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ABSTRACT

EFFECTS OF MANGANESE PROMOTION ON REACTANTS AND
INTERMEDIATES OF FISCHER TROPSCH SYNTHESIS ON A
MODEL COBALT SURFACE—- A DENSITY FUNCTIONAL THEORY
INVESTIGATION

The effects of manganese promotion on the adsorbates and specific elementary
reactions of Fischer-Tropsch Synthesis (FTS) was investigated using periodic Density-
Functional Theory (DFT) calculations on a close packed cobalt surface, Co(111). In
particular the effects of MnO promotion on the adsorbates of CO, HCO, CH, CH», C>Ha>,
OH, H>O, C, O and on the reactions of direct CO dissociation, H-assisted CO dissociation
and carbon hydrogenation were studied for MnO coverages of 0.25 ML and 0.11 ML.

Mn was modeled in the chemical form of MnO. MnO was modeled as a singular
monomer on the Co(111) surface, based on the findings from experimental studies. The
results indicate that MnO promotion increases the adsorption energies of all adsorbates,
except H and C2Ho. In particular, CO and H>O adsorption energies increase significantly,
which indicate that the selectivity increases to long chain hydrocarbons is mainly due to
an increased surface coverage of CO with respect to H. The results also indicate that the
relative effect of MnO on adsorption energies are strongly dependent on MnO coverage.

MnO promotion is found to decrease the activation barriers for HCO and CH
formation, while increasing the activation barriers for direct CO dissociation and HCO
dissociation. The results point out that MnO does not promote the direct dissociation of
CO and the activity increase due to Mn promotion is most probably due to a H or OH

assisted CO dissociation pathway or another rate limiting step.

Keywords: Density Functional Theory, Fischer-Tropsch Synthesis, Catalysis, Promoter,
Cobalt, Manganese
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OZET

MANGANEZ AKTIFLESTIRICISININ MODEL KOBALT YUZEYI
UZERINDE FISCHER- TROPSCH SENTEZINDEKI REAKTANTLARA
VE ARA URUNLERE ETKISININ YOGUNLUK FONKSIYONELI
TEORIiSI ARASTIRMASI

Sik istiflenmis Co(111) yiizeyi iizerinde Mn aktiflestiricisinin adsorbatlar ve
belirli temel Fischer-Tropsch reaksiyonlarii periyodik Yogunluk Fonksiyoneli Teorisi
(YFT) kullanarak ¢aligildi. Mn aktiflestiricisinin belirli etkisi CO, HCO, CH, CHa, C2H>,
OH, HxO, C, O adsorbatlart ve direk CO, H yardimli CO parcalanma reaksiyonlar1 ve
carbon hidrojenlenmesi reaksiyonu i¢in 0.25 ve 0.11 kaplama yiizey oranlarinda MnO
calisild.

MnO kimyasal yapist ile Mn model olusturuldu. Deneysel bulgulara
dayandirilarak MnO tekli monomer olarak Co(111) yiizeyi tizerinde model oldu. Bu
sonuclar MnO aktiflestiricisinin H ve CoH hari¢ tiim adsorbatlar i¢in adsorpsiyon
enerjilerini arttirdigim gosterdi. Ozellikle CO ve H,O adsorpsiyon enerjileri dnemli
Olciide artmas1 CO yiizey kaplama oraninin Hidrojene gore daha fazla olmasi nedeniyle
uzun hidrokarbon zincirli {iriinlere seciciligi artti. Bu sonuglar MnO’in adsorpsiyon
enerjilerine etkisinin MnO yiizey kaplama oranina bagli oldugunu gostermektedir.

MnO aktiflestiricisi direkt CO ve HCO pargalanma reaksiyonlarinin aktivasyon
bariyerlerine arttirirken, HCO ve CH olusum aktivasyon bariyerlerini diisiiriir. Bu
sonuclar MnO’in direkt CO parcalanma reaksiyonunun aktiflestirmedigini ve Mn
aktiflestiricisinin H veya OH yardimi ile CO pargalanma yoluyla veya reaksiyonu hizinin

belirleyici baska bir basamak i¢in aktiviteyi arttirdigina isaret etmektedir.

Anahtar Kelimeler: Yogunluk Fonksiyoneli Teorisi, Fischer-Tropsch Sentezi Co, Mn,

Kataliz, Aktiflestirici
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CHAPTER 1

INTRODUCTION

1. CATALYSIS

1.1. Principles of Catalysis

Catalysis has an important place in daily life. Most of the biological reactions in
the human body and chemical reactions in various industrial applications cannot be
accomplished without a catalyst [1]. Besides, catalysis provides solutions to chemical
industry in terms of environmental pollution issues and sustainable energy conversion
[2].

A catalyst is a substance that increases the rate of a chemical reaction without
being consumed [2]. Catalysts provides favorable operating conditions with respect to
non-catalytic reactions, such as lower operating temperature, which provide possibilities
for economic operation. Catalytic operation can also help to minimize undesired side

products [1].

desorption

adsarption

reqaction

Figure 1.1. Catalyst cycle source adapted from [1]

The adsorbate helps to saturate the surface’s free valences. The removal of
species from the adsorbed state back to the gas phase is called desorption.
The fundamental reason that catalysts accelerate chemical reactions is that they

decrease the activation barriers with respect to non-catalytic reaction [2].
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Figure 1.2. Energy profile of a catalytic reaction source adapted from [1]

There are different categorizations of catalysts that is related to the issue of
concern. The most general classification is done by using the phase of a system including
a catalyst. Catalysts can be mainly divided into two parts: homogeneous and
heterogeneous catalysis [1].

In homogeneous catalysis, catalysts and reactants have the same physical phase,
such as gas phase or liquid (solution) phase. For example, chlorine as a homogeneous
catalyst accelerates ozone decomposition [1]. Typical examples of homogenous catalysts
include metal complexes, metal ions, organometallic complexes, biocatalysts [1].

The heterogeneous catalysis system includes reactant and catalyst at different
physical phases.
This kind of catalytic systems occurs for solid catalyst and gas phase reactants generally.
The cleaning process of the automotive exhaust, for example CO oxidation on noble
metals, can be given as an example of heterogeneous catalysis [1]. The catalyst and
products are easily separable in heterogeneous catalysis, due to their phase differences
[1].

Various industrial applications that are related to chemical and petrochemical

industries depend on heterogeneous catalysis [1].



1.2. Fundamentals of Heterogeneous Catalysis

Catalysts are typically composed of an active substance (typically metallic),
support and promoter. The expense of catalyst requires that heterogeneous catalytic
reactions are done generally by using an inert and porous supported catalyst in nano size
[1]. The catalytic reactions take part on the surface of the active component of the catalyst
material.

The most important properties of catalysts are activity, selectivity and stability.
Activity is a measure of how much a catalyst increases the rate of reaction. Selectivity as
a catalytic feature causes specific desired products to increase at the end of the reaction.
Same reactants with different catalysts have different product selectivities. Catalyst
stability in terms of chemical, thermal and mechanical properties is associated with
catalytic life in industrial reactors [ 1, 3]. There are some specific important features which
define an industrially acceptable catalyst. The catalyst must be chemically resistant to
impurities. These impurities on the active catalyst surface should not react with active
metal. The large surface area is required to increase chemical reactivity. Catalyst activity
must be specific because side products should be minimized at the end of the catalytic
reaction. In terms of economics, catalyst materials should also have a feasible cost [4].

Heterogeneous catalytic reactions occur in several steps. Reactants diffuse and
adsorb on catalyst active site [4]. Adsorption is one of the most essential elementary
processes which activates the decisive chemical bond of the (adsorbed) reactants [2].

After surface reactions occur, products desorb from the catalyst active site. The
last step is the diffusion of products from the catalyst surface to the reaction medium [4].

Heterogeneous catalysis is a multidisciplinary research area, including chemistry,
physics, chemical engineering, material science, and engineering.

The issue can be studied with the contribution of various branches of science.
These disciplines cover various research areas in catalysis, including catalyst preparation
techniques, characterization of catalyst properties, measurement of catalyst stability and
reaction kinetics. In addition to these topics, heterogeneous catalytic reactions can be
investigated by using theoretical methods. Calculated results are beneficial to learn
elementary steps of the reaction, catalyst structure, stability, and reactivity, which can
provide a screening tool for experiments, compliment experimental findings or provide

information that cannot be provided by experiments.



These calculations are done with the help of Density Functional Theory (DFT), currently
the most modern tool in Computational Quantum Chemistry. Experimental techniques
are generally more expensive and difficult to apply compared to computational
techniques. Besides, experiments can be insufficient to measure complicated reactions on

the surface [4].
1.3. Sabatier Principle

Catalytic activity is an ability that results in increased reaction rate and it is related
to adsorption on the surface. Sabatier has explained the relation between adsorption
properties and the catalytic capability of the surface for the first time. The principle
expresses that catalytic reactions occur well when interaction strength between adsorbate
and surface is intermediate. Adsorbates with too weak interactions with the catalyst
surface may not be accommodated on the surface and then dissociation of chemical bonds
cannot be occurred. On the other hand, as the surface has strong interaction with products
and reactants, the desorption of adsorbates may be hindered, deactivating the catalyst.

Having strong interaction between molecules and surface obstructs to adsorb new
molecules, so convenient open surface site on catalyst surface decreases.

When there is an interaction that is strong or weak between surface and reactants
and products, so catalytic activity is decreased [1, 3]. An optimum rate of catalytic
reaction can be revealed based on the heat of adsorption [1].

Volcano plots show that optimum adsorption strength at a maximum point

depends on the Sabatier principle [5].

Position in the Periodic Table

Maximum catalytic activity for a
given reaction

S
Dissociation 4~ Desomption

Strong
Adsorption

Weal
Adsorption

Catalytic Activity

Adsorption Energies

Figure 1.3. Volcano Curve for Catalyst Activity, Source Adapted from [5]



1.4. Fischer-Tropsch Synthesis

In this part, reasons for interest in Fischer-Tropsch Synthesis, catalytic materials for FTS,
catalyst preparation methods, promoter and surface effects and main steps of FTS are

explained.

1.4.1. The Basics of Fischer-Tropsch Synthesis
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Figure 1.4. Variations Interest in Fischer-Tropsch Synthesis [6]

The variations (typically in forms of sudden increases) in crude oil prices,
geographical differences in crude oil availability and environmental problems related the
crude oil are the reasons for remarkable interest in Fischer-Tropsch Synthesis [6, 7].

Fischer-Tropsch Synthesis is a catalytic process for converting natural gas and
coal-derived synthesis gas to long-chain hydrocarbons [8].

There is one main reaction of the Co-based Fischer-Tropsch Synthesis that is
polymerization to produce long chain hydrocarbon [9]:

CO 4+ H, » —(—CH, —) — +H,0
1.4.2. Catalytic Materials Used for Fischer-Tropsch Synthesis

Support material, active material, and promoters typically make up Fischer-
Tropsch catalysts [6]. In support material, TiO> and Al>O3 have strong interaction with
catalyst. However, there is a weak interaction between SiO; and catalyst [6, 7].

Co, Fe, Ni, Ru can be given as examples of active catalyst metal. Ru is expensive

and has limited sources. This situation restricts the use of Ru.



Ni increases the production of methane (main component of natural gas) which is an
undesired product for Fischer-Tropsch Synthesis. Ni is not favorable because of this
reason. Fe has a higher water-gas-shift activity which leads to the greenhouse effect. Fe
is not preferable in terms of environmental reasons.
Co is the typical catalyst used for converting natural gas derived syngas, despite
its higher cost compared to Fe.
When Co-based Fischer-Tropsch Synthesis is performed, the amount of Co used is in
general small. Co and Fe are more accessible for Fischer-Tropsch Synthesis than others.
Promoters (additives) are doping agents added to catalyst materials in small
amounts to improve their activity, selectivity, and/or stability. Poisons decrease or
diminish catalytic activity. Being a promoter or poison depend on the quantity of additive

and the exact preparation method [6, 7].
1.4.3. Catalyst Preparation Methods

Solid catalysts are synthesized from chemicals by using a lot different procedures.
The physical and chemical catalytic properties are affected differently for each various
preparation step [10].

Experimental conditions (temperature, pH, pressure, concentration),
instrumentals are important parameters for synthesis of heterogeneous catalyst [10].

Preparation techniques vary depending on catalyst types. Bulk catalyst and
support, impregnated catalyst, and mixed-agglomerated catalyst are derived from
chemicals by using different preparation steps [10].

Bulk catalyst mainly contains active catalyst metal. Silica-alumina support for
hydrocarbon cracking can be an important example. Supports such as silica, alumina,
silica-alumina are prepared with the same procedure [10].

Impregnation catalysts are produced that support material is impregnated on
catalyst metal. A number of hydrogenation catalyst can be synthesized by impregnation
method.

Mixed-agglomerated catalyst is done by mixing active element with a powdered
support or a precursor support material and agglomerating the mixture [10].

There are several unit operations to synthesize catalyst [10]:

1. Precipitation:

In this step, a solid solution is produced from a liquid solution.



There are 3 main steps; supersaturation, nucleation, and growth. Supersaturation is
unstable region. Precipitation appears with small disorder. Homogeneous nucleation may
proceed spontaneously. Otherwise, seed materials are used to initiate heterogeneous
nucleation. Addition of seed facilitates acceleration of nucleation. Concentration, pH and
temperature are effective factors on growth process. Amorphous solids can be produced
that depend on precipitation conditions.

Precipitation method can be used for one component catalyst and support material or
mixed catalyst. Higher supersaturation leads to occur very small particle size. pH must
be optimized and kept constant during precipitation operation [10].

2. Gelation:

Micelles are produced from hydrophilic colloidal solutions.

Micelles located separately because of the electrical charge on the surface and in the
surrounding surface.
The micelle concentration, the ionic strength of solution and especially the pH are
important parameters for gelation process. Sol-gel method is better than precipitation.
Control of surface area, pore volume and pore size distribution can be done well with the
help of sol-gel method [10].

3. Hydrothermal transformation:

The modification of precipitates, gels, flocculates are considered by activating
temperature, aging, ripening in the presence of mother liquor. This transformations are
occurred at 100 -300°C [10].

4. Decantation, filtration, centrifugation:
These are unit operations to separate from mother liquor [10].
5. Washing:

Mother liquor is completely removed, and impurities are eliminated by washing
[10].

Separation methods are specified that particle size of the solids. Precipitates solid
catalysts can be separated from mother liquor easily than flocculates. There is no usage
of separation for gel catalysts [10].

6. Drying:
Solvent elimination from pores of the solids can be done with this step.
Drying is important for flocculates and gel catalyst [10].

7. Calcination:



There are several processes for calcination. These are loss of the chemically
bonded water or carbon dioxide, modification of texture through sintering, modification
of the structure, active phase generation, stabilization of mechanical properties [10].

8. Forming operations:

Suitable sized particles in the reactor can be obtained by using forming operations.
This step is essential for forming and shaping supports and catalyst. Catalytic activity,
strength the particle resistance to crushing and abrasion, minimization of bed pressure
drops, lessening fabrication cost and distribute dust build-up uniformly can be provided
by optimizing catalyst shape and dimension [10].

Depending on height (h), length (1), diameter (d) catalyst has different shapes [10].

9. Impregnation [10]

10. Crushing and grinding [10]

11. Mixing [10]

12. Activation [10]
Preparation procedures for supported catalysts starts from powder of support or support
precursors.

Then, all unit operations are done. Precipitation and impregnation method are
common types for supported catalyst formation [10].

