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ABSTRACT

MOLECULAR MODELLING OF THE EFFECT OF ALKALI
PROMOTERS ON CO ADSORPTION AND DISSOCIATION ON THE
Co(111) SURFACE

Fischer-Tropsch Synthesis (FTS) is a surface polymerization process that has
been industrially used to convert non-petroleum feedstocks to synthetic transportation
fuels. Modification with an alkali promoter of the Co-based catalysts provided
promising results to obtain hydrocarbons with enhanced olefin content in FTS.
Activation of CO is the key factor to achieve desired end products in FTS, yet the
mechanism related to the CO dissociation behavior on alkali promoted cobalt surfaces
remains unknown. This study aims to examine the impact of alkali promoters (Li, Na,
K) on the adsorption and dissociation characteristics of CO on the Co(111) surface
using Density Functional Theory (DFT). Our results revealed that CO adsorption
energy increased by 32-37% with alkali addition, yet H adsorption energy remained
relatively unchanged. The effect of alkali addition on CO dissociation routes were also
examined. The high activation barrier (>200 kJ/mol) makes it improbable for direct
CO dissociation to occur on alkali promoted Co(111) surfaces under FTS conditions.
For H-assisted pathways, alkali addition increased the activation barrier for HCO and
H>CO dissociation, overall reducing the H-assisted CO dissociation rate. It was found
that alkali addition makes the surface more carbophilic since the C adsorption energy
increased by 7-11% upon alkali addition. Also, with increasing C concentration on the
Co(111) surface, subsurface carbon geometries became more stable. Ultimately, it is
concluded that alkali promoters of Li, Na and K have similar effects on CO adsorption

and dissociation on the Co(111) surface.
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OZET

ALKALI GELISTIRICILERIN Co(111) YUZEYINDEKI CO
ADSORPSIYONUNA VE AYRISMASINA OLAN ETKISININ
MOLEKULER MODELLENMESI

Fischer-Tropsch Sentezi, petrol dis1 hammaddeleri sentetik ulasim yakitlarina
dontistiirmek i¢in endiistriyel olarak kullanilan bir yiizey polimerizasyon reaksiyonudur.
Kobalt bazli katalizorlerin bir alkali gelistirici ile modifikasyonu, FTS’de arttirilmis
olefin igerigine sahip hidrokarbonlar elde etmek adina umut verici sonuglar
dogurmustur. CO'nun aktivasyonu, FTS'de istenen son iiriinleri elde etmek i¢in kilit bir
faktordiir, ancak alkali gelistiriciye sahip kobalt yiizeylerindeki CO ayrisma davranisi
ile ilgili mekanizma hala bilinmemektedir. Bu ¢alisma, alkali gelistiricilerin (Li, Na, K),
Co(111) yiizeyindeki CO adsorpsiyon ve ayrisma davranisina olan etkisini Yogunluk
Fonksiyonel Teorisi (DFT) kullanarak incelemeyi amaglamistir. Adsorpsiyon c¢alismalari
alkali ilavesi ile CO adsorpsiyon enerjisinin %32-37 oraninda arttigim1 ancak H
adsorpsiyon enerjisinin nispeten degismedigini ortaya koymustur. Alkali ilavesinin
CO'nun ayrisma yollar1 tlizerindeki etkisi de incelenmistir. Yiiksek aktivasyon bariyeri
(>200 kJ/mol), FTS kosullar1 altinda alkali destekli Co(111) yiizeylerinde dogrudan CO
ayrigsmasinin meydana gelmesini imkansiz hale getirir. H destekli yollar i¢in alkali
ilavesi, HCO ve H>CO ayrismasina yonelik aktivasyon bariyerini arttirmistir ve genel
olarak H destekli CO ayrisma hizin1 diistirmistiir. Alkali ilavesi lizerine C adsorpsiyon
enerjisinin %7-11 oraninda artmasi nedeniyle alkali ilavesinin yilizeyi daha karbofilik
hale getirdigi bulunmustur. Ayrica Co(111) yiizeyinde C konsantrasyonunun artmasiyla
birlikte ylizey alt1 karbon geometrileri daha kararli hale gelmistir. Nihai olarak, Li, Na
ve K alkali gelistiricilerinin Co(111) ylizeyinde CO adsorpsiyonu ve ayrigsmasi iizerinde

benzer etkilere sahip oldugu sonucuna varilmistir.
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CHAPTER 1

INTRODUCTION

Greenhouse gas emissions resulting from the fossil fuel usage possess a great
threat to environment and humans. Many recent investigations focus on finding
alternative pathways to produce energy to mitigate human civilization’s current reliance
on fossil fuels. Among various energy conversion technologies, Fischer-Tropsch
Synthesis (FTS) stands out as it is a surface polymerization reaction that converts
carbonaceous feedstocks to high quality synthetic transportation fuels. Even though
Fischer-Tropsch synthesis is an industrially applied technology, it still faces challenges
to overcome to compete with current crude oil market.

Cobalt-based FT catalysts are highly applied in the literature due to their various
advantages such as high activity, high stability, and high C-C chain growth ability. The
resulting products of cobalt-based catalysts are usually enriched in paraftins. However,
in order to improve engine efficiency and environmental compliance, olefin content in
liquid fuels needs to be enhanced. Modification of cobalt catalysts with alkali promoters
was found to be an effective way to produce hydrocarbons with high olefin content.

Although the common view is that alkali promoters increase the selectivity of
olefinic products, there are contradictory arguments in the literature on the effects of
alkalis since several experimental studies revealed that activity and selectivity values
change for different alkali promoters 2. The fundamental reason for this difference has
not been clearly explained to this day. In addition, although the mechanism of Fischer-
Tropsch synthesis is still not fully resolved due to the complexity of the reaction, it is
known that CO activation is the key factor to obtain the desired products. However, up
to our knowledge, there are no experimental or computational studies exist in the
literature that investigate the CO dissociation mechanism on alkali promoted cobalt
catalysts.

Fundamental understanding of reaction mechanisms is essential in the field of

catalysis for the rational design and fine-tuning of chemical processes and enhancing



the efficiency and selectivity of chemical reactions. Computational catalyst design has
gained a lot of attention over the years as it provides accurate information about the
chemical phenomena occurring at the nanoscale on catalyst surfaces without time and
cost constraints. It helps researchers to access insights that would be either very difficult
or not possible to obtain through experimental means and design more effective and
sustainable catalysts through changes made at the atomic level.

The aim of this study is to analyze the effect of different alkali promoters (Li20O,
NaxO, K»>0) on CO adsorption and dissociation on the Co(111) surface by using Density
Functional Theory (DFT) calculations. In order to achieve this goal, detailed
investigations based on adsorption studies, vibrational frequency calculations, electronic
charge analysis and transition state calculations were performed. Our calculations show
important mechanistic effects of alkali promoters on the adsorption and dissociation

behavior of CO on the planar Co(111) surface.



CHAPTER 2

BACKGROUND INFORMATION

2.1 Global Energy Crisis and the Effect of Fossil Fuels on Environment

Energy plays a fundamental role in economic growth as numerous production
and consumption activities rely on it as a fundamental input. Nevertheless, the majority
of the energy (%75) used today is generated from fossil fuels *. Humans are highly
dependent on fossil fuels for transportation, power generation, and industrial purposes.
However, depletion of fossil fuel resources and increased energy demand due to
increasing population along with the environmental concerns have led to research on
renewable and clean energy sources.

Carbon dioxide emissions resulting from fossil fuel consumption are the largest
contributor of global greenhouse gas emissions, with a share of about 72% . Carbon
neutrality accounts for achieving a state of equilibrium by both minimizing carbon
dioxide emissions and eliminating the residual carbon dioxide from the atmosphere.
Transportation serves as the cornerstone of every civilization, as it plays a vital role in
economic growth. However, harmful emissions resulting from the fossil fuels in
transportation engines have pushed this sector far from achieving carbon neutrality.
Globally, 14% of the greenhouse emissions come from transportation sector which is
the second biggest contributor after electricity and heat production *. Transportation
sector is highly dependent on fossil fuels considering that 95.9% of it is supplied by
fossil fuels, 1.0% from non-renewable electricity and only 3.1% are supplied by
renewable energy sources °. Approximately 40% of greenhouse gas emissions in urban
areas originate from fossil fuel-powered vehicles. Moreover, toxic gases (CO2, CO,
NOx, SOz, HC, CeHs) emitted from vehicles not only change the climate but also

significantly affect human health by causing fatal diseases like cancer. That’s why



replacing the petroleum derived fuels with renewable energy sources is essential to

reduce air pollution and decrease the reliance on petroleum-based products.

2.2 Alternative Routes to Replace Fossil Fuels

Global efforts are presently in progress to seek alternative fuels that can fulfill
the current and future energy requirements while decreasing the global warming effects.
Highly investigated energy production alternatives are vegetable oils, ethanol, biodiesel,
hydrogen, and synthetic fuels resulting from the Coal to Liquid (CTL) technologies.

Vegetable oils are a group of fats that are extracted from various plant sources
which have gained attention as alternatives for conventional fuels. Vegetable oils can be
used purely or as blends of different vegetable oils. However, it is reported that
application of vegetable oils in diesel engines are challenging due to its properties such
as high viscosity and unsaturated hydrocarbon chain reactivity °. These properties of
vegetable oils potentially result in improper fuel combustion and higher air pollution
emission 6.

Alcohol has been also proposed as an alternative to conventional fuels since it
has a better anti-knock property than gasoline. Additionally, alcohols have lower CO
and unburnt hydrocarbons emissions ’. Due to their high flash point, alcohols are safe to
store and transport. However, alcohols are not widely used in engines due to their high
price and their technical limitations. As an example, ethanol's compatibility with water
can lead to corrosion in metallic engine components. Additionally, ethanol requires a
larger quantity than gasoline to produce an equivalent amount of energy, owing to its
lower heating value 7.

Biodiesel, also referred to as fatty acid methyl ester (FAME), is fully compatible
with conventional diesel engines, requiring no modifications. This compatibility has the
potential to decrease pollutant emissions and reduce exposure to potential carcinogens *.
Biodiesel has various advantageous properties, such as good lubricity and high flash
point °. Also, biodiesel is renewable, biodegradable, non-toxic, and it is free of sulfur
and aromatics ®. Biodiesel is non-toxic as it is produced from natural and renewable
sources '°. However, due to its oxidation and polymerization during combustion or

4



storage, biodiesel is still not fully compatible with conventional fuels ’. Also, the
production cost of biodiesel remains 1.5-3 times higher than that of petroleum-based
diesel °.

Hydrogen has drawn attention as a potential substitute for traditional petroleum-
based fuels due to its nearly emissions-free characteristics. Hydrogen can serve as a
compact energy source in fuel cells and batteries but efficient storage of hydrogen is

7. Sangeeta et al. reported that no approach has

still an ongoing research topic
successfully met the technical requirements for hydrogen storage while simultaneously
satisfying all performance criteria up to this day ’.

Coal liquefaction (Coal to Liquid or CTL) involves the transformation of solid
coal into liquid fuels and chemicals. Two distinct approaches have been employed to
accomplish this task, which are direct coal liquefaction (DCL) and indirect coal
liquefaction (ICL) ’. In direct coal liquefaction, coal undergoes direct hydrogenation.
However, direct coal liquefaction is not favored due to challenges related to the poor
mixing of the three phases in the slurry-phase reactor, which requires the use of heavy-
duty pumps for recirculation ’.

