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Abstract

Different experimental studies show that wetting effects, due to the metal-support interaction, have
a profound effect on the activity and selectivity in heterogeneous catalysis. The exact mechanism
by which these effects propagate from the nanoscale to the mesoscale is however not yet fully
understood. It can be hypothesized that strong metal-support interactions change the curvature
of the surface layer, by which particular crystal facets become more favourable over those as
commonly predicted by e.g. a Wulff construction. As the topology of the facets enclosing the
catalytic nanoparticle determines the surface density of specific active sites, it is reasonable to
anticipate that metal-support interactions can play an important role in the performance of the
catalyst.

To study the synergistic mechanism by which local metal-support interactions evolve to the
observed activity and selectivity patterns, we have developed a novel modelling approach wherein
we extend an existing ReaxFF potential that describes Co-Co interactions by a description of the
interaction with a fictitious support material. Despite that this material is fictitious in the sense
that it is not a realistic catalyst support material such as alumina or silica, it has the strong
advantage that we can tune the interaction strength via a single parameter in the model or change
the topology of the support by fixating the geometry of the support.

Using the Co/Support potential, we have performed a series of simulated annealing experiments
with varying particle sizes in the range of 2-9 nm. Furthermore, we modified the value for the
metal-support interaction parameter in such a way that we explored a broad range of conditions
varying between strong wetting to strong dewetting conditions.

Performing these annealing simulations with different particle sizes has given more insight in
the effect of the interaction between the metal and the support on the different active sites. By
identifying the different sites, using a pattern recognition algorithm based on CNA, the surface site
fractions have been determined for the different metal-support interaction strengths and particle
sizes.

We have showed that the FCC(110)-oriented step-edge site has the highest contribution to
the total activity of the nanoparticles, coherent with experimental observations. Therefore, it is
expected that the FCC(110)-oriented step-edge site is most likely accounting for the activity of
the cobalt-based Fischer-Tropsch synthesis.
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Chapter 1

Introduction

The world is still heavily reliant on fossil fuels, yet is slowly shifting towards renewable energy
sources as can be seen from Figure 1.1. However, the pace of shifting towards renewable energies
is not fast enough to cope with the growing population and the economic expansion. As can be
seen in Figure 1.1, it is expected that the world is still mostly depending on fossil fuels like coal,
natural gas and oil for the next decades. However, the fossil fuel reserves are depleting [1].
As fuel consumption from the transport sector comprises a sizeable portion of total fossil fuel
consumption [2], alternative processes to produce longer hydrocarbons have to be utilized. The
Fischer-Tropsch synthesis is an interesting technology to obtain longer hydrocarbons as the feed
stock can be derived from alternative sources such as coal, natural gas, CO2 and biomass. Es-
pecially, when synthesis gas can be obtained from CO2 or biomass, an important step towards
sustainability can be made. The Fischer-Tropsch synthesis converts synthesis gas (CO + H2) into
longer hydrocarbons, wherein, catalysts play an import role, to reduce the energy requirements
for this process. To better understand the Fischer-Tropsch synthesis, the role of catalysis will be
explained first.

Figure 1.1: Share of resources to meet the global energy demand from 1919 to 2040 [3].
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CHAPTER 1. INTRODUCTION

1.1 Catalysis
The straightforward explanation of a catalyst is that a catalyst accelerates a chemical reaction,
but is not consumed. A catalysts can improve the conversion, saves energy, can convert undesired
byproducts into harmless molecules and can improve selectivity so less waste products are formed.
Figure 1.2 shows the cycle of a catalytic reaction, wherein first the molecules bond to the catalyst
(adsorption), then the reaction occurs. If the product is formed, it will be released from the
catalyst so a new reaction can take place (desorption). The catalyst offers an alternative path
for the reaction, which is kinetically more favorable than the non-catalytic pathway. Therefore,
milder operating conditions such as lower temperature and pressure can be used.

Figure 1.2: Catalytic reaction cycle [4].

Within the field of catalysis, a distinction can be made between three types of catalysts:
homogeneous, heterogeneous and bio catalysts. In homogeneous catalysis, the substrates for a
reaction and the catalyst are brought together in one phase. Typically, the reagents and catalyst
are both in the liquid phase, but can also be in the gas phase [5]. In heterogeneous catalysis,
catalysts are solids which catalyze a reaction of molecules in the gas or liquid phase. The catalytic
reaction occurs on the surface of the catalyst. In bio catalysis, enzymes are used as catalyst. The
enzyme is a large protein with an active site in a specific shape formed by the protein structure.
These specific shapes ensure that bio-catalysts are highly selective and efficient catalysts.
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CHAPTER 1. INTRODUCTION

1.2 Fischer-Tropsch synthesis
The Fischer-Tropsch process is developed in 1923 by two German scientists, Franz Fischer and
Hans Tropsch at the Kaiser-Wilhelm-Institut für Kohlenforschung in Mülheim an der Ruhr. [4].
In the Fischer-Tropsch process, synthesis gas, which is a mixture of CO and H2, is converted into
a wide range of hydrocarbons, oxygenates and water. Equation 1.1 shows the overall reaction of
the Fischer-Tropsch synthesis. Synthesis gas can be derived from fossil fuels such as oil, natural
gas, coal, or from more renewable sources such as CO2 and biomass.

(2n + 1)H2 + nCO � CnH(2n+2) + nH2O (1.1)

The Fischer-Tropsch synthesis contains three steps for the polymerization reaction, namely,
an initiation, several propagation steps and a termination step. The most likely mechanism for
the Fischer-Tropsch chain growth is the carbide mechanism. In the carbide mechanism the CO is
adsorbed onto the surface first, subsequently, the carbon dissociates and hydrogenates resulting in
CHx intermediates. The CHx can be inserted in another hydrocarbon chain, resulting in a longer
hydrocarbon chain. The chain growth can continue or the chain growth can be terminated by
hydrogenation into an alkane or alkene. Finally, the formed hydrocarbon desorbs from the surface
and the oxygen is removed from the surface as water, as the result of two hydrogenation steps.
For the Fischer-Tropsch synthesis several transition metals can be used as catalysts, showed in
Figure 1.3. However, not all transition metals result in the same selectivity towards the desired
end products. For palladium, osmium, iridium and platinum the dissociation of CO is more
difficult. Therefore, the CO is hydrogenated to form methanol which is undesirable. Rhodium
has a moderate dissociation rate of CO dissociation and a relatively slow methane formation rate,
which results in longer oxygenates. To have a high rate of CO dissociation it is possible to use the
four metals cobalt, iron, nickel and ruthenium. However, the CO dissociation for nickel is much
slower compared to the methane formation rate. Cobalt, iron and ruthenium all have a high CO
dissociation and CHx formation rate to produce longer hydrocarbon chains [6]. The high price of
ruthenium makes this catalyst not suitable for large scale operations. Both iron and cobalt can be
used for large scale application as they are cheaper [7]. Iron catalysts are even less expensive than
cobalt catalysts, however, iron catalysts are also less stable in the conditions present in Fischer-
Tropsch synthesis [4]. Within this thesis the focus will be on the cobalt-based Fischer-Tropsch
synthesis.

Figure 1.3: Fischer-Tropsch product selectivity for different transition metals [6].
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CHAPTER 1. INTRODUCTION

1.3 Structure sensitivity in cobalt-based Fischer-Tropsch
synthesis

Experimental research has shown that the turnover frequency of a cobalt catalyst improves until
its particle size reaches approximately 6 nm [8][9][10]. It is therefore hypothesized that the facets
forming the active sites of the catalyst follow a similar trend as the experimentally obtained
structure sensitivity trend. Research performed by van Etten et al. [11] shows the distribution of
different facets for differently sized cobalt nanoparticles, see Figure 1.4. It can be seen from Figure
1.4 that the FCC(111) and FCC(100)-oriented terrace sites and FCC(211) and FCC(110)-oriented
step-edge sites follow a similar trend as the experimentally obtained structure sensitivity trend.
Therefore, it is expected that these facets form the active sites of the catalyst. However, this study
was performed on unsupported cobalt nanoparticles. This is in contrast with experimental studies
as they do include a support material.

Figure 1.4: Abundance of terrace sites (a) and step-edge sites (b, c) as function of particle size. a,
(red) threefold sites with FCC(111) orientation and (blue) fourfold sites with FCC(100) orienta-
tion. b, five-fold sites of orientations (red) FCC(211), (blue) HCP(01-12) and (green) HCP(01-11).
c, five-fold sites with orientations (red) FCC(110), (blue) HCP(03-31) and (green) HCP(01-13).
Error bars correspond to the 95% confidence intervals determined by averaging over 40 simulations
of particles of the same size. This figure is taken from the work of van Etten et al. [11].

