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Abstract

Rhodium nanoparticles are well known for their ability to act as a catalyst in the
Fischer-Tropsch reaction. Rhodium catalysts have a selectivity towards relatively
short oxygenates such as methanol and ethanol due to their slow CO dissocia-
tion rate and relatively fast hydrogenation rate. In this thesis, rhodium (211) is
investigated catalyzing C-C coupling reactions, C-O bond activation, and hydro-
genation reactions.

In the Literature, there are ongoing debates about the actual mechanism in the
Fischer-Tropsch synthesis. One of the key issues is the manner in which CO dis-
sociation proceeds. CO dissociation can proceed via a direct pathway, or via a
hydrogen assisted pathway at which CO is first partially hydrogenated before the
CO bond is split. In this thesis, it is shown that the direct CO dissociation is
more preferable than the hydrogen assisted CO dissociation. Another ongoing
debate concerns the C-C coupling and its propagation. The two mechanisms that
are the most plausible for the coupling reactions are the Pichler-Schulz mecha-
nism and the Biloen-Sachtler mechanism. Both mechanisms are studied within
this thesis. In this computational study, the underlying mechanism of Rh-based
Fischer-Tropsch catalysis is studied. All elementary reaction steps leading to
short chain oxygenates, as well as hydrocarbon formation, are studied. A stepped
Rh(211) catalyst is used as a model system for its well known ability to efficiently
dissociate CO. From microkinetic studies base on quantum chemical data, it was
derived that the selectivity of the reaction was highest for methane. Further, there
was a selectivity to ethylene.
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1 Introduction

Due to the limited availability of more easily accessible petroleum, the role of alternative
energy resources is becoming increasingly more important. Because of its abundance,
natural gas plays an important role as a feedstock for the synthesis of fuels and chemi-
cals. Synthesis gas, that is derived from natural gas by steam methane reforming, can
be used to produce higher hydrocarbons using the Fischer-Tropsch process [1]. Fur-
thermore, the natural gas, oil and coal reserves are starting to run low. By estimation,
we can rely on natural gas and oil for a little more than 50 years and on coal 150
years, while consuming the same amount as in 2012. This is shown in figure 1. The
total reserves in 2012 as well as the annual global consumption per fossil fuel type is
depicted in billions of metric tons of oil equivalents.
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Figure 1: Reserves are depicted by darker arrows, the annual consumption by lighter
arrows. The values are in billion metric tons of oil equivalents (by courtesy of Ir. Ivo A.
W. Filot).

1.1 The Fischer-Tropsch reaction

Fischer-Tropsch (FT) synthesis is an attractive approach for the utilization of non-
petroleum feedstock to produce ultra clean diesel, kerosene, or chemical feedstock,
which is shown in figure 2. Synthesis gas needed for the FT reaction can be aquired
via autothermal reforming of natural gas, gasification of coal, and in particular, py-
rolysis of biomass. Subsequently, FT synthesis converts synthesis gas (CO + H2) into
longer hydrocarbons. Because of the worldwide demand for a decreased dependence on
petroleum, FT synthesis has received renewed interest [2,3|. Quantum-chemical calcu-
lations provide valuable insights into the mechanistic pathway converting synthesis gas



into longer hydrocarbons.
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Figure 2: The Fischer-Tropsch process as an attractive alternetive route towards clean
transport fuels and chemical feedstock(by courtesy of Ir. Ivo A. W. Filot).

1.1.1 Mechanism

Even though the Fischer-Tropsch reaction is almost a century old, its underlying mech-
anism is still poorly understood. Recently, many insights about the fundamental factors
governing activity and selectivity in FT have been elucidated using theoretical [1,4 7]
as well as experimental [8,9] approaches. There is an on-going debate in the Literature
about the mechanism of the Fischer-Tropsch synthesis reaction. Among the variety of
mechanisms that are proposed, two types of mechanisms are the most plausible. Dur-
ing the initiation step, both mechanisms first dissociate a CO to a C; species. The
mechanisms differ in the propagation step. One of the mechanisms assumes that dur-
ing chain growth, CO dissociation needs to take place again, before the reaction can
start, resulting in a CH,-CH, coupling. This mechanism is called the Biloen-Sachtler
mechanism or Carbide mechanism [10].

The other mechanism states, that the initial C; species can directly couple with a
CO species. This mechanism is called the Pichler-Schulz mechanism or CO insertion
mechanism [11]. Both mechanisms are depicted schematically in figure 3.



oeneration &

- CO hxation &

)
& water re
’ &:-.--1[',- rer & et rermEya
L4 I: ) water remaoval

@'\(‘ATEP: a0 " ¢
Ci insertion & HYDROCARBONS

WATEH

chain hydrogenation CO insertion @ HYDROCARBONS

(a) Biloen-Sachtler mechanism (b) Pichler-Schulz mechanism

Figure 3: Schematic representations of the two main mechanisms proposed in the
Fischer-Tropsch synthesis reaction.

The nature of the catalyst decides which of the two mechanisms is more likely. If the
catalyst is very active for the breaking of the CO bond, then there is an abundance of
C; species on the surface. This abundance makes it more plausible for a C; species to
react with another C; species rather than reacting with a CO. This makes the Biloen-
Sachtler mechanism more plausible than the Pichler-Schulz mechanism. When, on the
other hand, CO dissociation is not that fast, the Pichler-Schulz mechanism will be more
plausible than the Biloen-Sachtler mechanism. In short, when there are too little C;
species on the surface, the chances for reacting with a CO species are higher than the
chances for reacting with a C; species.

1.1.2 Choice of Catalyst

Depending on the catalyst, the Fischer-Tropsch synthesis reaction can be applied to
get a variety of products. Figure 4 shows the different catalysts that can be used in the
Fischer Tropsch process, together with their main products.

When Iron, Ruthenium or Cobalt is being used, the main products are longer hy-
drocarbons. The reason for this is the relatively high rate of CO dissociation, combined
with a high rate of CH, insertion. Finally, the rate of methane formation must be low
because CH,. species are needed for the formation of longer hydrocarbons.

If, for instance, Nickel is used as a catalyst, the main product of the reaction will
be methane. This is due to a slow rate of CO dissociation combined with a fast hydro-
genation towards methane.

In this report, we have only considered Rhodum as a catalyst. Rhodium will pro-
duce short, oxygenates, consisting of mainly methanol, acetaldehyde and ethanol. The
reason for this is that Rhodium has a moderate rate of CO dissociation combined with
slow rate of methane formation. In this manner, CH, CO coupling can take place.



However, CO dissociation is not fast enough to produce long chains, so that C1 and C2
oxvgenates will predominantly be formed.
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Figure 4: Different product selectivities with corresponding catalysts (by courtesy of Ir.
Ivo A. W. Filot)

1.2 The Scope of this Report

Rhodium yields a variety of products when it is used during the Fischer-Tropsch pro-
cess. This is also graphically represented in figure 5. For a better understanding of
this composition, it is key to know which elementary reactions are taking place on the
catalyst and what reactions are rate controlling. By doing multi scale modeling, it is
possible to acquire insights into the mechanism. Multi scale modeling combines differ-
ent length and timescale calculations. In this study, DFT is combined with microkinetic
modeling. The goal of this study is the elucidation of the pathways towards the for-
mation of the shorter oxygenates and short hydrocarbons on a stepped rhodium surface.

An earlier study [12], that focused on the elucidation of the formation of Ethanol
during Fischer-Tropsch synthesis on stepped rhodium, has shown that it is not possible
to combine multiple datasets from the Literature to get a new and valid dataset. By
combining the datasets, the underlying thermodynamics get twisted, meaning that the
new dataset consists of thermodynamically incorrect values. Therefore, all elementary
reactions are calculated in a similar fashion. This way, we can be sure that the thermo-
dynamics add up. Different datasets are linked through migration corrections. Sadly,
these are often not reported. Only when all migration corrections are known, multiple
datasets could be combined.



Figure 5: Different C; and C, products with corresponding pathways for the FT reaction
on rhodium (by courtesy of Ir. Ivo A. W. Filot)

The questions that need to be answered concern the CO dissociation and whether
this reaction proceeds via a direct pathway, or via a hydrogen assisted pathway. With
the hydrogen assisted pathway the CO is first partly hydrogenates, before the C-O bond
is broken. The next question concerns the dominant pathway in the C-C coupling.
Further, the production of methane is compared with the production of methanol. And
finally, the formation of Cs-oxygenates is compared to the formation of methane.



2 Theory and computational methods

2.1 Density functional theory

Density functional theory (DFT) is a theory that was developed in the sixties by the
solid state physicist Walter Kohn and co-workers. DFT is an ab-initio method, which
can be used to obtain the interaction potential between atoms or molecules without
using any adjustable parameters. Furthermore, DFT is an exact theory for the ground
state of an interacting many-particle system. In its original form, it deals with many-
electron systems. Electron density is an important aspect in DF'T. The theory is for-
mulated in terms of functionals of this density. The functional that is used in this study
is the Perdew-Burke-Ernzerhof potential, further denoted as PBE. This functional is
called an exchange-correlation functional. An often used method within DFT for do-
ing ab initio electronic structure calculations is the projector augmented wave method.
This method allows calculations to be performed with greater computational efficiency.
Within this theoretical investigation, plane-wave DFT calculations are performed in
conjunction with the projector augmented wave method. This method will be further
elaborated on in section 2.1.4.

The most important problem in DFT is to find accurate functionals, which are an
approximation of the true potential. DFT would not have been so popular were it
not for a very successful approximation of these functionals called the local density ap-
proximation, further denoted as LDA. This approximation makes it possible to relate
properties of the inhomogeneous, interacting many-body systems to that of a homoge-
neous electron gas. Very accurate theoretical results are known for the latter, although
this system cannot be realized experimentally. More about the LDA will be explained
in section 2.1.2.

DFT was mostly used by physicists until the nineties in order to calculate material
properties such as equilibrium crystal structures, magnetizations, cohesive energies,
elastic moduli and phonon spectra. These properties are found by minimizing the total
energy and non-equilibrium properties by studying the motion of the nuclei due to the
forces exerted on them. These forces can then be determined from the gradients of the
energy landscape.

During the last decades, DFT found its way into chemistry due to its capability to
treat very large molecules, e.g. Cyy carbohydrates, that can be formed in the FT reac-
tion. More importantly, the development of corrections to the LDA, so called gradient
corrections, led to greater precision that made it possible for chemical reactions to be
simulated in this manner.

In advanced electronic structure calculations, the Born-Oppenheimer approximation
[13] is often used. This approximation states that the mass of the nuclei is more than
three orders of magnitude larger than that of the electrons. So, the total Hamilto-
nian still has contributions from the nuclei and the electronic Hamiltonian depends



only parametrically on the nuclear coordinates. Hence, a very accurate approximation
can be made by separating the motion of the electrons and the motion of the nuclei.
In the Born-Oppenheimer approximation, positions of the nuclei are kept fixed and a
static external potential is generated. The problem, as stated in equation 1, needs to
be solved. A stationary electronic state is then described by a wavefunction ¥, that
satisfies the many-electron time-independent Schrédinger equation.

ﬁﬂ:ﬁ+ﬁ+ﬂﬁ (1)
which can be written as :
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In the above mentioned quantum mechanical equation, the M stands for the interacting
electrons with coordinates p in the external potential, g; , due to the interaction with
the nuclei (N) with coordinates 7.

The external potential (v (p;)) is given by the following equation:

R e Zk
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where 7}, is the atom number of atom k.

It is sufficient to consider only the lowest eigenvalue, i.e. the energy of the electronic
ground state of this Hamiltonian from equation 2. This is valid, since it is true for most
cases that the electronic excitation energies are much larger than the thermal energy
at temperatures of interest.

Hohenberg and Kohn have formulated two theorems from which a functional for the
energy can be obtained. The first theorem states that a non-degenerate ground state
wavefunction of a system interacting electrons is a functional of the ground state den-
sity [14]. In other words, the ground state density uniquely determines the potential
and thus all properties of the system, including the many-body wavefunction.

Fln] =T[n] + Uln] (4)

Equation 4, also knows as the "HK Functional", is a universal functional of the density
that does not depend explicitly on the external potential.
Their second theorem states |14| that there exists an energy functional of the electron
density that is minimal for the ground state density. If we know the energy functional of
theorem 2, the ground state density is found by minimizing this functional with respect
to all possible electron densities n (7), obeying equation 5:
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The energy functional for the ground state energy will become:

Bl = [ 450 (7)v(®) + Pl (6)

Although the above energy functional is exact, the functional F[n| is not known. How-
ever, we can split this functional in two, as shown in equation 7

1 o
ﬂmzi//WMﬁﬂﬁﬁﬁ+ﬂm (7)
2 7= 1|
The remaining part Gln| is still unknown but smaller than F[n|. This problem can be
solved using the Kohn-Sham theory, that will be elaborated on in the next section 2.1.1.

2.1.1 Kohn-Sham theory

The theory, as described in section 2.1, is exact but not yet very useful. Therefore, Kohn
and Sham came with a theory that was more practical that turned the HK theory into
a more practical perspective. Kohn and Sham [15] considered a fictitious system of non-
interacting electrons in such an external potential that the corresponding density is the
same as that of the system of the interacting electrons. If only the kinetic part Ty[n] is
considered and ¥ is the ground state wavefunction of the non-interacting system, the
functional for T;[n| becomes:

Tn] = <¥,|T|%, > = F[n 8)

G|n] (equation 7) of the interacting system can be split in two in the following manner:

Gln] = Ti[n] + Exeln] (9)

The most remarkable aspect of this outcome is that Ti[n| is the kinetic energy of the
non-interacting system at the same density n(p) as that of the interacting system.
The remaining functional is called the exchange-correlation energy functional. This
exchange-correlation functional can be approximated by the LDA, which will be further
elaborated on in section 2.1.2

2.1.2 LDA

In the local density approximation, the exchange-correlation energy functional of the
inhomogeneous, interacting electron system is approximated as given in equation 10

Buelin) ~ [ s (0 (7)) (7 (10)

In the above-mentioned equation, €. (n (p)) is the exchange-correlation energy per elec-
tron of a homogeneous electron gas, with a density equal to the local density that is



denoted as n (p).

One setback of the LDA that this approximations cannot repair is the incorrect descrip-
tion of the London dispersion interaction [16] , which is approximately proportional to
,:% at large distances.

In the LDA, two molecules or atoms can only "feel" each other if they have overlap-
ping electron densities. However, London Dispersion interaction is caused by correlated
movement of electrons in separate atoms or molecules by mutually induced dipoles. This
occurs without such overlap that is needed in the LDA. The potential on a molecule
depends on the electron density at a completely different place. This phenomenon is
also present in the generalized gradient approximations (GGA).

2.1.3 Generalized Gradient Approximations

Another approximation that is made is the GGA. The LDA is exact for a homogeneous
electron gas, for which the gradient of the density equals zero. The exchange-correlation
potential of an inhomogeneous electron gas can be expanded in gradients of density.
The GGA is in essence an extension to previously proposed LDA. The zeroth order
of this expansion is the LDA. The first order vanishes because of symmetry. Various
expressions have been given for the higher orders in this expansion. All these expansions
combined are called the GGAs. These approximations have the capability to predict
binding energies of molecules with required precision in the quantum chemistry. The
GGA that is used in this study is the PBE functional.

