250 K, 315 K and 380
K, depending on its surface coverage15. When there are small amounts of CO on
the surface, the molecules are far away from each other and do not interact. That is
why CO molecules adsorb strongly on the surface and desorb at a relatively high
temperature. Conversely, when the surface is saturated with CO, the adsorbed
molecules are destabilized due to repulsive interactions between neighboring CO
molecules. This results in a downward shift of the CO desorption temperature.
Another example is the competitive adsorption of CO and atomic oxygen on
Co(0001). Due to repulsive interactions between O and CO, the Co(0001) surface
can accommodate less carbon monoxide when it is pre-covered with oxygen, as
discussed in this thesis. The adsorbed CO is destabilized due to interactions with
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oxygen. The effect of CO-CO and O-CO interactions on CO desorption is
illustrated in Figure 1.4. The measured data in Figure 1.4(a) is discussed in more
detail in Chapter 5 and Figure 1.4(b) is further discussed in Chapter 7.
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Figure 1.4. (a) CO desorption from Co(0001) for different CO coverages, (b) CO
desorption from Co(0001) covered with various amounts of oxygen
Another important aspect of these interactions is that the activation barrier of a
reaction can be affected due to changes in adsorption strength. In a more indirect
way, lateral interactions may change the adsorption site or geometry of an
adsorbate, providing new reaction pathways with lower activation barriers51-52. This
phenomenon is usually coverage dependent and can be observed at high surface
coverages, as outlined in Chapters 3 and 4. Finally, adsorbates can block sites for
other adsorbates, which is simply a steric hindrance. Site-blocking effects play a
role in catalyst poisoning53, a topic that is addressed in this thesis. For example, CO
can act as a poison for the automotive exhaust catalyst at low temperature (i.e.
during start-up), by covering the catalyst surface and inhibiting oxygen
adsorption54-55. Similarly, ammonia (or NHx in general) can act as a poison for CO
and hydrogen adsorption on cobalt FTS catalysts11, blocking the
adsorption/dissociation sites that are otherwise available for CO or hydrogen, as
illustrated in Chapters 5 and 6.
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We have observed the effect of lateral interactions qualitatively and indirectly in
our study, due to their effect on reactivity. Experimentally we have used
Temperature Programmed Desorption/ Reaction (TPD/TPR) and computationally
Density Function Theory (DFT) to observe the effect of lateral interactions on
reactivity for CO oxidation on Rhh(100) and Rh(111). For example, when a
molecule undergoes a first order desorption such as CO, the desorption temperature
of a species is lowered as more of that species are dosed on the surface. The degree
of the decrease indicates the strength of lateral interactions between adsorbate
molecules. Similarly, a TPR experiment that is performed with different coverages
of adsorbed molecules can reveal information about the adsorbate interactions
based on the desorption temperature of that molecule.

Lateral interactions can also be simulated by DFT modelling, based on the
activation barriers of surface reactions obtained for different coverages of
adsorbates. The comparison of experimental and computational techniques allows
obtaining detailed understanding not only about the effect of adsorbate interactions
on reactivity, but also about their effect on adsorbate geometries and transition
states.

Last, but not the least, surface science can be used to obtain information on
elementary reaction steps on catalyst surfaces. We have studied different
elementary reaction steps for automotive exhaust catalysis and FTS. For example,
we have investigated oxygen removal on cobalt surfaces, which is an important
step taking place during FTS. It is typically assumed to be a fast step5. However,
Density Functional Theory simulations suggest that the formation may have
barriers on the order of 1.5 eV (~150kJ/mol), suggesting that the oxygen removal
step may be a step that limits the rate of FTS. Thus, it is important to obtain
experimental insight in this key elementary reaction.

1.6. Scope and Structure of this Thesis
The aim of this thesis is to assess the effect of adsorbate interactions on reactivity.
The motivation behind the study is to model elementary reactions of automotive
exhaust catalysis and Fischer-Tropsch synthesis on well-defined surfaces and under
well-defined conditions. For this purpose, we have investigated the interactions of
molecules such as CO, O, H and NH3 on Rh(100), Rh(111), hcp-Co(0001) and fcc-

Introduction and Scope

13

Co(211) surfaces, both experimentally and computationally. Experimental
techniques that are utilized in this study are Temperature Programmed Desorption
(TPD), Temperature Programmed Reaction (TPR), Low Energy Electron
Diffraction (LEED), Work Function (WF) measurements, Scanning Tunneling
Microscopy (STM) and synchrotron X-ray photoemission spectroscopy (XPS).
Computationally, Density Functional Theory (DFT) was used to obtain information
that is otherwise inaccessible by the experimental techniques or to support the data
obtained and conclusions derived from experiments.

Chapter 2 introduces the underlying concepts and the information that can be
obtained by experimental and computational techniques used in this study. The
vacuum set-up, single crystals and cleaning procedures are also described.

Chapter 3 discusses how adsorbate configurations affect reactivity with
experimental and computational methods, where CO oxidation on Rh(100) serves
as an example. Different reactivity regimes are observed, which can be traced back
to repulsive lateral interactions.

Chapter 4 computationally investigates the relationships between lateral
interactions, structure and activity for the oxidation of CO on Rh(100) and
Rh(111). The effect of the surface structure on adsorbate interactions and reactivity
is discussed by comparing the two surfaces.

Chapters 5 discusses the adsorption of NH3 on the flat Co(0001) surface, in relation
to poisoning of Co FTS catalysts by trace amounts of NH3 in the feed stream. The
coverage dependence of NH3 adsorption on Co(0001) and the interaction of NHx
(x=0,1,3) with CO and H is investigated.

Chapter 6 broadens the study of NH3 adsorption on cobalt to stepped and defective
surfaces. A kinetic model describing the adsorption and decomposition on cobalt
surfaces is used to determine the prevailing NHx species under industrial FTS
conditions.
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Chapter 7 covers the adsorption and removal of oxygen on flat and defective cobalt
surfaces. A kinetic model incorporating the effect of pressure is used to simulate
the experimental data and propose a reaction mechanism. An experimental
activation barrier for water formation reaction is derived.

Chapter 8 provides a summary of the most important results and conclusions
obtained. It also provides a general discussion, analyzing the relevance of the
insights presented in the thesis for catalysis performed under industrial conditions.
Finally, some future projections are presented.
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Chapter 2
Experimental and Computational Methods

In this chapter, we present a short summary of the experimental and computational
methods used in this study and details of our experimental set-up. The chapter
covers the experimental techniques Temperature Programmed Desorption (TPD),
Work Function (WF) measurements, Low Energy Electron Diffraction (LEED) , Xray Photoelectron Spectroscopy (XPS), Scanning Tunneling Microscopy (STM)
and the computational tool Density Functional Theory (DFT). The principle and
physical background of each technique is introduced. In addition, details of the
Ultra High Vacuum (UHV) system and the cleaning procedure of the Co(0001)
crystal are presented.

2.1. Vacuum system, single crystal and cleaning procedure
The UHV system used in this study is a home built stainless steel UHV system
with a base pressure of 1x10-10 mbar, hosting the Co(0001) single crystal. The
system consists of one chamber for analysis, equipped with facilities for
Temperature Programmed Desorption (TPD), Low-Energy Electron Diffraction
(LEED) and Work Function (WF) measurements. The analysis chamber is pumped
by a 520 l/s turbomolecular pump (Pfeiffer TMU 621), which is backed up by a
second turbomolecular pump (56 l/s, Pfeiffer TMU 065) and a titanium sublimation
pump. The gas dosing system, which has 6 separate lines, is continuously pumped
by a 150 l/s turbomolecular drag pump (Leybold Turbovac 151) and the pressure of
the dosing system is ~1x10-6 mbar. Sample cleaning is performed by a sputter
gun(Vacuum Microengineering IPS3-D) and the pressure of the analysis
chambered is monitored by an ionization gauge (Leybold Ionivac IM 520). The
chemical analyses of the gases inside the chamber and TPD analysis are performed
by a quadrupole mass spectrometer (Balzers Prisma QMA200). LEED experiments
are performed by a reverse-view four grid LEED retractable optics (Omicron
SpectaLEED). Work function measurements are performed with a UHV Kelvin
Probe (KP Technology). The experimental results in this thesis have been obtained
on a Co(0001) single crystal surface, except the ones in Chapter 3, which are
obtained on Rh(100). The experimental details of the Rh(100) crystal will be
described in Chapter 3.
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The cobalt single crystal surface has the (0001) orientation within 0.5o and is
polished by standard procedures (Surface Preparation Laboratories). The crystal
has a diameter of 1 cm and a thickness of 1.2 mm. It is mounted on a movable
sample rod by tungsten wires, pressed into small grooves on the side of the crystal.
The crystal was heated only up to 630 K, since cobalt has a face transition from
hexagonal closed packed structure to face centered cubic structure around 693 K.

The sample holder can be cooled by flowing liquid nitrogen through the
manipulator. The lowest temperature that can be reached in this setup is ~100 K.
The sample is resistively heated, and the heating rate can be controlled using a
Eurotherm temperature controller. Typical heating rates that were used range from
0.5 to 5 K s−1. The temperature of the sample is measured using a chromel-alumel
thermocouple spot-welded to the back of the sample. During the experiments the
sample is grounded to prevent charging of the sample.

The crystal surface was cleaned by repetitive cycles of (high temperature, 630 K)
sputtering-annealing. Argon sputtering (1 keV, ~7.4 µA/cm2) at 630 K was used to
remove impurities, until LEED, CO and H2 TPD indicated an atomically clean
surface. Annealing was performed at 630 K and under vacuum.

2.2. Temperature Programmed Desorption (TPD)
Irreversible adsorption of a gas on a solid surface happens only for a restricted
temperature interval. Carbon monoxide, for example, adsorbs at low temperatures
on noble metal surfaces, but desorbs upon heating (in vacuum) above a threshold
temperature (550 K). Other adsorbates such as Had, Oad and NH3ad also adsorb at
low temperature. The temperature at which desorption occurs depends on the
strength of the adsorbate-surface interaction. In some cases dissociation occurs
during adsorption (H2 on most transition metal surfaces), but in other cases (partial)
dissociation occurs during heating of an adsorbed layer (NH3). The products
formed during decomposition eventually desorb as well, but usually at a different
temperature than the original molecule. A comprehensive study of the desorbing
molecules as a function of substrate temperature therefore yields information about
the coverage(s) of adsorbate(s), and the kinetic parameters of the desorption
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process, such as the pre-exponential factor and the adsorption energy of the
molecule(s).

A typical thermal desorption experiment is done in the following way: the surface
is exposed to the adsorbate at low surface temperature and the surface is
subsequently heated (in vacuum) using a constant heating rate. The molecules that
appear in the gas phase during heating are monitored using a mass selective
detector. A schematic describing the TPD experiment is given in Figure 2.1.

Desorption rate

Temperature
Mass
Spectrometer

Pumps

Ultra High
Vacuum
Temperature Controller
Heating wires

Single crystal

Thermocouple

Figure 2.1. Scheme for an experimental TPD set-up. The gases desorbing from the
single crystal surface during resistive heating are measured by a mass
spectrometer. Temperature is measured with a thermocouple spot-welded to the
back of the crystal. (Adapted from Niemantsverdiet1)

If the pumping rate of the UHV system is sufficiently high, i.e. no readsorption
occurs, the mass spectrometer signal which is linearly proportional to the
desorption rate is given by the Arrhenius, or Polanyi-Wigner equation:
19
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− dθ
= k d θ n = ν d (θ , T ) × θ n × e − Ead (θ ) / RT
dt

(2.1)

where

rdes

: desorption rate (ML/s)

θ

: fractional adsorbate coverage (ML)

t

: time (s)

kd

: desorption rate constant

n

: reaction order

vd (θ ) : pre-exponential factor
Ead

: adsorption energy (J/mol)

R

: gas constant (J/mol K)

T

: temperature (K)

The interpretation of the data and extraction of kinetic parameters from Eq. (2.1)
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. Therefore, different approaches have been devised over time.

Redhead equation
Redhead derived a simple relation2 to obtain the activation energy from the
desorption peak maximum for first order desorption processes:

Ead = RTm [ln(ν d Tm / β ) − 3.46]
20

( 2 .2 )
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where Ead is the adsorption energy, R the gas constant, ν d the pre-exponential
factor for desorption, Tm the temperature of the peak maximum and β the heating
rate. The pre-exponential factor has to be estimated or known. Eq. (2.2) is an
approximation of the analytically correct equation:

vd = ( Ead β / RTm2θ 0n −1 ) exp( Ed / RTm )

(2.3)

where θ 0 is the initial surface coverage. Eq. (2.2) is a valid approximation of Eq.
(2.3) within an error margin of 1.5%.

Chan-Aris-Weinberg (CAW) method
This method uses the temperature of the peak maximum and the width of the peak
at either half or at three quarters of the maximum height. The equations used for a
first order desorption and using the half the width are as follows (we refer to the
original article for other situations) :

2



T
m
 
Ed = RTm − 1 + 1 + 5.832

W
 1 / 2  


vd =

 E 
Ed β
exp d 
2
RTm
 RTm 

( 2 .4 )

(2.5)

where Ead is the adsorption energy, R the gas constant, ν d the pre-exponential
factor for desorption, Tm the temperature of the peak maximum, β the heating rate
(K/s) and W1 / 2 the peak width at half the maximum intensity. The authors of the
method state that this method should only be used in the zero coverage limit, so in
21
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principle it cannot be used to determine the coverage dependency of the activation
energy and the pre-exponential factor.

Habenschaden-Küppers (HK) or leading edge analysis
This method takes into consideration that the kinetic parameters may depend on
temperature and coverage3. Therefore only the onset of a TPD spectrum (high
coverage and low temperature) is used. It was argued that during the beginning of
the desorption process a relatively small amount of species desorbs, which means
that the coverage can be considered constant. Linearization of the Arrhenius plot
(ln(rate) vs. 1/T) of this short interval yields a straight line with a slope
− Ead (θ ) / R and an intercept n * ln(θ ) + ln vd (θ , t ) , where − Ead (θ ) is the
coverage dependent adsorption energy, n is the order of desorption and vd (θ , t ) is
the coverage dependent pre-exponential factor.

Complete analysis
The complete analysis4, (also known as King’s method or Taylor-Weinberg
method) uses a complete family of TPD curves with different initial coverages,
instead of a single TPD curve. First, a coverage is chosen for which the kinetic
parameters are desired. The desorption rate and corresponding temperature at that
coverage are extracted from each of these TPD curves. The slope and their
intercept yield the activation energy and the pre-exponential factor respectively, for
the chosen coverages. This procedure is then repeated for different coverages.

Regardless of the analysis used, one must be careful to interpret the information
obtained. Different analysis techniques can provide different values for parameters.
Moreover, the validity of the information must be tested against other observations
if possible, such as the geometries of the transition state and the adsorption state of
a molecule, when evaluating the pre-exponential factor extracted from TPD
analysis. A detailed discussion of the TPD analysis techniques has been provided
by de Jong and Niemantsverdriet5.
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Other information that can be obtained from TPD measurements is the effect of
lateral interactions on the adsorption energies of adsorbates. Lateral interactions are
apparent in TPD experiments as a coverage-dependent shift in the desorption
temperature. Additionally, the existence of different adsorption structures can be
observed due to different desorption peaks in the TPD spectrum. The effect of the
lateral interactions on adsorption energy can be expressed by Eq. (2.6), provided
that the lateral interactions are pairwise additive.

0
tot
E d (θ ) = E d0 − Elat
.int . = E d − ∑ ni ω i → j

( 2 .6 )

i

where

Ed0

: the adsorption energy in the zero coverage limit (J/mol)

tot
Elat
.int . : total lateral interaction energy (J)

ni

: number of neighboring species “i”

ωi→ j

: the repulsive pairwise additive interaction energy between species “i”

::

and “j” (J)

An example of the effect of adsorbate lateral interactions on their TPD spectra is
shown in Chapter 3, in which the reactivity of oxygen pre-covered Rh(100)
surfaces, covered with different amounts of CO, are compared using TPD. TPD is
used in obtaining part of the results presented in Chapters 3, 5, 6 and 7.

2.3. Work Function (WF) measurements
Work function measurements can provide information on adsorbate coverages,
desorption rates and rate of surface reactions. In general, the information obtained
via work function measurements can in many cases not be used alone, as it lacks
direct information on structural and chemical nature of the surface and adsorbates,
but it can be a powerful tool when it is used with other surface science techniques,
23
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such as Temperature Programmed Reaction Spectroscopy, X-ray Photoelectron
Spectroscopy, Reflection-Absorption Infrared Spectroscopy and so on6.

The work function is the minimum energy needed to extract an electron from a
metal to the vacuum level where the electron does not interact with the material1.
Mathematically it can be described as the energy difference between the vacuum
level and the Fermi level. The work function is a sum of a bulk (volume)
contribution and an influence due to the electrical double layer on the metal
surface7-8. The bulk contribution is called the chemical potential, which is specific
to the chemical identity of the metal. The surface double layer forms due to the
absence of the next atomic layer on the surface. Surface atoms have missing
neighbors, and the electron distribution on the surface is different from that inside
the metal. The total energy is lowered by a redistribution of the electrons in the
surface region. According to the Jellium model, the attractive potential due to the
positively charged cores is not strong enough to keep the valence electrons inside
the bulk9. As a result, electron density extends outside the metal surface, leaving an
electron deficiency within the metal. This creates a double layer with its negative
end just outside the metal, as illustrated in Figure 2.2. An electron travelling from
the metal to the vacuum must surmount this dipole barrier.

metal

+ -

vacuum

+ + -

Electron density

+
ionic cores

electrons

distance

Figure 2.2. The electron distribution in the jellium model creates a dipole layer
with the negative end outside the metal surface. (Adapted from Chorkendorff and
Niemantsverdriet10)
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The work function depends on the structure of the surface, but the Jellium model
does not provide any explanation about structure sensitivity of the work function.
This was theoretically explained by Smoluchowski8 in 1941. He proposed that
electrons have a tendency to smooth out on the surface, which creates an additional
dipole layer with its positive layer outermost, as shown in Figure 2.3.

+

+
-

+
-

Figure 2.3. Charge density distribution which is smoothed out based on the
Smoluchowski electron smoothing effect causing a weaker surface dipole layer.
(Adapted from Woodruff and Delchar11)

This layer reduces the effect of the surface dipole layer with its negative layer
outermost. The net result is a lower work function for more corrugated surfaces.
Therefore, the densely packed surfaces (e.g. fcc-(111)) have a higher work function
than the more open surfaces (e.g. fcc (100)).

Theoretical calculations clearly show a work-function decrease when going from a
close packed surface to loosely packed surface12. Similarly a surface containing
defects has lower work function than the surface without defects. This has been
experimentally demonstrated in Chapter 7 for flat and sputtered Co(0001) surfaces.

Adsorption of atoms and molecules on a metal surface causes the formation of an
additional surface double layer. Adsorbed species typically have a dipole moment
that modifies the total dipole layer at the surface and consequently changes the
work function. The 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. Conversely, species that have a negative dipole pointing
towards the surface, such as NH3 on Co(0001), cause a decrease the work function.
The contribution of adsorbed layers to the work function is in first approximation
expressed by the Helmholtz equation:
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( 2 .7 )

where NS is the number of adsorption sites per unit area, PA is the dipole moment
of the adsorbate(D) and θ is the fraction of occupied sites11, 13. This equation
reveals a linearity of work-function change ( ∆Φ ) with the number of adsorbed
molecules or coverage of adsorbates. However, in a number of cases the linearity is
disturbed because the dipole moment of adsorbate changes, depending on the
adsorbate coverage due to the mutual depolarization of adsorbed species14-15.
Therefore, the relation between work-function change and adsorbate coverage
needs to be verified before a work function measurement can be used to determine
surface coverage of an adsorbate.

Work function measurements can be performed via several experimental
approaches, such as field emission, thermionic emission, photoemission, the diode
method and the vibrating capacitor method. The measurements performed in this
study utilize a vibrating capacitor method, or Kelvin probe. Information about
other methods can be found elsewhere11.

The vibrating capacitor method is an indirect technique, in which electrons are not
removed from the metal surface. It depends on the measurement of the contact
potential difference, which exists between two conducting plates (sample and
reference plates) in electrical contact11. When two plates are connected electrically,
the Fermi levels of two plates are equalized due to thermodynamic equilibrium.
This creates a flow of charge from one plate to the other. The two plates become
equally and oppositely charged. The potential difference between the plates
(contact potential difference) is the difference between the work function of the
two metals. If a back potential (Vb) in the external circuit is applied to restore the
initial condition, then this back potential will be equal to the work function
difference. If the work function of the reference plate remains constant, then the
back potential will show the relative work function of the sample plate. The
phenomenon is illustrated in Figure 2.4.
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Figure 2.4. The electron energy diagram for two conducting materials. Ф and ε
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 the other. As a result of this, a potential gradient or contact
potential, Vc is produced. (c) Applying a back potential, Vb, which is equal to Vc,
restores the initial condition. (Adapted from Woodruff and Delchar11)

Work function measurements have been used in this thesis for the measurement of
adsorbate coverages, in particular NH3 and Oad on Co(0001) in Chapter 5 and 7,
respectively, and for monitoring surface reactions, such as the rate of chemisorbed
oxygen removal by atomic hydrogen on Co(0001) in Chapter 7.

2.4. Low Energy Electron Diffraction (LEED)
LEED is a technique used to determine the structure of ordered surfaces and
adsorbates. A monochromatic beam of low energy electrons (50-200eV) is directed
towards a single crystal surface. The beam of electrons can be considered as
electron waves incident on the sample. Their wavelength is provided by De Broglie
relation:

λ=

h
2me Ekin

(2.8)

27

28

Chapter 2

where

λ

: wavelength of electron (m)

h

: Planck’s constant (J.s)

me

: mass of electron (kg)

Ekin

: kinetic energy of electron (J)

The waves will be scattered by surface atoms or adsorbates on the single crystal
surface. In a typical setup electrons collide with the surface at normal incidence.
Because of the surface order, the electrons that are scattered back from the surface
generate a diffraction pattern. Interference occurs according to Bragg’s law:

sin θ =

nλ
nh
=
a
2me Ekin

( 2 .9 )

where

θ

: angle between surface normal and scattered electron

n

: diffraction order

a

: distance between surface atoms or adsorbates (m)

LEED can be utilized qualitatively and quantitatively. In the qualitative use, only
the spot positions are recorded. These positions provide information about the size,
geometry and orientation of the adsorbate unit cell with respect to substrate unit
cell. In quantitative analysis, the intensities of the diffracted beams are recorded as
a function of the incident electron beam energy, producing so-called I-V curves.
These curves can then be compared with theoretical curves to obtain information
28
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about the exact atomic positions of adsorbates. Only qualitative use of LEED was
performed in this thesis.

During the scattering of electrons, only the elastically scattered ones contribute to
the diffraction pattern, since the secondary (lower energy) electrons are removed
by energy filtering grids placed between the sample and the fluorescent screen
which is used to display the diffraction pattern. A schematic for LEED is shown in
Figure 2.5.

Difffracted electrons
Repeller grids
Electron gun

Single crystal

depth
a
θ

Primary electron beam
Fluorescent screen

Figure 2.5. A schematic of LEED set-up. A beam of monochromatic electrons is
directed towards the surface. The scattered electrons show constructive and
destructive interference because of the ordered nature of surface atoms and
adsorbates, which leads to diffraction patterns. A fluorescent screen makes the
diffraction patterns visible.

LEED provides information about the surface structure such that the interatomic
distances and the distances in the diffraction pattern are inversely related. In other
words, the LEED pattern shows the reciprocal lattice, where smaller distances
between the LEED spots correspond to larger interatomic distances. Figure 2.6
29
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illustrates the relationship between surface ordering and the LEED image. Detailed
information about the technique can be found elsewhere16.

Surface structure
(2x2) Oad on Co(0001)

LEED pattern
Co(0001)

Cobalt atom

LEED pattern
(2x2) Oad on Co(0001)

Oxygen atom

Figure 2.6. A schematic illustration of how the surface ordering translates to the
LEED image.

LEED is utilized to obtain the surface structures of coadsorbed O and CO on
Rh(100) in Chapter 3 and of O on Co(0001) in Chapter 7.

2.5. X-ray Photoelectron Spectroscopy (XPS)
XPS is used to determine the elemental composition and oxidation state of
elements present on or close to surface. The basis of XPS is the photoelectric
effect, i.e. electrons emitted by surface atoms which are excited by absorbing X-ray
photons. A more detailed analysis can be found elsewhere17. The working principle
of XPS is illustrated in Figure 2.7.

30

31

Experimental and Computational Methods
X-ray hν

Ek

Vacuum level

ϕ

Fermi level

Eb

e-

Core level

Figure 2.7. Principle of XPS. A photoelectron is emitted by the atom after being hit
by an X-ray photon. The kinetic energy of the electron is measured. Adapted from
Niemantsverdriet1.

XP spectra are typically plotted as a function of binding energy instead of the
kinetic energy of the photoelectrons, the parameter that is in fact measured. The
advantage of this convention is that, unlike the kinetic energy, the binding energy
is independent of the X-ray source utilized. It is derived from the kinetic energy
using the following relation Eq. (2.10).

Eb = hν − E k − ϕ

( 2.10)

where

Eb : the binding energy of the photoelectron with respect to the Fermi level of the
sample (eV)

h : Planck’s constant (eV s)

ν : the frequency of X-ray radiation (1/s)
Ek : the kinetic energy of the emitted electron (eV)

ϕ : the work function of the spectrometer (eV)
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In this thesis synchrotron XPS has been used. As the photon energy is not fixed in
this case a typical experimental approach to calculate the binding energy is to
measure the Fermi edge using the same photo-electron energy as that used for
measurement of the actual spectra. In this way, uncertainties about the exact photon
energy and the work function of the spectrometer cancel out.

XP spectra recorded with a low kinetic energy (~50-200 eV) result in a high
surface sensitivity, typically a high detection sensitivity and allow for identification
of the chemical nature of surface species as well as quantification in terms of
monolayers (ML), given that an appropriate reference is available. XPS data is
used to obtain the oxidation state and surface coverage of atomic oxygen on
Co(0001) in Chapter 7. In this case the O1s signal of the well-defined 0.33 ML CO
(√3x√3)R30o) structure was used to normalize the O1s signal of the Oad layers.

2.6. Scanning Tunneling Microscopy (STM)
STM is a non-optical microscope which can provide atomic level images of
conducting surfaces. STM is based on the concept of quantum tunneling, which
means the tunneling of the electrons through a gap between a tip and a surface,
when an atomically sharp tip is brought into close proximity (i.e., a few
Ångstroms) to a conducting surface. The tunneling current has a strong dependence
on the tip-surface distance. If the tip is scanned over the conducting surface in the
presence of a control loop that keeps the current (i.e., the tip-surface distance)
constant, the tip will move following the contours of the surface. This allows the
atomic resolution imaging of the surface. It should be kept in mind that STM
images do not show the morphology of the surface, but instead the electronic
structure. A detailed discussion about the technique can be found elsewhere18-19. A
schematic representation of STM is given in Figure 2.8.
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Figure 2.8. Schematic demonstration of an STM tip scanning a sample surface.

STM measurements in this thesis were performed at the M2N department
(Molecular Materials and Nano Systems) of Eindhoven University of Technology,
provided by dr. C.F.J. Flipse. The STM used in this study is a low temperature
STM (Omicron), cooled by liquid nitrogen. Heating of the sample is performed in a
separate preparation chamber, where heating by a ceramic heater positioned at the
backside of the sample plate allows heating the sample up to the desired
temperature. The preparation chamber is equipped with a sputter gun and a mass
spectrometer. Scanning tunneling microscopy (STM) experiments were performed
at ~77 K, with a cut Pt/Ir tip. The base pressure in the STM analysis chamber is
<1× 10−10 mbar. The STM measurements were carried out in constant current
mode with bias voltages from 100 to 400 mV and tunnel currents between 2 to 5
nA. STM is employed to obtain the images of Co(0001) surface when oxygen is
adsorbed on it, as shown in Chapter 7.
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2.7. Density Functional Theory (DFT)
DFT is a quantum mechanical simulation method that allows the calculation of the
ground state energy of a many-body system based on its electronic density. The
electron density is a physically observable quantity, which can be defined as the
probability of finding N electrons within a volume element dr. The total energy of
a system, in principle, can be obtained analytically by solving the Schrödinger
equation for the nuclei and the electrons for all particles in a system20. However, in
practice, this can only be done for a few very small (couple of atoms) systems.
That is why some approximations are used, which allow the calculation of the total
energy for bigger systems. The Born-Oppenheimer approximation21 treats the
nuclei as fixed and solves the Schrödinger equation for the wavefunctions of
electrons alone, since the nuclei translate much slower compared to electrons.