Different experimental studies show that wetting effects, due to the metal-support interac-
tion, have a profound effect on activity and selectivity in heterogeneous catalysis. However, the
exact mechanism by which these effects propagate from nanoscale to mesoscale is not yet fully
understood [12][13][14]. It can be hypothesized that strong metal-support interactions change the
curvature of the surface layer, by which particular crystal facets become more favorable over those
as commonly predicted by e.g. a Wulff construction. As the topology of the facets enclosing
the catalytic nanoparticle determines the surface density of specific active sites, it is reasonable
to anticipate that metal-support interactions may play an important role in the performance of
the catalyst. Therefore, in the present work structure sensitivity trends of cobalt-based Fischer-
Tropsch synthesis in the presence of a support will be investigated.
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CHAPTER 1. INTRODUCTION

1.4 The scope of this thesis
The goal of this work is to unravel the support effect on the structure sensitivity of cobalt-
based Fischer-Tropsch synthesis. First, the synergistic mechanism by which local metal-support
interactions evolve has to be studied. In order to perform molecular dynamics simulations for
constructing supported cobalt nanoparticles, first a force field has to be constructed which describes
both the catalytic material and the support material, as well as the cobalt/support interaction.

Using the metal-support potential, a series of simulated annealing experiments will be per-
formed with varying particle size in the range of 2-9 nm. These simulated annealing calculations
will be performed over a broad range of metal-support interactions strengths varying from strong
wetting to strong dewetting conditions.

From these simulated annealing calculations, more insight can be obtained about the depend-
ency of the nanoparticle activity on the particle size and metal-support interaction strength.
Firstly, the different active sites are identified using a pattern recognition algorithm based on
CNA [15]. By coupling the obtained site fractions as function of particle size and metal-support
interactions, structure sensitivity trends for supported cobalt nanoparticles under different wet-
ting conditions can be obtained. From this information, the effect of support on cobalt-based
Fischer-Tropsch synthesis and can be elucidated.

5



Chapter 2

Method

2.1 Reactive Force Field
For modeling metal/support systems for particle sizes in the range of 2-9 nm, the number of atoms
in the system will vary between around 1.000 to 100.000 atoms. Therefore, these metal/sup-
port systems cannot be studied using state-of-the-art Density Functional Theory (DFT). In order
to model these systems, Molecular Dynamics simulations will be performed using a force field
(ReaxFF), based on an extensive set of structural and energetic data from first-principles calcula-
tions based on spin-polarized DFT calculations. To describe a system, around 100 variables per
element needs to be defined and fitted to the structural and energetic data obtained from DFT
calculations. An overview of the different variables can be found in Appendix A. For additional
information about the force field and its parameters, the reader is referred to van Duin et al.
[16]. Within ReaxFF, the system energy is divided into contributions of various partial energies.
Equation 2.1 shows the partial energy contributions of the total energy to the system.

Esystem = Ebond + Eover + Eunder + Eval + Epen + Etors + Econj + EvdWaals + ECoulomb (2.1)

Within Equation 2.1 Ebond represents the bond energy, Eover and Eunder represent energy due
to the over and under coordination respectively, Eval represents the valance angle energy, Epen is a
penalty energy for stabilizing the three-body system with a center atom which contains two double
bonds connected to it, Etors represents the torsion angle energy, Econj represents the conjugated
system energy, EvdWaals represents the non-bonded van der Waals interaction energy and ECoulomb
represents the coulomb interaction energy [16][17][18].

The ReaxFF method is based on the relationship between a bond order and bond distance.
The bond order BOij

’ between a pair of atoms can be calculated via Equation 2.2. However, the
assumption was made that the bond order can directly be obtained from the interatomic distance
rij. Equation 2.2 consists of three exponential terms which correspond to the contribution of the
sigma, the first pi and the second pi bond, respectively [16][18].

BO
′

ij = exp
[
pbo,1 ·

(
rij
r0

)pbo,2]
+ exp

[
pbo,3 ·

(
rπij
r0

)pbo,4]
+ exp

[
pbo,5 ·

(
rππij
r0

)pbo,6]
(2.2)
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CHAPTER 2. METHOD

2.2 Simulated annealing
In simulated annealing calculations the particles are brought to a high temperature, to be able to
move out of their initial lattice. Subsequently, the system is slowly cooled down via the Molecular
Dynamics simulated annealing procedure. If the temperature is decreased on a logarithm scale
compared to time, a potential-energy minimum can be obtained by the system [19][20]. The
program ADF2019.104 is used to perform the simulated annealing calculations.

Using simulated annealing, cobalt nanoparticles on a support have been constructed with Mo-
lecular Dynamics. The initial temperature for the simulated annealing calculations is 1500 K. To
control the temperature during the simulated annealing calculations a Nosé-Hoover chains ther-
mostat was used, with a temperature damping constant of 100 fs. For the Molecular dynamic
simulations a velocity Verlet algorithm is used with a time step of 0.25 fs in the canonical en-
semble (NVT). The atomic charges are calculated using the Electron Equilibrium Method (EEM)
approach [16].

The number of iterations during initialization is dependent on the amount of atoms present in
the system. For most of the simulated annealing calculations the number of iteration steps during
initialization is 400.000 time steps of 0.25 fs and the system was cooled down from 1500 K to 300
K with 40.000 iterations per annealing step of 100 K. The simulated annealing simulations will
take a lot of computational time to obtain the potential-energy minimum. Therefore, the amount
of support atoms is minimized without influencing the final result of the simulated annealing
calculations. Also a high enough initial temperature is required in order to initialize the the
system. However, a not completely initialized system can be the result of a low initial temperature.
Finally, a low number of iterations steps is required, however, the number of iteration steps need
to be high enough to obtain the potential-energy minimum. These simulated annealing settings
will be elaborated on in Chapter 3.3.
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CHAPTER 2. METHOD

2.3 Site Recognition
After the simulated annealing calculations, the different sites on the surface of the cobalt nan-
oparticle have to be identified. The different sites will be identified using a pattern recognition
algorithm based on the common neighbour analysis (CNA) method [15]. The CNA method identi-
fies a signature for each particle by evaluating the topology of the neighbourhood particles of that
specific particle. The neighbourhood is defined by using a cutoff radius. The cutoff radius rcut(i)
of particle i is calculated via Equation 2.3, where ~rij is the displacement vector between particles i
and j. Subsequently, a list of neighbour particles is generated which lie in the cutoff radius range.
An adjacency matrix is generated of the neighbourhood particles, omitting the central particle.
The adjacency matrix is a binary matrix in which a zero indicates that a particle does not lie
within the cutoff radius of another particle and a one indicates that a particle does lie within
the cutoff radius of another particle. The next step is to generate a neighborhood graph. For
each of the particles in the graph, three characteristic indices are calculated, omitting the central
particle. The indices i,j and k represent the number of adjacent particles, number of edges between
the those particle and the longest path among only those edges respectively. To assign a CNA
signature, the indices (i,j,k) of all neighbourhood particles of the central particle are collected.

rcut(i) =
(

1 +
√

2
2

)1
6

6∑
j=1
|~rij |

 (2.3)

Figure 2.1 present the schematic illustration of the CNA calculation for a central particle
0. The cutoff radius, described via Equation 2.3, is applied for particle 0, which resulted in a
neighbourhood of particles 1 until 9 (I). The adjacency matrix is created by evaluating Equation 2.3
for each of the neighbourhood particles (II). In Figure 2.1 it can be seen that particle 3 (presented
in orange) has three neighbour particles, namely, particle 2, 4 and 8. Particle 9 (presented in
blue) has 4 neighbour particles, namely, particle 5, 6, 7 and 8. Subsequently, a neighbourhood
graph is generated (III). For particle 3, it can be seen that it has three adjacency neighbours (i),
represented by the orange striped nodes. The orange dashed lines represent the edge connecting
the adjacent particles in the neighbourhood of particle 3. Therefore, the indices j of particle 3
is assigned with a one. The continuous orange line represents the longest path among the edges
k. In the case of particle 3, the longest path between the edges is one. The indices for particle
3 therefore, are (3,1,1). For particle 9 the indices (4,2,1) are obtained via the same method as
particle 3 however, this is visualized in blue. It can be seen that particle 9 has 2 edges between
particles in the neighbourhood and the longest path between the edges is one. After obtaining
all indices of the different particles in the neighbourhood of particle 0, a CNA signature can be
obtained (IV). Particles 1, 2, 3, 5 and 6 all have the same indices as particle 3 (3,1,1) and particles
7 and 8 have the same indices as particle 9. Therefore, the CNA signature for particle 0 is equal
to {6 × (3,1,1), 3 × (4,2,1)}.

Figure 2.1: Schematic illustration of the CNA calculation for the FCC(111) face [15].

In this thesis, this algorithm is used to determine the CNA signatures of all atoms in the system.
However, as the surface sites on the cobalt nanoparticle are of interest, the CNA signatures of just
the cobalt atoms are taken into account for calculating the surface site fractions.
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Chapter 3

Results & Discussion

To elucidate the influence of the metal-support interaction strength on the structure sensitivity of
cobalt-based Fischer-Tropsch synthesis, simulated annealing calculations have been performed. In
this chapter the results of these simulations will be discussed. In order to study the metal-support
interactions, first the initialization of the coordinates of both the metal and support atoms will
be determined. Subsequently, the implementation of different metal-support interactions for the
simulated annealing calculations will be explained. In addition, settings such as support size, initial
temperature and the number of iterations needed to be determined. When these settings were
determined, simulations were performed for a range of particle sizes and metal-support interaction
strengths. Finally, structure sensitivity trends for each of the simulated metal-support interactions
were obtained by linking the obtained size-dependent surface site fractions with the corresponding
activities.

