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ABSTRACT

EFFECTS OF MANGANESE PROMTION 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 Fischefropsch Synthesis (FT$yas 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, CkiCeHtp,

OH, H0, C, O and on the reactions of direct @i€sociation, Hassisted 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 findingsdrparimental studies. The
results indicate that MnO promotion increases the adsorption energies of all adsorbates,
except H and gHo. In particular, CO and ¥D adsorption energies increase significantly,
which indicate that the selectivity increase 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 theiation 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 promoi®most probably due to a H or OH

assisted CO dissociation pathway or another rate limiting step

Keywords: Bensity Functional Theory, Fisch&ropsch Synthesj<atalysis,Promoter

Cobalt, Manganese



¥ZET

MANGANEZAKTKFLEKTKRWIXKEIKKNKKOBALT Y| ZEY
: ZERKIFI(E—]—|ER-TROPSCHSENTAEZKNIREIAH(I'IANTLARA
VEARA| R| NLEEHK K XKMOJ UNL BBANKSKYONEL K
TEORKARKR K TI RMASI

Sék i stCo(lil)ggmiew i Mz emakndé& | adgorbdar vec i si ni
belirli temel FischerTropschr e a k s i yerigodileYod mén | uk Fonksi yone
(YFT) kullanarak- a | emre | dket. i f | belilitetkisi CO; HCOj OHj O, CoHo,

OH, HO, C,Oa d s or beadiredk €EQH y ar d énal ranate@ksiyonlagve
carbon hidrojenlenmesi reaksiyonu- i n 0. 2 5lamag ¢ D e yialro advmipd
-al exkel de.

MnO kimyasal y a p 8lss &n model o | u Kk t.uDenelysdlbulgulara
dayandéer étekh mengmerblaraBCo ( 1 1 1) y ¢ zneogleioldug Bue r i nde
sonu-1ar MnO aHKtva GHoératrii Fi cti¢gsm nd chsmpdynat | ar
enerjilerini art ér déj] é n¥z ed® sitkedre®@i GQl swe pBli yon ener |
°]l - ¢thasar CO y ¢, pne w nHidmogeireg hee daha fazla ol m
uzun hidko k ar bon zincirl:i Bursg mU e &Gn adebagyani | i J i
enerjilerine etkisinin aMnduijywgzesyt ekranmpelka nead i c

MNO aktiflexktiricisi direkt CO ve HCO
bari yer IreniHGCGO avret t @Ha lotl iukausny on b agmrBwerl er

sonu-1| @i dredtn OCO par-al anma reaksiivednunun
aktiflekdveyacOHilggC®Ompde mal anmaypolrewpnkai yonu
belirl eyibasamalbbak kaabkit r waitkeayrie ta retttneerkdtéejdei r

Anahtar Kelimeler:Y o ] luknFonksiyoneli TeorisiFischerTropsch SentezCo, Mn,

KatalizAkti fl exktirici



To my family,

Vi



TABLE OF CONTENTS

AB S T R A C T et e e e nm— e et e e ———— e r it e e eann \Yj
LIST OF TABLES......coii oottt ceee ettt emmne st e e e s s snnsnee e s emmmee e e ned iX
LIST OF FIGURES. ...ttt eeme e e et e e e emnneeeees Xi
LIST OF ABBREVIATIONS. ... eeeer et e e e e e e een Xi
CHAPTER 1 INTRODUCTION . ...cttiiiiiiiiiiiite e e eeeirie e e e e sireee e e e s s smmnsssnsnneeeee e 1
L CATALYSIS. .ottt e e smmme et e e e e e e e s e s annnreeeeeans 1
1.1. Principles of CatalySiS........ccouuiiiiiiiiiiiiee e 1
1.2. Fundamentals of Heterogeneous CatalySis.............ccooeviicccee e 3
1.3. Sabatier PriNCIPIE..........cooiieeee e e e e 4.
1.4. FischefTropsch SYNthesIs............oovviiiiiiii e 5
1.4.1.The Basics of Fischeéfropsch Synthesis. ..., 5
1.4.2.Catalytic Materials Used for Fisch&ropsch Synthesis.......................... 5.
1.4.3.Catalyst Preparation Methods.............oooovviiiiiiemeiiiceeeeeee e 6
1.4.4.Promoter Effects on Fischd@iropsch Synthesis..............ccccovvviiieeeennn. 8
1.4.5.Surface Effects on Fisch@iropsch Synthesis.........ccccoooiiiiiiieecn. 9
1.4.6. Main Steps at The Catalyst Surface in Fis@hhepsch Reaction............. 10
1.5. Computational Quantum Chemistry.............coovviiiiiiccceeeeeeeeeecee e 12
1.5.1.Born-Oppenheimer ApProXimation............ccceeeeeeeeeeeeeeiiiiiiieeeeeeeeeeee e 13
1.5.2. Variational Pringle and Hartre€0ock Theory..........cccuvveeviiiiiiiicecineennen. 14
1.5.3. Principles of Density Functional Theory (DET).....ccvvviiiiiiiiiiiicceeenn. 15
1.6. The primary approximation of Exchange &rfatation..............c.ccccoeeeeeen 15
1.6.1. Capabilities Of DFT.......ccooiiiiiiiie e reme e 16
1.6.2.Main Approach in Quantum Chemical Modelling of Catalytic System4.6
1.6.3.The Aim Of thiS TNESIS ......ciiiii i 16
CHAPTER 2 LITERATURE SURVEY......ciiiiiiitiiiiie e scieeesiteee e ssiveea e vmmne e 18
2.1. Promoter Effects oB@atalytic ACHVItY.........cooeeeiiiiiiiiiiiiiieeee e 18
2.2. MnO Promotion Effects on @matalyzed FTS........cccooeeiviiiiiiiiirieeeeceeeee 21
2.3. MnO promoter model on @oatalysts............ccoeeviiviiiiiiieeee e 33

vii



CHAPTER 3 COMPUTATIONAL METHODOLOGY........cuttiiiiiiiiiieee e 35

3. Summary of Comp.u.t.at.eon.al...Meti.haod3§
I I 1= 1T - PP PP RPP PP 36
3.1.1.BUIK OPtIMIZAtiON......cccciiieeeeeeieeeeeeeeee e 36
3.1.2.Clean Surface OptiMIZatioN..........ccccuuuuuiiiiiimeeiiieie e eeereeeees 37
3.1.3.Molecule and AtomiC OPLIMIZALION...........uuuumiririiiieiieeeieieiie e e e 37
3.1.4.Adsorption Energy Calculations............ccoevvvivviiimmmreeeeeeeeeeiiiie e 37
3.1.5.Coadsorption Energy Calculations.............c.covvivuiimmeeeieeeeeieiinnn 38
3.1.6.The Vibrational Frequency for Adsorbed Surface and Molecule......... 39
3.1.7.Nudged Elastic Band (NEB) Calculations.................c.uuviieemniiiiiininnn 40
3.1.8.Transition State CalCulatiQn.............ccuviiiiiiiiieeeiiiieecee e 41
3.1.9.MNO Promoter MOUEL..........uuvuiiiiiiiiiiii e 41

CHAPTER 4 RESULT Q... e nmmr e e e e e e ana 42
4.1. Structural Model for MnO promoted Co(111) Surface..........cccceeevrennee. 42
4.1.1. CO AdSOIption ENEIQY.......cccveviiiiiiiiiiimmreeeeeeeearins e e e e e e emeennne e 45
4.1.2.C, O, H Adsorption ENErgies...........cceeeeeiiiiiiiieeeee e 51
4.1.3.CH and OH AdSOrption ENErgies.........ccoouiiiiiiiiiiicme e 55
4.1.4. CH AdSOrption ENEIGY.......ccoiiiiiiiiiiiiieeer st eeeee e 58
4.1.5. HO AdSOrptioN ENEIgY.....cc.uvuvriiiiiiiiiiiiiieeeiiiiieieeeeieeeeeeeeeee e e seseeeeeeaeeens 59
4.1.6.CoH2 AdSOIPLioN ENEIQY.....cceeiiiiiieeieieeei e neee e 60
4.2 .Effect on MnO Promotion on CO Dissociation and Carbon Hydrogenatiin
4.2.1.CO Dissociation: Directrad Hassisted.............cceeeeiieieeeeeeeeiiieeeeeeiiiiienns 66..
4.2.2.Carbon Hydrogenation.............coouuuuiiiiiieiiiiiie e 69....