Indirect coal liquefaction begins with coal gasification, which breaks down coal
into synthesis gas (CO + Hy). Then, this syngas can be transformed into liquid fuels and
valuable chemicals with the aid of proper catalysts. In addition to coal, synthesis gas
can be produced from wide range of non-petroleum carbon resources to produce various
hydrocarbon fuels and chemicals ''. Syngas conversion has drawn rousing attention
over the years because it is an efficient and environmentally friendly technology to
replace the existing dependence on petroleum products. Figure 1 represents the possible
end products that can be obtained from syngas conversion through different routes.
Syngas mainly consist of CO and H.. However, depending on the nature of the
feedstock, it may contain small amounts of CO>, CHa, and N>. Also, different feedstocks

will result in different CO/H; ratios which will affect the resulting end product and

selectivity 2.
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Figure 1. Possible syngas conversion routes to value added products. Original drawing
prepared by the author.

Production of liquid fuels through syngas conversion via Fischer-Tropsch
synthesis has gained a lot of attention over the academia and industry as the fuels
generated via Fischer-Tropsch synthesis are fully compatible with modern diesel and
gasoline-powered vehicles 7. The ability to perform Fischer-Tropsch synthesis with
syngas produced from any carbon source increases its attractiveness for researchers.
Fischer-Tropsch synthesis has high thermal and carbon conversion efficiency.
Additionally, fuels produced through Fischer-Tropsch synthesis exhibit significantly
reduced levels of nitrogen oxides (NOx) and particulate emissions '>. Furthermore,
transitioning from petroleum to FTS fuel does not require infrastructure changes for
distribution or storage. Indeed, both coal and natural gas-based Fischer-Tropsch plants
are currently in commercial operation. South Africa has three coal-based plants operated
by Sasol, while PetroSA and Shell have been running two natural gas plants in South
Africa and Malaysia, respectively '*. Even though FTS is an already applied technology
in the industry. There are still major challenges to overcome regarding its globalization

and compatibility with conventional petroleum-based fuels.



2.3 Fischer-Tropsch Synthesis

Fischer-Tropsch synthesis is a chemical process that involves the catalytic
conversion of synthesis gas (syngas, CO and H») into various hydrocarbons, where the
mechanism was first proposed by German scientists Hans Fischer and Franz Tropsch in
1925 . FT synthesis has been extensively used throughout the industry since the
resulting products of FT synthesis include a wide range of hydrocarbons which are
further upgraded to sulfur and aromatic free transportation fuels such as liquefied
petroleum gas (LPG), gasoline, jet fuel, diesel, and wax 12, Another major product of
FT synthesis is light olefins (C2-C4) which are referred to as the building blocks of

many chemical compounds "4,

2.3.1 Mechanism of Fischer-Tropsch Synthesis

Fischer-Tropsch synthesis is a very complex process that involves multiple steps
and the exact mechanism of the FT reaction is still a subject of ongoing research. In
particular, CO dissociation pathways that form monomers and chain growth
mechanisms remain largely unresolved. FT synthesis proceeds through three main steps
which are initiation, chain growth and chain termination.

Many reaction pathways have been proposed to explain the complicated
mechanism of FT synthesis. Figure 2 represents the three most outstanding FT synthesis
pathways which are the carbide mechanism, the CO insertion mechanism, and the
hydroxycarbene mechanism.

Carbide mechanism was originally proposed by Franz Fischer and Hans Tropsch
in 1926 . In the carbide mechanism, both carbon monoxide and hydrogen are
chemisorbed on a metal surface and subsequently dissociate into their monomeric units.
The reaction between surface carbon and hydrogen generates CHy intermediate species.
A low CO dissociation barrier is required for carbide mechanism such that the methane
formation occurs slower than CO activation and therefore chain growth is promoted '°.

However, the calculated activation barriers for CO dissociation on Co(111) and
7



Co(0001) surfaces are usually above 200 kJ/mol which does not explain the observed

TOF values during FT synthesis '*!7. Also, the calculated CO dissociation barrier during
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real-time FT synthesis varies between 100-200 kJ/mol '°. Therefore, alternative

pathways such as H-assisted routes and CO insertion have been proposed.

a) Carbide mechanism b) CO-insertion mechanism c) Hydroxycarbene mechanism
Methanation Methanation +H Methanation
—— CH, 0 > —— CH, co ——> CH,
. . + HCOH*
+CH, +CO “H,0
o Chain- CH,CO* CHCOH*
(CH.*) growth 4
e :-I:{O Chain- +H, Chain-
2 [ growth [ growth
CH* CH;COH*
H o
Chain CaH,
terminat‘thH2 -mez
) CH,* ) C,.1Hy1COH*
CiHiess CiHi: CH,0 Chain = Chain =
termination _~4H, |-H, +CO, +H, termination ~“H,0 [-H,0 \ +H,
+H, | +H,
CHane CiHa, CH,0 CiHani CiHan C.H,0

Figure 2. a) Carbide mechanism, b) CO-insertion mechanism and c¢) Hydroxycarbene
mechanism for chain growth in FT synthesis '°

The presence of hydrogen on the catalyst surface can significantly influence the
CO dissociation mechanism and reduce the energy barrier for the reaction. In the
context of hydrogen-assisted Fischer-Tropsch (FT) synthesis, CO molecules are not
directly dissociated on the metal surface. Firstly, CO forms intermediates such as HCO,
COH, and CH>O with H* species and then these intermediates dissociate into CHx
monomers '°. Experimental and computational studies revealed that the H-assisted
assisted pathway significantly decreases the activation barrier for CO activation '#-2°,

The CO insertion mechanism was initially proposed by Pichler and Schulz in
1970 2!. In the process of CO insertion, CO serves as the monomeric unit that inserts
itself into the developing chain, subsequently undergoing hydrogenation and C—O bond
cleavage '*. It differs from the carbide mechanism primarily due to the formation and

breaking of carbon-oxygen bonds. In the carbide mechanism, cleavage of the C—O bond

occurs first whereas in the CO insertion mechanism the formation of the C—C bond
8



happens first °. In this mechanism, chain growth proceeds through the coupling of CO
with an RCH:> group, rather than through the coupling of two CH> groups. As a result,
this mechanism doesn't rely on a high surface concentration of CH» groups to facilitate
rapid chain growth compared to chain termination '%.

The third established mechanism for Fischer-Tropsch synthesis is referred to as
the hydroxycarbene mechanism. Contrary to the CO insertion mechanism, CO first
hydrogenates to HCO* and subsequently further hydrogenates into HCOH* 4. Within
the hydroxycarbene mechanism, HCOH* engages in condensation polymerization with
an extending RCOH* chain '°. The elimination of water through the condensation of
two hydroxymethylene groups facilitates the creation of C-C bonds '*. The expansion of

the chain is facilitated through the collaboration of oxygenated surface intermediates ',

2.3.2 Operating Conditions of FTS

FT synthesis reaction involves the exothermic polymerization process where the
product selectivity depends on the feed composition, catalyst selection and operating
conditions ', Figure 3 summarizes the product distribution of FT synthesis based on
catalyst selection and operating conditions. FT synthesis is divided into two categories

based on operating conditions ''>?2, Different FT synthesis conditions are:

e High Temperature Fischer-Tropsch (HTFT): High Temperature Fischer-
Tropsch synthesis operates at temperatures 300-350 °C (20-40 bar) and iron
(Fe) is used as the preferred catalyst. Main final products are gasoline and
light olefins.

e Low Temperature Fischer-Tropsch (LTFT): Low Temperature Fischer-
Tropsch is operated at 200-250 °C (20-40 bar) and iron (Fe) and cobalt (Co)

are used as catalysts for the reaction. Main final products are diesel and wax.



Process Operation Mode Catalyst Reactor Type Product

Low Temperature FT
200,220 °oC Cobalt Slurry Bubble [ ﬁ
20-40 bars Bl

H,/CO: 1.7-2.15 F Diesel &Wax
e * Fixed Bed
Fisher Tropsch
Synthesis

High Temperature FT —
300-350 °C N Iron | Fluidized hit || Gasoline &
20-40 bars Bed i Light Olefins
H,/CO << 2 =

Figure 3. Process scheme for HTFT and LTFT. Original drawing prepared by the author.

Selecting the appropriate reactor in Fischer-Tropsch synthesis is essential for
optimizing product distribution, catalyst performance, energy efficiency and scalability.
Efficient removal of heat is the essential function of the reactors for the FT synthesis
owing to fact that the reaction is highly exothermic. Elevated reaction temperatures
result in increased methane production, carbon deposition, and catalyst deactivation
.12 For LTFT, slurry bubble bed reactors and tubular fixed bed reactors are industrially
used 2%, In slurry bed reactors, effective heat removal is achieved by internal cooling
coils. However, separation of product from the catalyst is a major problem. Fixed bed
reactors are desirable for their lower maintenance cost and reduced losses due to
attrition and wear 12?2, Fixed bed reactors have an upper operating limit of 257 °C
therefore excessing this limit may cause carbon deposition hence blockage of the
reactor 2. For HTFT, circulating fluidized bed reactors are commercially used as

temperature control is easy and they have high volumetric capacity >,
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2.3.3. FTS Catalysts

As represented in Figure 1, syngas can be transformed into valuable fuels and
chemicals through CO hydrogenation 3. Activations of both CO and Ha are crucial
factors for syngas conversion to obtain desired end products. CO can undergo both
dissociative and non-dissociative adsorption, but dissociative adsorption is required for
H>. CO activation is driven by the electronic nature of metals which is represented in
Figure 4.

Transition metals are a primary focus for syngas conversion due to their
exceptional capability for adsorbing and dissociating carbon monoxide and hydrogen .
Different electronic natures of transition metals result in different CO dissociation
behavior which results in different product distribution. As an example, the formation of
methanol entails the non-dissociative adsorption of CO on Cu or Pd metals, while the
formation of metal carbides involves the dissociative adsorption of CO on W and Mo

metals 2.

Easy CO dissociation

T\, N TR T TR T T

C Mn Fe Co Ni [Cu
Mo Tc Ru | .Ag

&5

W Re Os .‘ Au

No CO dissociation

Fe gasoline range, oxygenates

Co diesel and wax } Fischer-Tropsch synthesis
Ru mix, but too expensive

Ni methane —————————> Methanation catalysts

Rh ethanol, C,, oxygenates

Pd methanol

]- Methanol synthesis catalyst
Cu methanol

Figure 4. Different CO dissociation characteristics of transition metals and their effect
on product distribution #*
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Most of the research on syngas conversion involves designing a stable transition
metal-based catalyst with desired selectivity and high activity along with many other
structural and chemical properties.