3.1 Initial coordinates
To perform the simulated annealing calculations, the initial positions of the metal and support
atoms have to be determined. A script was developed in order to generate the initial positions
for each of the metal and support atoms. The cobalt atoms are initially positioned on a simple
cubic lattice. This is done in such a way that all atoms have the same distance between its direct
neighbouring atoms. This cube of metal atoms is placed centrally on top of the layers of support
atoms. For the support, an FCC(111) structure is chosen since this structure is present in the
FCC crystal as well as the HCP crystal structure. Therefore, it is expected that no bias towards
a specific bulk or surface structure is generated. The FCC(111) support contains four layers of
atoms. It is desired to have a low influence of the shape of the support, since any roughness
may also have an influence on the shape of the particle. However, researching the influence of
roughness on the shape of the particle is outside of the scope of this thesis. Figure 3.1 shows the
initial positions of the FCC(111) support with the cobalt particle cube of 12 × 12 × 12 cobalt
atoms placed centrally on top of it.

9



CHAPTER 3. RESULTS & DISCUSSION

Figure 3.1: Initial position of 12 × 12 × 12 cobalt atoms on a FCC(111) support.

For each combination of particle size and metal-support interaction strength, 40 simulations
were performed for statistical averaging. A random velocity was assigned to each of the atoms in
the system (both metal and support atoms) according to a Gaussian distribution. The random
initial velocities are scaled to the initial temperature of the system (1500 K). The Mersenne Twister
generator is used to generate random numbers [21].

10



CHAPTER 3. RESULTS & DISCUSSION

3.2 Force Field
The in-house trained force field for cobalt [17] is used as a starting point for a force field, describing
both the cobalt-cobalt interaction as well as the cobalt-support interactions. As a first attempt to
model support-metal systems on the basis of a force field, a fictitious support was used. This means
that both the atomic and two-body parameters for cobalt were used as a basis for the atomic and
two-body parameters describing the support material. Only one parameter was adjusted in the
atomic parameter set for the support, namely the atomic mass. The atomic mass was drastically
increased in order to prevent movement of support atoms as much as possible. A complete overview
of the force field describing cobalt/support systems can be found in Appendix B. Despite that the
support material is fictitious in a sense that it is not a realistic catalyst support material such as
alumina or silica, it has the strong advantage that the metal-support interaction strength can be
tuned with only one single parameter.

Equation 3.1 shows the partial energy contribution of the bond energy to the energy of the
system in ReaxFF. By changing the bond energy, the metal-support interaction strength can be
tuned. Therefore, only a single parameter has to be tuned from Equation 3.1. By changing the
dissociation energy (De), the bond energy of the metal-support interaction can be tuned.

Ebond = −De · BOij · exp[pbe,1(1− BOpbe,1
ij )] (3.1)

The initial value of the dissociation energy is 53.5381 kcal/mol. To tune metal-support inter-
actions this value will be changed. Appendix A1 shows the force field of the lowest metal-support
interaction, which is 35 kcal/mol. The reason for choosing 35 kcal/mol as the lower boundary in
our simulations is that too weak metal-support interactions will result in spherical cobalt nano-
particles floating above the support. Increasing the value above 55 kcal/mol will lead to a cluster
of metal and support atoms. Therefore, metal-support interaction strengths of 35, 40, 45 and 50
kcal/mol are used for the simulations. To obtain a clear overview of all results, a color scheme is
used for the different metal-support interaction strengths throughout this thesis. The colors which
are used are green, blue, pink and orange, as shown in Figure 3.2, in which green and orange are
the weakest and strongest metal-support interactions, respectively.

WEAK STRONG

Figure 3.2: Color scheme for the different metal-support interactions. Green represents De =
35 kcal/mol, blue represents De = 40 kcal/mol, pink represents De = 45 kcal/mol and orange
represents De = 50 kcal/mol.
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CHAPTER 3. RESULTS & DISCUSSION

3.3 Simulated annealing settings
Performing annealing simulations can result in high computational costs, especially when a high
number of atoms is used. In this chapter three different parameters will be investigated to reduce
the computational time for the annealing simulations: (1) support size, (2) the initial temperature,
and (3) the number of iteration time steps.

3.3.1 The size of the metal-support
To decrease the computational time, the number of atoms used in the annealing simulations need
to be limited. The amount of support atoms will have a high influence on the simulation time.
Since the particle size increases with increasing metal-support interaction strength, the minimum
support size will be determined by the strongest metal-support interaction strength (De = 50
kcal/mol). The support has to be large enough for all the molecules to fit onto the support when
the metal-support interaction strength is strong. This is due to the better wetting of the metal
onto the support when the interaction strength is strong. Initially, a simple cubic cobalt particle
is placed on top of the support. The simple cubic consists of 12× 12× 12 cobalt atoms in the x,
y and z-direction. The support size is determined by the amount of cobalt atoms in the x, y and
z-direction. The support is chosen to be 3, 4, 5 and 6 times the amount of cobalt atoms in the
x and y-direction and consists of four layers. This results in a total of 5.184, 9.216, 14.400 and
20.736 support atoms, respectively, for a cobalt particle consisting of 1728 atoms (12× 12× 12).
Figure 3.3 shows the initial positions of the cobalt atoms on the different sizes of support.

12



CHAPTER 3. RESULTS & DISCUSSION

(a) Support of 5.184 atoms
(36 × 36 × 4).

(b) Support of 9.216 atoms
(48 × 48 × 4).

(c) Support of 14.400 atoms
(60 × 60 × 4).

(d) Support of 20.736 atoms
(72 × 72 × 4).

Figure 3.3: Initial positions of the cobalt particle on a FCC(111) support with different support
sizes.

The annealing simulation will start at an initial temperature of 1500 K and will slowly decrease
to 300 K. The number of iterations steps during the initialization will be set to 400.000 and the
iterations per annealing step of 100 K will be set at 40.0000. This will be kept constant for all
different support sizes.
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(a) Support of 5.184 atoms
(36 × 36 × 4).

(b) Support of 9.216 atoms
(48 × 48 × 4).

(c) Support of 14.400 atoms
(60 × 60 × 4).

(d) Support of 20.736 atoms
(72 × 72 × 4).

Figure 3.4: Final positions of the cobalt particle on a FCC(111) support with different support
size and a strong metal-support interaction strength.

Figure 3.4, shows the positions of the cobalt atoms after the annealing simulation. In Figure
3.4a, it can be seen that for a support size 3 times larger than the amount of cobalt particles,
the support is not large enough. The cobalt particles are close to the edge of the support and
therefore a larger support would be desired. As can be seen in Figure 3.4b, 3.4c and 3.4d with
a support size 4, 5 and 6 times the number of cobalt atoms in the x and y-direction the support
surface is large enough. For all different sizes, the cobalt atoms are not close to the edges of the
support. Therefore, to reduce the computational time a support size of 4 times the atoms of a
cobalt particle in the x and y-direction is chosen for the annealing simulations.
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3.3.2 The initial annealing temperature

Simulated annealing calculations were performed to investigate the influence of the initial tem-
perature on the wetting effect of the cobalt particle. These simulations have also been performed
to lower the initial temperature as much as possible. A lower initial temperature results in less
computational time needed for the simulated annealing calculations as the total cooling trajectory
will be shorter when the initial temperature is lower. Different initial temperatures in a range of
800 K until 1500 K where used to investigate which initial temperature is desired for the simu-
lated annealing calculations. The simulated annealing calculations will be performed with different
metal-support interaction strengths. The simulated annealing calculations will start at the differ-
ent initial temperatures and will slowly decrease until 300 K. A support size of 4 times the atoms
of a cobalt particle in the x and y- direction will be used. The number of iteration steps during
the initialisation will be set at 400.000 and the iterations per annealing step will be set at 40.0000.
This will be kept constant for all different initial temperatures, as the number of atoms does not
change.

Figures 3.5-3.8 represent the results of the different initial temperatures with different metal-
support interaction strengths. As can be seen in Figures 3.5-3.8 there is a slight difference between
the initial temperatures on the final positions of the cobalt atoms. With an increasing initial
temperature, the support atoms will have more energy to move, which is not desired.

(a) Initial temperature of 800 K. (b) Initial temperature of 900 K. (c) Initial temperature of 1000 K.

(d) Initial temperature of 1100 K. (e) Initial temperature of 1500 K.

Figure 3.5: Final positions of the cobalt particle on a FCC(111) support with different initial
temperatures and a weak metal-support interaction strength (De = 35 kcal/mol).
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(a) Initial temperature of 800 K. (b) Initial temperature of 900 K. (c) Initial temperature of 1000 K.

(d) Initial temperature of 1100 K. (e) Initial temperature of 1500 K.

Figure 3.6: Final positions of the cobalt particle on a FCC(111) support with different initial
temperatures and a moderate metal-support interaction strength (De = 40 kcal/mol).
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(a) Initial temperature of 800 K. (b) Initial temperature of 900 K. (c) Initial temperature of 1000 K.