There are three steps in impregnation method. The support material and the
impregnation solution are contacted for a certain period. Then, drying is applied for
support to remove imbedded liquid. Finally, catalyst is activated by calcination,

reduction, or other appriate treatment [10].

Table 1.1. Different catalyst shapes [10]

Shape Size Reactor
Extrude d=1-50 mm Fixed bed reactor
1=3-30 mm
Pellet d=3-15 mm Fixed bed reactor
h=3-15 mm
Granule, bead d=1-20 mm Fixed bed reactor
d=1-5 mm
Sphere d=1-10 mm Fixed bed reactor
Moving bed reactor
Microspheroidal d=20-100 ym Fluid bed reactor
Slurry reactor

In this thesis, nanometer scale catalyst is considered [10].



1.4.4. Promoter Effects on Fischer-Tropsch Synthesis

There are three types of promotion effects including structural effect, electronic
effects, and synergistic effects [6].

Structural promoters affect the formation and stability of the active phase of the
catalyst material [6].

Electronic promoters affect the local electronic structure of an active metal by
adding or withdrawing electron density near the Fermi level in the valence band of the
metal [6].

Synergistic promotion effects: Promoter is considered as catalytically active.
Promoter activity may indirectly affect the behavior of the catalytically active element.

They influence overall reaction product distribution [6].

Promotion effects

Synergistic
promotion effects

Structural Electronic
promotion effects promotion effects

Figure 1.5. Classification of promoters
1.4.5. Surface Effects on Fischer-Tropsch Synthesis

Due to different electronic structures, geometrically different sites on the surface
have different chemical activity. In kinks and stepped sites (atoms that have a lower
coordination number compared to the bulk and close packed surface facets), chemical

reactivity increases. For example, CO dissociation occurs easily in these sites [11].
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Figure 1.6. Different adsorption site of the surfaces [11]

1.4.6. Main Steps at The Catalyst Surface in Fischer-Tropsch

Reaction

Important information about essential FT'S mechanism steps can be obtained using
surface science studies. Microkinetic models for FTS can be studied in more detail with
the help of knowledge about reaction mechanisms and activation barriers for individual
reactions[12].

It is proposed that either water formation or carbon monoxide dissociation
determine reaction rate in Fischer-Tropsch mechanism [12]. On close-packed surfaces,
the chain growth mechanism is predicted by adding CH to chain initiation reactant and
hydrogenation is done as a final step. There must be a large surface area to the chain
growth mechanism for a single chain. Growth ensemble on a large surface lead to form
CHx monomer. The situation results in different chain growth mechanisms
simultaneously.

Diffusion of surface species that include hydrocarbon group is important to
understand as a whole reaction sequence. Coupling reactions are considered as a source
of chain growth mechanism [12].

Even though Fischer-Tropsch Synthesis is extensively studied in the literature, its
reaction mechanism is still under debate and considered to be one of the most complicated
mechanisms in heterogeneous catalysis. This is since various products can be formed,

starting from the main building blocks of CO and H> [12, 13].
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Figure 1.7. Elementary Fischer-Tropsch Reactions

Figure 1.7. explains that there are 4 essential reactions that the catalyst should be active
for, including H> and CO dissociation, removal of oxygen as water or carbon dioxide,
carbon-carbon coupling, hydrogenation/dehydrogenation reaction C1Hx and CyH;. The surface
geometry of Co is effective for CO bond breaking and the CH.OH, reaction mechanism.

Previous theoretical studies that are done with Density Functional Theory are
about direct CO dissociation on stepped surface [13], H-assisted CO dissociation on
terrace and stepped surface [14, 15], and CO insertion mechanism [16, 17] [13].

Another important topic is how a chain growth mechanism occurs. Because, CHx
(x=0, 1, 2) and CO can be used as adding monomer [12, 18, 19]. There are experimental
studies to express detailed information about Fischer-Tropsch chain growth reaction
mechanisms [12, 20, 21]. Besides, there are theoretical studies for the same topic at the
molecular level [12, 15, 22, 23].

In surface science using single crystal structures, there are more theoretical studies
than experimental studies [12, 24].

Figure 1.8 can be explained in this way. CO can adsorb on the catalyst and may
be dissociated. Then H» adsorbs the surface and dissociate. Next, surface reactions occur
on the catalyst and lead to hydrocarbon products. Finally, hydrocarbon products desorb

from the catalyst surface. Secondary reactions can occur from hydrocarbon products.
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Figure 1.8. Fundamental reactions of Fischer-Tropsch Synthesis

1.5. Computational Quantum Chemistry

Computational techniques can be used to investigate various problems in

chemistry due to the fast advancement of computers and computational power.
These issues include molecular geometry prediction, molecule energy calculation,
specification of reaction intermediates and transition states, the visualization of orbital
structures and IR, UV, NMR spectra, investigation of chemical reactivity, and the
physical properties of substances [25, 26]. These techniques are based on Quantum
Chemical principles.

Classical mechanics is interested in trajectories of particles that can be calculated
theoretically by using initial conditions and Hamilton structure of electrons.

H=T+V (1)

In (1) 1.1, H 1s the Hamilton that is the sum of the kinetic energy of particles, T,
and potential energy of particles, V.

Electrons have wave and particle dualities so electronic motion is crucial to
calculate the total energy of the system.

Unlike classical physics, quantum mechanics is used to expressing wave-particle
duality behavior of electrons correctly, so total energy calculation can be done by
considering the existence of electronic motion.

H=T¢ + V¥ )
Schrodinger has expressed that the calculation of total energy of the system by using wave

function that is V.
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The behavior of all particles can be found by using wave functions. The Hamiltonian
operator can be written like below in quantum mechanics.

H=T+V 3)

Kinetic, T, and V potential, energy operators can be expressed as a formulation

like below for one electron system. h is Planck constant, m is electron mass, V? is

Laplacian operator that is written with cartesian coordinates in kinetic energy formula.

Besides, Z, the atomic number, e, the unit of electronic charge, and v, take place in

potential energy operator.

. 2
V=5 )

8m2m v

T=-

The Hamiltonian operator in quantum mechanics for a molecule consists of.
kinetic energy and electrostatic interactions mainly.

m mass particle’s kinetic energy formula in SI units is

E 1
KE=T—MV2 (5)

Coulomb Law applies to the interaction between all charged particles in a
molecule, so the total energy of the system is related to the interaction of these particles.

Electrostatic interaction, I, can be expressed with the help of position vector of a
typical charge, T; and the typical charge, q;.

XN IN G o (6)

j=1’ j>1 4-1T€0|Fi—?j|
1.5.1. Born-Oppenheimer Approximation

The Hamiltonian operator can be written in Schrodinger Equation (1) for

molecular systems in atomic units:

1 . qiXq;j —
( - Z—miVZ O+ 2L, XN —]> W(Xy, %,%,.5,0) =

j=1’ j>1 41'[60 |F1—F]|
a —_— — P
v—1 &W(Xl, X, ey X £) @)

Schrédinger Equation (7) cannot be separated in smaller dimensions because of
1

the existence of ——- and partial derivative so the solution of this cannot be done easily.

rj F]

In order to solve this (7), there are some electronic structure approximations including,

the Born-Oppenheimer model and the variational principle.
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Born-Oppenheimer model explains that nuclei have much greater mass than an
electron. A nucleus can be thought immovable for lots of systems. Schrodinger (7) can
be solved as a product of electronic and nucleus wave functions as wave function can be
divided into two different parts as electronic and nuclei.

lIJ(21,522, ---»in) = lpelec()(m; rm’) X Whue(Mwe) )

Wave function involves electronic and nucleic motion and can be reduced by
considering the center of mass, CM, and relative coordinates.

Wirans ~ Pirans (CM)WroWyip ©)

The translational, vibrational and rotational contribution is calculated by using the
center of mass.

Schrodinger Equation (1) must be divided into two parts as the electronic motion
and translational motion of the center of mass and the vibrational and rotational
wavefunctions and this situation can be interpreted as a disadvantage of Born-
Oppenheimer approximation. The solution of complicated structured molecules is
difficult by using this approach. Schrodinger Equation (1) can be written to calculate
electronic energy for complex molecules that have many electrons.

n signifies included electron number in complicated molecules.
Heec(1,2, ..., n)Welec = EgjocWeec (1,2, ..., n) (10)

With the use of stationary bound states and only single continuous eigenvalues,
finite solution for Eqn 1 can be obtained.

E; is the eigenvalue of the electronic Schrodinger (1)
HY, = E;¥, (11)

The suitable condition can be provided when eigenfunctions are orthonormal that
has both orthogonality and normalization properties.

J W dt = (W|W) = §; (12)

8;j, Kronecker delta is the result of the electron interaction in terms of volume

element and this (1) is called the matrix or Dirac notation.
1.5.2. Variational Principle and Hartree-Fock Theory

The variational principle expresses that the mean value of total energy can be
calculated by using normalized wave functions. The result is found a bigger value than

true total energy quantitatively, so the circumstance is a disadvantage [27].
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The Hartree-Fock approximation is the modification of the variational principle

and is used to describe the many-particle system wavefunctions [27].
1.5.3. Principles of Density Functional Theory (DFT)

Electronic structure calculations in solid state physics have been done by using
Density functional theory (DFT) since 1970 [28,29].

In many body systems, the calculation of ground state total energy is done with
the help of density Functional Theory, which is the best-known quantum chemical
method.

Density functional theory is used because of its accuracy in calculating catalytic
properties in detail.

Density functional theory provides lots of advantages ordered like below: [29, 30]

e Catalytic surfaces can be analyzed at the atomic level with density functional
theory calculations.

e The identification of surface intermediates which cannot be afforded with the help
of current experimental conditions can be investigated by using computational
techniques.

e The investigation of the different reaction energies and the estimation of the
reliable catalyst model can be made consistent with the experimental results.

Exchange-correlation potential covers all other electron-electron interactions.
1.6. The primary approximation of Exchange & Correlation

Local density approximation (LDA) is the simplest approach in density functional
theory. It causes an inaccurate solution of quantum chemical problems and unreliable
solid-state calculations [27].

Generalized gradient approximation (GGA) is more reliable than the local density
approximation (LDA) as a density functional theory (DFT) approach.

GGA facilitates the solution of more complicated quantum chemistry problems. The use
of GGA and hybrid functions reduces the error rate in results as 5-fold [27].

Becke and Perdew corrections (BP86), Perdew-Wang exchange functional
(PWO91), Perdew-Burke-Erzernhof (PBE) or Revised PBE (RPBE) can be given as
examples of GGA functional types [27].

B3LYP is the most well-known function in hybrid functionals [31].
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Hybrid functionals are used to information about different molecular properties,
including structural, thermodynamic, vibrational of large molecules [31, 32].
Hartree-Fock exact exchange function is expensive to calculate metallic

properties for large molecules and solids [31].
1.6.1. Capabilities of DFT

In literature, molecular modeling studies are generally done by Density Functional
Theory, in the recent years. It is helpful to obtain information about reaction mechanisms
relevant at the molecular level, transition states, adsorption energies, activation energies,

heats of reaction and promoter effects on the catalyst [25, 26].

1.6.2. Main Approach in Quantum Chemical Modelling of Catalytic
Systems

Metallic surface modeling is done by using two different approaches that are
cluster model and periodic [33].

A metallic surface that is formed up to a few tens of atoms uses a cluster model.
The model reports the band structure of metals restricted. Besides, adsorption energies
are obviously related to cluster size. In addition to these, it facilitates calculation of local
properties including adsorption geometries and vibrational frequencies for low coverage
metallic surfaces. Adsorption energies can be calculated accurately by using a cluster
model that is composed of 80 and 150 atoms [33].

In the periodic slab approach, under controllable numbered layers are used to
solve artificial cluster boundaries. Basis set choice and superposition error problems are
prevented by using a plane wave basis set in the periodic slab model for the description
of electron density. Periodic calculations for very high number of atoms are time-

consuming and require optimization heavily [33].
1.6.3. The Aim of this Thesis

The aim of this thesis is to investigate the effects of Mn promotion on the
properties of adsorbates and intermediates of FTS, as well as the effects of Mn promotion
on the main elementary reactions, using Density Functional Theory calculations.

There are three main scientific questions associated with this study:

e How does MnO coverage effect these results?
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e How does Mn promotion affect the adsorption energies of
reactants/intermediates?

e How does MnO affect elementary reactions of CO dissociation and carbon
hydrogenation?

So far mainly experimental methods have been used to investigate MnO

promoter effects on Co catalyzed Fischer-Tropsch Synthesis, where very limited
number of computational studies have appeared in the last 2 years.
These studies will be discussed in the Literature Survey Section. Characterization
techniques provide valuable information which is related to the effective catalyst model.
The interaction between catalyst and support material and/or promoter, the
physicochemical properties, the structural properties, particle size, the shape can be
characterized by spectroscopic techniques.

These results have an influence on the construction of the catalyst model.
Unfortunately, there is still no consensus about the details of the promotion mechanism
of Mn, especially related to specific adsorption characteristics of the reactants and the
reactions that are affected by the promotion. These effects will be investigated in this
thesis, by investigating properties like adsorption sites, adsorption energies, bond lengths
between surface and adsorbates, transition state structures and activation energies using

Density Functional Theory.
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CHAPTER 2

LITERATURE SURVEY

2.1. Promoter Effects on Catalytic Activity

Previous studies indicate that twenty-two various promoters are investigated in
Co based catalytic reactions. Catalytic activity, selectivity, and stability vary depending
on promoter kind [6]. Amount of promotion elements, experimental conditions during the
catalytic reaction, catalyst preparation techniques also play important roles in
specification of the promoter effect. Depending on these, promoter properties may
change, also resulting in the change of catalytic activity product selectivity [6].

Apart from these, when promoter quantity is increased on catalyst active sites,
adsorption features change. If great quantities of oxide promoter are used on active metal
surface, catalyst active sites may be blocked. Catalytic activity decreases as a result of
this promoter blockage [6].

Promoters have different chemical properties that affect the Co-based Fischer-
Tropsch reaction [6].

Some transition metal oxides show water gas shift reagent features.

The variation of CO/H: ratio leads to coverage change. Promoters may affect
hydrogenation/dehydrogenation reactions. The ratio of alkane/alkene changes at the end
of the reaction that the promoter is used. Promoter addition can also prevent catalyst
against sintering of supported catalyst clusters.

Most studies in the literature are done about Ru, Re, Pt promoted Co-catalyzed
Fischer-Tropsch reactions [21]. Ru has electronic and structural promotion effects [6].

Ru-promoted catalysts have typically increased Cs+ selectivity compared to other
promoters.

By addition of little Ru promoter to unsupported or supported Co-based catalysts,
turnover frequency increases.

The maximum catalytic activity is observed for Ru/Co ratio smaller than 0.008 value [6].

Rhenium has a structural promotion effect on catalyst.
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It leads to increase reducibility of Co, so Co dispersion increases by the increment of
hydrogen spillover. Fischer-Tropsch activity increases by adding Re promoter, whereas
site specific activity of Co sites is not affected. The product selectivity topic for Re
promoted Co catalysts is not well established [6].

Pt as a structural promoter helps to increase the dispersion of cobalt nanoparticles.
It also results in the decrease of Co304 reduction temperature especially for alumina
supported Cobalt catalyst. The hydrogenation reaction rate increases without changing
product selectivity [6].