2.1.4 Projector augmented wave method

In order to efficiently solve the one-electron Schrédinger equation, a basis set has to be
chosen that is well adapted to the problem. In this case we deal with periodic systems.
Therefore, a plane wave basis set is commonly used. Plane waves are well suited for the
cases in which wavefunctions do not have a sharp positional dependence. However, the
electrons in the innermost shells of the nuclei, the core electrons, have wavefunctions
that do vary on short length scales. On the other hand, these core wavefunctions are
not very different from those in the isolated atoms. Therefore, it makes sense to exclude
these wavefunctions from our description and to concentrate on the outermost electrons,
the valence electrons, only. These electrons are responsible for the chemical properties.
However, the valence electron wavefunctions have sharp variations in the core region
because they should be orthogonal to the core wavefunctions. The problem is solved
by replacing the true potential by a pseudopotential and the true valance wavefunction
by a pseudowavefunction, that is smooth in the core region. In such methods all the
information is lost about the real wavefunction close to the nuclei. The construction
of pseudopotentials is also not unique and there is no systematic way to generate good
pseudopotentials.

A combination of pseudopotentials with the augmented wave method was introduced
by Bléchl [17] in 1994, as an extension of both methods. This method divides the all-



electron wavefunction into a pseudowavefunction, that consists of a part that approxi-
mates the free electrons in the solid, using plane waves and a part that approximates the
electrons density near the core, using pseudopotentials. There is an additional correc-
tion needed because of the difference in overlap between the two regions. A schematic
overview of the the projector augmented wave method is shown in figure 6.

5 6a) (Balth) 3 130) (i)
[4) [4)) {1} [y )

o |_
+%| - %

ALL-ELECTRON  PSEUDO 1-CENTER 1-CENTER
ALL-ELECTRON PSEUDO

Figure 6: Schematic overview of the PAW method (by courtesy of Ir. Ivo A. W. Filot).

2.2 Kinetics

Kinetics describe the rate of a chemical reaction in relation to concentrations, pressure,
and temperature. For the understanding of a reaction mechanism in catalysis, we have
to make sure to measure intrinsic reaction rates. In other words, we need to understand
the kinetics at the catalytic surface. However, all the observations we can make are
macroscopic. We can measure extrinsic reaction rates but we are not able to measure
intrinsic ones. In order to understand the intrinsic kinetics, we have to be sure that
there are no mass-transfer limitations. These limitations exist between the bulk and
the surface of the catalyst.

There are several proposed mechanisms by which bimolecular surface reactions can
occur on surfaces, for instance the Langmuir-Hinshelwood mechanism and the Eley-
Rideal mechanism. These mechanisms are further elaborated on in sections 2.2.3 and
2.2.4 respectively.

2.2.1 Adsorption

Adsorption on the surface is the first step in every heterogeneous catalytic reaction.
This can occur in two different ways, specifically via dissociative adsorption or associa-
tive adsorption. A, will be taken as a textbook example for explaining these differences.

10



With dissociative adsorption, the molecules dissociate before they are adsorbed onto
the surface:

Dissociative adsorption is often found in molecules like Hy and O, that almost imme-
diately dissociate upon adsorption.
With associative adsorption, the molecules are first adsorbed onto the surface and
dissociate when they are on the surface, in the following manner:

J‘;Q + ok —)A;

Both types of adsorption are found when looking at the Fischer-Tropsch synthesis re-
action. CO adsorbs in a associative way, while Hy adsorbs in a dissociative manner.

2.2.2 Bond order conservation principle

With the formation of the chemical bond between the surface and the adsorbate, there
is not only a change in the electron distribution on the adatom itself. Also the inter-
action between the surface atoms weakens. This can be described by the bond order
conservation principle.

The bond order conservation theory is an empirical correlation of the activation energy
for dissociative adsorption from the heats of the reaction. In Shustorovich’s approach,
empirical parameters are used for the heat of adsorption of atoms and bondstrengths
of the molecules in the gasphase. According to covalent bonding theory [18|, the bond
order decreases with longer distance, increases with shorter distance, and equals to 1 for
the equilibrium distance. This bond order can be calculated in the following manner:

r=e (11)

If the 2-center interaction is described [19] via a Morse potential, a simple relationship
between the bond order and the potential then becomes:

Q:(r) = —Qo (2x — %) (12)

Here, Qg is the equilibrium bond strength of a single bond. This assumption implies:
Firstly, if atom A has n neighbors instead of 1, the bond strength becomes:

Qn) = £, Q; (13)

The bond strength Q can be expressed as a sum of two-body interactions. Secondly,
the total bond order is conserved:

z(n) =X 0 =10 =1 (14)

If the bonds are equivalent, then it follows that:

rp=—=e o (15)



and the bond length increases compared to its value at lower coordination. If equation
15 is inserted in 12, the following equation is acquired:

1
Q(n) = —Qu (2 - 5) (16)
From equation 16 we can see that the bond order strength increases less than propor-
tionally with n. The Bond order conservation holds quite well in systems that mainly
have covalent bonds.

2.2.3 Langmuir-Hinshelwood mechanism

With Langmuir-Hinshelwood kinetics, all species are assumed to be adsorbed and in
thermal equilibrium with the surface, before any reaction takes place. An example of
such a mechanism can be the reaction of A with B, as described by the following ele-
mentary reaction steps:

A+ x> A* (1)

B+ % +— B* (2)
A"+ B*«— AB* +x (3)
AB* «— AB + (4)

For each elementary reaction step (1-4) , it is now possible to write down a corresponding
rate equation:

ri =k pa O, —k; O, (17)
9 = k‘; PB @* — k’Q_ @B (18)
7’3:]{3;_ @A@B_kg_ @AB@* (19)
(20)

r, =k ©ap —k; pap O 20

In the equations above, k stands for the corresponding rate constants of the forward
and backward reactions and p stands for the partial pressure of a gaseous compound.
OpR is the fraction of the sites that are occupied by molecule R, in this case A, B or AB
while O, stands for the empty sites. Therefore, ©, can be calculated in the following
manner:

0,=1-0,—05—0,z (21)

2.2.4 Eley-Rideal mechanism

Another possible mechanism is the Eley-Rideal mechanism, in which one of the reac-
tants react directly out of the gasphase, without being accommodated at the surface.
This happens, for instance, with the atomic hydrogen in the gasphase together with
atomic hydrogen on the surface. These hydrogen atoms are fairly active. Therefore,

12



the reaction takes place immediately. Because the hydrogen molecule does not adsorb
strongly to the surface, the molecule will desorb instantaneously. With the excep-
tion of this example, Eley-Rideal mechanisms are very rare. Therefore, we assume the
Langmuir-Hinshelwood mechanism throughout this thesis.

2.2.5 Method of working

There are several steps needed for the elucidation of a mechanism of a reaction on a
catalytic surface. A schematic overview of these steps can be found in figure 7.
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Figure 7: Method for obtaining the necessary parameters of a micro kinetic model (by
courtesy of Ir. Ivo A. W. Filot).

First, the elementary reaction steps need to be determined. A list of elementary reac-
tions, together with their kinetic parameters, can be found in tables 13 to 27 in section
8. In order to find corresponding energies with these pathways, the forward and back-
ward reaction energy barriers need to be calculated. This is done by calculating the
energy levels of the initial state, transition state, and final state. For the determination
of the initial state, two different cells with the adsorbed molecules were calculated indi-
vidually. This is called a migration correction. The calculations were done on a Rh(211)
(3 by 2) cell. This cell was minimized in energy before adsorptions were calculated. For
final state calculations, the minimum energy of the final reactant of each elementary
reaction step was calculated. With these minimized initial and final states, a transition
state could be determined, using the nudged elastic band method, further denoted as
NEB method. This NEB method is further elaborated on in section 2.2.6.

Next, frequency analyses can be performed on the calculated initial, transition, and

final states. These frequency calculations can be used to make the zero-point energy
(ZPE) corrections and to calculate the pre-exponential factors. In fact, this probes the
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curvature in all configurational directions from which the vibrational degrees of freedom
are inventoried. From this, the ZPE correction to the electronic activation energies can
be determined.

These ZPE corrections are in the same range as the typical accuracy of a DFT cal-
culation, so neglecting this correction can lead to inaccurate results. It is even more
important to take this correction into account when dealing with gasphase species. Here,
the differences between the ZPE corrected and non corrected values is even greater.

What still needs to be done is to find a way to calculate the rate constants, that are
needed in the microkinetic modeling. This can be done by using the partition functions
corresponding to the configurational degrees of freedom in these states. To compute
the rate constant for a particular elementary reaction step, the Eyring equation is used.
This will be further explained in section 2.3.2.

2.2.6 Nudged Elastic Band method

The nudged elastic band method is used to find reaction pathways. With this method,
it is possible to calculate not only the minimum energy pathway for any given chemical
process, but also to determine the transition state configuration at the saddle point. In
the NEB method, a minimization of an elastic band is carried out where the perpen-
dicular component of the spring force and the parallel component of the true force are
projected. An intuitive way of thinking about this method is that each image is hang-
ing from its higher energy neighbor, trying to get in a low as possible energy. Because
each image is dependent on its neighbor, the band hangs stably down from the saddle
point [20].
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Figure 8: A graphical representation of a nudged elastic band method calculation. Here
the green spheres represent the initial and final states. The red speres show the minima
towards the transition state, which is represented by a blue sphere (by the Késtner
group of computational Biochemistry ). [21]

Because the NEB method is a two ended search method, it is important that every atom
in the initial state maps to every atom in the final state, which is the case because the
method treats each atom as a distinguishable atom. When atoms are not mapped
correctly, the NEB will calculate a barrier, resulting in a less favorable or improbable
minimum energy pathway. In the worst case, the structure as submitted can explode.

2.3 Microkinetic modelling

Microkinetic modeling is used to model transient behavior and temperature effects of
the various species in a chemical system. The reaction constant for each elementary
reaction step is expressed in the Arrhenius formula.

k= v exp (_ IfbjT) (22)

Microkinetic modeling is a type of analysis of reaction kinetics. It attempts to incorpo-
rate the basic surface chemistry involved in the catalytic reaction. This kinetic model is
based on a description of the catalytic process in terms of information and assumptions
about the active sites and the nature of elementary reaction steps that may comprise
the reaction scheme [22]. The starting point is the formulation of the elementary chem-
ical reaction steps that capture the essential surface chemistry.
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The key difference of microkinetic analysis compared to kinetic analysis, is the lack of
initial assumptions made about kinetically significant steps and most abundant species.
Instead, estimations of the rates of elementary reactions and surface coverages are a
result of the analysis.

There are several parameters needed for microkinetic modeling. Sticking coefficients
are used to describe the ratio of the number of adsorbate atoms or molecules that
"stick" to the surface to the total number of atoms that impinge upon the surface dur-
ing the same period of time. This coefficient is between 1 (when all impinging atoms
stick to the surface) and 0 (when no atoms stick to the surface). This sticking coefficient
depends on the temperature, surface coverage, and the kinetic energy of the impinging
particles. Also, some information about the active site is needed as well as the surface
bond, the pre-exponential factors, and the activation energies for surface reactions.

These parameters are based on multiple theories, specifically the transition state the-
ory, the bond order conservation principle, and the Brgnsted-Evans-Polanyi or BEP
relation. These are further explained in section 2.3.2, section 2.2.2, and section 2.3.3
respectively.

2.3.1 Hertz-Knudsen reaction kinetics

MEKMCXX [23], an in-house written program, was used for microkinetic modeling. Next
to Arrhenius kinetics, it also employs Hertz-Knudsen kinetics. Hertz-Knudsen kinetics
give a more realistic simulation because the pre-exponential factors become a function
of temperature.

The pre-exponential factor for adsorption (Kggsorption) 1S NOW given as:

Asite
kadsor’otion =S
‘ V2rmkyT

In the afore mentioned equation, A ;. stands for the area of the adsorption site, m for
the mass of the molecule, k; for the Boltzmann constant, T for the temperature, and S
for the sticking coefficient.

(23)

The pre-exponential factor for desorption( kgesorption) is calculated in the following man-
ner:

kdesorption - fAsite n3 RT (24)
In the pre-exponential factor for the desorption, more parameters are taken into account
than for the adsorption. ¢ stand for the symmetry number, 0, for the characteristic
temperature for rotation, E 4. for the desorption energy, and R for the gas constant.

O_@rot

ky T3 2wmkb . (—Edes>
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2.3.2 Transition state theory

The Eyring equation [24], as seen in equation 25, is used for the calculation of rate
constants for elementary reaction steps.

ka Qi _AEzftefcorrected
T hQ 2
' - ( kT (25)

Here, kj is the Boltzmann’s constant in J per Kelvin, k the reaction rate of an elemen-
tary reaction step, T the temperature in Kelvin, and h is Planck’s constant in J per
second. AEZPecorrected ig the ZPE corrected activation energy in J per particle. QF and
Q are the total partition functions of the transition state and initial state, respectively.
It must be noted that the transition state has one imaginary frequency, which is not

included in Q.

The molecular partition function for a gasphase species is a product of contributions
from translational, vibrational and rotational degrees of freedom. The total partition
function can be calculated as follows:

Qi = i trans Qivib Qirot (26)

where q; iranss Qivie and q; o are given as 27, 28 and 29 respectively.

(21 mik, T2

Qi trans — T (27)
1
Giwiv = M5 — (28)
L —exp (—ﬁ)
8m2 Lk, T
Qirot = T (29)

Where [; is the moment of inertia, o, is the rotational symmetry number, and v;; stands
for the frequencies of normal modes of vibration.

2.3.3 Brgnsted-Evans-Polanyi relation.

The BEP relatation observes that there is a linear relationship between the activation
energy between two reactions of the same class proportional to the difference of their
enthalpy of reaction [25,26]. This relation can be expressed as:

AE = —aAH (30)

where « characterizes the transition state along the reaction coordinate and always has
a value between 0 and 1. If « is approximately 1, there is a late transition state, which
means that the transition state structure has a great similarity in geometry with the
final state. When « is approximately 0, the transition state is early and its structure
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lies close to that of the reactants. A H is the enthalpy of the reaction and A E is
formulated in the following manner:

AE =—Ey— E, (31)

In the equation above, E, stands for the activation energy, where E, stands for the
activation energy of a reference reaction from the same class. With this relationship,
activation energies of many reactions within the same class, i.e. on the same active site
and type of reaction but on for instance another metal can be calculated.