(d) Initial temperature of 1100 K. (e) Initial temperature of 1500 K.

Figure 3.7: Final positions of the cobalt particle on a FCC(111) support with different initial
temperatures and a moderate metal-support interaction strength (De = 45 kcal/mol).
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(a) Initial temperature of 800 K. (b) Initial temperature of 900 K. (c) Initial temperature of 1000 K.

(d) Initial temperature of 1100 K. (e) Initial temperature of 1500 K.

Figure 3.8: Final positions of the cobalt particle on a FCC(111) support with different initial
temperatures and a strong metal-support interaction strength (De = 50 kcal/mol).

Based on the visualisation of the formed cobalt nanoparticles alone, it is difficult to make a
decision about which initial temperature should be used. To quantify these results, the number of
unknown surface sites have to be identified, using the pattern recognition algorithm. As described
in Chapter 2.3 the program recognises different particle signatures. The unknown surface sites
are sites which are not recognized by the pattern recognition algorithm. There are two possible
explanations as to why these sites are not recognized. First, the site could be at the edge or corner
of the nanoparticle of which the CNA signature is not known. The second explanation is that
the surface sites are not perfectly formed crystal structures (amorphous structures). A side note
to this, is that the surface site fraction of the unknown sites is on the basis of the surface atoms
only. Figure 3.9 shows the percentage of unknown sites at the different initial temperatures. It
can be seen that with a higher initial temperature, less unknown sites are observed for all different
metal-support interaction strengths. Therefore, the initial temperature of 1500 K will be used for
the simulated annealing calculations.
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Figure 3.9: Unknown surface site fraction by different initial temperature and for different metal-
support interaction strengths. Note that green, blue, pink and orange represent the different
metal-support interaction strengths from weak to strong, respectively.
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3.3.3 The number of initial initialisation steps
The number of iteration steps is important since a large number of iteration steps will increase
the computational time. However, the number of iteration steps need to be large enough for the
particles to have enough time to form a final bulk structure. Therefore, it will be investigated which
number of iteration steps is preferred for the simulated annealing calculations with different metal-
support interaction strengths. The simulated annealing calculations will start at a temperature of
1500K. The number of iteration steps during initialization will be varied from 1.000 until 400.000.
Table 3.1 shows the different number of iterations during initialization and the number of iterations
per annealing step.

Table 3.1: Overview of the different iterations during initialization and the number of iterations
per annealing step.

Iterations during initialization Iterations per annealing step
1.000 100
5.000 500
10.000 1.000
50.000 5.000
100.000 10.000
150.000 15.000
200.000 20.000
300.000 30.000
400.000 40.000
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(a) 1.000 iteration steps during ini-
tialization and 100 iterations per
annealing step.

(b) 5.000 iteration steps during ini-
tialization and 500 iterations per
annealing step.

(c) 10.000 iteration steps during
initialization and 1.000 iterations
per annealing step.

(d) 50.000 iteration steps during
initialization and 5.000 iterations
per annealing step.

(e) 100.000 iteration steps during
initialization and 10.000 iterations
per annealing step.

(f) 150.000 iteration steps during
initialization and 15.000 iterations
per annealing step.

(g) 200.000 iteration steps during
initialization and 20.000 iterations
per annealing step.

(h) 300.000 iteration steps during
initialization and 30.000 iterations
per annealing step.

(i) 400.000 iteration steps during
initialization and 40.000 iterations
per annealing step.

Figure 3.10: Final positions of the cobalt particle on a FCC(111) support with a weak metal-
support interaction strength (De = 35 kcal/mol) and a different number of iterations during
initialization and iteration steps.
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(a) 1.000 iteration steps during ini-
tialization and 100 iterations per
annealing step.

(b) 5.000 iteration steps during ini-
tialization and 500 iterations per
annealing step.

(c) 10.000 iteration steps during
initialization and 1.000 iterations
per annealing step.

(d) 50.000 iteration steps during
initialization and 5.000 iterations
per annealing step.

(e) 100.000 iteration steps during
initialization and 10.000 iterations
per annealing step.

(f) 150.000 iteration steps during
initialization and 15.000 iterations
per annealing step.

(g) 200.000 iteration steps during
initialization and 20.000 iterations
per annealing step.

(h) 300.000 iteration steps during
initialization and 30.000 iterations
per annealing step.

(i) 400.000 iteration steps during
initialization and 40.000 iterations
per annealing step.

Figure 3.11: Final positions of the cobalt particle on a FCC(111) support with a moderate metal-
support interaction strength (De = 40 kcal/mol) and a different number of iterations during
initialization and iteration steps.
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(a) 1.000 iteration steps during ini-
tialization and 100 iterations per
annealing step.

(b) 5.000 iteration steps during ini-
tialization and 500 iterations per
annealing step.

(c) 10.000 iteration steps during
initialization and 1.000 iterations
per annealing step.

(d) 50.000 iteration steps during
initialization and 5.000 iterations
per annealing step.

(e) 100.000 iteration steps during
initialization and 10.000 iterations
per annealing step.

(f) 150.000 iteration steps during
initialization and 15.000 iterations
per annealing step.

(g) 200.000 iteration steps during
initialization and 20.000 iterations
per annealing step.

(h) 300.000 iteration steps during
initialization and 30.000 iterations
per annealing step.

(i) 400.000 iteration steps during
initialization and 40.000 iterations
per annealing step.

Figure 3.12: Final positions of the cobalt particle on a FCC(111) support with a moderate metal-
support interaction strength (De = 45 kcal/mol) and a different number of iterations during
initialization and iteration steps.
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(a) 1.000 iteration steps during ini-
tialization and 100 iterations per
annealing step.

(b) 5.000 iteration steps during ini-
tialization and 500 iterations per
annealing step.

(c) 10.000 iteration steps during
initialization and 1.000 iterations
per annealing step.

(d) 50.000 iteration steps during
initialization and 5.000 iterations
per annealing step.

(e) 100.000 iteration steps during
initialization and 10.000 iterations
per annealing step.

(f) 150.000 iteration steps during
initialization and 15.000 iterations
per annealing step.

(g) 200.000 iteration steps during
initialization and 20.000 iterations
per annealing step.

(h) 300.000 iteration steps during
initialization and 30.000 iterations
per annealing step.

(i) 400.000 iteration steps during
initialization and 40.000 iterations
per annealing step.

Figure 3.13: Final positions of the cobalt particle on a FCC(111) support with a strong metal-
support interaction strength (De = 50 kcal/mol) and a different number of iterations during
initialization and iteration steps.

From Figures 3.10-3.13, it can be seen that for a small number of iterations during initialization
the atoms did not have enough time to move out of their initial lattice. The atoms are almost in
the same simple cubic lattice as their initial positions. Figures 3.10-3.13 show, that with increasing
the number of iterations during initialization, the atoms are moving out of their initial lattice. A
transition can be observed from the initial cubic lattice to a crystalline phase consisting of FCC
and HCP-oriented sites. The difference in the final structures of the nanoparticles becomes smaller
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after 200.000 iterations during initialization. Therefore, no decision can be made visually. Figure
3.14, presents the surface site fraction of the unknown sites for the different number of iteration
steps during initialization. It can be seen that the surface site fraction of unknown sites decreases
with increasing number of iterations during initialization. However, for 400.000 iterations during
initialisation the surface site fraction for the unknown sites is sufficiently low. However, the surface
site fraction of the unknown sites is slightly higher compared to the surface site fraction of the
unknown sites of the cobalt nanoparticle in vacuum. This is a result of the atoms at the surface
connected to the support, which can’t be identified. However, these atoms do not have an influence
on the number of active sites, since they are not active.

Figure 3.14: Unknown surface site fraction by different number of iterations during initialization
and per annealing step for different metal-support interaction strengths. Note that green, blue,
pink and orange represent the different metal-support interaction strengths from weak to strong
respectively.

To see if the cooling trajectory of the simulated annealing calculations is not too fast the mean
square displacement (MSD) will be calculated. With the mean square displacement the degree of
fluctuations of the particle positions can be measured. The mean-square displacement is calculated
via Equation 3.2 [18].

MSD = 1
N − n

N−n∑
i=1

(~ri+n − ~ri)2, n = 1, ..., N − 1 (3.2)

In Figures 3.15-3.18, the mean square displacement is presented as function of the simula-
tion time. In Figures 3.15-3.18, the number of molsav is a representation a number of samples
taken over a certain time step. For all different simulated annealing calculations with a different
number of iteration steps during initialization the same number of samples are obtained. The
amount of iteration steps during each time step depends on the total number of iteration steps
for the annealing simulations. This results that for all the simulated annealing calculations the
systems starts to cool down after 100 samples. As can be seen from Figures 3.15-3.18, for a small
number of iterations during initialization the cooling trajectory is too fast. The atoms do not
have enough time to form their ordered crystal. It can also be seen that from 300.000 iteration
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steps during initialization a plateau can be observed around ∼175 samples. For 400.000 iterations
steps during initialization the plateau can be observed around ∼150 samples. This means that
nanoparticles with an ordered bulk phase are being formed before the system is completely cooled
down. Therefore, the number of iteration steps during initialization will be set at 400.000.