Carbon number distribution of the resulting product of FT synthesis follows the
distribution law of Anderson—Schulz—Flory (ASF) (Figure 5) which states that the
highest selectivity of products is limited to C2—C4 57%, Cs—Co 39% and C10—C20 39%.
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Figure 5. Product distribution of FT synthesis according to Anderson—Schulz—Flory
(ASF) model 24

Reactor type and process conditions can emend product selectivity, but catalysts
are the key to achieve desired product selectivity at industrially feasible conditions. The
conventional FT process is dominated by three catalysts which are cobalt (Co), iron (Fe)
and ruthenium (Ru) because of their exceptional capability to adsorb and dissociate CO
and Hz 11225 Nickel (Ni) can also be used for FT synthesis, but nickel tends to promote
methane formation thus generally it is not preferred. Even though Ru has the highest
activity among other proposed catalysts, its high cost and low abundance limits its
suitability for industrial applications. It is typically employed as a reduction promoter
for cobalt-based FT catalysts .
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Fe is the most used FT catalyst in the industry because of its advantages such as
low methane selectivity, low price, and good catalytic activity '"'?>?°. Fe-based catalysts
improve the olefin content due to their weak carbon chain growth ability and suitable
hydrogenation strength. Fe can be operated in both high temperature and low
temperature regime where Co only operates in the low temperature regime. One
drawback of the Fe-based catalysts is the high water-gas-shift (WGS) activity resulting
in a significant amount of CO». Therefore, iron is more suitable for lower H»/CO ratio
syngas such as those derived from coal or biomass 1223,

Co-based catalysts have higher activity compared to Fe, higher C-C chain
growth ability, more stability, lower water gas shift reaction (WGS) activity and longer
lifetime 122, The cost of Co is significantly higher than Fe but it is a useful alternative
since it demonstrates activity at lower pressure where high cost can be offset by lower
operating costs. Cobalt catalysts are preferred for FT synthesis using natural gas-derived
syngas with a higher Ho/CO ratio and lower sulfur content because cobalt is more
sensitive to sulfur impurities compared to Fe 11225,

Essential characteristics of a FT catalyst are the ability to adsorb and dissociate
the C-O bond, and good adsorption capacity for H». The rate of CO dissociation
depends on the control of localized electron density at the active catalyst surface
through electronic back donation to the 2n* antibonding molecular orbital of CO 2,
Figure 6 represents the effect of electronic back donation of metal particles on the
interaction of species. If back-donation is weak, CO will weakly bound on the surface.
In opposition, if back-donation is strong, the C-O bond weakens. To achieve desired
catalyst selectivity without forming any undesired by-products, the balance of the
electron back donation needs to be held. The perfectly balanced electron back donation
ability of Co is one of the reasons why Co is one of the most used FT catalysts among

others. Active metal’s electron density can be altered by incorporating particular

promoters and support materials ',
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Figure 6. Effect of electronic back donation of metal particle on the interaction of
species 12

2.4 Cobalt-based FTS Catalysts

2.4.1 Catalytic Performance of Cobalt-based FTS Catalysts

Cobalt-based FTS catalysts have attracted attention over the years for the
production of long-chain hydrocarbons due to their various properties such as high
catalytic activity, low WGSR activity and high stability 122 Contrary to Fe-based
catalysts, cobalt catalysts are more sensitive to temperature and they can operate well
under specifically selected temperatures and H2/CO ratios. Also, the cobalt catalyst’s
structure and electron density could be affected by the incorporation of a support or
promoter. Table 1 represents the various Co-based catalysts studied on different

supporting materials and promoters by different authors.
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Table 1. Activity of different Co-based FT catalysts

Catalyst Promoter ! F H2/CO Product co Ref
(°C) (bar) Selectivity (%) conversion(%)

Co/ALLOs - 220 25 2 90 Cs+ 25 25
Co/TiO; Ag 220 20 2 89 Cs+ 33.9 26
Co/ALLOs Na 250 - 2 97.4 Cs- 48.7 2
Co/ZSM-5 Pt 250 20 2 27 Cs+ 52.2 11
Co/SBA - 220 20 2 64.7 Cs- 23.1 27
Co/SBA Re 220 20 2 74.2 Cs- 43 27
Co/CNT Ru 220 20 2 82.5 Cs+ 314 28
Co/S10,+ZSM-5 Pt 250 20 2 60.5 Cio+ 26.4 11
Co/a-ALO3 Re 210 20 2 80.8 Cs+ 42.8 29
Co/Si0O, - 210 20 2 81.7 Cs+ 40.4 29
Co/AlLO3 Ru 220 22 2.1 85.2 Cs+ 50.8 2

Aluminum oxide (Al203), titanium dioxide (TiO;) and silicon oxide (SiO2) are
the most industrially used supports for cobalt catalysts. TiO; is an important support
considering its high chemical and thermal stability, corrosion resistance and high
specific surface area ''?°. The metal interaction of TiO: is mostly governed by its crystal
phase. Shimura et al. investigated the effect of the crystal phase of TiO> on Co metal
particles at 230 °C and 10 bar in a slurry bed reactor *°. Their research revealed that
Co/TiO> catalysts prepared using TiO> containing more than 15% rutile phase exhibited
approximately four times higher CO conversion rates compared to those derived from
pure anatase TiO;.

Si0z is preferred for FTS due to its abilities such as high surface area, narrow
pore size distribution and ordered pore structure where those properties can enhance
properties of the catalyst such as dispersion, reducibility, and thermal stability ',
Alumina is a widely employed support for FTS catalysts due to its favorable textural
properties, which facilitate the loading of active metals and enhance the accessibility of

1 Storsater et al. investigated the influence of y-ALO3, SiO and TiO:

active sites
supports on the shape, appearance, size, and reducibility on Co particles *. Particle size
and dispersion of the Co® and Co3Os particles were calculated by H» adsorption and

XRD. Calculated results showed that Co® and Co3Os particle sizes are controlled by the
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pore diameter of the support. The TEM images revealed that on SiO> and Al,O3, C0o304
appears as agglomerates of different sizes. On TiO2, Co0304 is found as single particles.
The N2 desorption curve showed that the pore size distribution is broader for the SiO»
supported catalysts compared to Al>O3. The pore size distribution of the TiO» supported
Co is much broader compared to Al2O3 and SiO> supports.

Promoters can be used as electronic modifiers, stabilizers, and structural
modifiers. Structural promoters (TiO2, Al,Os3, and SiO2) can modify the surface
properties and electronic promoters can alter the electron density on the surface of the
catalyst. Nobel metals such as platinum (Pt), ruthenium (Ru), and iridium (Ir) are the
most used promoters for FTS since they can facilitate reduction and number of active
sites '!. Ma et al. studied the effect of different noble metal promoters (Pd, Pt, and Ru)
on the activity and selectivity of Co/ALLO;3 catalyst at 220 °C, 22 bar and H2/CO of 2.1
in CSTR 3!. Their results showed that the addition of noble metal promoters doubled the
CO hydrogenation rate as a result of higher Co site density caused by a higher degree of
Co reduction. Transition metals such as zirconium (Zr), manganese (Mn) and cerium
(Ce) can enhance the catalytic activity by the formation of non-reducible species .

In addition to noble and transition metals, alkali and alkali earth metals have
drawn much attention due to their various advantages, such as high activity and
selectivity to heavier hydrocarbons in FTS with Co catalysts. Also, alkali and alkali
earth metals are abundant and much cheaper compared to noble or transition metals.
Osa et al. observed the effect of different alkali metals on the Co catalysts and found
that addition of alkali promoters to Co catalyst inhibits the water-gas shift reaction and
enhance the production of higher molecular hydrocarbons with high olefin content due
to increased cobalt reducibility and cobalt active sites 2. Research has demonstrated that
adding a moderate amount of alkali additives can decrease the surface acidity and
enhance the CO adsorption capacity of cobalt-based catalysts. This effect results in
increased selectivity to 1-olefins and an increase in the olefin/paraffin ratio >4, Alkali
promoters also increase the selectivity towards heavier hydrocarbons and act as electron
donors hence play an important role in stabilizing the surface structure of the catalyst
3233 Zhang et al. reported that the presence of potassium has a substantial influence on
the electronic structure of the surface, resulting in a significant decrease in the work
function and strong electron polarization 2. Zhang et al. also reported that alkali

suppresses stronger adsorption and enhanced dissociation of CO . Therefore, the
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incorporation of alkali metal promoters plays a pivotal role in the carbonization of the
cobalt metal phase and in controlling the active components and products of cobalt-
based catalysts. As alkali promoters are the primary focus of this study, a
comprehensive examination of their characteristics and impact on cobalt-based catalysts

is provided in Chapter 3.

2.4.2 Structure-Performance Relationships of Cobalt-based Catalysts
in FTS

Fundamentally, catalytic activity and product selectivity in FT synthesis depend
directly on the phase and structure of the catalysts utilized in the reaction.
Advancements in surface science techniques and real-time characterization methods
have played a significant role in enhancing our understanding of the fundamental

connection between the catalyst's structure and its performance in the reaction.

2.4.2.1 Effect of Active Phase, Crystallography and Particle Size of
Cobalt Nanoparticle in FTS

FTS 1is a highly structure sensitive reaction as the particle size and
crystallographic structure of Co nanoparticle significantly influences the activity and
selectivity which is proven by experimental and computational studies 3°.
Understanding the chemical state of the active sites and phases is essential for designing
Fischer-Tropsch (FT) catalysts that are highly active and selective. The effect of the

cobalt crystal phase on product selectivity in FT synthesis is shown in Figure 7.
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Figure 7. Effect of cobalt phase on product distribution in FT synthesis 2

It is widely acknowledged that metallic cobalt particles serve as the active phase for
CO hydrogenation in Fischer-Tropsch synthesis. However, it's common to observe
cobalt carbides, cobalt oxides, and composite compounds containing cobalt in
operational FT catalysts 2*. Metallic cobalt can exist in different crystalline forms which
are 0-Co (hcp) and B-Co (fcc). The size of cobalt nanoparticles has an impact on both
the crystal phase and the accessibility of surface sites under reaction conditions *°. It
was reported that cobalt nanoparticles below 20 nm consist of pure fcc phase whereas
above 40 nm cobalt nanoparticles consist of purely hcp phase %°.

The variation in catalytic rates based on particle size arises from alterations in the
density of crystal planes exposed on the nanoparticle surface as the size changes.
During FT synthesis, cobalt nanoparticles are present in the low nanometer range (1-50
nm). Under 100 nm, fcc cobalt was reported to be the most stable phase in cobalt
nanoparticles *. Helden et al. reported (Figure 8) on the effect of cobalt nanoparticle
size on TOF *°. It was found that the highest TOF was achieved between the 5-10 nm
region where there was a rapid drop in TOF above 10 nm. The effect of Co particle size
was negligible when the particle size was larger than 10 nm. Moreover, as the cobalt
particle size increased up to a critical point, the selectivity for methane decreased while

the production of Cs: hydrocarbons increased 2%,
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Figure 8. Effect of cobalt particle size on TOF in FT synthesis *°

Cobalt nanoparticles consist of different facets that show different selectivity and
activity for FT synthesis as shown by experimental and computational studies *!*2.
Helden et al. also revealed that facet density on cobalt nanoparticles is directly affected
by the cobalt particle size *°. Figure 9 represents how the density of different facets of
cobalt nanoparticle changes with increasing particle size. Since the activity of FT
synthesis is facet-dependent, the optimization of the facet density on cobalt nanoparticle
1s essential to achieve high activity and selectivity. Nie et al. studied the effect of
hep(10-11), hep(10-10) and fec(111) facets on FTS activity and selectivity and their
results showed that exposed facets not only affect the activity but also the product
selectivity *!. The highest CO conversion was achieved on fce(111) surface compared to
hcp facets. Qin et al. also investigated the effect of (112), (111) and (001) facets of Co
nanoparticle on FTS activity and selectivity *. Qin et al. found that CO conversion rate
of facets follows the order of (001) > (112) > (111) whereas the Cs+ selectivity follows
the order of (112) > (111) > (001). The main reason for different activity and selectivity
values resulting in different facets lies within the ability of a facet to dissociate CO.
Recent studies have revealed that stepped surfaces are more active for CO dissociation

than flat surfaces on cobalt which results in higher catalyst activity and selectivity

towards heavier hydrocarbons **.
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The conversion of active Co® to cobalt oxides and cobalt carbides can occur due to
interactions with the catalyst supports or reaction conditions *°. The formation of cobalt
oxide (Co304) due to oxidation by water has been suggested as a possible cause of
catalyst deactivation. Surface oxidation is observed under conditions of high CO
conversion and elevated reaction temperatures “°. Additionally, research has indicated
that smaller cobalt particles are more susceptible to surface oxidation compared to
larger particles *°. Small metallic cobalt nanoparticles can readily undergo re-oxidation
to form cobalt oxide during Fischer-Tropsch synthesis.