According to the theorems of Hohenberg and Kohn, the ground state energy is a
unique functional of its electronic density22. Later, Kohn and Sham built the
foundations of DFT23 by finding an efficient method to calculate the ground state
energy. The Kohn-Sham equation is as follows:

F [ ρ ] = TS [ ρ ] + J ρ + EXC [ ρ ]

(2.11)

where

ρ

: Electron density of the system

F[ ρ ]

: The ground state energy of the system

TS [ ρ ] : the exact kinetic energy of a non-interacting fictitious reference system
with the same density as the real, interacting one

Jρ

: The classical coulomb interaction energy of the system

E XC [ ρ ] : The exchange-correlation energy of the system
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Eq. (2.11) enables the calculation of the kinetic energy and the Coulomb
interaction terms by lumping all the unknown terms such as exchange energy,
correlation energy and the correction of the kinetic energy due to electronic
interactions in one term, the so-called exchange-correlation functional. DFT states
that the ground state energy could be solved exactly provided that the exchangecorrelation term could be solved. However, the exchange-correlation term cannot
be calculated exactly and thus has to be approximated.

There are different approaches for approximating the exchange-correlation energy,
the main two being the Local Density Approximation (LDA)23 and the Generalized
Gradient Approximation (GGA)24. Mostly, the interactions between atoms depend
on the valence electrons, such that core electrons are not needed explicitly in the
computations. This property led to the pseudopotential approach where the core
electrons are described by an effective potential, i.e. lumped in a pseudo-potential.
Ultra-soft pseudo-potentials can yield accurate energies with good efficiency25. The
important point is that the accuracy of DFT depends on the careful choice of the
exchange-correlation functional. That is why one has to be careful while comparing
the experimental results with DFT obtained ones, and even while comparing the
DFT results with each other. A detailed discussion about the topic can be found
elsewhere26.

The advantage of DFT is that Kohn-Sham equations describing a system can be
solved practically up to around 100 atoms, since it demands less computational
power per atom compared to other quantum mechanical techniques. Many different
chemical properties can be calculated accurately by DFT such as adsorption
energies and geometries, adsorption structures, geometry and energy of transition
states, vibrational frequencies, etc.

We have used the periodic, plane wave based, slab approach implemented in
Vienna Ab-initio Simulation Package(VASP)27 to model the catalytic surfaces that
are used in the study. This brings the advantage of having the best available model
to compare with experimental data obtained on single crystal surfaces. The
combination of DFT modelling and UHV experiments gives a wealth of atomic
scale information about the catalyst surface such as stability and identity of
reaction intermediates, which is often difficult to obtain experimentally, and the
35
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determination of transition states for the catalytic surface reactions, which provide
valuable information about the catalytic activity and can be compared with
experimental data in those cases where it is possible to measure reaction rates of
elementary steps on single crystal surfaces. DFT modeling has been used in
Chapters 3-6.
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Chapter 3

How surface reactivity depends on the configuration
of coadsorbed reactants: CO oxidation on Rh(100)

LEED, TPRS, RAIRS experiments combined with DFT calculations have been used
to study CO oxidation on Rh(100) from preadsorbed O and CO and to unravel how
the reaction kinetics is influenced by the configuration of the adsorbed reactants.
At least four different regimes are identified in increasing order of reactivity: near
zero coverage, isolated CO and O species react with the highest activation energy
observed in this work (105 ± 4 kJ/mole). In the second regime, oxygen is present in
a p(2×2) structure and reacts with bridge bonded CO, with an activation energy
of 77 ± 8 kJ/mole. In the third regime, the reactivity is associated with on-top CO
in defects of a c(2×2) oxygen layer, at an estimated activation energy of 58 ± 10
kJ/mole. In the last and most reactive regime, the oxygen adlayer has (2×2)-p4g
order with the top metal layer reconstructed. According to DFT calculations CO
adsorption lifts the reconstruction, but experiments do not confirm this. , oxygen
occupies four-fold hollow and bridge sites; the latter react with bridged CO. The
general trend is that if the reactants become destabilized by repulsive lateral
interactions, the rate of reaction to CO2 increases.

3.1. Introduction
One of the most studied catalytic reactions in surface science is oxidation of CO on
noble metal surfaces1 such as platinum2-10, palladium8, 10-13, iridium2-3, 14-17, and
rhodium8, 10, 18-27. Goodman and coworkers have made seminal contributions to the
understanding of this mechanism2 . This reaction is a convenient test reaction for
general catalytic phenomena, such as kinetics, influence of structure on reaction
rate, lateral interactions, and last but not least oscillations on surfaces28-29.

The contents of this chapter have been published: Jansen M.M.M., Gracia J.,
Kizilkaya A.C., Nieuwenhuys B.E., Niemantsverdriet J.W., J. Phys. Chem.
C, 17127-17135, 114, 2010. The author of this thesis contributed the DFT
calculations and parts of the discussion to this paper.
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Understanding this reaction in detail is also of practical importance for automotive
exhaust catalysis. The reaction consists of the following elementary reaction steps9:

CO(g) + ∗ → CO(a)

(3.1)

O 2 (g) + ∗ → O 2 (a)

(3.2)

O 2 (a) + ∗ → 2O(a)

(3.3)

CO(a) + O(a) → CO2 (g) + 2 ∗

(3.4)

Here ∗ denotes an empty site. On transition metal surfaces, molecular oxygen is
only observed at very low temperatures, and in many cases steps (2) and (3) can be
taken together as one.

On Rh(111), Schwartz et al.21 reported on the basis of kinetic studies at low
pressures three reactivity regimes. At low temperatures and/or high CO partial
pressures, CO2 formation rates are very low. Due to poisoning of the surface with
CO, steps (2) and (3) become blocked, resulting in low atomic oxygen coverages.
At high temperatures but still well below the desorption temperature of O2, the
equilibrium between CO adsorption and desorption has completely shifted towards
desorption. Hence, the CO coverage and thus the CO2 formation rate are low. In
between the first two regimes, both CO and atomic O are readily available on the
surface. This is the most interesting regime, because reactivity towards CO2
formation is high.

Besides the relative coverages of CO and O, mixing of both adsorbates and the
structure of the oxygen adlayer have a strong influence on reactivity.18-19, 27, 30 On
Rh(111), several well defined CO/O structures have been observed with Low
Energy Electron Diffraction (LEED).31 Although no clear correlation between the
reactivity and each structure has been reported, it seems plausible that a segregated
adlayer will be less reactive than a well-mixed one.27 On Rh(100) and Rh(110)
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surfaces, where adsorbates are less prone to segregation, different structures of the
oxygen adlayer display different reactivity towards CO2 formation.18-19, 30

On Rh(100), oxygen can order into three different structures. The first structure is
observed around 0.25 ML O: oxygen orders into a p(2×2) structure with the
oxygen atoms occupying four-fold hollow sites with an O-O distance of 2 lattice
parameters (l.p.).32-34 Around 0.40 ML O, a c(2×2) LEED pattern is reported.35-36
Islands with c(2×2) structure are formed with the oxygen atoms occupying fourfold hollow sites at √2 times the lattice parameter apart. At an oxygen saturation of
0.50 ML, a (2×2)-p4g clock reconstruction of the top metal layer is observed.34, 36-38
Oxygen on this reconstructed surface can in principle occupy two kind of sites: the
four-fold and three-fold hollow site. According to Baraldi et al. and Alfe et al.,
oxygen most probably occupies the three-fold site.39-40 The structure of these
different oxygen adlayers affects the reactivity with co-adsorbed CO. Baraldi et
al.19 reported that the p(2×2) structure is less reactive than the (2×2)-p4g structure.

Although much is known about the structures of oxygen adlayers on Rh(100), it is
unclear how CO is co-adsorbed in the presence of oxygen atoms, and how this
affects the reactivity towards CO2. The purpose of this paper is to determine how
CO binds to the surface in the presence of oxygen using Reflection Absorption
Infrared Spectroscopy (RAIRS). A structural model of CO with O on Rh(100) is
proposed by combining the site preference of CO with oxygen structures obtained
from LEED experiments. The reactivity towards CO2 is then linked to each
structure by combining Temperature Programmed (TP) RAIRS with Temperature
Programmed Reaction Spectrometry (TPRS). Density Functional Theory (DFT) is
used to verify the validity of the proposed model by looking at the stability and
reactivity of the various structures. The work illustrates that the rate of surface
reactions depends critically on the configuration of reactants. For the CO oxidation
the rate increases substantially when repulsive interactions destabilize the reacting
species.

3.2. Experimental and computational details
Experimental techniques
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RAIRS, TPRS and LEED experiments were carried out in a home built, two-stage
stainless steel ultrahigh vacuum (UHV) system with a base pressure of 1.5 × 10-10
mbar.

The rhodium single crystal of (100) orientation with a thickness of 1.2 mm was
mounted in the UHV system on a movable sample rod by two tantalum wires of 0.3
mm diameter, pressed into small grooves on the side of the crystal. This set-up
allowed for resistive heating to 1400 K. The sample was continuously cooled with
liquid nitrogen enabling temperatures as low as 88 K. Temperatures were measured
using a chromel-alumel thermocouple spot welded to the back of the crystal.

The crystal surface was cleaned by cycles of argon ion sputtering and annealing in
an oxygen atmosphere. Argon ion sputtering (6 µA/cm2) at 920 K was used to
remove impurities, such as boron, sulphur, phosphorus, and chlorine. Near-surface
carbon was removed by heating in 2 × 10-8 mbar O2 at temperatures ranging from
900 to 1100 K. Oxygen was removed by flashing to 1400 K. After flashing, a small
amount of oxygen was adsorbed and the crystal was flashed to 800 K to remove
carbon diffusing to the surface at temperatures above 900 K. Finally, CO was
dosed at 550 K and flashed to 800 K to remove the excess oxygen. Carbon
monoxide (Linde Gas, 99.997% pure) and oxygen (Linde Gas, in 80% Argon) were
used without further purification.

TPRS experiments were done to determine the quantities of O and CO on the
surface. The oxygen coverage was determined by adding an excess of CO to the
oxygen adlayer. Atomic oxygen and CO is assumed to react on Rh(100) with 100%
efficiency.18 Hence, the area under the CO2 desorption trace is proportional to the
oxygen coverage. As a reference, the area under the CO2 trace in the presence of
oxygen saturation: θO = 0.5 ML19, 34 is used. The CO coverage is obtained from the
CO2 and CO desorption trace areas. CO saturation: θCO = 0.83 ML19, 32, 41 is used as
a reference to convert the amount of unreacted CO in ML. All TPRS experiments
were performed with a quadrupole mass spectrometer (Prisma QME200, Balzers)
with a mass range (m/e) of 0-200 amu. Constant heating rates of 5 and 1 K/s were
used.
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RAIRS spectra were taken with a Fourier-transform infrared spectrometer (Galaxy
4020, Mattson) flushed with dry nitrogen, such that the infrared beam undergoes a
single reflection from the crystal surface near grazing angle (85º). A wire grid
polarizer is placed in the beam allowing only p-polarized light to be detected.
RAIRS detects only vibrations of atoms and molecules with a vertical component
by absorption of p-polarized light. A mercury cadmium telluride (MCT) detector
was used with a spectral range of 4000 – 800 cm-1. All spectra consist of 512 scans
taken at 4 cm-1 spectral resolution divided by a stored background spectrum of a
clean surface. For TP-RAIRS only 32 scans were collected to decrease measuring
time.

LEED experiments have been carried out using a reverse-view two grid miniLEED system (BDL450IR, OCI Vacuum Microengineering) with external
retraction. The electron beam had a beam current of 0.50 µA and beam energy
between 85 and 95 eV. LEED patterns are acquired and digitized using a CCD
camera (Cohu), connected to a computer for analysis and storage of images.

To study the reaction between CO and atomic oxygen on Rh(100), we have coadsorbed oxygen and CO sequentially by exposing the metal surface to 2 × 10-8
mbar oxygen and 10-8 mbar CO at 150 K. Next, a RAIRS spectrum was taken to
identify the adsorption sites of CO, followed by TPRS to quantify the CO and
oxygen coverage and to determine kinetic parameters. If the TPRS showed no CO
desorption, CO was adsorbed at 400 K followed by a flash to 700 K to remove the
excess oxygen as well as the CO, leaving an empty surface.

DFT calculations
The Rh(100) surface was computationally modeled using a five metal-layer slab,
describing a c(3√2×√2)R45° or p(2×2) unit cell and four vacuum layers. The
relative positions of the rhodium atoms of the three lower layers were kept frozen
at the computed bulk positions, with a lattice parameter of 3.854 Å, compared to an
experimental value of 3.803 Å42, while the upper two layers were free to relax. We
have used the Vienna ab-initio simulation package (VASP)43-44, which performs an
iterative solution of the Kohn-Sham equations in a plane-wave basis set. Planewaves with a kinetic energy up to 400 eV have been included in the calculation.
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The exchange-correlation energy has been calculated within the generalized
gradient approximation (GGA) using the revised form of the Perdew, Burke, and
Ernzerhof exchange-correlation functional45 proposed by Hammer et al.46 The
electron-ion interactions for C, O, and Rh are described by the projector augmented
wave (PAW) method developed by Blöchl47. The reciprocal space has been
sampled with a (5×5×1) k-points grid automatically generated using MonkhorstPack method48. Fractional occupancies were calculated using a first-order
Methfessel-Paxton smearing function49 with a width of 0.2 eV and an energy
convergence smaller than 10-4 eV was used. Equilibrium is reached if the forces on
the atoms of the top two metal layers and the atoms placed on top of the metal slab
are less than 0.01 eV/Å in each of the Cartesian directions. Saddle points in the
minimum energy path are found with the nudged elastic band (NEB) method. The
likely transition state structures produced by the NEB method have been further
refined. All TS structures have been characterized by vibrational frequency
analysis within the harmonic oscillator approximation. During the vibrational
analysis, the relaxed atoms are displaced from their equilibrium positions twice
(0.02 Å).

3.3. Results and discussion
The oxygen adlayer
To determine the way oxygen is ordered at different coverages, LEED was used.
Figure 3.1 shows the LEED patterns of Rh(100) with various amounts of oxygen.
The surface was exposed to 2 × 10-8 mbar O2.
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Figure 3.1. Low energy electron diffraction patterns and structure models of
oxygen on Rh(100) at increasing coverages. A pattern of an empty surface is
included for comparison. At increasing oxygen coverage, the LEED pattern
changes from p(2×2) to c(2×2) to (2×2)-p4g. The (2×2)-p4g pattern stays intact
when 0.25 ML of CO is co-adsorbed. An electron beam energy between 85 and 95
eV was used.

At 0.25 ML O, a clear p(2×2) pattern is observed.32-34 Oxygen atoms occupy
hollow sites two lattice distances apart from each other.50 At increasing the
coverage to about 0.40 ML O, a c(2×2) pattern is present,35-36 indicating that locally
small c(2×2) islands with a coverage of 0.50 ML are formed with less dense areas
in between the islands. In our study of atomic nitrogen on Rh(100), a clear c(2×2)
pattern was already observed at 0.35 ML N.51 Upon increasing the O-coverage
even further, the LEED pattern shows the (2×2)-p4g reconstruction.34, 36-38 Two
structural models have been reported to explain the observed LEED pattern.39-40 In
both models, the rhodium surface atoms have formed a clock reconstruction: the
rhodium atoms move such that a part of the hollow sites are rotated and a part of
the hollow sites convert in rhomboids as indicated in Figure 3.1. The difference lies
in where the oxygen atoms are placed. In the first model, the oxygen atoms are
placed on the rotated fourfold hollow site, whereas in the second model, the
oxygen atoms are placed within the rhomboids in three-fold hollow sites as shown
in Figure 3.1. DFT calculations have shown that the latter configuration is slightly
more stable.40, 52 Upon adding 0.25 ML CO to an adlayer of 0.50 ML O, the LEED
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pattern shows changed intensities but it appears that the (2×2)-p4g pattern stays
largely intact. Consequently, under influence of CO, ordering of the adlayer does
not seem to change and CO is probably incorporated in the oxygen structures, as
for instance visualized in Figure 3.1.

Identification of CO bonding sites on oxygen adlayers
Figure 3.2 proposes possible CO+O/Rh(100) configurations when CO is added to
the oxygen structures of Figure 3.1.
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Figure 3.2. Possible structures for co-adsorption of CO and O on Rh(100) as
derived from the oxygen structures of Figure 3.1, together with possible defect
structures. CO has been placed inside these structures at the most plausible
positions.

In the presence of a p(2×2)-O adlayer, CO can be placed onto a bridge site or
hollow site, as shown in A and B, respectively. Due to diffusion, the p(2×2)-O
pattern can become skewed as is depicted in C. Within this triangle of three oxygen
atoms, repulsion between CO and O causes CO to occupy the centre in a somewhat
distorted bridge site. When the oxygen layer has c(2×2) ordering, CO can occupy a
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hollow site between four oxygen atoms as in Figure 3.2E. Because the c(2×2)
LEED pattern is observed below 0.50 ML O, the c(2×2) layer contains defects. A
frequently formed defect is created when two c(2×2) oxygen islands meet. When
the unit cells within the islands have a phase mismatch, defects as in D are formed.
CO can be placed within the defect on the distorted top site between three oxygen
atoms. As we saw before, in the presence of the (2×2)-p4g reconstruction oxygen
can occupy two kinds of sites: the four-fold or three-fold hollow site, as shown in F
and G, respectively. In F, the co-adsorption site for CO is the bridge site. In G, the
oxygen atoms are placed in a kite-like configuration. In this configuration, CO is
probably co-adsorbed in a bridge site as will be discussed in the DFT section, while
also the four-fold hollow site is available.

CO bonding sites: RAIRS
RAIRS experiments have been performed to examine the CO bonding sites(s) in
the presence of oxygen, as shown in Figure 3.3. From the way CO binds to these
O/Rh(100) surfaces, some of the geometries proposed in Figure 3.2 can be
confirmed or discarded. The procedure was as follows: at 150 K, the rhodium
surface was first exposed to oxygen, after which CO was adsorbed. A RAIRS
spectrum was taken followed by a TPRS experiment from which the coverages
were determined.
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Figure 3.3. RAIRS spectra of CO adsorbed at 150 K on O-precovered Rh(100) with
a) θO = 0 ML, b) θO = 0.11 ML, c) θO = 0.29 ML, d) θO = 0.40 ML. Atomic O was
deposited by dissociative adsorption of O2 at 150 K.

Figure 3.3a shows the RAIRS spectra of CO on Rh(100) in the absence of oxygen.
Two absorption bands are present in the regions 1870 to 1940 cm-1 and 2010 to
2080 cm-1. The bands are assigned to twofold bridge and top CO, respectively.20, 41
At coverages up to 0.50 ML, absorption mainly by CO on top sites is observed.
Between 0.35 and 0.50 ML CO, CO orders into a c(2×2) structure with CO
occupying top sites19-20, 41, 53-54. Between 0.05 and 0.46 ML CO, the CO stretching
frequency increases, due to an increase in dipole-dipole coupling between CO
molecules. Above θCO = 0.50 ML, absorption by CO on top sites decreases while
simultaneously an increase in absorption by bridge CO is observed. The c(2×2)
layer transforms into a p(4√2×√2)R45° structure with CO occupying both top and
bridge sites20, 41, 54. At CO saturation, absorption mainly by CO on top sites is
observed, due to ordering of the adlayer into a c(6×2) pattern.19, 32, 41, 51 The ratio of
CO on top and bridge sites is not reflected well in the absorption intensity ratio.
XPS experiments have shown that c(6×2) pattern is a mixture of CO on top and
bridge sites with a ratio of about 1:1.19, 54
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Figure 3b shows RAIRS spectra of CO on Rh(100) with 0.11 ML oxygen. The total
IR absorption intensity has decreased significantly in the presence of oxygen.
Oxygen between CO molecules can decrease dipole-dipole coupling between CO
molecules decreasing both the intensity and frequency of the absorption bands. Up
to 0.15 ML, CO is mainly present on top sites. At these low coverages, oxygen
influences CO hardly. Between 0.20 and 0.48 ML, absorption by bridged CO
increases. At 0.67 ML CO, CO is mainly adsorbed on bridge sites.

Figure 3c shows the RAIRS spectra of CO on Rh(100) with 0.29 ML oxygen. Two
absorption bands by top and bridge CO are present and both show a strong increase
in frequency near saturation, presumably due to chemical effects. Oxygen has
mainly p(2×2) ordering and probably locally some c(2×2) ordering. Multiple
absorption bands can be expected in the presence of these structures with CO
occupying different sites as indicated in Figure 3.2. The band between 2010 and
2090 cm-1 originates from CO on top sites. CO on top can have two environments.
In the first, CO is adsorbed on patches were the oxygen concentration is low,
presumably resulting in the band around 2030 cm-1. In the second environment, CO
is surrounded by 3 oxygen atoms as in configuration D of Figure 3.2. Repulsive
lateral interactions between CO and the three oxygen neighbors decrease the RhCbond strength, but strengthen the internal CO bond increasing the CO stretching
frequency. This can explain the absorption bands above 0.36 ML CO between 2050
and 2100 cm-1. For CO with co-adsorbed N on Rh(100), we51 have reported a
similar configuration as Figure 3.2D. There, CO was surrounded by three nitrogen
atoms, and CO stretching frequencies between 2050 and 2100 cm-1 were observed,
similarly as in the present case.

The band between 1910 and 1970 cm-1 in Figure 3c originates from bridged CO. In
the presence of an oxygen p(2×2) structure, configurations A and C in Figure 3.2
with bridge CO are most likely the abundant species. An absorption band from CO
on four-fold hollow sites can be expected from configurations B and E. However,
for CO on hollow sites, absorption bands well below 1800 cm-1 are expected.55
Such bands are absent in all spectra of Figure 3. Hence, it appears that
configurations such as B and E with four-fold CO do not occur on the surface.
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Figure 3d shows the RAIRS spectra of CO on Rh(100) with 0.40 ML oxygen.
Absorption mainly by bridged CO is observed. Here the oxygen adlayer has c(2×2)
ordering with probably some (2×2)-p4g reconstruction. In the presence of the
(2×2)-p4g reconstruction CO can be present in configurations F and G on bridge
sites as shown in Figure 3.2. CO is closely surrounded by four oxygen atoms in
these configurations. Repulsive lateral interactions between CO and O will weaken
the bond between CO and the surface, which will strengthen the molecular CO
bond. This will increase the CO stretching frequency. For this reason, we
tentatively assign the band around 1950 cm-1 to CO in configuration F and G and
the band around 1910 cm-1 to configurations A and C. Figure 3.4 gives on
overview of all IR absorption bands with the CO+O/configurations of Figure 3.2.
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Figure 3.4. Proposed assignment of IR absorption bands with the CO+O/Rh(100)configurations of Figure 3.2.

CO oxidation: TPRS
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The reaction between CO and O to form CO2 has been followed with TPRS.
Changes in the temperature at which CO2 forms reflects differences in reactivity
between oxygen and CO in the various configurations discussed so far.

CO2 desorption rate (a.u.)

a) CO/O-Rh(100)
θO = 0.11 ML
Tads = 150 K
β = 5 K/s
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θO = 0.40 ML

θCO

Tads = 150 K
β = 5 K/s

θCO

(ML)
0.67

(ML)
0.50

(ML)
0.45

0.48

0.43
0.36

0.42
0.40

0.20
0.15

0.31

0.33

0.26

0.28

0.07

0.19

0.19

0.04

0.09

0.10

0.02

0.02

0.03

0.28

200 300 400 500 600 200 300 400 500 600 200 300 400 500 600

Temperature (K)

Temperature (K)

Temperature (K)

Figure 3.5. CO2 TPRS spectra of various amounts of CO adsorbed at 150 K on Oprecovered Rh(100) with a) θO = 0.11 ML, b) θO = 0.29 ML, c) θO = 0.40 ML.
Atomic O was deposited by dissociative adsorption of O2 at 150 K. The surface was
heated with 5 K/s.

Figure 3.5a shows CO2 formation from various initial amounts of CO and an initial
oxygen coverage of 0.11 ML. The selectivity towards oxidation is high: CO
desorption is only observed when an excess CO is present on the surface. A single
CO2 formation state is observed, which gradually shifts to lower temperatures with
increasing CO coverage. Hopstaken and Niemantsverdriet18 reported similar CO2
formation behavior at comparable starting coverages (i.e. 0.09 ML O), although
near CO saturation minor peak splitting was present in the CO2 formation feature.
The gradual shift to lower temperatures results from second order reaction behavior
and at least partially from lateral interactions. Repulsive interactions between the
adsorbates facilitate CO2 formation. At higher oxygen coverages, this gradual shift
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is absent and multiple CO2 formation states are present, which is probably due to
the formation of several CO/O-structures as shown in Figure 3.2.

Figure 3.5b shows CO2 formation spectra at 0.29 ML atomic oxygen. Up to 0.19
ML CO, a single formation channel occurs around 380 K. The formation
temperature has decreased about 90 K compared to when 0.11 ML O is present,
due to repulsive interactions between CO and oxygen. Above 0.19 ML CO, the
CO2 formation feature broadens towards three distinct regimes and at θCO = 0.5 ML
three regimes can be distinguished at temperatures around 280, 380, and 450 K.
The third regime around 450 K has a very similar CO2 formation temperature as
found for low O and CO coverages shown in Figure 3.5a. At increasing the
temperature reaction towards CO2 decreasing both θO and θCO and hence, CO2
formation in this regime originates from an adlayer where coverages are low.
These low coverages result in minor interactions between CO and O, decreasing
reactivity.

Hopstaken and Niemantsverdriet18 attributed the CO2 formation regimes at 280 and
380 K to the presence of p(2×2) structured oxygen. We confirm that CO2 formed
around 380 K is probably linked to CO reacting with the p(2×2) oxygen structure
present at these oxygen coverages. Figure 3.2A and C give the related structures of
O with CO which will be the most abundant structures in the presence of a p(2×2)
oxygen structure. However, we disagree that CO2 formed at 280 K originates from
p(2×2) structured oxygen. This feature is even more explicit at 0.40 ML atomic
oxygen. Here, it has shifted to 300 K as is shown in Figure 3.5c. At 0.40 ML O, the
oxygen adlayer has local c(2×2) ordering, but with defects in the structure. CO2
formation at 280 K only occurs when a weak absorption band between 2050 and
2100 cm-1 is present in the RAIRS spectra of Figure 3c and d. For now, we
tentatively assign this regime to CO in configuration D reacting with one of the
three neighboring oxygen atoms.

Compared to CO2 formation in a dilute adlayer, the structure of Figure 3.2D leads
to a decrease of 170 K in CO2 formation temperature, indicating that the mutually
destabilized CO and O atoms in the structure of Figure 3.2D are much more
reactive towards each other than when their distance is larger on the almost empty
surface. For a non-reactive system of CO with N in a structure like D in Figure 3.2,
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the nitrogen neighbors decrease the CO desorption temperature with about 260 K
with respect to CO desorption near zero coverage due to a total CO/N-repulsion of
about 70 kJ/mol.51 As there is no CO desorption feature related to the c(2×2)O/Rh(100) structure, we can only make a qualitative comparison on the basis of the
shift in CO2 formation temperature. DFT simulations by Nieskens et al.56 predict
that N-atoms have a larger destabilizing effect on CO than O-atoms have.

CO2 formation rate (a.u.)

At 0.40 ML O, an even more reactive fourth regime occurs at 250 K. Although not
observed in LEED, reconstruction of the metal surface cannot be excluded here.
This regime has probably its origin in a CO/O-structure as in F or G of Figure 3.2.
Here, the metal surface has a (2×2)-p4g reconstruction with CO in between four
oxygen atoms. We will discuss this and the other regimes further in the TP-RAIRS
section, when we have information on how the CO binds to the system under
reaction conditions. Figure 3.6 gives an overview of all the CO2 desorption features
and the corresponding CO+O/Rh(100) structures.
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Figure 3.6. An overview of all the CO2 formation channels with the corresponding
CO+O/Rh(100) structures.

Kinetic parameters of CO2 formation were derived were determined by assuming
first-order reaction in CO and O, which is true at least at low coverage. An
Arrhenius plot of ln( rCO 2 /(θCO· θO)) versus 1/T yields the activation energy of CO2
formation Eact and the preexponential factor ν from the slope and the intercept,
respectively.
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Table 3.1. Activation energy Eact and preexponential factor ν for CO oxidation on
Rh(100) in the limit of zero CO coverage at different oxygen coverages. Coverage
corrected leading edge analysis was applies to the spectra shown in Figure 3.5.
θO

Eact

Log(ν)

[ML]

[kJ/mol]

[s-1]

0.11

105 ± 4

12.0 ± 0.4

0.29

77 ± 8

10.5 ± 0.8

0.40

58 ± 10

8.3 ± 1

Table 3.1 shows the kinetic parameters of CO2 formation at different oxygen
coverages in the limit of zero CO coverage, where the values are most reliable. At
higher coverages, these kinetic parameters are probably underestimated by our
method, as is often the case for TPD analysis methods when repulsive interactions
between adsorbates play an important role.57-58 For comparison: Hopstaken and
Niemantsverdriet18 reported at 0.02 ML O an activation energy of 103 ± 5 kJ/mol
and preexponential factor of 1012.7 ± 0.7 s-1 for CO oxidation on Rh(100) by using the
same coverage-corrected leading edge method. At 0.29 and 0.40 ML O, both
kinetic parameters decrease at increasing oxygen coverage, in good agreement with
Hopstaken and Niemantsverdriet18. The origin of this decrease can be caused by
two factors. First, the parameters are at least partly underestimated by the applied
analysis method. Secondly, there is an increase in repulsive interactions between
atomic oxygen and CO due to the additional atomic oxygen. At 0.11 ML O, the
oxygen adlayer is very dilute and the atoms are (almost) randomly ordered, while
at 0.29 and 0.40 ML O oxygen, the adlayer has p(2×2) and c(2×2) structure. Oatoms in these structures have a strong repulsive interaction with co-adsorbed CO.