Nb promoted Co/Al>O;3 effect is characterized by using temperature programmed
surface reaction (TPRS) and diffuse reflectance spectroscopy (DRS). Nb promoter has an
influence on CO hydrogenation selectivity [6].

For Mg promoted Co/Al>Os system there is a decrease in the formation of metallic
cobalt surface phase, while the formation of MgO-CoO is characterized by XPS. The
small quantity consumption of Mg results in increased catalytic activity. When Mg
quantity is increased, reducibility of catalyst decreases because of MgO-CoO mixed
phase formation[6].

The catalytic performance of alumina supported Co can be increased by using the
Zirconium promoter. Catalytic activity improves by providing increased production of
intermediate product that is (—CH, —), which results in increased selectivity to long chain
hydrocarbons. Zirconium has an increasing effect on cobalt reducibility and catalytic
activity [35-40].

Lanthanum can be used as a promoter for supported Co catalysts to increase CO
adsorption with reference to the unpromoted catalyst. y-Al2Os3 supported Co catalyst
catalytic activity and selectivity can be enhanced by using La promoter [38].

Although it increases catalytic lifetime and activity, it leads to a change in the
chemical structure support material [41]. Reactor operating conditions can be important
parameters for La promoted catalyst [42].

Many transition metal oxides took place in Co-based catalyst as potential
promoter. Although transition metal oxide promoters are considered as electronic
promoters, they also illustrate synergistic and structural promotion effects [4].

Transition metal oxide promoters tend to disperse on the Co surface. The spread

promoter causes a change in features of active adsorption sites on Co surface.
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Table 2.1. Promoter Analysis on Co-Based Fischer-Tropsch Synthesis Source Adapted

from [34] promoter effects on Co-based Fischer-Tropsch Synthesis

Effect
Elements Tasks Activity | Selectivity | Stability
Types
Structural | Mg. Si. Zr. Nb.
Support
Rh. La. Ta. Re. o X X
stabilization
Pt
B. Mg. Zr Co gluing X X
Ti. Cr. Mn. Zr. | Co dispersion
Mo. Ru. Rh. Pd. | increase
X X
Ce. Re. Ir. Pt.
Th
Electronic | B. Mg. K. Ti. | Decorating Co
V. Cr. Mn. Zr. | surface
X X X
Mo. La. Ce. Gd.
Th
Ni. Cu. Ru. Pd. | Co alloying
X X X
Ir. Pt. Th
Synergistic | B. Mn. Cu. Ce | Water shift X X
Hydrogenation/
pt* yeos X
Dehydrogenation
Ni. Zr. Gd Coke burning X
B. Mn. Zn. Zr. | HS resistance -
Mo

Note*: Apart from Pt as a (de-)hydrogenation element. other metals and metal

oxides can be used for this reaction.
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TiO2 supported Co catalysts have higher catalytic activity than alumina, silica,
magnesia supported Co catalysts. There is a strong metal strong support interaction
between TiO2 and Co catalyst.

The electronic promotion effect can be expressed with the help of the strong metal
support interactions (SMSI). V, Ce and Mg oxides have an effect to increase the activity
of Co catalyst. When these metal oxide promoters are used for a Co-based catalyst,
product selectivity towards long chain hydrocarbons is increased. Similar results are
found for Cr promoted Co/ZSM-5 catalyst. Catalytic activity and long-chain hydrocarbon
production are increased by using Cr promoter for the system. Two important results are
obtained by analyzing the interaction between metal oxides and cobalt oxides. These
results are improvement of Co dispersion and inhibition of Co reduction. CO and H>
chemisorption, TPD and TPR results have an important role to interpret these. Although
the bond between CO and Co strengthens, the Co-H bond weakens. Hydrogenation
reaction rate lowers for Cr promoted Fischer-Tropsch reactions. Cr, Ti, Mn, and Mo
promoter effects are investigated for Fischer-Tropsch reaction. Catalytic activity and
long-chain hydrocarbon product selectivity increase are found for these promoters.
Besides, decreases in Co particle size are found as a result of structural promoter effect
[4].

CO dissociation at interface region that was between metal oxide promoter and
active catalyst metal surface is facilitated. Inactive mixed oxides are formed from
promoter and support material which have resistance against carbon deposition. The use
of metal oxide promoters results in increased CO conversion, Cs+ selectivity,
olefin/paraffin ratio [9, 43, 44].

Co reducibility can be increased with the addition of the CeO; promoter. Product
selectivity to long chain hydrocarbons is also found to increase when CeOx is used as a

promoter in alumina or silica supported Co catalytic systems [45, 46].

H; and CO have an affinity against ceria covered surface [47]. Besides, there is a

decreasing effect on the formation rate of CO2, CHy, and C>-C4 [48].
2.2. MnO Promotion Effects on Co-catalyzed FTS

There are various experimental and a limited number of theoretical studies that
investigate Mn promotion effects on adsorption energy, activation barrier, product

selectivity, vibrational frequencies on Co catalyst surface [7, 47, 62, 53, 6, 63, 64].
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Co/Mn ratio, location of Mn promoter on active metal surface, vibrational
frequency changes, desorption temperature can be found by using spectroscopic
techniques [21, 49-62, 65]. Theoretical studies allow to explore in detail about catalyst
structure, adsorption energies, reactivity, vibrational frequencies, activation barrier,
electronic structure of the surface, product selectivity [6, 66]. The function of MnO has
not been understood completely yet.

In the following paragraphs, the general findings from the literature are
summarized. Some studies focused on MnO location and MnO promotion effects on CO
adsorption energy and CO dissociation barrier on Co catalyst [42, 47].

EXAFS results showed that MnO is a highly dispersed on cobalt catalyst surfaces. Highly
dispersed metal oxide promoters cannot be characterized by X-Ray Diffraction (XRD).

The interaction of the promoter with neighbors and its oxidation state can be found
with the help of X-Ray Absorption Spectroscopy (XAS). When MnO is adjacent to Co,
catalytic activity increases[42, 47, 64, 65, 6]. Metal-metal oxide interfaces increase higher
hydrocarbon (Cs+) selectivity and decrease methane selectivity compared to unpromoted
Co catalyst [44].

In order, for the promotion effects to be observed, species must be bound in the
close vicinity of the promoter. When species are not located at these interfaces, promotion
effects are not observed. There is a cooperative interaction between MnO, and CO
adsorbate. Mn tends to the O atom in CO molecule, as it has a Lewis acid character.
Knowledge of oxidation state is crucial to predict Lewis acidity. The location and crystal
structure are considered for determination of Lewis acidity of oxide promoters [42, 46].

Mn/Co and Mn/Ti ratio. The maximum Cs- selectivity is found when Co/Mn ratio
is 0.1. When Co/Mn ratio is bigger than 0.1, product selectivity does not change [67].
Results show that promoter facilitates C-O bond cleavage.

When Mn/Co ratio is less than 0.1, although product selectivity decreases for CHa, Cs+
selectivity increases [67]. CO dissociation rate increases [42].

Based on the TEM and H> chemisorption measurements, Mn promotion was
found to increase [6], decrease [21] and have no effect [65] on the particle size of cobalt
crystallites. These studies show the importance of the support used and the complexity of
separating promotion and support effects.Most research shows that turnover frequency is
not associated with above 6-10 nm particle sized Co based FTS [42], so whether the

effects observed are due to promotion or particle size are not clear.
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Table 2.2. Mn promotion effect on unsupported Co catalysts [6]

Unsupported Co Catalyst

Authors Topic of Study Main Results
Van der Riet et |CO hydrogenation |High selectivity to C3 products
al. [49]. on Mn-Co catalyst

Hutchings et al.
[50].

CO hydrogenation

on Mn-Co catalyst

CH4 production yield is lowered.
Coupling reactions occur between
electrophilic and nucleophilic C,

surface intermediates (In situ XRD).

Liang et al.
[S1].

Oxidized Co-Mn
catalysts
preparation
methods Co/Mn
ratio effect on CO

hydrogenation

Different Co/Mn ratio causes

different spinel structures.

Jiang et al. [52].

Mn effects on

surface properties

Mn increases catalytic activity and
stability. These effects are related to
the fact that Co-Mn catalyst has a
bigger particle size than Co catalyst.
Mn promotion also increases catalyst
stability and tolerance against H2S

(In situ IR)

Riedel et al.
[55].

Water gas shift

activity

The removal of CO2 occurs when
MnO takes place in Co-based
Fischer-Tropsch catalysts.

MnO is a water gas shift promoter.
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There is a strong connection between the promoter quantity and the spatial
association between the promoter and Co catalyst [67]. XPS is used to obtain information
about the

TPR shows that CO adsorption temperature increases for Mn promoted Co
catalyst supported and MnO promoted Co catalyst reduction take a longer time [42].
Previous experimental studies showed that CO adsorption energy increases on MnO
promoted Co surface [42]. IR results signifies that Mn promoter weakens carbonyl bond.
Lewis acid-base interaction facilitates bond cleavage for CO [42].

At low pressures (1 atm) conditions, MnO promoted Co surface has high CO adsorption
constant and rate constant, resulting in the increase of CO surface coverage. At higher
pressures (10 atm), CO adsorption constant is higher than low pressured medium. Surface
1s saturated nearly with CO adsorbates. At these pressures, MnO promotion may lead to
the ecrease in activity and/or selectivity [47, 65].

When pressure increases, product selectivity is towards higher hydrocarbons production
for Co based FTS. Pressure is optimized above 5 bar for Mn promoted Co, CH4
production decreases and Cs+ selectivity increases [53]. Turnover frequency is increased
as a result of pressure increase. MnO promoted Co catalyst has two times higher turnover
frequency compared to unpromoted Co catalyst [44].

Early pioneering experimental studies about the effect of Mn promotion on cobalt
FTS catalysts came from Morales et al. [6]. and Bezemer et al. [47].

Morales et al. [6]. investigated TiO2 supported Mn promoted cobalt catalysts by XAS,
TEM, XRD and TPR measurements to reveal interactions between preparation method,
structure and performance. They found that Mn is present in the MnO> form for the
passivated and MnO form for the reduced catalyst. MnO reduces cobalt reducibility. Mn
promotion resulted in the formation of larger particle sizes for cobalt crystallites.
Manganese was also found as an alloy with cobalt, in the form of rock salt solid solution,
in the calcined form. For large (>5 nm crystallites), MnO decreased CH4 selectivity,
increased hydrogenation activity (based on TOF measurements) and improved catalyst
stability.

Bezemer et al. [47]. investigated Mn promotion effects on carbon nano fiber
(CNF) supported cobalt catalysts using XPS, STEM-EELS and kinetic measurements.
MnO effects were already studied on Co catalysts supported on oxidic materials, which

complicated the analysis of cobalt reduction.
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In this study, effects were studied on CNF supported (inert) cobalt catalysts, with the
purpose of evaluating the effect of MnO on cobalt reducibility.

XPS and STEM-EELS indicated that MnO 1is closely associated with cobalt.
Using TPR and H> chemisorption, they found that MnO reduces cobalt reduction degree.

XPS and STEM-EELS indicated that MnO 1is closely associated with cobalt.
Using TPR and Ha> chemisorption, they found that MnO reduces cobalt reduction degree.
They found that TOF increases 20% for 1 bar, while it increases 130% at 20 bar. This
was explained by severe conditions at high pressure, resulting in the possible creation of
active sites. For selectivity, they observed increase for 1 bar, while they observed decrease
in 20 bar. At 1 bar, increase was attributed to the decrease in H> coverage (due to increase
in CO coverage). For 20 bar, the catalyst was already operating at high CO coverage,
resulting in overpromotion with MnO and therefore decreased selectivity. They
concluded that the main function of MnO was the moderation of hydrogenation reactions.
Morales et al. [63]. later investigated effects of MnO promotion for TiO> supported
catalysts on CO and H» adsorption using in situ DRIFTS, focusing on the electronic
promotion effect of MnO.

The structural characterization performed by XRD, TPR, TEM and Ho»-
chemisorption confirmed their previous results that MnO hampered cobalt reducibility.
However, this time the association of MnO with cobalt resulted in decrease of the cobalt
particle sizes from 24 nm to 11-14 nm. However, this can be also due to the loss of
crystallinity of CO304 particles. They also observed that MnO is also found dispersed on
the TiO2 support. They also proposed that the support itself may be responsible for the
decreased reducibility of cobalt, comparing their results with CNF supported cobalt [21].
Based on DRIFTS results using CO as a probe, they pointed three conclusions: MnO
decreases CO adsorption capacity at high loadings. MnO results in disappearance of
bridge bonded CO. This was proposed to be due to the Lewis acid character of MnO,
withdrawing electron density from cobalt surface, and resulting in decrease of bridge
bonded CO. MnO results in a change of intensity of linearly bonded CO at 2030 and 2050,
however no blue shift is observed. More CO is located at 2030 cm peak. This may be due
to a weaking of CO bond at high MnO loadings.

The selectivity continues to increase with MnO loading, while activity increases

slightly for initial small MnO loadings, while it decreases after some optimum value.
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Table 2.3.

Mn promotion effect

on supported Co catalysts [6]

Supported Co catalyst

Authors

Topic

Investigation

Das et al. [56,
57].

Lower hydrocarbon
synthesis on Co and
Co-Mn catalysts
(Silica supported)

Mn promoted supported Co catalyst has a
decreasing effect on reduction
temperature for Co3Os4.

Water gas shift activity decreases.
Product selectivity is maximized C2-Cq4

hydrocarbons. while catalytic activity

increases.
Zhang etal. | Mn promotion Mn promoted Co catalyst has lower
[58]. effects on selectivity hydrogenation features than bare Co
(Alumina catalyst. Product distribution is toward
supported) more olefinic.
Cs+ selectivity increases.
Co active phase dispersion increases.
Klabunde et al. |Characterization Although Mn takes place in oxidized
[59]. (Silica supported) |state. Co is partially oxidized state.

EXAFS results indicate that Mn is an
oxyphilic metal and Mn shows electronic

promotion effect on Co catalyst.

Vop et al. [60].

Mn promotion
effects on titania

supported Co

XPS results show that Mn located more

on support than Co active metal.

MnO is reduced form of Mn and it serves

as a support material.

Martinez et al.

[61].

Mn promotion

effects on Co/SBA- |.

15 catalyst

Mn promoter increases production of Cio+

Methane selectivity decreases. Although
the activity is found to decrease for

promoted system.

cont. on next page
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Table 2.3. (cont. )

Authors Investigation

Bezemer | MnO promotion | Pressure increase leads to enhance Cs+

et al. effect on carbon | product selectivity .