CHAPTER S5 DISCUSSION.....coiiitiiiie e ettt e e e e e e s s ssarae e e e e s immm e s
5.1. Effect of MnO on Adsorption Energies of Surface Species................... 76......
5.1.1. Effeciof MnO on Activation Barriers for CO Dissociation and

Carbon Hydrogenation.............oooiiiiiiiiiiiiiiiiiie et 79...

CHAPTER 6 CONCLUSIONS.......cooiitiiiie ettt 81

REFERENGCES.......ooiiiii oottt ettt e e e e ettt e e e e e et e e e e e s smmmnmm e 82

APPENDIX A. INPUT AND OUTPUT FILES.......c.ottiiiiieiime e 90

viii



Table Page
Table 1.1. Different catalysh8pes [10]........uuuururrmmiiiiiiiiieeeeeeeieeeeeeeeirvi e eeeeeeeens 10
Table 2.1. Promoter Analysis on-Based Fischefropsch Synthesis Source

Adapted from[34] promoter effects on Cbased

FISCherTropSCNSYNINESIS. ........uuiiiiiiiiiiii et 22.
Table 2.2. Mn promotion effect on unsupported Co catalysts [6]....................... 23
Table 23. Mn promotion effect on supported Co catalysts.[6].............cccceennnn. 26
Table 23. Mn promotion effect o supported Co catalysts [6] (cont..)................. 27
Table 24. MnO Promotion Effects on Adsorption Energies, kJ/mol [34]........... 31
Table 25. Two Different Mn Promotion Models Effect on Adsorption Energies,

BV [B8]. ettt e e ——— 1] 34
Table 4.1. MnO Monomer Model (0.25 ML coveraga)Co(111) (a) fcc model

and (D) NCP MOAEL.........ooo i e 45
Table 4.2. CO Adsorption energieBrkol...........ccccceeeeeeiiiiiiiiiiiiceee e 50
Table 4.3. HCO Adsorption Energies kJ/mal............ccccoovvvriiiiiiiiiiieeeeeeeeee 51
Table 4.4. CO Coadsorption Energies on 0.25 ML Co(111) kd/mal................... 52
Table 4.5. Bare CO+khd CH+OCoadsorption

on 0.25 ML Bare Co(111) KI/MOL....oeveeriiiiiiiiiiieiee e eeeman 53
Table 4.6. C Adsorption Energiésl/mol..............ooovriiiiiiiiiiii 53.
Table 4.7. O Adsorption ENergieskJ/MOL..........ooiiiiiiiiiiiiiiieeeece e 54
Table 4.8. H Adsorption ENergidgl/mMol............coooviiiiiiiiiiiiiiiiiieeeeee e e 55
Table 4.9. CH Adsorption Energies, KI/MOL...comevvviiiiiiiiiiicciie e, 6..5
Table 4.11. OH Adsorption Energies, KJ/Mol.............coooiiiiiiiiiii e 57......
Table 4.12. CHAdsorption Energies, KI/MOl..........cooiiiiiieeeeeee s 8
Table 4.13. HO Adsorption Energy, KI/MOl...........iiiiiee o 59..
Table 4.14. @H> Adsorption Energies, KI/MOl...........ooooiiiiiiii e 60...
Table 4.15Adsorption energies 0.25 ML and 0.11 ML Bare Co(111)................. 6l.....
Table 4.16. Adsorption Energy Results (KJ/mMOl)...........ooovvveiiiiiiiiiiiiieeeeeeeeee 62.......

LIST OF TABLE S



Table Page

Table 4.17Zero Point Correction Effect on 0.25 ML Bare and

HCP MnO Promoted Co(111) Surfaces..........cccceevvviiieeeiiiiiiiceeeeeeeennns 64
Table 4.18. Zero Point Correction Effect on 0.11 ML Band

HCP MnO Promoted Co(111) SUMfaces.........cccceeeiiiieeeeeeeeeeeeeeeeennnns 65......
Table 4.19. MnO Promotion Effect

on Bond LengthSA .......coooiiiiiiiiee . BB

Table 4.20. MnO Promotion Effect for Activation Barrier Energies, kJ/mol
on 0.25 ML Bare and HCP MnQOémoted

@0 5 5 ) O PRRPRN 66.
Table 5.1. Adsorption Energy Variation for Different Coverages.........ccccccccceceeeeennnnn. 74
Table 52. Promoter Effect on AdSorption ENEIgY........ccoovvviiiiiiiiiiiiiiiiiiiiiieeeeeme 75



LIST OF FIGURES

Eigure Pace
Figure 1.1 Catalyst cyclesourceadapted from [L].......ccccceeeiiiiiiiiiiiiieeciiii e, 1
Figurel.2. Energy profile of a catalytic reactisaurceadapted from [1].................. 2
Figure 1.3. Volcano Curve for Catalyst ActivitypurceAdapted from [5].................. 4
Figure 1.4. Variations Interest in FischEiopsch Synthesis [6]..........cccccoovviiiiiiinnne. 5
Figure 1.5. Classification of pPromoters..............uuueiiiiiiceciiiiics e 9
Figure 1.6. Diferent adsorption site of the surfaces [11]...........ccccciiicrevennnnns 10
Figure 1.7. Elementary Fisch@ropsch Reactions................cccccvivimmmnniiiiiiiiinnee, 11
Figure 1.8. Fundamental reactiasfsFischesTropsch Synthesis.............cccccvvvvnenn 12
Figure 2.1. Different MnO promoter models on Co Catalyst [34]..........cccccenn.... 30
Figure 22. Mn promoted Co models [66]..............uuuuriiiiiiceeeiriiccee e eeeas 32
Figure 3.1. NEB Calculation for CO Dissociation on

0.25 ML CO0 (111) SUIMACE. . comiiiiiiiiiititte ettt 40
Figure 4.1. Adsorption sites for bare Co(111) surface............cocoeeeiriiiiiiininnnn. 43.
Figure 4.2. 0.25 ML hcp and fcc MNO adsorptiites............ooovvvvvvviiiiiiiiieeeeeeeeens 44
Figure 4.3. Adsorption sites for 0.11 ML hcp MnO monomer models................45
Figure 4.4. Elementary Steps of FTS investigated in this thesis...........ccccccee... 65
Figure 4.5. MnO Promotion Effect for direct CO Dissociation................cc..........d 67

Figure 4.6. MnO Promotion Effect for HCO Formation on
0.25 ML CO(111) SUIMACE.....cciiiiiiiiiiitieee et e 68....
Figure 4.7. MnO Promotion Effects on HCO Formation on 0.25 ML Bare.and...68

Figure 4.8. MnO Promotion Effect for Carbon Hydrogenatian.........................ou. 69

Figure A.1. Asample INCAR fil€.. ... e 84

Figure A2. A sSamplaKPOINTSHIE. ....ooiiiiiiie e 85

Figure A.3. A sample POSCAR fil@......cooiiiiiiiiiiee e 85..