Cobalt carbide (Co2C) formation was believed to be one of the reasons for catalyst
deactivation in the earlier studies and Co,C formation was thought to be unlikely as the
rate of carbon diffusion over Co to form carbides is very low. However, recent studies
revealed that alkali addition can stabilize carbide formation during FTS *°. Additionally,
the presence of both Co® and Co,C phases were found to create a dual active site for

higher alcohol synthesis 4.
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2.5 Computational Catalyst Design and Surface Science Approaches

Impact of catalysts on society is tremendous as it effects many modern life
activities from chemical synthesis and environmental protection to energy production .
Therefore, optimization and discovery of new catalysts are key to develop industries
with more efficiency while achieving global sustainability goals.

In the field of heterogeneous catalysis, surface science serves as a vital tool for
understanding and optimizing catalyst materials and their interactions with reactants .
All catalytic reactions occur on catalyst surface hence understanding this interface
where reactants adsorb, react, and desorb possess a great importance to understand
catalytic reactions and design more active and selective catalysts. By using the power of
surface science, researchers can investigate and characterize the structural, electronic,
and chemical properties of catalyst surfaces at the atomic and molecular scale.

Even though surface science allows scientists to manipulate catalyst properties with
atomic precision, designing new catalysts is a resourceful process. Therefore,
computational catalyst design has gained emerging importance due to significant
advances in computer power and computational methods. To illustrate the power of
current computational tools, calculation of the transition state for the Diels—Alder
reaction required six months of computational time in the 1980s. The same calculation
took 3.3 seconds in 2021 #'.

Computational catalyst design offers extraordinary capabilities that enhance our
understanding of catalysis and drive the development of more efficient and sustainable
catalytic materials *5. By modeling catalysts at the atomic and molecular scales,
scientists can gain insights into key parameters like adsorption energies, reaction
pathways, and reaction kinetics. Such a granular level of insight is often exceedingly
challenging to attain using experimental methods alone. Furthermore, the manipulation
of parameters like catalyst composition, crystal structure, and active site geometry
empowers researchers to carefully adjust catalysts, tailoring them for optimal
performance in specific reactions. This level of control allows for the creation of
catalysts that are not only highly active but also selective and stable, essential attributes

for practical applications in industrial processes and environmental remediation.
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Computational catalyst design is not only valuable for reducing time and cost but is
also a critical and evolving research field. It complements experimental efforts by
inspiring new directions and facilitating rapid catalyst screening. Additionally, it offers
experimentally testable hypotheses that can guide further research. By integrating
computational design with experimental techniques, researchers can rapidly screen

catalysts for catalyst development and innovation.

2.6 Objectives of the Study

Co-based catalysts are highly used in FT-synthesis due their high activity, high
selectivity to heavier hydrocarbons and thermal/chemical properties. Alkali addition to
Co-based catalysts provided promising results to obtain hydrocarbons with increased
olefin content for FT-synthesis. However, in the literature, there are conflictive
arguments about the effects of alkali promoters.

Due to weakened C-O bond, experimental studies expected CO dissociation rate to
be increased with alkali addition. However, there are no experimental or computational
studies that show alkali promotion results in increased CO dissociation rate on cobalt
catalysts. In addition, the mechanism related to CO dissociation behavior remains
unknown. Furthermore, experimental studies reported different activity and selectivity
values for different alkalis but the fundamental reason for this varying effect is still
unexplained.

In order to explain the conflictive arguments regarding the effects of different alkali
promoters and CO dissociation mechanisms, a Density Functional Theory study is
performed to analyze the effect of alkali promoters (Li, Na, K) on the adsorption and
dissociation behavior of CO on the Co(111) surface and aimed to answer the following
questions:

e What are the effect of alkali promoters on CO adsorption and dissociation on

Co(111) surface?
e What is the effect of alkali coverage on FTS adsorbates?

e What are the effect of alkali promoters on cobalt carbide formation?
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CHAPTER 3

LITERATURE SURVEY

3.1 Effect of Alkali Promoters on Heavy Hydrocarbon and Olefin
Selectivity

Compared to Fe-based FT catalysts, Co-based FT catalysts predominantly yield
long chain (heavy) linear paraffins, with fewer olefins and alcohols as products *.
Experimental observations indicated that modification with an alkali promoter of the
Co-based catalysts resulted in increased olefin content, which is proposed to be due to
reduction of surface acidity and increase of CO adsorption energy >**°. Alkali
promoters act as electronic and structural modifiers on cobalt catalysts to adjust the
catalyst performance and selectivity by altering the surface chemistry and electronic
properties of cobalt particles. Dai et al. reported that the olefin to paraffin ratio for Na
promoted Co/SiO: catalyst was nearly four times higher compared to the unpromoted
catalyst (Figure 10) °°. Osa et al. performed a study to understand the effect of the
addition of alkali metal and alkali-earth metal promoters on cobalt-based catalysts on
FTS activity and on hydrocarbon product distribution 2. Their results reported that C;s-
Cis hydrocarbon selectivity for Co/Al2Os catalyst improved from 6.6% to 21.5% and
26.2% for Na and K promoted Co catalysts, respectively. Increased heavier hydrocarbon
selectivity upon alkali addition was attributed to increase in cobalt particle size due to
an increase in the basicity. Li et al. showed that when alkali promoters were added on
CoMn catalyst, the activity of FTS follows the order of Li > Na > K > Rb whereas the
highest Cs selectivity (%37.6) was achieved with Na ¥. Also, it was found that with
each alkali addition, the olefin to paraffin ratio increased, especially for Na and K

promoted surfaces.
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Figure 10. Olefin to paraffin ratio on Co/SiO; catalyst with different Na loadings *°

Alkali promoters were also reported to be beneficial for the stabilization of active
phases for FTS. Huo et al. studied the effect of KoO promoter on iron-based FTS
catalysts. Their results indicated that K>O can stabilize more active facets during
catalyst synthesis such as Fe(211) >!. The presence of the alkali promoter also promotes
the formation of small particles with significantly higher density of active facets.

Density functional theory (DFT) calculations have been performed in the literature
to explore the effects of different alkali promoters on the FTS activity and selectivity on
Co and other transition metals. Zhang et al. investigated the effect of potassium on
carbon adsorption on the Co(0001) surface **. It was found that the presence of
potassium on the surface increases the adsorption energy of the adsorbed species under
any coverage. Additionally, the presence of potassium enhances the stability of carbon
adsorption configurations. Yang et al. investigated the interaction of alkali metals (Li,
Na, K, Rb, and Cs) with FesO4(111) surface °2. Their results indicated the electron
transfer capacity of alkali promoters follows the order of Li < Na < K = Rb = Cs. They
also analyzed their mobility on Fe3O4(111) surface and found that alkali metals have
simple migration ability on the Fe;O4(111) surface since the calculated activation

barriers are highly insignificant.
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Although there is a common denominator that alkali promoters increase the olefin
selectivity, there are conflicts in the literature on the effects of different alkalis. Yu et al.
studied the effect of different alkali promoters (Li, Na, K, Rb, and Cs) on Ru-based FTS
catalysts and revealed that high electronegative alkali metals (Li and Na) show higher
selectivity to lower olefins (C24=) whereas lower electronegative alkali metals (K, Rb,
Cs) give higher selectivity to long-chain a-olefins (Cs:=) (Figure 11a) 3. Yu et al. also
showed that CO conversion rate varies for different alkalis (Figure 11b). CO conversion
rate follows the following order of Li > Na > K > Rb > Cs. Contrary, Owen et al.
performed a study on Li, Na and K promoters on Co-based FTS catalysts found that Na
promoted catalyst showed the highest Cs+ selectivity whereas K promoted catalyst gave
the highest C»-Cs selectivity !. Li et al. studied the effect of different alkali promoters
(Li, Na, K, Rb and Cs) on iron-based FTS catalysts and achieved the highest Cs+

t 3%, Osa et al. also investigated the effect of

selectivity (46.1%) with K promoted catalys
alkali promoters on Co-based catalysts and found that Na promotion results in higher
olefin ratio compared to K promoted system (Figure 11c) 2.

Recently, Jeske and Kizilkaya et al. studied the effect of different alkali promoters
(Na, K, Cs) on CoRu/Al,O3 catalyst on a combined experimental and computational
study #. Their study showed that at 1.0 Mu/nm? alkali coverage, CTY decreases with
increasing cation size and decreasing electronegativity of alkali promoters. Additionally,
alkali promoters decreased the chain growth ability in the order of Cs > Na > K
compared to unpromoted counterpart. Moreover, their study showed that there were no
distinguishable differences between different alkali promoters in Cs-Cio olefin
selectivity whereas the selectivity values were found as %56.2, %57.2 and %54.2 for
Na, K and Cs promoted catalysts, respectively. The addition of alkali promoters also
increased WGSR activity in the order of Cs > K > Na. Especially, when the Na loading
is changed from 1.0 to 3.0 Ma/nm? , CO; selectivity significantly increased from %1.0
to %8.1. The computational part of the work of Jeske and Kizilkaya et al. also revealed
important factors to understand the promotional effects of alkali promoters. Firstly, they
found that adsorption of alkali promoters were energetically more feasible on stepped
surfaces compared to flat surfaces. Also, they revealed that alkali addition increases CO
adsorption energy but has little or no effect on the H adsorption energy. Finally, their
study on the electronic behavior of the system showed that alkali addition enhances the

electron back-donation from cobalt atoms to CO* which causes an additional charge
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accumulation on CO*. In our work, emphasis was placed on identifying the
fundamental reason for the different behavior of alkali promoters observed in

experimental studies.
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3.2 Effect of Alkali Coverage on FTS Adsorbates

Coverage of alkali promoters on metal surfaces have a significant effect on the FTS
reactants since the alkali metal ions interact with the catalyst surface, modify its
electronic properties, and promote the activation of CO and H». Jeske and Kizilkaya et
al. reported that alkali coverages above 0.25 ML on Co(111) surface results in either CO
desorption to the gas phase or decomposition of the promoter structures **. Jeske and
Kizilkaya et al. also found that decreasing alkali coverage results in increased alkali
adsorption energy (Figure 12) for both Co(111) and Co(211) surfaces. They found that
low basic promoter coverage (< 1 atom/nm?) is necessary to maintain low CH4 and CO,
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selectivity. Additionally, low promoter surface coverages on cobalt were found to be
sufficient to reduce CO hydrogenation activity. Chen et al. studied the effect of K
coverages ranging from 0.040 ML to 0.126 ML on Co(0001), Co(10-11) and Co(10-12)
facets °°. Their results revealed that, the adsorption energy of the promoter decreases
with increasing coverage on all surfaces. Han et al. investigated the effect of K coverage
on Mo2C(001) surface and showed a notable dependence on coverage, primarily due to
the substantial repulsive interactions stemming from the dipole moment of adsorbed K
56, The study of Yang et al. on the coverage effect of alkali metals (Li, Na, K, Rb and
Cs) on Fe304(111) surface revealed that the promoting effect of alkali metals does not
improve with an increase in the quantity of alkali metal present which indicates that

there is an optimum promoter coverage for alkali metals 2.
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Figure 12. Effect of alkali coverage on alkali adsorption energy on Co(111) and
Co(211) surfaces 43

The study of Politano et al. on the effect of alkali promoter coverage on CO
dissociation on Cu(111) and Ni(111) surfaces revealed that alkali coverage dependence
of CO dissociation varies between different transition metals °’. On the Cu(111)
promoted surface, CO dissociation occurs regardless of the alkali coverage, yet the
Ni(111) surface requires a threshold alkali coverage for CO dissociation. Liu et al.
investigated the effect of K promotion on Rh(111) surface and found that K promotion
in CO dissociation on the Rh(111) surface is significantly influenced by the distance
between the potassium and the CO molecule undergoing dissociation . If the distance
between K and the dissociating CO is short (2-3 A), ionic interactions are observed

between the alkali promoter and metal which result in direct K-O bonding. The ionic
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interaction between metal and alkali promoter greatly stabilizes O at the transition state
and reduces the CO dissociation barrier. However, if the distance is above 3 A, there is

only electrostatic interaction between the alkali promoter and CO.