2.3.4 Degree of rate control

The rate-limiting and rate-inhibiting steps can be determined using Campbell’s Degree
of Rate Control methodology [27]. The amount of rate control of a particular chemical
reaction step can be calculated by:

dlu(ry)
Xi = (W) (32)

In this equation, y; is the degree of rate-control of elementary reaction step i and
k¥ the rate constant of the elementary reaction step i in both forward and backward
direction. In other words, this means that the effect of increasing both the forward and
the backward rate of a particular elementary reaction step with regard to the forward
reaction rate of the key-compound is probed. If yx; is positive, the elementary reaction
step is a rate-limiting step and decreasing the transition state would result in an increase
of the overall reaction rate. If y; is negative, the particular elementary reaction step is
rate-inhibiting, while decreasing the activation energy in both directions would result
in a decrease of the overall reaction rate. For any stable point in phase-space, the sum
of all x; must be 1.
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3 Computational details

The DFT calculations were performed using the Vienna ab Initio Simulation Packages
(VASP) version 4.6.38. Projector augmented wave (PAW) potentials were employed to
describe the interaction between ions and electrons. Exchange correlation was described
using Perdew-Burke-Ernzerhof (PBE) parametrization of the generalized gradient ap-
proximation (GGA). The wave functions were expanded in the plane wave basis up to
a kinetic energy of 400 eV. The partial occupancies were set using the second order
occupation function of Methfessel and Paxton [28], using a width of 0.2 eV for the
smearing. Calculations are stopped when the energies are converged. The maximum
number of electronic steps for the initial, transition, and final state calculations were
set to 40. The maximum number of electronic steps for the frequency calculations was
set to 100. Not all degrees of freedom were allowed to change. The ions were allowed
to relax, while the cell shape and volume were not allowed to change. A quasi-Newton
variable metric algorithm was used to relax the ions into their instantaneous ground-
state. This method was used for the calculation of the initial, transition, and final
states. For the frequency calculations, the vibrational frequencies of the system and
the Hessian matrix were determined. The Hessian matrix is a matrix of the second
derivatives of the energy with respect to the atomic positions, which was in calculated
in all three directions. This was done for the adsorbates only, not for the Rhodium
atoms. For initial and final state calculations, the POTIM was set to 0.5. The POTIM
was set to 0.02 for transition state and freqency calculations. For the sampling of the
Brillouin zone, an automatic k-mesh generation of 7 x 7 x 1 k-points was used. The
fully automatic scheme generated ¥ centered Monkhorts-Pack grids, with a subdivision
of 77 1 along the reciprocal lattice vectors N1, N2, and N3, respectively. The numbers
of subdivisions along each reciprocal lattice vector are represented as follows:

N, = maz(L, 1 * |by| + 0.5) (33)
where x is 1 to 3.

Binding energies (Ey;pqding) for the adsorbents were calculated as follows:

Ebinding = Etotal - Esurface — 2% Emolecule (34)

Where E,q refers to the total energy of the system, Eg fqce to the metal slab energy,
and E,,oecue to the adsorbents’ gasphase energies. All of these energies are zero-point
energy corrected. Note that on two sides of the metal slab, an adsorbent is adsorbed,
so the gasphase energies need to be subtracted twice in order to get the correct binding
energies.

The migration corrected activation energies for the forward (E,) and backward (E,)
reactions are calculated as follows:

B — ETS + Esurface - Eadsorbentl - EadsorbentQ
. =

: (3)
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in which Eggsorpenti and Eggsorbens2 both represent the energy of one of the reacting
adsorbents, placed on the surface individually, and Erg represents the energy of the
transition state. 96.25 is the conversion factor from eV to kJ.

ETS - Eadsm'bent

The metal slab contained four layers with a vacuum regime of 7.5 A on both sides. This
distance suffices to avoid interactions between the adsorbates from different slabs. All
transition states were found using the nudged elastic band method. Zero point energy
corrections were performed by a selective dynamics run, in which only the adsorbents
were allowed to vibrate. The zero point energy was then determined by adding the
total energy contribution of the frequencies divided by two, to the lowest energy of the
adsorbent. Imaginary frequencies from the transition state were not taken into account
in this correction.

In order to determine the pre-exponential factors, frequency analyses were performed,
using the following equation:

f=—7% (37)
i e(k?)

where f stands for the vibrational partition function, w for the frequency of the vibra-
tional mode in meV, k; for Boltzmann’s constant in meV K~ and T for the temper-
ature in Kelvin. For the forward pre-exponential factor, the following equation was
performed:

sk

'™ fis h

where vy is the pre-exponential factor for the forward reaction, f7g is the the frequency
for the transition state reaction and f;g the frequency for the initial state. The temper-

ature was set to 800K.

(38)

In order to objectively compare the energies from DFT with the energies found in
experiments, the enthalpy of reaction was calculated for the formation reactions to-
wards the different possible reaction products. The standard enthalpy of reaction A,Mm?
is related to the standard enthalpy of formation A &? of reactants and products by the
following equation:

AR = > v Al — Y v AH (39)
products reageuts
The standard enthalpies of formation yield a standard enthalpy of reaction at 298 K
and 1 bar. Enthalpies at different temperatures can be calculated from heat capacities
and reaction enthalpies at these temperatures. The thermodynamic analysis for the
methanation reaction is shown as an example in figure 9.
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AHf = AHF (CHy) + AH7 (H;0) — AHF (CO) — 3AH7 (Ha)

T=2g98K

p=1atm

CO

% >
>

reaction enthalpy

3H,

1)

O = / 8T |
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reaction electronic energy

i @@
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O @ 2 ® 1,0
3H- T=aokK CH;,  bond
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AER = AE.(CHy) + AE, (Hs0) — AE,(CO) — 3AE, (Hs)

Figure 9: Thermodynamic analysis of the methanation reaction (by courtesy of Ir. Ivo

A. W. Filot).

It must be noted that the values of DFT are at 0 K and 0 bar, while the values from
experiments are measured under standard conditions. Hence, there will be a difference
between these experimental values and DFT, which is partially due to this difference in
temperature and pressure. The rest of the difference in energy is due to the accuracy

of DFT.
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4 Results and Discussion

4.1 DFT calculations

4.1.1 Adsorption and desorption reactions

First of all, the adsorption and desorption reaction energies were determined for the
relevant C.H,(O,) species. Reagents as well as products were investigated, as the re-
sult of CO hydrogenation, C-C coupling, and CO insertion reactions. Table 1 gives an
overview of these reagents and products with their corresponding values.

Table 1: Energies for adsorption. F,4s stands for the adsorption energy, in kJ/mol.

Adsorption and Desorption Reactions — E,4s [kJ/mol|

&y + 2 x A E 118
CO + +— COx 194
EQO* — EQO + % 47
CIE,0x% +—— CIE50 + * 99
CI& 3 OI& * «—— ClE30E + % 26
ClE 5 ClR o «—— CRoClR, + % 87
CIE3CIREO=* +— CIE3CEO + x* 87
CE;CIE,0E+x <«+— CHE3CE;OR + * 15

Note that due to the associative desorption of methane and ethane, they are not taken
into account with Hertz-Knudsen desorption . The adsorption energies for the reagents
are in line with previous results from the Literature |29].

4.1.2 CO dissociation reactions

The CO dissociation reaction is an important reaction in the FT synthesis reaction.
This reaction is key to the production of methane and longer hydrocarbons as well as
the proposed reactions towards ethanol or other longer oxygenates. CO dissociation
can occur in multiple ways. It can occur either directly, where the adsorbed CO splits
into C and O, or via a hydrogen assisted route, where the adsorbed CO first reacts with
an adsorbed hydrogen atom before splitting of the CO bond. This Hydrogen mediated
CO dissociation can also occur via two pathways, namely the reaction via COH or the
reaction via CH;O intermediates. The pathways towards adsorbed CH, and OH are
shown in figure 10. All reaction intermediates for CO dissociation are shown in table
12 and 13 in chapter 8.1.
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Figure 10: Reaction energy diagram of the different possible CO dissociation reactions.

From figure 10 it can be seen that CO dissociation is most likely to go via a direct
pathway and not via a hydrogen mediated pathway. The same trend was also found for
the CO dissociation on stepped ruthenium [30]. Even though the dissociation energy
is lower for the CHO dissociation to CH and O than the direct CO dissociation to C
and O, the overall energetic barrier for the hydrogen mediated CO dissociation is much
higher. Another alternative path was investigated, where the CO was hydrogenated
on the O rather than on the C, which results in a COH intermediate. Subsequently,
this intermediate can split into C and OH. This was proposed for Ni surfaces in the
Literature |31]. The initial hydrogenation step to form this COH intermediate has a
barrier of 175 kJ/mol. The COH dissociation reaction to C and OH has a similar energy
barrier, making this reaction the least favorite pathway for CO dissociation on stepped
rhodium. This contrasts to the CO dissociation on a terrace site, at which the CO
dissociation tends to happen in a hydrogen mediated manner on ruthenium [32] as well
as on rhodium [33]. Table 2 shows the comparison between activation energies from
own calculations, compared to the Literature |29, 34].
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Table 2: Elementary reaction steps as calculated for the direct and hydrogen assisted
CO dissociation reactions from own calculations® as well as from the Literature [29]°
[34]¢. Ef stands for the forward reaction energy and Ej for the backward reaction
energy. All energies are in kJ/mol.

# Elementary Reaction Steps EY Ly E? E}; ES By
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

1 COx + % +—  Cx + Ox 150 83 150 127 180 96

2 COx +IlEx <«— COIlEx + x 175 68 106 27 94 11

3 COx +I8x <+— CHEO*x + * 134 18 96 29 109 36

4 CIEOx + % <+— Clix + Ox 140 185 98 93 184 192

5 COEx + x <«— Cx + Olix 170 204 102 109 115 139

It can be seen from table 2 that the forward and backward reaction energies differ
enormously. This difference is due to the stabilities of certain species and their cor-
responding transition state. Literature value on the forward and backward activation
energy predict a significantly (around 40 kJ/mol) more stable CHO intermediate, sug-
gesting a feasible hydrogen assisted CO dissociation, which is in contrast to our findings.
A detailed RED analysis of their results shows that their migration correction is not
totally correct. This is further elaborated on in section 4.1.4. This can also, to lesser
extent, be the case for the COH species. It can also be seen that the forward reaction
energy of the CO dissociation is the same, while the backward reaction energy differs
with 44 kJ/mol. This means that we have found an easier way to produce CO out of
C and O. It can further be noted that the activation energy for dissociation of CHO
to CH and O lies in between the values found in the Literature. The reaction energy
in the Literature is found to be rather thermo-neutral, while the reaction energy from
own calculation is endothermic. This is also due to the existence of a more stable state
for CHO. The forward reaction energy would then increase. If the reaction is made
thermo-neutral, the values for the dissociation would be close to that of the values
found by Kapur and coworkers |34]. The splitting of COH to C and OH is endothermic
in both the Literature, as well as in own calculations. This means that it is possible
to decrease both forward and backward reaction energy, going via a different splitting
pathway. From this it can be concluded that there must be a transition state that is
energetically more favorable. If only the transition state decreases in energy, the reac-
tion energy will stay the same, while the energy barriers decrease.

Figure 11a to 1le show the transition states of reactions 1 to 5. Figure 1lc to 1le
show the direct and indirect CO dissociation reactions. The CO dissociation takes
place on the B5-site. From figure 11a, it can be seen that the oxygen in this configura-
tion is hard to hydrogenate. There may be a different pathway for the formation of the
COH species since this reaction is more favorable, as described by Kapur and cowork-
ers. It could be the case that hydrogen is on the step, while CO is in the step. In this
manner, it may be easier to hydrogenate the oxygen. The low activation barrier for the
backward reaction in reaction 3 can be explained by its transition state. The transition
state from reaction 3, as shown in figure 11b, is much alike the final state. Therefore,
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it is relatively easy to go from the final state to the transition state, explaining the low
backward activation energy. It is shown in figure 11d and 11e that the splitting of the
O and the splitting of the OH proceeds via on atom in approximately the same manner.
While C is bound to the surface with three bonds, the CH is bound by the surface by
two bonds and with one bond to the hydrogen atom. This is according to the bond
order conservation principle. The oxygen from transition state 4 will move to a bridged
position, which is also in line with the bond order conservation principle.

(b) Transition state 3

(c) Transition state 1 (d) Transition state 4 (e) Transition state 5

Figure 11: Graphical representation of transition states 2 to 5.

4.1.3 The Methanation reaction

Methane is one of the products that can be formed using the F'T reaction on rhodium.
The methanation reaction is an important reaction in Rh-based FT, as it is known
that methane is the dominant product [35 39]. The methanation reaction can also be
used as a good test case for a microkinetic model since the reaction deals with CO
dissociation, hydrogenation, and the removal of oxygen by the production of water.
On a stepped rhodium surface, CO dissociation is neither easy nor difficult. Hence,
a certain amount of the CO on the surface will become dissociated into C and O.
Subsequently, the adsorbed C can react with adsorbed hydrogen all the way through to
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methane. The remaining oxygen on the surface can react with hydrogen to form OH,
that can be hydrogenated again to water. Figure 12 clearly shows that the dissociation
of CO is the rate limiting step in the methanation, because this energy barrier is the
highest of all reactions. It is also shown that the reaction to CH, is rather difficult,
since the reaction energy barrier is only 30 kJ /mol lower than the CO dissociation. This
means that the surface will probably contain an abundance of CH species. It further
shows that C hydrogenation to CH species and the O hydrogenation to OH species are
almost thermo-neutral, while the rest of the reactions net need energy. The forward
and backward reaction energies, as well as the pre-exponential factors for the methane
formation, can be found in table 16 with according graphical representation in table 17
in section 8.3. The energies and pre-exponential factors for the formation of water can
be found in table 14 with their graphical representations in table 15 in section 8.2. The
total reaction energy for the formation of methane was found to be approximately 275
kJ/mol.

- AEY®T = -206 k] /mol
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Figure 12: Reaction energy diagram direct and hydrogen assisted route for the metha-
nation reaction.

Figure 12 compares the case of the direct CO dissociation with the hydrogen mediated
CO dissociation in the methanation reaction. As discussed in section 4.1.2, the CHO
has a lesser activation energy compared to the direct pathway, but has a higher overall
energy barrier for the reaction to the CH species. It can further be seen that the C
and CH species are relatively stable on the surface, but not as stable as CO is. The
simulated reaction enthalpy nicely matches the reaction enthalpy calculated from the
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formation enthalpies [40].
The comparison can also be made between the methanation reaction on rhodium and
ruthenium [41]. The reaction energy diagram that compares the methanation reactions

is shown in figure 13.
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Figure 13: Reaction energy diagram for the methanation reaction on rhodium and
ruthenium.

As is seen in figure 13, methanation reactions proceed via the direct CO dissociation.
This figure also shows that the C hydrogenation to CH is thermo-neutral with regard
to ruthenium, as was the case for rhodium. In contrast to methanation on rhodium,
the CH, hydrogenation to CHj is almost thermo-neutral, whereas the O hydrogenation
to OH is not. Also, the stability of the C and CH species on ruthenium, compared
to the CO species is different from rhodim. On rhodium, the CO is the most stable
surface species, followed by C and CH, while on ruthenium, the C and CH species
are even more stable than the CO species. However, up to CHs, the surface species
are more stable on rhodium. CHj3 and O are more stable on the surface of ruthenim,
while OH is more stable on rhodium. There is quite some difference in energy in the
adsorption reactions as well, since both CO and H species adsorb more strongly on the
rhodium surface. Table 3 shows the comparison between activation energies from own
calculations, compared to the Literature |29,42|.
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Table 3: Elementary reaction steps as calculated for the methanation reaction from
own calculations® as well as from the Literature [29]° [42]. All energies are in kJ/mol.
Data that was not calculated in the Literature is marked by a *.

Elementary Reaction Steps E% By E? E;j ES E;
[kJ/mol] [kJ/mol]  [kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]
[own work] [own work] [29] [29] [42] [42]
Cx + —  ClEx + * 80 74 94 67 90 105
ClEx + Ex <+— Chlyx + * 119 54 157 25 67 27
Cliox + lTx  +—  Cligx + = 16 56 115 60 59 92
Clig* + lx +— Cliy + 2 x 76 33 112 40 71 *

It can be seen from table 3 that the forward and backward reaction energies do not
differ enormously, comparing the C hydrognenation to CH from the Literature with the
data from own calculations. It can be noted that the forward and backward reaction
energy for the hydrogenation of CH, the forward reaction energy in the data from Zhu
et. al. [29] is much higher than the rest of the data. This means that their CH4 species
has a less stable configuration on the surface than the other datasets. Compared to
the data from own calculations, Chen and coworkers find a lower forward activation
energy. This can be due to their more stable CH, species. Furthermore, it can be
seen that for the hydrogenation of CH, to CHjs, the reaction barriers vary between
the Literature studies, as well as with the values from own calculations. Zhu and
coworkers find a higher reaction barrier, while Chen and coworkers find a lower forward
activation energy. Overall, the forward reaction energies calculated by Zhu et. al.
lie higher than the rest of the data, while the backward reaction energies are in the
same range, resulting in a higher overall reaction barrier. On the contrary, the forward
reaction energies in general are lower, while the backward reaction energies are higher.
Therefore, it can be concluded that Chen et. al. find more stable conformations for
their species. The differences between the data from Chen et. al. can also be due to
their use of SIESTA. SIESTA calculations, which use a LCAO (Linear Combination of
Atomic Orbitals) basis set instead of a plane-wave basis set, are in general less accurate.