CO binding site and reactivity: TP-RAIRS
TP-RAIRS has been used to gain a better understanding of the correlation between
the CO adsorption site and its reactivity towards CO2. The proposed correlation
between reactivity and structure as shown in Figure 3.6 can be examined in this
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IR intensity (a.u.)

Des. rate (a.u.)

way. Figure 7 shows the TP-RAIRS spectra of various amounts of CO on Rh(100)
pre-covered with O. RAIRS spectra were collected while heating the surface with 1
K/s. Simultaneously, TPRS traces are collected.
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Figure 3.7. TP-RAIRS and TPRS spectra of various amounts of CO adsorbed at
150 K on O-precovered Rh(100). RAIRS spectra were collected while heating the
surface with 1 K/s and simultaneously obtaining TPRS traces. The TPRS spectra
with the integrated IR absorption intensities are shown at the top.

We start with low coverages. At 0.11 ML O and 0.13 ML CO in Figure 3.7a, one
CO2 formation channel is observed around 450 K. Before CO2 is formed, the most
abundant species on the surface is CO on top sites. Due to the negligible interaction
between O atoms and CO, the latter is mainly present on its most stable site: the
top site. This is also the species that shows a strong decrease in intensity during
CO2 formation at 450 K, indicating that in a dilute adlayer of CO with O, the
reaction forming CO2 originates from CO on top sites.
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At intermediate coverages, 0.29 ML O and 0.25 ML CO, a second and faster CO2
formation channel is available, which starts at room temperature see Figure 3.7b.
Now CO is present on both top and bridge sites. Between 290 and 370 K, the
intensity of bridge-bonded CO decreases while the intensity of top CO stays more
or less constant. Bridged CO is probably the most reactive species here. Hence, in
the presence of a p(2×2) oxygen layer, configurations A and C in Figure 3.2 with
CO on the bridge site and O on hollow sites react between 300 and about 400 K to
CO2. However, an alternative explanation would be that on-top CO reacts, while
bridged CO converts to top sites once sites have become free. Once the bridged CO
has almost disappeared, we are back in the situation of low coverage, as described
above in relation to Figure 3.7a.

At a highly covered surface, 0.40 ML O and 0.42 ML CO in Figure 3.7c, two new
CO2 formation features are observed, one starting at about 230 K and the other
represented by a sharp peak at about 290 K. We tentatively attributed the 290 K
channel to defects in the c(2×2) oxygen layer with CO in a distorted top position as
in configuration D of Figure 3.2. At this temperature, a dip in absorption intensity
of CO on top sites is observed, mainly due to the disappearance of the IR band
between 2050 and 2100 cm-1. This is the band associated with CO on a distorted
top site.51 Hence, these results from TP-RAIRS confirm that CO as in configuration
D of Figure 3.2 reacts around 290 K.

The most reactive and broad CO2 formation channel from 230 K and up is most
likely correlated to the dense adsorbate structures in the (2×2)-p4g reconstruction,
with CO in between four oxygen atoms as in configuration F and G of Figure 3.2.
Here CO2 formation is accompanied by a decrease in absorption intensity of CO on
bridge sites and an increase by CO on top sites. More specifically, there is an
intensity increase in the band between 2050 and 2100 cm-1. Two processes can
explain these results. First, bridged CO on patches within the (2×2)-p4g
reconstruction reacts with oxygen removing the reconstruction; this creates more
c(2×2) oxygen patches at 250 K with CO on distorted top sites. Second, the (2×2)p4g reconstruction becomes unstable above 200 K creating highly active
configurations of CO with O, which form CO2 at 250 K. It is almost impossible to
distinguish between both mechanisms, experimentally.

How surface reactivity depends on the configuration of coadsorbed…

57

Finally, when CO and O in the dense configurations have reacted, we are back in
the reaction situations of Figure 3.7a and b.

DFT calculations
In addition to experiments, DFT has been used to investigate the stability and
reactivity of CO and O in different configurations. First, the relative stabilities of
CO on Rh(100) in three different structures were calculated, namely p(2×2) and
skewed p(2×2) (as in Table 3.2) at θCO = 0.25 ML and c(3√2×√2)R45° at θCO = 0.33
ML. Within the accuracy of DFT, all three structures were equally stable with an
CO adsorption energy of 1.7 eV. In DFT, CO on the bridge site is more stable than
on the top site, in contrast to the experimental situation. This is a known artifact of
DFT in CO adsorption, and is due to overestimation of the interaction between the
LUMO of CO with the metal orbitals.59

Table 3.2. DFT calculations of atomic O and CO on Rh(100) in several structures,
along with the activation energy for the surface reaction between O and CO.
Adsorption energies ∆Eads, for O-atoms are relative to gas phase O-atoms; values
in parenthesis are relative to gas-phase O2.
θO
(ML)

Unit cell

O-structure

∆Eads θCO
CO-O structure
(eV) (ML)

∆Eads,O

∆Eads,CO

(eV)

(eV)

0.25

0.11

1.7

0.11

4.6
0.25

1.03

4.4
0.25

p(2×2)
(1.7)

Eact
(eV)

1.5
(1.6)

0.9

58

Chapter 3

Skewed

4.6

4.4

p(2×2)

(1.7)

(1.5)

0.25

1.5

0.9

1.4

0.8

0.9

0.4

0.25

0.33

c(3√2×√2)R
45°

4.5

4.2

(1.6)

(1.4)
0.33

4.3
0.5

c(2×2)
(1.5)

0.5

Clock Rec.
(2×2)-p4g

4.5

3.9
0.25

(1.6)

(1.0)
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Table 3.2 shows the adsorption energy of atomic oxygen at different coverages and
in different structures. Atomic and molecular oxygen were both used as a gas phase
reference with the latter in brackets. At low coverages, the four-fold hollow site is
the most stable, while at θO = 0.50 ML, the three-fold hollow site becomes more
stable. At θO = 0.25 ML, a p(2×2) structure was observed in LEED. In DFT, this
structure is equally stable as the skewed p(2×2) structure. In practice, both
structures will convert into each other by diffusion. The c(3√2×√2)R45° oxygen
structure is chosen as a model for defects in the c(2×2) as shown in Figure 3.2D. In
this configuration oxygen atoms are 0.1 eV less stable as the p(2×2) structures due
to small repulsive interactions.

At θO = 0.50 ML, three oxygen structures were calculated: the c(2×2) structure, the
(2×2)-p4g structure with oxygen in the three-fold hollow site and the (2×2)-p4g
structure with oxygen in the four-fold hollow site. The latter configuration
appeared to be unstable and did not converge in the calculations. The c(2×2)
structure is 0.2 eV less stable than the (2×2)-p4g structure with oxygen on the
three-fold hollow site. This means that only small islands with c(2×2) structure
containing a few oxygen atoms will be stable. When these islands grow larger, the
metal layer reconstructs into the more stable (2×2)-p4g structure. Alfè et al.40, 52
also found that at θO = 0.50 ML, the (2×2)-p4g structure with oxygen in the threefold hollow site is the most stable. Note however, that they used a somewhat
different method for the calculations, Instead of the revised PBE exchange
correlation, they have used the local density approximation.

Table 3.2 also shows the adsorption energy of O on a CO pre-covered adlayer and
the adsorption energy of CO on an O pre-covered adlayer. Geometries A, C, D, F
and G of Figure 3.2 were calculated. Configuration F with oxygen on the four-fold
hollow site and CO in the bridge site was not stable and did not converge. Hence,
the absorption band at 1950 cm-1 in Figure 3.4 and CO2 formation at 250 K
indicated in Figure 3.6 as IV are probably due to configuration G and not F. The
adsorption energy of CO on the p(2×2) and skewed p(2×2) are equal, but 0.2 eV
lower than in the absence of oxygen. CO with oxygen in a c(3√2×√2)R45° structure
is 0.3 eV less stable than on the empty surface, while CO adsorption on the (2×2)p4g O-adlayer is predicted to lift the reconstruction and the CO adsorption energy
decreases drastically to 0.9 eV.
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The last column of Table 3.2 contains the activation energies for the surface
reaction between adsorbed CO and O. The activation energy for the lowest
coverage is 1.03 eV and agrees very well with the value reported by Eichler et al.60
The trend from Table 3.2 is that the activation energy for the CO + O surface
reaction decreases with increasing repulsive interactions between the reactants. We
intend to present the DFT results on the surface reactions in detail in a subsequent
paper.

To conclude, DFT confirms that CO/O-configurations A, C, D, and G of Figure 3.2
are stable on the surface. These are the configurations that we have invoked in
Figure 3.6 to explain the different reaction channels for CO2 formation. DFT
predicts the same CO bonding geometry as is observed in experiment except for
CO in the absence of O, and on the reconstructed (2×2)-p4g surface. The CO
adsorption energy and the reactivity of the different configurations as expressed in
the calculated activation energies show the same trend as observed in the
experiments. In general,61-63 the stability of a reactant on the surface is a good
indicator of the activation energy of a reaction through the Brønsted-Evans-Polanyi
relations64-65. It predicts lower activation energies for CO oxidation if the bond of
CO to the surface is destabilized, e.g. due to interaction with O-atoms in the coadsorbed state. The data in Table 3.2 confirm this trend.

3.4. Concluding remarks
The present results clearly illustrate how the rates of surface reactions depend on
the configuration of the adsorbed reactants. The general trend of the experiments as
well as the DFT calculations is that the rate of the CO + O reaction on Rh(100)
increases when the reactants come in closer proximity and destabilize each other on
the surface due to repulsive interactions. The kinetics of catalytic reactions is
commonly described by the Langmuir-Hinshelwood mechanism. The underlying
assumptions in this model are that reactants adsorb on equivalent sites, mix
randomly over the surface, and that interactions between adsorbates can be
ignored. A consequence of these assumptions is that the activation energy for
surface reactions is the same at all coverages. The results in this paper show that in
reality the activation energy for the CO + O surface reaction step diminish from
about 100 kJ/mol at low coverage, where the conditions of random mixing and
negligible interaction will be valid, to about 40 kJ/mole in compressed structures,
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where e.g., the CO molecule and the O-atoms are significantly destabilized due to
mutual repulsion.
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Chapter 4

A direct relation between adsorbate interactions,
configurations and reactivity: CO oxidation on
Rh(100) and Rh(111)

Formation of carbon dioxide from preadsorbed O and CO has been modeled by
Density Functional Theory (DFT) calculations on Rh(100) and Rh(111) for total
surface coverages of 0.22, 0.50, 0.66 and 0.75 ML. The most stable coadsorption
configurations are investigated for each case prior to the modeling of the reaction.
It is seen that the activation barriers on Rh(100) continuously decrease (from 1.03
eV to 0.40 eV) with increasing coverage, due to surface configurations always
leading to less strongly bound adsorbates. On Rh(111), however, the activation
barriers remain relatively constant (changing from 1.28 eV to 1.00 eV) because
adsorbate configurations are relatively independent of coverage, except the defectlike/transient structure (having a barrier of 0.81 eV) calculated for 0.66 ML. The
results demonstrate the importance of adsorbate configurations for the rate of a
surface reaction.

4.1. Introduction
Formulating the relationship between surface composition and reactivity is one of
the most desired goals in heterogeneous catalysis. Most often, it is necessary to go
to model reactions and well defined surfaces due to the complexity of real systems.
Even in this case, the kinetic information obtained from experiments is indirect and
is generally represented with rate constants derived as a result of fitting
experimental data to reaction models1-2. However, from an atomistic point of view,
it is hard to speak of an overall rate constant for a reaction, since the reactants tend
to form different ordered structures for different coverages, which may have a
profound effect on surface reactivity3.

The contents of this chapter have been published: Kizilkaya A.C., Gracia J.,
Niemantsverdriet J.W., J. Phys. Chem. C, 21672-21680, 114, 2010.
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Probably the most studied surface reaction in this context is CO oxidation on noble
metal surfaces such as platinum4-5, palladium6-7, iridium8-9, ruthenium10-11 and
rhodium12-13. Other than its technological importance for automotive exhaust
catalysis, the reaction is also a convenient test for surface phenomena like lateral
interactions and the effect of surface structure on reactivity14-15.

For CO oxidation, the elementary reaction steps are16:

CO(g) + * → COads

(4.1)

O2(g) + * → O2,ads

(4.2)

O2,ads + * → 2Oads

(4.3)

COads + Oads → CO2,ads + 2*

(4.4)

Here, * denotes an empty site.On Rh(100) and Rh(111), molecular oxygen is
experimentally found to dissociate readily below 150 K, thus , steps 2 and 3 can be
taken as one (See Refs [21] and [30] and references therein)Thus, it is of great
interest how O and CO coadsorb on well-defined surfaces, in order to get more
insight about the reaction at the atomic scale. There have been a number of
thorough studies on the coadsorption of O and CO on Rh(111)17-20, while, to our
knowledge, coadsorption on Rh(100) was only addressed recently21. On Rh(100),
oxygen can order into three different structures. The first is observed around 0.25
ML O: oxygen orders into a p(2×2) structure with the oxygen atoms occupying
fourfold hollow sites with an O-O distance of 2 lattice parameters22-23. Around 0.40
ML O, a c(2×2) LEED pattern is reported24. Islands with c(2×2) structure are
formed with the oxygen atoms occupying four-fold hollow sites at √2 times the
lattice parameter. At an oxygen saturation of 0.50 ML, a (2×2)-p4g clock
reconstruction of the top metal layer is observed25-27. For this structure, oxygen is
found to occupy the 3-fold sites, both experimentally28 and theoretically29. In the
case of coadsorption with CO, we have recently shown with a combination of
experimental and theoretical tools that two different ordered structures are
formed21. For oxygen coverages around 0.25 ML, CO is located both on top and
bridge sites, the latter being more stable according to DFT calculations, in a p(2x2)
structure where oxygen atoms are located at the 4-fold hollow sites. For oxygen
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coverages greater than 0.4 ML, CO is located only on bridge sites, but in this case,
lifting the clockwise surface reconstruction caused by the oxygen atoms and
forcing half of the oxygen atoms on fourfold hollow and half of the oxygens on
bridge sites in a p(2x2) structure21. On Rh(111), p(2x2) and p(2x1) structures have
been observed with LEED corresponding to oxygen coverages of 0.25 and 0.50
ML, with the oxygen atoms located at the threefold fcc sites30. Adsorption of CO
on these ordered structures has resulted in the same (2x2) pattern, while CO
occupies on top sites both in (2x2)-O-CO and (2x2)-2O-CO structures18. For the
latter structure, it has also been proposed that the adsorption of CO on top positions
moves half of the oxygen molecules from fcc to hcp sites18, which has also been
supported later by DFT calculations31.

Various studies have investigated the oxidation of CO on Rh(100) and Rh(111),
starting from coadsorbed CO and O, both experimentally on single crystal
surfaces10, 12-13, 19, 32-38 and theoretically through DFT calculations31, 39-43. The major
outcomes of the experimental studies have been the establishment of the LangmuirHinshelwood mechanism of the reaction37, observance of different reactivity
regimes at different reactant coverage19, 32-34, and more importantly structure
sensitivity for the reaction12-13, 35-36, 38. Although the earlier studies have suggested
that the reaction was insensitive to surface structure, i.e., identical kinetic
parameters were obtained on different surfaces12, 35, later it has been proposed that
the so-called “structure insensitivity” was only observed when the surfaces were
covered mainly by CO, indicating that the reaction is structure sensitive for oxygen
rich surfaces36. Finally, Hopstaken and Niemantsverdriet have showed
systematically with Temperature Programmed Reaction Spectroscopy (TPRS) of
the O(a) + CO(a) step that Rh(100) and Rh(111) show different reactivity at
identical reaction conditions, the reaction being intrinsically faster on Rh(100)
compared to Rh(111)13. Moreover, Rh(100) and Rh(111) have exhibited different
behavior in the reactivity for increasing coverages. They showed that on an oxygen
precovered Rh(100), the activation energy continuously decreases with increasing
oxygen coverage and the selectivity for CO2 formation is 100%, i.e. no CO
desorption is observed. However, on Rh(111), CO desorption has been observed at
all coverages and the reactivity has showed a rather complex behavior. At low
oxygen coverages, they obtained a lower activation barrier (65 kJ/mol) on Rh(111)
compared to the Rh(100) which had a barrier of 103 kJ/mol. However, as the peak
temperatures for oxidation is at least 35 K higher on Rh(111) , they suggested that
the low barrier for Rh(111) could be representative for reaction at defect/transient
structures13. Furthermore, at an oxygen coverage of 0.35 ML, the peak obtained
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around 425 K has shifted to higher temperatures with increasing CO coverage;
although this was accompanied by the appearance of a second peak around 350 K.
This shows that the reactivity on Rh(111) does not respond straightforwardly to the
changes in surface structure as it does on Rh(100). In fact this behavior has also
been observed on Rh(111) in an earlier TPRS study34. At a CO coverage of 1.0 L,
increasing oxygen coverage resulted in the shifting of the peak around 400 K to
around 380 K, although this time, at oxygen amounts larger than 0.56 L, the peak
shifted again to around 400 K34.

DFT calculations on CO oxidation have mainly focused on obtaining the transition
state (TS) structures and the activation energies for different surfaces42-43, while
less number of studies have tried to address the experimentally observed reactivity
changes between different metals and surfaces41. Eichler has calculated exactly the
same activation energy (1.03 eV) on Rh(111) and Rh(100) at a coverage of 0.33
ML, suggesting the 65 kJ/mol (~0.65 eV) barrier obtained by Hopstaken and
Niemantsverdriet13 on Rh(111) would be indicative of defect/transient structures41.
The other key findings of the DFT studies have been that as a precursor step to
reaction, threefold oxygen atoms had to be activated to bridge sites on (111)
surfaces39 and the reactivity change between different metals could be correlated
with the changes in total coadsorption energy of O and CO on those metals40.
However, despite the fact that several ordered structures have been observed on
Rh(100) and Rh(111), the effect of these ordered structures on different reactivity
regimes has only been addressed for a very specific case recently31. Nonetheless,
how these different ordered structures impose different surface reconstructions and
in what way these reconstructions help or hinder the reactivity for different
surfaces remains unknown. Moreover, there is neither any fundamental explanation
about the origin of the structure sensitivity observed on Rh(100) and Rh(111) nor
an understanding of why these surfaces respond differently in reactivity towards
changes in adsorbate coverages.

Recently, we have shown that depending on the coverages of O and CO, different
ordered structures are formed on Rh(100), resulting in different reactivity
channels21. On Rh(100), the activation barrier for CO oxidation decreases
continuously with increasing reactant coverage21. The aim of this paper is to
illustrate why the reactivity on Rh(100) increases with increasing reactant coverage
and to present the reconstructions the surface undergoes in order to provide these
reactivity channels, with the help of DFT calculations. Furthermore, we show
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theoretical evidence for the structure sensitivity of CO oxidation, since the
activation barriers differ substantially among Rh(100) and Rh(111) surfaces. The
dependence of the reactivity on coverage originates from a difference in change of
adsorbate strengths on the two surfaces with increasing coverage.

4.2. Computational Details
Periodic Density Functional Calculations have been performed using Vienna abinitio simulation package (VASP)44. Plane-waves with a kinetic energy up to 400
eV have been included. The exchange-correlation energy has been calculated
within the generalized gradient approximation (GGA) using the revised form of the
Perdew, Burke, and Ernzerhof exchange-correlation functional proposed by
Hammer et al45. The electron-ion interactions for C, O, and Rh are described by the
projector augmented wave (PAW) method developed by Blöchl46. The reciprocal
space has been sampled with a (5×5×1) k-points grid automatically generated using
Monkhorst-Pack method47. We have checked the stability of our parameters versus
a (7x7x1) k-points grid, 500 eV cut-off and spin polarized set. Both the difference
in oxygen adsorption energy and in CO activation barrier between the two sets of
parameters (on Rh(100) in a c(3√2×√2)R45° configuration) are smaller than 0.07
eV, ensuring sufficient precision for the calculations Fractional occupancies have
been calculated using a first-order Methfessel-Paxton smearing function48 with a
width of 0.2 eV and an energy convergence smaller than 10-4 eV was used.

Equilibrium is reached if the forces on the atoms of the top two metal layers and
the atoms placed on top of the metal slab are less than 0.01 eV/Å in each of the
Cartesian directions. Saddle points in the minimum energy path are found with the
nudged elastic band (NEB) method49. NEB calculations are continued until the
image with the highest energy in the Minimum Energy Path converges in energy
with 10-4 eV tolerance. The likely transition state (TS) structures produced by the
NEB method have been further refined until the forces on atoms are less than 0.01
eV/Å. All TS structures have been characterized by vibrational frequency analysis
within the harmonic oscillator approximation as having a single mode of imaginary
frequency. During the vibrational analysis, the relaxed atoms are displaced from
their equilibrium positions twice (0.02 Å).
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Rh(100) and Rh(111) have been modeled using a five metal-layer slab to describe
the c(3√2×√2)R45°, p(√3×√3)R30°, p(2×2) and p(3x3) unit cells. A vacuum height
of at least 10 Å has been inserted between slabs to avoid coupling in the zdirection. The relative positions of the rhodium atoms of the bottom three layers
have been kept frozen at the computed bulk positions, with a lattice parameter of
3.854 Å, compared to an experimental value of 3.803 Å50, while the upper two
layers are free to relax.

Total coadsorption energy and oxygen adsorption energy are defined with respect
to the clean surface for the total coverages of 0.22, 0.50 and 0.66 ML, but with
respect to the surface oxygenated with 0.25 ML O for the total coverage of 0.75
ML. This way we have a meaningful comparison of the coadsorption energy of one
O and one CO atom for all coverages.

4.3. Results
We have investigated the reaction between coadsorbed O and CO for 4 different
total surface coverages and on two surfaces, Rh(100) and Rh(111). Since it is
experimentally well known that oxygen dissociates below 150 K on both Rh(100)
and Rh(111) (See Refs [21] and [30] and references therein), we have not included
the mechanism where molecular oxygen reacts with CO. We will present the
results obtained for each regime in separate sections.

4.3.1.

CO oxidation on Rh(100)

The adsorbate configurations on Rh(100) after O adsorption, the surface
reconstructions imposed by CO adsorption and pre-activated coadsorption for
different coverages are shown in Figure 3.1. Table 3.1 lists the adsorption energies
and sites of O and CO on Rh(100) for the cases when the reactants are adsorbed
alone, coadsorbed and finally in the pre-activated coadsorption state, together with
their total coadsorption energies and activation barriers. The potential energy
diagram summarizing the energetics of the CO oxidation reaction on Rh(100) is
illustrated in Figure 3.2. For the potential energy diagrams on Rh(100) and
Rh(111), we have not showed the step of CO2 desorption. The reason is that DFT
predicts an endothermic CO2 adsorption energy for all investigated coverages on
both Rh(100) and Rh(111), in agreement with the previous theoretical studies of
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CO2 adsorption on Rh(111) and other transition metal surfaces51-52. This is because
experimentally CO2 adsorbs weakly, i.e. physisorbs, on Rh(100) and Rh(111)53 and
van der Waals forces that causes physisorption cannot be described by the
commonly used GGA potentials in DFT51, 54. Although using more modern
functionals can partially overcome this limitation55, they are not preferred in our
study because they are computationally expensive and the use of them will not
affect the conclusions of our study focused on reactivity.

Figure 3.1. Adsorbate configurations on Rh(100) after i) O adsorption, ii) O and
CO coadsorption, iii) O and CO pre-activated coadsorption.

71

72

Chapter 4

Table 3.1. Adsorption sites and energies (eV, given in parentheses) of the reactants
on Rh(100) in the cases of i) adsorption, ii) coadsorption with the other reactant,
iii) pre-activated coadsorption, together with total coadsorption energies and
activation barriers*.
p(3x3)

p(2x2)

c(3√2×√2)R45°

p(2x2)

ΘTotal = 0.22 ML
ΘO = 0.11 ML
ΘCO = 0.11 ML

ΘTotal = 0.50 ML
ΘO = 0.25 ML
ΘCO = 0.25 ML

ΘTotal = 0.66 ML
ΘO = 0.33 ML
ΘCO = 0.33 ML

ΘTotal = 0.75 ML
ΘO = 0.50 ML
ΘCO = 0.25 ML

Activation Barrier

1.03

0.90

0.77

0.40

Total Coadsorption
Energy

-6.40 [-3.35]

-6.10 [-3.25]

-5.90 [-2.81]

-5.31 [-2.05]

Adsorption

fourfold (-4.56)
[-1.71]

fourfold (-4.55)
[-1.70]

fourfold (-4.50)
[-1.65]

threefold (-4.36)
[-1.51]

Coadsorption**

fourfold (-4.47)
[-1.62]

fourfold (-4.45)
[-1.60]

bridge (-4.21)
[-1.36]

fourfold (-4.00)
[-1.15]
bridge (-3.76)
[-0.91]

bridge

bridge

bridge

bridge

Adsorption

bridge (-1.73)

bridge (-1.65)

bridge (-1.65)

bridge (-1.65)

Coadsorption**

on top (-1.63)

bridge (-1.55)

on top (-1.41)

bridge (-0.93)

on top

on top

on top

bridge

O

Pre-activated
Coadsorption
CO

Pre-activated
Coadsorption
*

Total coadsorption energies and O adsorption energies are relative to gas phase O atoms,
values in brackets are relative to gas phase O2.

**

The energies for the “coadsorption” are defined as the energy to remove the adsorbate
from the surface in the presence of the other adsorbate.
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Figure 3.2. Potential Energy Diagram for the reaction between coadsorbed O and
CO on Rh(100) at different coverages (The zero energy is taken as the sum of the
energies of gas phase CO and atomic O). Note that the weak adsorption of CO2 is
not reliably predicted by DFT (see Text).

1.1.
Regime 1 (ΘTotal=0.22 ML, ΘO=0.11 ML, ΘCO=0.11 ML): We have
modeled the low coverage limit with a p(3x3) unit cell. Oxygen is located at the
most stable fourfold site, while CO is located on top site, which are the
experimentally preferred sites within the low coverage limit30, 33. It should be noted
that for this coverage, DFT predicts that the coadsorption system is energetically
more stable by 0.12 eV if CO is located on the bridge sites. However, this
discrepancy with the experiment is a known failure of DFT due to overestimation
of the interaction between the LUMO of CO with the metal orbitals56.
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The necessary step for the reaction is found to be the diffusion of CO towards the
O atom. At this low coverage, the surface does not undergo any reconstructions,
since the reactants are mobile and the repulsion between them is minimal. We have
identified the TS structure (see Figure 3.2) where CO is located at an off top site
(very close to the fourfold site), bent towards the oxygen located at the bridge site,
which is also slightly bent towards the CO molecule. We will name this particular
TS structure as CO-ontop type TS, since it will be shown that for coverages up to
0.75 ML, the same type of TS structure is observed. The activation energy for this
configuration is 1.03 eV.

1.2.
Regime 2 (ΘTotal=0.50 ML, ΘO=0.25 ML, ΘCO=0.25 ML): Our calculations
confirm the experimental findings that oxygen is located at the fourfold hollow site
inside a p(2x2) unit cell for a coverage of 0.25 ML21, 30. For the coadsorption with
CO, DFT is also in agreement with the experiments; CO prefers the bridge sites
with the oxygen atoms still located at the fourfold sites21. However, NEB
calculations indicate that, surface diffusion has to occur prior to the reaction
between the coadsorbed reactants. Moving along the minimum energy path (MEP),
oxygen diffuses from the fourfold hollow to the bridge site while CO diffuses from
the bridge to on top site. This diffusion process has a barrier of 0.20 eV.

After diffusion, oxidation occurs along the minimum energy path with an
activation barrier of 0.70 eV. However, the overall barrier for the reaction
including the diffusion step is 0.90 eV. A CO-ontop type TS structure as found for
Regime 1 is also obtained for this coverage, since CO is activated to on top and
oxygen is activated to bridge sites as in the case of Regime 1.

1.3.
Regime 3 (ΘTotal=0.66 ML, ΘO=0.33 ML, ΘCO=0.33 ML): This coverage
regime is proposed as a model for defect/transient structures that are likely to be
formed as the oxygen coverage is increased from 0.25 to 0.50 ML. For this
purpose, we have used a c(3√2×√2)R45° unit cell. Oxygen is again found to occupy
the fourfold hollow site on a clean surface. For the case of coadsorption with CO,
we have investigated two possibilities. First one is oxygen located on fourfold
hollow and CO on top site, while in the second is oxygen located on bridge and CO
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on top site. Interestingly, the structure with oxygen located at the bridge sites is
more stable by 0.25 eV. Nonetheless, we have also investigated the TS starting
from both structures to investigate if the fourfold oxygen is reactive in a defectlike/transient environment.