3.3 Effect of Alkali Promoters on Cobalt Carbide Formation

It is known that due to CO dissociation, there will be carbon accumulation on Co
surface during FT synthesis. Excessive C content on Co(111) surface may result in
carbonaceous deposits on the catalyst surface, which can lead to catalyst poisoning and
reduced activity or promote the cobalt carbide formation. As stated in the previous
sections, the possibility of formation of cobalt carbides is low in FT synthesis
conditions. However, alkali addition may also cause cobalt carbide (Co.C) formation

by stabilizing the Co.C phase during FTS process 333>

which can promote the
unwanted water—gas shift reaction (WGSR). Electron donor characteristics of alkali
promoters on Co(111) surface can alter the surface chemistry and make the surface
more carbophilic which promotes the carbide formation **. Dai et al. studied the effect
of Na addition on cobalt formation. Their results indicated that as the Na loading
increases pure hep and fee cobalt phases disappear due to Co,C formation (Figure 13).
Zhang et al. investigated the effect of alkali promoters on cobalt carbide formation and
found that K;O coverage strongly affects the Co,C formation and CoC crystal
morphology *°. Figure 14 represents how alkali coverage changes the Co.C crystal
morphology. The higher K>O coverages results in higher surface energy drops and the
surface energy reduction rates of most C terminated surfaces were found to be higher
than those of the Co-terminated surfaces *°.

Jeske and Kizilkaya et al. reported that alkali oxide addition results in enhanced
WGSR activity (up to 8%) on CoRu/y-Al>Os catalyst **. Presence of both Co® and Co,C
phases were also found to create a dual active site for higher alcohols which reduces the
hydrocarbon selectivity **. DFT study of Pei et al. revealed that Co.C serves as the
active site for non-dissociative adsorption of CO *. On the other hand, metallic cobalt
functions as the active site for the dissociative adsorption of CO and facilitates the
subsequent growth of carbon chains, thus promoting the formation of alcohols.
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Figure 13. TEM images of cobalt catalysts at various Na loadings. a:Co/SiO2-ONa; b:
Co/Si02-0.1Na; c: Co/SiO,. Adapted from the work of Dai et al

Helden et al. investigated the effect of surface carbon concentration on clean
Co(111) surface and revealed that as the carbon coverage increases, due to strong lateral
repulsions, subsurface carbon geometries exhibit increased stability compared to having
all the carbon atoms located on the surface °°. However, carbon migration into the
subsurface layer is not plausible without the presence of an appropriate kinetic pathway
on the Co(111) surface. Therefore, reconstruction of cobalt surface is more anticipated.
In the literature, it has been shown that there is a strong likelihood of carbon
reconstruction on the Co(111) surface above 0.50 ML carbon coverages . Presence of
atoms in the lattice can significantly affect the adsorption characteristics of molecules
and subsequent reactions. Zonnevylle et al. investigated the effect of subsurface carbon
on Co(0001) surface and suggested that the presence of subsurface C decreases the
backbonding capacity of Co metal which results in the reduction of CO adsorption and

dissociation capacity ®!.
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3.4 Effect of Alkali Promoters on CO Dissociation and Effect of CO

Coverage

CO dissociation is the first and rate-limiting step in Fischer-Tropsch synthesis to
convert syngas into hydrocarbons. The C-O bond must be broken to generate
intermediate species that will ultimately lead to the formation of hydrocarbons. The C-O
bond scission is an energy demanding process where a significant amount of energy
needs to be supplied to break the bond. Efficiency of the FT synthesis is therefore
highly dependent on the CO dissociation mechanism. For the Co(111) surface, two
mechanisms have been extensively discussed for CO dissociation which are direct and
H-assisted CO dissociation '®, Direct CO dissociation involves the breaking of the C-O
bond directly on the cobalt surface, while H-assisted CO dissociation involves the

assistance of a hydrogen atom in breaking the C-O bond.
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In normal FT conditions, cobalt surface is mostly covered with CO where the
coverage ranges from 0.6 ML to 1 ML 2. CO coverage on a cobalt surface is crucial for
FTS because it plays a significant role in determining the overall reaction kinetics and
product selectivity during the FTS process. Zijlstra et al. studied the coverage effects in
CO dissociation on low-reactive Co(0001) and high-reactive Co(1121) surfaces 2. Their
results indicate that higher CO coverage results in lower average CO adsorption energy
where the saturation coverage was calculated as 0.6 ML for both surfaces. Step-edge
sites were found to be highly active for CO dissociation at high coverages whereas on a
terrace Co surface, a higher CO coverage leads to a higher activation barrier for CO
dissociation. Therefore, H-assisted pathways are more preferred on terraces. Jeske and
Kizilkaya et al. also reported that slight increase in CO coverage is sufficient to hinder
dissociative H» adsorption by blocking available adsorption sites where lowered CO
hydrogenation rates results in higher selectivity to olefins **. Therefore, CO coverage
significantly affects the CO dissociation mechanism on cobalt surfaces and the
activation of CO is a key factor to achieve desired end products in FTS. Experimental
studies attribute the increased hydrocarbon selectivity with the addition of alkali
promoters to the increase in the rate of CO dissociation 332>, However, up to our
knowledge, there are no experimental or computational studies that show alkali
promotion results in increased CO dissociation rate on cobalt catalysts.

Ma et al. investigated the effect of alkali metals (Li, Na and K) on co-adsorbed

6. The introduction of alkali metal atoms

carbon monoxide on Co(0001) surface
significantly reinforced the stabilization of CO on the substrate surface. This presence
also reduced the surface potential in the vicinity of the CO molecule and weakened the
carbon-oxygen bond. Zhang et. al. performed a study to investigate the CO activation
on the K>O/Cu(111) surface (Figure 15) *2. Their results showed that K»O promotion
makes direct dissociation of CO energetically favorable by decreasing the activation
barrier by 2.50 eV. Also, the activation barrier of HCO formation decreases by 0.18 eV

upon alkali addition.
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CHAPTER 4

COMPUTATIONAL METHODOLOGY

4.1 Computational Tool

Spin-polarized Density Functional Theory (DFT) calculations were performed with
Vienna Ab-Initio Simulation Package (VASP). VASP calculates an approximate solution
to the many-body Schrodinger equation based on density functional theory (DFT).

In the VASP software, fundamental properties such as one-electron orbitals,
electronic charge density, and the local potential are represented using plane wave basis
sets. The electron-ion interactions are characterized through the utilization of norm-
conserving or ultrasoft pseudopotentials, as well as the projector-augmented-wave
method. In this study, the electron-ion interaction was modeled by the projector-
augmented wave (PAW) method ¢ and the exchange-correlation energy was calculated
with the van der Waals (VdW) functional. VAW functional has been selected for this
project because it accounts for long-range, non-local correlations that give rise to VAW
forces (Keesom, Debye, London) which provides more accurate estimations of
adsorption sites and energies, in particular for the adsorption of CO .

VASP requires 4 input files to run which are INCAR, POTCAR, KPOINTS and
POSCAR files. After the calculations are completed, VASP generates various output
files which contain information about various properties of the system such as energy,
vibrations, charge density, atomic coordinates and etc. The content of input and output

files of VASP are listed in Table 2.
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Table 2. Input files required to run VASP and resulting output files

File Name

Description

INCAR

POTCAR

KPOINTS

INPUT FILES

POSCAR

The central input file in VASP serves as a directive to instruct the calculation on
what tasks to perform and how to carry them out.

This file contains the pseudopotential for each atomic species used in the
calculation

This file specifies the Bloch vectors (k points) used to sample the Brillouin zone
This file contains the lattice geometry and the positions of atoms within the crystal

structure.

OUTCAR

CHGCAR

CONTCAR

OSZICAR

OUTPUT FILES

XDATCAR

DOSCAR

WAVECAR

The primary output file where various information can be found such as electronic
steps, forces on atoms, magnetic moments and etc.
This file includes charge density information, lattice vectors, atomic coordinates,

and one-center occupancies.
This file contains information about lattice geometry and position of atoms.

This file offers a concise summary of several critical results, including the selected
self-consistent field (SCF) algorithm, convergence of total energy, charge and spin

densities, free energies, and magnetic moments of the cell.

This file contains the updated positions of ions or atoms for each step in the ionic
relaxation or dynamics calculation.

It contains the total and integrated DOS and optionally the local partial DOS.

It contains the wave function coefficients.

4.1.1 Density Functional Theory

In order to simultaneously capture the thermodynamic properties, electronic

behavior and atomic structure of a system, the Schrodinger equation (Equation 4.1)

needs to be solved. While the form of the Schrodinger equation is well-established,

obtaining exact solutions for realistic systems containing multiple electrons is typically

unattainable, primarily due to the challenges in modelling the exchange-correlation

interactions between these electrons . Considering the three spatial coordinates per

electronic position, the Schrodinger equation becomes a 66-dimensional problem even
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for a simple molecule like CO». Therefore, different approaches have been developed to
overcome the complexity of Schrodinger equation. Among various approaches, density
functional theory (DFT) has been the most widely used approach to solve the
Schrodinger equation. Density functional theory has become the bedrock of

computational catalysis since it offers best balance between accuracy and efficiency .
hZ
——VY + VY = EY (4.1)
2m

In density functional theory, the one-body density is employed as the fundamental
variable, as opposed to the many-body wave function. This approach enhances the
feasibility of DFT, particularly when dealing with large systems . Density functional
theory is founded on the principles of the Hohenberg—Kohn and Kohn—Sham theorems.
The Hohenberg-Kohn theorem provides the foundational theoretical framework for
developing an effective single-particle approach. This approach allows for the
calculation of the ground-state density and energy of systems containing interacting
electrons. The resulting Kohn—Sham equations are the foundations of modern density-
functional theory ®’. The central idea of the Kohn-Sham equation is to approximate the
behavior of a system of interacting electrons by mapping it onto a system of non-
interacting electrons with an effective potential. The Kohn-Sham equation aims to find
the electronic density and energy of the system by solving for the wavefunctions and
eigenvalues of these fictitious non-interacting electrons. The Kohn-Sham equation is
given in Equation 4.2 where v,¢(7), €;, and ¢; are local effective (fictitious) external
potential, orbital energy of the corresponding Kohn—Sham orbital, and Kohn—Sham

orbital, respectively.