(a) 1.000 iteration steps during ini-
tialization and 100 iterations per
annealing step.

(b) 5.000 iteration steps during ini-
tialization and 500 iterations per
annealing step.

(c) 10.000 iteration steps during
initialization and 1.000 iterations
per annealing step.

(d) 50.000 iteration steps during
initialization and 5.000 iterations
per annealing step.

(e) 100.000 iteration steps during
initialization and 10.000 iterations
per annealing step.

(f) 150.000 iteration steps during
initialization and 15.000 iterations
per annealing step.

(g) 200.000 iteration steps during
initialization and 20.000 iterations
per annealing step.

(h) 300.000 iteration steps during
initialization and 30.000 iterations
per annealing step.

(i) 400.000 iteration steps during
initialization and 40.000 iterations
per annealing step.

Figure 3.15: Mean square displacement of the cobalt particle on a FCC(111) support with a weak
metal-support interaction strength (De = 35 kcal/mol) and a different number of iterations during
initialization and iteration steps.
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(a) 1.000 iteration steps during ini-
tialization and 100 iterations per
annealing step.

(b) 5.000 iteration steps during ini-
tialization and 500 iterations per
annealing step.

(c) 10.000 iteration steps during
initialization and 1.000 iterations
per annealing step.

(d) 50.000 iteration steps during
initialization and 5.000 iterations
per annealing step.

(e) 100.000 iteration steps during
initialization and 10.000 iterations
per annealing step.

(f) 150.000 iteration steps during
initialization and 15.000 iterations
per annealing step.

(g) 200.000 iteration steps during
initialization and 20.000 iterations
per annealing step.

(h) 300.000 iteration steps during
initialization and 30.000 iterations
per annealing step.

(i) 400.000 iteration steps during
initialization and 40.000 iterations
per annealing step.

Figure 3.16: Mean square displacement of the cobalt particle on a FCC(111) support with a mod-
erate metal-support interaction strength (De = 40 kcal/mol) and a different number of iterations
during initialization and iteration steps.
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(a) 1.000 iteration steps during ini-
tialization and 100 iterations per
annealing step.

(b) 5.000 iteration steps during ini-
tialization and 500 iterations per
annealing step.

(c) 10.000 iteration steps during
initialization and 1.000 iterations
per annealing step.

(d) 50.000 iteration steps during
initialization and 5.000 iterations
per annealing step.

(e) 100.000 iteration steps during
initialization and 10.000 iterations
per annealing step.

(f) 150.000 iteration steps during
initialization and 15.000 iterations
per annealing step.

(g) 200.000 iteration steps during
initialization and 20.000 iterations
per annealing step.

(h) 300.000 iteration steps during
initialization and 30.000 iterations
per annealing step.

(i) 400.000 iteration steps during
initialization and 40.000 iterations
per annealing step.

Figure 3.17: Mean square displacement of the cobalt particle on a FCC(111) support with a mod-
erate metal-support interaction strength (De = 45 kcal/mol) and a different number of iterations
during initialization and iteration steps.
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(a) 1.000 iteration steps during ini-
tialization and 100 iterations per
annealing step.

(b) 5.000 iteration steps during ini-
tialization and 500 iterations per
annealing step.

(c) 10.000 iteration steps during
initialization and 1.000 iterations
per annealing step.

(d) 50.000 iteration steps during
initialization and 5.000 iterations
per annealing step.

(e) 100.000 iteration steps during
initialization and 10.000 iterations
per annealing step.

(f) 150.000 iteration steps during
initialization and 15.000 iterations
per annealing step.

(g) 200.000 iteration steps during
initialization and 20.000 iterations
per annealing step.

(h) 300.000 iteration steps during
initialization and 30.000 iterations
per annealing step.

(i) 400.000 iteration steps during
initialization and 40.000 iterations
per annealing step.

Figure 3.18: Mean square displacement of the cobalt particle on a FCC(111) support with a strong
metal-support interaction strength (De = 50 kcal/mol) and a different number of iterations during
initialization and iteration steps.
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3.4 Particle size
The number of atoms in the annealing simulations with a support are compatible with the number
of atoms used in the annealing simulations without support in the work performed by van Etten
et al. [11]. However, the size of the particles formed via the annealing simulations in presence of
a support is not compatible with the particle size of the same number of atoms in the annealing
simulations performed by van Etten et al. [11]. This is due to the different metal-support interac-
tions. From Figure 3.19, it can be seen that when the metal-support interaction strength is weak,
spherical like nanoparticles are formed. With an increasing metal support interaction strength the
nanoparticles are forming a "pancake like" shape which increases the particle size. Therefore, the
particle size has to be determined for the different number of atoms and the different metal-support
interaction strengths.

3.6 nm

(a) De = 35 kcal/mol, dp = 3.6 nm.

4.0 nm

(b) De = 40 kcal/mol, dp = 4.0 nm.

4.9 nm

(c) De = 45 kcal/mol, dp = 4.9 nm.

6.5 nm

(d) De = 50 kcal/mol, dp = 6.5 nm.

Figure 3.19: Cobalt particle of 12×12×12 atoms on an FCC(111) support with different interaction
strengths.
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To determine the particle size of the particle, the coordinates of the atoms on the edge of
the particle have to be obtained. This is done by analysing the positions of the atoms after the
annealing simulations. The size of the particle is then calculated via Equation 3.3. To obtain a
more precise diameter, five samples per different particle size were used to determine the average
particle sizes.

dp =
√

(x1 − x2)2 + (y1 − y2)2 (3.3)

Table 3.2, presents the average diameter for the different number of atoms and metal-support
interaction strengths compared to the results obtained by van Etten et al. [11]. In Appendix C,
Table 3.2 can be found with the the corresponding errors corresponding to the 95% confidence
interval. As can be seen from Table 3.2 the particle size of a weak metal-support interaction
strength (De = 35 kcal/mol) is almost compatible with the particle size obtained by van Etten
et al. [11]. This was expected, since the weak metal-support interaction allows the cobalt atoms
to form an almost perfect spherical particle which is compatible to the spherical shape of the
cobalt particles obtained by van Etten et al. [11]. However, for stronger metal-support interaction
strengths it can be seen that the particle size increases significantly compared to the weak metal-
support interaction. This is due to the "pancake-like" shape which is formed by strong metal-
support interactions.

Table 3.2: Particle size of different number of atoms by different metal-support interactions and
without support.

dp (nm) dp (nm) dp (nm) dp (nm) dp (nm)
Number of cobalt atoms De = 35 De = 40 De = 45 De = 50 by van Etten

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) et al. [11]
5× 5× 5 1.3 1.7 2.0 2.7 1.4
6× 6× 6 1.7 2.0 2.5 3.0 1.7
7× 7× 7 2.0 2.3 2.9 3.9 2.1
8× 8× 8 2.2 2.7 3.3 4.4 2.4
9× 9× 9 2.5 3.0 3.7 4.9 2.7

10× 10× 10 3.0 3.4 4.1 5.7 3.0
11× 11× 11 3.2 3.8 4.5 6.0 3.3
12× 12× 12 3.6 4.0 4.9 6.5 3.6
14× 14× 14 4.1 4.6 5.7 7.3 4.2
16× 16× 16 4.8 5.5 6.6 8.0 4.8
18× 18× 18 5.3 6.2 7.1 9.3 5.4
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3.5 Dispersion

Since the Fischer-Tropsch synthesis takes place on the surface of the catalyst, it is of great value
to have a high dispersion. The dispersion is the ratio between the surface atoms and the total
amount of atoms and can be calculated via Equation 3.4. In Equation 3.4 Ns represent the number
of metal atoms at the surface and Nv represents the number of metal atoms in the bulk [4].

D ≡ Ns

Nv
(3.4)

It is expected that the dispersion of the cobalt atoms increases with the increasing metal-
support interaction strength. This is due to the ’pancake-like’ shape which allows more cobalt
atoms to be present at the surface instead of in the bulk. Figure 3.20 shows the dispersion as
function of particle size for each of the simulated metal-support interaction strengths. The black
dots indicate the dispersion values obtained by van Etten et al. [11] for unsupported nanoparticles.
As can be seen from Figure 3.20 the dispersion increases when the metal-support interaction
increases. It was expected that the weak metal-support interaction follows almost the same trend
as the dispersion trend obtained for unsupported nanoparticles. However, it can be seen that the
dispersion for the supported nanoparticles with weak metal-support interactions is slightly lower
than that obtained for nanoparticles in vacuum. This is due to the presence of the support. Since
the cobalt nanoparticle in vacuum does not have a support, it can hold more surface atoms than
with a support. It can also be seen that the dispersion of the surface atoms is higher at low
particle size than at high particle size. This is due to the ratio between the amount of cobalt
atoms that are in contact with the support and the amount of cobalt atoms at the surface. The
number of bulk atoms connected to the support increases much slower compared to the surface
atoms of cobalt with increasing number of particles.