For the first structure, we have obtained a TS structure where oxygen is located
again on the fourfold site and CO is displaced from the off top site to the regular on
top site, being closest to the oxygen. The activation barrier associated with this TS
is calculated as 1.03 eV. For the second structure, which is more stable and also has
the same structure as the activated complexes in Regimes 1 and 2, a CO-ontop type
TS structure is obtained with a barrier of 0.77 eV. As a result, DFT calculations
indicate that for a total coverage of 0.66 ML, the structure with oxygen on bridge
and CO on top site is both more stable and more reactive compared to a structure
where oxygen is located on the fourfold site.

1.4.
Regime 4 (ΘTotal=0.75 ML, ΘO=0.50 ML, ΘCO=0.25 ML): For oxygen
coverages around 0.50 ML, Rh(100) is reported to undergo a clockwise surface
reconstruction and to form a (2×2)-p4g structure25-27. Our calculations, performed
in a p(2x2) unit cell, confirm that the reconstructed surface with the oxygen atoms
at threefold sites is more stable by 0.22 eV than the regular Rh(100) surface with
the oxygen atoms at the fourfold sites. When CO is adsorbed on this reconstructed
surface, the most straightforward possibility is CO adsorbed on bridge sites of the
reconstructed (2×2)-p4g structure. Although this structure is stable, the NEB
calculations have revealed that along the MEP another more stable structure exists.
Accordingly, the calculations indicate that CO lifts the surface reconstruction and
occupies the bridge site while half of the oxygen atoms are located in the opposite
neighboring bridge site and the other half occupies fourfold hollow sites. The
resulting structure is more stable by 0.41 eV compared to CO adsorbed on the
reconstructed surface. This result is also consistent with our experimental findings
where CO is found to reside on bridge sites for this coverage21.

Afterwards, we have performed NEB calculations to investigate the oxidation of
CO with fourfold and bridged oxygen. The calculations indicate that the CO is
unable to react with the fourfold oxygen and instead prefers to react with the bridge
oxygen. The movement of CO molecule towards the fourfold oxygen results in a
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surface diffusion of the latter and creates the same starting geometry, while the
movement of CO towards the bridge oxygen results in the surface reaction and
produces CO2. The transition state is associated with the movements of CO and
oxygen towards each other from their original bridge sites and the corresponding
activation barrier is calculated as 0.40 eV. Unlike the CO-ontop type TS structure,
this TS structure is unique on Rh(100) in the sense that oxygen atoms react with
bridge bonded CO instead of on top CO.

2. CO oxidation on Rh(111)
Table 3.2 summarizes adsorption energies and sites of oxygen and CO on Rh(111)
for the cases when the reactants are adsorbed alone, coadsorbed and finally in the
pre-activated coadsorption state, together with total coadsorption energies,
activation barriers and Bader charges transferred to adsorbates for the coadsorption
system. The last item is presented to discuss the reactivity behavior observed on
Rh(111) surface, which will be made clear in the Discussion section. The adsorbate
configurations on Rh(111) after O adsorption, O and CO coadsorption and preactivated coadsorption is shown in Figure 3.3 and the potential energy diagram for
the reaction summarizing the energetics of the CO oxidation reaction on Rh(111) is
illustrated in Figure 3.4.
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Table 3.2. Adsorption sites and energies (eV, given in parentheses) of the reactants
on Rh(111) in the cases of i) adsorption, ii) coadsorption with the other reactant,
iii) pre-activated coadsorption, together with Bader charges transferred to
adsorbates for the coadsorption system, total coadsorption energies and activation
barriers*.
p(3x3)

p(2x2)

p(√3×√3)R30°

p(2x2)

ΘTotal = 0.22 ML
ΘO = 0.11 ML
ΘCO = 0.11 ML

ΘTotal = 0.50 ML
ΘO = 0.25 ML
ΘCO = 0.25 ML

ΘTotal = 0.66 ML
ΘO = 0.33 ML
ΘCO = 0.33 ML

ΘTotal = 0.75 ML
ΘO = 0.50 ML
ΘCO = 0.25 ML

Activation Barrier

1.28

1.26

0.81

1.00

Total Coadsorption
Energy

-6.26 [-3.41]

-6.20 [-3.35]

-5.48 [-2.63]

-5.23 [-2.39]

Adsorption

fcc (-4.69)
[-1.84]

fcc (-4.71)
[-1.86]

fcc (-4.59)
[-1.74]

fcc (-4.12)
[-1.27]

Coadsorption**

fcc (-4.56)
[-1.72]

fcc (-4.49)
[-1.65]

fcc

fcc

fcc

fcc

0.82

0.90

0.77

0.82 (hcp)

hcp (-1.71)

hcp (-1.72)

hcp (-1.71)

on top (-1.49)

fcc (-0.89)

on top (-1.11)

O

Pre-activated
Coadsorption
Bader Charge Transfer to O

fcc (-3.76)
0.92]

[-

fcc (-3.82)
[0.97],
hcp (-3.74)
[-0.90]

CO
Adsorption
Coadsorption**

hcp (-1.73)
on top (-1.61)

Pre-activated Coadsorption

on top

on top

on top

on top

Bader Charge Transfer to C

0.26

0.37

0.38

0.31

*

Total coadsorption energies and O adsorption energies are relative to gas phase O
atoms, values in brackets are relative to gas phase O2.

**

The energies for the “coadsorption” are defined as the energy to remove the
adsorbate from the surface in the presence of other adsorbate(s).
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Figure 3.3. Adsorbate configurations on Rh(111) after i) O adsorption, ii) O and
CO coadsorption, iii) O and CO pre-activated coadsorption.

78

A directy relation between adsorbate interaction, configurations…

79

Figure3. 4. Potential Energy Diagram for the reaction between coadsorbed O and
CO on Rh(111) at different coverages (The zero energy is taken as the sum of the
energies of gas phase CO and atomic O). Note that the weak adsorption of CO2 is
not reliably predicted by DFT (see Text).

2.1
Regime 1 (ΘTotal=0.22 ML, ΘO=0.11 ML, ΘCO=0.11 ML): On Rh(111),
experimentally, O occupies the threefold fcc site while CO occupies the on top site
for low coverages, which are also the preferred sites when they are adsorbed
alone17-20. However, it has been shown theoretically that oxygen adsorption
energies differ by 0.03 eV between a hcp and fcc site on Rh(111)57. Thus, we have
also calculated the possibility of oxygen occupying the hcp site together with the
experimentally confirmed fcc site. Our calculations confirm the previous
experimental and theoretical calculations that oxygen prefers the fcc site in both
oxygen adsorption alone and coadsorption with CO17-20, 57. The structures with
oxygen on fcc site are more stable with respect to oxygen on hcp site by 0.06 eV
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for oxygen adsorption only and by 0.12 eV for coadsorption with CO. Our DFT
calculations predict a hcp site preference for CO both in the case of adsorption
alone and coadsorption. Nevertheless, the energy differences with respect to CO
located on top site are 0.01 eV in the former and 0.05 eV in the latter case and do
not affect the methodology and results obtained for the reaction. Thus, the initial
state for the oxidation reaction at this coverage is taken as coadsorbed O and CO,
where oxygen is on fcc and CO is on top site. Interestingly, CO does not stay at an
average distance from every oxygen atom surrounding it, but instead prefers the on
top site which is adjacent to a neighboring oxygen atom. In this way, the sum of the
distances between CO and neighboring oxygen atoms is maximized.

With the coadsorption geometry described above, the initial state of the reactants,
the pathway for the reaction and the resulting TS structure obtained in our study is
in close agreement with previous theoretical publications41-42. The movement of the
CO molecule towards the oxygen activates oxygen to the bridge site and at the TS,
CO is located tilted at the off top site, while oxygen is located at the bridge site.
The activation barrier associated with this TS structure is calculated as 1.28 eV, in
agreement with the 1.37 eV barrier calculated in a previous theoretical
publication43, which uses the same computational method, coverage and activation
barrier definition as in our study.

2.2
Regime 2 (ΘTotal=0.50 ML, ΘO=0.25 ML, ΘCO=0.25 ML): For the
specified coverages of oxygen and CO in a p(2x2) unit cell, our calculations
confirm the experimental findings17-20 that oxygen resides on fcc and CO resides on
an adjacent on top site. Configuration of the adsorbates is the same as the case in
Regime 1, resulting in the same TS structure. The activation barrier associated with
the TS is calculated as 1.26 eV, consistent with the value of 1.24 eV reported for
the same coverage31.

2.3
Regime 3 (ΘTotal=0.66 ML, ΘO=0.33 ML, ΘCO=0.33 ML): Analogous to
the methodology we have followed for the Rh(100), we have chosen this coverage
of reactants to model the defect-like/transient structures on Rh(111), that are
proposed to form when different structures of ordered islands meet. Within a
p(√3×√3)R30° unit cell at the specified coverages, both oxygen and CO occupy the
fcc sites. Calculations indicate that CO occupying the on top site is less stable by
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0.22 eV in this case. With CO and O in the neighbouring fcc sites, we have found a
different pathway for the oxidation reaction. The diffusion of CO to on top site of
the rhodium atom shared with the oxygen atom repels oxygen to the bridge site
where it is activated and the structure where CO is located on top and oxygen on
bridge forms the TS structure. It is interesting that although the initial state of the
reaction and the molecular pathway for it is different, the obtained TS is very
similar in geometry to the TS structures relevant for Regimes 1 and 2. However,
this time we get a significantly lower barrier of 0.81 eV for the reaction.

2.4
Regime 4 (ΘTotal=0.75 ML, ΘO=0.50 ML, ΘCO=0.25 ML): We again start
our investigation with the adsorption of 0.50 ML of oxygen atoms in a p(2x2)
structure. The structure where all oxygen atoms reside on fcc sites is more stable
by 0.15 eV than the structure where oxygen atoms are distributed evenly on hcp
and fcc sites. However, in the case of CO coadsorption, a surface reconstruction
takes place. The most energetically favorable situation is the adsorption of CO on
top of a rhodium atom which has a single bond with an oxygen atom. This causes
the oxygen atom having a bond with that rhodium atom to diffuse to an hcp site,
which eventually leads to the formation of a honeycomb structure. The other
possibilities would be the adsorption of CO on an fcc or hcp site on the oxygenated
surface, however, the resulting structures are less stable than the mentioned
“honeycomb” structure by 0.49 and 0.56 eV respectively. Our results are in
agreement with the experimentally observed structure for this specific coverage
and also the way the surface reconstruction is induced18-19, which was also proven
theoretically31. CO can react with either the hcp or fcc oxygen in the resulting
structure. Zhang et al.31 have suggested that the hcp oxygen would be more reactive
than fcc oxygen based on an analysis of adsorption energies. We have calculated
the activation barriers for the reactions of CO with the hcp and fcc oxygen as 1.00
(in agreement with the 1.01 eV value of Zhang et al.31) and 1.15 eV respectively,
confirming that the hcp oxygen is indeed more reactive.

4.4. Discussion
The energetics for the O+CO reactions on Rh(100) and Rh(111) clearly indicate
that lateral repulsive interactions between adsorbed oxygen and CO have a
profound effect of destabilizing the reactants and thus affecting reactivity, as also
observed experimentally in our recent publication21. This is also in line with a
recent paper which used DFT to show how surface coverage influences reactivity,
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using CO oxidation on several transition metal surfaces as an example58. However,
a comparison of the potential energy diagrams for both surfaces given in Figures
3.2 and 3.4 indicates that configurations occurring transitory affect the reactivity
differently, which agrees with previous TPRS experiments13, 34. In order to
understand this difference between the two surfaces, we have to look at the site
preferences of the adsorbates in detail.

On Rh(100), oxygen prefers hollow sites, in order to maximize its electron density,
in the absence of CO. For CO, the situation is opposite, i.e., in the absence of
oxygen, CO prefers to be adsorbed either on top or bridge sites. Examination of
Table 3.1 for the coadsorbed system shows that O and CO always have different
site preferences for all coverages investigated. In fact, this is a result of the surface
reconstructions taking place on Rh(100). The calculations also indicate that in its
normally preferred hollow coordinated site, oxygen is not reactive in any of the
coverage regimes on Rh(100), as it was previously reported theoretically for CO
oxidation on (111) surfaces of different metals39. Thus, it is appropriate to say that
the surface reconstructions taking place on Rh(100) after CO is adsorbed on the
oxygenated surface help increasing the reactivity by altering the preferred
adsorption sites for both O and CO. This is actually because of the well-known
competition of O and CO for surface electronic charge3. On Rh(100), this
competition forces oxygen atoms to reactive bridge sites starting from medium
coverages, increasing reactivity continuously as the coverage is increased,
confirming the conclusion of our previous study13. For the coverage of 0.75 ML,
we see that both oxygen and CO bind on bridge sites, resulting in a different type
of TS structure, thus making a significant decrease in the activation barrier.
Another important result on Rh(100) is, the barriers for the desorption of CO from
the oxygenated surface are significantly higher than the activation barriers for the
oxidation reaction, as can be seen from Table 3.1. This explains why CO desorption
is not observed on Rh(100) in previous TPRS experiments13.

On Rh(111), the situation is similar to Rh(100) in terms of change in reactivity with
coverage, i.e., the reactivity increases with increasing coverage. The difference is
that increasing the coverage on Rh(111) can lead to transient surface configurations
that can boost reactivity temporarily. In fact, Rh(111) is most reactive for Regime 3
(0.66 ML), indicating that a local kinetic maxima can occur for transitory
configurations. The commonly accepted theory is that the reactivity for CO
oxidation is controlled in general by the total coadsorption energy of the reactants
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on the surface40 or more specifically by the surface mediated coactivation of
adsorbed oxygen and CO59. However on Rh(111), the total coadsorption energy for
different coverages does not correlate with reactivity. Namely, Regime 3 is the
most reactive of all coverages although the total coadsorption energy for it lies in
between the two nearest coverages. To explain this behavior, we have to focus on
the coactivation of the reactants from their initial states and thus their bonding
configurations on those initial states. On Rh(111), for all experimentally observed
ordered structures, O is found to occupy the hollow sites while CO is located on
top sites17-19. This is also true for the coverage regimes investigated in this study,
except for Regime 3, where both O and CO are located on fcc sites. In fact, that is
the factor contributing to the reactivity of the structure in Regime 3. This structure
represents the defect structure that could be formed between 0.50 and 0.75 ML
surface coverages. At a O coverage of 0.33 ML, all fcc sites are covered by oxygen
which forces CO to occupy the fcc sites for a temporary period. This is because on
the “real” surface, around 0.33 ML oxygen coverage, adsorption of CO would
move some of the oxygen atoms to hcp sites, resulting in a structure as in Regime
4. We would need 12 p(2x2) unit cells in order to obtain a supercell that allows us
to study such a configuration. This would be almost impossible due to the
computational effort involved. It illustrates, however, the extensive surface
reorganization that can be needed with changes in coverage. In our p(√3×√3)R30°
unit cell oxygen can only occupy fcc sites which also forces CO to adsorb on fcc
sites and promote reactivity. Furthermore, Table 3.2 indicates that going from
Regime 3 to Regime 4, both the adsorption energy and the charge on O remain
almost unchanged in contrast to accompanying changes in CO bonding strength
and reactivity. This also suggests that the reactivity on Rh(111) is controlled by the
CO bonding strength. CO adsorbed on fcc site has the maximum destabilization.
This is in agreement with the Blyholder model, since CO maximizes the charge
density on carbon when it is adsorbed on a hollow site, while the charge transfer to
carbon is minimal when CO is adsorbed on top3. This is verified by the Bader
charge densities given in Table 3.2. For Regime 3, carbon of CO has the maximum
charge transfer to it, while the O adsorbed on the surface has the least charge
among the coverages investigated. This is also because O and CO are bound to the
same Rh atom, which affects their charge density and adsorption energies. Going
from Regime 3 to 4, the adsorption energy of CO increases in contrast to an
increase in O coverage. This is because in Regime 4, O and CO do not bind to the
same Rh atom. In fact, this behavior of the CO adsorption energy was previously
reported for similar systems60-61.
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Thus, the high reactivity observed for Regime 3 on Rh(111) is a consequence of the
specific adsorbate configuration that leads to the weakest bonding of CO on the
surface. This is only observed for a specific coverage and disappears at higher
coverages since the adsorbates are forced to more stable adsorption sites as a result
of surface reconstructions. This result is perfectly in line with the previous TPRS
experiments that a low temperature CO2 peak is formed at medium O and CO
coverage but disappears at further increasing the oxygen coverage34 and the low
activation barrier obtained on Rh(111) is of defect nature and does not reflect the
reactivity behavior on Rh(111)13. Furthermore, it is seen from Table 3.2 that
starting from a total coverage of 0.66 ML, the barriers for CO desorption is
comparable with the barriers for CO oxidation, explaining why both CO and CO2
desorption was observed on Rh(111)13. These results provide theoretical evidence
and fundamental explanation for the experimentally observed structure sensitivity
for CO oxidation13.

4.5. Conclusions
The surface reaction between adsorbed CO and O-atoms (COads+Oads→CO2,ads) has
been investigated on Rh(100) and Rh(111) with DFT calculations for total surface
coverages of 0.22, 0.50, 0.66 and 0.75 ML. The analysis has been started with the
determination of the most stable adsorption and coadsorption structures of the
reactants. Afterwards, the energetics of each reaction have been obtained and
linked to the adsorption characteristics of the system. The main conclusions are
summarized as follows:

•

Lateral repulsive interactions between O and CO destabilize the reactants and
thus increase reactivity on both Rh(100) and Rh(111), in agreement with
experiment.

•

The activation barriers for CO oxidation reaction on Rh(100) and Rh(111)
differ by at least 0.25 eV on experimentally observed ordered structures,
proving that the reaction is intrinsically faster on Rh(100) compared to
Rh(111), thus providing fundamental explanation for the structure sensitivity of
the reaction.
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•

The activation barriers for the reaction decrease continuously with increasing
coverage on Rh(100) and on Rh(111). The changes in activation barriers are
strongly related with the change in adsorption sites of reactants. On Rh(100),
as the coverage is increased, the reactants continuously change their adsorption
site preferences through surface reconstructions, which supply new reactivity
channels. However, on Rh(111), the reactants have the same bonding
preferences for all coverages, except at 0.66 ML coverage, where compression
leads to defect-like structures.

•

The reactivity of all structures is controlled by the adsorption energies of O and
CO with respect to the surface precovered with the other reactant, not with the
total coadsorption energies. The adsorption energies continuously decrease on
Rh(100) as the coverage is increased, resulting on increased reactivity.
However, on Rh(111), the adsorption energy for CO is minimum for the
coverage of 0.66 ML, providing this structure with the highest reactivity,
suggesting that reactivity is controlled by CO coverage on Rh(111).

•

On Rh(100), the activation barriers for CO desorption are considerably higher
than the barriers for CO oxidation for all investigated regimes, while on
Rh(111) the barriers for CO desorption and CO oxidation become comparable
as the coverage is increased. This explains why CO desorption competes with
reaction as observed on Rh(111) but not on Rh(100).
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Chapter 5
Mutual Stabilization of NH3 and CO on Co(0001)
The surface chemistry of NH3 on Co(0001) has been investigated experimentally
under ultra-high vacuum conditions and theoretically with Density Functional
Theory calculations. NH3 adsorbs molecularly, i.e., does not decompose on the flat
Co(0001). This is because the activation barrier for NH3 decomposition (105
kJ/mol, theoretical) is higher than the adsorption energy of NH3 (59 kJ/mol
(theoretical), 67 kJ/mol (experimental)). Decomposition of NH (produced by
electron-induced dissociation) was observed around 440 K in line with the 110
kJ/mol found by calculations. The order of stability as determined by DFT is NH
(+2 Had)>N(+3 Had)>NH2(+ Had)>NH3. NH3ad does not block the adsorption of
CO and NH3 adsorption is also not blocked by COad. COad and NH3ad form a stable
co-adsorption state, while N and NH lower the quantity of CO that can be
accommodated on the surface. The stability of adsorbed hydrogen is not affected
by post-dosed NH3, while NH3ad is slightly destabilized by Had. In the presence of
NH3ad, the reactive sticking coefficient of hydrogen is much lower compared to
Co(0001) with no NH3.

5.1. Introduction
The adsorption of NH3 on catalyst surfaces is of importance for a variety of
industrial processes. For Fischer-Tropsch Synthesis (FTS) ammonia is known as a
poison1. Other reactions where ammonia is involved include the Pt catalyzed
reaction of ammonia with methane in HCN synthesis2 and Pt-Rh or Ir catalyzed
NH3 oxidation during nitric acid production (Ostwald process)3. The interaction of
NH3 with various metal surfaces such as Fe4, Pt5-9, Ir10, Ru11-13, Ag14, Cu15, Ni16-17
and Rh18-19 has been reported in the literature. Some other fundamental studies
have focused on ammonia oxidation, where ammonia takes part as the reactant20-24.

FTS is employed in the Gas-to-Liquids (GTL) technology, a sequence of catalytic
processes used to produce liquid synthetic diesel form synthesis gas, a mixture of
CO and H2. Cobalt-based catalysts are typically used for low temperature FTS,
where the aim is to produce long hydrocarbon chains. It has been reported that ppm
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quantities of NH3 typically present in commercially produced synthesis gas act as a
poison for the catalyst25. Hence, study of the interaction of NH3 with cobalt
surfaces can provide important insights into Co catalyst deactivation, an important
topic in an industrial context. 25. Up to now there have been neither fundamental
nor applied studies in the scientific literature about the fundamental reasons behind
NH3 poisoning. In the patent literature related to FTS, improved techniques for
NH3 separation stage from the inlet synthesis gas stream are discussed, indicating
its importance for applied FTS26-29.

Literature on other metal surfaces shows that ammonia does not dissociate on
close-packed surfaces. More open surfaces on the other hand, show ammonia
decomposition in several cases, as stated by van Hardeveld et al18., Thornburg et al.
30
and references therein. Despite this, the study of NHx species on the closepacked surface is relevant in the context of applied catalysis for two reasons: (i) on
a nanoparticle NHx species can be created on the more open surfaces that are
present there and then migrate to the close-packed facets. (ii) ammonia
decomposition on the close-packed surface under industrially relevant highpressure conditions cannot be excluded in case the dissociation barrier is low
enough to be overcome at the typical operating tempeature of FTS, 200-250oC.
The study of NHxad chemistry is particulary important as these species are also
reported to be more stable than NH3 on other flat metal surfaces19, 30-31.

The purpose of this study is to determine the adsorption energy of ammonia on
Co(0001), the stability and influence of NHx species (including NH3) on CO and
hydrogen adsorption, in order to assess the role of NHx as poisons for FTS. In order
to answer these questions, the adsorption and decomposition of NH3 on Co(0001)
is investigated under well-controlled conditions, i.e. in an ultra-high vacuum
environment. A combination of temperature programmed desorption (TPD) and
temperature programmed work function measurements (TP-WF) is utilized to
obtain adsorption energies, activation barriers for decomposition reactions, and in
addition to study the influence of NH3 and dehydrogenated fragments (NHx) on CO
and H2 adsorption. Low energy electron diffraction (LEED) is used to detect
ordered structures. In addition, Density Functional Theory (DFT) modeling is
applied to compare and confirm the experimental findings, and in particular to
explore situations that are inaccessible by experiments.
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5.2. Experimental Methods
Thermal desorption experiments were performed in a UHV system with a base
pressure of ~1x10-10 mbar, equipped with Low Energy Electron Diffraction
(LEED)/Auger optics, a quadrupole mass spectrometer (Balzers Prisma QMA200),
a Kelvin Probe (KP Technologies Ltd.) and a sputter gun for sample cleaning
(Vacuum Microengineering). The crystal surface was cleaned by of 20 minute long
cycles of argon ion sputtering (E = 1.0 keV) while the sample was held at 630 K,
followed by annealing at 630 K in vacuum for another 20 minutes. The Co(0001)
single crystal (diameter 10 mm) was clamped between tungsten wires, which were
used for heating and cooling the sample. The sample temperature was measured
using a chromel-alumel thermocouple spot welded to the back of the crystal.
LEED indicated a good surface quality without significant amounts of
contaminants. Cleanliness was routinely tested by CO TPD, which proved to be
sensitive to the presence of carbon and oxygen contaminations and hydrogen TPD,
which is a sensitive probe for the presence of defects32.

TPD measurements have been used to detect desorption/decomposition products in
the gas phase, from which activation barriers and quantities could be derived. In
the same experiment, temperature programmed work function (TP-WF)
measurements (measured using a Kelvin probe and normalized with respect to the
clean surface value) were performed to follow changes on the surface. As the work
function change was found to be directly proportional to the surface coverage of
CO and NH3, these experiments provide direct information on surface
concentrations. Due to excessive desorption of ammonia from other parts of the
sample holder during the TPD experiment, the WF measurements proved to be the
most accurate method to measure the surface concentration of ammonia. During
NH3 TPD experiments, the MS sensitivity for m/e=28 (CO) was lower in
comparison with a CO reference TPD from the sample performed before NH3
exposure. As the TP-WF data was found to be linearly dependent on CO coverage,
this signal was used to scale the TPD data.

5.3. Computational Methods
Periodic Density Functional Calculations were performed using the Vienna abinitio simulation package (VASP)33. Plane-waves with a kinetic energy up to 400
eV were included. The exchange-correlation energy was calculated within the
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generalized gradient approximation (GGA) using ultrasoft pseudopotentials (USPP)34. The reciprocal space was sampled with a (9×9×1) k-points grid
automatically generated using Monkhorst-Pack method35. Fractional occupancies
were calculated using a first-order Methfessel-Paxton smearing function36 with a
width of 0.2 eV and an energy convergence smaller than 10-4 eV was used.

The Co(0001) surface was modeled by a slab with four layers of metal atoms. A
vacuum height of at least 10 Å was inserted to avoid coupling between successive
slabs in the z-direction. The calculations were performed in p(2x2), p(3x3) and
p(4x4) unit cells, to simulate coverages of 0.25 ML, 0.11 ML and 0.066 ML,
respectively. The relative positions of the cobalt atoms of the bottom two layers
were kept frozen at the computed bulk positions, while the upper two layers were
free to relax. The dipole moment due to the usage of an asymmetric slab was
removed with standard dipole correction.

Equilibrium was reached when the forces on the atoms of the top two metal layers
and the atoms placed on top of the metal slab were less than 0.01 eV/Å in each of
the Cartesian directions. All reported energies are zero-point energy (ZPE)
corrected. Saddle points in the minimum energy path were found with the nudged
elastic band (NEB) method37. NEB calculations were continued until the image
with the highest energy in the Minimum Energy Path converged in energy with 10-4
eV tolerance. The likely transition state (TS) structures produced by the NEB
method were further refined until the forces on atoms were less than 0.01 eV/Å. All
TS structures were characterized by vibrational frequency analysis within the
harmonic oscillator approximation as having a single mode of imaginary
frequency. During the vibrational analysis, the relaxed atoms were displaced from
their equilibrium positions by 0.02 Å.

All the parameters (number of layers, energy cut-off, k-points, etc.) were fully
optimized (the smaller sets which reproduced the same results within 0.1 eV were
chosen). The DFT computed energies are expressed in kJ/mol throughout the
article to better compare the theoretical findings with the experimental data.

Mutual stabilization of NH3 and CO on Co(0001)

93

5.4. Results
5.4.1. Molecular adsorption of NH3
The coverage dependence of the interaction of molecular ammonia with Co(0001)
was investigated experimentally with a combination of TPD and work function
measurements. The surface was exposed to ammonia at 90 K, after which it was
heated with various heating rates. During heating the mass channels of m/e = 2
(H2), m/e =14 (N), m/e = 17 (NH3), m/e = 28 (CO, N2) were monitored. During the
work function experiments, the heating rate is 1 K/s while the TPD data is obtained
with a heating rate of 5 K/s. NH3, being a sticky gas, produces a high background
due to desorption from the sample holder. A higher heating rate of 5K/s was
required to better distinguish the background from the signal coming from the
surface. The results of these experiments are shown in Figure 5.1.
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Figure 5.1. (a) A series of temperature programmed work function
measurements(β=1 K/s) for various surface coverages of NH3, obtained after NH3
exposure at 90 K. Inset (b) shows the relative work function as a function of
ammonia dose. (c) TPD spectra (β=5 K/s) after dosing NH3 at 90 K .
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The experiments show NH3 as the only desorbing species, indicating that NH3 does
not dissociate on the flat Co(0001) surface below 300 K. The desorption
temperature of ammonia is strongly coverage dependent. For a low coverage (0.1
ML) the onset of desorption is around 235 K, but upon increasing coverage the
onset of desorption shifts to significantly lower temperatures, around 100 K, and
desorption occurs in a broad temperature region. The origin of this coveragedependence is investigated further in Section 4.5 (DFT modelling) and discussed in
more detail in the discussion section. After high doses a sharp peak due to
multilayer NH3 adsorption is observed at 125 K.