4.1.4 The production of C;-oxygenates

Apart from methane, the reactions to C;-oxygenates were investigated as well. There
are several possible pathways leading to the production of these species. One of the
possibilities is the hydrogenation of the CO, without breaking the CO bond. CO can
then be hydrogenated on the carbon or on the oxygen. These pathways are further
denoted as the methoxy and the hydroxyl pathways. Other possibilities are presented
when CO dissociation takes place first. The possible reactions to C;-oxygenates that
were investigated concerns the production of formaldehyde and methanol. Correspond-
ing reaction energy diagrams are shown in figure 14 and 15, respectively.
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Figure 14: Reaction energy diagram for different pathways for the formation of
formaldehyde on stepped rhodium.

There are only two possible pathways for the production of formaldehyde, starting from
either CO hydrogenation to CHO or from CO dissociation to C and O. The latter pos-
sibility needs an additional coupling with an oxygen or hydroxy species. The simulated
reaction enthalpy nicely matches the reaction enthalpy calculated from the formation
enthalpies [40].

The reaction energy diagram shows two different pathways for the formation of formalde-
hyde that were investigated. It shows that not only the CO dissociation is less favorable
than the methoxy pathway, it also shows that the overall energy barrier is higher. It
can be concluded that the methoxy pathway is more favorable for the production of
formaldehyde, and is therefore more likely to occur than the hydroxyl pathway. The
total forward reaction energy was found to be 350 kJ/mol.
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Figure 15: Reaction energy diagram for different pathways for the formation of methanol
on stepped rhodium.

For the production of methanol, three possible pathways arise. Next to the CO dissoci-
ation pathway and the methoxy pathway, the hydroxyl pathway is now a possibility as
well. With the hydroxyl pathway, the CO is hydrogenated on the oxygen, and a COH
species is formed. This COH species propagates to CH,OH, followed by the termina-
tion to CH30H. A comparison has been made between the hydroxyl pathway and the
methoxy pathway.

The methoxy pathway starts by hydrogenating a CO species to a CHO species. This
CHO species propagates to CH30 and terminates to CH3OH. Also, the interlinking
reactions were investigated. These interlinking reactions contain CHO hydrogenation
to CHOH and CH,0O to CHy;OH. The other possiblility is breaking the CO bond before
hydrogenation. This route then needs to couple again with an oxygen or and hydroxy
species to obtain a C;-oxygenate. This possibility is not further investigated, since the
CO dissociative pathway turned out to be the least favorable the formation of formalde-
hyde.

Figure 15 shows that the energy barriers up until the CH5,O species are the lowest
for the methoxy pathway. From the CH,O species, the interlinking reaction to CH,OH
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is more favorable than the methoxy pathway reaction to CH30. However, the termina-
tion reaction of the hydroxyl pathway is significantly less favorable then the termination
of the methoxy reaction, making the overall reaction more favorable for the methoxy
reaction. It can be concluded that the methoxy pathway will be the most dominant
pathway in the production of methanol. The simulated reaction enthalpy nicely matches
the reaction enthalpy calculated from the formation enthalpies [40].

Figure 40 shows the transition state for key reactions in both the hydroxyl (figure
16a to 16¢) and the methoxy (figure 16d to 16f) pathways. In this manner, a graphical
comparison is made. It can be seen that the transition state for the formation of CHOH
from CHO is less favorable than from COH to CHOH. This is because the oxygen is far
away from the surface and in order to hydrogenate the oxygen from CHO, a hydrogen
atom has to move far from the surface as well, resulting in the desorbing of the hy-
drogen atom before hydrogenating of the oxygen takes place. In the case of COH, the
carbon, which must be hydrogenated in order to form CHOH, is close to the surface.
The transition state is therefore more favorable, meaning that reaction through this
pathway to form CHOH is lower in energy. The same holds true for the formation of
CH,OH. With CHOH, the carbon is closer to the surface and is therefore more easily
hydrogenated. The oxygen in CH5O is, like CHO, too far from the surface to hydro-
genate easily. So, for this reaction, the transition state lies high in energy as well. The
formation of methanol proceeds easier via the hydrogenation on the oxygen. This can
be explained when looking at figures 16c and 16f. Both the CH,OH as well as the
CH30 species are bound to the surface via the oxygen. This suggests that, in the case
of CH,OH, it may not be the most favorable configuration, since the transition state
for reaction 18 is high in energy. However, CH3O is easily hydrogenated to methanol,
which leads to the conclusion that the transition state for reaction 15 is more favorable.
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(d) Transition state 16 (e) Transition state 17 (f) Transition state 18

Figure 16: Graphical representation of transition states of formation of CHOH, CH,OH,
and CH3OH.

Table 4 shows the comparison between activation energies from own calculations, com-
pared to calculation on a stepped surface [34] and a Rh(111) surface [43] from Literature.
From table 4 we see that the reaction of CO proceeds to a different species, comparing
the stepped surface and the planer surface from the Literature. Hence, the path towards
COH is preferred on the stepped surface, while the path to CHO is preferred on the
planer surface. Own calculations show a preferred pathway for the CHO species, while,
when comparing with the Literature, the stepped surface shows a preferableness for the
COH species. The most probable explanation for this is the high activation energy for
the formation of COH species. When looking at the most probable path from the CHO
species, it can be seen that on both stepped and planer surface, the reaction to CH,0O
requires less energy. This compares with the results from own calculations. Starting at
CH50, hydrogenation can then proceed according to two possible reaction pathways.
The reaction that requires the least energy on the stepped surface, as well as the planer
surface, is the formation of CH30. This does not compare with our own calculations.
However, the termination step was found to be much lower than the Literature. When
comparing the reaction energies from the CH30 added to reacion energy of the ter-
mination step to CH3OH, the difference in total energy between own calculations and
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the Literature is only 1 kJ/mol. This means that there are several ways to produce
methanol.
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It is easier to distinguish the different possibilities on these surfaces comparing the en-
ergetically lowest pathways by means of a reaction energy diagram. The data for the
methoxy pathway from own calculations were compared to data from Kapur et. al. [34].
The reaction energy diagrams are shown in figure 17 and 18.

AEYST — g4 k] /mol AE, =-243 k]/mol
R

- AE_ =-106 k] /mol

CO+2H,

-100

-150 -

-200 -

CH,O%* + 2H¥*
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-250 -

Energy [k]/mol]

.300 -

-350 —

Methoxy pathway from own calculations
-400 —

-450 -

CO* + 4H*

Methoxy pathway from data by Kapur

Figure 17: Reaction energy diagram for comparison of the methoxy pathways from the
Literature [34| and from own calculations.
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Figure 18: Reaction energy diagram for comparison of the hydroxyl pathways from the
Literature 34| and from own calculations.

It can be seen in the reaction energy diagrams that the total energy of the reaction
from syngas to methanol via methoxy pathway as well as the hydroxyl pathway are
different from the reaction energy from our own calculations. The values from the Lit-
erature |34] do not match the experimental values [40]. It can also be noted that the
data are not migration corrected, because the reaction energies for both hydroxyl and
methoxy pathways do not coincide. From this we can conclude that there is probably
something wrong with the migration correction on the data from the Literature.

More conclusions can be drawn from the key transition states, which were shown in
figure 40. A difference in configuration can be found, when comparing the transition
states with the transition states found by Kapur et. al. from reaction 23 and 24 with
the corresponding transition states from Kapur and coworkers. The difference lies in
the fact that the transition states, as shown by Kapur, are bound by the carbon as
well as the oxygen. Therefore, the oxygen lies closer to the surface and is easier to
hydrogenate. The rest of the transition states are much alike the ones from own work,
with the exception of transition state 18. This transition state is bound by the carbon
instead of the oxygen, making the transition state more stable and therefore lower in
energy. This energy difference was already shown in table 4.
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4.1.5 CH,-CH, coupling reactions

In order to acquire longer chains, coupling reactions will need to take place. These cou-
plings consist of CH,-CH, coupling reactions, for the Cy-hydrocarbons. These coupling
reactions can take place between a CH, and CH, species. On the one hand, it is possi-
ble for these species to partially hydrogenate before coupling. On the other hand, they
can also react without hydrogenaton on forehand. which is the case for the coupling
of two carbon species. These different possibilities have been investigated in a previous
study, on the Quantummechanical analysis of the Carbide Fischer-Tropsch mechanism
on Rh(211) [44]. This study showed that CHj species were not capable of coupling with
other CHy species. Therefore, only the plausible reactions from the previous study were
taken into account in this study and recalculated in order to get the absolute energetic
values from DFT. These energetic values are needed for a correct migration correction.
These different reactions are shown in figure 19.
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Figure 19: Reaction energy diagram for the studied C-C coupling reactions.

The above figure indicates that the coupling of two carbons is slightly more favorable
than the coupling of a carbon and a CH species. This is a remarkable finding, since this
is not true for these reactions on ruthenium. On ruthenium, the coupling of a carbon
with a CH species is more favorable. It can also be noticed that the coupling of a carbon
species to a CHj species is an endothermic process. The coupling of a carbon with a
CH species and the coupling of two carbons is an almost thermo-neutral process. The
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rest of the reactions are exothermic. The values of these elementary reaction steps, as
well as a graphical representation of them, can be found in table 20 and 21 in section 8.5.

At first sight, the reaction energies seem to indicate that the C-C coupling pathway is
the most dominant pathway. This pathway starts from a carbon on the surface and
propagates to CHCHj3 where it has no energy barrier higher than 106 kJ /mol, while the
other reactions have a reaction energy of at least 119 kJ/mol. However, from figure 19
we can conclude that the most probable manner to couple a CH, species and a CH,
species is not via the C-C coupling reaction, but by means of the CH-CH3 coupling
reaction.This can not only be concluded because the coupling reaction itself is lowest in
activation energy, but also because the overall energy barrier for the reaction is lowest
in energy compared to the rest of the investigated coupling reactions. Nevertheless, the
C-C coupling reaction remains a probability.

Comparisons between own calculations and calculations for activation energies on rhodium
between own calculation and the Literature [42,45| can be found in table 5.

Table 5: Elementary reaction steps as calculated for the C-C coupling reactions from
own calculations® as well as from the Literature [45]° [42]°. Values of the backward
reaction energies are not reported in the Literature. F; stands for the forward reaction
energy and Ej for the backward reaction energy. All energies are in kJ /mol.

# Elementary Reaction Steps Ef [kJ/mol]*  E, [kJ/mol]* Ey [kJ/mol]® E; [kJ/mol]¢
28 Cx + Cx — CCx + x 86 91 218 113
29 Cx + ClEx +— CCIEx + * 103 93 160 90
30 Cx + ClEsx +—— CClE3* + * 119 144 144 104
31 Clix + Clx «— CRCREx + * 156 94 139 117
32 ClEx + Clizgx «+— CRECE3x + % 38 20 154 155
33 Cligx + Cligx  +— ClEoClgx + 75 136 83 91

Figure 44 shows the transition states of reaction 28, 29, and 32. These transition
states can be compared to transition states reported in the Literature. These specific
transition states were chosen for comparison because of the big energy difference in
forward reaction energies.
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(a) Transition state 28 (b) Transition state 29 (c) Transition state 32

Figure 20: Graphical representation of transition states of CH.-CH, coupling reactions.

When comparing the transition state from reaction 28 with the transition state as
reported in the Literature, it can be seen that the C-C coupling takes place on the
B5-site, where one of the carbon atoms starts bridged, while the other carbon starts in
a three-fold position on the B5-site. In our own work, the first carbon starts in a 4-fold
position in the Bb-site, while the second carbon starts from the threefold position of
the neighboring B5-site. In this manner, the C-C coupling proceeds via three rhodium
atom, while the Literature states that the C-C coupling takes place over 2 rhodium
atoms. It could be argued that, when the carbon is positioned on the neighboring B5-
site, the carbon atoms are further apart, meaning that the repulsion between the two
carbon species is lower. For the C-CH coupling, which proceeds in the same manner
than the C-C coupling reaction, the reaction energies resemble the values as reported
by Chen et. al. However, they do not match the values from Cheng et. al. This is
due to the fact that the transition state from Chen and coworkers looks approximately
the same, while the transition state from Cheng and coworkers do not match. Cheng
and coworkers have a coupling over the same B5-site atoms, while Chen et. al. couple
the C with CH in the same manner as in our own calculations. Apparently, it is more
favorable to couple the C species with a CH species over three rhodium atoms, instead
of two, as was the case with the C-C coupling reaction. The reaction energy for the
CH-CHj coupling does not compare to the values from the Literature. The transition
state proceeds over two rhodium atoms in the Literature, while it proceeds over 1 in
our own calculations. The fact that CHj3 couples over 1 rhodium atom can be explained
by the fact that CH3 behaves as a hydrogen atom. Hence, a hydrogenation tends to
proceed via a single rhodium atom.

4.1.6 Hydrogenations towards C, - Hydrocarbons

After CH;-CH, coupling has taken place, the CH;CH, species can be further hydro-
genated to stable C, - Hydrocarbons. In this study, the production of ethylene and
ethane are investigated as products from the CH,-CH, coupling reactions, as described
in section 4.1.5. The two most probable ways to couple the two carbon species are
shown in the reaction energy diagram in figure 21.
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Figure 21: Reaction energy diagram for the production of ethane as compared to the
production of ethane.

This figure shows the comparison between two routes for the formation of ethane as
well as the formation of methane. It can be seen from the reaction that the production
of ethane is far more endothermic than the reaction to methane. This is in good com-
parison with the values of experiments |40].

The same routes of the coupling reactions can be taken for the production of ethy-
lene. Two different routes for the reactions that proceed via the C-C coupling are
investigated. These routes are the direct and indirect pathway. Both pathways propa-
gate to the CCH; species. The direct pathway then hydrogenates to a CHCH 4 species,
while the indirect pathway hydrogenates to a CCHj3 species. The CHCH, species then
terminates to ethylene, while the CCHj3 hydrogenates further to CHy,CHj3 before ter-
minating to ethylene. These different pathways are shown in reaction energy diagram
22.
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Figure 22: Reaction energy diagram for the indirect and the direct pathway for the
production of ethylene.

Although the diagram shows that the indirect pathway proceeds to a more stable state,
coming from CCH,, both pathways have approximately the same overall reaction en-
ergies, making them both likely to take place. It can also be seen that most reactions
are exothermic, except for the termination step of the indirect pathway and the C-C
coupling step, which are more or less thermo-neutral. The values of these elementary
reaction steps towards ethane and ethylene, as well as a graphical representation of
them, can be found in table 22 and 23 in section 8.6.