Figure 3.20: Fraction of the surface atoms (dispersion). Note that the green, blue, pink and orange
represent the different metal-support interaction strengths from weak to strong respectively and
the black dots correspond to the cobalt nanoparticles in vacuum. The error bars correspond to
the 95% confidence interval.
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3.6 Surface site distributions
In this section, the results of the annealing simulations will be analyzed. The different sites
are identified using the pattern algorithm based on CNA [15] explained in Chapter 2.3. The
average surface site distribution is obtained by averaging the site fractions of the 40 simulations
per particle size over the whole particle size range. The error bars are corresponding to the 95%
confidence interval. Research performed by van Etten et al. [11] has shown that for a nanoparticle
in vacuum, the FCC(111) and FCC(100)-oriented terrace sites and the FCC(211) and FCC(110)-
oriented step-edge sites show an increasing surface site fraction with increasing particle size up
to ∼6 nm. After ∼6 nm a plateau is observed. This trend is similar to the structure sensitivity
trend which is experimentally observed [8][9][10]. For the HCP(01-12) and HCP(03-31)-oriented
step-edge sites the maximum surface site fraction is observed at a particle size of ∼3 nm. For
the HCP(01-11)-oriented step-edge site a maximum surface site fraction is observed at a particle
size of ∼2 nm. The HCP(01-13)-oriented step-edge sites are present in the whole range of particle
sizes, however, the surface site fraction is very low.

3.6.1 FCC(110)-oriented step-edge sites
As can be seen from Figure 3.21, the trend of the surface site fraction follows the same trend as
the experimentally obtained structure sensitivity trend. There is almost no difference between the
different metal-support interaction strengths for the FCC(110)-oriented step-edge site.

Figure 3.21: Surface site distribution of the FCC(110)-oriented step-edge sites. Note that the
green, blue, pink and orange represent the different metal-support interaction strengths from
weak to strong, respectively, and the black dots correspond to the cobalt nanoparticles in vacuum.
The error bars correspond to the 95% confidence interval.
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3.6.2 HCP(03-31)-oriented step-edge sites
As can be seen from Figure 3.22, the trend of the surface site fraction follows the same trend
as the experimentally obtained structure sensitivity trend. However, the results show that the
plateau starts at ∼3 nm instead of ∼6 nm which is experimentally obtained. It can be seen that
for moderate interaction strengths the surface site fraction is higher than for weak and strong
metal-support interaction strengths.

Figure 3.22: Surface site distribution of the HCP(03-31)-oriented step-edge sites. Note that the
green, blue, pink and orange represent the different metal-support interaction strengths from weak
to strong, respectively, and the black dots correspond to the cobalt nanoparticles in vacuum. The
error bars correspond to the 95% confidence interval.

34



CHAPTER 3. RESULTS & DISCUSSION

3.6.3 HCP(01-13)-oriented step-edge sites
As can be seen from Figure 3.23, the trend of the surface fraction follows the same trend as the
obtained trend by van Etten et al. [11]. The HCP(01-13)-oriented step-edge sites are present with
a low surface site fraction over the whole range of particle sizes. There is almost no difference
between the different metal-support interaction strengths. However, for a weak metal-support
interaction strength the surface site fraction of the HCP(01-13)-oriented step-edge sites is higher
compared to the other metal-support interaction strengths and for a cobalt nanoparticle in vacuum.

Figure 3.23: Surface site distribution of the HCP(01-13)-oriented step-edge sites. Note that the
green, blue, pink and orange represent the different metal-support interaction strengths from weak
to strong, respectively, and the black dots correspond to the cobalt nanoparticles in vacuum. The
error bars correspond to the 95% confidence interval.
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3.6.4 FCC(111)-oriented terrace sites
From Figure 3.24, it can be seen that a weak metal-support interaction strength has a low and
constant surface fraction of the FCC(111)-oriented terrace sites, which is lower than the surface
site fractions as obtained from cobalt nanoparticles in vacuum. The moderate metal-support
interaction strengths have a higher surface fraction of the FCC(111)-oriented terrace sites for
particle sizes below ∼4 nm. However, the surface site fraction for the FCC(111)-oriented terrace
sites is decreasing onwards. The strong metal-support interaction strengths have a high surface
site fraction for small particles and a low surface site fraction for large particles. The trend of
the surface site fraction of the cobalt nanoparticle in vacuum is compared to the experimentally
obtained structure sensitivity trend. However, this trend cannot be observed for each of the
different metal-support interaction strengths.

Figure 3.24: Surface site distribution of the FCC(111)-oriented terrace sites. Note that the green,
blue, pink and orange represent the different metal-support interaction strengths from weak to
strong, respectively, and the black dots correspond to the cobalt nanoparticles in vacuum. The
error bars correspond to the 95% confidence interval.
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3.6.5 FCC(100)-oriented terrace sites
As can be seen from Figure 3.25, the trend of the surface fractions follow the same trend as the
experimentally obtained structure sensitivity trend. However, the plateau can be observed at ∼3
nm for weak metal-support interactions and a higher plateau at ∼2 nm for moderate metal-support
interactions. For strong metal-support interactions the FCC(100)-oriented terrace sites have a low
surface fraction which is slowly increasing with increasing particle size. Overall, the surface site
fraction trend of all the different metal-support interaction strengths have a lower surface site
fraction than obtained by a cobalt nanoparticle in vacuum.

Figure 3.25: Surface site distribution of the FCC(100)-oriented terrace sites. Note that the green,
blue, pink and orange represent the different metal-support interaction strengths from weak to
strong, respectively, and the black dots correspond to the cobalt nanoparticles in vacuum. The
error bars correspond to the 95% confidence interval.
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3.6.6 FCC(211)-oriented step-edge sites
It can be seen from Figure 3.26, that weak metal-support interactions have a plateau over the whole
particle size range for the FCC(221)-oriented step-edge sites. Strong metal-support interactions
follow the trend of the experimentally obtained structure sensitivity trend and has a higher surface
site fraction by larger particle sizes.

Figure 3.26: Surface site distribution of the FCC(211)-oriented step-edge sites. Note that the
green, blue, pink and orange represent the different metal-support interaction strengths from
weak to strong, respectively, and the black dots correspond to the cobalt nanoparticles in vacuum.
The error bars correspond to the 95% confidence interval.
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3.6.7 HCP(01-12)-oriented step-edge sites
As can be seen from Figure 3.27, the surface site fraction increases with increasing particle size
up to ∼3 nm and shows a slightly decreasing plateau onwards. There is almost no difference
between the different metal-support interactions. However, the surface site fractions obtained by
the moderate metal-support interaction strengths is slightly higher compared to the weak and
strong metal-support interaction strengths. Also it can be seen that the surface site fraction for
the moderate metal-support interaction strengths is slightly higher compared to the surface site
fraction obtained for the cobalt nanoparticle in vacuum.

Figure 3.27: Surface site distribution of the HCP(01-12)-oriented step-edge sites. Note that the
green, blue, pink and orange represent the different metal-support interaction strengths from weak
to strong, respectively, and the black dots correspond to the cobalt nanoparticles in vacuum. The
error bars correspond to the 95% confidence interval.
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3.6.8 HCP(01-11)-oriented step-edge sites
As can be seen from Figure 3.28, the obtained results by van Etten et al. [11] show that there is
an optimum at ∼2 nm. Subsequently, the surface fraction decreases. However, the weak metal-
support interaction strength does not follow this trend. For a weak metal-support interaction
strength the same trend as for the experimentally observed structure sensitivity trend is obtained.
For stronger metal-support interaction strengths there is almost no difference in the surface site
fraction over the whole range of particle sizes. However, a slight decrease of the surface site fraction
can be observed after ∼ 5 nm for a strong metal-support interaction strength. Overall, the surface
site fraction of the different metal-support interaction strengths is higher after ∼3 nm compared
to the surface site fraction obtained by the cobalt nanoparticle in vacuum.

Figure 3.28: Surface site distribution of the HCP(01-11)-oriented step-edge sites. Note that the
green, blue, pink and orange represent the different metal-support interaction strengths from weak
to strong, respectively, and the black dots correspond to the cobalt nanoparticles in vacuum. The
error bars correspond to the 95% confidence interval.
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3.7 Turnover frequency
The activity of a specific site is of importance for comparing the catalysts with different metals,
or as in this thesis with different metal-support interaction strength. For the comparison, the
turnover frequency (TOF) is defined. The TOF is the number of reactant molecules converted
over this site per second [4]. The turn over frequency per specific site is calculated via Equation 3.5.
Within Equation 3.5, xi represents the site fraction of the specific surface site i and ri represents
the corresponding site-based reaction rate.

TOFi = xi · ri (3.5)

The total turn over frequency for the catalyst particle is calculated via Equation 3.6.