Figure A4, Asampl e APOTCARoO..f.i.l.e..(f.l.r.st..1l8nes)
Figure A.5. A sample POTCAR files (first IN€S)..........coooveeiiiiiiiiiiiiii e 86

Figure A.6. A sample POTCAR (some 1ast lINES).........ccovviviiiiiiiiiiiiiiiceee e e 87

Figure A7.Aampl e Asl ur m. owu.t.a..f.i.l.e..(.f.i.r.s.1881 i nes)

Xi


file:///C:/Users/MERVE/Downloads/thesis_merve_gençoğlu_30.07.2019.docx%23_Toc15398386

Figure Page

Figure A.8. A sample "slurm.out” (Iast lIN@S)..........covvvrrriiiiiicre e 388
Figure A.9. A sample of "OUTCAR" (first liN€S)........cceevvriririiiiiiieee e 89
Figure A.10. A sample "OUTCAR" file (Iast iN€S)..........ccccvvvrrmmmiimemiiiiiiiiiieeee 90

Xii



LIST OF ABBREVIATIONS

FTS: FischefTropsch Synthesis

DFT: Density Functional Theory

TPR: Temperature Programmed Resolution

TPD: Temperature Programmed Desorptio

ASF: AndersonSchulzFlory

FCC: Face Centered Cubic

XRD: X-Ray Diffraction

XPS: X-Ray Photoelectron Spectroscopy

TPRS: Temperature Programmed Surface Reduction

ZSM-5: Pentasil Zeolites

SBA-15. MesoporousSilica

HCP: Hexagonaktlosed packed

BR: Bridge

Ads. Adsorption

DRS: Diffuse Reflectance Spectroscopy

XAS: X-Ray Absorption Spectroscopy

TEM: Transmission ElectroNlicroscopy

VASP: Vienna AbInitio Simulation Package

DRIFTS: Diffuse Reflectance Inared Transformed Spectroscopy
STEM-EELS: Scanning Transiesion Electron Microscopy and Monochroet
Electron Enggy Loss Spectroscopy

TOF: Turnover Frequency

CNF: Carbon Nand-iber

GGA-RPBE: Generalized Gradient ApproximatioRevised PerdevBurke-
Ernzernhof

MEP: Minimum Energy Path

GGA: Generalized Gradiertpproximation

LDA : Local DensityApproximation

Xi



CHAPTER 1

INTRODUCTION

1.CATALYSIS

1.1.Principles of Catalysis

Catalysishas an important place in daily life. Most of the biological reactions in
the human body and chemical reactions in various industpglications cannot be
accomplished without a catalykl]. Besides, catalysiprovides solutions tahemical
industry in terms of environmental pollution issues and sustainable ecemggrsion
[2].

A catalyst is a substance that increases the ratechémical reaction without
being consumegl]. Catalyss provides favorableperatingconditionswith respect to
norcatalytic reactions, such as lower operating temperature, which provide possibilities
for economic operationCatalytic operation can ashelp to minimizeundesired side

products [1].

adsarption

. catalyst
reqaction S

Figurel.1. Catalystcycle source dapted fronf1]

The adsorbate helps to saturate the
speciedrom the adsorbed state back to the gas phase is called desorption
The fundamental reason that catalysts accelerate chengiactions is that they

decrease the activation barriers with respect tecadalytic reaction [2].
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Figure 12. Energyprofile of acatalyticreactionsourceadapted fronf1]

There are different categorizations of catayiat is related to the issue of
concern. The most general classification is done by using the phase of a system including
a catalyst. Catalystcan be mainly divided into two parts: homogeneous and
heterogeneous cataly$ig.

In homogeneous catalysis, dsits and reactasthave the same physical phase
such aggas phase or liquid (solution) phas®r example, chlorine as a homogeneous
catalyst accelerates ozone decompositignTypical examples of homogenous catalysts
includemetal complexes, metal isporganometallic complexes, biocatalydiis

The heterogeneous catalysis system includes reactant and catalyst at different
physical phases.
This kind of catalytic systems occus solid catalyst and gas phase reactants generally.
The cleaning processf the automotive exhaystor exampleCO oxidation on noble
metals can be giveras an example of heterogeneous catalydis The catalyst and
products areeasilyseparablen heterogeneousatalysis due to their phase differences
[1].

Various industriaapplications 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 promoteiThe 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 partthe 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 thetendeattion.

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 [B]. There are some specifioportant features which
define an industrially acceptable catalyst. The catalyst must be chemically resistant to
impurities. These impuritie®n the active catalyst surfasbouldnot react with active
metal. The large surface area is required to increlaesmical reactivity. Catalyst activity
must be specific because side prodwstisuldbe minimizedat the end of the catalytic
reaction. In terms of economics, catalyst materials should also have a feasibig cost [

Heterogeneous catalytic reactions ocituseveral steps. Reactants diffuse and
adsorb on catalyst active esif4]. Adsorption is one of the most essential elementary
processes which activates the decisive chemical bond of the (adsorbed) ré2kctants

After surface reactions occur, productsald from the catalyst active site. The
last step is the diffusion of products from the catalyst surface to the reaction mégium [

Heterogeneous catalysgsa multidisciplinary research area, including chemistry,
physics, chemical engineering, mateseience, and engineering.

The issue can be studied with the contribution of various branches of science.
These discippnes cover various research areas in catalysikjding catalyst preparation
techniques, characterization of catalyst propertiesisonement of catalyst stability and
reaction kineticsln addition to these topictieterogeneous catalytic reactiozen be
investigatedby using theoretical methods. Calculated results are beneficial to learn
elementary steps of the reaction, catalyst stnectstability, and reactivitywhich can
provide a screening tool faxperimentscompliment experimental findings or provide

information that cannot be provided by experiments.



These calculations are done with the help of Density Functional T(@Biy), currently

the most modern tool in Computational Quantum Chemigixperimental techniques
are generally moreexpensive and difficultto apply compared tacomputational
techniques. Besides, experiments can be insufficient to measure complicatedseaction
the surfacg4].

1.3 Sabatier Principle

Catalytic activity is an abilitthatresulsin increased reaction rate aihé related
to adsorption on the surface. Sabatias explaired the relation between adsorption
properties and the catalytic cagap of the surface for the first timeThe principle
expresses that catalytic reactions occur well when interaction strength between adsorbate
and surface is intermediatddsorbates with toaveak interactios with the catalyst
surface may not be accomdaied on the surfa@ndthendissociation of chemical bonds
cannot be occurre@n the other hands the surface has strong interaction with products
and reactants, the desorption of adsorbag be hindered, deactivating the catalyst

Having strong iteraction 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 decreased [13]. 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 princifb.

Position in the Periodic Table

Maximum catalytic activity for a
given reaction

SR
Dizsociation

'~ Desomtion

Strong
Adsorption

Weal
Adsorption

Catalytic Activity

Adsorption Energies

Figure 13. VolcanoCurve forCatalystActivity, SourceAdapted from §]



1.4. Fischer-Tropsch Synthesis

In thispart, reasons for interest in Fiscli@opsch Synthesigatalytic materials for FTS,
catalyst preparation methodsomoter and surface effects and maips of FTSare

explained.

1.4.1.The Basics of FischeiTropsch Synthesis
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Figure 14. Variations Interest in Fischdropsch Synthesis [6

The variations(typically in forms of sudden increases) crude oil prices,
geographical diffeneces in crude oil availability and environmental problems related the
crude oil are the reasons for remarkable interest in Fidalogisch Synthesiib, 7].

FischerTropsch Synthesis is a catalytic process for converting natural gas and
coalderived synthsgis gas to longhain hydrocarbons [8].