The comparison can be made for the ethylene reaction on rhodium and on ruthenium.
This is shown in the reaction energy diagram in figure 23.
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Figure 23: Reaction energy diagram for the comparisson of the production of ethylene
on rhodium and ruthenium.

It can be concluded from the reaction energy diagram, that adsorption reactions on
ruthenium are less endothermic than on rhodium. In contrast, water formation, when
ignoring the difference in adsorption energies, is energetically more favorable on ruthe-
nium than on rhodium. It can also be seen that the desorption energy on ruthenium
is higher than on rhodium, meaning that the desorption is more exothermic on ruthe-
nium when compared to rhodium. It can also be seen that the reaction on rhodium
proceeds via a different propagation step from the CCH species. On rhodium, CCH is
propagated to CCH,, while it is more favorable to propagate CCH to a CHCH species
on ruthenium. Although the reactions differ quite a lot regarding their activation barri-
ers, their overall energy barriers are about the same. No comparable calculations were
found in the Literature for the hydrogenation reactions on a stepped rhodium surface.

4.1.7 CO insertion

In order to produce C,-Oxygenates coupling has to take place between a CH, species
and a CO species. The hypothesis states that the formation of rhodium proceeds via a
CO insertion mechanism. Since CO dissociation is not relatively easy or relatively diffi-
cult, the amount of CO species and the amount of carbon on the surface will probably
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be in the same order of magnitude. Therefore, it makes sense that CO species couples
with a CH, species on the surface for the production of ethanol.

When looking at CO insertion, there are a few possibilities that could occur as a cou-
pling reaction. The CO could couple with a C, CH, CH, or CHj species. All these
possibilities were investigated. CH3CO seemed to be unstable and was found to disso-
ciate before the end of the run. The remaining possibilities are shown in the reaction
energy diagram in figure 24
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Figure 24: Reaction energy diagram for the different CO insertion reactions.

It can be seen from the reaction energy diagram that the CH,-CO coupling pathway has
the lowest activation barrier for the elementary reaction step of the coupling reaction it-
self. However, this will probably not be the most dominant pathway, because its overall
reaction energy is higher in energy than the CH-CO coupling pathway. Therefore, the
CH-CO coupling pathway will probably be the most dominant CO insertion reaction
on rhodium. It must be noted that the overall energy barriers for all coupling reactions
to CH,CO are close together. It can be conclude from this, that the coupling of a CO
with a CH, species does not depend the amount of hydrogen atoms bound to the CH
species. The values of these elementary reaction steps for the CO insertion reactions, as
well as a graphical representation of them, can be found in table 24 and 25 in section 8.7.
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Comparisons between own calculations and calculations for activation energies on rhodium
between own calculation and the Literature [12,34] can be found in table 6.

Table 6: Elementary reaction steps as calculated for the CO-insertion reactions from
own calculations® as well as from the Literature [12]° [34]¢. Values of the backward
reaction energies are not reported in the Literature. F; stands for the forward reaction
energy and FEj, for the backward reaction energy. All energies are in kJ/mol. Data that
was not calculated in the Literature is marked by a *.

# Elementary Reaction Steps EY Ly Eé’c Eé’ ES £y
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

45 Cx + COx +— CCOx* + x* 166 38 134 91 * *

46 ClEx + COx  +— CERCOx + % 181 66 138 42 160 64

47 CHgox + COx  +— CH3CO* + * 148 5 * * 70 16

From tabel 6 we can conclude that the CO insertion reaction is energetically the most
favorable with CH,-CO coupling. This is shown from the Literature, as well as from
our own calculations. It can also be concluded that the CH-CO coupling is the least
favorable coupling pathway. Apart from the difference in energies, the general trends
are the same for the different datasets.

(a) Transition state 45 (b) Transition state 46 (c) Transition state 47

Figure 25: Graphical representation of transition states of the CH.-CO coupling reac-
tions.

When CO insertion proceeds via the C-CO coupling, C couples to a CO. The conse-
quence of this is that the CO stays in a threefold configuration, while the carbon couples
to the CO. When CO inserts into a C which is already partially hydrogenated, the CO
moves, via a single rhodium atom, to the hydrogenated species. In the Literature, the
CO is also coupled via a single rhodium atom, when CH-CO coupling takes place. For
CH3-CO coupling, the CO moves via a bridged transition state. The C-CO coupling
proceeds differently, according to the calculation from van Rijn et. al. [12], because
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here, the CO stays in a fourfold position, while the CO reacts over one rhodium atom
in order to couple to CCO. This is the origin of the difference in energies.

4.1.8 Hydrogenations towards C,—0Oxygenates

After CH-CO coupling has taken place, stable C,—Oxygenates can be formed by means
of hydrogenation reactions. The stable products, that were investigated in this study,
are ethanol and acetaldehye. Firstly, the production of ethanol via various pathways,
namely the hydroxyl and ethoxy pathway, with each their own subset of pathways is
described. Secondly, the reaction to acetaldehyde is discussed. The reactions to CH3CO
and hydrogenations of CH3CO are not discussed, because the CH3CO turned out to be
unstable on the surface, splitting directly into a CH 3 species and a CO species. The val-
ues of the elementary reaction steps for the hydrogenation reactions of C,—Oxygenates,
as well accompanying graphical representations of these steps, are shown in table 26
and 27 in section 8.8.

The reaction towards ethanol can proceed via multifarious pathways. The pathways
investigated are the ethoxy pathways and the hydroxyl pathways. In the ethoxy path-
ways, the carbon atoms of the CH,CO propagate to CH3CH>;OH, before termination
to ethanol takes place. The hydroxyl pathway consists of reaction pathways at which
the CH,CO species hydrogenates to CH,COH before it proceeds with the propagation,
resulting in two different termination pathways. In figure 26, the different possibilities
for the production of ethanol via the hydroxyl pathways are shown.

All pathways start, as described in section 8.1, with a CH-CO coupling reaction. This
is followed by the reaction towards CHCOH. From this point, the primary carbon can
be hydrogenated to CH,COH, as is shown in pathways 1 and 2. When CH,;COH is
formed, the species can be hydrogenated again on the primary and on the secondary
carbon, resulting in the production of CH3COH and CH,CHOH, respectively. The
formation of CH,CHOH is represented by pathway 1, while formation of CH3COH is
produced following pathway 2. These two pathways come together again with the for-
mation of the CH3CHOH species. Only termination to ethanol rests from this point on.

The other possibility is the hydrogenation of the secondary carbon, which proceeds
in the formation of CHCHOH, as is shown in pathways 3 and 4. From this CHCHOH
species, it is possible to hydrogenate the primary carbon, producing CH,CHOH, or the
secondary carbon, producing CHCH,OH. Pathway 3 can cross at this point when hydro-
genation on the primary carbon occurs. When hydrogenation of the secondary carbon
occurs, pathway 3 results in CH,CH,;OH. Pathway 4 can only be hydrogenated on the
primary carbon, so evidently the CH,CH5;OH is formed. From here, both pathway 3
and 4 terminate by hydrogenation of the primary carbon to ethanol.
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Figure 26: Reaction energy diagram for the different hydroxyl pathways for the pro-
duction of ethanol.

The ethoxy pathway can proceed via three different routes All three possibilities are
shown in the reaction energy diagram in figure 27. The possible pathways start with
the CH-CO coupling, as it does with the hydroxyl pathways. The ethoxy pathways are
represented by the termination step, which is the same for all possible ethoxy pathways,
namely the termination from CH3CH>O to ethanol.

When coupling has taken place, the CHCO species can be hydrogenated on the pri-
mary carbon and on the secondary carbon. When hydrogenated on the primary carbon,
CH,CO is formed, as shown in pathway 1 and 2. When CH,CO is hydrogenated on
the primary carbon to CH3COQO, it follows pathway 1. This species can then only be
hydrogenated to CH3CH5O, before terminating to ethanol. Hydrogenation of CH,CO
on the secondary carbon species leads to a CHy,CHO species. From here, hydrogenation
can follow pathway 1, when hydrogenated on the primary carbon. When the CH,CHO
species is hydrogenated on the secondary carbon, CH,CH5O is formed, as described by
pathway 2. This species propagates to CH3CH50, before terminating to ethanol.

On the other hand, when CHCO is hydrogenated on the secondary carbon, CHCHO is
formed. This CHCHO is then either hydrogenated on the primary carbon to CH,CHO,
or hydrogenated on the secondary carbon to CHCH,0O. CHy;CHO can react further via
pathway 1, or pathway 2, as discussed before. On the other hand, CHCH ;O can only
react to CHyCH0, proceeding via pathway 2 from this point on.
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Figure 27: Reaction energy diagram for the different ethoxy pathways for the production
of ethanol.

Formation of acetaldehyde proceeds via the previously discussed ethoxy pathway. Also
within the formation of acetaldehyde, there are two possible pathways. The first path-
way (CH2CO route) hydrogenates the primary carbon of CHCO to CH,CO. From here,
it propagates further to CH3CHO before desorbing. The second pathway (CHCHO
route), hydrogenates the secondary carbon of CHCO to CHCHO. From here, it prop-
agates further to CHyCHO and proceeds via the first pathway from this point. The
different pathways are shown in the reaction energy diagram in figure 28. The simu-
lated reaction enthalpies for both hydroxyl and ethoxy mechanisms match the reaction
enthalpy calculated from the formation enthalpies [40|reasonably.
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Figure 28: Reaction energy diagram for the different ethoxy pathways for the production
of acetaldehyde.

Comparison between own calculations and calculations for activation energies on rhodium
between own calculation and the Literature on Rh(211) [34] and on Rh(111) [46] can be
found in table 7. The rest of the reactions that were investigated in this study have not
been reported in the Literature. The simulated reaction enthalpy reasonably matches
the reaction ethalpy calculated from the formation enthalpies [40].
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From table 7 we can conclude that the reaction to CHCOH differs from the value re-
ported in the Literature. It may be the case that there is a more favorable pathway
for the production of this species. Another possibility is that the difference in energy is
compensated further on in the pathway. This could be the case here, since the reaction
barrier from the termination reaction by Zhang et. al. is significantly higher compared
to our own calculation. This is probably due to the fact that Reactions 60, and 71 are
more in line with the values presented by Kaprur et. al. Reactions 70, 72, 80, 81, and
84 show the same trends with respect to the thermicity of the reactions. However, this
is not true for reaction 82, 83, and the termination reactions 88 and 90.

Some key transition states are shown in figure 29. All transition states can be compared
with the transition states as reported by Kapur et. al. In transition state 80 it is seen
that the oxygen is the only atom bound to the surface. When looking at the results of
the intermediate from Kapur and coworkers, it can be seen that their transition state
is bound by the oxygen as well as the adjacent carbon atom. This lowers the energy
of the transition state, lowering the activation energies for the reaction. Comparing
the transition state from reaction 83 with the transition state from the Literature, it
is shown that the reaction energy decreases enormously, when the a-C is bound to the
surface as well. The same holds for the transition state from reaction 84, where the
oxygen could also be bound to the surface, making the transition state lower in energy.

For the termination reactions the transition states are shown in figure 29d to 29f
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(d) Transition state 88 (e) Transition state 89 (f) Transition state 90

Figure 29: Graphical representation of transition states for the formation of key inter-
mediates, as well as all termination reactions.

4.1.9 Towards the formation of C3-Oxygenates

Not only the possibility for the formation of Cs-Oxygenates was investigated, but also
the possibility for the formation of C3-Oxygenates was looked at. For C3-Oxygenates
to take place, the CH,CH,O species must first undergo a CO dissociation to CH,CH,
and O, before another CO insertion can take place. Therefore, several CH,CH,O
dissociations have been investigated. CO insertion on a CHCH 3 has been investigated,
because this is comparable with the CO insertion on a CHq species, because a methyl
group behaves itself as a hydrogen group when looking at CO insertion. Since the
CH,-CO coupling is the most favorable coupling reaction for C,-Oxygenates, we can
assume that for the production of C3-Oxygenates, this will probably also hold true.
Therefore, the CHCH3-CO coupling reaction is calculated as well for the production
of C3-Oxygenates. The energies of the dissociation reactions as well as a CO insertion
reaction to CHCHj3 can be found in table 28.
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Table 8: FElementary reaction steps as calculated needed for formation of Cs;-
Oxygenates.

# Elementary Reaction Steps E; [kJ/mol] Ejy [kJ/mol]
91 ClE;COx* + % +—— CRE5Cx* + Ox 188 289
92 ClE,CIEOx + x* +—— CESCIEx + Ox 124 152
93 CERCE3* + COx <+— CRE3CECO* + * 209 106

It is shown that dissociation of CO is possible from a CH,CHO species. However, even
if CO dissociation takes place, it is not feasible to insert a CO into the growing chain.
This leads to the conclusion that Cs3-Oxygenates will probably not be formed during
the FT reaction on rhodium.
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4.2 Thermodynamic analysis

For the different gasphase species, the following standard enthalpy of formations were
obtained from NIST Standard Reference Database Number 69 (A /E,?) [40] and from
DFT (AlR;)calculations. These are shown in table 9.

Table 9: Enthalpie of formation calculated at standard conditions and using DFT.

Species A fﬂlo AR
[kJ/mol]  [kJ/mol]
18 0.00 -632.52
CcO -110.563  -1411.03
;0 -241.83 -1311.98
Cla, -74.80 -2196.59
CIE ;0% -205.00 -2782.20
CIE,ClE, 52.4 -2945.62
ClE;CIE3 -84.00 -3720.93
ClE3;CIRO -170.70  -3637.18
ClE3CIE, O -234.00 -4324.61

Using the values from table 9 and equation 39, we acquire the following enthalpies of
formation:

Table 10: Reaction enthalpies from NIST Standard Reference Database Number 69 and
as calculated with DFT.

Reaction AT.[{%, st AdEppr

lkJ/mol|  [kJ/mol]
CO + 3 £, — ClE; + E,0 -206 -200
CO + B — CIE-0 -5 -26
CO + 2 £, — ClE;0K -96 -106
2CO +4 8 — ClE.CIE; + 21850 -210 =217
2CO +5 £, — ClE3ClE; + 2§50 -347 -358
2CO + 3 £, — CE;CROR + [E5,0 -191 -226
2CO + 4 £, — ClE;CIE,OR + §,0 -255 -284

It can be seen from table 10 that all reactions, except for the reaction to acetaldehyde,
are within a sensible range of 30 kJ/mol.

All activation barriers for the construction of the Reaction Energy Diagrams from
chapter 4.1 are calculated by means of DFT. Therefore, it would make sense to use
the reaction enthalpies from DFT as reference point. However, the ultimate goal is to
reproduce experimental results, which would imply using the NIST values. Previous
results showed that the temperature dependence of the reaction enthalpy seemed to be
relatively small. For instance, at a temperature of 500K, the difference in energy was
approximately be 10% or less.
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4.3 Microkinetic simulations

The data, as was shown in section 4.1, was used to determine the surface coverages,
product distributions, activation energies, order parameters of the reagents, and the de-
termination of rate-limiting and rate-inhibiting steps, as a function of the temperature.

4.3.1 The Methanation reaction

For the microkinetic modeling of the methanation reaction, data from section 4.1.3 was
used. Figure 30 shows the production of the products, as well as the reagents, for the
methanation reaction on both rhodium 30a and ruthenium 30b.
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Figure 30: Production plots as a function of the temperature for the methanation
reaction, acquired via microkinetic modeling for both rhodium and ruthenium.