[47]. nanofiber- MnO locates near site of Co nanoparticles.
supported Co There is not an interference between

catalyst for FTS | support material and MnO promoter.
Johnson | MnO promotion | MnO takes place at the edge Co

et al. effect on activity | nanoparticles.
© [8]. and selectivity of | There is a Lewis acid-base interaction
%‘ Co/SiO; for FTS | between Mn*? and O in CO molecule.
§ Coadsorption and dissociation are done by
e using MnO promoter.
S; The C-O bond scission is facilitated.
{‘._.’ den MnO promotion | Experiments show that there is a relation
S Breejen | effect on activity | between surface coverages of CHx
= et al. and selectivity intermediate on Co surface and Cs+
@ [21]. for Co based selectivity.
silica supported
FTS
Dinse et | Mn promotion Experimental conditions and Mn amount

al. [62]. | effect on activity | effect on FTS activity and selectivity
and selectivity
for co based
silica supported
FTS

Under FTS conditions, they observed a blue shift of CO peak from 2012 to 2031
cm, concluding C---O bond is strengthened. They also observed carbonate peaks at 1570
and 1330 cm, with increasing MnO content, indicating CO; is formed on the surface and
water gas-shift reaction is catalyzed.
They also observed a selectivity increase for olefinic products compared to paraffinic
products, concluding that this may be due to the decreased likelihood of hydrogenation
reactions in FTS [63].

den Breejen et al. [21]. investigated MnO promotion effects on SiO2 supported
catalysts using STEM-EELS, IR and SSITKA. A relation between Cs selectivity and CHy
coverages were established. A decrease in particle size of cobalt crystallites were found
as a result of MnO promotion. MnO is found to be homogeneously well dispersed on the
surface of both cobalt and silica. MnO promotion decreased the reducibility of NO
calcined catalysts from 94 to 62% while no change in reducibility could be detected for

air calcined catalysts (94%) using XANES analysis.
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For the NC reduced catalyst, both activity and selectivity increased as a result of
MnO promotion, while for AC reduced catalyst activity decreased. For smaller particles
(4nm<) obtained by NC method, the activity increase may be due to the different cobalt
surface structure or particle shape (possibly inducing of more defective surface facets by
MnO).

IR spectroscopy indicated that MnO promotion resulted in lower coverage of CO,

possibly due to blocking of surface by MnO. Next to a peak at 2057 cm, a second peak is
observed at 2012 cm, attributed to CO adsorbed on undercoordinated sites. This is
explained by creating of undercoordinated sites due to MnO promotion.
SSITKA results showed that CO coverage and residence time were decreased while CHx
coverage and residence time increased. Also, higher TOF was found for MnO promoted
catalysts, which indicates MnO promotes activity. In conclusion, the selectivity increase
due to MnO promotion was attributed to higher CHx coverage and the resulting higher
probability of coupling reactions. The promotion of activity was not explained in detail
[21].

Dinse et al. [62].investigated MnO promotion effects in SiO> supported catalysts,
focusing on the changes in activity and selectivity.

Based on their H> uptake results, they concluded that MnO promotion slightly decreased
cobalt crystallite size and reducibility of cobalt particles. MnO was found to be highly
dispersed on the cobalt surfaces.

In terms of selectivity, they found that MnO promotion increases the selectivity
to Cs+ and olefins, while decreasing the selectivity to Ci, C2-Cs and paraffins. They
proposed increased CO coverage and decreased H coverage, as the main reason for
increased selectivity to Cs+, due to MnO promotion.

Similar to the results of Bezemer et al., they found conflicting effects of MnO on
activity for operation under 1 atm and 10 atm.

MnO promotion resulted in slight increase in activity for 1atm.For 10 atm operation, MnO
loading decreased activity significantly.

The loss of activity was attributed to the blockage of active cobalt sites by MnO and the
fact that MnO also reduces the number of metallic cobalt sites, which were assumed to
be the only active form of cobalt for FTS. The loss of activity may be also due to the

decrease in particle sizes.
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Johnson et al. [65]. performed a detailed investigation related to the effects of Mn
promotion on activity and selectivity of FTS, using a combination of experimental
techniques on SiO; supported cobalt catalysts. In particular, they investigated how Mn
interacts with CO and how this interaction effects activity and selectivity.

Their STEM-EDS measurements revealed that Mn preferentially accumulates on
the surface of Co nanoparticles up to loadings of Mn/Co > 0.1. After this loading, MnO
starts to appear on the surface of SiO» support, in the form of nanometer scale particles.
Mn is found highly dispersed on cobalt nanoparticles and found in the chemical form of
MnO (Mn is found to have an oxidation state of +2). Also, they did not observe a change
in cobalt particle size due to MnO promotion, in contrast to the previous experimental
studies [6, 47].

Based on kinetic analysis they concluded that MnO increases the CO adsorption
constant and the and the apparent rate constant for FTS. In-situ IR revealed that MnO
promotion increases the abundance of CO with weakened carbonyl bonds. It is proposed
that CO cleavage is facilitated by Lewis acid-base interactions between Mn?" cations
located at the edge of MnO islands covering cobalt surfaces and the O atom of CO atom.
The observed decrease in selectivity to CH4 and the increased selectivity to Cs+ products
with increasing Mn/Co ratio are attributed to a decrease in the ratio of adsorbed H to CO
on the surface of the supported Co nanoparticles.

Despite numerous experimental studies that investigated the MnO promotion
effects on cobalt catalysts, only two theoretical studies, one MSc thesis [34] and one
article [66], appeared in the last two years.

van Doorslaer [34] studied the nature of the promoter under reaction conditions
and the effect of Mn promotion on the kinetics of CO and H>O dissociation by studying
the adsorption energies of CO, OH, H and H>O. Based on experimental and DFT based
phase diagrams, MnO was predicted to be the chemical state of the promoter in agreement

with previous experimental studies.

Six MnO ring model was proposed as the most stable occurrence of MnO promoter. In
this model Mn locates on bridge position and oxygen atoms locates on top position. On
the stepped Co(211) surface, one MnO (monomer) model located on the step edge was

found as the most stable model, as shown in Figure 2.1.
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-13 k¥/mol/MnO -31 k¥/mol/MnO

Figure 2.1. Different MnO promoter models on Co Catalyst [34]

CO, H, OH and H>O adsorption energies were studied on six MnO ring model on

Co(111) surface and one MnO (monomer model) on Co(211) surface. On the Co(111)
surface, CO adsorption energy has the least MnO promotion effect among other species.
CO adsorption energy decreases from -133 kJ/mol to -130 kJ/mol. H adsorption energy
also decreased from -273 kJ/mol to -252 kJ/mol.
OH adsorption energy decreases from -338 kJ/mol to -321 kJ/mol. Otherwise, H>O
adsorption energies increased from -27 kJ/mol to -53 kJ/mol [34]. H and OH adsorption
on Co(111) surface cause the deformation of six MnO ring model. H>O is found to be
adsorbed on MnO promoter [34].

On the MnO promoted stepped Co(211) surface, there was an increase for CO, H,
OH adsorption energies.CO adsorption energy increased from -137 kJ/mol to -155
kJ/mol. H adsorption energy enhanced from -263 kJ/mol to -281 kJ/mol. There was an
increase from -360 kJ/mol to -397 kJ/mol for OH adsorption energy.

However, H,O adsorption energy decreased from -68 kJ/mol to -62 kJ/mol [34]. The

change in adsorption energies are shown in Table 2.4.
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Table 2.4. MnO Promotion Effects on Adsorption Energies, kJ/mol [34]

Electronic Adsorption Energy [kJ/mol]

Adsorbed

Unpromoted Promoted
Species

Co(111) Co(211) Co(111) Co(211)
CO -133 -137 -130 -155
H =273 -263 -252 -281
OH -338 -360 -321 -397
H20 =27 -68 -53 -62

Pedersen et al. [66] investigated MnO promotion effects in a combined
experimental and theoretical study.

In the experimental part, Mn promoted Co/Al,Os catalysts are prepared,
characterised and tested at industrially relevant FTS conditions favouring light olefin
formation.

The effect of preparation procedure, i.e. co-impregnation vs. sequential impregnation, is
investigated as well as the order of component addition. Compared to the Co catalyst, the
Mn promoted catalysts displayed a larger intrinsic activity, larger selectivity to light
olefins and Cs+ species, whereas the selectivity to CH4 was considerably lower.

Mn was found to be closely associated with Co, and a surface enrichment of Mn was
observed during the course of operation.

DFT calculations were performed to obtain adsorption energies surface species as
well as the activation barriers for elementary reactions of direct CO dissociation and
methane formation. The authors obtained their results on two models: a model of metallic
Mn completely covering the fcc Co(111) surface and a model where the 2" surface layer
in a Co(111) slab is replaced with a metallic Mn layer [66].

When two models were analyzed, CH4 adsorption energy decreases and there were
increases for O, H, C, CO, OH, CH, CH2, CH4 adsorption energies. These energy values
were in Table 2.5.

The authors point out that their DFT results indicate that the adsorption energies of all
surface species (CO, H, C, O, CHx (0<x<4)) except CH4 for both of their models.
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Figure 2.2. Mn promoted Co models [66]

For the activation barriers, CO dissociation was found to have a lowered

activation barrier for both models, while the hydrogenation reactions to form methane

was lowered for the Mn terminated model and increased for the cobalt terminated model.

Based on these results the authors postulated that the increased selectivity to Cs+ may be

due to increased coverage of olefin precursors, such as CH», while the increased activity

may be due to the lowered activation barrier for direct CO dissociation [66]. The

activation barriers for direct CO dissociation based on two models are shown in Figure

2.3.

Table 2.5. Two Different Mn Promotion Models Effect on Adsorption Energies, eV [68]

Species
surface

CO

CH
CH:

CH;

CH4

Eads, [eV]
Co (111)

-1.76

-6.95

-5.73

-2.84
-6.42
-4.02

-1.93

-0.02

Co/Mn/Co (111)

-2.13

-7.43

-6.19

-3.25

-6.83

4.54

-2.38

-0.02

-2.55

-8.15

-7.27

-3.75

-7.55

-5.44

-3.03

-0.02

Mn/Co (111)

Literature values

-1.61 [68], -1.88 [69],
-1.66 [70], -1.43 [71]

-6.80 [68], -6.71 [69],
-6.46 [70], -6.54 [23],
-6.62 [72] -7.09 [73]

-5.61 [68], -5.43 [69],
-5.34 [70], -5.42 [74]

-2.88 [69], -2.72 [70],
-2.94 [72], -2.85[74]

-6.31 [69], -6.54[23],
-5.99 [72]

-3.86 [69], -3.86[23],
-3.85 [72]

-2.00 [23], -1.89 [72]
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Figure 2.3. Mn Promoter Effect on CO Activation Barrier [66]

However, based on various experimental studies (including their own study), Mn
promoter is found to be located on the surface of cobalt crystallites in the form of highly
dispersed MnO, instead of the metallic Mn substitution model used in this study. This
makes the validity of the results highly questionable, which can also be seen in conflicting
change of activation barriers on metallic Mn promoted surfaces for carbon hydrogenation

in their two different models.
2.3. MnO promoter model on Co-Catalysts

There is a consensus in the literature that Mn is found mainly in the +2-oxidation
state (in the form of MnO), highly dispersed and in direct contact with the active cobalt
surfaces [65, 47, 63, 21].

It is also stressed in these studies that MnO is found in the form of very small
nanoparticles, or isolated patches of MnO either covering or in direct contact with cobalt
surfaces.

Yang et al. [75] investigated the conversion of syngas to higher oxygenates on
MnO promoted Rh surfaces by a combined experimental and computational approach
using TEM, FTIR measurements and DFT modelling. Based on their experimental
results, they have concluded that MnO is highly dispersed on Rh surfaces.

In the computational literature, Yang et al. [75] applied a relevant model based on

MnO covering Rh surfaces.
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For the DFT modelling, they obtained energy barriers for the syngas conversion
mechanism on the “MnO monomer” model, illustrated in Figure 2.7a, which were
consistent with their experimental findings.

As bigger aggregates of MnO clusters on Rh surfaces cannot be ruled out
experimentally, they have also tested their DFT results on a “MnO stripe” model, shown
in Figure 2.7b. As the results were consistent for both models, they concluded that the
“MnO monomer” model is a realistic representation for highly dispersed MnO on Rh
surfaces.

Based on these findings, we have also employed a “MnO monomer” model in the
calculations performed in this study.

In Figure 2.7. different MnO promoter models on a Rh (111) surface is shown

[75]. These models are monomer model and stripe model.

Figure 2.7. MnO promoter model on Rh (111) a.Monomer model, b.Stripe model. [75]
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CHAPTER 3

COMPUTATIONAL METHODOLOGY

3. SUMMARY OF COMPUTATIONAL METHODS

In this study, Vienna Ab-Initio Simulation Package (VASP) was used to evaluate
spin polarized DFT calculations. The Generalized Gradient Approximation of Perdew,
Burke and Ernzerhof (GGA-PBE) was incorporated with the Projector Augmented of
Perdew, Burke and Ernzerhof (GGA-PAW).as the exchange-correlation function to
resolve the Kohn-Sham equations. The Kohn-Sham orbitals were expanded in a plane
wave basis set using a 600-eV kinetic energy cut off, and a 5x5x1 and 3x3x1 Monkhorst-
Pack grid of kpoints was used for numerical integration in reciprocal space.

Fermi smearing was used and the convergence criteria for the geometry
optimizations were 10~® eV for the total energy and 1072 eVxA’ ! for the forces acting on
the 1ons. The conjugate-gradient (CG) method was used for the geometry optimizations.
Previous studies have shown that the catalytic properties and reaction energies are
affected by the surface orientation, steps and defects and that cobalt particles have shapes
exhibiting (111) facets for this study. The cobalt facet was, therefore, used to study the
CO, HCO, and CH dissociation and HCO formation. Surfaces were constructed using
2x2 and 3x3-unit cells with five layers, and periodic boundary conditions in two
directions to model a semi-infinite crystal surface. The two upper layers were free to relax
while the three bottom layers of the slab were fixed to maintain the bulk crystal structure.
This surface had 15 A" vacuum This periodic box size, which corresponds to a 1/9 and
1/4 monolayer (ML) coverage when there are one and two adsorbates, respectively, has
been widely used in previous investigations of adsorption on transition metal surfaces
[29-31] and yields converged results in a computationally tractable time.

Transition states were identified using the climbing image—nudged elastic band (CI-NEB)
method [33, 76], where the lowest energy reactant and product configurations are selected
as the initial and final states.

In NEB calculations, reaction steps were produced with 8 images.
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Eight images were placed along the minimum energy path (MEP) and a—5 eV/A"? spring
force constant between images was used to relax all the images until the maximum force
acting on each atom was less than 0.015 eV/A’. Although bare surface NEB calculations
were accomplished by relaxing the top 2 layer atoms, MnO promoted Co(111) surface
had a complicated structure MnO and species atoms were relaxed for MnO promoted
surfaces. Calculations using a 0.1 eV/A’ 3 convergence criteria showed that the activation
energy differs from that obtained with 0.1 eV/A’~! by at most 0.2 meV.

All calculations were accomplished spin polarized and with dipole correction. MnO had
antifrerromagnetic properties and this feature were set INCAR file. All optimizations
were done by using IBRION=2 to found global minimum and maximum points.

Vibrational frequency calculations were done by using IBRION=S5.

3.1. General

In this project Mn promoter effect is investigated for main Fischer-Tropsch reactants,
intermediates and main elementary reactions on flat p (2x2) and p (3x3) Co(111) surfaces.

There is a specific calculation order to find adsorption energy:

. Bulk optimization

o Clean surface optimization

. Adsorption energy calculations,

o Coadsorption energy calculations,

. Molecule optimization

. The vibrational frequency for adsorbed surface
. The vibrational frequency for molecule

o NEB calculations

. Transition state calculation

o The vibrational frequency for the transition state
. Frequency analysis

3.1.1. Bulk Optimization

Bulk optimization includes volume relaxation, encut optimization, and kpoint

optimization. Volume relaxation is necessary to give information about lattice constant.
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Bulk structure lattice constant was calculated as 3.51612766874. Besides, bulk Co has a
face-centered cubic structure.