There is one main reaction of the -Based Fischefropsch Synthesis that is
polymerization to produce long chain hydrocarbon [9]:

#/1 ( © #( (/

1.4.2.Catalytic Materials Used for Fischer-Tropsch Synthesis

Support material, active material, and promotegscally make upFischer
Tropsch catalystfg]. In support material, Ti®and AbOs have strong interaction with
catalyst. Howeverthereis aweak interaction between Si@nd catalyst4q, 7].

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

andhaslimited sources. This situation restricts the use of Ru.



Ni increases the production of methaneain component of natural gasjhich is an
undesired product for Fisch&ropsch Synthesis. Ni is not favorable because of this
reason. Fe has a higher waggsshift activity which leads to the greenhouse effect. Fe
is not preferable in terms of environmalmeasons
Co is the typical catalyst used for converting natural gas derived syngas, despite
its higher cost compared to Fe.
When Cebased Fischefropsch Synthesis is performed, the amount of Co used is in
general small. Co and Fe are more accessibleisoherTropsch 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 pmsdepend on the quantity of additive

and the exact preparation methéd].
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 affecteereliffly for each various
preparation step [10].

Experimental conditions (temperature, pH, pressure concentration)
instrumentas are important parameters for synthesis of heterogeneous cftalyst

Preparation techniques vary depending on catalyststypelk catalystand
support impregnatedcatalyst, andmixed-agglomerated catalysare derived from
chemicals by using differepreparation sted4.0].

Bulk catalyst mainly containsactive catalyst metalSilicaalumina support for
hydrocarbon cracking cabe an important exarlg Supports such as silicalumina,
silica-alumina are prepared with the same proceflilGk

Impreqation catalysts argoroducedthat support material is impregnated on
catalyst metalA number of hydrogenation catalyst can betsgrized by impregnation
method.

Mixed-agglomerated catalyst is dohg mixing active element with a powdered
support or a precursor support mateaiatiagglomerang the mixturg10].

There are several unit operations to synthesize cajajst

1. Preciptation:

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



There are 3 main steps; supersaturation, nucleasiod, growth Supersaturation is
unstable regionPrecipitatiorappears with small disordétomogeneousucleationmay
proceedspontaneously Otherwise,seed materials are used to initiate heterogeneous
nucleation Addition of seed facilitateacceleratiorof nucleationConcentration, ptand
temperaturare effectivefactorson growth processAmorphous solids can be produced
thatdepend on precipitation conditions.
Precipitation method can be used for one component catalyst and support material or
mixed catalystHigher supersaturation leads to occur very small particle gitenust
be optimized and kept constant during prectmtaoperatiori10].

2. Gelation

Micelles are produced from hydrophilic colloidal solutions.

Micelles located separatehyecause ofhe electrical charge on the surfamed in the
surrounding surface
The micelle concentration, the ionic strength of solutam especially the pH are
important parameters for gelation proceSskgel method is better than precipitation.
Control of surface area, pore volume and pore size distribcdiome done well with the
help of solgel method10].

3. Hydrothermal transforation

The modification of precipitates, gels, flocculates consideredby activating
temperature, aging, ripening in the presence of mother lidinds.transformations are
occurred at 1063003 [10].

4. Decantation, filtration, centrifugation
These arenit operations to separate from mother ligLid)].
5. Washing

Mother liquor is completelyemoved,and impuities are eliminatetdy washing
[10].

Separation methods are specified that particle size of the solids. Precipitates solid
catalysts can be semedfrom mother liquoreasily than flocculates. There is no usage
of separation for gel catalyqts0].

6. Drying:
Solvent elimination from pores of the solids can be done with this step.
Drying is important for floccudtesand gel catalydtL0].

7. Calcination



There are severglrocessedor calcination. These are loss of the chentycal
bondedwater orcarbon dioxidemodification of texture through sintering, modification
of the structure, active phase generation, stabilization of améxd propertie§l0].

8. Forming operation:

Suitable sized patrticles in the reactor can be obtained by using forming operations.
This step is essential for forming and shapsngports andatalyst Catalytic activity
strength e particleresistance to crushing and abrasion, mination of bed pressure
drops lessening fabrication coand distribute dust buidp uniformly can be provided
by optimizing catalyst shape and dimendibQ).

Depending on height (h), length (1), diameter (d) catdlgstdifferent shap¢0].

9. Impregration [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 typesor 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, catalystadtivated by calcination,
reduction, or other appriate treatment [10].

Table 11. Different catalyst shapg40]

Shape Size Reactor
Extrude d=1-50 mm Fixed bed reactor
|=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=1-5mm
Sphere d=1-10 mm Fixed bed reactor
Moving bed reactor
Microspheoidal d=20100' m Fluid bed reactor
Slurry reactor

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



1.4.4.Promoter Effects on FischefTropsch Synthesis

There ae three types of promotion effects including structural effect, electronic
effects, and synergistic effec#] |

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

Electronic promoters affect the looalectronic 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 &dct the behavior of the catalytically active element.
They influence overall reaction product distribution [6].

Promotion effects

Structural Electronic

Synergistic
promotion effects promotion effects

promotion effects

Figure 15. Classification of promoters
1.4.5.Surface Effects on FischeiTropsch Synthesis

Due to different electronic stctures, 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 examplCO dissociation occurs easily in these siték [1
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Figure 16. Different adsorption site of the surfaces [11]

1.46. Main Steps at The Catalyst Surface in Fischefropsch

Reaction

Importantinformation about essential FTS maaiism stepsan be obtainedsing
surface science studiddicrokinetic modelsfor FTS can be studied in more detaith
the help of knowledge about reaction mechaniant activation barriers for individual
reaction§l2].

It is proposed that either watéormation or carbon monoxidedissociation
determine raction rate in Fischefropschmechanisn{12]. On closepacked surfaces,
the chain growth mechanism is predicted by adding CH to chain initiation reactant and
hydrogenation is done as a final step. rEheust be a large surface aredhe 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 inde hydrocarbon group is important to
understand as a whole reaction sequence. Coupling reactions are considered as a source
of chain growth mechanisfi?].

Even though Fischefropsch Synthesis is extensively studied in the literature, its
reaction mechasm is still under debate and considered to be one of the most complicated
mechanisms in heterogeneous catalysis. Th&nisevarious products can be formed,
starting from the main building bloslf CO and H [12, 13].
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\:> C+xHoCH,

yCtzHeCH,

Figure 17. Elementary Fischefropsch Reactian

Figure 1.7. explains that there are 4 essential reactions that the catalyst should be active
for, including B and CO dissociation, removal of oxygen as water or carbon dioxide,
carboncarbon coupling, hydrogenatifl e h y d r aegctionCak ane QH.. The surface
geometry of Co is effective for CO bond breaking and theGEH reaction mechanism.

Previous theoretical studies that are done \mi#nsity Functional Theory are
about direct CO dissociation on stepmadface [B], H-assisted CO dissociation on
terrace and stepped surfacéd,[15], and CO insertion mechanismg[117] [13].

Another important topic is how a chain growth mechanism occurs. Because, CH
(x=0, 1, 2) and CO can be used as adding monor2ei$119]. There are experimental
studies to express detailed information about FisChepsch chain growth reaction
mechanisms [4, 20, 21]. Besides, there are theoretical studies for the same topic at the
molecular level [2, 15, 22, 23].

In surface sciereusing single crystal structures, there are more theoretical studies
than experimental studiesZ124].

Figure 1.8 can be explained in this way. CO can adsorb on the catalyst and may
be dissociated. Thenylddsorbs the surface and dissociate. Next, seinf@actions 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 18. Fundamental reactions ofdeherTropsch Synthesis

1.5.Computational Quantum Chemistry

Computationaltechniquescan be used to investigate various problems in
chemistry due to thiastadvancenentof computersand computational power
These issuesinclude molecular geometry predion, molecule energy calculation,
specification of reaction intermexdes and transition states, the visualizatd orbital
structures andR, UV, NMR specta, investigationof chemical reactivity and the
physical properties of substance?,[26]. Thes techniques are based on Quantum
Chemical principles.