Although no diffraction pattern due to an ordered overlayer could be observed
using low energy electron diffraction, the saturation coverage of the first,
chemisorbed layer is assumed to be 0.25 ML since the work function change of 2235 mV is similar to the value of -2400 mV found on Rh(111)18, for which a
(2x2) diffraction pattern (pointing to 0.25 ML) was reported. DFT calculations also
point to a saturation coverage of 0.25 ML.

The work function change per monolayer of ammonia is calculated as -8940
mV/ML. The effective dipole moment of adsorbed ammonia is calculated as 1.28
D according to the method described elsewhere18 (compared to 1.42 D in the gas
phase).

5.4.2. TPD Analysis
The adsorption energy of ammonia was obtained from the experimental data by
using the desorption/work function measurement for a low coverage of ammonia
(0.1 ML), as this value would be most representative of the adsorption energy of an
ammonia molecule in isolation, i.e. in the absence of adsorbate interactions.

Different methods are available to obtain the adsorption energy from experimental
data38. We have used the analysis procedures proposed by Redhead39 and ChanAris-Weinberg (CAW)40, which yielded the adsorption energy of ammonia for the
low coverage limit as 66.3 kJ/mol and 66.8 kJ/mol respectively. The CAW method
also yielded a pre-factor of 1.2x1013 1/s. For the Redhead analysis, a heating rate
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(β) of 5 K/s and a pre-factor (k0) of 1x1013 1/s were used in the calculations. For
the CAW analysis, the peak width at ¾ of the maximum intensity, 20 K, was taken
as the basis for calculation.

5.4.3. Co-adsorption of NH3 with CO and H2
The co-adsorption of NH3 with CO and H2, the FTS reactants, was studied using
two different approaches: (i) In the first, ammonia was adsorbed initially, followed
by exposure to CO or H2, to investigate primarily whether the presence of adsorbed
ammonia is blocking adsorption sites for CO and adsorption/dissociation sites for
H2. In the second approach the surface was first covered with CO or hydrogen, to
study whether those species block NH3 adsorption, an obvious issue when
considering that ammonia is present in ppm levels in the synthesis gas with several
bars of hydrogen and CO.

Carbon monoxide
Thermal desorption spectra and corresponding work function changes of CO on
Co(0001) are shown in Figure 5.2, for reference. The results are very similar to
those of Lahtinen et al.41, and the saturation coverage (0.65 ML) reported by those
authors was used as a reference point to quantify the amount of desorbing CO.
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Figure 5.2. (a) CO TPD spectra on Co(0001). (b) TP-WF spectra of the same
system. The heating rate was 1 K/s.

The work function change per monolayer of CO amounts to -2000 mV/ML. The
effective dipole moment of adsorbed CO is calculated as 0.24 D (compared to 0.12
D in the gas phase).
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In the first set of co-adsorption experiments NH3 was adsorbed at 90 K, followed
by a saturation dose of CO (10 L) at 90 K. The m/e=28 desorption trace and TPWF data obtained during the heating afterwards are shown in Figure 5.3, for
different initial NH3 coverages.
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Figure 5.3. (a) CO TPD spectra on Co(0001) pre-covered with varying amounts of
NH3ad. For all experiments, first a specific amount of NH3 is dosed on the surface,
followed by CO saturation exposure. (b) The corresponding work function
measurements are measured simultaneously, with a heating rate of 1 K/s.
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Figure 5.3 shows clear evidence that CO stabilizes NH3 on the surface. The CO
desorption peak around 240 K shifts to lower temperatures and decreases in size, as
more NH3 is pre-dosed on the surface. The 320 K peak is only affected in case
0.25 ML NH3 was pre-dosed, in which case it is in fact absent. The 400 K peak
remains unchanged for all situations investigated. The findings imply that the
presence of ammonia either limits the quantity of CO that can be accomodated on
the surface, or that the CO sticking coefficient is lowered significantly, i.e. a dose
>10 L is required to reach the saturation point. The TP-WF measurements shown
in Figure 5.3(b) provides more information about the effect of CO on the NH3
adsorption properties. The figure shows that the increase of the work function
(indicative of NH3 desorption) starts at higher temperatures for the CO – NH3 coadsorption system compared to the same quantity of NH3 adsorption alone. To
illustrate more clearly how the TP-WF spectra of NH3 co-adsorbed with CO differs
with respect to NH3 adsorbed alone, a comparison of both cases is presented in
Figure 5.4.
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Figure 5.4. TP-WF spectra of CO on Co(0001), NH3 on Co(0001) and CO – NH3
co-adsorbed on pre-NH3 covered Co(0001).
Figure 5.4 shows that the work function increases as NH3 molecules desorb during
the TP-WF experiment and decreases while CO desorbs. When comparing the
work function change during heating of the CO – NH3 co-adsorption system with
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that of CO and NH3 adsorbed alone, it can be seen that that the onset of the work
function increase is shifted by around 125 K to a higher temperature for the coadsorption system compared to 125 K for NH3 adsorbed alone, implying that the
ammonia is stabilized by the presence of CO.

The work function data is difficult to interpret in detail, as it cannot be described as
a linear combination of the (known) individual contributions of NH3 and CO.
Adsorbed CO has a 0.24 D dipole moment perpendicular and pointing away from
the surface, while adsorbed ammonia has a rather strong dipole moment of 1.28 D,
but in the opposite direction of the CO dipole moment. This explains why CO
adsorption causes an increase of the work function, while NH3 adsorption
decreases the work function42. A more detailed discussion of the complexity of the
work function change for co-adsorption of NH3 and CO is beyond the scope of the
present chapter, which focuses more on the chemistry related to Fischer-Tropsh
synthesis.

In a second series of experiments the surface was first saturated with CO, after
which it was exposed to different amounts of ammonia, at 90 K. Figure 5.5 shows
the TPD spectra and the corresponding work function measurements of the CO
saturated surface when it is adsorbed alone and in the presence of varying amounts
of NH3 on Co(0001) surface.
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Figure 5.5. (a) Saturation coverage CO TPD spectra on Co(0001) co-adsorbed
with varying amounts of NH3. For all experiments the Co(0001) surface is first
covered with a saturation dose of CO at 90 K, followed by dosing various amounts
of NH3. (b) TP-WF data measured simultaneously with the TPD spectra.

Figure 5.5 shows that significant amounts of ammonia can still adsorb on surface
pre-saturated with CO. This finding is of interest with respect to FTS, and will be
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discussed in more detail later-on (Section 5). Since the work function change can
be only used qualitatively in the case of CO+NH3 co-adsorption, the ammonia dose
instead of coverage are reported in Figure 5.5, as the surface coverage of ammonia
could not be measured reliably.

Co-adsorbed ammonia causes CO molecules that desorb at the low temperature
(240 K) peak to desorb at lower temperatures (as low as 150 K), while the
desorption peak shape changes from a very sharp peak into a broad peak. The total
amount of CO that desorbs from the surface is the same in all cases. The high
temperature CO desorption peak around 400K is not affected at all by the coadsorption with NH3, an indication that all NH3 leaves the surface below 400K.

The data show that CO does not diminish the adsorption capacity, as we discuss in
more detail in Discussion section.

Hydrogen
The co-adsorption of NH3ad with hydrogen was also studied. Similar to the
procedure in the CO + NH3 co-adsorption system, we have first dosed varying
amounts of NH3 and then the saturation coverage exposure of H2 on the Co(0001)
surface (100 L) at 90 K. The results of this series of experiments are shown in
Figure 5.6.
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Figure 5.6. H2 TPD spectra on Co(0001) pre-covered with varying amounts of
NH3. For all experiments, first a specific amount of NH3 is dosed on the surface,
followed by 100 L (saturation) H2 exposure. (a) Hydrogen TPD from Co(0001)
surfaces covered with different amounts of NH3.(b) Work function change of
Co(0001) surfaces covered with various amounts of NH3 and hydrogen during
heating. Inset (c) shows the Had coverage versus NH3ad coverage for two types of
co-adsorption experiments,Had first and NH3ad first.
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Figure 5.6(a) shows that the amount of Had decreases significantly as a function of
pre-adsorbed NH3. This indicates that NH3 either suppresses the quantity of Had
that can be accomodated on the surface or that the dissociative adsorption of
hydrogen is is inhibited, i.e. the reactive sticking coefficient is affected by NH3ad.
In order to distinguish between the two possibilities we have also done experiments
where hydrogen was pre-dosed at 90 K, after which varying quantities of NH3
were dosed. In this way, we have explored both the effect of Had on NH3ad and the
effect of NH3ad on Had, as shown in Figure 5.7.
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Figure 5.7.(a)Two identical H2 TPD spectra, one obtained when saturation
coverage (0.54 ML) Had is adsorbed alone, and the other when the same amount of
Had is co-adsorbed with 0.25 ML NH3ad on Co(0001)(H2 is dosed first on the
surface). (b)Work function change of 0.25 ML NH3ad covered Co(0001) and 0.25
ML NH3ad co-adsorbed on 0.54 ML Had covered Co(0001) surfaces during heating
(β = 1 K/s)

Figure 5.7 shows that when Had and NH3ad are co-adsorbed, all NH3ad leaves the
surface before Had starts to desorb. Thus, NH3ad does not affect the H2 desorption
temperature, as expected. It is also observed that, when Had is pre-adsorbed, NH3
can be co-adsorbed up to 0.25 ML, as illustrated in Figure 5.6(c), i.e. the presence
of Had does affect adsorption of NH3 at all. For the effect of Had on the co-adsorbed
NH3ad, we observe a slight destabilization of NH3, which desorbs at a slightly lower
temperature (∆T = -30 K).
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Therefore, it can be concluded that pre-adsorbed NH3 diminishes the reactive
sticking, i.e. the dissociation of H2, but does not prevent adsorption of atomic
hydrogen

5.4.4. NHXad surface chemistry
Although NH3 does not decompose on the flat Co(0001) surface it is of interest to
study the chemistry of NHx on this surface. For example, one could envisage that
NH3 decomposes on steps or defects, after which NHx species might diffuse to
terrace sites. It is possible to obtain NHxad fragments on the surface by exposing a
NH3ad covered surface to a diffuse beam of low energy electrons (~50-300 eV) for
a specific period of time10. The procedure that was used is as follows: An NH3saturated surface (0.25 ML) was exposed to 100 eV electrons for 10 min. This
results in a surface covered with a mixture of NHxad and (3-x)Had. This procedure
makes the NHx decomposition steps on Co(0001) experimentally accessible. This
method is applied before and has been proven to induce dissociation of adsorbed
ammonia10, 22, 24,9, 43.

The thermal behavior of NHx species generated by e-beam irradiations was studied
using TPD and work function measurements. In addition, co-adsorption of
hydrogen and CO with NHad and Nad were explored. Figure 8 shows the TPD and
TP-WF data during heating of an NH3-saturated, irradiated surface.
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Figure 5.8. TPD and TP-WF spectra of NHxad on Co(0001), formed by electron
induced decomposition of 0.25 ML (saturation coverage) NH3ad covered surface.
The blue line shows the hydrogen desorption rate from the surface, the black line
shows the change in ∆Φ, the red line represents change in ∆Φ for the same
coverage of NH3ad without e-beam irradiation, for comparison with NHxad data and
the green line represents H2 desorption from Had saturated Co(0001) surface as
reference.

Figure 5.8 shows that hydrogen desorbs from the surface as a result of heating the
NHx covered surface, indicating electron beam induced NH3 decomposition.
Hydrogen desorption occurs in two peaks, at 340 and 440 K. The area under the H2
TPD curve can be calibrated with the reference spectrum of 0.54 ML Had on
Co(0001), the saturation coverage44. The observed peak area after ammonia
decomposition indicates that ~0.1 ML NH3 decomposes during the heating process.
The ratio between the amount of hydrogen desorbing at 340 K and at 440 K peaks
is found to be 2:1. This indicates that the peak around 440 K, above the desorption
temperature of free Had, is associated with decomposition of NHad. We have not
observed any N2 formation during the process, i.e. Nad remains on the surface for
T<630 K.

Mutual stabilization of NH3 and CO on Co(0001)

107

The work function change as a function of temperature after electron irradiation
shows different features compared to that of a NH3 saturated surface without
electron irradiation. The initial worked function has decreased from -2235 mV
(0.25 ML NH3ad) to -1387 mV. The work function increases when the surface is
heated, similar to the surface covered with NH3ad. After a plateau between 250 and
415 K the work function increases again between 415 and 450 K, which coincides
with the desorption of H2.

After e-beam exposure and heating to 630 K, LEED imaging showed a poorly
ordered (2x2) adsorbate structure, depicted in Figure 5.9, which is assigned to Nad.
It should be noted that LEED imaging of the NH3 saturated surface does not yield
any pattern.

(

(a)

Figure 5.9. Comparison between (a) clean and (b) Nad covered Co(0001). The Nad
gives rise to additional, diffuse diffraction spots with a (2x2) periodicity. Obtained
after exposing the surface to 1.0 L NH3 followed by irradiation with ~100 eV
electrons. The electron energy used to obtain the diffraction patterns is 103.6 eV.

Effect of Nad on CO and H2 adsorption
After identifying different NHx species on Co(0001), we have analyzed the effect
of the two most stable NHxad species, NHad and Nad, on the adsorption of CO and
H2. Figure 5.10 shows the effect of Nad, NHad and NH3ad on the CO TPD spectra.

(
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Figure 5.10. CO TPD spectra on Co(0001), Nad covered Co(0001) and NH3ad
covered Co(0001). 5 L, saturation exposure, of CO is dosed for each case.

Figure 5.10 shows that less CO can adsorb on Nad, NHad and NH3ad covered
surfaces, compared to the clean Co(0001) surface. There is very little difference
between the effect of NHad and Nad on the CO desorption profiles.

We have also analyzed the co-adsorption of Nad and Had. Co-adsorption of Had with
NHad has not been studied since NHad and Nad has produced similar results for the
co-adsorption of CO. The effect of Nad on Had is shown in Figure 11.
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Figure 5.11. H2 TPD spectra on Co(0001) and Nad covered Co(0001). 100 L,
saturation exposure, of H2 is dosed for each case.

Figure 5.11 shows that pre-adsorbed Nad causes the amount of Had to decrease. The
effect is similar to that of NH3ad on Had.

Co FTS catalysts that undergo NH3 poisoning can be regenerated under mild
hydrogen treatment1. To investigate the possibility of Nad hydrogenation, we have
cooled the Nad covered Co(0001) from 630 K to 100 K, with a cooling rate of 1
K/s, under H2 pressures of up to 10-5 mbar. We have consequently analyzed the
resulting surface by means of simultaneous TPD and TP-WF for signs of NHxad
formation. No indications for NHx formation were found under the specified
conditions.

5.4.5. DFT modelling
In order to gain more insight into the stability and decomposition barriers of NHx
species DFT calculations were performed. The experimentally observed strong
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coverage dependence of the NH3 adsorption energy was explored by DFT as well,
by considering NH3 adsorption for four different coverages, e.g. 0.5, 0.25 ML.
0.111 (1/9) ML and 0.0625 (1/16) ML. Figure 5.12 shows the ammonia adsorption
energies on Co(0001), calculated for different ammonia coverages.
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Figure 5.12. Ammonia adsorption energy as a function of ammonia coverage on
Co(0001). Each ammonia coverage was simulated with a different unitcell, as
indicated in the figure.

Figure 5.12 shows that the adsorption energy of ammonia is strongly coverage
dependent. The calculations performed for 0.5 ML ammonia coverage converged
such that one of the two ammonia molecules could not adsorb on the surface. In
other words, it is not energetically favorable to adsorb 0.5 ML of NH3 on the
Co(0001) surface, which is in agreement with the experimentally observed 0.25
ML saturation coverage of ammonia on Co(0001), as indicated in Section 5.4.1.

The Potential Energy Diagram of NH3 decomposition for 0.25 ML ammonia
surface (saturation) coverage is shown in Figure 5.13.
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Figure 5.13. Potential energy diagram for 0.25 ML NH3 decomposition sequence.
Zero-point energy corrections are included in the data.
Figure 5.13 shows that the order of stability for NHx is NH + 2 Had (125 kJ/mol), N
+ 3 Had (113 kJ/mol), NH2 + Had (72 kJ/mol) and NH3 (40 kJ/mol). The
decomposition barriers for NHx are computed as 105 kJ/mol for NH3, 67 kJ/mol for
NH2 and 110 kJ/mol for NH. Combining the stability of NH3 (40 kJ/mol) with its
decomposition barrier (105 kJ/mol), we see that under UHV conditions desorption
would take place instead of decomposition. Even for the low coverage case, where
an adsorption energy of ~60 kJ/mol was found, the desorption barrier is much
lower than the dissociation barrier, assuming that the decomposition barrier found
at 0.25 ML NH3ad is similar to that for 0.0625 ML NH3ad.

5.5. Discussion
For the interaction of ammonia with the most stable cobalt surface, an essential
result coming out of both the experimental and theoretical findings is that NH3 will
not decompose on the flat Co(0001) under UHV conditions, adsorbing only
molecularly. This is also the case for Ru(0001), Rh(111) and other single crystal
surfaces as reported by van Hardeveld et al.18, Thornburg et al.30 and references
therein. Our findings are in line with our DFT modeling results, which show that
the activation barrier for NH3 decomposition (105 kJ/mol) is much higher than the
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adsorption energy (40 kJ/mol). In other words, under UHV conditions where the
temperature is high enough to overcome the activation barrier, there is no NH3ad
left on the surface.

We have analyzed the NH3 TPD spectra to obtain adsorption parameters such as
adsorption energy and pre-exponential factor. We have obtained our adsorption
energies with Redhead and CAW analysis, which yielded 66.3 kJ/mol and 66.8
kJ/mol respectively, in the low coverage limit. The pre-factor was assumed to be
1.0x1013 s-1 for the Redhead analysis and the value was in agreement with a prefactor of 1.2x1013 s-1 obtained from CAW analysis. The Arrhenius equation based
techniques did not produce accurate results in our case. This is mainly due to the
precision of data. The linearization techniques often require or perform well on
data either produced by simulations or with very limited noise or scattering. Due to
the high background that is hard to subtract in the case of NH3 desorption, the
resulting TPD includes a relatively high level noise. During linearization this leads
to a large scattering in data and hence inaccurate results. This effect has already
been discussed in the literature before45.

Our coverage dependent adsorption energy calculations show that the ammonia
adsorption energy depends strongly on the ammonia coverage. This explains that
the strong coverage dependence for the ammonia desorption rate is at least partly
due to the strong dependence of the ammonia adsorption energy on coverage. The
repulsive interactions due to the strong dipole of NH3ad is unlikely to play
significant role on the coverage dependent desorption rate, since such repulsive
interactions start being effective at high coverages (θ > 0.5 ML)46. The other
variable that can cause the coverage dependent desorption is the pre-exponential
factor, as illustrated in the following scenario. When the NH3 coverage is low, i.e.
the surface is mostly empty, the partition function for the ground state is mobile
and the transition state for desorption is mobile as well. For that case, we can
expect the pre-factor on the order of 1013 s-1 and the ratio of the partition functions
on the order of 1. The situation is different, however, when NH3 coverage is high
and the surface is saturated with NH3ad. For that case, the partition function for the
ground state decreases as the molecules lose their translational degree of freedom,
while the partition function for the transition state can still remain high. As a result,
the ratio of the partition functions go up as the coverage increases, contributing to
the higher rate at higher coverages, even though the adsorption energy stays
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constant. This explanation was also used for NH3 desorption from Rh(111), where
a similar strong coverage dependence is seen18.

Our experiments about the co-adsorption of NH3 with CO have provided some
important results. First, pre-adsorbed NH3 affects CO adsorption mildly, as the
TPD peak positions stay the same and intensity decreases only slightly, as shown in
Figure 5.3. We conclude that the effect of pre-adsorbed NH3 on CO adsorption is
lowering of the CO sticking coefficient. NH3, on the other hand, is affected by the
presence of co-adsorbed CO, such that NH3 desorption starts at a significantly
higher temperature compared to the NH3 adsorbed without CO. This can be due to
the stabilization of NH3, such as an increase in the adsorption energy of NH3 on
Co(0001), or due to attractive dipole interactions between co-adsorbed CO and
NH3. It should be noted that CO and NH3 have opposite dipoles, which would lead
to attractive interactions between NH3ad and COad species.

The effect of pre-adsorbed CO on NH3 adsorption shows that CO does not inhibit
NH3 adsorption significantly. The saturation coverage of NH3 can still be adsorbed
on a CO pre-saturated Co(0001) surface, indicating that the NH3 can adsorb on
Co(0001) even if CO is present in much larger quantities than NH3, such as during
FTS (ppm NH3 in several bars of CO). The effect of NH3ad on CO is similar to coadsorption experiments where NH3 is pre-adsorbed. CO is slightly affected due to
the presence of NH3ad.

We have also investigated the co-adsorption of Had and NH3ad. Had coverage
decreases as a function of pre-adsorbed NH3ad, while the saturation coverages of
Had and NH3ad can co-exist on Co(0001), provided that Had is adsorbed first. Thus,
we conclude that pre-adsorbed NH3 inhibits the dissociative adsorption of H2, by
blocking the ensembles of surface sites that are necessary for dissociation47. In
other words, NH3 lowers the reactive sticking coefficient of hydrogen. In the coadsorption state, Had does not appear to be affected by NH3ad, as all NH3ad leaves
the surface below the onset of H2 desorption.

Based on the amount of H2 desorbed during heating of an NHxad covered surface,
we have computed the surface NH3ad coverage that decomposes as 0.10 ML.
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Temperature programmed experiments on Co(0001) covered with NH2ad,/NHad, Nad
and Had indicate that the hydrogen desorption peak at 340 K is resulting from NH3
and NH2 decomposition, the latter either thermally or by electron irradiation, while
the 440 K represent the hydrogen coming from NH decomposition. This is based
on the observation that the amount of hydrogen desorbing from the 340 K peak is
twice the amount of the hydrogen desorbing from the 440 K peak. The H2
desorbing at 340 K is a desorption-limited peak, thus NH2 decomposition has to
occur <340 K. NH decomposition occurs at 440 K on the other hand and produces
a reaction-limited H2 desorption peak since no Had can be accommodated at the
surface at 440 K. The work function increase between 100 and 275 K resembles
that of NH3 desorption and corresponds to the desorption of 0.13 ML NH3. This
agrees well with the 0.1 ML of NH3 that was found to decompose, since they add
up to the initial coverage of 0.25 ML. Thus, we conclude that the work function
increase between 100 and 275 K is due to NH3 desorption only. Furthermore, the
work function change at 440 K can be assigned to NH decomposition, resulting in
a work function change of -2574 mV/ ML for NH. This allows us to conclude that
the Co(0001) is covered by 0.13 ML NH3 and 0.1 ML NH after irradiation, as the
starting work function matches well to the sum of contributions from these species.
Our finding is in line with the literature stating that the electron beam produces NH
directly on Pt(111)9.

H2 desorption from NHxad covered surface and LEED imaging indicate that Nad
forms islands on the surface with a p(2x2) periodicity, separated by clean Co(0001)
terraces in-between, resulting in an overall coverage of 0.10 ML. So, for 0.1 ML
overall Nad coverage, 40% of the surface is then covered by Nad islands, while 60%
remains adsorbate-free. The COad coverage at 320 K in the presence of 0.1 ML Nad
is reduced to 60%, i.e. CO only adsorbs on the empty parts of the surface at this
temperature, not in the areas covered by Nad. Thus, Nad islands affects H adsorption
by blocking the available sites that are necessary to dissociate H2, i.e. lowers the
dissociative sticking coefficient of hydrogen, similar to the effect of NH3ad.
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5.6. Conclusions
NH3 surface chemistry has been investigated on the Co(0001) surface
experimentally under UHV conditions and theoretically with DFT modeling. The
barriers along the reaction pathway for NH3 decomposition have been explored
both theoretically and as far as possible experimentally. The effect of NH3ad and
NHxad species on CO and Had surface chemistry has been investigated. The
possibility of the reverse reaction pathway, i.e., Nad hydrogenation has also been
studied. The main conclusions are follows:

•

NH3 desorption in UHV occurs in a wide desorption range between 150 and 300 K.
The broad desorption peak found for NH3 is attributed to the significant decrease in
the NH3 adsorption energy with increasing NH3 coverage in combination with a
coverage-dependent pre-exponential factor, caused by limited mobility.

•

NH3 does not decompose on the flat, close-packed Co(0001) surface under UHV
conditions. This is because the activation barrier for NH3 (105 kJ/mol, 0.25 ML
NH3ad) decomposition is higher than the adsorption energy of NH3(59 kJ/mol,
0.065 ML NH3ad).

•

NH is the most stable NHxad species, followed by N, NH2 and NH3. The activation
barriers for NH2 and NH decomposition are computed as 67 and 110 kJ/mol, which
is in line with TPR experiments.

•

NH3 is stabilized when co-adsorbed with CO on Co(0001). The reason may be the
interactive interactions between co-adsorbed CO and NH3.

•

When NH3 is dosed on a CO saturated surface, the adsorption of NH3 is not
inhibited. Thus, it is expected that small amounts of NH3 present in ppm levels in
the feed gas during FTS can act as poisons even when the Co(0001) surface is
saturated by CO.

•

Nad cannot be hydrogenated on Co(0001) surface under hydrogen pressure of 1x10mbar.

5
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Chapter 6

Ammonia decomposition on cobalt surfaces:
catalyst poisoning from a molecular perspective

A fundamental approach is taken to study aspects of cobalt Fischer-Tropsch
catalyst poisoning by examining the surface chemistry of NH3 on a defective
Co(0001) surface, experimentally under Ultra High Vacuum conditions, and
theoretically using Density Functional Theory calculations and kinetic modelling.
The experiments show that the surface defects are active in decomposing NH3.
DFT calculations point out that the NHx adsorb strongly on or around the step site
on Co(211). Kinetic modelling shows that under practical conditions (1 ppm NH3
at 20 bar total pressure and 500 K) NH3 will decompose on both Co(0001) and
Co(211) surfaces. For most combinations of free site and hydrogen concentrations
during steady-state operation at practical conditions, the most abundant NHx
species on the surface are anticipated to be NH on Co(0001) and NH2 on Co(211).
Thus, we suggest that NH3 acts a poison under practical conditions for cobaltbased FTS catalysts primarily by influencing the low coordinated sites, which get
blocked by strong adsorption of NH2 or NH species. These sites have been
proposed to be crucial for CO dissociation, and hence the blocking of those sites
by NHx species is expected to be detrimental for catalyst performance.

6.1. Introduction
In the Fischer-Tropsch Synthesis (FTS) a mixture of CO and H2 (synthesis gas) is
converted into a distribution of products, in particular long chain hydrocarbons,
along with some oxygenates1-2. FTS has regained interest in the last decades mainly
due to increase in oil prices and availability of large amounts of natural gas, backed
up with environmental and political reasons3. For low temperature FTS (200-250
o
C) the catalyst of choice is usually cobalt. Cobalt catalysts are chosen for their
high activity, stability, selectivity to long, linear paraffins and low CO2
production4. However, cobalt is relatively expensive compared to the other widely
used FTS catalyst, iron, and it is much more susceptible to poisons5.
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An important aspect of applied FTS is catalyst stability. Three main explanations
for deactivation of the catalyst have been postulated: carbon deposition, sintering
and poisoning6. Nitrogen-containing compounds are known to be responsible for
deactivation of cobalt catalysts7. A number of reports on poisoning of FTS
catalysts by ammonia can be found in the patent literature8-12, but there are only a
few reports in the open literature on the subject13. Very recently, some studies
addressed the problem in terms of the effect ammonia on the activity and
selectivity of cobalt FTS catalyst14-15. Borg et al.14 concluded that 4.2 ppmv of
ammonia did not affect the activity and selectivity of cobalt FTS catalyst, while
Pendyala et al.15 stated that addition of ammonia decreased the activity, while
leading to an increase in selectivity to higher hydrocarbons. Thus, there is no
consensus in the literature about how ammonia affects the cobalt FTS catalyst.
Moreover, there are no studies up to now that have addressed the problem from a
fundamental point of view, i.e. in terms of understanding why ammonia acts as a
poison for the cobalt FTS catalyst.

We investigate the problem at the atomic scale utilizing experimental surface
science studies on a defective hcp-Co(0001) surface and Density Functional
Theory (DFT) calculations on the stepped fcc-Co(211) surface. The results
obtained are used as input for use in a kinetic model, to translate low
temperature/low pressure findings to applied catalysis conditions of pressure and
temperature. In particular the possibility of NH3 decomposition on both the flat and
stepped surfaces is explored, as well as the concentration and chemical nature of
the different NHx species. We utilize the DFT results from both the stepped
Co(211) surface and the flat Co(0001) surface, presented in Chapter 5, to be used
in kinetic modelling, to anticipate NHx concentrations at practical conditions that
are typically used in cobalt-based industrial FTS.