(‘ %VZ + Veff(r)) @i(r) = &¢;(r) (4.2)
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In DFT, most important energetic contributions are accounted for by the kinetic
energy of a fictitious non-interacting system and electrostatic interactions of the
electrons. The electronic energy that is not accounted for by the non-interacting kinetic
and electrostatic terms is referred to as the exchange-correlation energy (Exc).
Exchange-correlation effects cannot be computed directly and must instead be
approximated through computational methods. Numerous exchange—correlation density
functionals have been developed over the years to obtain quantum mechanical systems
with high accuracy. Figure 16 represents the Jacob’s ladder of DFT functionals from the
simplest form to more complex and high-accuracy functionals.

Functional methods in computational chemistry are broadly categorized as semi-
empirical and non-empirical. Semi-empirical functionals use flexible electronic density
forms with coefficients fitted to reference values from advanced quantum chemistry
calculations or experimental data, such as the popular B3LYP functional . Non-
empirical functionals, on the other hand, derive their functional forms and parameters
from the many-body Schrodinger equation, making them free from empirical
parameters. An example of a widely used non-empirical functional is the Perdew-
Burke-Ernzerhof (PBE) functional, particularly prominent in computational materials
science .

The simplest functional model is based on the Hatree Fork theory where the
exchange—correlation energy is considered as zero. In the case of the local density
approximation (LDA), the exchange-correlation functional depends solely on the
electronic density. However, the accuracy of LDA functional is lacking as LDA
functionals tend to over-estimate the strength of the binding of molecules on the surface
and shorter bond lengths . Better accuracy generalized gradient approximation (GGA)
is proposed which includes the dependence of the magnitude of the gradient of the
electronic density ®. Numerous GGA (B88, PW91, BLYP, and PBE) and meta-GGA
(B88C, B95, Becke Roussel, and TPSS) exchange—correlation functionals have been
developed in the literature . Another category of approximations for the exchange-
correlation energy is represented by hybrid functionals, which blend a portion of exact
exchange with generalized gradient approximation (GGA) exchange. Hybrid functionals

have proven to be highly effective in the field of quantum chemistry.
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The key advantage of DFT lies in its practical solvability for systems comprising
approximately up to 100 atoms, as it demands comparatively lower computational
resources per atom than other quantum mechanical methods ®. DFT can accurately
compute various chemical properties, including adsorption energies and geometries,
adsorption structures, transition state geometries and energies, vibrational frequencies,
and more. Even though DFT is an extremely powerful tool for computational catalyst
design, one should always be aware of its limitations as the accuracy of density
functional theory (DFT) relies on the thoughtful selection of the exchange-correlation

functional.

4.2 Modelling Approaches in Computational Catalysis

As mentioned in previous section, due to its high computational cost, DFT
calculations are limited to systems with several atoms, typically below 100. Therefore,

different atomistic models are used to define a system which will represent the whole
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nanoparticle. Two most common methods used in computational catalyst design are

cluster and slab models which are demonstrated in Figure 17.

Top
view

&t

Side
view

(@) (b)

Figure 17. Visual representation of a) cluster and b) slab models "

A cluster model involves selecting a specific group of atoms or molecules from a
larger system and studying their properties and interactions in isolation, without
considering the surrounding environment. Cluster models are particularly useful for
investigating the local properties and reactivity of a specific region within a larger
system. Cluster models are valuable for reducing the computational complexity of
simulations, making it more feasible to perform calculations that would be
computationally expensive or time-consuming for the entire system ’°. However, it's
important to note that cluster models have limitations, as they may not accurately
capture the influence of the surrounding environment or long-range effects on the
properties being studied.

A slab model is a representation of a crystalline surface or interface. It involves
creating a finite, repeating unit of a crystal structure, often composed of atoms or
molecules arranged in layers, and studying the properties and interactions of this surface
region. Slab models are used to simulate the behavior of surfaces and interfaces in

various materials, including metals, semiconductors, and insulators. Slab models are
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valuable for studying surface properties, adsorption processes, and reactions occurring
at the surfaces of materials ’!. Unlike cluster models that focus on a specific group of
atoms or molecules, slab models provide a more realistic representation of a surface by
considering the interactions between surface atoms and their neighboring atoms within
the bulk material.

For large metal nanoparticles exceeding 5 nm in size, periodic slab models provide
excellent approximations ’!. These models effectively capture the delocalized electronic
structure of metals and the relatively flat local curvature of larger nanoparticles.
Consequently, slab models have become a prominent choice for simulating
heterogeneous catalysts. Slab models provide a more realistic representation of the
surfaces of catalyst materials, capturing the atomic and molecular arrangements at the
catalyst's active sites ''. They offer valuable insights into the mechanisms of catalytic
reactions, aiding in the development of efficient and sustainable catalysts for a wide
range of chemical processes and applications. Based on the advantages listed above, a
slab model was selected for this project to represent the Co nanoparticle as adsorption

sites and CO dissociation mechanism needs to be studied on the surface.

4.2.1 Surface Model

Fcc cobalt was reported to be the most stable phase in cobalt nanoparticles below
100 nm *°. Fec Co nanoparticles tend to favor a regular truncated octahedral shape and
these nanoparticles predominantly expose close-packed (111) terraces and step-edges
(Figure 18a). According to Wulff construction, (111) facet (terrace) is the most

favorable facet on fcc-Co *

!, Helden et al. showed that with increasing size of Co
nanoparticle from 1 nm to 8 nm, the terrace site fraction decreases from 100% to 65%
but it is still the highest facet fraction on Co nanoparticles under relevant FTS

conditions (Figure 18b) °.
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Figure 18. a) Different facets on cobalt nanoparticle and b) Effect of cobalt particle size
on surface fraction of 2B3 (terrace site) *°

In addition to being the most abundant facet on the surface, Co(111) facet was
reported to be active for the FTS reaction. Nie et al. studied the effect of hep(10-11),
hep(10-10) and fee(111) facets on FTS activity and selectivity and their results showed
that highest CO conversion was achieved on fcc(111) surface compared to hep facets 1.
Qin et al. also investigated the effect of (112), (111) and (001) facets of Co nanoparticle
on FTS activity and selectivity **. Qin et al. found that (111) facet showed a CO
conversion value of 37.2% and Cs+ selectivity value of 57.5%. Since the cobalt
nanoparticle surface is mostly occupied by (111) facet and it is active towards FTS, the

primary emphasis of this study was directed towards examining the Co(111) surface.

4.3 Bulk Optimization

A bulk system is a representation of a material or substance that is not affected by
its surface characteristics. Bulk optimization in DFT includes volume relaxation,
ENCUT optimization, and KPOINT optimization. Volume relaxation involves finding
the geometry with the lowest energy and determining the lattice constant. The surfaces
were cut from a bulk fcc-Co structure with an optimized lattice parameter of 3.56 A.

In the Materials Studio software program, a p(3x3) surface was generated by

specifying the lattice constant and entering the space group. Bulk contains 9 cobalt
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atoms in each layer with a total of 4 layers. Top and side views of the optimized p(3x3)
Co(111) surface is represented in Figure 19. To prevent coupling between consecutive

slabs in the z-direction, a minimum vacuum height of 10 A was included.

Figure 19. a) Side view and b) Top view of modelled p(3x3) Co(111) surface

The ENCUT value represents the maximum kinetic energy cutoff for the plane
waves used to expand the electronic wavefunctions in the DFT calculations. A higher
ENCUT value includes more plane waves in the calculation, which can lead to more
accurate results but also increases the computational cost. Conversely, a lower ENCUT
value reduces the computational cost but may sacrifice accuracy. ENCUT optimization
was performed to determine the optimum ENCUT value which was found as 500 eV.

The reciprocal space was sampled with (3x3x1) k-points grid for p(3x3)-Co(111)
by using Monkhorst-Pack method %72, During the optimization of promoters and
adsorbates, atoms located in the bottom half of the slabs in the z-direction were kept
fixed at their pre-optimized positions. Meanwhile, all other atoms were allowed to relax
and adjust their positions. The optimization of the structural models continued until the
forces acting on the atoms reached a magnitude smaller than 0.01 eV/A. Additionally,

dipole corrections were applied in the z-direction for all optimization steps.
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4.4 Clean Surface and Gas Phase Optimizations

Before studying adsorption of FTS adsorbates and analyzing CO dissociation

reactions, firstly the Co(111) surface needs to be optimized for accurate results. The use

of accurate input files and input commands is crucial for obtaining precise and reliable

results in computational simulations and calculations. A sample INCAR file for surface

optimization and explanation of input commands are given in Table 3.

Table 3. INCAR file for clean surface optimization

TAGS DEFINITION

NPAR =4 determines the number of parallel jobs

ALGO = Fast specifies the electronic minimization algorithm
ISTART = 1 giermmes whether or not to read the WAVECAR
IDIPOL =3 switches on dipole corrections to the total energy

LDIPOL = . TRUE.

switches on corrections to the potential and forces
in VASP

defines the break condition for the ionic relaxation

EDIFFG =-0.02
loop
ISPIN =2 specifies spin polarization
ICHARG = 1 determines how VASP constructs the initial charge

density

MAGMOM = 36*3 1*0

specifies the initial magnetic moment for each
atom

IBRION =2 determines how the ions are updated and moved

ENCUT = 600 zfe)temﬁes the cutoff energy for the plane-wave-basis

ISMEAR = 1 determines how the partial occupancies fuk are set
for each orbital

SIGMA =0.2 specifies the width of the smearing

NSW =999 sets the maximum number of ionic steps

LREAL = AUTO determmes whether the prgjectlgn operators are
evaluated in real-space or in reciprocal space

GGA=RE

LUSE VDW =.TRUE.

AGGAC =0.0000

LASPH = . TRUE.

Tags for VDW Functional
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Molecule optimization involves calculating the energy of a molecule in the gas
phase while iteratively adjusting its structure to find the most energetically favorable
configuration. Gas phase energies are used for the calculation of the adsorption energy

for the molecules on adsorbed surfaces.

4.5 Adsorption Energy Calculations

On clean Co(111) surface, there are 4 different adsorption sites that atoms and

molecules can adsorb which are represented in Figure 20.

w=s Bridge ‘ Hollow-hcp . Hollow-fcc . Top

Figure 20. Different adsorption sites on Co(111) surface

The adsorption energy is calculated as the energy difference between the total
energy of the adsorbate-surface system and the sum of the energies of the isolated
adsorbate and the clean, unoccupied surface. The adsorption energy equation which was
used to measure the strength of adsorbent substrate adsorption are defined in Equation

4.3 where Egyp, Emor, and Ergp/5up are total energies of substrate, total energies of free
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adsorbent, and total energy of adsorbent substrate system in its equilibrium state,

respectively.

Eaas = Esup + Emor — Emol/sub (4.3)

4.6 Calculations Related to Vibrational Frequencies of Adsorbates and

Electronic Charge

Vibrational frequency analyses are performed to analyze the effect of promoter
addition on the C-O bond strength. It has long been known qualitatively that, shorter
bond lengths lead to higher force constants and higher vibrational frequencies, while
longer bond lengths result in lower force constants and lower vibrational frequencies.