TOFtotal =
n∑
i=1

TOFi (3.6)

The site-based reaction rates for the different surface sites are calculated by van Etten et al. [11]
and can be found in Appendix D. Figure 3.29 presents the total activity for the different particle
sizes and different metal-support interactions. As can be seen from Figure 3.29, all different metal-
support interaction strengths follow the same trend. However, the trend for the total activity for
the moderate metal-support interaction strengths lies slight higher than the total activity trends for
the weak and strong metal-support interaction strengths. The trend which can be observed from
Figure 3.29, also follows the same trend which is experimentally observed [8][9][10]. The total
activity increases with increasing particle size up to ∼6 nm after which a plateau is observed.
However, for a weak metal-support interaction the plateau is not visible since the lack of data
points after ∼5 nm. This is due to the amount of atoms needed to produce a particle which is
larger than ∼5 nm. The simulated annealing calculations would take too long to produce this
results.

Figure 3.29: Total activity for different metal-support interaction strengths.
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Figures 3.30 - 3.33, present the individual contributions from the different sites on the total
activity of the particles with different metal-support interaction strengths. As can be seen from
Figures 3.30 - 3.33, the contribution of the FCC(110)-oriented step-edge site is the highest, followed
by the HCP(013)-oriented step-edge site. The contribution of the FCC(110)-oriented step-edge
site is increasing with increasing particle size. However, the contribution of the HCP(013)-oriented
step-edge site is decreasing with increasing particle size. From Figure 3.33, it can be seen that the
contribution of the FCC(111)-oriented terrace site activity for a strong metal-support interaction
strength is larger compared to the other metal-support interactions. This is due to the strong
metal-support interaction strength on which the small number of atoms almost form a "pancake
like" shape on the FCC(111)-oriented support. Therefore, there might be a little bias towards the
FCC(111)-oriented terrace site with strong metal-support interactions if an FCC(111)-oriented
structured support is used. However, the contribution of the FCC(111)-oriented terrace sites on
the total activity is less than 10 % of the total activity, therefore, it is expected that there is no
or little bias as a result of the FCC(111)-oriented terrace site. The error bars corresponding to
the 95% confidence intervals were left out of Figure 3.30 - 3.33 to keep the Figures more clear.
In Appendix E-H tables are presented with contribution of the different sites to the total TOF
with different metal-support interaction strengths and the corresponding errors corresponding to
the 95% confidence intervals. The overall observation is that the total activity for the different
metal-support interaction strengths each follow the same trend as the experimentally observed
structure sensitivity in cobalt based Fischer-Tropsch synthesis, and the majority of the activity
is determined by the FCC(110)-oriented step-edge site. These findings suggest that the strength
of the metal-support interaction does not have a significant influence on the obtained structure
sensitivity trend.

Figure 3.30: Contribution of the different sites to the total TOF for a weak metal-support inter-
action strength (De = 35 kcal/mol).
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Figure 3.31: Contribution of the different sites to the total TOF for a moderate metal-support
interaction strength (De = 40 kcal/mol).

Figure 3.32: Contribution of the different sites to the total TOF for a moderate metal-support
interaction strength (De = 45 kcal/mol).
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Figure 3.33: Contribution of the different sites to the total TOF for a strong metal-support
interaction strength (De = 50 kcal/mol).
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Chapter 4

Conclusion

The aim of this study was to understand the support effect on the structure sensitivity of cobalt-
based Fischer-Tropsch synthesis. To understand the support effect on the structure sensitivity of
cobalt-based Fischer-Tropsch synthesis, several methods have been used.
First, a ReaxFF force field is developed by extending an existing ReaxFF force field with a ficti-
tious support material. The interaction strength could be tuned via changing a single parameter,
namely, the dissociation energy (De). By changing the De in a range of 35 kcal/mol to 50 kcal/mol,
the wetting effects due to metal-support interactions have been simulated, via simulated annealing
calculations.
For the simulated annealing calculations, different settings have to be determined to suppress the
computational time of the simulations. First, the size of the support was optimized on the basis of
the strong metal-support interaction case. The support size of 4 times the number of atoms in the
x- and y-direction of cobalt was chosen to be sufficient for the simulated annealing calculations.
Secondly, the initial temperature of the simulated annealing simulations was altered. This was
done to assure that the initialization period was performed at a sufficiently high temperature in
order for the cobalt atoms to move out of their initial lattice. An initial temperature of 1500 K
was sufficient for the simulated annealing simulations, since this would lead to the least amount
of unknown sites recognized by the pattern recognition algorithm. Third, the number of iteration
steps during initialization and the subsequent annealing trajectories were altered, to investigate if
both the initialization and cooling trajectories were sufficiently long. This was done by investig-
ating the number of unknown sites by the pattern recognition algorithm and via the mean square
displacement of the atoms. Both methods concluded that 400.000 iterations during initialization
and 40.000 iterations per annealing step of 100 K were sufficient.
The particle sizes of the nanoparticles formed via the simulated annealing calculations have been
determined. It could be seen that the particle size increases with increasing metal-support inter-
action strength. This is due to shape of the nanoparticles. For a weak metal-support interaction
strength spherical like nanoparticles were formed, whereas, for strong metal-support interaction
strength "pancake like" nanoparticles were formed.
The dispersion for the different particle sizes and different metal-support interaction strengths
have been investigated. It could be seen that the dispersion decreases with increasing particle size
for each of the simulated metal-support interaction strengths. This is due to the faster increasing
amount of bulk atoms compared to the surface atoms. It could also be seen that the dispersion
increases with increasing metal-support interaction strength at a constant particle size. This is
due to the shape of the nanoparticles which are formed. With a strong-metal support interaction
strength, the nanoparticles will have a "pancake like" shape which contains more surface atoms
than a spherical like nanoparticle, which is formed with a weak metal-support interaction strength.
The surface site distribution for the different sites has been analysed for different metal-support
interaction strengths and was compared to the obtained surface site distribution for cobalt nano-
particle in vacuum. It has been shown that the FCC(211) and FCC(110)-oriented step-edge sites
show an increasing surface site fraction with increasing particle size up to ∼6 nm, and a plateau is
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observed onwards. This trend is similar to the structure sensitivity trend which is experimentally
observed. For the HCP(01-12) and HCP(03-31)-oriented step-edge sites the maximum surface site
fraction is observed at a particle size of ∼3 nm. For the HCP(01-11)-oriented step-edge site a
maximum surface site fraction is observed at a particle size of ∼2 nm for the cobalt nanoparticle
in vacuum. For a weak metal-support interaction strength the surface site fraction increases with
increasing particle size. For moderate and strong metal-support interactions the surface site frac-
tion does not changes with increasing particle size. The HCP(01-13)-oriented step-edge sites are
present in the whole range of particle sizes, however, the surface site fraction is very low. This
trend can be observed for all different metal-support interaction strengths as well as the cobalt
nanoparticle in vacuum. It has been shown that for the FCC(111)-oriented terrace sites the sur-
face fraction increases with increasing particle size for a cobalt particle in vacuum. However, a
different trend was observed for the different metal-support interaction strengths. For a weak
metal-support interaction a low and constant surface fraction could be observed. For moderate
metal-support interactions a higher, slightly decreasing surface fraction could be observed. For
a strong metal-support interaction strength a high surface fraction could be observed for small
particle sizes and a lower surface fraction for smaller particle sizes. It has been shown that for
the FCC(100)-oriented terrace sites the surface fraction increases with increasing particle size for
a cobalt particle in vacuum and for the different metal-support interaction strengths. However,
for weak metal-support interaction strengths the plateau is observed at ∼3 nm and for moderate
metal-support interaction strengths at ∼2 nm. The surface fraction of the FCC(100)-oriented
terrace sites for moderate metal-support interaction strengths is higher than for weak and strong
metal-support interaction strengths.
Finally, the total activity of differently sized cobalt nanoparticles was calculated for the different
metal-support interaction strengths. It could be seen that the total activity trend is the same for
all different metal-support interaction strengths. However, the total activity for particles with a
moderate metal-support interaction strength is slightly higher than for weak and strong metal-
support interaction strengths.
In order to identify which site could be responsible for the overall activity in cobalt-based Fischer-
Tropsch synthesis, the contribution of each of the identified surface sites to the overall activity was
determined. The contributions of the FCC(110)-oriented step-edge site was significantly higher
than all other contributions over the whole simulated metal-support interaction strength range.
Therefore, it is expected that the FCC(110)-oriented step-edge sites are most likely responsible
for the observed structure sensitivity trends in cobalt-based Fischer-Tropsch synthesis.
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Outlook