A single crystal surface such as Co(0001) contains a small amount of defects in
general16. This relatively small percentage of defects can dominate the
decomposition chemistry and make it harder to understand which sites on the
surfaces are responsible for the chemistry observed17. Thus, it is important to be
able to use a method that can tell us about the role of defects on the ammonia
decomposition process. In a recent publication it was reported that the peak shape
in a hydrogen TPD can be used to get qualitative information on the presence of
defects on a Co(0001) single crystal surface18.
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The special arrangement of atoms that is found on Co(211), the so-called B5 site, is
of particular importance for the FTS, due to its ability to easily dissociate CO19.
Although there is a lot of debate about the complete mechanism of FTS, it is
generally accepted that the reaction initiates by the dissociation of CO on
catalytically active sites20-22, such as the B5 site. That is why it is of particular
interest how such sites are affected by NH3, as they are suggested to play a crucial
role in the FTS mechanism.

Our work represents the first study that looks at the interaction of ammonia with
flat and stepped cobalt surfaces, in order to shed more light on its role in catalyst
deactivation under practical conditions. The decomposition of NH3 on defective
Co(0001) is investigated experimentally with temperature programmed
decomposition and work function measurements, to observe the role of defects in
NH3 decomposition on Cobalt and to obtain activation barriers of the different NHx
dehydrogenation steps (x=1,2,3). Density Functional Theory(DFT) modelling was
used to calculate adsorption energies and decomposition barriers for NHx on the
stepped Co(211) surface to compare with experimental results. Finally, kinetic
modelling is used to obtain the prevailing NHx species on Co(0001) and Co(211)
during isothermal operation at 500 K, 20 bar total pressure and 1 ppm NH3
concentration.

6.2. Experimental Section
Thermal desorption experiments were performed in a UHV system with a base
pressure of ~1x10-10 mbar, equipped with Low Energy Electron Diffraction
(LEED)/Auger optics (Omicron SpectaLEED), a quadrupole mass spectrometer
(Balzers Prisma QMA200), a Kelvin Probe (KP Technologies Ltd.) and a sputter
gun for sample cleaning (Vacuum Microengineering). The crystal surface was
cleaned by of 20 minute long cycles of argon ion sputtering (E = 1.0 keV) while
the sample was held at 630 K, followed by annealing at 630 K in vacuum for
another 20 minutes. The Co(0001) single crystal (diameter 10 mm) was clamped
between tungsten wires, which were used for heating and cooling the sample. The
sample temperature was measured using a chromel-alumel thermocouple, spot
welded to the back of the crystal. Cleanliness was routinely tested by CO TPD,
which proved to be sensitive to the presence of carbon and oxygen contaminations
and hydrogen TPD, which is a sensitive probe for the presence of defects18. TPD
measurements have been used to detect desorption/decomposition products in the
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gas phase, from which activation barriers and adsorbate coverages could be
derived.

6.3. Computational methods
Periodic Density Functional Calculations were performed using the Vienna abinitio simulation package (VASP)23. Plane-waves with a kinetic energy up to 400
eV were included. The exchange-correlation energy was calculated within the
generalized gradient approximation (GGA) using ultrasoft pseudopotentials (USPP)24. The reciprocal space was sampled with a (9×9×1) k-points grid
automatically generated using Monkhorst-Pack method25. Fractional occupancies
were calculated using a first-order Methfessel-Paxton smearing function26 with a
width of 0.2 eV and an energy convergence smaller than 10-4 eV was used.

The Co(211) surface was modeled with 4 layers of metal atoms. A vacuum height
of at least 10 Å was inserted to avoid coupling between successive slabs in the zdirection. The calculations were performed in a p(2x2) unit cell, to simulate an
NH3 coverage of 0.25 ML. The relative positions of the cobalt atoms of the bottom
two layers were kept frozen at the computed bulk positions, while the upper two
layers were free to relax. The dipole moment due to the usage of an asymmetric
slab was removed with standard dipole correction.

Equilibrium was reached when the forces on the atoms of the top two metal layers
and the atoms placed on top of the metal slab were less than 0.01 eV/Å in each of
the Cartesian directions. Saddle points in the minimum energy path were found
with the nudged elastic band (NEB) method27. NEB calculations were continued
until the image with the highest energy in the Minimum Energy Path converged in
energy with 10-4 eV tolerance. The likely transition state (TS) structures produced
by the NEB method were further refined until the forces on atoms were less than
0.01 eV/Å. All TS structures were characterized by vibrational frequency analysis
within the harmonic oscillator approximation as having a single mode of imaginary
frequency. During the vibrational analysis, the relaxed atoms were displaced from
their equilibrium positions twice (0.02 Å).
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All the parameters (number of layers, energy cut-off, k-points, etc.) were fully
optimized (the smaller sets which reproduced the same results within 0.1 eV were
chosen). All reported energies are zero-point energy (ZPE) corrected. The DFT
computed energies are expressed in kJ/mol throughout the article to better compare
the theoretical findings with the experimental data. Adsorption energies for NHx
species are calculated with respect to gas phase NH3, while for atomic H, the
reference is taken as gas phase H2.

6.4. Results
6.4.1. Experimental investigation of NH3 adsorption and decomposition on
cobalt surfaces
The experiments were performed on a defective Co(0001) surface with a high
concentration of defects even after annealing at 630 K.

H2 desorption rate (a.u.)

100 L H2 adsorption on defective Co(0001)
Tad = 90 K, β = 2 K / s

100

After CO TPD
0.54 ML

Before CO TPD
0.93 ML

150

200

250

300

350

400

450

500

Temperature (K)
Figure 6.1. H2 TPD (100 L H2 exposure) on defective Co(0001), before and after
CO TPD.

Figure 6.1 shows H2 TPD spectra on the Co(0001) after annealing as well as after
annealing followed by a CO adsorption-desorption experiment. If H2 TPD is
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performed on the defective Co(0001) surface before a CO TPD is performed, two
peaks are observed, at 300 and 350 K. After a CO TPD on the defective surface,
which results in ‘passivation’ of the defects, we observe that the H2 TPD shows a
single, second order desorption peak at 350 K, representative of the Co(0001)
surface18. A further discussion on the origin of this difference is provided in the
discussion section. The importance of this finding is that we now can have some
degree of control over the defect density on the cobalt single crystal.

H2 desorption rate (a.u.)

TPD spectra after NH3 adsorption on a defective Co(0001) surface before and after
CO TPD are shown in Figure 6.2.

NH3 decomposition
on Co(0001)
Tad = 90 K
β = 2 K/s

Before CO TPD
0.17 ML NH3
After CO TPD
0.04 ML NH3

100

200

300

400

500

600

Temperature (K)
Figure 6.2. H2 desorption from a defective Co(0001) surface covered with 0.17 ML
NH3 before and after CO TPD.

Figure 6.2 indicates that the amount of H2 desorption (NH3 decomposition) from
the defective Co(0001) surface before CO TPD is ~4 times more than the amount
of the H2 desorption from the defective surface after CO TPD, for the same (3 L)
NH3 exposure. For the defective surface this amounts to ~0.17 ML NHx produced,
and ~0.04 ML after passivation of the defects. No species other than hydrogen (m/e
= 2) could be detected with the mass spectrometer during NH3 TPD experiments.
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Figure 6.3 shows the work function change during heating of 0.17 ML NH3ad on a
defective surface, along with the corresponding H2 desorption trace. We have fitted
the H2 desorption spectra from NH3 decomposition on defective Co(0001). A
Gaussian peak shape was assumed and peak areas corresponding to NH3, NH2 and
NH decomposition are kept equal.

0

∆Φ (mV)

-500

on defective
Co(0001)

H2 desorption rate (a.u.)

∆Φ for 0.17 ML
NH3ad

0.17 ML NH3ad
on defective
Co(0001)

-1000

*

-1500

-2000

100

NH3

0.54 ML
Had

*

NH2

on flat
Co(0001)

200

*

NH

300

400

500

600

T (K)
Figure 6.3. H2 desorption and TP-WF spectra from a defective Co(0001) surface
covered with 0.17 ML, fittings for NH3, NH2 and NH decomposition on defective
Co(0001). H2 desorption (0.54 ML Had) from flat Co(0001) is included as
reference.

It is of interest to determine the activation barriers of NHx decomposition on the
defective Co(0001). The work function change shows that surface processes other
than H2 desorption, which does not influence the work function, occur between
100-300 K. The fitting procedure applied to the H2 desorption from the defective
Co(0001) yields 375 K, 420 K and 470 K peak temperatures of H2 desorption,
resulting from the decomposition of NH3, NH2 and NH respectively. A more
detailed discussion of the surface processes that occur during heating, the
assignment of the different desorption peaks and extraction of the decomposition
barriers is presented in the Discussion section.
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6.4.2. DFT calculations related to ammonia chemistry on Co(211)
In order to gain more insight on the experimentally observed step-wise NH3
decomposition on a defective Co(0001) surface, we have performed DFT
calculations on the stepped Co(211) surface. Co(211) surface is chosen as a model,
as steps are one type of undercoordinated sites which are found on the defective
surface. Furthermore, this particular step geometry is thought to be crucial for CO
dissociation.

First, we have investigated the interaction of molecular ammonia with the Co(211)
surface. Figure 6.4 shows the structure of the Co(211) surface used for the
calculations and the different adsorption sites that were considered.

Figure 6.4. Views of the Co(211) surface. (a) Side view (inclined) that shows the
stepped structure of the surface, (b) Front view that shows the special arrangement
of atoms which is called the “B5 site” and the adsorption sites: 1) Top (step edge),
2) Bridge (step edge), 3) fcc (step edge), 4) hcp (step edge), 5) top (terrace), 6)
bridge (terrace), 7) fcc (terrace), 8) hcp (terrace), 9) step

Based on the adsorption sites shown in Figure 6.4, NHx and H species on each of
the available sites and computed the adsorption energies are optimized. We have
evaluated the stability of species at each adsorption site relative to their most stable
configuration. Starting from the energetically most favorable sites, the activation
barriers of decomposition for NHx species have also been calculated. Table 6.1 lists
the most stable adsorption sites, adsorption energies, relative stabilities of NHx and
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H species and activation barriers of decomposition for NHx on Co(211). The
adsorption energies of NHx are calculated with respect to gas phase NH3 and
balanced stoichiometrically by adding the energy of (3-x) Had on Co(0001).

Table 6.1. Adsorption sites, adsorption energies and relative stabilities of NHx and
H species, activation barriers of decomposition, reaction enthalpies and relative
stabilities of NHx (with respect to the most stable site) and H species on Co(211).
NH3

NH2

NH

N

H

-81/top
(step edge)

-159 /bridge
(step edge)

-159 /hcp
(step edge)

-149 / step

-41 / hcp
(step edge)

Eact
(kJ/mol)
72
(decomposition)

109

115

-

-

∆H (kJ/mol)

-32

-53

12

-

-

top (step edge)

0

102

-

278

-

bridge (step edge)

-

0

-

-

3

fcc ( step edge)

-

95

38

52

8

hcp ( step edge)

-

83

0

0.3

0

top (terrace)

-

-

-

-

-

bridge (terrace)

-

-

-

-

-

fcc (terrace)

-

132

-

40

19

hcp (terrace)

-

114

40

40

12

step

-

76

8

0

22

Ead
(kJ/mol)/ site
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Table 6.1 shows that the preferred adsorption sites for all species are located on or
around the step site. The molecules are considerably less stable on the terrace sites,
indicating that the steps are likely to be preferentially populated by NHx species
under reaction conditions.

The potential energy diagram for NHx decomposition on Co(211), together with the
most stable adsorption geometries for NHx, is plotted in Figure 6.5.

Figure 6.5. Potential energy diagram for NH3 decomposition and the adsorption
geometries of NHx on Co(211).

Figure 6.5 shows that the adsorption energy of NH3 is 0.81 eV while the activation
barrier for decomposition is 0.72 eV, indicating that NH3 decomposition on steps
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of Co(211) under UHV conditions is possible, in line with experimental
observations.

6.4.3. Kinetic modelling of ammonia adsorption and decomposition on cobalt
surfaces
It is possible to predict NHx concentrations on cobalt surfaces at any temperature
and pressure during steady-state operation by constructing a kinetic model that
describes the NH3 adsorption and decomposition on relevant surfaces and
conditions. Typical conditions for cobalt-based low temperature FTS would be 500
K and 20 bar pressure, where NH3 concentrations would be on the order of 1 ppm.
Thus, we have performed our simulations of the practical conditions using an NH3
pressure of 0.02 mbar.

6.4.3.1. A kinetic model for NH3 adsorption on Co(0001) and Co(211)
NH3 equilibrium coverages were computed as a function of temperature on
Co(0001) and Co(211), considering only the adsorption/desorption of ammonia,
i.e. excluding the ammonia dissociation path, as shown in Eq. (6.1). This could for
example be true for FTS in case ammonia decomposition is suppressed by, for
example, a high CO coverage. These simulations help to answer the question
whether molecular ammonia can act as a poison on cobalt surfaces. Note that NH3
and CO do not inhibit the adsorption of each other, as shown in Chapter 5.

NH3g + *NHx ⇌ NH3ad

(6.1)

The free sites for NHx and H adsorption are treated separately in our models. As
reported in Chapter 5, Had and NH3ad do not limit each other’s surface coverages
when they are co-adsorbed. During FTS reaction, under industrial conditions, NH3
decomposition would have little effect on overall surface Had concentration, but the
rates of the forward and backward NH3 decomposition reactions would be a
function of hydrogen pressure, temperature, and coverage of NHx species.
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The rate of ammonia adsorption is described by Eq. (6.2). The sticking coefficient
(SC) for ammonia is taken to be 1, as demonstrated by TP-WF measurements of
NH3 on Co(0001) in Chapter 5.

N
rNH 3 ( ad ) = I NH
S cθ * NH x
3

(6.2)

where

rNH 3 ( ad ) : Rate of NH3 adsorption (ML.s-1)
N
I NH
3

: Normalized number of incoming NH3 molecules per cobalt atom (s-1)

Sc

: Sticking coefficient

θ* NH

x

: Coverage of free sites for NHx (ML)

The number of incoming NH3 molecules per cobalt atom ( I NH 3 ) is calculated using
Eq. (6.3), which can be derived from the kinetic theory of gases28. Normalizing

I NH 3 with the atomic density of cobalt (ADCo)

N

yields I NH3 , Eq. (6.4). The

Co(0001) atomic density is 18.47x1012 cm-2. Although the atomic density of the
Co(211) surface is slightly different from Co(0001) the same number was used for
the modeling of Co(211).

IX =

4.68x1022 P
TM X

N
I NH
= I NH3 ADCo
3

where

(6.3)

(6.4)
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IX

:Rate of molecules arriving at the surface for species X (molecules.cm-2.s-1)

P

: Gas pressure (mbar)

T

: Temperature (K)

MX

: Molecular weight of species X

N
I NH
3

: Normalized rate of NH3 molecules arriving at the surface (s-1)

ADCo : Atomic density of Co(0001) (atoms.cm-2)

The rate of ammonia desorption is described by Eq. (6.5).

rdes = k 0 exp(

− Ea
)θ NH 3
RT

(6.5)

where
rdes : Rate of (NH3) desorption (ML.s-1)
k0

: Pre-exponential factor (s-1)

Ea

: Activation barrier for (NH3) desorption (J.mol-1)

R

: Gas constant (J.mol-1.K-1)

T

: Temperature (K)

θ NH :Ammonia coverage (ML)
3

For Co(0001), the adsorption energy of 59 kJ/mol at the low coverage limit, as
calculated in Chapter 5, is used. For Co(211), the calculated adsorption energy of
81 kJ/mol is used (Table 6.1). Figure 6.6 shows the temperature dependent
equilibrium coverages of NH3 on both surfaces.
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Figure 6.6. Equilibrium coverage of NH3 (ML) on Co(0001) and Co(211) as a
function of temperature, excluding ammonia dissociation.

Figure 6.6 shows that, if ammonia dissociation is excluded, the step edges are
locally covered by 0.07 ML NH3, i.e. 7% of them is occupied by adsorbed NH3 at a
temperature relevant for FTS, i.e., 500 K. On Co(0001), however, the NH3
coverage is close to zero already at 470 K. The equilibrium coverage is temperature
dependent: for a temperature of 470 K around 14% of the step edges would be
blocked.

6.4.3.2. A kinetic model for temperature programmed NH3 decomposition on
defect-free Co(0001)
UHV experiments and DFT calculations both indicated that ammonia
decomposition is difficult on Co(0001). To assess whether this can happen under
realistic FTS conditions a kinetic model was constructed to extrapolate the barriers
found by DFT to 0.02 mbar NH3 and 500 K.
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The sequence of reactions that describes ammonia decomposition is as follows:

NH3g + *NHx ⇌ NH3ad

(6.6)

NH3ad + *H ⇌ NH2ad + Had

(6.7)

NH2ad + *H ⇌ NHad + Had

(6.8)

NHad + *H

⇌ Nad + Had

(6.9)

H2g + *H

⇌ H2ad

(6.10)

H2ad + *H

⇌ 2Had

(6.11)

where *NHx represents a free site that is available for NHx adsorption and *H a free
site that is available for adsorption of hydrogen. The site balances for NHx and are
given in Eq. (6.12) and (6.13) respectively.

θ* NH = 1 − (θ NH 3 + θ NH 2 + θ NH + θ N )

(6.12)

θ* H = 1 − (θ H )

(6.13)

x

The rate of change of NHx concentrations can be described as the sum of different
terms that contribute to the concentration change of that specific species. For
example, rate of change of NH3 concentration can be written as:

dθ NH 3
dt

where

= rNH 3 ( ad ) − rNH 3 ( des ) − rNH 3 ( dec ) + rNH 3 ( form )

(6.14)
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: Rate of change of NH3 concentration

rNH 3 ( ad ) : Rate of NH3 adsorption
rNH 3 ( des ) : Rate of NH3 desorption
rNH 3 ( dec ) : Rate of NH3 decomposition
rNH3 ( form) : Rate of NH3 formation (NH2+H NH3)
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Figure 6.7. Simulated NHx concentrations under various pressures during NH3
TPD on Co(0001), β = 1 K/s, θNH3(0) = 0.25 ML.

Figure 6.7 shows that under UHV conditions no NH3 decomposition takes place on
Co(0001) and all NH3 desorbs below 280 K. The findings are in line with the
experimental results (See Chapter 5) with respect to the maximum temperature at
which there is NH3 on the surface. The simulations show that NH3 decomposition
on Co(0001) is possible at pressures equal to or above 1x10-4 mbar, resulting in the
formation of 0.04 ML Nad from the NH3 saturated (0.25 ML) Co(0001) surface. At
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0.02 mbar of NH3 pressure, corresponding to the NH3 pressure in a vessel under 20
bar total pressure and having an NH3 concentration of 1 ppm, we observe that both
Nad (0.18 ML) and NHad (0.06 ML) are present on Co(0001) at the FTS relevant
temperature of 500 K.

6.4.3.2. A kinetic model for temperature programmed NH3 decomposition on
Co(211)
In order to compare the experimental results obtained under UHV conditions with
the results generated by DFT, we have simulated the NH3 TPD spectra on a
defective Co surface under UHV conditions using the numbers derived from DFT
for Co(211), as shown in Figure 6.8.
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Figure 6.8. (a) Simulated NHx concentrations using DFT data for Co(211),
β = 1 K/s, θNH3(0) = 0.25 ML. (b) H2 desorption spectra from NHx decomposition:
Experimentally derived vs simulated spectra.

The translation of DFT activation barriers to NHx coverage shown in Figure 6.8(a)
confirms that NH3 readily decomposes on Co(211) under UHV conditions,
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between 245 and 310 K. A small part of the NH3 desorbs as well, around the same
temperature. Between 265 and 460 K, NH2 is present on the surface and it is the
dominating surface species with a maximum concentration of 0.20 ML between
305 K and 380 K. NH2 decomposition forms NH on the surface which is the main
surface species between 375 and 475 K. NH concentration reaches a maximum
value of 0.13 ML at 450 K. Between 425 and 475 K, we see the build-up of N until
it reaches its maximum concentration of 0.20 ML. N is the major NHx species at
500 K on Co(211) surface together with a trace amount of NH.

The simulated H2 desorption spectra in Figure 6.8(b) show that the decomposition
of NH2 and NH occurs around 420 and 470 K respectively, in good agreement with
the peak temperatures derived from deconvolution of the experimental H2
desorption spectrum. The peak temperature for H2 desorption resulting from NH3
decomposition takes place around 360 K based on the kinetic model and 375 K
based on the experimental fit. A more detailed analysis and comparison of the
model and fit results is presented in the Discussion section.

6.4.3.3. A kinetic model for steady-state NH3 decomposition on Co(0001) and
Co(211)
In order to assess whether NHx species could act as poisons during FTS their
speciation and concentrations on both Co(0001) and Co(211) were modeled, where
the presence of surface hydrogen during FTS is an essential ingredient. The steady
state concentrations of hydrogen (θH) and that of free sites for hydrogen adsorption
( θ * H ) during FTS is difficult to predict, as the surface during FTS is covered with
adsorbates. CO is expected to be particularly abundant. SSITKA data under
methanation conditions, for example, show a θCO of ~0.5 ML29. CO would certainly
affect the hydrogen concentration, but in a complicated manner that is difficult to
describe30. In order to take this uncertainty into account, we took an approach that
differs slightly from standard kinetic modeling. The concentrations of surface
hydrogen and that of free sites for hydrogen were chosen and kept constant. As the
hydrogen adsorption-desorption equilibrium is very fast at 500 K and several bars
of H2 (g) the equilibrium concentrations are assumed to be unaffected by the
relatively slow surface reactions that involve hydrogen. The default θH and θ * H
values have been taken as 0.1 and 1x10-3 respectively. The hydrogen concentration
of 0.1 is based on a measurement from a recent study performed on cobalt
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nanoparticles at 484 K and under 1.85 bar total pressure (PCO=0.05 bar, PH2=0.5
bar)29. The number of free sites are chosen to model the industrial situation during
FTS where most sites are expected to be occupied by either CO or H. Therefore,
the number of free sites for hydrogen to adsorb is assumed to be orders of
magnitude lower compared to CO and H concentrations. Hence, we used the value
of 1x10-3 for the default number of free sites. In order to explore the importance of
the two parameters, θH and θ * H different values were explored, to address the
uncertainty that exists on their actual concentrations during FTS. The default
values used in the kinetic model are listed in Table 6.2.

Table 6.2. List of assumed parameters that are used as default in the kinetic model
for NH3 decomposition on cobalt surfaces
θH (ML)

0.1

θ * H (ML)

1x10-3

k0 (s-1)

1x1013

Formulating the rate equations of all NHx species and substituting the mathematical
descriptions, we get the following set of coupled differential equations:

dθ NH3
dt
dθ NH 2
dt

N
= I NH
Sθ
− kdθ NH3 − k2θ NH3θ*H + k−2θ NH2θ H
3 C * NH X

(6.15)

= k 2θ NH3θ* H − k − 2θ NH 2 θ H − k3θ NH 2 θ* H + k −3θ NHθ H

(6.16)

dθ NH
= k 3θ NH 2 θ * H − k − 3θ NH θ H − k 4θ NH θ * H + k − 4θ N θ H
dt

(6.17)

dθ N
= k 4θ NH θ * H − k − 4θ N θ H
dt

(6.18)
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where

θ NH

surface concentration of NHx species (ML)

x

t

time (s)

SC

sticking coefficient

θ*NH

surface concentration of free sites for NHx adsorption (ML)

x

θ* H

surface concentration of free sites for H adsorption (ML)

kd

rate constant for desorption (ML / s)

ki

rate constant for reaction (i)

Figure 6.9 shows steady-state NHx concentrations on Co(0001) during isothermal
conditions at θH = 0.10 ML (T = 500 K, PNH3 = 0.02 mbar) for three different free
site concentrations. NHx concentrations are shown as the fraction of the sites that
are available to NHx ( θ* NH X ), which is more relevant compared to ML, as the
simulated NHX concentrations represent relative occupancies instead of the
absolute coverage.
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Figure 6.9. Steady-state NHx concentrations (fraction of available sites for NHx) on
Co(0001) during isothermal operation as a function of free site concentration for
H,T = 500 K, PNH3 = 0.02 mbar, θH = 0.1 ML.

Figure 6.9 illustrates the effect of free site concentration on NHxad concentration
and its chemical nature. For the investigated free site coverages, which are
estimated to be in the range of the free site coverages under industrial FTS
conditions, NH is the only surface NHx species on Co(0001). A higher free site
coverage results in higher NH coverage, as a high θ* H favors exothermic
dehydrogenation reactions.

The influence of Had concentration on steady-state NHx concentrations is plotted in
Figure 6.10.
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Figure 6.10. Steady-state NH concentrations (fraction of available sites for NHx)
on Co(0001) during isothermal operation as a function of atomic hydrogen
concentration, T = 500 K, PNH3 = 0.02 mbar, θ * H = 1x10-3 ML, θNH3(0) = 0.
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Figure 6.10 shows that at low Had concentrations (Had ~ 0.01), ~90% of sites that
are available for NHx adsorption are occupied by NH, the only NHx species on
Co(0001). For higher Had concentrations, the NH concentration drops but NH is
still the only NH species on Co(0001).

Our results indicate that under NH3 pressure (e.g. 1 ppm at 20 bar) and at
temperatures that allow NH3 decomposition (e.g. 500 K), NH is the most likely
species to exist on the close-packed terraces of a cobalt nanoparticle, in significant
amounts. Its exact concentration is a strong function of θH and θ * H .
The effect of the free site concentration on NHx concentrations during steady-state
operation on Co(211) is plotted in Figure 6.11.
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Figure 6.11. Steady-state NH2 concentrations (fraction of available sites for NHx)
on Co(211) during isothermal operation as a function of free site concentration, T
= 500 K, PNH3 = 0.02 mbar, θH = 0.1 ML, θNH3(0) = 0.

Figure 6.11 shows that regardless of the free site concentration for H, the only NHx
species is NH2, covering more than 90% of the step sites that are available for NHx.
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The influence of Had concentration on type of NHx species and concentrations is
investigated and plotted in Figure 6.12.
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Figure 6.12. Steady-state NHx concentrations (fraction of available sites for NHx)
on Co(211) during isothermal operation as a function of atomic hydrogen
concentration, T = 500 K, PNH3 = 0.02 mbar, θ * H = 1x10-3 ML , θNH3(0) = 0.

Figure 6.12 shows that for a broad window of Had concentrations (0.01 ML< θH <
0.5 ML), NH2 is the only decomposition product, covering a large part of the
available step sites. Combining the results shown in Figure 6.11 and 6.12, we
conclude that NH2 will be the dominant NHx species on stepped Co(211) for a wide
range of θ * H and θH.

6.5. Discussion
The experiments show a remarkable effect on defect-induced chemistry after the
defective surface has been exposed CO at low temperature followed by heating to
630 K (Fig. 6.1 and 6.2). For both H2 desorption and ammonia decomposition a
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‘CO TPD treatment’ results in a remarkable difference in the desorption spectra.
The fact that H2 TPD after CO treatment resembles that of a defect-free Co(0001)
surface after a CO TPD suggests that the defects were somehow eliminated due to
the adsorption and desorption of CO. Two possible explanations are suggested, and
it is difficult to distinguish between the two based on the available data. (i) CO can
induce mobility of cobalt surface atoms already at low temperature31. This could
then lead to a more efficient smoothening of the surface than thermal annealing
only. (ii) CO can readily dissociate on defect sites32-34. These are then blocked by
strongly bound C and O species, which make the defect sites inaccessible for H2 or
NH3 activation.

For the ammonia decomposition reaction we conclude that the defect sites are the
active sites for NH3 decomposition on cobalt surfaces as their modification or
passivation results in suppression of the NH3 decomposition reaction, resembling
the behavior of NH3 on the Co(0001) surface.

The experiments show that NH3 decomposition takes place on a defective cobalt
surface already under UHV conditions. This finding is supported by the results of
DFT modelling, which point out that NH3 would decompose on Co(211) under
UHV conditions since the activation barrier of decomposition is lower than the
adsorption energy of NH3. This is in contrast to the observations about NH3
chemistry on Co(0001), where NH3 desorbs before it can decompose (Chapter 5).
This difference in the NH3 adsorption and decomposition behavior of Co(0001)
and Co(211) can be seen by comparing their potential energy diagrams, illustrated
in Figure 6.13.
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Figure 6.13. Potential energy diagram of ammonia decomposition on Co(0001)
and Co(211) surfaces. All energies are in kJ/mol and are balanced against
adsorbed hydrogen. Zero-point energy corrections are included in the data.

The DFT results can shed more light on the origin of the difference in activation
barrier for NH3 decomposition on Co(0001) vs Co(211). The transition and final
states of NH3 decomposition on Co(0001) and Co(211) are plotted in Figure 6.14.
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Figure 6.14. Transition and final states of ammonia decomposition on Co(0001)
and Co(211).

Figure 6.14 shows that the transition states for NH3 decomposition on Co(0001)
and Co(211) differ in terms of their transition state geometries. NH2 and H species
share the same atom on Co(0001), while they are located on different metal atoms
on Co(211). The strong repulsion due to the sharing of the metal atom would lead
to a higher activation barrier on Co(0001)35. Another factor that has an influence on
the activation barrier is the resemblance between the transition and final states on
the particular surface. The adsorption sites for Had and NH2ad in the final state on
Co(211) resemble the transition state more than they do on Co(0001), where the
adsorption states in the final state are significantly different compared to the
transition state. Both of these factors explain why the activation barrier for NH2
decomposition is lower on Co(211) compared to Co(0001)35.