Bulk includes 4 Co atoms. This geometry has an FM-3M space group. p(2x2) and
p(3%3) Co(111) surfaces are created by using lattice constant and entering space group.
Layer numbers were entered as thickness number when Co(111) surface is created. The
vacuum was optimized 15 A°after the surface was formed.

Supercells including p(2x2) and p(3x3) were done. Encut optimization is done to
reach maximum cut-off energy. This value must be greater than all of atoms encut energy
value. The optimum encut value was calculated at 600 eV. Then, kpoints optimization
was done and found as 19x19x19. Clean surface optimization was done after bulk

optimization was completed.
3.1.2. Clean Surface Optimization

In clean surface optimization, kpoints were entered as 5x5x1. Encut value was
entered 600 eV. Co had 27 electrons. When the electron number was odd, the spin-
polarized calculation was done. In addition to this, Co magnetic properties were added in
input parameters. All atoms in the bare Co surface were relaxed when a clean surface was
optimized. If the result reached accuracy, its CONTCAR file was used for adsorption

calculations.
3.1.3. Molecule and Atomic Optimization

CO, HCO, CH,, C;H2, H2O, OH, CH, H, C, and O optimizations were done. For each

optimization, all atoms were relaxed. CO included 2 atoms and all of them were relaxed.
3.1.4. Adsorption Energy Calculations

Minimum energy configurations for adsorbates were calculated on an optimized
clean surface. Adsorbate structure was important to obtain correct adsorption energy.
There were 4 adsorption sites, and these were top, bridge, hcp, fcc. The top site was on
Co atom. Bridge position was average 2 Co atoms X, y, z coordinates. Bridge horizontal
located line position between 2 Co atoms. The bridge diagonal took place at the corner.
Hollow adsorption site was calculated from 3 Co atoms average X, y, z coordinates. There
are 2 hollow adsorption sites; hcp and fcc. There was an atom under 3 atoms when there

was an hcp hollow site.
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In general, molecules are known to preferred top and bridge sites, while atoms are
found in hollow sites. Nevertheless, in order to find the experimentally observed
adsorption structure and energy, adsorbates must be optimized for each site, and their
adsorption energies need to be calculated. Different potential function, kpoint, encut
value, vacuum space, the lattice constant, layer number, supercell size was effective to
result in different adsorption sites for adsorbates.

A global energy minimum, corresponding to the optimized structure was obtained by
using the global minimization scheme in VASP. After accurate results were obtained,
CONTCAR files were used to calculate vibrational frequency.

Adsorption Energy Calculation

Bare Surface:

Eads = E(slab+adsorbate) - (Eslab) - (Eadsorbate(g))

MnO Promoted Surface:

Eads = E(Mno promoted slab+adsorbate) ~ (EMnO promoted slab) - (Eadsorbate(g))

3.1.5. Coadsorption Energy Calculations

After adsorption energies were obtained, the most stable adsorption site was
decided. The smallest energy value was the most stable configuration. Molecule
dissociates near the most stable adsorption site. All possible coadsorption calculations
were done. For example, CO dissociated produces C and O atoms.

The most stable adsorption site was found as an hcp and fcc sites. Because of this
reason, coadsorption possibilities were investigated near the location of the fcc and hep
adsorption site.Coadsorption input parameters were like adsorption input parameters.
Both were spin polarized and magnetic properties were considered.

The most stable coadsorption energy was found.
(C+0) coadsorption:

e Bare Surface:
E(C+0)coadsorption = E(slab+C+0) - (Eslab) - (EC(g)) - (EO(g))

e MnO Promoted Surface:

E(C+0)coadsorption = E(MnO pro. slab+C+0) — (EMnO pro. slab) - (EC(g)) - (Eo(g))
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(CO+H) coadsorption:

e Bare Surface:

Eco+H)conasorption = Estab+co+t) = (Estan) — (Ecocg)) — (Encg))

e MnO Promoted Surface:

E(C0+H)coadsorption = E(MnO pro. slab+CO+H) — (EMnO pro. slab) - (ECO(g)) - (EH(g))
(CH+O) coadsorption:

e Bare Surface:
E(CH"‘O)coadsorption

= E(slab+CO+H) - (Eslab) - (E(CH+0)(9)) - (ECH(g)) - (EO(g))

e MnO Promoted Surface:

E(CH+0) coadsorption

= E(Mno pro. stab+cH+0) ~ (EMnO pro.slab) - (ECH(g)) - (Eo(g))
(C+H) coadsorption:
e Bare Surface:
E(C+H)Coadsorption = E(stab+c+m) — E(sian) — Ec(g) - EH(g)

e MnO Promoted Surface:

E(C+H)C0adsorpti0n = E(MnO pro.slab+C+H) — Ewno pro. stab) — EC(g) - EH(g)

3.1.6. The Vibrational Frequency for Adsorbed Surface and

Molecule

The vibrational frequency was calculated for adsorbed surfaces. After vibrational
frequency for molecules was calculated to find zero-point correction energy.

There was a frequency calculation for an adsorbed slab that depended on
adsorbates degrees of freedom. In the adsorbed slab, only adsorbates were relaxed.

Other atoms were fixed. When molecule vibrational energy was calculated, all the
atoms were relaxed. Then, the sum of frequencies was divided the number of frequencies.
For example, CO had 2 atoms, and these were C and O. They had vibrational motion in
X, y, and z-direction. There were 6 frequencies at the end of the vibration calculation. The
6 frequency Zero-point vibrational energy formula required that result must be divided 2.

Then, the unit must be converted to meV to eV.
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Corrected energy
e Bare Surface:
Ecorrected energy = (E(slab+ads.) + EZPE) - (Eslab) - (Eads.(g))

e MnO Promoted Surface:

Ecorrected energy

= (E(Mno pro. slab+ads.) + EZPE) - (EMnO pro. slab) - (Eads.(g))

3.1.7. Nudged Elastic Band (NEB) Calculations

'CO Dissociation

0 1 2 3 4 5 6 iz 8 9 10

1495

2

E,~245eV

Adsorption energy, eV

-150.5

-15.5
Reaction Coordinates
CO a4 COrs (C+0)ag

Figure 3.1. NEB Calculation for CO Dissociation on 0.25 ML Co (111) Surface

The most stable adsorption site specified initial state and the most stable
coadsorption site was the final state. Molecule dissociated atoms on the active catalyst
surface.

Minimum energy path required from the initial state to the final state. This was
called a climbed nudge elastic band. Molecule dissociation was visualized before CI-NEB
calculation. Neb video was helpful to decide the logical dissociation path. When

dissociation reaction occurred step by step, neb calculation was done.
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After 100 electronic steps passed, adsorption energy versus the dissociation
reaction pathway was drawn. The volcano curve was needed to detect the transition state.

The peak of the volcano curve was the transition state candidate. In addition to
this information, one more neb calculation may be required to reach the transition state
candidate. The narrow range can be calculated two times neb.

After NEB calculation, the CONTCAR movie was reoccurred from CONTCAR
files. CONTCAR movies must be continuous to understand the correct step for the

transition state.
3.1.8. Transition State Calculation

The highest energy geometry coming out of the NEB calculations is also the
highest energy point in the volcano curve for the reaction potential energy diagram. This
geometry is taken as the input for transition state calculations and further optimized.
When the optimization reaches the required accuracy, a vibrational frequency analysis
must be performed to verify the transition state. If the correct transition state structure is

optimized, the frequency analysis must yield a singular imaginary frequency.
3.1.9. MnO Promoter Model

The monomer MnO model was calculated at different adsorption sites. MnO had
antiferromagnetic properties. This model was also calculated spin polarized.

The most stable MnO monomer model was detected hcp MnO monomer model.
Adsorption and coadsorption energy were calculated on MnO promoted monomer model.

Different adsorption sites that occurred in MnO promoted the monomer model.
MnO location was effective to specify adsorption sites. Different adsorption energies
were obtained depending on the MnO neighbor number.

MnO promoted Co adsorbed slab and molecular vibrational frequency, neb,
transition state and vibrational analysis for transition state analysis were done. They were

like bare Co calculations.
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CHAPTER 4

RESULTS

4.1. Structural Model for MnO promoted Co(111) Surface

Table 4.1. MnO Monomer Model (0.25 ML coverage) on Co(111) (a) fcc model and

(b) hep model

0.25 ML HCP MnO Monomer Model

0.25 ML FCC MnO Monomer Model

-226 kJ/mol

0.11 ML FCC MnO Monomer Model

-254 kJ/mol

-248 kJ/mol
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In this study, monomer model was studied to investigate the MnO promotion
effect on Co catalyst p(2x2) [periodic structure corresponding to one MnO monomer for
4 cobalt atoms, resulting in 0.25 ML MnO coverage], and p(3%3) [periodic structure
corresponding to one MnO monomer for 4 cobalt atoms, resulting in 0.11 ML MnO
coverage] models of promoted Co(111) surfaces where studied to investigate how MnO
coverage effects the adsorption energies of surface species.

MnO was adsorbed top, bridge, hep and fec on clean Co surface for 0.25 ML and
0.11 ML surface models. At the end of the calculation, top and bridge site MnO on the
Co surface shifted to the hcp site. There were fcc and hep MnO monomer model in this
research. HCP MnO monomer model was the most stable adsorption site both 0.25 ML
and 0.11 ML bare Co surface.

There were 4 adsorption sites for bare 0.25 ML and 0.11 ML bare Co(111) surfaces.

Figure 4.1. Adsorption sites for bare Co(111) surface

Figure 4.1. illustrated the adsorption sites for these two different coverages.
Numbers signified adsorption sites. The top site was 1, the bridge site was 2, the fcc site
was 3 and the hcp site was 4.

There were 8 adsorption sites for hcp and fcc MnO monomer models for 0.25 ML
Co(111) surface. There were 2 top adsorption sites for these two models.

One of the top sites was neighbor of MnO (1) and the other had farther distance from
MnO (2).
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2 different kinds of bridge sites took place for these models as 1 MnO neighboured (3)
and 2 MnO neighboured (4) bridges.

Hcp and fec adsorption sites number differ from hcp and fec MnO monomer models. In
the hcp model, 1 MnO neighboured (8) and 2 MnO neighboured (7) hcp sites were
formed.

1 MnO neigbhoured fcc (5) and 3 MnO neighboured fcc (6) sites were observed for hep
MnO monomer models. Otherwise, in fcc MnO monomer models 2 MnO neighboured
fce (5) and 1 MnO neighbored fcc (8) sites.

Apart from these, there were 2 kinds of hcp sites including 1 MnO neighboured hcp (6)
and 3 MnO neighbored hep (7) sites.

The number of MnO neighbor affected adsorption energies, due to the MnO promotion
effect.

HCP MnO Monomer Model FCC MnO Monomer Model

Figure 4.2. 0.25 ML hcp and fcc MnO adsorption sites

MnO monomer promoter models had different adsorption sites where some
adsorption sites were close to MnO and others were far away from MnO promoters, as
shown in Figure 4.2.

For this 0.11 ML MnO covered, p(3x3) model, only the closest region of MnO
was investigated, including MnO neighbored top (1), bridge (2), fce (3), and hep(4) sites.

Hcp and fcc MnO monomer models were again calculated for this coverage to
evaluate the most stable MnO monomer model.

0.11IML MnO promoted p(3x3) Co(111) surface model and the investigated

adsorption sites are shown in Figure 4.3.
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HCP MnO Monomer Model

Figure 4.3. Adsorption sites for 0.11 ML hcp MnO monomer models

Based on our calculations, hcp MnO monomer had an adsorption energy of -235
kJ/mol while the fcc MnO monomer model had an adsorption energy of -229 kJ/mol, for
a coverage of 0.25 ML.

For the 0.11 ML coverage, the adsorption energies were calculated to be -254 kJ/mol for
hcp model and -248 kJ/mol for the fcc model.

Although the hcp model was 6 kJ/mol more stable than the fcc model, and thus the
minimum energy structure, due to the small difference in their stability, both models were
used to calculate the adsorption energies of CO, OH, C, O and H.

These hep and fcc MnO monomer promoter model’s adsorption energies were compared
with bare clean Co(111) adsorption energies to investigate the effects of MnO promotion

on surface species.
4.1.1. CO Adsorption Energy

CO molecule adsorption energy was found as -170 kJ/mol and its adsorption site
was hcp in 0.25 ML surface coverage.
When surface coverage decreased from 0.25 ML to 0.11 ML, adsorption energy was -179
kJ/mol with hcp site.

Various DFT functionals affected results in the VASP software program.
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GGA-PBE function resulted in -168 kJ/mol, unlike this another GGA-RPBE function
resulted in -129, -137 and -135 kJ/mol.

Calculations using PW91 functional resulted in -171, -188 kJ/mol adsorption energies on
cobalt surfaces [69, 77-80].

Hybrid functionals including van-der-Waals interactions resulted in the top
adsorption site [23].

When non-hybrid functionals were used such as, PBE functional, the most stable
adsorption site was found as hcp.

The CO adsorption energy calculated in this thesis are consistent with the DFT results in
the literature obtained using My results were calculated by using the PAW-PBE function
were consistent with the literature results [78].

In p (2%2) hep MnO promoted Co(111), the most stable CO adsorption site was
hep site that had 1 Mn neighbor and -297 kJ/mol adsorption energy.

O in CO molecule had a bond with Mn. The most stable adsorption site was found -228
kJ/mol top site for CO by using a 0.25 ML fcc MnO promoter model.

Based on these results, the hcp MnO monomer model is postulated to be most stable
structural model for MnO promoted Co(111) surfaces.

Like a 0.25 ML hcp promoted model, 0.11 ML hcp promoted Co (111), the most
stable CO adsorption site was hcp site that had 1 Mn neighbor and -340 kJ/mol adsorption
energy.

There was also an interaction between Mn and O atom.

In literature, different models reached different adsorption energies for CO.

A subsurface monolayer (Co/Mn/Co) resulted in -213 kJ/mol and a top (Mn/Co) reached
-255 kJ/mol for CO molecule [66].

In order to calculate the potential energy diagrams (volcano curves) for reactions
using NEB calculations, minimum energy structures for initial and final states for the
reaction has to be calculated.

Initial states were found from the most stable adsorption calculations.
Final states were calculated from the most stable coadsorption results. Reactions were
considered between initial state and final state coordinates.