Bader charge analysis 77

was performed to investigate changes in electronic
charge on cobalt and adsorbates as a result of the deposition of various alkali promoters
(Li2O, Na20, K20) on Co(111) surface. Henkelman et al. have developed an algorithm
for calculating the electronic charges on individual atoms in molecules or crystals based
on the Bader partitioning scheme . This approach relies solely on the electron density

and determines the partitioning based on zero-flux surfaces.

4.7 Transition State Calculations

Henry Eyring developed the transition state theory in 1935 as an alternative to the
previously employed Arrhenius equation and collision theory to explain chemical
reactions '®. According to transition state theory (TST), there exists an intermediate state
known as the transition state situated between the initial state composed of reactant
molecules and the final state comprising product molecules. In the transition state, the

reactants are combined in a species called as activated complex which is formed at
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maximum energy. For a reaction to proceed, this maximum energy point, which is also
referred as activation barrier, needs to be overcome. After surpassing the energy barrier,
the reaction is able to proceed and product formation occurs.

The transition state theory holds crucial importance in surface science and catalysis.
It enables the comprehension of reaction mechanisms on catalytic surfaces, facilitating
the design and optimization of catalysts, prediction of reaction kinetics, control of
selectivity, and understanding catalyst deactivation processes. TST also aids in
quantifying surface coverage, and its application in computational chemistry allows for
accurate modeling of surface reactions, offering valuable insights into a wide range of
industries, including the chemical, petrochemical, pharmaceutical, and environmental
sectors.

Numerous transition state research techniques can be found in the scientific
literature. For example, if the only known variable is the initial state, the dimer method
is the most appropriate method which is available in softwares such as VASP 7.
Methods like Conjugate Peak Refinement (CPR) and the Ridge method have been
developed for identifying fluid phase transition states and energy barriers. These
methods are incorporated into software programs like CHARMM . However, when
both the initial and final states are defined, the Nudged Elastic Band (NEB) method is
the most commonly used approach which is applicable in VASP, CASTEP, GPAW and

Quantum Espresso ©.

4.7.1 Nudged Elastic Band (NEB) Method

The Nudged Elastic Band (NEB) method is a widely used computational technique
for studying the minimum energy path (MEP) or transition state of a chemical or
physical process . NEB introduces a set of "images" or intermediate states between the
initial and final states. These images represent the pathway that connects the two states
(Figure 21). Each image seeks to attain the lowest energy possible while preserving
equal spacing from neighboring images. An imaginary spring-like "elastic band"
connects the images. The images are moved along this band in such a way that they
converge toward the minimum energy path.
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Figure 21. Visual representation of reaction pathway with NEB 8

In the initial stage of a NEB calculation, the geometries of both the initial and final
systems are optimized to minimize their energy. Subsequently, a preliminary
approximation of the reaction pathway is constructed by generating a series of
intermediate images through linear interpolation between the initial and final systems.
Ultimately, the reaction path is determined by carrying out a simultaneous optimization
of all the images. In the NEB method, the images are not independent from each other.
The forces acting on each image depend on their neighboring images. During each step
of the optimization, the forces parallel to the reaction path are eliminated, and a spring
force is introduced to keep each image positioned between its neighboring images. This
process guides the images to converge toward the minimum energy pathway connecting
the initial and final states. This prevents the images from sliding toward either the initial
or final reaction states and ensures their even distribution along the reaction path.
Within the NEB path optimization, a climbing image algorithm is employed to guide the
highest-energy image toward the transition state ”°. This specific image experiences a
modification in which it no longer responds to the spring forces along the pathway.
Instead, the true force acting on this image along the tangent is reversed, causing the
image to maximize its energy along the path while minimizing it in all other directions,
ultimately converging precisely at the saddle point. All TS candidates obtained by CI-
NEB”’ calculations are further confirmed to as the actual transition states, based on

having a single imaginary vibrational mode.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Effect of Alkali Promoters on the Adsorption of the Reactants and
Intermediates of FTS on Co(111)

5.1.1 Adsorption of Oxidic Promoters (Li2O, Na;O and K;O) on
Co(111) surface

This project aims to analyze the effect of alkali promoters on CO adsorption and
dissociation on the Co(111) surface. In order to understand the effect of alkali
promoters, firstly the adsorption of oxidic promoters (Li2O, Na,O and K,O) was
studied. Table 4 and Figure 22 represent the adsorption energies and most stable
adsorption geometries of alkali promoters, respectively. Alkali promoters were modelled
in their oxidic form and as repetitive units on Co(111) since experimental studies
showed that oxidic promoters are dispersed on metal surfaces and bind the surface
through their oxygen atoms and they are most stable in their oxidic form under real FTS

conditions 3%

. Zang et al. reported that K>O is thermodynamically stable under
relevant FTS conditions *°. It is less likely to decompose into K or metal K nor form
clusters. Adsorption energies for LioO, Na,O and K>O were calculated as 314, 403 and
398 kJ/mol, respectively, where hcp site was slightly more preferred for each oxidic
promoter. Zhang et al. stated that fcc position is the primary adsorption position for K2O
on Cu(111) surface *2. However, there is only 5 kJ/mol difference exist between hcp and
fcc sites for each alkali promoter which indicates that these adsorption sites are
compatible. The small changes in the adsorption configurations and adsorption energies

can be attributed to the high mobility of alkali promoters >+,
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Table 4. Adsorption site and corresponding adsorption energy values for oxidic
promoters at 0.11 ML coverage

Alkali Promoter Adsorption Site AdSOl;ﬂfIi;)l:llolil)nergy
Li20 1;25 j(l)‘g‘
N o -
o o >

Li,0/Co(111) Na,0/Co(111) K,0/Co(111)

eatat et e

Figure 22. Adsorption energy configurations of oxidic promoters on Co(111) at 0.11
ML coverage

As previously reported in surface science and experimental studies, alkali
promoters transfer electrons to the metal surface and alter the surface chemistry hence
affecting the adsorption characteristics of FTS reactants 3233, Table 5 represents the
Bader Charge Analysis for oxidic promoters on the Co(111) surface. Table 5 shows that
when alkali promoters are added on Co(111) surface, they donated electron to the
Co(111) surface and caused an additional charge accumulation. The charge density of
Co particles increased with the increased electronegativity of the alkali promoter. This
increased charge density on cobalt particles is reported to form partially reduced cobalt
particles ®' and promotes olefins’ desorption and restrains the secondary hydrogenation

33 of olefins which is especially beneficial for long-chain olefin production.
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Table 5. Bader charge analysis for oxidic promoters on Co(111) surface at 0.11 ML

coverage
Slab (Top 2 Layer) Alkali Promoter
Clean 0.001
Li.O/Co -0.268 0.272
Na.O/Co -0.090 0.090
K20/Co -0.076 0.070

5.1.2 Adsorption of FTS Adsorbates and Intermediates on Co(111)

Surface

The main reactants of the Fischer-Tropsch (FT) reaction are carbon monoxide (CO)
and hydrogen (H:). The reaction involves the conversion of these gases into
hydrocarbons through a series of chemical reactions. It is known that each catalytic
reaction starts with the adsorption of reactants on the surface. Adsorption strength and
adsorption site of the reactants and intermediates can significantly affect the reaction
pathway, hence product selectivity. Therefore, adsorption of the main reactants and
intermediates of FT synthesis was studied for this project.

In order to find the most stable adsorption position for each reactant, all possible
adsorption sites on the Co(111) surface are screened and their corresponding adsorption
energies are given in Appendix A. Table 6 shows the adsorption energies of FTS
reactants and intermediates at their most stable adsorption positions where the
geometries are represented in Figure 23.

According to Figure 23, alkali addition changes the adsorption preference of CO
from top to hollow site. Also, adsorbates and intermediates mostly preferred the
adsorption sites within the region between the two neighboring alkali promoters. Alkali
promoters acted as electronic donor on the surface and their interaction with the

adsorbates and intermediates stabilized the structures.
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Table 6. CO, C, O, H, HCO and H>CO adsorption energies (kJ/mol) on clean and alkali
promoted Co(111) surface at 0.11 ML coverage

Co(111) Li2O/Co(111) AEad (%) Na;0/Co(111) AEad (%) K:0/Co(111) AEad (%)

(60 -131 -209 37 -194 32 -195 33
C -604 -679 11 -642 6 -652 7
(0] -527 -607 13 -562 6 -569 7
H -276 -275 -0.4 -269 -2.6 -269 -3

HCO -192 -245 28 -252 31 -251 31
H.CO -43 -104 141 -102 137 -97 56

Experimental and computational investigations indicated that CO adsorption energy

4. Our results support the

increases with alkali promoter addition on Co surface
literature since CO adsorption energy increased by 32-37% with alkali addition, but H
adsorption energy remained relatively unchanged. Additionally, adsorption energies of
FTS intermediates, HCO and H2>CO, significantly increased up to 141%. The restricted
hydrogenation capacity along with increased CO adsorption energy is discussed to be
one of the reasons for increased olefin selectivity upon alkali addition on cobalt surfaces
by experimental and computational studies *>3. Moreover, the findings are in line with
the experimental studies that under relevant FTS conditions, the surface of the cobalt
catalyst is mostly occupied by molecular CO ©2,

Even though each alkali promoter’s effect on CO and H> were analogous, the
magnitude of their effect varies. Different effects of alkali can be linked to their
capacity to transfer electrons to the Co(111) surface as charge accumulation on the
Co(111) surface follows the order of Li;O > Na,O > K»0O, whereas CO adsorption
energy follows the order of Li>O > Na,O = K»O. To comprehend the varying effects of
alkali promoters on the adsorption energies of adsorbates, a Bader Charge Analysis was
conducted. The outcomes of this analysis are presented in Table 7. It was found that
when CO was added on the alkali promoted surface, both the alkali promoter and the
Co(111) surface transferred electrons to CO, causing an additional charge accumulation
on CO where CO activation is modulated. The charge accumulation on CO with alkali
addition follows the order of Li,O > Na,O > K»>O which largely correlates with the
corresponding adsorption energies. Alkali addition also increases the charge density on

C*, O* and H*. However, the change between the unpromoted and promoted surface is
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most dramatic in the case of C and CO which supports the statement that alkalis

specifically affect the activation of CO.