H2 decomposition resulting from NHx decomposition on Co(0001) before CO TPD
was deconvoluted into three Gaussian peaks having equal areas, representing H2
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desorption as a result of the NH3, NH2 and NH decomposition steps (Fig. 6.3). The
peak temperatures for the fitted curves can be translated into activation barriers for
NHx decomposition utilizing the Redhead equation36 and a pre-factor of 1x1012 s-1.
The activation barriers derived from the peak maxima for NH2 and NH
decomposition are given in Table 6.3, together with the values calculated using
DFT.

Table 6.3. Comparison of activation barriers (kJ/mol) based on fitting of H2
desorption spectra and DFT modelling
Experimental (fitting)

DFT

NH3 NH2 + H

-

72

NH2NH + H

105

109

NHN + H

118

115

The H2 desorption taking place above 335 K, the peak temperature for Had
recombination on Co(0001), indicates that the hydrogen evolved in this step was
bound to a surface species rather than to the Co surface. In other words, Had cannot
be accommodated on Co(0001) above 335 K in vacuum and any hydrogen
generated above that temperature desorbs instantly. That is why the activation
barriers for NH2 and NH decomposition can be derived accurately using the H2
desorption spectra , as indicated by the agreement between the experimental fitting
and DFT results. According to DFT, NH3 decomposition has an activation barrier
of 72 kJ/mol, which translates to a decomposition temperature of 295 K with a
heating rate of 1 K/s and a pre-factor of 1x1013. Since the temperature where NH3
decomposition takes place is lower than the temperature for hydrogen desorption
(335 K), the activation barrier for NH3 decomposition could not be determined
from the hydrogen TPD data. However, the reasonable agreement between the
experimental fitting and model generated H2 desorption spectra (within 15 kJ/mol)
points out that the kinetic model can reproduce the experimental results accurately.
In addition, the WF data points to a low temperature for NH3 decomposition as
well: all changes observed by this technique (assigned to a combination of NH3
desorption and decomposition) occur at T<300 K.
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The DFT results indicate that all NHx have a strong preference to adsorb on or
close to the step edge. This result is important in the context of FTS, since the B5site on Co(211) is a specific site that can dissociate CO. Thus, NHx species
adsorbing much stronger than CO around the step edge may act as poisons for FTS
by inhibition of CO dissociation on Co(211). Based on the significantly higher
adsorption energies of NHx around the step site on Co(211) compared to Co(0001),
the diffusion of NHx species from steps to terraces seem unlikely, as it is
endothermic.

Kinetic modelling of NH3 adsorption and decomposition on flat and stepped cobalt
surfaces can provide a prediction on the nature and typical concentrations of NHx
species under realistic cobalt-based FTS conditions, namely 500 K and 20 bar. At
the industrial conditions, the gas phase consists mainly of CO and H2, with
ammonia concentrations in ppb-ppm range4.

Hydrogen and free sites for hydrogen to adsorb are crucial ingredients of the NHx
surface chemistry. Accurate modeling to obtain these parameters would be very
complex and always flawed, as experiments indicate that co-adsorbates such as CO
influence hydrogen significantly30. This would have to be first properly described
and then translated into a usable approach in kinetic modeling. Instead, we have
taken a more crude approach, by making an educated guess about the concentration
of hydrogen and free sites under FTS conditions, treat hydrogen adsorption
separately from the NHx, and explore the parameter space for θH and θ * H using
realistic values around the ‘base case’, θH = 0.1 and θ * H = 1x10-3.

In order to assess what ‘realistic values’ would mean the number of surface atoms
for a 10 nm spherical cobalt particle was calculated as follows: A preliminary
calculation for a spherical 10 nm cobalt nanoparticle indicates that the number of
surface cobalt atoms is ~2.3x103 per particle. A θ * H value of 1x10-4 would mean
that there are only two vacant sites for hydrogen to adsorb per 10 nm Co particle
for 10% of the time.
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Our steady state models on Co(0001) show that NH, the most stable NHx species
according to DFT calculations, is expected to be the only NHx species under
industrial conditions on the terraces of a Co nanoparticle. The typical equilibrium
concentration is a strong function of the NH3 partial pressure, θH, and θ * H so with
the given uncertainty in these estimated parameters it is difficult to give an accurate
prediction of the NH concentration on terraces under FTS conditions. On the
undercoordinated sites of a cobalt nanoparticle, such as steps, kinks, defects, etc.,
NH2 is the dominant NHx species on Co(211) throughout the range of parameters
explored. In addition, practically all available sites are found to be occupied by
NH2 under an NH3 pressure of 0.02 bar, for all conditions explored. Hence, we can
say with more certainty that NH2 will be present in significant concentrations at
defect sites under industrial conditions.

The effect of the operating temperature on the type and concentration of NHx
species was also explored, between 470 and 520 K (results not shown here). Inside
this regime, no significant effect of temperature on the type and concentration of
NHx species is observed. Instead, in the case where NH3 decomposition is
inhibited, we see a higher NH3 concentration at step edges and at lower
temperatures.

Combining our understanding on NH3 chemistry on Co(0001), as presented in
Chapter 5, and the information on Co(211) together with kinetic modelling, we
propose the following fundamental explanation for NH3 poisoning of cobalt-based
low temperature FTS catalysts. It was found that the Co(211) surface is more active
in decomposing NH3 compared to Co(0001). Unlike Co(0001), Co(211) contains
step sites, which provide the surface geometry that is able to decompose NH3, as
well as CO. Since NH3 can adsorb on a flat cobalt surface even in the presence of
CO, we assume that the NH3 will be able to access sites around the step edge under
FTS conditions. NH3 decomposition will readily proceed on step sites, producing
NH2, which adsorbs strongly on step sites. We assume that these sites are then
blocked, and are not available anymore for adsorption and dissociation of CO. The
slowing down of CO activation would lead to a lower FTS activity.

6.6. Conclusions
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NH3 chemistry on a defective Co(0001) surface and on Co(211) surface was
investigated using a combination of UHV experiments and DFT calculations.
Kinetic modelling was utilized to extrapolate the results to practical conditions on
both Co(0001) and Co(211) surfaces, in the context of NH3 poisoning of cobaltbased FTS catalysts. The NH3 chemistry on a defective Co(0001) surface under
UHV conditions indicates that the defects are active in decomposing NH3. DFT
calculations point out that the NHx adsorbs strongly on or around the step site on
Co(211). Kinetic modelling shows that under practical conditions NH3 can in fact
decompose on Co(0001) as well. In a large regime of free surface site and
hydrogen concentrations and during steady state operation under practical
conditions, the most abundant NHx species on the surface are anticipated to be NH
on Co(0001) and NH2 on Co(211). Based on these fundamental insights we
propose that the reason that NH3 acts a poison for cobalt-based FTS catalysts is that
the low coordinated sites become blocked by strong adsorption of NH2 species,
inhibiting CO adsorption and dissociation and thereby lowering the FTS activity.
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Chapter 7

Oxygen adsorption and water formation on Co(0001)

Oxygen adsorption and removal on flat and sputtered Co(0001) surfaces have been
investigated experimentally using scanning tunneling microscopy, temperature
programmed and isothermal reduction, synchrotron X-ray photoemission
spectroscopy and work function measurements under ultra-high vacuum conditions
and hydrogen pressures up to 1x10-5 mbar. Exposure of the Co(0001) at 250 K to
O2 leads to the formation of (2x2) islands with a local coverage of 0.25 ML
chemisorbed oxygen. After reaching a state where the surface is covered with 0.25
ML Oad in a (2x2) structure, oxygen continues to adsorb, reaching a saturation
point of ~0.39 ML Oad, without forming cobalt oxide. The chemisorbed oxygen
adlayer can be fully reduced on both flat and sputtered Co(0001) surfaces using a
hydrogen pressure of ~1x10-5 mbar. The onset of the oxygen removal is at around
450 K on flat Co(0001) and 550 K on sputtered Co(0001) during temperature
programmed reduction experiments (1 K/s). The experimental activation barrier
for the water formation removal reaction is found to be ~128 ± 1 kJ/mol for the
flat Co(0001) and ~134± 1 kJ/mol for the sputtered Co(0001). Those values were
derived by kinetic modelling of the experimental data obtained during isothermal
reduction. Adsorbed oxygen cannot be reduced by CO on flat and sputtered
Co(0001) for CO pressures up to 1x10-5 mbar and temperatures up to 630 K.

7.1. Introduction
Oxygen adsorption (and/or removal) on various transition metal surfaces has been
investigated comprehensively in the experimental surface science literature due to
its importance in electrocatalysis, control of hydrocarbon emissions1 and lately by
theoretical means as an elementary step in Fischer-Tropsch Synthesis (FTS) 2. In
this experimental study we focus on the removal of oxygen from a Co(0001)
surface, in view of its importance in the context of Fischer-Tropsch synthesis.
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Water formation is a crucial elementary step in the FTS reaction mechanism,
considering that it is the major product of FTS on a mol basis3. Water has been
found to have a strong effect on the activity, selectivity and catalyst stability in
cobalt based FTS4. That is why the oxidation of Co-FTS catalysts has been
investigated thoroughly in various publications3-6. Although there is a current
consensus that the active form of the Co-FTS catalyst is metallic cobalt3, 7, the
effect of water on the cobalt catalysts8 and how fast the atomic oxygen is removed
from Co surface9 remains unclear and fundamental studies can provide the level of
understanding necessary for this particular question.

There is a significant amount of literature about the interaction of oxygen with
cobalt single crystal surfaces2, 10-13. These studies indicate that the structure of the
oxygen adlayer depends not only on the amount of oxygen dosed, but also on the
temperature of the Co(0001) surface at which the exposure to oxygen takes place.
For low O2 doses, oxygen prefers to form a chemisorbed layer with a periodic
structure up to a specific oxygen exposure. After that, oxygen tends to form a
CoxOy type of oxide, starting with CoO and then finally it converts to Co3O4 2. The
rate of oxide formation is a strong function of surface temperature10-12, 14.

Despite its importance as the catalyst of choice for low temperature FTS, there are
not many studies on cobalt in this context, especially not about oxygen removal on
cobalt single crystal surfaces. Although a number of theoretical studies exist15-17,
there are no experimental studies about the topic up to this date.

Our study focuses on the removal of oxygen on Co(0001) under well-controlled
conditions and on well-defined surfaces. We start with determining the conditions
to form a periodic well-defined chemisorbed oxygen adlayer on the surface. After
characterization of the oxygen layer we proceed by comparing oxygen removal by
CO and H2 on Co(0001). We show that oxygen removal is much more favorable by
H2 compared to CO and we identify the pressure range and temperature where the
oxygen removal by hydrogen takes place on Co(0001). Finally, we use kinetic
modelling to determine the activation barriers for the oxygen removal reactions
from our experimental data. Our study represents the first experimental study to
provide an experimental understanding and an activation barrier of the oxygen
reduction on Co(0001).
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7.2. Experimental Methods
Thermal desorption experiments were performed in a UHV system, with a base
pressure of ~1x10-10 mbar, and equipped with a Low Energy Electron Diffraction
(LEED)/Auger optics, a quadruple mass spectrometer, a Kelvin Probe (KP
Technologies Ltd.) and a sputter gun for sample cleaning. The crystal surface was
cleaned by cycles of argon ion sputtering (E = 1.0 kV) of 20 minutes at 630 K and
successive annealing at 630 K in vacuum for another 20 minutes. The Co(0001)
single crystal (diameter 10 mm) was clamped between tungsten wires, which were
used for heating and cooling the sample. The sample temperature was measured
using a chromel-alumel thermocouple spot-welded to the back of the crystal. LEED
indicated a good surface quality without significant amounts of contaminants.
Cleanliness was routinely tested by Temperature Programmed Desorption (TPD)
experiments of carbon monoxide, which proved to be sensitive to the presence of
carbon and oxygen contaminations and hydrogen TPD, which is a sensitive probe
for the presence of defects18. Oxygen was dosed as a mixture of oxygen and argon
(20% O2 and 80% Ar).

Temperature programmed work function (TP-WF) (measured using a Kelvin probe
and with reference to the clean surface) measurements were utilized to follow
changes on the surface. As it is shown to be directly proportional to the surface
coverages of CO and oxygen (see XPS vs WF in Figure 7.3), these experiments
provide direct information on surface concentrations of Oad and COad. Temperature
Programmed Reduction (TPR) experiments on oxygen-covered Co(0001) surfaces
were performed under either carbon monoxide or hydrogen atmospheres, using
pressures in the range of 1x10-7 -1x10-5 mbar.

Scanning tunneling microscopy (STM) experiments were performed in a separate
UHV system at the department of Applied Physics in TU/e, using an Omicron LT
STM, operated at 77 K, with a Pt/Ir tip. The base pressure in the STM analysis
chamber is <1× 10−10 mbar. The STM measurements were carried out in constant
current mode with bias voltages from 100 to 400 mv and tunnel currents between 2
to 5 nA.

The high-resolution photoemission experiments where performed at beamline I311
at MAXlab (Lund, Sweden). The cobalt single crystal was cleaned by repeated
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cycles of Ar+ sputtering (1.5 kV) at 630 K and annealing in vacuum at 630 K for
30 min. XPS was used to verify the cleanliness of the surface A photon energy of
650 eV was used to obtain the high quality O1s spectra. Photoelectron diffraction
at these low kinetic energies can seriously influence the photoemission intensity, so
that these spectra are not particularly suited for quantification purposes. We
therefore measured O1s spectra using a photon energy of 1100 eV for
quantification purposes. The (√3x√3)R30o-CO structure with a known coverage
(1/3 ML) was used19 to obtain a calibration point for the oxygen coverage.

7.3. Results
7.3.1. Structure of chemisorbed oxygen on Co(0001)
In order to establish the structure of the chemisorbed oxygen (Oad) adlayer on
Co(0001), we have performed low energy electron diffraction (LEED)
measurements. The evolution of the LEED pattern as a function of oxygen
exposure is shown in Figure 7.1.

Figure 7.1. LEED images (E = 83.3 eV) of the oxygen adlayer on Co(0001) as a
function of oxygen exposure at 250 K.

Figure 7.1 shows that up to 8 L exposure no periodic structure could be detected by
LEED. The vague (2x2) pattern observed at 8 L exposure becomes clearer with
increasing exposure, and at 20 L the O-induced diffraction spots are sharp and
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clear. For higher exposures the (2x2) diffraction spots become weaker. The (2x2)
structure persists until around 50 L oxygen exposure, where the patterns starts to
dissolve and around 100 L O2, the pattern is completely lost.

We have further analyzed the oxygen adlayer formed when 10 L O2 is dosed at 250
K on Co(0001) using STM, to confirm that the (2x2) pattern observed in LEED is
due to a p(2x2) structure (0.25 ML) rather than due to a c(2x2) structure (0.5 ML).
Wide (300x300 nm) and zoomed-in (4x4 nm) scan images obtained by STM are
presented in Figure 7.2.

Figure 7.2. STM images showing (a) wide (300x300 nm) and (b) zoomed-in (4x4
nm) scans of Co(0001) pre-dosed with 10 L O2 at 250 K.

The large area scan (Figure 7.2(a)) shows that the Co(0001) surface consists of
terraces as wide as 150x150 nm, separated by monoatomic steps. The light colored
regions on terraces are chemisorbed Oad islands. Figure 7.2(b) shows a 4x4 nm
scan on one of the oxygen islands. The distance between two bright features on the
STM image is 500 pm, which is twice the lattice constant of cobalt. Thus, the
oxygen islands have p(2x2) periodicity, corresponding to a local atomic oxygen
coverage of 0.25 ML.
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The build-up of oxygen during exposure of the clean surface to O2 was monitored
using both work function measurements and XPS. The change of surface work
function and O1s signal intensity due to oxygen exposure is converted to Oad
coverage and plotted in Figure 7.3. In addition, the O1s core level spectra at
different points in the uptake curve are shown.
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Figure 7.3. (a) Change in Oad coverage on Co(0001) with respect to oxygen
exposure, as determined by XPS and WF measurements. (b) XPS spectra for
different Oad coverages on Co(0001) (XPS spectra for CO given as a reference).

Figure 7.3 shows(a) shows a good match between the WF change and the O1s
signal intensity change as a function of exposure, which confirms that the WF is in
fact linearly dependent on the surface oxygen coverage. Oxygen exposure
increases the surface work function, as expected from the adsorption of negatively
charged (i.e. electron withdrawing) oxygen atoms20. The WF change of 700 mV is
assigned to an Oad coverage of 0.39 ML, derived from XPS measurements. The WF
change per ML of Oad is calculated as 1861.7 mV / ML. For the experiments
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including work function measurements of oxygen adsorption / removal, the work
function data is scaled and reported as Oad coverage.

The XPS signal intensity was used to determine the oxygen coverage in ML. Three
regimes are distinguished in both XPS and WF data: From 0-15 L (0.1 ML) the
slope of the curve (i.e. the O2 sticking coefficient) is approximately linear with
exposure, but for exposures >15 L the sticking coefficient decreases. Above 20 L
the sticking coefficient decreases again and saturation is reached for an exposure of
~50 L. It is interesting to note that the oxygen adsorption on Co(0001) does not
follow simple Langmuir adsorption kinetics. Although interesting in itself, it falls
outside the scope of the present study, which is focused on the removal of Oad from
the Co surface in the context of FTS.

The XPS data do not extend to saturation, but by assuming the linear dependence
of the work function for Oad coverages beyond those measured with XPS, the
saturation point corresponds to ~0.46 ML Oad. The XPS spectra (Figure 7.3(b))
show that the peak position of the O1s peak is the same for O coverages studied,
which indicates that at 250 K oxygen adsorption is limited to the formation of Oad
and oxide formation is negligible for the exposures and on the time scale used in
the experiment.

7.3.2. Temperature Programmed Oxygen Reduction on Co(0001)
7.3.2.1. Reduction by hydrogen
Oxygen reduction experiments were done on the ordered Oad structure on
Co(0001), obtained by exposing Co(0001) to 12 L O2 exposure at 250 K, which
corresponds to a surface covered by Oad islands with a p(2x2) structure, with an
overall coverage of 0.17 ML Oad. The experiments were performed by either
dosing a saturation coverage of hydrogen on the oxygen-covered surface followed
by heating in vacuum, or by heating the oxygen-covered surface under a specific
hydrogen pressure. The heating was performed between 100 and 620 K, with a
temperature ramp of 1 K /s. Oxygen reduction was followed monitoring the surface
work function, as removal of Oad induces a decrease in work function. The change
of Oad coverage on Co(0001), based on the change of surface work function, with
respect to temperature for different hydrogen pressures is plotted in Figure 7.4.
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Oad reduction on Co(0001)
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Figure 7.4. The change of Oad concentration on Co(0001) as indicated by TP-WF
measurements under various hydrogen pressures, θOad(0) = 0.17 ML, TOad = 250 K,
β = 1 K/s.

Figure 7.4 indicates that for Oad on Co(0001) exposed to hydrogen pressures
greater than 10-7 mbar, the work function starts to decrease between 400 and 500 K
depending on the hydrogen pressure, indicative of the removal of Oad. It should be
noted that hydrogen adsorption does not induce a measurable change in the surface
work function. The work function reaches the value of the clean surface
(normalized to 0) after reduction under hydrogen pressure of 1x10-5 mbar.

We have also used CO TPD to investigate how oxygen adlayers formed by
different O2 exposures affect the CO desorption spectra. This analysis helps to
evaluate how much oxygen is left on the Co(0001) surface after reduction
experiments. Figure 7.5 shows series of CO TPD performed on Co(0001) surfaces
covered with different amounts of oxygen. It should be noted that CO2 formation is
not observed during the experiments.
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Figure 7.5. (a) Series of CO TPD on Co(0001) covered with different amounts of
oxygen, TOad = 250 K, TCOad = 90 K, β = 2 K/s. (b) Amount of CO that can be
adsorbed on Co(0001) covered with different amounts of oxygen.

Figure 7.5 shows series of CO TPD performed on Co(0001) surfaces pre-covered
with different amounts of Oad. We see that on Co(0001) pre-covered with up to
0.16 ML Oad, the CO desorption peak temperatures stay the same, while the
amount of CO that can be accommodated on the surface decreases as the surface is
pre-covered with more Oad. At Oad coverages higher than 0.16 ML L, the TPD
peaks characteristic of CO on Co(0001) disappear and are replaced by two new
peaks located between 250-350 K. At increasing Oad coverage, we see that these
peaks also diminish, i.e. the surface can accommodate only a small amount of
weakly bound CO at the Oad saturation coverage. CO desorption experiments were
performed after heating the oxygenated surface under hydrogen pressure to further
analyze if the surface oxygen was removed. Figure 7.6 shows a series of CO TPD
performed on Co(0001) covered with 0.17 ML Oad, before and after temperature
programmed heat treatment under different hydrogen pressures, while Table 7.1
lists the amount of CO that has desorbed during CO TPD spectra.

160

CO desorption rate (a.u.)

Chapter 7

CO adsorption on oxygenated Co(0001)
TCOad = 90 K, TOad = 250 K, β = 2 K/s
0.17 ML Oad
heated under
-5
PH2 = 1x10
mbar

0.17 ML Oad
heated under
PH2 = 1x10-6
mbar

(a)

no oxygen

0.17 ML Oad
heated under
PH2 =
-7
1x10
mbar

0.17 ML Oad

0.17 ML Oad
heated under vacuum

100

150

200

250

300

350

400

450

500

Temperature (K)
Figure 7.6. Series of CO TPD performed on Co(0001) covered with 0.17 ML
atomic oxygen, before and after treatment under different hydrogen pressures,
TCOad = 90 K, TOad = 250 K, β = 2 K/s.

Table 7.1. Amount of CO desorbed from Co(0001) covered with 0.17 ML Oad
before and after temperature programmed heat treatment under different hydrogen
pressures
Initial Oad coverage (ML)

Hydrogen
(mbar)

pressure COad coverage
treatment (ML)

0.17 ML

-

0.29

0.17 ML

1x10-7

0.29

0.17 ML

1x10-6

0.42

0.17 ML

1x10-5

0.65

No oxygen (reference)

-

0.65

after
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Figure 7.6 and Table 7.1 show that both the CO TPD spectra peak shapes and the
amount of CO that can be adsorbed on Co(0001) are significantly altered when
0.17 ML Oad is present on the surface, in agreement with Figure 7.5. After H coadsorption at 90 K and heating under vacuum, we see that that shape and peak area
of the CO TPD are practically the same as found for the oxygen-covered surface
before the treatment. For surfaces heated under hydrogen pressures of 1x10-6 mbar
and 1x10-5 mbar, we see a significant increase in the CO TPD area. For the
hydrogen pressure of 1x10-5 mbar, we obtain the same amount of CO adsorption on
the reduced surface as the surface containing no oxygen. The peak positions are
shifted to slightly lower temperatures for the first two peaks and more CO desorb at
the low T (245 K) peak while less CO desorb at the high T (380 K) peak.

As the Oad concentration on a cobalt surface during FTS may be above 0.17 ML,
we have also investigated the reduction of θOad > 0.17 ML on Co(0001). Figure 7.7
shows the reduction of different amounts of Oad on Co(0001).
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Figure 7.7. Change of Oad concentration versus temperature for Co(0001) exposed
to various amounts of oxygen, during temperature programmed reduction under
PH2 = 1x10-5 mbar, Tad = 250 K, β = 1 K/s.
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Figure 7.7 shows that when hydrogen at 1x10-5 mbar is used for reduction, up to
0.45 ML Oad can be reduced and removed from the surface. For all Oad coverages
investigated, there is no change in work function until 400 K. Between 400 and 620
K, complete Oad removal occurs on Co(0001), as deduced from the decrease in
work function back to the clean surface value.

7.3.2.2. Reduction by CO
The possibility of surface oxygen removal by reaction with CO was explored by
heating an oxygen covered surface from 100 to 620 K (β = 1 K / s) under CO
pressure. Figure 7.8 shows the change of surface work function of a 0.17 ML Oad
covered Co(0001) surface as a function of temperature under CO or H2
atmospheres.
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Figure 7.8. Work function change for Co(0001) covered with 0.17 ML Oad under
CO or H2 pressures as a function of temperature, TOad = 250 K, β = 1 K/s.

Figure 7.8 indicates that the oxygen covered surface behaves different under CO
pressure than under hydrogen pressure. Adsorbed CO gives an additional
contribution to the work function, which explains the higher initial value on the CO
treated Co(0001). During heating under CO pressure, the decrease of the work

Oxygen adsorption and water formation on Co(0001)

163

function between 100 and 450 K is ascribed to a decrease of the CO equilibrium
coverage. The final work function value, 300 mV, is the same as the value found
for the oxygen covered surface before exposure to CO.

CO desorption rate (a.u.)

Figure 7.9 shows two CO TPD spectra performed before and after the treatment of
oxygenated Co(0001) surface under CO pressure of 1x10-5 mbar.

CO adsorption on 0.17 ML Oad
covered Co(0001)
O2 adsorption at 250 K
CO adsorption at 90 K
β = 2 K/s

After CO treatment
-5
PCO = 1x10
mbar
Before CO treatment

100

150

200
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300

350

400

450

500

Temperature (K)
Figure 7.9. CO TPD spectra on Co(0001) covered with 0.17 ML Oad, before and
after treatment under PCO = 1x10-5 mbar, O2 adsorption at 250 K, CO adsorption
at 90 K, β = 2 K/s.

Figure 7.9 shows that CO TPD spectra obtained on 0.17 ML Oad covered Co(0001)
before and after treatment under CO pressure of 1x10-5 mbar are almost identical,
both in terms of peak temperatures and TPD area. The findings confirm the work
function measurements, both indicating that oxygen cannot be removed under these
conditions by CO.

7.3.3. Temperature Programmed Oxygen Reduction on Sputtered Co(0001)
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In order to investigate the activity of defects for oxygen reduction on Co(0001), we
have used a sputtered Co(0001) surface. The Co(0001) surface was sputtered at
300 K for 1 min (1 kV Ar+ ) and afterwards, oxygen was dosed on the sputtered
surface. First, we have investigated the temperature dependent work function
change of the sputtered Co(0001) surface with and without Oad (12 L O2 exposure)
by heating in vacuum of both systems, as illustrated in Figure 7.10.
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Pre-exposed to
12 L oxygen

200

∆Φ (mV)

0
-200
no oxygen

-400
-600
-800
100

200

300

400

500

600

T (K)
Figure 7.10. Heating of sputtered Co(0001) under vacuum with and without Oad
(12 L O2 exposure), Tad = 250 K, β = 2 K/s.

Figure 7.10 shows that the work function of the sputtered Co(0001) surface
increases as a function of temperature and the total increase in work function is
~800 mV. Apart from an offset caused by the presence of Oad the shape of the TPWF curve is very similar in both cases. The complexity of the work function curves
of the sputtered surface as a function of temperature will be discussed in the
Discussion section.

Subsequently, temperature programmed reduction of the oxygen adlayer was
performed under a hydrogen pressure of 1x10-5 mbar. The same experiment was
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also performed under carbon monoxide pressure of 1x10-5 mbar and in vacuum.
The resulting work function measurements are shown in Figure 7.11.

600
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Figure 7.11. Work function change for TPR of sputtered and flat Co(0001) preexposed to 12 L O2 performed under various gas atmospheres.

Figure 7.11 indicates that the sputtered surface shows different work function
change behavior compared to the flat Co(0001). For all TPR experiments
performed with the sputtered surface the work function increases up to 250 K ,
slightly decreases between 250- 350 K and increases significantly between 350-500
K. Above 500 K, the work function change depends on the composition of the gas
phase. In the case of heating under vacuum, the work function is stable at around
400 mV. In the presence of CO the work function shows an upward shift of around
200 mV for temperatures greater than 250 K compared to the vacuum case, but the
trend that is observed in the presence of CO is otherwise identical to the heating in
vacuum. Heating under hydrogen pressure produces different results: around 550 K
the WF shows a sharp drop down to the value of the clean surface. This decrease of
the work function is only found when hydrogen is present, as is the case for the flat
Co(0001). The onset of the WF decrease occurs around 450 K on the flat surface
and around 550 K for the sputtered surface. A more detailed explanation is given in
Discussion section.
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7.3.4. Isothermal oxygen reduction by hydrogen on flat and sputtered
Co(0001)
To eliminate temperature effects on the reaction rate and WF change, in addition to
temperature programmed reduction, isothermal reduction experiments were carried
out at different constant temperatures and pressures. The measurements were
performed at 460, 480 and 490 K. In order to see the effect of hydrogen pressure on
the rate of oxygen removal we have performed the reduction under 1x10-5 mbar
and 1x10-6 mbar hydrogen pressures for each of the mentioned temperatures. The
experiments were performed by oxygenating the surface at 250 K, heating to the
desired temperature and then introducing H2. Isothermal reduction experiments are
also simulated by kinetic modelling to estimate the activation barrier for OH+H 
H2O reaction on cobalt surfaces. Figure 7.12 shows experimental time dependent
work function measurements and fits of kinetic models for oxygenated cobalt
surfaces under hydrogen pressure.