The products are formed, so production of them is positive. The reagents are being
used in the reaction, so their production is negative. From the production plot, we can
see no line for methane. The reason for this is that an equimolar amount of H,O and
CH, is formed, so the line for methane is lying exactly beneath the line for water. It
can also be seen that the amount of Hy, which is consumed during the methanation
reaction, is exactly three times the amount of the CO, which is being consumed. This
coincides with the amount needed for the methanation reaction, since the ratio of CO
to Hy is one to three in the methanation reaction. The top of the production graph lies
at around 720 K, which is rather high, but nevertheless a representable value for the
methanation reaction.

When comparing the methanation reaction on rhodium with the methanation on ruthe-

nium, it can be seen from the production plot that the production overall is higher.
This is because ruthenium is much more active when it comes to breaking of the CO
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Computed apparent activation energy

bond. Because the CO bond is more easily broken, the methanation reaction can pro-
ceed faster, so the amount of product is higher than on rhodium. It can also be seen
that the optimum for the methanation reaction on rhodium lies about 50 K higher than
on ruthenium. This is due to the fact that the bond between carbon and ruthenium is
stronger than the bond between rhodium and carbon.
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Figure 31: Activation energies as a function of the temperature for the methanation
reaction, acquired via microkinetic modeling for both rhodium and ruthenium.

Figure 31 shows the activation energies of the reaction. From the activation energy
plot, it can be seen that the plot will probably start horizontally. This maximum will
lie above 250 kJ for rhodium and somewhere around the 200 kJ for ruthenium. This
means that more than 250 kJ is needed for the reaction on rhodium to take place at low
temperatures. This value is higher than the maximum reaction energy barrier, because
there is a lot of CO on the surface at low temperature. In order to break this CO, an
additional free site is needed. With low temperatures, the surface is full of CO and
reaction cannot take place. So, unless a CO is desorbed to create a vacant site, the CO
dissociation will not take place. This additional energy is due to this CO desorption.
Moreover, it is shown that the apparent activation energy for rhodium is higher than
for ruthenium. This also shows that the methanation reaction is more favorable on
ruthenium than it is on rhodium. This coincides with the results that were already
shown in the production plot in figure 30.

Figure 32 shows the surface coverage with respect to the temperature.
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Figure 32: Surface coverage of the different species as a function of the temperature for
the methanation reaction, acquired via microkinetic modeling for both rhodium and
ruthenium.

At low temperatures, the surface is predominantly covered by CO molecules. Also some
atomic hydrogen is present on the surface. When temperature increases, the amount
of empty sites increases. This makes it possible to split CO into C and O. Only di-
rect CO dissociation is taken into account, so the methanation reaction proceeds from
carbon only. The fact that only CO is present for low temperatures means that CO
dissociation is rate limiting in this regime. This is also shown in figure 33a. At higher
temperatures, the amount of hydrogen on the surfaces decreases significantly, making it
harder to hydrogenate surface species like CH3 and OH. Therefore, formation of water
and methane become rate limiting at high temperatures. This coincides with the results
shown in figure 33a.

In the case of ruthenium, there are already different species present at low temper-
atures on the surface. This means that CO dissociation happens relatively easy and
is not a rate limiting step at low temperatures. CHj is present at low temperatures.
This means that the formation of methane and the formation of water are rate limiting
at low temperatures. With increasing temperature, the O species increases to a peak
around 525 K, which coincides with the degree of rate control plot. It is shown in figure
33b that the water formation is rate limiting in this same regime. As was the point
with rhodium, with ruthenium the hydrogen coverage decreases at higher temperatures
as well. This has the same result, making both termination to water and methane rate
limiting. This is also shown in figure 33b.

Figure 33 shows the rate limiting and rate-inhibiting reactions when the values are
positive and negative, respectively.
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Figure 33: Degree of rate control as a function of the temperature for the methanation
reaction, acquired via microkinetic modeling for both rhodium and ruthenium.

From the degree of rate control for rhodium, as shown in figure 33b, we can conclude
that OH and CH, formations are rate limiting when the temperature is low. Because of
the low temperatures, there is a large amount of CO adsorbed and only a small amount
of hydrogen. Furthermore, there is very limited O on the surface to hydrogenate. This
is also shown in the surface coverage plot. Next to OH and CH, formation, the CO dis-
sociation is rate limiting at low temperatures as well. This is due to the small amount
of vacant sites on the surface, because CO needs an additional site in order to disso-
ciate. At higher temperatures, OH hydrogenation is rate limiting, as well as methane
formation. These two reactions are in competition for the hydrogen, since the hydrogen
content decreases after 800 K beneath 10 percent, as shown in the surface coverage plot.
Therefore, both reactions have a value of 0.5 for the degree of rate control. Further-
more, it can be noticed that there are no rate-inhibiting reactions in the methanation
reaction, since all degree of rate control values are positive.

For ruthenium at low temperatures, only the methane formation and the OH formation
are rate limiting, since hydrogen species are not yet present on the surface. CHgj is
readily formed, because CO dissociation can already take place for low temperatures.
For high temperatures, the rate limiting steps are the same as for rhodium, because the
surface coverage of hydrogen is low on ruthenium as well. Therefore, there is competi-
tion for the hydrogen, resulting in a degree of rate control of 0.5 for water and methane
formation, as well.

Figure 34 shows the orders in Hy and CO as a function of the temperature.
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temperature for the methanation reaction, ac-

quired via microkinetic modeling for both rhodium and ruthenium.

From figure 34a and 34b, it can be seen that the reaction order in CO starts at around

-1. This is due to the fact that CO disso

ciation is at this point a rate limiting step, since

there are nearly no vacant sites at lower temperature. The order in CO will increase

to 0.5, as would be expected. The order in H, starts at 0.5 at low temperature. For

high temperatures, the order will increase to 1.5. Hence, for the formation of methane,

the order in hydrogen is 2, since it CH, formation is the rate limiting step. The order

is determined by the rate limiting step, and the reactions leading to this rate limiting
step. All steps after the rate limiting step are kinetically irrelevant. For the formation

of water, the order in hydrogen is 1.
temperatures, the order in hydrogen be
is 1.5. This is the same for rhodium as

Since both reactions are rate limiting for high
comes the averaged value of both orders, which
well as ruthenium, since for both reactions the

rate limiting steps are the same at high temperatures.

Figure 35 shows the natural logarithm of the reaction rate. Values that are negative do

not occur frequently, while positive rea

ction rates mean that the according reaction is

dominant. This is a powerful tool to check the most dominant reactions.
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Figure 35: Reaction rates as a function of the temperature for the methanation reaction,
acquired via microkinetic modeling for both rhodium and ruthenium.

It can be concluded from figure 35, that most reaction rates coincide for both transition
metals. It is shown that the formation of two hydroxy species from water and oxygen is
the least occurring reaction in the methanation reaction, followed by the production of
hydrogen and a hydroxy species from water. It can also be seen that the adsorption and
desorption reactions are the most dominant reactions, followed by the CH formation.
The rest of the reactions lie in between.

The methanation reaction on rhodium was also investigated for the case of hydrogen
assisted CO dissociation. These results were found to match with the direct CO dis-
sociation. It can be seen that this is the case when comparing the rates involving the
direct CO dissociation to the hydrogen assisted CO dissociation pathways, as was done
in figure 36.
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Figure 36: Reaction rates as a function of the temperature for the methanation reac-
tion, acquired via microkinetic modeling for the hydrogen assisted CO dissociation on
rhodium.

It can be seen that the rates for direct CO dissociation are far higher then the rates for
the hydrogen assisted CO dissociation. This was already shown from DFT calculations
in section 8.1 and is confirmed by microkinetics. From this the conclusion can be drawn
that the CO dissociation on stepped rhodium proceeds via the direct CO dissociation
pathway.

4.3.2 The production of Methanol

For the microkinetic modeling of the reaction towards methanol, data from section 8.4
was used. With these data, no methanol was produced. Therefore, some reconsider-
ations were made regarding the reaction energies. It was also considered a condensed
phase for methanol under the pressures and temperatures, which were used. Therefore,
a new value of -147 kJ /mol was calculated as this new reaction enthalpy. By comparing
the reaction energy diagrams for methane and methanol, CH,0O was set more stable by
40 kJ/mol. Also the reaction from CH,0O to CH30 was adjusted downwards in forward
and backward reaction energy. The termination reaction from CH 3O was set higher in
energy for the forward reaction energy. These reconsiderations were made, based on
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values reported from the Literature. When formation of methane is less energetically
favorable, the production of methanol can take place. This is also graphically shown in
figure 37. The reconsidered data are shown in table 11.

Table 11: Reconsiderations of some elementary reaction steps for the formation of
methanol.

# Elementary Reaction Steps E; [kJ/mol] Ejp [kJ/mol]
91 CEOx + A% <+— CHE;0% + % 75 44
92 ClE,0* + Ex <«+— CE30% + % 48 12
93 CRE30* + Ex <«+— CRE30Ex + * 68 7

These reconsidered data can be plot against the data for methane formation in a reaction
energy diagram. This reaction energy diagram is shown in figure 37.
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Figure 37: Reaction energy diagram for methanation and the formation of methanol.

It can be seen that, next to the values that have been changed for methanol, also the
termination step of methane was changed by 100 kJ/mol. This was done, because the
difference in total forward reaction energy for methane (275 kJ/mol) and methanol (350
kJ/mol) is approximately 75 kJ/mol. Since the methane energy diagram lies higher in
energy then the energy diagram for methanol, it is now thermodynamically possible to
produce methanol in a microkinetic model.
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Figure 38 shows the production of the products, as well as the reagents, for the re-
action to methanol rhodium. Figure 38a shows the hydrogenation of CO, without CO
dissociation, thus without methanation, and figure 38b shows the full set of equations
for the production of methanol and methane..
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Figure 38: Production plots as a function of the temperature for the reaction towards
methanol, acquired via microkinetic modeling for both the hydrogenation of CO as the
full set of reactions.

From the production plot it can be seen that the optimum lies around 800 K for the
CO hydrogenation and around the 850 for the production of methanol via different
pathways. The production of methanol is roughly the same for both graphs. The
consumption of reagents lies higher at a higher temperature regime, when looking at
the production plot from figure 38b. This is because in this system, besides from
methanol, also methane is formed. Methane production starts off later, since at the
lower temperature regime, all CO is hydrogenated instantly and no methane is being
formed, because there are no empty sites for CO dissociation, while there is hydrogen
on the surface to generate methanol. When empty sites occur on the surface, the
production of methane sets in. In figure 40b it can be seen that the first vacant sites
occur at 900 K, which coincides with the first production of methane in the production
plot.
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Figure 39: Activation energy as a function of the temperature for the reaction towards
methanol, acquired via microkinetic modeling for both the hydrogenation of CO as the
full set of reactions.

It can be seen from the activation energies, that the direct hydrogenation occurs more
easily, since the activation energy is not as high. We can also seen from figure 39a that
the optimum lies at approximately 780 K, since the graph passes 0 at this temperature.
Figure 39b will show two points at which the activation energy will be 0, since the
graph from figure 38b shows two peaks; one for the formation of methanol and one
for the methane formation. The occurrence of these two peaks lies in the fact that
the concentrations are considerably low, so the micorkinetic equations become harder
to solve for the program. This is the main problem for doing microkinetics in the
regime, where productions are small. For these calculations, the solver needs to be very
accurate, since the concentrations can get as low as the tolerance of the solver. When
concentrations get below this tolerance, the solver can break.
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Figure 40: The surface coverage as a function of the temperature for the reaction
towards methanol, acquired via microkinetic modeling for both the hydrogenation of
CO as the full set of reactions.

From the surface coverage plot, we can see the dominant species that are present on
the surface. When looking at figure 40a, the dominant product at low temperatures is
CO. This is because CO dissociation cannot take place because of the lack of vacant
sites. Around the optimum, there is approximately the same amount in CO as is in
hydrogen, which can be expected. With higher temperatures, the surface is almost
empty, which is as expected. From the surface coverage plot in figure 40b we can see
that there is a lot of CO at lower temperatures. This CO is probably dissociated via
the CHO species, since this species has become more stable with the alterations in
the dataset and therefore the most probable manner to split CO. Since there is no
hydrogen present on the surface, and there are hydrogenated species present at lower
temperatures, all hydrogen is immediately used for hydrogenation of CO to CHO. The
CHO then continues its path to methanol at lower temperatures, since it is produced
at lower temperatures, and at higher temperatures, it will split in CH and O. From this
point on, it can be hydrogenated to methane and water, which are produced at higher
temperatures.
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Figure 41: Degree of rate control for the production plots as a function of the temper-
ature for the reaction towards methanol, acquired via microkinetic modeling for both
the hydrogenation of CO as the full set of reactions.

For the degree of rate control for the CO hydrogenation, as shown in figure 41a, it can be
seen that the CH,O production is rate limiting at lower temperatures. This is because
there is only a little amount of hydrogen adsorbed on the surface, since the surface is
almost completely covered with CO. At higher temperatures the termination reaction
gets rate limiting. Hydrogen is also needed for this reaction. At higher temperatures
there is no hydrogen left on the surface, so desorption will become rate limiting. It can
further be noticed that there are no real rate inhibiting steps. The degree of rate control
for the case of methanation and methanol formation, as shown in figure 41b, becomes
more complicated. At lower temperatures it is shown that, next to hydrogen adsorption,
also the CH50O formation is rate limiting. The latter formation was also rate limiting in
the case of CO hydrogenation. around the optimum for methanol formation, the rate
limiting reactions become the termination from CH3;O to methanol, as was the case
for CO hydrogenation. Besides from the termination to methanol, also the termination
to methane is becoming to get more rate limiting at this temperature. Next to the
rate limiting steps, also a rate inhibiting step, which is the OH formation, is present at
this temperature. This reaction becomes rate inhibiting at this temperature, because it
competes for oxygen with the methanol, so reaction to OH will slow the reaction down.
If OH formation would be less favorable at this temperature, the methanol formation
would be higher. At higher temperatures, methane formation is becoming the sole rate
limiting step. This was also one of the rate limiting steps in the methanation reaction
in figure 33a. The removal of oxygen is not rate limiting anymore, since oxygen reacts
easily to methanol.
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Figure 42: Orders in hydrogen and CO as a function of the temperature for the reaction
towards methanol, acquired via microkinetic modeling for both the hydrogenation of
CO as the full set of reactions.

The order plot shows that the order in CO starts at -1 and the order in hydrogen at
around 1. At low temperatures, CHO hydrogenation is rate limiting at low tempera-
tures. This corresponds with the order in CO, since CHO hydrogenation is dependent
on CO by a factor of one. There is no hydrogen adsorbed on the surface at low tem-
peratures. At higher temperatures, the order in CO is 1, since there is no CO left on
the surface at these temperatures. The order in hydrogen goes to 1 as well at higher
temperatures. For the order plot from figure 42b, Hydrogen starts at 1 as well, because
also in this dataset, hydrogen is not yet adsrobed. The order in CO probably starts at
-1 as well, since the first point in the order plot is an outlier. The fact that the order
is -1 in CO is due to the same fact as was in the case with the CO hydrogenation case
from figure 42a. At high temperatures, the order in H2 becomes 2, while the order in
CO becomes -0.5. The fact that the order for hydrogen becomes two has to do with
the fact that the termination step to methane is rate limiting at higher temperatures.
Since this termination is dependent on 3 reactions that are dependent on hydrogen as
well, the total order for termination is 2 in hydrogen. The order in CO is -0.5 at higher
temperatures. At this temperature regime, termination of methane is rate limiting and
the formation of OH is rate inhibiting. The rate inhibiting step has a great influence
on the order in CO, since the order in CO would be 0.5 if there was no rate inhibiting
step, as was the case for the methanation reaction, as seen in figure 34a.