When volcane curve is not observed at the end of the neb calculation, the second

most stable initial and final structure are used for neb calculation.
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Table 4.2. CO Adsorption energies, kJ/mol

CO Adsorption Energies (kJ/mol)

0.25 ML
Bare

Co(111)

0.11 ML
Bare

Co(111)

0.25 ML
FCC MnO
promoted

Co(111)

-120
HCP 3

-228 BRIDGE 2

0.25 ML
HCP MnO
promoted

Co(111)

-178
HCP 2

-124
FCC1

-297 FCC 3

0.11 ML
HCP MnO
promoted

Co(111)

-170
TOP 1

-172
FCC1

-181
FCC1

-340
HCP 1
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Table 4.3. HCO Adsorption Energies, kJ/mol

HCO Adsorption Energies (kJ/mol)

0.25 ML Bare
Co(111)

-210 TOP

-208 BRIDGE

0.25 ML HCP MnO
promoted Co(111)

-233 HCP 1

0.11 ML HCP MnO
promoted Co(111)

-245 HCP 1
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Table 4.4. CO Coadsorption Energies on 0.25 ML Co (111), kJ/mol

C+O Coadsorption Energies on 0.25 ML Bare Co(111). kJ/mol

-1174
Cfcc+0fcc

-1208

Cfcc+0hcp

-1052

Cfcc+0t0p

-1195
Chcp+
Ohcp

-1074

Chcp+

Otop

C+0O Coadsorption Energies on 0.25 ML HCP MnO Promoted Co(111). kJ/mol

-1328

Cfcc+0hcp

-1297

Cfcc+0hcp

-1306

Cfcc+0hcp
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Table 4.5. Bare CO+H and CH+O Coadsorption on 0.25 ML Bare and

0.25 ML HCP MnO Promoted Co(111), kJ/mol

CO+H Coadsorption
Energies on 0.25 ML Bare
Co(111). kJ/mol

-454

COfcc+Hhcp

CO+H Coadsorption
Energies on 0.25 ML HCP
MnO Promoted Co(111).
kJ/mol

417

-433

C Ohcp+Hhcp

CH+O Coadsorption
Energies on 0.25 ML Bare
Co(111). kJ/mol

CH+O Coadsorption
Energies on 0.25 ML HCP
MnO Promoted Co(111).
kJ/mol

-1288

CHhcp+Otop
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4.1.2. C, O, H Adsorption Energies

C, O atoms adsorbed on hcp sites and H preferred the fcc adsorption site.
Adsorption energies were calculated -698 kJ/mol hcp; -598 kJ/mol hep; -280 kJ/mol fec
for 0.25 ML coverage and -708 kJ/mol hcp; -601 kJ/mol hep; -282 kJ/mol fce site for 0.11
ML coverage of C, O, H atoms. Jiao et al. found that C had -637 kJ/mol hcp site, O had -
543 kJ/mol hcp site and H had -268 kJ/mol fcc site [77].

Different functionals were also used in the literature to calculate adsorption energies.

In SIESTA software using PAW-PBE function calculated -654 kJ/mol as C adsorption
energy. GGA-PWO1 function led to -671 kJ/mol C adsorption energy [77, 23, 69]. O
adsorption energy was calculated as -592 kJ/mol with the use of GGA-PBE function, -
548 kJ/mol with GGA-RPBE and GGA-PW91 function calculations resulted in -658
kJ/mol and -671 kJ/mol [78, 69]. The calculated results are consistent with the literature.

H adsorption energy was calculated -269 kJ/mol fcc site for 0.25 ML hcp MnO
monomer model and -275 kJ/mol fcc site for the fcc MnO monomer model.

Hcep MnO promoted 0.11 ML Co(111) surface had -282 kJ/mol fcc site. Like 0.25
ML promoter models, this H also had 1 Mn neighbor.

In the literature, H adsorption energy was calculated as -325 kJ/mol for the sub
monolayer model and -375 kJ/mol for the top model [23].

0.25 ML hcp MnO monomer models showed that C preferred hcp site and had 1
Mn neighbor.

Although the hep model had -763 kJ/mol hcp site adsorption energy, the fcc model had -
769 kJ/mol hcp site adsorption energy.

In 0.11 ML hcp MnO monomer model, C had -831 kJ/mol fcc site and it had also
1 Mn neighbor.

C adsorption energy was calculated literature as -743 kJ/mol for the sub
monolayer model and -815 kJ/mol for the top model [23].

O adsorption energy was calculated -638, -643, -682 kJ/mol fcc sites for 0.25 ML
hcep, fecc and 0.11 ML hep MnO promoter models
All the models had 1 Mn neighbor. -619 and -727 kJ/mol adsorption energies were
calculated for two different MnO models [52].
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Table 4.6. C Adsorption Energies, kJ/mol

C Adsorption Energies (kJ/mol)

0.25 ML
Bare

Co(111)

0.11 ML
Bare

Co(111)

0.25 ML
FCC MnO
promoted

Co(111)

0.25 ML
HCP MnO
promoted

Co(111)

-763 HCP 1

-666 FCC 3

0.11 ML
HCP MnO

promoted

Co(111)

=772 FCC 1

=777 HCP 1
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Table 4.7. O Adsorption Energies, kJ/mol

O Adsorption Energies (kJ/mol)

0.25 ML
Bare

Co(111)

0.11 ML
Bare

Co(111)

0.25 ML
FCC
MnO
promoted
Co(111)

-629 TOP 1

-643 HCP 1

0.25 ML
HCP
MnO
promoted

Co(111)

-537 HCP 2

-638 HCP 1

-633 FCC 1

-531 FCC
3

0.11 ML
HCP
MnO
promoted
Co(111)

-644 HCP 1

-581 FCC 1

-646 FCC1
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Table 4.8. H Adsorption Energies, kJ/mol

H Adsorption Energies (kJ/mol)

0.25 ML
Bare

Co(111)

0.11 ML
Bare
Co(111)

0.25 ML
FCC
MnO
promoted

Co(111)

-275 FCC
1

-267 HCP
3

-262 FCC
2

0.25 ML
HCP
MnO
promoted

Co(111)

-266

TOP 1

-269

FCC3

-269 FCC

-261 HCP

0.11 ML
HCP
MnO
promoted
Co(111)

-276 TOP

-274
BRIDGE

-282 FCC

-279 FCC

-276 HCP
1
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4.1.3. CH and OH Adsorption Energies

Table 4.9. CH Adsorption Energies, kJ/mol

CH Adsorption Energies (kJ/mol)

0.25 ML Bare
Co(111)

0.11 ML Bare
Co(111)

0.25 ML HCP
MnO promoted
Co(111)

0.11 ML HCP
MnO promoted
Co(111)

-618 TOP 1 -707 FCC 1 -660 FCC -705S HCP 1
1

CH and OH adsorption energies were found as -646 kJ/mol hcp site and -361
kJ/mol hcp site in 0.25 ML and -653 kJ/mol hcp site, -346 kJ/mol hcp in 0.11 ML Co
catalyst.



CH had -642 kJ/mol, -631 kJ/mol, -654 kJ/mol, -599 kJ/mol adsorption energy [23]. OH,
adsorption energy was calculated -319 kJ/mol and O connected with catalyst from hcp
site [77]. GGA-PBE function resulted in -360 kJ/mol, -365 kJ/mol, GGA-RPBE function
found -322 kJ/mol, PAW-PW91 calculations concluded -367 kJ/mol and -321 kJ/mol as
OH adsorption energies. OH, adsorption energy was found the same with GGA-PBE
function in literature [78, 69, 23].

OH had -449 kJ/mol top site for 0.25 ML hcp model, kJ/mol for 0.25 ML fcc
model, -440 kJ/mol top site for 0.11 ML hcp model. They had also 1 Mn neighbor.

CH had -687 kJ/mol hcp site for 0.25 ML hcp model and -707 kJ/mol fcc site for
0.11 ML hep model.

Table 4.10. C+H Coadsorption Energies on 0.25 ML Bare Co(111)

C+H Coadsorption Energies on 0.25 ML Bare Co(111). kJ/mol

Sae

&

954 934 -887 953 -591
Chcp+ Ctect Ctect Chcp+ Chcp+
Hn ep Hfec Hhcp Hhcp Hfec

C+H Coadsorption Energies on 0.25 ML HCP MnO Promoted Co(111). kJ/mol
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Table 4.11. OH AdsorptionEnergies, kJ/mol

OH Adsorption Energies (kJ/mol)

0.25 ML
Bare

Co(111)

-255 TOP

-361 HCP

-333 FCC

0.11 ML
Bare

Co(111)

-343 FCC

0.25 ML
FCC
MnO
promoted

Co(111)

-388 TOP

-443 TOP 1

-275 HCP 3

0.25 ML
HCP
MnO
promoted

Co(111)

-396 TOP

-437 TOP 1

-449 TOP 1

-444
BRIDGE

266 FCC
3

0.11 ML
HCP
MnO
promoted

Co(111)

-440 TOP
1

-341 HCP

-344
BRIDGE 1
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4.1.4. CH; Adsorption Energy

Most stable adsorption site for CH> was found as fcc for bare and hep for MnO

promoted surfaces. Adsorption energies were calculated on the bare surface as -396
kJ/mol for 0.25 ML coverage and -399 kJ/mol for 0.11 ML coverage, and on the MnO
promoted surface as -420 kJ/mol for 0.25 ML coverage and -442 kJ/mol for 0.11 ML

coverage

Table 4.12. CHz Adsorption Energies, kJ/mol

CH:2 Adsorption Energies (kJ/mol)

0.25 ML Bare
Co(111)

-390 HCP

-396 FCC

0.11 ML Bare
Co(111)

0.25 ML HCP
MnO promoted
Co(111)

0.11 ML HCP
MnO promoted
Co(111)

-410 TOP 1

-442 HCP 1

-412 FCC 1
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4.1.5. H2O Adsorption Energy

H>0 had low adsorption energy. Water physisorbed on the catalyst surface. H,O
adsorption energy was calculated -24 kJ/mol top site in 0.25 ML, -27 kJ/mol top site in
0.11 ML. Jiao et al. calculated H>O adsorption energy as -7 kJ/mol [77].

In the literature, adsorption energies were calculated by GGA-PBE functional as
-9 kJ/mol, and by GGA-PWOI1 functional as -31 kJ/mol. According to literature, O in H2O
molecule connected from the top site [78, 69, 66].

H>0O adsorbed on Mn atom. H>O adsorption energy was found as -213 kJ/mol hcp

site.

Table 4.13. H,O Adsorption Energy, kJ/mol

H20 Adsorption Energies (kJ/mol)

0.25 ML Bare Co(111)

0.11 ML Bare Co(111)

0.25 ML HCP MnO
promoted Co(111)

213 TOP 1
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4.1.6. C:H: Adsorption Energy

For C,H> adsorption on Co(111) surface, one of the C atoms in this molecule
adsorbed on the fcc site and the other adsorbed on hcp site. C2H» adsorption energy was
calculated as -252 kJ/mol hep+fec site on 0.25 ML and -272 kJ/mol hep+ec site on 0.11
ML surface coverage.

On the MnO promoted Co(111), C2Hz had -240 kJ/mol for 0.25 ML coverage and
-302 kJ/mol for 0.11 ML coverage. It had a different structure that each C connected
bridge sites and had 1 Mn neighbor for both coverages.

Table 4.14. CoH2 Adsorption Energies, kJ/mol

C:H2 Adsorption Energies (kJ/mol)

0.25 ML Bare
Co(111)

-252 HCP+FCC

0.11 ML Bare
Co(111)

-272 HCP+FCC

0.25 ML HCP

MnO promoted @ @

Co(111) -207 FCC+HCP -240 BR+BR

0.11 ML HCP

MnO promoted

Co(111)
-301 BR+BR -302 BR+BR 276 HCP+FCC
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The calculated adsorption energies are summarized in Table 4.15. for bare Co(111). The

comparison of adsorption energies for bare and MnO promoted Co(111) surfaces are

summarized in Table 4.15.

Table 4.15. Adsorption energies 0.25 ML and 0.11 ML Bare Co(111)

HCP MnO HCP MnO
Bare p(3x3)
Species Bare p(2x2) Co promoted p(2x2) c promoted p(3x3)
0
Co(111) Co(111)
-170 -297 -179 -340
CO
HCP HCP 3 HCP HCP 3
-211 -233 -246
HCO -
TOP HCP 1 HCP
-24 -213 -27 -134
H20
TOP TOP TOP TOP
-336 -449 -346 -440
OH
HCP TOP 1 HCP TOP 1
-646 -687 -653 =707
CH
HCP HCP 1 HCP FCC 1
-396 -420 -399 -442
CH:
FCC HCP 2 FCC HCP 1
-252 -240 -272 -302
C:H:
HCP+FCC BR 1+ BR 1 HCP+FCC BR 1+BR 1
C -698 -763 -708 -831
HCP HCP 1 HCP FCC 1
o -598 -638 -601 -682
HCP HCP 1 HCP FCC 1
H -280 FCC -269 FCC 3 -282 FCC -282 FCC
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Table 4.16. Adsorption Energy Results (kJ/mol)

Bare Co (111) Adsorption Energies. kJ/mol

p(2%2) p(3%x3)
Species

TOP BRIDGE | HCP | FCC | TOP BRIDGE | HCP | FCC
(6{0) -166 -163 -170 | -169 | -169 -171 -179 | -176
HCO -210 -208 - - - - - -
H:0 -24 - - - 27 - - -
CH -472 - -646 | -636 | -481 - -653 | -649
CH: -294 - -390 | -396 | - - - -399
C:H: - - -252 - - 272
OH -255 - -361 | -333 | - - -346 | -343
C -492 - -698 | -675 | -497 - -708 | -690
0 -447 - -598 | -593 | -444 - -601 | -597
H -215 - =277 | -280 | -218 - -280 | -282

Vibrational frequency calculations were done for 0.25 ML and 0.11 ML bare Co

adsorbed surfaces and molecular adsorbates individually.

Zero-point energies (ZPE) can be calculated from contribution of vibrational

frequency.Zero-point correction had an influence for adsorbates that included H atoms

especially [82]. ZPE calculations and their effect on adsorption energies are summarized

in Table 4.17. and Table 4.18.
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Table 4.17. Zero Point Correction Effect on 0.25 ML Bare and

HCP MnO Promoted Co(111) Surfaces

0.25 ML Bare Co(111) Ads. 0.25 ML HCP MnO Promoted
Energy. kJ/mol Co(111) Ads. Energy. kJ/mol
Species
with Without With

Without ZPE | ZPE ZPE

-170 +3 -167 -297 +5 -292
CO

211 +5 -206 -233 +4 -229
HCO

-646 +6 -640 -687 +7 -680
CH

-396 +6 -390 -420 +9 -411
CH:

-252 +6 -246 -240 +10 -230
C:H:

-336 +6 -330 -449 +7 -442
OH

-24 +7 -17 -213 +7 -206
H20
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Table 4.18. Zero Point Correction Effect on 0.11 ML Bare and

HCP MnO Promoted Co(111) Surfaces

0.11 ML Bare Co(111) Ads. 0.11 ML HCP MnO Promoted
Energy. kJ/mol Co(111) Ads. Energy. kJ/mol

Species

Without with Without

ZPE ZPE With ZPE

CO -179 +2 -177 -340 +2 -338
HCO - - - -245 -1 -246
CH -653 +3 -650 =707 +3 =704
CH: -399 +6 -393 -442 +6 -437
C:H: =272 +6 -266 -302 +5 -297
OH -346 +4 -342 -440 +4 -436
H20 -27 +7 -20 -134 +5 -129




The bond lengths for adsorbates on bare and MnO promoted surfaces are summarized in
Table 4.19.
The bond lengths for adsorbates on bare and MnO promoted surfaces are summarized in
Table 4.19.
Table 4.19. MnO Promotion Effect on Bond Lengths, A"

MnO Promotion Effect on Molecular Bond Length(A ©)
0.25 ML Co(111
Species BareO( ) 0.25 ML MnO Promoted Co(111)
CO C-0:1.96 C-0:1.36
H-C:1.12 H-C:1.1
HCO C C:1.15
C-0:1.27 C-0:1.36
CH C-H:1.10 C-H: 1.11
OH O-H:0.97 O-H:1.03
H, H-H: 0.91 -
H,O H-0:0.98 H-0:1.01

4.2. Effect on MnO Promotion on CO Dissociation and Carbon

Hydrogenation

Elementary Steps of FTS investigated in this thesis

Direct and H-assisted CO Dissociation
CO «-C+0
CO+H <« HCO
HCO < CH+O

Carbon Hydrogenation
C+H <« CH

Figure 4.4. Elementary Steps of FTS investigated in this thesis
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The activation barriers for the investigated reactions are summarized in Table 4.20.