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

( 4 6 1

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

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

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

( 4w 6w (2)
Schr°dinger has exprtetdenergyofthb systemtyhusingavaveé c ul a

function that i s (.
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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.
( 4 6 (3)
Kinetic, 4, and6 potentid, energy operators can be expressed as a formulation
like below for one electron system. h is Planck constant, m is electron mass,
Laplacian operator that is written with cartesian coordinates in kinetic energy formula.
Besides, Z, the atomic nuoer, e, the unit of electronic charge, and v, take place in

potential energy operator.

4 —n .6 — (4)

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

m mass particlebs kinetic energy for mul
+% 4 ——n (5)
Coulomb Law applies to the interaction between all charged particles in a
molecule, so the total energy of the system is related to #raation of these particles.
Electrostatic interactior), can be expressed with the help of position vector of a

typical charge® and the typical chargé .

=B B ——— (6)

1.5.1.Born-Oppenheimer Approximation

The Hamil toni an operat or Equation (1 &or wr i

molecular systems in atomic units:

BL —U E B B § ——55 WBhohoki P

N p —w DHees P 7)
Sc hr ° dquatign €7) cannot be separated in smaller dimersiosgcause of

the existence os)if—DS andpartial derivative so the solutiaf this cannot be done easily.

In order to solve this7), there are some electronic structure approximations including,

the BorrOppenheimer model and thariational principle.
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Born-Oppenheimer model explains that nuclei have much greater mass than an
el ectron. A nucleus can be thought/)canmmovab
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.
WwaPBB w ? P w O, (8)
Wave function involves electronic and nucleic motion and can be reduced by
considering the center of mass, CM, and relative coordinates.
W W #-w oy 9)
The translational, vibrational and rotational contribution is calculated by using the
center of mass.
Sc hr ° d&aquatign €1y must be divided into two parts as the electronic motion
and translational motion of the center of mass and theatwimal and rotational
wavefunctions and this situation can be interpreted as a disadvantage of Born
Oppenheimer approximation. The solution of complicated structured molecules is
di fficult by wusi ng Bqdatios(l) aap per witten twalcul®ec hr © d i
electronic energy for complex molecules that have many electrons.
n signifies included electron number in complicated molecules.
( pltBH WAl Ade w pltB A (10)
With the useof stationary bound states andyogingle continuous eigenvalsie
finite solution forEgn 1 can be obtained
%i s the eigenvalue ofl) the el ectronic Schrfc¢
(W %W (11)
The suitable condition can be provided when eigenfunctions are orthonormal that
has botlorthogonality and normalization properties.

LWwhAz oy ) (12)

1 , Kronecker delta is the result of the electron interaction in terms of volume

element and this (1) is called the matrix or Dirac notation.
1.52. 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 circumstaa@disadvantage7].
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The HartreeFock approximation is the modification of the variational principle
andis used to descridde manyparticle system wavefunction27).

1.5.3.Principles of Density Functional Theory (DFT)

Electronic structure calcuiahs in solid state physics have been done by using
Density functional theory (DFT3ince 197(28,29].

In many body systems, the calculation of ground state total energy is done with
the help of density Functional Theorwhich is the bestknown quantum teemical
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 big&ya0]

1 Catalytic surfaces can be analyzed at the atomiel ith density functional
theory calculations.

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

1 The investigation of the differemeaction energies and the estimation of the
reliable catalyst model can be made consistent with the experimental results.
Exchangecorrelation potential covers all other electlactron 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 calculation=2[7].

Generalized gradient approximation (GGA) is more rédidan 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 resultsald $27].

Becke and Perdew corrections (BP86), Periiéang exchange functional
(PW91), PerdevBurke-Erzernhof (PBE) or Revised PBE (RPBE) can be given as
examples of GGA functional type27].

B3LYP is the most welknown function in hybrid functionals31].
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Hybrid functionals are used to information about different molecular properties,
including structural, thermodynamic, vibrational of large moleci8&s32].
HartreeFock exact exchange function is expensive to calculate metallic

properties for large moleculeaasolids B1].
1.6.1.Capabilities of DFT

In literature, molecular modeling studies gemerallydone byDensityFunctional
Theory in the recent year# is helpful to obtain information about reaction mechanisms
relevant athe molecular level, trartgn states, adsorption energies, activation energies,

heats of reaction and promoter effects on the catél§sf].

1.6.2.Main Approach in Quantum Chemical Modelling of Catalytic

Systems

Metallic surface modeling is done by using two different approachésatha
cluster model and periodi83].

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 aiddito 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 80chh50 atoms33].

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 foothed description
of electron density. Periodic calculations fegry high number of atomare time

consuming and require optimization heavBg].
1.6.3.The Aim of this Thesis

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

Thereare threeamainscientificquestionsassociated witlthis study:

1 How does MnO coveraggffect these results?

16



1 How does Mrpromotionaffect the adsorption energies of

reactants/intermediates?

1 How does MnO affeatlementary reactions of CO dissociation and carbon
hydrogenatiofa

So farmainly experimental methadhave been used investigateMnO
promoter effects on Co catalyzed Fiscfieopsch Synthesjsvhere very limited
number of computational studies have appeared in the last 2 years
These studies will be discussed in the Literature Survey Sedlibaracterization
techniques provide valb& information which is related to the effective catalyst model.
The interaction between catalyst and support material/oangromoter, the
physicochemical properties, the structural properties, particle size, the shape can be
characterized by spectroseopechniques.

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 meaetadthe
reactions that araffectedby the promotion. These effects will be investigated in this
thesis, by investigating properties like adsorption sites, adsogtengiesbond lengths
between surface and adsorbatesnsition statstructures ash activation energiessing

Density Functional Theory.
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CHAPTER 2

LITERATURE SURVEY

2.1.Promoter Effectson Catalytic Activity

Previous studiesdicatethat twenty-two various promoters are investigdte
Co based catalytirractions Catalytic activiy, selectivity, and stability vary depending
on promoter kind6]. Amount of promotion elements, experimental conditidmsng the
catalytic reaction catalyst preparation techniquealso play important rols in
specification of thepromoter effect. Depealing on these, promoter propertiegay
change, also resulting in the changeathlytic activityproduct selectivity§)].

Apart from these, whepromoterquantity is increasedn catalyst active sites
adsorption featureshangelf great quantities of dde promoter are used on active metal
surface, atalystactive siteanay be blockedCatalytic activity decreases as a result of
this promoterblockage 6].

Promoters have different chemical properties that affect thbaSed Fischer
Tropsch reactionq].

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 thpromoter is used. Promoter additioan alsoprevent catalyst
againstsinteringof supported catalyst clusters.

Most studies in the literature are done about Ru, Re, Pt promotedté&lgzed
FischerTropsch reactions [21]. Ru has electronic and strucpuoahotion effects [6].

Ru-promoted catalysts have typically increasedsglectivity compared to other
promoters.

By addition of little Ru promoter to unsupported or supported&sed catalysts,
turnover frequency increases.

The maximum catalytic actityi 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. Fischéfropsch activity increas 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 naresparticl
It also results in the decrease of3Ogreduction temperature especially for alumina
supported Cobalt catalyst. The hydrogenation reaction rate increases without changing
product selectivity [6].

Nb promoted Co/AlOs effect is characterized by usirgnperature programmed
surface reaction (TPRS) and diffuse reflectance spectroscopy (DRS). Nb promoter has an
influence on CO hydrogenation selectivity [6].