4.3.3 The production of C,—Oxygenates

For the production of ethanol, the dataset from van Rijn et. al. [12], as well as our
own data, was checked. This dataset consisted of three different papers with values for
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the production of ethanol, methanol and methane. As suggested, the adsorption and
desorption reactions were performed with Hertz-Knudsen kinetics instead of Arrhenius
equations. This gave reasonable different results from the microkinetic model as pre-
sented in her thesis.

Two different datasets, denoted as dataset E5 and E6, were looked at. The production
plots of these datasets are shown in figure 43. It can be seen in figure 43a, that there
is formation of methanol at lower temperatures, which peaks around 750 K. This is in
good agreement with the data from van Rijn et. al. Although there is some formation
of ethanol, it is not in good comparison to the results from van Rijn et. al. The fact that
methane formation starts later is in agreement, as is the fact that methane formation is
approximately 50 times more at its maximum. It can be seen from dataset E6 in figure
43b, that the optimum lies much lower in energy. However, there is no production of
oxygenates apart from water visible in the graph. This means that the production of
methanol and ethanol is low or even absent.

Production of compound [mol/s]

-35

-20

-25

-30

02
e e
/,./'\ H2 H2
CH4 —-— 0.1 CH4 —s
\\ CH30H \ CH30H
H20 —v— H20 —v—
el ] | cHacH20H —e— 0 — CH3CH20H —e—
> NENRNDZ aaw
S
\\ ] 5 0.1
. ]
g
S
5
7 2 03
H
[N
-0.4
05
. 06 1
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
Temperature [K] Temperature [K]
(a) The production plot for dataset E5 (b) The production plot for dataset E6

Figure 43: Production plots as a function of the temperature for dataset E5 and E6
taken from van Rijn et. al. [12], acquired via microkinetic modeling for both the hy-
drogenation of CO as the full set of reactions.

Figure 44 shows the orders in Hy and CO as a function of the temperature. In the case
that there is formation of methanol, the amount of free sites is zero, while there is CO
and hydrogen on the surface. From this we can conclude that the hydrogenation of
CO will probably the most probable pathway for low temperatures. When the amount
of free sites increases, the CO dissociation can start to take place, resulting in the
formation of methane. After he optimum temperatures, the surface becomes empty.
This is as would be expected. In the case of dataset E6, there is a considerable amount
of carbon on the surface. This means that CO dissociation has taken place at lower
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Surface coverage [mol surface species / mol sites]

temperatures, so the hydrogenation of CO did not occur as much as in the case of dataset
E5. Therefore, no methanol was seen in the production plot from dataset E6. At the
optimum temperature, the hydrogen coverage is at its peak, which is as expected. After
this temperature, the amount of hydrogen drops. At high temperatures, the surface
becomes empty again.
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Figure 44: The surface coverage as a function of the temperature for dataset E5 and
E6 taken from van Rijn et. al. [12|, acquired via microkinetic modeling for both the
hydrogenation of CO as the full set of reactions.

Figure 45 shows the orders in Hy and CO as a function of the temperature. From
the order plot it can be seen that the optimum for dataset E5 lies around 1200 K,
while the optimum for dataset E6 lies at 800 K, which coincides with the production
plots in figure 43. It can further be noted that the activation energy at dataset E5 lies
considerably higher then the activation energy in dataset E6, with a difference of 100
kJ /mol. From this it can concluded that more energy is needed for the reaction towards
methanol.
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Figure 45: The activation energy as a function of the temperature for dataset E5 and
E6 taken from van Rijn et. al. [12], acquired via microkinetic modeling for both the
hydrogenation of CO as the full set of reactions.
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Our own results were also put in a microkinetic model. Reaction energies were not
changed, except for the desorption of methane, which was increased by 100 kJ/mol.
Otherwise, all microkinetic calculations would only yield methane. It can be seen from
figure 46 that the production of methane is dominant, as was seen from the microkinetic
simulations from van Rijn et. al. Figure 46b shows the same data the 46a, but in a
smaller temperature range. From figure 46b we can see that ethylene is product at lower
temperatures. There is only little production of oxygenates. From this we can conclude
that the coupling of two carbon species is more favorable then the insertion of a CO
or the hydrogenation of CO, to produce ethanol and methanol, respectively. At higher
temperatures, methane is being produced. It must be noted that the temperatures
at which the production of the compounds takes place is not very realistic, since the
surface should be empty around 1000 K.

Production of compound [mol/s]

60 15
CO —o— CO —o—
40 H2 10 ] H2
/ CH4 —— . CH4 ——
A CH20 P CH20
2 oz CH30H —— 5 // CH30H ——
H20 —e— H20 —e—
0 {:{ CHCH2 —=— | S - . 1| crocrz —=—
CH3CH3 ° CH3CH3
. CH2C0 —— ] T CH2CO —+—
-20 e CH3CHO —=— = -5 CH3CHO ——
\ CH2CHOH —e— g N CH2CHOH —e—
40 CHCOH —a— 3 10 CHCOH —=—
CH3CH20H —— g CH3CH20H ——
8
-60 5 -15
z
S
-80 ERE)
3
e
-100 & 25
-120 -30
-140 -35
-160 : -40
600 800 1000 1200 1400 1600 1800 2000 600 700 800 900 1000 1100 1200
Temperature [K] Temperature [K]
(a) Full temperature range (b) Temperature regime to 1200 K

Figure 46: Production plots as a function of the temperature for the full temperature
range and a zoom in, acquired via microkinetic modeling for both the hydrogenation of
CO as the full set of reactions.

From figure 48 it can be seen that at low temperatures, the surface is covered with CO.
When temperatures increase, the surface is predominantly covered by hydrogen. This
hydrogen is desorbed only at high temperatures, where empty sites are being created.
The hydrogen desorption is not very representable, since desorption starts after 1000
K, while in reality, the surface would be empty.
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Figure 47: Surface coverage plots as a function of the temperature for the full tempera-
ture range and a zoom in, acquired via microkinetic modeling for both the hydrogena-
tion of CO as the full set of reactions.

As can be seen from the activation energy plots, there is a slight increase in activation
energy between 800 K and 1100 K. This is due to the optimum for ethylene formation,
which does not coincide with the optimum for methanation. It can further be seen that
the total activation energy starts around 300 kJ/mol, since the first point is an outlier.
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Figure 48: The activation energy as a function of the temperature for the full tempera-
ture range and a zoom in, acquired via microkinetic modeling for both the hydrogena-
tion of CO as the full set of reactions.
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Computed reaction order

o]

The plots of the orders in hydrogen and CO are shown in figure 49. It can be seen that
in the low temperature regime, the order for hydrogen equals 1. This is because at low
temperatures, there is no hydorgen adsorbed on the surface. The order in CO starts at
-1, from which we can conclude that the surface is full with CO, which is not able to
desorb or react, since there are no free sites or hydrogen present at these temperatures.
When looking at the high temperatures, there is almost no difference between the order
in CO. The order in CO for high temperatures is 1, since there is no more CO present
on the surface. For hydrogen, it can be seen that the order is around the -1 and starts
to increase slightly for temperatures higher then 1400 K. From here the desorption of
hydrogen starts to take place.
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Figure 49: Orders in hydrogen and CO as a function of the temperature for the full
temperature range and a zoom in, acquired via microkinetic modeling for both the
hydrogenation of CO as the full set of reactions.
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5 Conclusions

In this study, the synthesis of Co—Oxygenates on Rh-catalyzed Fischer-Tropsch synthe-
sis, as well as Co—Hydrocarbons, C; —Oxygenates, and methane from syngas was looked
at by DFT and by microkinetic modeling. By doing all DFT calculations, the problem
of combining the right thermodynamics from different datasets can is resolved. The
goal is to determine the most favorable pathways for the formation of these products,
look at the rate limiting steps in the reaction scheme, try to reproduce the production of
the species formed in experiments and to check the reported values from the Literature.

The DFT calculations help to find the most energetically favored intermediates and
show the most dominant pathways. It is also shown from the DFT calculations, that
the position of the adsorbed species on the catalyst plays an important role, when
looking at the reaction energy. As important are the coupling sites and the manner in
which the species are adsorbed to the surface.

The first conclusion that can be drawn from the DFT calculations arises from the
calculations for the CO dissociation, since the CO dissociation is a key reaction for the
formation of ethanol, as well as methane and Co—Hydrocarbons. CO bond scission was
proven to be easier for the CHO species. However, the direct CO dissociation had a
lower overall barrier for the production to CHy species. This leads to the conclusion
that CO dissociation on stepped rhodium will proceed via a direct CO-dissociation and
not via a hydrogen assisted pathway.

The next conclusions that may be drawn from DFT were about the methanation reac-
tion on rhodium, which was compared to the methanation reaction on ruthenium. From
this comparison it was shown that the CO species on rhodium, in contrary to what is
the case on ruthenium, is more stable than the C and CH species. Therefore, the pro-
duction of Cy—Oxygenates is a possibility, since CO insertion is needed for this reaction.

The production of formaldehyde was shown to proceed via the hydrogenation of CO
and not via a CO dissociation, combined with a C-O or C-OH coupling. The pro-
duction of methanol proceeds via the methoxy pathway, where the termination step
is the hydrogenation of the oxygen. Comparing the formation of methanol with the
Literature showed flaws on both sides. The total reaction energy from the Literature
was not close to the experimental value, as was the case for own calculations, while
some reactions in the Literature were found to be energetically more favorable. In the
Literature, the values for the formation of methanol were not migration corrected. This
was found when comparing both hydroxyl and methoxy pathways. Therefore, it is hard
to compare both datasets.

Earlier work showed that it was not possible to couple two carbon species on the surface
and form CC. This turned out to be the most favorable coupling that can be made on
stepped rhodium. For ethane formation, the CC coupling pathways to CHCH 3 were
taken into account, since this is a common intermediate. It was shown that for the
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formation of this species, the CH-CH3 coupling was the most favorable pathway. For
the production of ethylene, it was found that the indirect route, via CH,CH3 was also
a feasible pathway.

For the formation of longer oxygenates, the coupling of a CO to a CH species is nec-
essary. There is no real dominant CH.-CO coupling pathway, since the coupling of
CH,-CO needs the least energy, but the formation of CH, species needs more energy
the formation of C or CH species. The overall energy barriers lie close to each other.
Therefore, CHCO is the most probably manner to insert CQO, since it has the the lowest
overall energy barrier to CH,CO species. For the production of ethanol, the ethoxy
pathway 1 was found to be overall the least in energy demanding. The total energy for
this reaction still was found to be higher than the total energy of reaction for ethylene
or methane. With these data, it is not possible to simulate the production of ethanol,
when species are taken with at an infinite distance to each other, as was done with
our migration correction. Co-adsorption must be taken into account in order to get
more reliable data, because with co-adsorption, all surface species are less stable on the
surface, making it possible to access otherwise inaccessible states. It is also proven that
the conformation of the surface species plays an important role. A better conformation
of these species can lead to a more favorable reaction.

By microkinetic modeling, the rate limiting and rate inhibiting steps were determined,
as well as the surface coverage, reaction orders in the reagents, activation energy, reac-
tion rates, and the production rates of the different reaction components. By modeling
of the full set of reactions, it was shown that the formation of methane was the most
dominant pathway in general. When methane formation is set taken significantly (100
kJ/mol) less favorable, ethylene was dominant with lower temperatures. This indi-
cates that there must be another coupling pathway, at which ethanol is formed. This
leads to the conclusion that propagation probably proceeds through CO insertion, while
termination to oxygenates goes via the coupling of an oxygen.
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6 Outlook

It is not only important to look back at what is done in this study, but it is also valuable
to look forward and make recommendations for further research.

For future DFT calculations, it will be wise to check other sites for coupling reac-
tions, not only the lowest coordinated sites, as was done in this thesis. Since ethylene
is quite easily formed, one can also look at the coupling between C,-hydrocarbons and
oxygen or hydroxide species. It may also be possible to check whether COH insertion
takes place. Another possibility is that co-adsorption can help to make previously in-
accessible states more accessible by lessening the binding strength of the surface with
the adsorbed species. Also the lateral interactions can be taken into account. Final
suggestion is to check the possibility for the CH3-CO coupling and its hydrogenation
possibilities, since this reaction was not taken into account. It might also be a good
idea to check whether there are possible coupling reactions of Cs-hydrocarbons with
oxygen or hydroxyl species, for the coupling of a oxygen species with CHCH, turned
out to be in the same range as the insertion of a CO.

It may be possible to do a more extensive microkinetic study, since only a fraction
of what could be done is studied. Microkinetic simulations themselves could be im-
proved with a CO fit function, which was present in the previously used matlab script.
It also turned out to be quite helpful to look at the degree of rate control, to get insights
into the rate limiting steps of the system.

Another method which could be performed is a BEP analysis. This can relate changes

made in the adsorption reaction with all following reaction steps. Further research
could give more insights into the mechanisms as described in this thesis.
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8 Appendix

8.1 CO dissociation reactions

Table 12: Elementary reaction steps as calculated for the direct and hydrogen assisted
CO dissociation reactions.

Elementary Reaction Steps ve[s7H By [J/mol] v [s7H] Ep [J/mol]
COx + % «—  Cx + Ox 5.00e+12  1.50e+05  6.30e+12  8.31e+04
COx + lEx <+— COEx + x 5.39%+12  1.75e+05  1.50e+13  6.84e+04
COx* + lEx +— CEOx + x 2.2le+12  1.34e+05 1.14e+13  1.76e+04

—
—

CEOx* + * ClEx + Ox  2.26e+11  1.40e+05  2.49¢+-07  1.85e+05
COIE* + * Cx + OlEx  1.29e+11 1.70e+05  3.12e+10  2.04e+05

(SISO O S
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Table 13: Elementary reaction steps as calculated for the direct and hydrogen assisted
CO dissociation.

Initial state Transition state Final state

COx + * —> Cx + Ox

_ O* + I
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Initial state

Transition state

Final state

COx + =

—

Cx + OlEx
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8.2 water formation

Table 14: Elementary reaction steps as calculated for the formation of water.

#

Elementary Reaction Steps

ve[s7™H  Ep [J/moll v [s7H] Ey [J/mol]
6 Ox + & «——  OlFx + % 1.80e+15  1.13e+05  4.50e+13  1.07e+05
7 Ol +Ex <«— [E50%x +x 290e+13  5.40e+04
8 2 OlEx

6.20e+11 6.00e+04
«—— 850 + Ox

3.90e+12  7.70e+04  6.20e+11  6.10e+04

Table 15: Elementary reaction steps as calculated for the formation of water.

Initial state Transition state

Final state
Ox + I&x

—

Ol + %
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8.3 Elementary Reaction Steps with kinetic parameters for the
Methanation reaction

Table 16: Elementary reaction steps as calculated for the methanation reaction.

# Elementary Reaction Steps ve s Ef [J/moll v, [s7F]  Ejp [J/mol]
9 Cx + [Ex +— ClEx + = 3.18e+13  7.96e+04  2.82e+13  7.40e+04
10  CIEx + I8 +—— Cliox + % 2.88e+12  1.19e+05 1.77e+11  5.39e+04
11 ClEox + Ex  +— Claigx + % 5.85e+12 1.55e+4-04 1.25e+11  5.64e+04
12 ClEgx + Ex +— ClEy + 2% 1.92e+14  7.63e+04  2.43e+10  3.29e+04
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Table 17: Elementary reaction steps as calculated for the methanation reaction.