Table 4.20. MnO Promotion Effect for Activation Barrier Energies, kJ/mol

on 0.25 ML Bare and HCP MnO Promoted Co(111)

NEB

Bare Promoted
Reactions

Forward Reverse AH Forward Reverse AH

245.663 |78.7056
Direct CO Dissociation 166.957 (313.525 (215.112 |98.4134
220 [16] (167 [16]

133.945 9.14571
HCO Formation 124.799 81.3178 |15.96  65.3579
146 [16] [29 [16]

67.8512 |84.1183
HCO Dissociation -16.267 |111.536 |179.525 |-67.99
90 [16] (187 [16]

CH Formation 91.6678 [149.54 |-57.872 |[55.8145 (79.3207 -23.506

4.2.1. CO Dissociation: Direct and H-assisted

CO dissociation can proceed via various pathways. In this thesis, the two most
accepted pathways in the literature was studied: Direct and H-assisted [83, 16].The direct
CO forward activation barrier was found as 245 kJ/mol (in line with the literature value
of 240 kJ/mol [16] and reverse activation barrier was found as 79 kJ/mol on bare Co(111)
surface for a CO coverage of 0.25 ML (CO-—C+O).

However, 0.25 ML MnO hcp promoted Co(111) surface had 314 KJ/mol for direct CO
dissociation barrier and the activation energy for reverse reaction was found as 215

KJ/mol, as shown in Figure 4.5.
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Direct CO Dissociation
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39 Reaction Coordinates for Direct CO Dissociation

—s—Direct CO Dissociation on Bare Co(l11) —«— Direct CO Dissociation on HCP MnO Promoted Co(111)

Figure 4.5. MnO Promotion Effect for direct CO Dissociation

on 0.25 ML Co(111) Surface

For the H-assisted pathway, first CO have to be hydrogenated to COH [16].
CO+H - HCO forward activation barrier was found as 134 kJ/mol and reverse activation
barrier was found as 9 kJ/mol on the bare Co(111), while on 0.25 ML MnO promoted
Co(111) surface, HCO formation barrier was found as 81 kJ/mol and its reverse activation
barrier was found as 15 kJ/mol (HCO+—CO+H), as shown in Figure 4.6.
In the H-assisted pathway HCO can undergo C-O bond scission or it can be further
hydrogenated to HxCO [16].
For simplicity, only HCO dissociation to HC+O was investigated in this thesis.
The barrier for HCO dissociation increased from 67 to 111 kJ/mol as a result of MnO
promotion while the barrier for reverse reaction also increased from 84 to 179 kJ/mol, as

shown in Figure 4.6.
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4.2.2. Carbon Hydrogenation

The activation barrier for the hydrogenation of atomic carbon was calculated as
92 kj/mol for the bare and 56 kJ/mol for the MnO promoted Co(111) surfaces. The

barriers for reverse reactions are calculated as 79 kJ/mol for the bare and 150 kJ/mol for

the MnO promoted Co(111) surfaces.
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CHAPTER 5

DISCUSSION

5.1. Effect of MnO on Adsorption Energies of Surface Species

First the effect of changing coverage on the adsorption energies of species is
investigated on the bare (clean) Co(111) surface.

Decreasing the coverage from 0.25 ML to 0.11 ML, CO adsorption energy
increased 9 kJ/mol from -170 kJ/mol to -179 kJ/mol and adsorption sites did not affect,
and it remained hcp site for.

H>O adsorption energies on bare Co surface increased 3 kJ/mol from -24 kJ/mol
to -27 kJ/mol and it took place top site. Based on this low adsorption energy, H>O
adsorption can be classified as physisorption.

There was a 7 kJ/mol increase from -646 kJ/mol to -653 kJ/mol for CH
(methylene) adsorption and it kept adsorption site as hcp.

CH2 was an intermediate product for Fischer-Trosch Synthesis. Intermediates are
very hard to or not possible to investigate experimentally, therefore DFT results are very
important in understanding the trends in the adsorption energies of intermediates. CH>
adsorption energy increased 3 kJ/mol from -396 kJ/mol to -399 kJ/mol and it also
remained fcc site.

CoH» (ethylene) adsorption energy raised 20 kJ/mol from -252 kJ/mol to -272
kJ/mol and its most stable hcp+fcce site did not change.

OH, preferred hcp adsorption site and there was a 10 kJ/mol increase from -336
kJ/mol to -346 kJ/mol.

C adsorbate had an increase of approximately 10 kJ/mol from -698 kJ/mol to -708
kJ/mol and hcp site did not change.

There was a 3 kJ/mol increase from -598 kJ/mol to -601 kJ/mol and the hcp

adsorption site did not change for O adsorption.
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H adsorption energy increased 2 kJ/mol from -280 kJ/mol to -282 kJ/mol and the
fce site was kept.

It can be interpreted that as surface coverage is decreased from 0.25 ML to 0.11
ML, the adsorption energies for all species increased. There was a little effect on CH», O,
H adsorption energies. The more increase was observed for C;H, and OH.

In order to provide an explanation to MnO effects to adsorbates, adsorption

energies were compared among bare and MnO promoted models, as shown in Table 5.2.

Table 5. 1 Adsorption Energy Variation for Different Coverages

ECO mH mC mQO ="OH " CH

0
S -1
E 00
H
=<
= 200
=1}
g
£ -300
g 336
£ -400 - =346
1
2
S -500

-600

-598 -601
700 -646 -652
-698 -708
-800
0.25 ML Bare Co(111) 0.11 ML Bare Co(111)

The first important effect of MnO on surface species, which can be seen from the
investigation of results for 0.25 ML coverage, is that it increases the adsorption energies
of the investigated surfaces species, namely CO, HCO, H,O, CH, OH, C and O.

Within the investigated adsorbates, a decrease in the adsorption energies of only
atomic H and C,H> was observed. These results may have important consequences with
respect to the selectivity of FTS.

The significant increase in the adsorption of CO is consistent with the experimental
studies indicating that MnO promotion effects are mainly due to the increase in CO

surface coverage [62, 47, 8].
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Coupled with the decrease in H adsorption energy, these results indicate that the surface
CO/H coverage will increase as a result of MnO promotion, which will lead to to the

increase in Cs+ selectivity and the decrease in CHy selectivity.

Table 5. 2. Promoter Effect on Adsorption Energy

ECO mH uC =20 © OH

0
100

S -200

£

) -300

= -400

0

S -500

[

g -600

= 598

2 -700 638 643

2 -698

2 800 -763 ~769
900

0.25 ML Bare Co(111)  0.25 ML HCP MnO 0.25 ML FCC MnO
Promoted Co(111) Promoted Co(111)

Furthermore, the increase in adsorption energy of CH, the monomer for chain
growth also indicates that surface monomer coverage will increase, also resulting in a
higher chain growth probability.

Another striking effect of MnO is the increase of H2O adsorption energy from 24
to 213 kJ/mol. Removal of water as H>O is seen as one of the candidates for the rate
limiting step in FTS mechanism [84, 85].

Therefore, this significant increase in the HoO adsorption energy implies that
oxygen removal mechanism may become slower, and therefore the surface may become
more crowded with H>O and its dissociation products.

Nevertheless, this issue is complicated and needs further detailed investigations, taking
into account the effect of O, OH and H>O on FTS mechanism. The decrease in the
adsorption energy of CoH, may also indicate an increase in the rate of growing chains,
because incorporation of C2Hz into the growing chains may become easier due to its

decreased adsorption energy.
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However, the mechanism of chain growth is highly complex and debated, therefore it is
hard to make detailed inferences about chain growth from the adsorption energy of a
single component. Detailed analysis about adsorption of various species and their
elementary reactions have to be taken into account for a more clear picture.

When the effect of MnO coverage is considered, it can be seen that the trends in
the decrease/increase of adsorption energies are the same for both 0.25 ML and 0.11 ML
surface coverages. Only for CoHo, it is found that MnO promotion results in an increase
in adsorption energy for 0.11 ML while it results in a decrease for 0.25 ML. C;Hz is
investigated as one of the precursor in chain growth formed as a result of CH coupling.
This may demonstrate that the effect of MnO on chain growth is strongly dependent on
the MnO coverage, as experimentally shown by [47, 62, 8].

Further support indicating that MnO coverage is critical and dictates the effect on
chemistry comes from the relative increase of the adsorption energies as MnO coverage
changes. For example, for the increase in CO adsorption energy was higher for 0.11 ML
MnO coverage (161 kJ/mol) compared to the increase (127 kJ/mol) for 0.25 ML coverage.
For H;O, the increase is lower (107 kJ/mol) for 0.11ML MnO promoted surface,
compared to the increase for 0.25 ML MnO promoted surface.

Overall, these results indicate that the exact effect of MnO on surface species
(adsorbates) is strongly dependent on the MnO coverage.

Also, the selectivity increases to Cs+ and olefinic products and decreases to CH4 and
paraffinic products can be explained due to increasing CO and CH coverages, and
decreasing H coverage, in line with the recent experimental findings [21, 47, 62, 61].
Nevertheless, the results also demonstrate the important stabilizing effect of MnO on H»
adsorption.

Therefore, in order to have a more clear explanation of the MnO effect on selectivity, the

influence of water has to be investigated.

5.1.1. Effect of MnO on Activation Barriers for CO Dissociation and

Carbon Hydrogenation

The effect of MnO on activity could not be explained in detail in the previous
studies, where conflicting results such as increase or decrease in activity could be
obtained based on various promoter loadings, operating conditions and catalyst

preparation techniques [66, 21, 47, 62, 61].
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The most recent hypothesis was that MnO facilitates the CO dissociation reaction, which
was assumed to be the rate limiting step for FTS [61]. Nevertheless, based on kinetic
measurements the authors proposed CO dissociation to be H assisted.

Our results indicate that no decrease in the activation barrier for CO dissociation
due to MnO promotion. On the contrary, it is calculated that the CO dissociation barrier
increased from 246 to 314 kJ/mol, which implies that MnO promotion effect cannot be
due to the increasing rate of direct CO dissociation. When H-assisted pathway is
investigated, a more complex picture emerges.

The barrier for HCO formation is decreased from 133 to 81 kJ/mol, which implies
that HCO formation rate will be increased due to MnO promotion. This finding is in line
with the hypothesis that CO dissociation occurs via H-assisted pathway. Nevertheless,
the results also indicate that HCO dissociation to HC+O has an increased barrier due to
MnO promotion from 68 to 112 kJ/mol. However, it is proposed that HCO is further
hydrogenated to HxCO and then dissociation occurs. The formation of HyCO and their
dissociation was not investigated in this thesis. In order to come up with a conclusive
results about the CO dissociation mechanism, these reactions have to be investigated as
well as the OH assisted CO dissociation pathway.

Nevertheless, our results clearly indicate that direct CO dissociation is not favored when
cobalt catalysts are promoted by MnO. These findings are in contrast with the theoretical
study by Pedersen et al. [66]. As previously mentioned, they have used a metallic Mn
promoter model, which is inconsistent with experimental findings.

This situation also demonstrates the importance of working with the correct surface model
during computational studies.

The results about the effect of MnO on carbon hydrogenation provide a more clear
picture.

It is seen that MnO promotion decreases the activation barrier for carbon hydrogenation
from 92 to 56 kJ/mol. Combined with the increase in the adsorption energy of CH species,
this indicates that surface monomer pool for chain growth will significantly increase,
resulting in an increased selectivity to long chain (Cs+) hydrocarbons, as reported in the

literature.

74



CHAPTER 6

CONCLUSIONS

The effects of manganese promotion on the adsorbates and specific
elementary reactions of Fischer-Tropsch Synthesis (FTS) was investigated using
periodic Density-Functional Theory (DFT) calculations on a close packed cobalt
surface, Co (111). In particular the effects of MnO promotion on the adsorbates
of CO, HCO, CH, CHz, C;H», OH, H>O, C, O and on the reactions of direct CO
dissociation, H-assisted CO dissociation and carbon hydrogenation were studied
for MnO coverages of 0.25 ML and 0.11 ML.

Mn was modeled in the chemical form of MnO. MnO was modeled as a
singular monomer on the Co(111) surface, based on the findings from
experimental studies. The results indicate that MnO promotion increases the
adsorption energies of all adsorbates, except H and C2Ha. In particular, CO and
H>O adsorption energies increase significantly, which indicate that the selectivity
increase to long chain hydrocarbons is mainly due to an increased surface
coverage of CO with respect to H. The results also indicate that the relative effect
of MnO on adsorption energies are strongly dependent on MnO coverage.

MnO promotion is found to decrease the activation barriers for HCO and
CH formation, while increasing the activation barriers for direct CO dissociation
and HCO dissociation. The results point out that MnO does not promote the direct
dissociation of CO and the activity increase due to Mn promotion is most probably

due to a H or OH assisted CO dissociation pathway or another rate limiting step.
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APPENDIX A

INPUT AND OUTPUT FILES

A.1 SAMPLE INPUT AND OUTPUT FILES

There are 4 main input files that are used to calculate with the help of VASP.
These are INCAR, KPOINTS, POSCAR, POTCAR files.

INCAR file is prepared according to calculation types including, volume
relaxation, clean surface optimization, adsorption energy, vibrational frequency,
transition state, vibrational analysis for translational analysis. INCAR file includes

smearing function, optimization algorithm, convergence criteria and other parameters.

SYSTEM = Co(111)

'ISTART = ©

!PREC = HIGH

'ISIF = 2

IBRION = 2 ; NFREE = 20;
NS5W = 999

LREAL = AUTO

ISMEAR = 1 ; 5IGMA = 0.2;
ENCUT = 600

!NBANDS = 320

EDIFFG = -©0.01
IDIPOL = 3
LDIPOL = .TRUE.

ADDGRID = .TRUE.
MAGMOM = 20%3
TALGOD = 48

ISPIN = 2

Figure A.1. A sample INCAR file

A sample INCAR file is shown in Figure A.1.
KPOINTS specify used kpoint number to the Brillouin zone in calculation.
POSCAR file is formed unit cell vectors, lattice constant atom numbers, input coordinates

for system.

A sample KPOINTS file is shown in Figure A.1.
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Monkhorst-Pack
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Figure A.2. A sample KPOINTS file

Co-fcc-111-22
1.00000000000000
4,9725999832153320

-2.4863002425925131

-0.0000010106117090
20 1 1

Selective dynamics

Direct
0.3333300237726533
0.8333299758261887
0.3333300236972434
0.8333299757507788
0.0000000000500719
0.5000000178942017
0.9999999940899897
0.4999999940899897
0.1666699924383153
0.6666699921687140
0.1666700501720513
0.6666700501720513
0.3338871512165821
0.8368966102708381
0.3354278799295475
0.8355826980638030

-0.0049175854723002
0.4843291013362726
0.0138662123180069
0.4944898532286560
0.6706593054185418
0.6675531992802375

0.0000000000000000
4.3063977634163706
-0.0000017504309440

0.1666700035846631
0.1666700035846631
0.6666700488532058
0.6666700488532058
0.0000000001001510
0.0000000001001510
0.4999999979110896
0.4999999979110896
0.3333300023368508
0.3333300023368508
6.8333300199234870
0.8333300199234870
0.1644172813714273
0.1631033692398024
0.6645721871326910
0.66611292150960591
0.0049175860732346
-0.0138662140647484
0.5156709165545398
©.5055101388803617
0.3293406945714604
0.3324468007097650

POSCAR file is the initial coordinates of structure geometry.