For Mg promoted Co/ADs system there is a decrease in the formation of metallic
cobalt surface phas while the formation of Mg&roO 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 ofQd@Omixed
phase formation[6].

The catdytic 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 #( , Which results in increased selectivity to long chain
hydracarbons. 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 catahl.Os supported Co caligst
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
paameters for La promoted catalyst [42].

Many transition metal oxides took place in -Based catalyst as potential
promoter. Although transition metal oxide promoters are considered as electronic
promoters, they also illustrate synergistic and structuacahption 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 21. Promoter Analysis on CBased Fischefropsch SynthesiSourceAdapted

from [34] promoter effects on Cbased FischefropschSynthesis

Effect
Types

Elements

Tasks

Activity

Selectivity

Stability

Structural

Mg. Si. Zr. Nb.
Rh. La. Ta. Re
Pt

Support
stabilization

B. Mg. Zr

Co gluing

Ti. Cr. Mn. Zr.
Mo. Ru. Rh. Pd
Ce. Re. Ir. Pt
Th

Co dispersion

increase

Electronic

B. Mg. K. Ti.
V. Cr. Mn. Zr.
Mo. La. Ce. Gd
Th

Decorating Co

surface

Ni. Cu. Ru. Pd
Ir. Pt. Th

Co alloying

Synergistic

B. Mn. Cu. Ce

Water shift

Pt*

Hydrogenation/
Dehydrogenatior

Ni. Zr. Gd

Coke burning

B. Mn. Zn. Zr.
Mo

H2S resistance

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

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

The dectronic promotion effect can be expressed with the help of the strong metal
support interactioa (SMSI) V, Ce and Mg oxides have an effect to increhsactivity
of Co catalystWhen these metal oxide promoters are usedaf@o-based catalyst,
product selectivitytowardslong chain hydrocarbos is increasedSimilar resultsare
found forCr promoted Co/ZSM catalyst. Catalytic activity and lofainain hydrocarbon
production are increased by using Cr promoter for the sy3temmimportant results are
obtained by analyzing the interaction between metal oxides avalt axides. Thse
results aremprovement of Co dispersion and inhibition of Co reduction. CO and H
chemisorption, TPD and TPR results have an important role to inténpest. Although
the bondbetween CO and Co strengthefise Co-H bond weakens. Hydrogenation
reacton rate lowers for Cr promadeFischefTropsch reactionsCr, Ti, Mn, and Mo
promoter effects are investigated for Fisefiespsch reaction. Catalytic activity and
long-chain hydrocarbon product selectivity increase are found for these promoters.
Besidesdecreases io particle sizearefound as a result of structural promoter efffec
[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 materialhich have resistance against carbon depositibme use
of metal oxide promoters results in increhs€O conversion Cs+ selectivity,
olefin/paraffin ratio , 43, 44.

Co reducibility can be increased with the addition of the {pe@moter Product
selectivityto long chain hydrocarboris also found to increasghen CeQis used as a

promoter in alumina or silica supported Co catalytic systdmsip].

H> and CO have an affinity against ceria covered surface [47]. Besides,ighare

decreasing effect on the formation rate of2CCHs, and G-Cs [48].
2.2. MnO Promotion Effects on Coecatalyzed FTS

There are various experimental and a limited number of theoretical studies that
investigate Mn promotion effects on adsorptiomergy, 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 foundsibg spectroscopic
techniques [21, 482, 65]. Theoretical studies allow to explore in detail about catalyst
structure, adsorption energies, reactivity, vibrational frequencies, activation barrier,
electronic structure of the surface, product selectity6p]. 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 dissa@a 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 characterizeeRayDiffraction (XRD).

The interaction of the promoter with neighbarsl its oxidation state can be found
with the help of XRay Absorption Spectroscopy (XAS)hen MnO is adjacent to Co,
catalytic activity increases[42, 47, 64, 65,gtalmetal oxide interfaces increase higher
hydrocarbon (€:) selectivity and decreaseethane 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 promote¥When species are not located at these interfaces, promotion
effects are not obsesd. 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 consided for determination of Lewis acidity of oxide promoters [42, 46].

Mn/Co and Mn/Ti ratioThe maximum @ 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 promatfacilitates GO bond cleavage.

When Mn/Co ratio is less than 0.1, although product selectivity decreases 40€4H
selectivity increases [67]. CO dissociation rate increases [42].

Based on the TEM and Hhemisorption 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 tdraquency is
not associated with abovel® 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 22. Mn promotioneffect onunsupported Caatalysts 6]

Unsupported Co Catalyst

Authors

Topic of Study

Main Results

Van der Riet et
al. [49].

CO hydrogenation

on Mn-Co catalyst

High selectivity to G products

Hutchings et al
[50].

CO hydrogenation

on Mn-Co catalyst

CHgs production yield is lowered.
Couplingreactions occur between
electrophilic and nucleophilic/C

surface intermediates (In situ XRD

Liang et al
[51].

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

hydrogenation

Different Co/Mn ratio causes

different spinel structuse

Jiang et al[52].

Mn effects on

surface properties

Mn increases catalytic activity and
stability. These effects are related
the fact that Cavin catalyst has a
bigger particle size than Co cataly:
Mn promotion also increases catal
stability ard tolerance againstiS
(In situ IR)

Riedel et al.
[55].

Water gas shift

activity

The removal of C@occurs when
MnO takes place in Gbased
FischerTropsch catalysts.

MnO is a water gas shift promoter.
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There is a strong connection between the promgtemtity and the spatial
association between the promoter and Co catalystX#&.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 reductierat&dnger time [42].

Previous experimental studies showed that CO adsorption energy increases on MnO
promoted Co surface [42R results signifies that Mn promoter weakens carbonyl bond.
Lewis acidbase 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 medage. Sur

is 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. Pressurs optimized above 5 bar for Mn promoted Co,sCH
production decreases ané:Gelectivity increases [53Jurnover frequency is increased

as a result of pressure increase. MnO promoted Co catalyst has two times higher turnover
frequency compared to unpnoted 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 Ti@upported Mn promoted cobalt catalysts byS{A

TEM, XRD and TPR measurements to reveal interactions between preparation method,
structure and performance. They found that Mn is present in the; Ktm@ 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 decreaseds€ldctivity
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, STEBLS 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 M@ cobalt reducibility.

XPS and STEMEELS indicated that MnO is closely associated with cobalt.
Using TPR and kHchemisorption, they found that MnO reduces cobalt reduction degree.

XPS and STEMEELS indicated that MnO is closely associated with cobalt.
Using TPR and Hchemisorption, 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 ofeation
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 decreasecoverage (due to increase
in CO coverage). For 20 bar, the catalyst was already operatmghaCO 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. B@pported
catalysts on CO andJHadsorption using in situ DRIFTS, focusing on the electronic
promotion effect of MnO.

The structural characterization performed by XRD, TPR, TEM and H
chemisorption confirmed their previous results that MnO hamperedt cedatibility.
However, this time the association of MnO with cobalt resulted in decrease of the cobalt
particle sizes from 24 nm to 414 nm.However, this can be also due to the loss of
crystallinity of CQO4 particles. They also observed that MnO sodbund dispersed on
the TiQ: 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 pothtee conclusions: MnO
decreases CO adsorption capacity at high loadings. MnO results in disappearance of
bridge bonded COThis was proposed to be due to the Lewis acid character of MnO,
withdrawing electron density from cobalt surface, and resultingecrease 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 selectivitycontinues 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 23. Mn promotion effect on supported Co catalysts [6]

Supported Co @talyst

Authors Topic Investigation
Das et al. $6, [Lower hydrocarboriMn promoted supported Co catalyst hg
57]. synthesis on Co andecreasing effect on reduction
Co-Mn catalysts  temperature for G@s.
(Silica supported) |Water gas shift actity decreases.
Product selectivity is maximizeth<C,
hydrocarbons. while catalytic activity
increases.
Zhang et al. |Mn promotion Mn promoted Co catalyst has lower
[59]. effects on selectivithydrogenation features than bare Co

(Alumina

supported)

catalst. Product distribution is toward
more olefinic.
Cs+ selectivity increases.