Sputtered Co(0001)

Co(0001)

Oxygen adsorption and water formation on Co(0001)

167

168

Chapter 7

Figure 7.12. Simulated (kinetic model) and Oad coverages (as derived from WF
measurements) with respect to time for 0.17 ML Oad covered Co(0001) and
sputtered Co(0001) surfaces at constant temperature and hydrogen pressure.

Figure 7.12 shows that the oxygen coverage decreases as a function of time for flat
and sputtered Co(0001) surfaces under hydrogen pressures of 10-5 mbar and 10-6
mbar inside the investigated temperature regime, in agreement with Figure 7.5. The
surface work function value does not reach zero for the investigated parameters.
To better understand the kinetic parameters and to obtain an activation barrier for
oxygen removal on cobalt surfaces, we propose a kinetic model for oxygen
removal and use it to fit the time-dependent work function change that represents
Oad coverage. The following kinetic model is used for the simulations:

H2(g) + 2 *  2 Had

(7.1)

Had + Had

 H2 (g) + 2 *

(7.2)

Oad + Had

 OHad + *

(7.3)

OHad + Had  H2O(g) + 2 *

(7.4)

θH + θO + θOH + θ* = 1

(7.5)

The underlying assumptions used to build the model are as follows: (i) Oad, OHad
and Had occupy same type of sites (ii) the dissociative adsorption of hydrogen, (iii)
fast desorption of water, (iv) OHad + Had  H2Oad is the rate-limiting step (i.e.
complete conversion of Oad + Had  OHad at temperatures much lower than the
temperature where OHad + Had  H2Oad takes place).

In order to model the reactions (1) to (5), we introduce the kinetic expressions for
adsorption/desorption and surface reaction.

k = k 0 exp(

− Ea
)
RTsurf

(7.6)
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θ * = 1 − (θ O ( H ) + θ H )

(7.8)

rH ad = 2.rH 2 .S H 2 .θ *

(7.9)

rH 2 ( des ) = k desθ H

2

rH 2O = k H 2Oθ H θ OH

(7.10)

(7.11)

where

k

: General form for rate constant

r

: General form for rate

Ea

: Activation barrier for the reaction (J / mol)

R

: Gas constant (J/mol.K)

Tsurf

: Temperature of the catalytic surface at which reaction takes place (K)

rH 2

: Number of incoming hydrogen molecules per cm-2 per second

P

: Pressure (mbar)

Tgas

: Room temperature (K)

M H2

: Molecular weight of H2

θ OH ,θ H ,θ* : Concentrations of hydroxyl, hydrogen and free sites
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rH ad

: Rate of atomic hydrogen adsorption

SH2

: Dissociative sticking coefficient of hydrogen

k des

: Rate constant for hydrogen desorption

k H 2O

: Rate constant for hydroxyl removal (water formation)

The fixed parameters that have been used in equations are listed in Table 7.2.

Table 7.2. Fixed parameters used in the kinetic model for oxygen removal on
Co(0001)
Flat Co(0001)

Sputtered Co(0001)

SH2

0.04

1

k0

1x1013

1x1013

Ed,H2 (kJ/mol)18

100

100

The set of equations describing the reaction mechanism is given as:

dθ H
= rH ad − rH 2 ( des ) − rH 2O
dt

(7.12)

dθ OH
= − rH 2O
dt

(7.13)

θ H (0) = 0

(7.14)

θOH (0) = 0.17

(7.15)
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We have determined the apparent rate constant for the hydroxyl removal reaction
on the flat and stepped Co(0001) surfaces, kinetically modelling the experimental
data. The measurement provides us with θOH and the rate, dθOH/dt, but to calculate
kH2Oform the value of θH should be known. Since we cannot measure the
chemisorbed hydrogen coverage experimentally, we have calculated the hydrogen
coverage based on Eq. (6), as a function of hydrogen pressure and temperature.
Afterwards, the model generated barriers are used to plot the Oad removal rate and
to compare the fit with the experimental data. The estimated surface hydrogen
concentrations and the activation barriers obtained are listed in Table 7.3.

Table 7.3. Chemisorbed atomic hydrogen concentrations and activation barriers for
hydroxyl removal reaction (Reaction (4)) on flat and sputtered Co(0001) as a
function of temperature and pressure
T (K)

490

480

460

P (mbar)

1x10-5

1x10-6

1x10-5

1x10-6

1x10-5

1x10-6

Flat

θH (ML)

0.04

0.01

0.05

0.02

0.09

0.03

Co(0001)

Ea (kJ/mol)

128.2

127.2

126.6

127.9

127.8

128.1

Sputtered

θH (ML)

0.18

0.06

0.23

0.08

0.36

0.13

Co(0001)

Ea (kJ/mol)

134.5

134.4

133.2

134.0

132.6

134.1

The results show that the kinetic model fits the experimental data reasonably well,
as shown in Figure 7.12. The activation barriers that were obtained vary only very
slightly, around ±1 kJ/mol depending on the temperature and pressure used. The
average activation barriers for water formation reaction on flat and sputtered
Co(0001) surfaces are 128 ± 2 kJ/mol and 134 ± 2 kJ/mol respectively.
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7.4. Discussion
Our study provides fundamental information on the structure and reducibility of
chemisorbed atomic oxygen adlayers on Co(0001). A combination of LEED, STM,
XPS and WF measurements point out that formation of chemisorbed atomic
oxygen (Oad) adlayer on Co(0001) follows a complex pattern, starting with the
dissociative adsorption of molecular oxygen at 250 K and proceeding with the
formation of ordered p(2x2) oxygen islands, and finally reaching a poorly ordered
atomic oxygen adlayer with a coverage of ~0.46 ML. The dissociative adsorption
of O2 on Co(0001) is well established in the literature2, 10, 12. Our interest lies in the
chemisorbed oxygen adlayers and their reduction behavior rather than on reduction
of oxidic phases since the adsorbed oxygen found on the industrial cobalt FTS
catalyst is reported to have a metallic character rather than an oxidic one3.
Investigation of the oxide formation on Co(0001) requires extensive analysis and
tools that can determine the oxidation state of adsorbates and is beyond the scope
of this study. Furthermore, this subject has been investigated in detail before10, 12-14.

Work function measurements of the 0.17 ML Oad covered Co(0001) surface under
hydrogen pressures of 10-6 mbar or 10-5 mbar indicate a decrease in the work
function between 450 and 620 K. The decrease is assigned to Oad removal
(reduction) since Had does not induce a measurable change in work function.
Together with the CO TPD on oxygenated Co(0001) before and after reduction
under hydrogen pressure, we conclude that almost all oxygen can be removed from
the surface under hydrogen pressure of 1x10-5 mbar or greater.

Figure 7.7 extends our findings about the reducibility of oxygenated Co(0001)
surfaces from the p(2x2) structured Oad islands to different chemisorbed Oad
structures formed at higher exposures. Co(0001) surfaces with Oad structures above
0.25 ML can also be reduced completely under hydrogen pressure of 1x10-5 mbar
or greater and below 500 K, typical temperature for low temperature cobalt
catalyzed FTS.

Our experiments on the heating of Oad covered Co(0001) under CO showed that the
work function change is only due to a decrease in the equilibrium coverage of CO
on the surface. CO causes an upward shift in the surface work function. So, as the
CO concentration drops, the work function also decreases and around 500 K, the
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surface is free of COad. The amount and the structure of Oad remains the same after
treatment under CO pressure, as the work function value returns to its starting
value for the oxygenated surface. The CO TPD spectra performed before and after
the treatment are also very similar. Both of these results point out that oxygen
removal by CO under 1x10-5 mbar pressure is not possible. Thus, we conclude that
CO2 formation is more difficult than water formation on the cobalt catalyst,
confirming the industrial observations stating that cobalt produces little CO2 during
FTS7.

We have extended our analysis to sputtered Co(0001) surface to investigate the role
of undercoordinated sites (defects, steps, kinks, edges, etc.) on the reducibility /
stability of an oxygen adlayer. The work function change as a function of
temperature on sputtered a Co(0001) surface, even in the absence of adsorbates, is
more complex than that on flat Co(0001). First, we observe that the initial work
function value of the sputtered surface at 100 K is 800 mV below the (annealed)
Co(0001) surface value. Electrons have a tendency to smooth out on more open
surfaces, including on defective structures. This leads to a decrease in the work
function of lower coordinated surfaces compared to higher coordinated ones.
Therefore, a densely packed surface (e.g. fcc-(111) surface) has a higher work
function than a more open surface (e.g.fcc- (100) surface)21. Thus, a surface
containing defects has a lower work function than the surface without defects, as
observed in our work function experiments on the sputtered Co(0001) surface.
During heating of the sputtered Co(0001) surface, we observe that the work
function increases up to 550 K, where it reaches a constant value that persists up to
620 K. The final work function value is still 200 mV below the flat surface value,
indicating that the temperature programmed heat treatment does not restore the flat
surface structure completely.

When the sputtered Co(0001) that is covered with Oad is heated under hydrogen
pressure, the increase in the surface work function between 100 and 550 K is
identical to the behavior of the same surface heated under no gas pressure.
Although the exact origin of the work function change below 550 K is difficult to
understand and beyond the scope of the present study, we take this observation as
an indication that oxygen removal only takes place above 550 K. During heating in
vacuum the surface has a constant work function value above 500 K, while a rapid
decrease is observed under a hydrogen pressure of 1x10-5 mbar. We attribute this
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decrease to the removal of O(H)ad species from the surface, due to their reaction
with Had to form water. Both Oad and OHad species have negative dipoles pointing
away from the surface, resulting in an increase of the work function20, 22-23.
Furthermore, OHad and Oad species are expected to cause very similar work
function changes on transition metal surfaces, due to very similar charges allocated
on them24. Thus, it is not possible to probe the O > OH on Co(0001) with work
function measurements, since the reaction would not induce a significant work
function change. However, reduction of O(H)ad to H2O can be detected, as O(H)
removal will lead to a decrease in work function. Furthermore, assuming that the
H2O formed will immediately desorb to the gas phase, the decrease in work
function is linearly dependent on the OHad concentration. Thus, we deduce that the
OHad removal takes place above 550 K on the sputtered Co(0001) surface, in
contrast to the 450 K on the flat Co(0001) surface.
Under CO pressure, the surface work function of the sputtered Co(0001) increases
with increasing temperature, due to annealing of the surface. The difference
compared to same surface heated under vacuum is that the work function is
somewhat higher during the heating process. This may be a result of CO adsorption
on the surface causing an increase in the work function and/or the surface
reconstruction occurring at a different rate compared to vacuum conditions. STM
experiments have, for example, indicated that CO adsorption can cause increased
mobility of the surface atoms already at room temperature, and hence can assist in
the annealing of the surface at lower temperatures compared to a clean surface25-26.
The fact that there is no decrease in work function during the heat treatment of the
sputtered and oxygenated Co(0001) under CO pressure indicates that Oad cannot be
removed by CO, in line with the findings on flat Co(0001).

In the context of Fischer-Tropsch synthesis, it is of interest to determine the barrier
for oxygen removal in the form of water. Using isothermal reduction experiments
we propose activation barriers of 128 kJ/mol and 134 kJ/mol on flat and sputtered
Co(0001) respectively. Table 7.4 shows a comparison of the experimental
activation barriers obtained in our study to the barriers gathered by previous
Density Functional Theory (DFT) studies.
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Table 7.4. Activation barriers (kJ/mol) for the OHad reduction reaction by atomic
hydrogen on flat and stepped cobalt surfaces
Flat Co(0001)

Stepped Co(0001)

Our study (Experimental)

127.9

133.8

Balakrishnan et al.17 (DFT)

113.6

177.2

Gong et al.16 (DFT)

142.0

161.0

Our results are in agreement with the general trend obtained in previous studies:
the hydroxyl removal reaction proceeds slower on the stepped Co(0001) compared
to flat Co(0001). However, the energy difference between the barriers on flat and
the stepped surfaces are less pronounced in our study, than in the theoretical
studies.

We propose that the formation of Oad islands is the main reason causing the
discrepancy between our results and the computational results. On the real
Co(0001) single crystal surface, oxygen tends to form islands, instead of
homogeneously covering the surface with a definite coverage, as implied in DFT
calculations. We have used some constant parameters in our kinetic model, such as
the sticking coefficient of hydrogen, adsorption energy of hydrogen, Ed,H2, and the
pre-exponential factor, k0.We have used a pre-exponential factor of 1x1013 for
hydrogen desorption and hydroxide removal. Computational studies have shown
that the transition states for hydrogen desorption and hydroxide removal resemble
their ground states, suggesting using 1x1013 as pre-factor16-18, 27.

The resulting models for hydroxide removal are plotted together with the
experimental data in Figure 7.12. The experimental data typically shows an Sshape, which is most pronounced for the low pressures and the sputtered surface.
The work function (i.e. OHad concentration) stays constant for a period of time,
follows a non-linear decay with a rate increasing in the beginning and decreasing
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in the end, and stays more or less constant (on the time scale of our experiments) at
a value higher than the surface free of O(H)ad eventually. This behavior is not
captured properly in the OH concentration profile obtained from our LangmuirHinshelwood kinetic model. The model generated OHad concentrations match well
with the experimental data within the time period where both curves follow a nonlinear decay. The discrepancy between the simulated and measured occurs at the
initial and final stages of the experiment. The reason behind the deviation may be
due to the Langmuir-Hinshelwood kinetics assumption included in the model. The
model assumes that the oxygen and hydrogen adsorption takes place in random
structures and all adsorption sites are identical. However, our results show that the
oxygen forms Oad islands upon adsorption. For the Oad coverage used in the
isothermal reduction experiments, ~0.17 ML, it translates to a surface that is ~70%
covered by p(2x2) Oad, and 30% empty.

Hydrogen dissociation needs a large concentration of pairs of free sites and may be
slowed down due to a decrease in the dissociative sticking concentration if the
surface is covered with another adsorbate even in small concentrations, as
illustrated in Chapter 5. Therefore, the initial delay in the OHad removal may be
due to a lack of Had on the surface in the beginning of the experiment.
Progressively, small amounts of Had may populate the surface. and as the reaction
proceeds and OHad gets removed, more sites will be available and the rate of OHad
removal will increase. The reason behind the decrease of OHad removal and a
leveling off at a constant value may be due to the existence of some strongly bound
oxygen, located at the defect structures, or inside the islands. These Oad structures
are likely to be more strongly bound on the surface and therefore harder to react
with Had. As the “easily-accessible” Oad concentrations get lower, there would be a
decrease in the reaction rate. Finally, some of the strongly bound Oad may be
staying on the surface eventually, resulting in an incomplete reduction on cobalt
surfaces. This point also speaks to the oxygen reduction on the sputtered surface .
Although in our simple model we derive a single activation energy, which is higher
than on the flat surface, the reality is that oxygen is both present on defects and on
terraces. It is possible that the reaction needs to ‘initiate' by the slow removal of
some of the strongly bound oxygen at defects. As soon as this oxygen is removed
the reaction can suddenly light off, as the empty defect sites are associated with a
high hydrogen sticking coefficient. This can explain the sharp WF decrease found
in the TPR of the sputtered surface, shown in Figure 7.11.
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Regarding the mechanism, we have based our model on the removal of OHad by
atomic Had to form water. Another pathway for the formation of water is the
combining of two OHad species. This path was found energetically unfavorable on
Co(0001) by a DFT study17. We have also built our model based on the assumption
that all Oad is converted to OHad. This assumption is based on the fact that under a
steady H2 pressure (hydrogenating conditions) and 500 K temperature, it is likely
that most Oad will convert to OHad, considering the activation barrier of Oad
hydrogenation is ~1 eV17, assuming similar thermodynamically stabilities for Oad
and OHad. As our model matches will within the experimental data except initial
and final stages of the experiment, we conclude that hydroxyl removal by
chemisorbed hydrogen is a more likely mechanism on cobalt surfaces under the
investigated conditions.

7.5. Conclusions
The interaction of oxygen with Co(0001) and its removal by reaction with
hydrogen has been studied in the context of Fischer-Tropsch synthesis, in which
oxygen removal is one of the elementary steps in the overall reaction mechanism.
The adsorption behavior of O2 on Co(0001) and resulting adsorbate concentrations
and structures of chemisorbed atomic oxygen have been investigated in depth using
LEED, STM, work function measurements, XPS and TPD. In addition, the reaction
of the well-defined oxygen adlayer as well as more disordered high coverage Oad
layers with hydrogen and CO have been investigated under ultra-high vacuum
conditions and for different hydrogen pressures and reaction temperatures.
Furthermore, kinetic modelling was used to derive activation energies for the
oxygen removal reaction on both flat and defective Co(0001).
The main
conclusions are as follows:

- Oxygen exposure on Co(0001) at 250 K initially forms chemisorbed atomic
oxygen islands/patches with a p(2x2) structure , with a local coverage of 0.25 ML.
Further oxygen exposure results in the growing of islands until a total surface
coverage of 0.25 ML is reached. After this exposure, the p(2x2) structure is lost,
although oxygen stays in the chemisorbed form (non-oxidic) up to high exposures.
Saturation under the conditions used here is an oxygen coverage of 0.45 ML.
Surface oxidation was not observed in our experiments.
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-The chemisorbed oxygen adlayer on both flat and stepped Co(0001) surfaces can
readily be reduced under hydrogen pressure of 1x10-5 mbar during temperature
programmed reduction. The surface oxygen can be completely removed, aside
from trace amounts (detected by CO TPD).

-The onset of oxygen removal occurs around 450 K on flat Co(0001) and 550 K on
sputtered Co(0001) during temperature programmed reduction (1 K/s). The
activation barrier for the OHad removal (water formation) is calculated using
experimental data and a kinetic model. The barriers are found as 128 kJ/mol on flat
Co(0001) and 134 kJ/mol on sputtered Co(0001). These high barriers indicate that
oxygen removal via water formation cannot a-priory be considered fast in
modeling of the FTS reaction mechanism, and it deserves more careful
consideration in modeling efforts.

-Oxygen cannot be reduced by CO at CO pressures up to 1x10-5 mbar on both flat
and stepped Co(0001). This points to a higher activation barrier for CO + O
compared to O + (2) Had, which can then explain the low CO2 selectivity typically
found for Co LT-FTS catalysts.
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Chapter 8
Summary, general conclusions and future prospects

8.1. Summary
Kinetics on heterogeneous catalyst surfaces are usually represented by
oversimplified models, which leads to an incorrect description at the atomic scale.
The main assumptions that are used in traditional models are that the adsorption
sites on the surface are equivalent, the adsorbates do not interact and the catalyst
surface remains unchanged. Although such models work reasonably well to
describe macroscopic kinetics of a supported catalyst in a reactor, detailed
information at the atomic level as obtained by surface science studies can give
insights on adsorbate interactions and their effect on reaction rate. The aim of this
thesis is to investigate the role of adsorbate interactions on phenomena such as
adsorbate configurations, surface restructuring, and kinetics.

In the research project that was chosen as the subject of this thesis, experiments
were performed on Rh(100) and flat, sputtered and defective Co(0001) surfaces.
This combination of surfaces allows us to understand the role of undercoordinated
sites in catalysis and to make better projections about nanoparticles. Theoretical
calculations were used to study a stepped Co(211) surface, as a model for surfaces
that contain undercoordinated sites. A number of experimental and theoretical tools
have been employed. On the experimental side, Temperature Programmed
Desorption (TPD) is the tool that has been used most frequently, as it can provide
indirect information on adsorbate coverages, adsorbate interactions and activation
barriers. Work Function (WF) measurements supply direct information on the
coverage of adsorbates and they were often performed simultaneously with the
TPD measurements to confirm or enrich the information supplied indirectly by
TPD. Low Energy Electron Diffraction (LEED) was utilized to monitor ordered
structures. Scanning Tunneling Microscope (STM) measurements provided
invaluable local information about the exact structure of the surface on the atomic
scale, such as steps, defects, etc. and on the ordered structures formed by
adsorbates on the surface. Such information is otherwise inaccessible by techniques
that generally provide information averaged over the surface. Computationally,
Density Functional Theory (DFT) and mean field kinetic modelling were utilized.
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DFT simulations were used to further confirm the experimental results, as the
surface models that are used are very closely related to experimentally used
surfaces. Furthermore, DFT simulations provided information that is otherwise
very difficult to obtain by experimental tools. Kinetic modelling was used to
extract activation barriers from an experimental dataset and to extrapolate the
results that are obtained under Ultra High Vacuum (UHV) conditions to practical
conditions for Fischer-Tropsch Sytnhesis (FTS), that is, high pressure and
isothermal operation.

Chapter 3 presents an example on how changes in adsorbate structure influence
reactivity. CO oxidation on Rh(100), which is relevant for automotive exhaust
catalysis, serves as an example. A combination of LEED, TPRS, RAIRS and DFT
modelling was used. Repulsive lateral interactions are found to decrease the
stability of CO+O adlayer, resulting in different adsorbate structures at increasing
coverages, and a significant modification of the reactivity for CO oxidation.

Chapter 4 provides a direct relation between adsorbate interaction, configurations
and reactivity by investigating CO oxidation on Rh(100) and Rh(111) surfaces
covered by various amounts of CO and O by DFT simulations. The effect of the
adsorbate interactions varies between two surfaces, demonstrating the structure
sensitivity of the CO oxidation reaction. The results demonstrate the importance of
adsorbate configurations for the rate of a surface reaction, and illustrate the
sensitivity of a relatively simple reaction such as CO oxidation to the exact
structure of the metal surface.

Chapter 5 deals with the surface chemistry of NH3 on Co(0001), investigated
experimentally under UHV conditions and theoretically with Density Functional
Theory calculations. NH3 is found to adsorb molecularly on Co(0001), as the
activation barrier for decomposition is higher than its adsorption energy. In relation
to its relevance for Fischer-Tropsch Synthesis (FTS), where it is known to act as a
poison, co-adsorption of NH3 with CO and atomic H is investigated. The results
showed that there is a mutual stabilization of NH3 and CO on Co(0001) and preadsorbed CO does not inhibit NH3 adsorption. Pre-adsorbed NH3, NH and N are
found to decrease the quantity of CO and H that can be adsorbed on Co(0001) due
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to lowering of their sticking coefficient (in case of NH3) and the blocking of sites
(NH, N) necessary for CO adsorption or H2 dissociation.

Chapter 6 extends the understanding about NH3 chemistry on cobalt surfaces by
investigating NH3 decomposition experimentally on defective Co(0001) under
UHV conditions and computationally by DFT modelling on the Co(211) surface.
This approach aims to model nanoparticles which consists mainly of flat and
stepped (kinks, defects,etc.) surfaces. Afterwards, the DFT results obtained on flat
Co(0001) and stepped Co(211) surface are exploited to build a kinetic model to
make projections about the prevailing NHx species at temperature and pressure
conditions that are relevant for FTS. It is shown that defects on cobalt surfaces are
very active sites for NH3 decomposition. Kinetic modelling indicated that the
strongly bound NH2 and NH species will be present on stepped cobalt surfaces at
typical FTS conditions, inhibiting CO adsorption and dissociation on cobalt
surfaces.

Chapter 7 covers the adsorption and removal of oxygen on flat and sputtered cobalt
surfaces due to its relevance for FTS as a major elementary reaction that is
generally overlooked in modeling. LEED, STM, XPS, temperature programmed
and isothermal WF measurements were performed under UHV conditions and
hydrogen pressures up to 1x10-5 mbar. It was found that chemisorbed oxygen forms
islands on Co(0001) at low temperature. Surface oxygen can be fully reduced on
both flat and sputtered Co(0001) surfaces under hydrogen pressure of 1x10-5 mbar
at 450 K and 550 K respectively. The experimental activation barrier for the water
formation removal reaction is found as 128 kJ/mol for the flat Co(0001) and 134
kJ/mol for the sputtered Co(0001) by kinetic modelling of the isothermal hydroxyl
removal reaction. The removal of oxygen under CO pressure was not possible
under the same temperature regimes used for oxygen removal under hydrogen
pressure.

8.2. General conclusions
Throughout the thesis, a variety of different approaches have been combined
during the investigation of each subject, such as UHV experiments, DFT modelling
and mean field kinetic modelling. Each of these approaches have their own
limitations, but by combining the results of the different techniques, a very detailed
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insight about the catalytic problem could be obtained. For example, experimental
data obtained in the UHV chamber, like TPD spectra, are often influenced by
background desorption and may result from different surface process, e.g. free
hydrogen desorption, NHx decomposition, etc. DFT modelling can provide
adsorption energies and activation barriers on a chosen surface and allow a more
detailed interpretation of the data. However due to the inherent errors in DFT, for
example, inability to correctly predict CO adsorption sites and energies on
transition metal surfaces, van der Waals forces, and arbitrary choice of surface
structure, the value of the results are questionable unless experimental confirmation
is obtained. Using a combination of experiment and theory, it becomes possible to
obtain a detailed molecular level understanding about the catalytic surface reaction.

Kinetic modelling offers the opportunity to estimate the desired catalytic
parameters such as surface concentrations and reaction rates at catalytically
relevant conditions, thereby providing a first approximation to overcome the
pressure gap between surface science and the catalytically relevant conditions.

An important effect that is caused by the strong adsorption energy of atomic
adsorbates and strong lateral interactions between them is surface restructuring.
This is observed for 0.50 ML, saturation coverage, oxygen chemisorbed on
Rh(100). The Rh surface atoms undergo a clockwise rearrangement for this
coverage. A restructured surface can either be more or less reactive, depending on
the surface structure, which is an important consequence of adsorbate interactions.
The reconstruction brought about by a high chemisorbed oxygen coverage on
Rh(100) is not highly reactive for CO oxidation. Upon CO co-adsorption, the
surface is restored to its original structure and CO oxidation can proceed at a higher
rate afterwards.

An important role that lateral interactions can play for heterogeneous catalytic
reaction kinetics is altering the adsorbate configurations and in turn influence
catalytic activity. If the adsorbates interact repulsively, the effect of such
interactions on configurations and reactivity is only observed at high coverages,
when adsorbates are forced to adsorb in close proximity. This is the phenomenon
that is observed on Rh(100) and Rh(111) surface during CO oxidation at high
coverages. Repulsive interactions destabilize O and CO atoms at different
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configurations and thus decrease the activation barrier. Attractive interactions,
however, are observed already at low coverages and result in the formation of
adsorbate islands. The island formation limits the contact of species in a surface
reaction, since homogeneous mixing is hindered. This then translates to a lower
reaction rate. This effect has been observed for oxygen chemisorbed on Co(0001).
Oxygen islands tend to react with hydrogen with a slow initial rate due to limited
contact between O and H atoms. Attractive interactions also play an important role
on the co-adsorption characteristics of species. Species with attractive interactions
stabilize each other and can form stable coadsorption structures on the surface. The
case of NH3 and CO coadsorption, together filling almost a complete monolayer on
the Co(0001) surface, as described in Chapter 5, forms a remarkable example of
this effect.

8.3. Future prospects
We have performed a variety of reactions on different rhodium and cobalt surfaces
having different orientations, flat, defective or stepped structures. The investigated
systems of catalyst surfaces and adsorbates are inspired by automotive exhaust
catalysis and Fischer-Tropsch Synthesis. Therefore, the results may be of both
academic and industrial importance and a particular effort has been made to relate
the two worlds. There are still challenges that have to be overcome for this
approach to be more successful.

The ultimate goal in catalysis would be to design a catalyst from first principles.
Although we are still far from doing this for practical catalysts, it may be possible
for some test reactions and model catalysts. For example, our findings indicate that
Rh(100) is more active for CO oxidation than Rh(111). It would be interesting to
synthesize nanoparticles that contain primarily Rh(100) or Rh(111) surfaces and
test and compare their activity in a reactor under gas environments containing
different concentrations of CO and O2. If possible, the extension of such an
approach would lead to one of the first examples of better designed catalysts
derived from first principles insights.

Another challenge is to find a balance between simplicity and complexity of the
investigated system. It is easier or more feasible to obtain detailed catalytic
information on a flat Co(0001) surface compared to a stepped or defective cobalt
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surface. However, stepped or defective surface represent the real catalyst
nanoparticle better. The situation is similar when a number of adsorbates are
present on the surface. We have limited ourselves to study of at most two
adsorbates on the surface. At Fischer-Tropsch Synthesis conditions, however, the
cobalt catalyst surface would be covered a number of adsorbates. The oxygen
reduction on cobalt surface can be studied in the presence of CO, oxygenates or
hydrocarbons for example, to obtain an understanding of the more complex picture.

Finally, the experimental results obtained for single crystal metal surfaces can be
tested under pressures above the mbar range, leading to an insight on the evolution
of the catalyst from simplistic to more complex structures covering the pressure
range from vacuum to mbar. The fruitful collaboration between researchers
working at different time and length scale of catalysis, would be a powerful way to
tackle complex reactions and to build general relationships between catalyst
properties and reactivity.
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