0.0000000000000000
0.0000000000000000
23.1201000213622159

0.0000000000000000
0.0000000000000000
0.0000000000000000
0.0000000000000000
0.0878000049663470
0.0878000049663470
0.0878000049663470
0.0878000049663470
0.1756100127450253
0.1756100127450253
0.1756100127450253
0.1756100127450253
0.2648969008443437
0.2635532790700811
0.2612829317292162
0.2648969008443437
©.3513812595710575
0.3478905500569118
0.3478905500569118
0.3476053258022696
0.4260693647982158
0.4954039702824391

Figure A.3. A sample POSCAR file

e e B B B B B B B I e e e e e e e e 1 B M M M |

e e B B B B B B B I e e e e e e e B 1 B M M M |

POTCAR file consists pseudopotential type for calculation, atomic information

such as ENMAX. POSCAR atomic order must be same with POTCAR atomic order.
Individual atom’s POTCAR files are merged and only one POTCAR is formed.

A sample POTCAR file first lines are shown in Figure A.4.
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PAW_PBE Co 02Aug2007
9.00000000000000

parameters from PSCTR are:
VRHFIN =Co: d8 s1

LEXCH = PE

EATOM = 813.3670 eV, 59.7808 Ry

TITEL = PAW PBE Co 82Aug20ovy

LULTRA = F use ultrasoft PP ?

IUNSCR = 1 unscreen: @-1in 1-nonlin 2-no
RPACOR = 2.000 partial core radius

POMASS = 58.933; ZVAL = 0.000 mass and valenz
RCORE = 2.300 outmost cutoff radius

RWIGS = 2.460; RWIGS = 1.302 wigner-seitz radius (au A)
ENMAX = 267.968; ENMIN = 200.976 eV

RCLOC = 1.203 cutoff for local pot

LCOR = T correct aug charges

LPAW = T paw PP

EAUG = 477.818

DEXC = 0.000

RMAX = 2.360 core radius for proj-oper

RAUG = 1.300 factor for augmentation sphere
RDEP = 2.393 radius for radial grids

RDEPT = 1.864 core radius for aug-charge

Figure A.4. A sample “POTCAR” file (first lines)

Error from kinetic energy argument (eV)

NDATA = 1@

STEP = 20.000 1.050

102. 100. 99.7 98.2 97.4 95.8 94.0 93.1

91.2 89.2 88.1 86.0 83.8 81.5 79.1 76.7

74.2 71.7 69.1 65.2 62.6 60.0 56.1 53.5

50.9 47.1 43.3 40.9 37.4 34.0 30.7 27.6

24.7 22.0 19.4 17.1 14.2 12.3 10.1 8.56

6.82 5.36 4.14 3.14 2.34 1.71 1.22 8.771
0.519 0.304 0.171 0.106 0.604E-01 0.389E-01 0.301E-01 0.289E-01
0.288E-01 0.276E-01 0.246E-01 0.202E-01 0.153E-01 0.108E-01 0.724E-02 0.459E-02
0.342E-02 ©.290E-02 0.282E-02 0.279E-02 0.255E-02 0.215E-02 0.160E-02 0.110E-82
0.763E-03 0.598E-03 O0.550E-03 0.545E-03 0.512E-03 0.431E-03 0.313E-03 0.224E-03
0.169E-03 ©.153E-03 0.151E-03 0.138E-03 0.110E-03 0.790E-04 0.596E-04 ©.535E-04
0.524E-04 ©.468E-04 0.353E-04 0.262E-04 0.221E-04 0.216E-04 0.194E-04 0.148E-04
0.110E-04 0.101E-04 0.965E-05 0.795E-05
END of PSCTR-controll parameters

local part
81.25821756088937
0.47064101E+02 0.47061564E+02 0.47053981E+02 0.47041338E+02 0.47023629E+02

Figure A.5. A sample POTCAR files (last lines)

A sample POTCAR last lines are shown in Figure A.S5.
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.291932229620E+00
.372870150393E+00
.470770267310E+00
.5B6574026025E+00
.719935056990E+00
.B68574899536E+00
.102758386453E+01
.118884693607E+01
.134114260716E+01
.147006574025E+01
.1556131326098E+01
.157707341011E+01
.151154345730E+01
.134179526607E+01
.105589081616E+01
.649154481257E+00
.125840045614E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00

2000000000 0CQ

.306836960865E+00
.391049219931E+00
.492487458080E+00
.611882368216E+00
.748555503243E+00
.899758266726E+00
.105997485235E+01
.122042882781E+01
.136934165117E+01
.149141027353E+01
.156624314113E+01
.157152147104E+01
.148640780346E+01
.129416895118E+01
.984217092207E+00
.553494376406E+00
.837728405600E-02
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00

[ <o icicicoiclc]

.322368818574E+00
.409919990022E+00
.514927380536E+00
.637888442072E+00
LIT77766034857E+00
.931312992090E+00
.109238515301E+01
.125155784196E+01
.139648822486E+01
.151086986259E+01
.157356816731E+01
.156234038383E+01
.145696710863E+01
.124181019835E+01
.907683323965E+00
.453216592629E+00
.112928572363E+00
.000000000000E+00
.000000000000E+OO
.000000000000E+OO
.000000000000E+OO
.000000000000E+0O
.000000000000E+0O
.000000000000E+0O
.000000000000E+00
.000000000000E+00
.000000000000E+00

2000000000 0CQ

.338542492298E+00
.429491998904E+00
.538090319651E+00
.664578234350E+00
.B07532689609E+00
.963179702756E+00
.112472848119E+01
.128212822453E+01
.142243274388E+01
.152826400540E+01
.157792984269E+01
.154937840294E+01
.142311413079E+01
.118466796171E+01
.826305002468E+00
.348425831062E+00
.237833859930E+00
.000000000000E+00
.000000000000E+0O
.000000000000E+0O
.000000000000E+0O
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00

Figure A.6. A sample POTCAR (some last lines)

oo @

.355371918446E+00
.449773295642E+00
.561974129891E+00
.691934205081E+00
.837816825059E+00
.99529348702TE+00
.115691401905E+01
.131202910742E+01
.144701489997E+01
.154341151466E+01
.157915472525E+01
.153249137186E+01
.138475213059E+01
.112270350515E+01
.740112975860E+00
.239249519471E+00
.000000000000E+00
.000000000000E+00
.000000000000E+0O
.000000000000E+0O
.000000000000E+0O
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00
.000000000000E+00

There are lots of output files at the end of calculations. These are slurm.out,

OUTCAR, CONTCAR, WAVECAR, XDATCAR files.
Slurm.out includes general running information about calculations. These consists of N
(iteration number), dE (the total energy change), deps (the change of eigenvalue for fixed
potential), ncg (number of optimization step), rms (total residue vector), rms (c) (charge
density residual vectror).

OUTCAR includes detailed information about calculation. INCAR, POSCAR,
POTCAR files are read in first part.

The nearest neighbor distances, analyses of symmetry, INCAR parameters, job type,
lattice, k-points, size, basis set (number of plane waves), non local pseudopotential, each
electronic steps information can be reached by using OUTCAR file.

After every ionic step is converged, CONTCAR is updated. Final geometry takes
place in CONTCAR file. CONTCAR and POSCAR have same format. CONTCAR file
is helpful to control correctness of calculation. When optimized CONTCAR file is used
as POSCAR file, calculation time is completed shorter than normal calculation time.
CONTCAR and XDATCAR include geometric information. XDATCAR includes
geometric information of each ionic step. The correctness of calculation can be controlled
by making video from XDATCAR file.

WAVECAR file has large size.
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2 F= -.15128B375E+03 EO= -.15127850E+03 d E =-.830339E-03 mag= 32.9171
trial-energy change: -0.000830 1 .order -0.000134 -0.000260 -0.000007
step: 1.0017(harm= 1.0296) dis= 0.00084 next Energy= -151.283749 (dE=-0.830E-03)
bond charge predicted

N E dE d eps ncg rms rms(c)

RMM: 1 -0.,151283749482E+03 -0.84304E-06 -0.14868E-07 3403 0.877E-04 0.126E-03
RMM: 2 -0.151283752679E+03 -0.31971E-05 -0.20201E-87 3382 0.148E-03 0.217E-02
RMM: 3 -9.151283749508E+03 8.31706E-05 -0.18270E-07 3364 0.174E-03 ©.181E-03
RMM: 4 -9.151283749521E+03 -8.12544E-097 -0.19826E-08 2831 ©.563E-04

3 F= -.15128375E+03 E@= -.15127850E+03 d E =-.830756E-03 mag= 32.9171
curvature: -0.06 expect dE=-0.318E-04 dE for cont linesearch -0.100E-07
trial: gam= 2.11523 g(F)= 0.558E-03 g(S)= 0.000E+00 ort = 0.677E-05 (trialstep = 0.149E+00)
search vector abs. value= ©.175E-02
bond charge predicted

N E dE d eps ncg rms rms(c)

RMM: 1 -0.151283780717E+03 -0.31208E-04 -0.77461E-83 5780 0.192E-01 0.429E-02
RMM: 2 -0.151284035553E+03 -0.25484E-03 -8.25278E-04 5789 0.631E-02 0.213E-01
RMM: 3 -9.151283967761E+03 B.67792E-04 -0.68382E-05 5780 0.283E-02 0.150E-01
RMM: 4 -9.151283853923E+03 8.11384E-083 -8.32757E-85 5772 0.196E-082 0.931E-082
RMM: 5 -9.151283816106E+03 8.37817E-04 -08.14933E-085 5728 0.140E-02 0.440E-02
RMM: 6 -0.151283807374E+03 8.87311E-05 -8.51155E-86 5266 0.841E-03 0.130E-082
RMM: 7 -0.151283806261E+03 0.11135E-05 -0.80857E-087 3597 0.317E-03 0.103E-02
RMM: 8 -0.151283806761E+03 -0.50049E-06 -0.15534E-06 3684 0.477E-03

4 F= -.15128381E+03 EO= -.15127862E+03 d E =-.572404E-04 mag= 32.9169
trial-energy change: -0.000057 1 .order -0.000055 -0.000085 -0.000024
step: 0.2082(harm= ©.2082) dis= 0.00068 next Energy= -151.283809 (dE=-0.595E-04)

bond charge predicted

Figure A.7. A sample “slurm.out” file (first lines)

At the end of calculation, stopping code writes at the end of slurm.out file.

N E dE d eps ncg rms rms(c)
RMM: 1 -0.151283915298E+03 ©.17535E-05 -0.21725E-04 5777 0.322E-02 0.908E-03
RMM: 2 -0.151283936574E+03 -0.21276E-04 -0.95134E-06 5668 0.116E-82 0.609E-082
RMM: 3 -0.151283927714E+03 0.88B600E-05 -0.40653E-06 4962 0.714E-03 ©.350E-082
RMM: 4 -0.151283920279E+03 0.74356E-05 -0.12869E-06 3564 0.417E-03 0.126E-02
RMM: 5 -0.151283922179E+03 -0.19004E-05 -0.71173E-07 3477 0.336E-03 0.133E-02
RMM: 6 -0.151283922520E+03 -0.34075E-06 -0.34615E-07 3383 ©.255E-83
16 F= -.15128392E+03 EO= -.15127894E+03 d E =-.698160E-04 mag= 32.9141

curvature:
trial: gam= 0.33840 g(F)=

0.000E+00 ort =

-1.62 expect dE=-0.476E-04 dE for cont linesearch -0.130E-06
0.293E-04 g(S)=

0.568E-05 (trialstep = 0.275E+00)

search vector abs. value= ©.793E-84
bond charge predicted
N E dE d eps ncg rms rms(c)

RMM: 1 -0.151283930627E+03 -0.84482E-05 -0.10106E-03 5780 0.688E-02 0.151E-02
RMM: 2 -0.151283955678E+03 -0.25050E-04 -0.29194E-065 5750 0.200E-82 ©.581E-82
RMM: 3 -0.151283958010E+03 -0.23325E-05 -0.82831E-06 5662 0.960E-03 ©.548E-02
RMM: 4 -0.151283945579E+03 0.12431E-04 -0.41526E-06 4966 0.698E-03 0.376E-02
RMM: 5 -0.151283940494E+03 0.50845E-05 -0.18213E-06 3898 0.529E-03 0.120E-02
RMM: 6 -0.151283940124E+03 0.36976E-06 -0.34350E-07 3389 0.236E-83

17 F= -.15128394E+03 EO= -.15127896E+03 d E =-.176045E-04 mag= 32.9139

trial-energy change: -0.000018 1 .order -0.000006 -0.000009 -0.000004

step: 0.2881(harm= 0.4741) dis= 0.00003 next Energy= -151.283940 (dE=-0.177E-04)

reached required accuracy - stopping structural energy minimisation
writing wavefunctions

Figure A.8. A sample "slurm.out" (last lines)
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POTCAR: PAW_PBE Co 02Aug2007

VRHFIN =Co: d8 si
LEXCH = PE
EATOM = 813.3670 eV, 59.7808 Ry
TITEL = PAW _PBE Co 02Aug2007
LULTRA = F use ultrasoft PP 7
IUNSCR = 1 unscreen: 8-1in 1-nonlin 2-no
RPACOR = 2.000 partial core radius
POMASS = 58.933; ZVAL = 9.000 mass and valenz
RCORE = 2.300 outmost cuteff radius
RWIGS = 2.460; RWIGS = 1.382 wigner-seitz radius (au A)
ENMAX = 267.968; ENMIN = 200.976 eV
RCLOC = 1.203 cutoff for local pot
LCOR = T correct aug charges
LPAW = T paw PP
EAUG = 477.818
DEXC = 0.000
RMAX = 2.360 core radius for proj-oper
RAUG = 1.300 factor for augmentation sphere
RDEP = 2.393 radius for radial grids
RDEPT = 1.864 core radius for aug-charge
Atomic configuration
9 entries
n 1 i E occ.
1 68 ©0.50 -7587.6674 2.0000
2 6 0.50 -893.6084 2.0000
2 1 1.58 -764.5805 6.0000

Figure A.9. A sample of "OUTCAR" (first lines)



reached required accuracy - stopping structural energy minimisat

writing wavefunctions
LOOP+: cpu time 52.94: real time 53.60
40RBIT: cpu time 0.00: real time .00

total amount of memory used by VASP on root node

100446. kByte

base : 30000. kBytes
nonlr-proj: 8326. kBytes
fftplans : 7884. kBytes
grid : 14569. kBytes
one-center: 684. kBytes
wavefun : 38983. kBytes

Total CPU time used (sec):
User time (sec):

System time (sec):

Elapsed time (sec):

Maximum memory used (kb):
Average memory used (kb):

Minor page faults:
Major page faults:
Voluntary context switches:

1507.173
1497.061

18.111
1510.381

273772,
al‘

1129464
a
4762

Figure A.10. A sample "OUTCAR" file (last lines)
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