Co active phase dispersion increases.

Klabunde et al
[59].

Characterization

(Silica supported)

Although Mn takes place in oxidized
state. Co is partially oxidized state.
EXAFS results indicate that Mn is an
oxyphilic metal and Mn shows electron
promotion effect on Co catalyst.

Vob et

Mn promotion
effects on titania
supported Co

XPS results show that Mn located mort

on support than Co active metal.

MnO is reduced form of Mn and it serv:

as a support material.

Martinez et al.
[61].

Mn promotion

effects on Co/SBA |.

15 aatalyst

Mn promoter increases production ofo€

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

promoted system.

cont. on next page
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Table 23. (cort.)

Authors Investigation
Bezemer, MnO promotion | Pressure increase leads to enhange C
et al effect on carbon| product selectivity .
[47]. nanofiber MnO locates near site of Co nanoparticl

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 onactivity | nanoparticles.
§ [8]. and selectivity of There is a Lewis actdase interaction
S Co/SiGfor FTS | between M# and O in CO molecule.
g Coadsorption and dissociation are done
8 using MnO promoter.
= The GO bond scission is facilitated.
= den MnO promotion | Experiments show that there is a relatio
S Breejen | effect on activity between surface coverages of xCH
= et al and selectivity | intermediate on Co surface angkC
n [21]. for Co based selecivity.
silica supported
FTS

Dinse et | Mn promotion | Experimental conditions and Mn amoun
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 fro& 02031
cm, cortluding G--O bond is strengthened. They also observed carbonate peaks at 1570
and 1330 cm, with increasing MnO content, indicating @®ormed on the surface and
water gasshift reaction is catalyzed.
They also observed a selectivitycirase for olefinic products compared to paraffinic
products, concluding that this may be due to the decreased likelihood of hydrogenation
reactions in FT$63].

den Breejen et a[21]. investigated MnO promotion effects on Si€upported
catalysts usinG TEM-EELS, IR and SSITKA. A relation betweens.Gelectivity and Ck
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 ofboth 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 activitylaelectivity 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 partecshape (posslp inducing of more defective surface facets by
MnO).

IR spectroscopy indicated that MigBomotion esulted in lower coverage of CO,
possibly due to blocking of surface by Mni@ext to a peak at 2057 cm, a second peak is
observed at 2012 cm, attributed @D 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 CH
coverage and residence time increased. Also, highenfi@Hound for MnO promoted
catalysts, which indicates MnO promotes activity. Inahasion, the selectivity increase

due to MnO promotion was attributed to highetix@overage and the resulting higher
probability of coupling reactions. The promotion ofiaty wasnot explained in detail

[21].

Dinse et al[62].investigated MnO promotion effects in Si€upported catalysts,
focusing on the changes in activity and selectivity.

Based on their Huptake results, they concluded that MnO promotion slightlyedesed
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 Gs+ and olefins, while decreasing the séhaty to Ci, C-C4 and paraffins. They
proposed increased CO coverage and decreased H coverage, as the main reason for
increased selectivity tosg 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 sitesnbydavid 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 a[65]. performed a detailechvestigation related to the effects of Mn
promotion on activity and selectivity of FTS, using a combination of experimental
techniques on Si&supported cobalt catalysts. In particular, they investigated how Mn
interacts with CO and how this interactiomegts activity and selectivity.

Their STEM-EDS measurement®veaedthat Mn preferentially accumulates on
the surface of Co nanopatrticles up to loadings of Mn/Co > 0.1. After this loading, MnO
starts to appear on the surface of S0pport, in the formfonanometer scale particles.

Mn is found highly dispersed on cobalt nanopatrticles and found in the chemical form of
MnO (Mn is found to have an oxidation state##). Also, they did not observe a change

in cobalt particle size due to MnO promotion, imtrast to the previous experimental
studies 6, 47].

Based on kinetic analysis they concluded a0 increases the CO adsorption
constant and the and the apparent rate constafil®rin-situ IR reveaéd thatMnO
promotion increases the abundanc€@fwith weakened carbonyl bondsis proposed
that CO cleavage is faitiited by Lewis acidbase interactions between Rrcations
located at the edge of MnO islands covering cobalt surfaces and the O atom of CO atom.
The observed decrease in selectivityCHs and the increased selectivity tg-@roducts
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 pvoi@otion
effects on cobalt catalysts, only two theoretical studies, one MSc ti3d§iarid one
article [66], appeared in the last two years.

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

with previous experimental studie

Six MnO ring model waproposed as the most stable occurrence of MnO pronioter
this modelMn locates on bridge position and oxyggoms 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 Figie
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4G, (500 K) = aG(500 K) =

=18 kJ/mol/MnO

5 kJ/mol/MnO

-----

AG/(S00K) = AG(500 K) =
-13 k¥/mol/MnO -31 k¥/mol/MnO

Figure 21. Different MnO promoter models on Co Cataly®]

CO, H, OH and KO adsorption energies were studied on six MnO ring model on
Co(111) surface and one MnO (moremmodel) 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 frdi®3 kJ/mol to-130 kJ/mol. H adsorption energy
also decreased fror273 kJ/mol to-252 kI/mol.

OH adsorption energy decreases fred38 kJ/mol to-321 kJ/mol. Otherwise, 1D
adsorption energies increased fre@i kJ/mol to-53 kJ/mol [34]. H and OH adsorption
on Co(111) surface cause the deformation of six MnO ring modé@l.igifound 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 {8 kJ/mol to-155
kJ/mol. H adsorption energy enhanced fre#63 kJ/mol to-281 kJ/mol.There was an
increase from360 kJ/mol to-397 kJ/mol for OH adsorption energy.

However, HO adsorption energy decreased fre®8 kJ/mol to-62 kJ/mol[34]. The
change in adsorption energies are showrnaible 2.4.
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Table 24. MnO Promotion Effects on Adsption Energies, kJ/moBH]

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 d166] investigated MnO promotion effects in a combined
experimental and theoretical study.

In the experimental part, Mn promoted Cof®d catalysts are prepared,
characterised and tested at industrially relevant FTS conditions favouring light olefin
formation.

The effect of preparation procedure, i.e-iogpregnation 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 selectwvitight

olefins and @: species, whereas the selectivity toths 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 obta@sarption 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) fage and a model where th® &urface layer
in a Co(111) slab is replaced with a metallic Mn 158 .

When two models were analyzed, £hdsorption energy decreases and there were
increases for O, H, C, CO, OH, CH, K Hsadsorption energies. Theseeegy 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, £d<x<4)) except Chifor both of their models.
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Figure 22. Mn promotedCo modelq66]

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 terminakeld mo

Based on these results the authors postulated that the increased selectivitynay Ge

due to increased coverage of olefin precursors, such gsaite the increased activity

may be due to the lowered activation barrier for direct CO dissatifi®]. The

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

2.3.

Table 25. Two Different Mn Promotion Models Effect on Adsorption Energi®s[68]

Species
surface

CcO

CH
CH2

CHs

CHg4

Eads, [e\/]
Co (111)

-1.76

-6.95

-5.73

-2.84
-6.42
-4.02

-1.93

-0.02

Cn/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], -6.54p3),
-5.99[72]

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

-2.00[23], -1.89[72]
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Figure 2.3Mn 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, inetd of the metallic Mn substitution model used in this study. This
makes the validity of the results highly questioealthich can also be seercnflicting
change of activation barriers on metallic Mn promoted surfaces for carbon hydrogenation

in theirtwo different models.
2.3. MnO promoter model on CeCatalysts

There is a consensus in the literature that Mn is found mainly 2togidation
state (in the form of MnO), highly dispersed and in direct contact with the active cobalt
surfaces§5, 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 highemenates 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 computaonal literature, Yang et dl75] 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 AMNO monomer o model, i
corsistent with their experimental findings.