Initial state

Transition state

Final state

Cx + I&*

—

ClE*x + *

ClEx + I«
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8.4 Elementary reaction steps as calculated for the reaction to-
wards methanol

Table 18: Elementary reaction steps as calculated for the methanol synthesis.

# Elementary Reaction Steps ve [s7] By [J/mol] v, [s7H]  Ey [J/mol]
3 COx + IEx CIREO* + * 2.21e+12 1.34e+05 1.14e+13  1.76e+04
13 CIEOx + &% ClE20% + % 1.32e+13 7.52e+04 1.26e+13  3.90e+03
14 CIR50%* + &% ClE30% + % 1.91e+11 1.62e+05  8.19e+13  7.19e+04
15 CIE30% + I&x CE30E* + x  1.76e+11  2.82e+04  1.03e+14  7.36e+03
2 COx + lEx COIEx + x* 5.39e+12  1.75e+05  1.50e+13  6.84e+04
16 COIEx + [Ex CEOE* + % 3.22e+12 9.06e+04  2.79e+10  1.49e+04
17 CEROREx + &« CIE,0IlE* + «  1.67e+11 6.89e+04  3.98¢+13  4.26e+03
18 CRE,O0E* + I&x CIE3OIR* + *  2.76e+11 2.00e+05  6.00e+10  1.48e+05
19 Cx + Olfx COIEx + * 3.12e+10 2.04e+4-05 1.29e+11 1.70e+05
20 ClEx + OlEx CREOIE* + % 2.73e+12 2.07e+05 2.77e+11 1.03e+05
21  ClEgox + Olix CIEOR* + = 7.39e+12 1.41e+05 2.03e+13  3.77e+04
22 ClEzx + Olix CIE30lE* + «  3.11e+13 2.09e+05 5.06e+15  9.50e+04
23 CROx + [Ex CROR* + % 2.18e+12 1.75e+05  6.41e+10  1.09e+05
24  CIE,0% + I« CIE0IR* + *  7.48e+09 1.29e+05  9.42e+11  6.94e+04
25 ClEx + Ox CIEOx + * 2.49e4+07  1.85e+05  2.26e+11  1.40e+05
26 ClEox + Ox ClEoO0% + % 7.86e+12  1.13e+05  5.0le+12  6.34e+04
27  ClEzx + Ox CIE30% + % 1.28e¢+15  2.11e+05  2.04e+13  1.12e+05

TITTTTTIITTTINIT]
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Table 19: Elementary reaction steps as calculated for the methanol synthesis.

Initial state

Transition state

Final state

COx* + I

—

CIROx + *

CIE,0% + IEx

ClR30% + *
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Initial state Transition state Final state

COx* + Ig+ s | COEx + *
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Initial state Transition state Final state

Cx + OlEx — COIR* + x

89




Initial state

Transition state

Final state

CROx* + &%

—

CROIR* + %
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Initial state Transition state Final state

Cliz* + Ox — CIE;0%* + *
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8.5 Elementary reaction steps as calculated for the C-C cou-
pling reactions

Table 20: Elementary reaction steps as calculated for the C-C coupling reactions.

# Elementary Reaction Steps ve[s7t By [J/mol]  u, [sTH  Ey [J/mol]
28 Cx + Cx +— CCx + % 7.56e+12  8.64e4+04  2.55e+12  9.14e+04
29  Cx + Clix +— CCIEx + * 1.44e+13  1.03e+05  4.26e+12  9.33e+04
30 Cx + Clisx +—— CClE3* + * 9.42e+12  1.19e+05  1.14e+13  1.44e+05
31 ClEx + ClEx +—— CRCEx 4+ % 4.33e+13  1.56e+05 5.60e+12  9.39e+04
32 ClEx + ClEgx <+— CRECE3x + % 1.10e+14  3.80e+04  2.26e+13  1.95e+04
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Table 21: Elementary reaction steps as calculated for the C-C coupling reactions.

Initial state

Transition state

Final state

Cx + Cx

—

CCx + %

Cx + Clix

CCIE* + *
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Initial state

Transition state

Final state

ClEx + Clasx

C[-r;Q[lrg,*+*
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8.6 Elementary reaction steps as calculated for the hydrogena-
tion towards C2-hydrocarbons

Table 22: Elementary reaction steps as calculated for synthesis towards C2-
hydrocarbons.

# Elementary Reaction Steps vi[s7i] Ef [J/mol]  w, [s7H]  Ej [J/mol]
34 CCx + [« — CCIEx + * 4.73e+13  1.06e+05  6.27e+13  8.60e+04
35 CCRx + &« «——  CClEy* + * 7.92e+12  7.46e+04  6.03e+12  4.35e+04
36 CCliyx + i« +—— CClEsx + 2.64e+13  8.02¢+04  3.07e+11  4.0le+04
37 CRCEx* + I§x +— CRCREyx + % 1.95e+13  1.0le+05  9.08¢+12  3.51e+04
38 CRECHEx + R+ +— CRECEsx + %  6.15e+11  8.88e+04 1.13e+10  9.21e+04
39 CCEx* + IEx +— CRECE*x + * 9.06e+12  1.60e+05  3.39e+12  1.02e+05
40 CClRax + [Ex +—— CRCREyx + %  8.24e+12 1.11e+05 6.33e+12  1.88e+04
41 CClEs* + I&x +— CRCRE3*x + %  3.67e+14 1.02e+05 5.37e+12  5.25e+04
42 CRCHox + Ex  +— CREClRox + x  7.34e+12  6.60e+04  2.34e+13  3.52e+04
43 CHRCREgz+ + B+ +— CHEClE3% + «  5.8le+14  7.10e+04  2.77e+15  2.98e+04
44 CHE,ClEs+ + Bx < CHE;CEs + 2% 2.87et12  9.10e+04  6.20e+12  3.40e+04
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Table 23: Elementary reaction
hydrocarbons.

steps as calculated for the

synthesis towards C2-

Initial state

Transition state

Final state

CCx + &%

—

CCOIE* + *

+ I
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Initial state Transition state Final state

CRCRE* + i CRCRE3* + *

CClE3* + [Ex
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Initial state

Transition state

Final state

C.[fQC.I}TQ* + %
i ® ! |
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8.7 Elementary reaction steps as calculated for the CO-instertion
reactions

Table 24: Elementary reaction steps as calculated for the CO-insertion reactions.

# Elementary Reaction Steps vi [s7] B [J/mol]  w, [s7H]  Ejp [J/mol]
45 Cx + COx +— CCOx* + x 1.50e+13  1.66e+05  3.12e+12  3.78e+04
46 ClEx + COx  +— CRCOx + %  4.38e+12 1.8le+05 4.84e+10 6.57e+04
47 Cligx + COx  +— CH;CO* + x  1.47e+11  1.48e+05 6.47e+14  4.77e+03

Table 25: Elementary reaction steps as calculated for the CO-insertion reactions.

Initial state Transition state Final state

C*+O* e — ‘ | CCO* *

ClEx + COx —
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8.8 Elementary reaction steps as calculated for the hydrogena-

tion towards C2-Oxygenates

Table 26: Elementary reaction steps as calculated for synthesis towards C2-Oxygenates.

# Elementary Reaction Steps vels7t  Ef [J/mol] v, [sTH]  Ep [J/mol]
48 CCOx + Igx «— CIRCOx* + x 5.55e+13 9.63e+04 7.11e+13 1.04e+05
49 CCOx + I&x «—— CCROx* + % 1.24e+11  1.13e+05  3.77e+13  3.82e+04
50 CCOx* + g% +—— CCOIEx + * 2.63e+14 2.10e+05 4.62e+14 1.39e+05
51 CECOx* + I&x «—— CRE,COx + x 4.88¢e+11 9.81e+04 6.18e+13  4.07e¢+03
52 CIECOx* + I&x «—— CIRCEO* + * 2.30e+12 1.10e+05 1.65e+10 1.39e-+04
53 CRERCOx + I&x* «— CIRCOIE* + * 3.35e+12 1.87e+05 7.91e+12 1.10e+05
54 CCIREOx + I&x +—— CHECEOx + * 4.20e+10 2.61e+04  3.49e+11  1.30e+04
55 CCROx* + IEx «—— CCE0% + * 5.28e+10 1.01e+05 1.55e+14  6.09e+04
56 CCROx* + I&x +—— CCEROIE* + * 1.47e+11 1.02e+05 1.60e+12 1.06e+05
57 CCOIE* + I&x «—— CIRCOIE* + * 3.63e+13 7.98e-+04 3.65e+13  8.12e+404
58 CCOIR* + I&x < CCROIE* + * 4.71e+13 6.02e+04 2.44e+13  5.79e+04
59 CHE;COx* + Iix +——  ClEL,CEOx + * 5.34e+12  3.95¢+04 1.9le+14 2.0le+04
60 CRE,COx* + Iix +—— CRE,COR* + * 2.43e+13  1.19e+05  3.64e+13  6.31e404
61 CERCEOx* + I§x +—— CRECEO* + x 2.84e+13  8.86e+04  2.77e+12  7.08e-+04
62 CRCEOx* + &g« <« CECE;0* + * 4.66e+10 1.60e+05 8.38e+11 1.16e+05
63 CERCEOx* + g« «—— CRCEOIE* + x 1.16e+12 1.99e+-05 3.07e+13 1.65e+05
64 CERCOR* + 8% +— CIE,COR* + * 4.77e+12 1.16e+05 4.04e+12  4.27e+04
65 CIRECOIR* + & +—— CHECEOEx* + *  2.5le+13  85le+04 2.15¢e+13  3.26e+04
66 CCRE,O0x + I&x +—— CRECE;0% + x 2.98¢+10  8.09¢+04  6.12e+10  6.38e-+04
67 CCR,0x + I&x +—— CCRE,0E* + * 6.25e+11 9.28e+04 3.38e+10  9.28e+04
68 CCROE* + I« +—— CERCEOEx* + * 3.85e+14 1.03e+05 9.12e+14  5.26e+04
69 CCROR* + &% «— CCIR;0E* + * 4.78e+15 2.32e+05 1.07e+14 1.88e+05
70 CRE,CEO + I§* +——  CE3CEOx + * 1.82e+14  9.23e+04  5.65e+11  9.36e+04
71 CE,CEOx* + Ex <+— CHE3CE;0% + % 2.10e+14  9.25e+04  1.40e+13  1.68e-+04
72  CRE,CEOx + I&x* «—— CE;CEOE* + x  6.93e+15 9.29e+-04 5.90e+12  4.24e+04
73  CIE,;COIEx + I&x* «—— CIE3COE* + * 5.46e+13 7.64e-+04 1.30e+13  6.60e+04
74 CRER,;COIRx + I&x* < CRE,CROE* + % 1.55e+13 6.77e+04 4.13e+11 5.35e+04
75 CRCE;0%x + Ex <+— CHECE>O* +*  5.38e+11  5.68¢+04  4.76e+12  7.28¢+03
76 CECE;0* +Ex <+— CECE,OE* + x 1.66e+11  8.29+04 1.47e+12  8.36e+04
77 CECEORE* + 8+ <+— CHE,CEOE* + * 1.18e+14  7.68e+04  2.33e+15  4.19e+04
78 CECEORE* + Ex <«+— CECE;OE* + x 2.82e+13 8.47e+04 1.91e+13 7.50e+4-04
79 CCRE;0E* + Ex <«+— CRECE;0E* + x  4.89e+15 1.04e+05 1.47e+16  8.79e+04
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# Elementary Reaction Steps ve[s™H  Ef [J/mol] v, [s7H]  Ep [J/mol]
80 CRE3CIEO* + [&x «— CRE3CE>0% + * 6.66e+13  1.13e+05 3.32e+16  3.62e+04
81 CRE3CIEOx* + &% «— CE3CEOR* + % 5.03e+12  8.97e+04  2.66e+12  1.52e+04
82 CIE3COIR* + g% «—— CE3CROE* + * 2.34e+12 9.17e+04 1.80e+10  6.52e+04
83 CIR,CIE,0* + IEx < CIE3CIE;0% + * 1.09e+13 1.71e+05 5.64e+13 1.71e+05
84 CHECE>O* + IEx +——  CRECEL0E+ + x 1.99¢+12  1.47e+05 1.06e+12  9.31e+04
85 CRELCIEOR* + IEx «—— CE3CEOR* + % 6.37e+11 1.47e+05 2.62e+11 1.24e+05
86 CRE,CIRORx + IEx +—— CESCE0E* + +  2.46e+12  4.65e+05  1.55e+14  3.86e+05
87 CRECE,O0E* + I «—— CESCE0E* + x  1.21e+14 1.52e+05 4.55e+14  4.77e+04
88 CIE3CIE,0* + &« «—— CIE3CE0E* + x  8.86e+13 9.90e+04 8.0le+11 4.36e+04
89 CIE3;CIEROIE* + I&x «— CIE3CE0ER* + % 2.07e+14 1.22e+05 3.11e+12 6.42e+04
90 CRLCE;0E+ + [Ex <+— CE3CE0R* + *  6.84e+14 7.52e+04 1.64e+12 7.38e-+04

101



Table 27: Elementary reaction steps as calculated for the C2-Oxygenates.

Initial state

Transition state

Final state

CCOx + lix

CRCOx + *

CCO* + *

CCOE* + *

CIRCOx* + [Ex
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Initial state Transition state Final state

O*+J{'* | o — _ Q[{C[{O+*

CIECO* + l&x CRCOIE* + %

C* + I&*

CCROx* + g%
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Initial state

Transition state

Final state

CQ[{O*+JBk

—

CCROMR* +

CCOR* Jf*

CRCOR* + =

CIE,CO* + I
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Initial state Transition state Final state

Q[EECO* Jf* N s _ _ CI[ECQ[Fk *

CRCEOx* + [Ex
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Initial state

Transition state

Final state

CRECOR* + x

—

CR,COIR* + *

CRCOIR* +J'(*

CCIRE,0x% Jf*
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Initial state

Transition state

Final state

CCROR B

—

CRCEOR*+ + *

CCROR* + IEx

CIRE,CIR,0% + *
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Initial state

Transition

state

Final state

CIE,CIROx I

CIE, CIROIR + *
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Initial state Transition state Final state

C[{Cl'(gO*Jﬂ | - Q[{C_[{E"—*
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Initial state

Transition state

Final state

—

CE,CH,0- -
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Initial state Transition state Final state

CRCR,0« + e | p— _ CELCILOM +

CIE,CIROM+ + I+

CRCIE,OR* + [x
= o
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Initial state

Transition state

Final state

ClE;CIR, 0% + I«

—

Q[fg,(l[fg* *
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8.9 Elementary reaction steps as calculated for the hydrogena-
tion towards C3-Oxygenates

Table 28: Elementary reaction steps as calculated needed for formation of Cj3-
Oxygenates.

# Elementary Reaction Steps Ef [J/mol]  Ej [J/mol]
91 CE;COx + % +—— CRE5Cx + Ox 1.88 e+05 2.89e4-05
92 CRELCIEOx + x* +—— CRELCIEx + Ox 1.24e4-05 1.52e+05
93 CRCE3x + COx <+— CR3CECO* + % 2.09e+05 1.06e+05

Table 29: Elementary reaction steps as calculated for the C3-Oxygenates.

Initial state Transition state Final state

CIR.CIRO* + IEx CR,ClR*x + O

CECIE3x + COx — CIR;CRCO* + %
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