Extending an existing ReaxFF force field with a fictitious support material was a profound method
to study the influence of the metal-support interaction strength on the structure sensitivity trend,
however, some improvements can be made. First of all, a fictitious support has been used, due to
the complexity it takes to create a force field for a specific support material and its interactions with
cobalt. However, if such a force field was created, the metal-support interactions is determined by
the interaction parameters in the force field. Therefore, multiple force fields have to be constructed
in order to study the effect of metal-support interactions on structure sensitivity in cobalt-based
Fischer-Tropsch synthesis.
Another improvement can be made by the orientation of the support. In this thesis an FCC(111)-
oriented terrace site support was used to created less bias towards a specific surface site. However,
to mimic a real, support surface roughness have to be added to the support layers. Since roughness
of the support can influence the location and geometry of the formed cobalt nanoparticles.
The particle sizes were determined manually by measuring the particle size. For each of the
simulated annealing simulations with a different number of atoms and a different metal-support
interaction strength the particle size was determined by averaging over 5 particle sizes. Therefore,
the determination of the particle size could have been more accurate. To improve the accuracy of
the particle size more samples have to be taken to measure the particle size. Also, a script can be
made to calculate the particle size for each simulation. However, there are some difficulties to take
into account. For example, for strong metal-support interactions, some single cobalt atoms were
observed on the support. Since these atoms are not part of the main particle, an overestimation of
the particle size will be obtained when the particle size is determined by for example the maximum
distance between two cobalt atoms.
For each of the metal-support interactions strengths, the same range in terms of cobalt atoms is
simulated. However, the particle size range for weak metal-support interactions (1.5-5.5 nm) is
significantly lower than that for strong metal-support interactions (2-9 nm). In order to obtain
more insight in the structure sensitivity trends, a particle size range of around 2-9 nm is preferred,
since both the experimentally observed increasing trend with increasing particle size up to around
6 nm as well as the plateau formation onwards can be observed. However, larger particle sizes
for weak metal-support interaction strengths require a large number of atoms for the simulated
annealing calculations. Since this would have resulted in too high computational costs, these
simulations were not performed yet.
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Appendix A

ReaxFF parameter overview
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Appendix B

Parameters of the metal-support
force field

Reactive MD-force field: Al force field/H2O force field                          

 39       ! Number of general parameters                                         

   50.0000 !p(boc1) 

    9.5469 !p(boc2) 

   26.5405 !p(coa2) 

    1.7224 !p(trip4) 

    6.8702 !p(trip3) 

    60.485 !kc2 

    1.0588 !p(ovun6) 

    4.6000 !p(trip2) 

   12.1176 !p(ovun7) 

   13.3056 !p(ovun8) 

  -70.5044 !p(trip1) 

    0.0000 !Lower Taper-radius (swa) 

   10.0000 !Upper Taper-radius (swb) 

    2.8793 !not used 

   33.8667 !p(val7) 

    6.0891 !p(lp1) 

    1.0563 !p(val9) 

    2.0384 !p(val10) 

    6.1431 !not used 
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    6.9290 !p(pen2) 

    0.3989 !p(pen3) 

    3.9954 !p(pen4) 

   -2.4837 !not used 

    5.7796 !p(tor2) 

10.0000 !p(tor3) 

    1.9487 !p(tor4) 

   -1.2327 !not used 

    2.1645 !p(cot2) 

    1.5591 !p(vdW1) 

    0.1000 !Cutoff for bond order*100 (cutoff) 

    2.1365 !p(coa4) 

    0.6991 !p(ovun4) 

   50.0000 !p(ovun3) 

    1.8512 !p(val8) 

    0.5000 !not used 

   20.0000 !not used 

    5.0000 !not used 

    0.0000 !not used 

    2.6962 !p(coa3) 

  3    ! Nr of atoms; cov.r; valency;a.m;Rvdw;Evdw;gammaEEM;cov.r2;#             

            alfa;gammavdW;valency;Eunder;Eover;chiEEM;etaEEM;n.u.                

            cov r3;Elp;Heat inc.;n.u.;n.u.;n.u.;n.u.                             

            ov/un;val1;n.u.;val3,vval4                                           

 H    0.8930   1.0000   1.0080   1.3550   0.0930   0.8203  -0.1000   1.0000      

      8.2230  33.2894   1.0000   0.0000 121.1250   3.7248   9.6093   1.0000      

     -0.1000   0.0000  61.6606   3.0408   2.4197   0.0003   1.0698   0.0000      

    -19.4571   4.2733   1.0338   1.0000   2.8793   0.0000   0.0000   0.0000      

 Ni   2.4960   3.00009958.9330   1.7231   0.2328   0.8139   0.2089   3.0000 

     12.6998  15.0031   3.0000   0.0000   0.0000   4.8038   7.3852   0.0000 

     -0.9623   0.0000  96.9473   1.6928   4.3501   0.4034   0.8563   0.0000 

     -2.5000   2.9330   1.0338   2.8790   2.5791   0.0000   0.0000   0.0000      
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Co   2.4960   3.0000  58.9330   1.7231   0.2328   0.8139   0.2089   3.0000 

     12.6998  15.0031   3.0000   0.0000   0.0000   4.8038   7.3852   0.0000 

     -0.9623   0.0000  96.9473   1.6928   4.3501   0.4034   0.8563   0.0000 

     -2.5000   2.9330   1.0338   2.8790   2.5791   0.0000   0.0000   0.0000 

  6      ! Nr of bonds; Edis1;LPpen;n.u.;pbe1;pbo5;13corr;pbo6                   

                         pbe2;pbo3;pbo4;n.u.;pbo1;pbo2;ovcorr                    

  1  1 153.3934   0.0000   0.0000  -0.4600   0.0000   1.0000   6.0000   0.7300   

         6.2500   1.0000   0.0000   1.0000  -0.0790   6.0552   0.0000   0.0000   

  1  2 160.0000   0.0000   0.0000  -0.5725   0.0000   1.0000   6.0000   0.5626   

         1.1150   1.0000   0.0000   0.0000  -0.0920   4.2790   0.0000   0.0000   

  2  2  53.5381   0.0000   0.0000  -0.2729  -0.2000   0.0000  16.0000   0.2915 

         7.2786  -0.2000  15.0000   1.0000  -0.0976   7.9115   0.0000   0.0000   

  1  3 107.4452   0.0000   0.0000  -0.6698  -0.3000   0.0000  36.0000   0.1543   

         9.6122  -0.3500  25.0000   1.0000  -0.0867   7.1984   0.0000   0.0000   

  2  3  35.0000   0.0000   0.0000  -0.2729  -0.2000   0.0000  16.0000   0.2915 

         7.2786  -0.2000  15.0000   1.0000  -0.0976   7.9115   0.0000   0.0000  

  3  3  53.5381   0.0000   0.0000  -0.2729  -0.2000   0.0000  16.0000   0.2915 

         7.2786  -0.2000  15.0000   1.0000  -0.0976   7.9115   0.0000   0.0000   

  0    ! Nr of off-diagonal terms; Ediss;Ro;gamma;rsigma;rpi;rpi2                

  0    ! Nr of angles;at1;at2;at3;Thetao,o;ka;kb;pv1;pv2                                 

  0    ! Nr of torsions;at1;at2;at3;at4;;V1;V2;V3;V2(BO);vconj;n.u;n                 

  0    ! Nr of hydrogen bonds;at1;at2;at3;Rhb;Dehb;vhb1                                                           
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Appendix C

Particle size of different number of
atoms by different metal-support
interactions and without support

dp (nm) dp (nm) dp (nm) dp (nm) dp (nm)
Number of cobalt atoms De = 35 De = 40 De = 45 De = 50 by van Etten

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) et al. [11]
5× 5× 5 1.3 ± 0.23 1.7 ± 0.26 2.0 ± 0.28 2.7 ± 0.33 1.4
6× 6× 6 1.7 ± 0.26 2.0 ± 0.28 2.5 ± 0.32 3.0 ± 0.34 1.7
7× 7× 7 2.0 ± 0.28 2.3 ± 0.30 2.9 ± 0.34 3.9 ± 0.40 2.1
8× 8× 8 2.2 ± 0.30 2.7 ± 0.33 3.3 ± 0.36 4.4 ± 0.42 2.4
9× 9× 9 2.5 ± 0.32 3.0 ± 0.35 3.7 ± 0.39 4.9 ± 0.44 2.7

10× 10× 10 3.0 ± 0.34 3.4 ± 0.37 4.1 ± 0.40 5.7 ± 0.47 3.0
11× 11× 11 3.2 ± 0.36 3.8 ± 0.39 4.5 ± 0.42 6.0 ± 0.49 3.3
12× 12× 12 3.6 ± 0.38 4.0 ± 0.40 4.9 ± 0.44 6.5 ± 0.51 3.6
14× 14× 14 4.1 ± 0.41 4.6 ± 0.43 5.7 ± 0.48 7.3 ± 0.54 4.2
16× 16× 16 4.8 ± 0.44 5.5 ± 0.47 6.6 ± 0.51 8.0 ± 0.57 4.8
18× 18× 18 5.3 ± 0.46 6.2 ± 0.50 7.1 ± 0.53 9.3 ± 0.61 5.4
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Appendix D

Site-specific activity and surface
coverage of carbon monoxide,
hydrogen, atomic carbon and
empty sites

Site TOF (×105 s-1) Surface coverage (-) [11]
CO H C *

FCC(111) 4.74 0.474 0.178 0.000 0.348
FCC(100) 3.47 0.005 0.066 0.582 0.347
FCC(211) 4.58 0.446 0.176 0.030 0.348
HCP(012) 0.39 0.000 0.020 0.661 0.319
HCP(011) 1.05 0.000 0.014 0.677 0.309
FCC(110) 246.82 0.473 0.178 0.000 0.348
HCP(031) 4.74 0.474 0.178 0.000 0.348
HCP(013) 84.42 0.473 0.178 0.000 0.348
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