As bigger aggregates of MnO clusters on Rh surfaces cannot be ruled out
experimentally, they have also tested thei
in Figure 2.7b. As the results were consistent for Ipadlels, they concluded that the

AMNO monomer 0 model is a realistic repres
surfaces.
Based on these findings, we have al so e

calculations performed in this study.
In Figure 2.7. diferent 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 mdgjel. [
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CHAPTER 3

COMPUTATIONAL METHODOLOGY

3. SUMMARY OF COMPUTATIONAL METHODS

In this studyVienna Ak Initio Simulation Packag@/ASP)was usedo evaluate
spin polarized DFTcalculations The Generalized Gradient Approximatioh Perdew,
Burke andErnzerhof(GGA-PBE) was incorporated witlthe Projector Augmented of
Perdew Burke andEmzehof (GGA-PAW).as the exchangecorrelation functionto
resolve the KolwEham equationsThe KohrSham orbitals were expanded in a plane
wave basis set usirap00-eV kinetic energy cut offand a 5x5x1 and 3x3x1 Monkhorst
Pack grid okpointswas used for numerical integrationreciprocal space.

Fermi smearing was used and the convergence criteria for the geometry
optimizations were 16 eV for the total energy and "HeVI A " for the forces acting on
the ions. The conjugaigradient (CG) method was used for the geometry optimizations.
Previous studies have shown that the catalytic properties and reaction energies are
affected by theurface orientation, steps and defeatsithatcobaltparticleshaveshapes
exhibiting (111) facetsor this study The cobalt faceivas therefore, used to study the
CO, HCO, and CHdissociationand HCO formationSurfaces were constructed using
2 T and 3x3-unit cells with ive layers, and periodic boundary conditions in two
directions to model a sermifinite crystal surface. The two upper layers were free to relax
while thethreebottomlayersof the slab wrefixed to maintain the bulk crystal struceu
This surface had 15 AacuumThis periodic box size, which corresponds to @akid
1/4 monolayer (ML) coverage when there are one and two adsorbates, respectively, has
been widely used in previous investigations of adsorption on transition metadesurf
[29-31] and yields converged results in a computationally tractable time.
Transition states were identified using the climbing iniageged elastic band (TNEB)
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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Eighti mages were placed along the /méspringnum en
force constant between images was used to edlidixe images until the maximum force

acting on each atom was less thadl8.eV/A . Although kare surface NEB calculations
wereaccomplished by relaxing the top 2 layer atpMaO promoted Co(111) surface

had a complicated structure MnO and species atoms were relaxed for MnO promoted
surfacesCalculations using a 0.1 é¥ '3 convergence criteria showed that the activation
energydiffers from that obtained with 0.1 &¥ ' 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 INCARAileoptimizations

were done by usingdBRION=2 to found global minimum and maximum points.

Vibrational frequency calculations were done by using IBRION=5.

3.1. General

In this project Mn promoter effect is investigated for main Fisdmepsch reaeints,
intermediates and main elementaryctenson flat p(2x2) and p(3x3) Co(111) surfaces.
There is a specific calculation order to find adsorption energy:

Bulk optimization

Clean surface optimization

Adsorption energy calculations,

Coadsorption energy calculations,

Molecule optimization

The vibrational frequency for adsorbed surface

The vibrational frequency for molecule

NEB calculatiors

Transition state calculation

The vibrational frequency for the transition state

=4 =2 =4 4 A4 A4 -4 -4 -4 -4 -

Frequency analysis
3.1.1.Bulk Optimization

Bulk optimization includes volumeelaxation, encut optimization, and kpoint

optimization. Volume relaxation isecessaryo give inbrmation about lattice constant.
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Bulk structure lattice constant was calculats®.51612766874. Besides, bulk Co laas
facecentered cubic structure.

Bulk includes 4 Co atoms. This geometry has anFWspace groump(2l 2) 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 wasptimized 15A after the surface was formed.

Supercells including(2x2) andp(3x3) were done. Encut optimization is done to
reach maximum cubff energy. This value must be greater than all of atoms encut energy
value. The optimum encut value was calculated at 600re¥n, kpoints optimization
was done and found as I199 19. Clean surface optimization was done after bulk

optimization was completed.
3.1.2.Clean Surface Optimization

In clean surface optimization, kpoints were enteredx&gb Encut value was
entered 600 eVCo 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. Ifthe result reached accuracy, its CONTCAR file was used for adsorption

calculations.
3.1.3.Molecule and Atomic Optimization

CO, HCO, CH, CH>, H20O, OH, CH, H, C, and O optimizations were done. For each
optimization, all atoms were relaxed. CO included 2 atanasall of them were relaxed.

3.1.4.Adsorption Energy Calculations

Minimum energy configurations foidaorbate were calculatedn an optimized
clean surface. Adsorbate structure was important to obtain correct adsorption energy.
There were 4 adsorption sitesdathese were top, bridge, hcp, fcc. The top site was on
Co atom. Bridge position was average 2 Co atoms X, Yy, z coordinates. Bridge horizontal
located line position between 2 Co atoms. The bridge diagonal took place at the corner.
Hollow adsorption site as calculated from 3 Co atoms average X, Yy, 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 generalmoleculesare known tqreferred top and bridge siteshile atomsare
found in hollow sites. Nevertheless, in order to find the experimentally observed
adsorption structure and energy, adsorbatastbe optimized for each site, and their
adsorption energies need to be calculat@dferent potential function, kpoint, eat
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 minimizatioscheme in VASPAfter accurate results were obtained,
CONTCAR files were used to calculate vibrational frequency.
Adsorption Energy Calculation

Bare Surface:

0O (0] (0] 0O
MnO Promoted Surface:

0O ] 0O O

3.1.5. Coadsorption Energy Calculations

After adsorption energies were obtained, the most estatisorption 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 dissocigteaduce<C and O atoms.

Themost 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 hcp
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:

i Bare Surface:
O (6] (0] (0] (0]

T MnO Promoted Surface:

0 (0 8 0 g (0 (0
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(CO+H) coadsorption:
i Bare Surface:

O O O O O

1 MnO Promoted Surface:
(0] (0] 8 (0] 8 0O (0]

(CH+0O) coadsorption:
i Bare Surface:
O
(0] (0] (0] (0] (@)
1 MnO Promoted Surface:
(0]

(C+H) coadsorption:
{1 Bare Surface:
(] O O O O
1 MnO Promoted Surface:
O O 8 O 8 O O

3.1.6.The Vibrational Frequency for Adsorbed Surface and

Molecule

The vibrational frequencyas calculatefor adsorbed surfaceAfter vibrational
frequencyfor moleculesvascalculated to find zerpoint 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 weraxed. 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 zdirection There were 6 frequencies at the end of the vibration calculation. The
6 frequency Zergpoint 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
{ Bare Surface:
O O g O O O 3
1 MnO Promoted Surface:
O

O 8 g O O 8 O 3

3.1.7.Nudged Elastic Band (NEB)Calculations

Figure 3.1NEB Calculation for CO Dissociation on 0.25 ML Cidl1) Surface

The most stable adsorption site specified initial state and the most stable
coadsorption site was the final state. Molecule disded 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 befEBCI
calculation. Neb video was helpful to deei the logical dissociation path. When

dissociation reaction occurred step by step, neb calculation was done.

40

























































































































