K,0/Co(111)

Na,0/Co(111)

Li,0/Co(111)

Co(111)

lean and alkal

Ies on C

Ion geometr

23. CO, C, O, H, HCO and H2CO adsorpt
promoted Co(111) surface at 0.11 ML coverage

Figure
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Table 7. Bader charge analysis results for the adsorbates on clean and alkali promoted
Co(111) surfaces at 0.11 ML Coverage

Clean CO/Co C/Co OlCo H/Co
Slab (Top 2 Layer) 0.001 0.353 0.879 1.034 0.416
Alkali Promoter
Clean Co -0.347
C -0.884
0 -1.038
H -0.408
Slab (Top 2 Layer) 0.001 0.771 0.899 0.864 0.232
Alkali Promoter 0.426 0.386  0.444 0.312
Li,O/Co (6{0] -1.203
C -1.298
0 -1.312
H -0.539
Slab (Top 2 Layer) 0.001 0.750 0.949 0950 0.326
Alkali Promoter 0.126 0.260 0.234 0.121
Na,O/Co (6{0] -1.134
C -1.226
0 -1.192
H -0.453
Slab (Top 2 Layer) 0.001 0.751 1.030 1.106 0.519
Alkali Promoter 0.237 0.069 0.100 -0.030
K.0/Co Co -0.996
C -1.107
0 -1.208
H -0.482

As discussed, alkali addition enhances the extent of back-donation from the
Co(111) surface to adsorbed CO which effects the bond strength between metal-CO and
C-O bonds. In the literature, the interaction between CO and metal particles is often
observed through a noticeable shift in the infrared absorption bands of CO *2. According
to Blyholder model, there's a transfer of electrons from carbon monoxide to the metal
orbitals through the s bond 3. Simultaneously, there's an electron back-donation from
the metal to the vacant 2p* orbitals of CO. This electron flow leads to a reduction in the
bond strength between the carbon and oxygen atoms. Consequently, the infrared
absorption bands exhibit a shift towards lower wave numbers compared to gaseous
phase CO, which typically resonates at 2143 cm'. Figure 24 represents the relationship
between the C-O bond frequency and C-O bond length for CO on clean and alkali
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promoted Co(111) surface. Figure 24 clearly shows that C-O bond frequency decreases
with alkali addition whereas C-O bond length increases subsequently. It is reasonable to

conclude that alkali addition weakens the C-O bond on the Co(111) surface.

2500 1.300
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Figure 24. Relationship between C-O bond length and C-O bond frequency for a) CO
on clean and alkali promoted Co(111) surface at 0.11 ML coverage. Lines
are given to guide the eye.

5.2 Effect of Alkali Coverage on the Adsorption of the Reactants and
Intermediates of FTS on Co(111)

5.2.1 Effect of Alkali Coverage on Oxidic Promoter (Li:O, Na;O and
K;0) Adsorption

The alkali metal ions interact with the catalyst surface and modify its electronic
properties. Therefore, the coverage of alkali promoters on the Co(111) surface is an

important subject to discuss as the position of promoters and adsorbates significantly
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affect the electronic distribution on the surface. In our work, we have compared the
effect of 0.11 ML and 0.06 ML alkali promoter coverages, which correspond to p(3x3)
and p(4x4) unit cells, on the adsorption of FTS reactants. 0.11 ML and 0.06 ML
coverages also corresponds to 0.493 and 0.659 alkali/nm? coverages. Higher promoter
coverages was not studied since the study of Jeske and Kizilkaya et al. revealed that
coverages exceeding 0.25 ML on the Co(111) surface results in either desorption of CO
to the gas phase or decomposition of the promoter structures **. Figure 25 represents the
adsorption geometries of oxidic promoters on the p(4x4) surface and Table 8 shows the

corresponding adsorption energies.

Li,0/Co(111) Na,O/Co(111) K,0/Co(111)

Figure 25. Adsorption energy configurations of oxidic promoters on p(4x4) Co(111)
surface at 0.06 ML coverage

As a result of steric effects, adsorption energies increased from 314 to 336 kJ/mol
for Li;O, from 403 to 437 kJ/mol for NaxO and from 398 to 452 kJ/mol for K,O.
Similar to the p(3x3) surface, hcp adsorption site was slightly more preferred compared
to fec site for each oxidic promoter but the energy difference between the adsorption
sites varies between 3-5 kJ/mol, making the adsorption sites compatible. Decreasing
alkali coverage resulted in increased alkali adsorption energy, which was expected since

with decreasing coverage, repulsive interaction between alkalis also decreases.
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Table 8. Adsorption site and corresponding adsorption energy values for oxidic
promoters on Co(111) surface at 0.06 ML coverage

Alkali Promoter Adsorption Site AdsozﬁtJi/ol:llol;l)nergy
[ o
Na:0 }t{;’f :igz
[ i

Table 9 represents the Bader Charge Analysis for oxidic promoters on Co(111)
surface at 0.06 ML coverage. As expected, with the addition of alkali promoters charge
density on cobalt particles was increased. Compared to the p(3x3) surface, the charge
density on the cobalt surface increased from -0.268 to -0.465 for Li,O, from -0.090 to -
0.515 for Na;O and from -0.076 to -0.277 for K;O. Contrary to p(3x3) surface,
magnitude of charge density does not correlate with the electronegativity of alkali

promoters.

Table 9. Bader charge analysis results for oxidic promoters on the Co(111) surface at
0.06 ML coverage

Slab (Top 2 Layer) Alkali Promoter

Clean -0.095

Li20/Co -0.465 0.372
Na,O/Co -0.515 0.341
K>0O/Co -0.277 0.298

55



5.2.2 Effect of Alkali Coverage on Adsorption Characteristics of FTS
Adsorbates

Figure 26 demonstrates the most stable adsorption positions of the FTS adsorbates
on the p(4x4) surface and Figure 27 compares the adsorption energies of FTS reactants
at 0.11 ML and 0.06 ML coverage at their most stable adsorption positions. All possible
adsorption sites on the p(4x4) surface and their corresponding adsorption energies are
given in Appendix B. When coverage is changed from 0.11 ML to 0.06 ML, the
adsorption site preference of the reactants does not change significantly. The region
between the alkali promoters still created the most stable adsorption geometries for the
reactants.

On clean surface, only the adsorption energy of C significantly changes from 604 to
642 kJ/mol but the coverage does not have a considerable effect on other reactants. On
alkali promoted Co(111) surfaces, when coverage is changed from 0.11 ML to 0.06 ML,
CO adsorption energy decreased from 209 to 179 kJ/mol and from 194 to 176 kJ/mol
for Li,0 and Na2O promoted Co(111) surfaces, respectively. Contrary, CO adsorption
energy on K>O promoted Co(111) surface slightly increased from 194 kJ/mol to 202
kJ/mol. Even though a slight increase in CO adsorption energy is observed for K,O
promoted surface, it is expected to be decreasing with further decreased coverages.
Based on these results, 0.11 ML (0.493 alkali/nm?) coverage is discussed to be the
optimum coverage for alkali promoters on the Co(111) surface as higher coverages
result in CO desorption to the gas phase and lower coverages results in reduced CO

adsorption energy.
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Figure 26. CO, C, O and H adsorption geometries on clean and alkali promoted Co(111)

surfaces at 0.06 ML coverage
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In order to explain the different coverage-related adsorption characteristics of alkali

promoted Co(111) surfaces, Bader Charge Analysis was performed and results are given

in Table 10. According to Table 10, charge density resulting from the electron transfer of

alkali promoter and cobalt surface to CO decreased from -1.203 to -0.928 and from -

1.134 to -0.901 for Li2O and Na,O promoted surfaces, respectively. Contrary, charge

accumulation on CO increased from -0.996 to -1.018 for K,O which well explains the

increased CO adsorption energy for K,O promoted surface when coverage changed

from 0.11 ML to 0.06 ML. Additionally, it was found that decreasing the alkali coverage

also decreases the charge accumulation on C*, O* and H*.

Table 10. Bader charge analysis results for the adsorbates on clean and alkali promoted

Co(111) surfaces at 0.06 ML coverage

Clean CO/Co C/Co O/Co H/Co
Slab (Top 2 Layer) -0.095 0.392 0.892 0.966 0.369
Alkali Promoter
Clean Cco -0.378
C -0.923
0] -0.984
H -0.387
Slab (Top 2 Layer) -0.095 0.491 0.702 0.692 0.037
Alkali Promoter 0.436 0.413 0.422 0.383
Li,O/Co CcoO -0.928
C -1.116
0] -1.165
H -0.420
Slab (Top 2 Layer) -0.095 0.425 0.584 0.811 0.018
Alkali Promoter 0.462 0.439 0.399 0.370
Na,O/Co CcoO -0.901
C -1.072
0] -1.140
H -0.421
Slab (Top 2 Layer) -0.095 0.604 0.803 0.702 0.090
Alkali Promoter 0.486 0.351 0.411 0.305
K,0O/Co CoO -1.018
C -1.109
0] -1.115
H -0.422

58



As mentioned previously, the work of Liu et al. revealed the importance of the
distance between adsorbates and alkali promoter as CO dissociation strongly depends
on the distance from the alkali promoter. In order for an alkali promoter to fully exhibit
its promotional effect, the distance between alkali promoter and CO needs to be lower
than 3 A for ionic interactions to become dominant. Figure 28 represents the distance
between the alkali promoter and CO on 0.11 ML and 0.06 ML surfaces. As expected,
the distance between the alkali promoter and CO increases with increasing atomic
radius of the alkali promoter. As the coverage changes from 0.11 ML to 0.06 ML, the
distance between the alkali promoter and CO decreases for LiO and Na;O promoted
surfaces. There is no considerable change in KO promoted surface. The magnitude of
reduction of the distance also decreases with atomic radius. Ultimately, the distance
between alkali promoter and CO is below 3 A for each alkali promoter at each tested
coverage which indicates that the interaction between alkali promoter and CO will be
ionic and promotional effect of alkali promoters will not be reduced. However, the
calculations also revealed that in order to maximize the efficiency of the CO
dissociation, the fine tuning of alkali-CO distance below 3 A also possesses great
importance. On Na>O promoted surface, even though the distance (2.354 A) between
the alkali promoter and CO is shorter on the 0.06 ML surface, the charge accumulation
on CO (0.11 ML: -1.134, 0.06 ML:-0.901) on the 0.11 ML surface is higher as CO

makes bond with two alkali promoters instead of one.

0.11 ML 2.125R8 2385/& 2.767 R
1.961 R 2.354 R _ o5 e

o w m
i. i' 4 < il" 4 o | = - =

L Ah & M D i e

Figure 28. Distance between alkali promoters and CO at 0.11 and 0.06 ML coverages
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5.3 Effect of Alkali Promoters on CO Dissociation on Co(111)

For Co-based FTS catalysts, two mechanisms have been extensively discussed for
CO dissociation which are direct and H-assisted dissociation '®. All investigated

reactions and their corresponding activation barriers and reaction energies are listed in

Table 11.

Table 11. Investigated reactions and their corresponding activation barriers and reaction

energies
Reaction E. (kdJ/mol) Erxn (kJ/mol)
CO—-C+0 276 100
CO+H— HCO 120 100
Clean HCO—-CH+O 77 -61
HCO + H — H,CO 43 10
H,CO —- CH,+ O 63 -56
CO—-C+0 241 112
CO+H— HCO 103 88
Li:O HCO—-CH+O 88 -52
HCO + H — H,CO 45 1
H,CO —- CH, +O 80 -47
CO—-C+0 240 117
CO+H— HCO 92 88
Na,O HCO—-CH+O 95 -19
HCO + H — H,CO 25 4
H,CO —- CH,+ O 95 -2
CO—-C+0O 237 119
CO+H — HCO 100 86
K;O HCO—-CH+O 153 -15
HCO + H — H,CO 23 11
H,CO — CH, + O 86 -28
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5.3.1 Direct CO Dissociation

The mechanism of CO dissociation on cobalt surfaces has been extensively studied
using various experimental and theoretical methods '*?°. In order to understand the
effect of alkali promoters on direct CO dissociation, CI-NEB calculations were
performed. Initial, transition and final state geometries are represented in Figure 29 and
PED diagram is given in Figure 30. For the clean Co(111) surface, the activation barrier
and the reaction energy were calculated as 276 kJ/mol and 100 kJ/mol, respectively. In
the literature, activation barriers for direct CO dissociation on Co(111) are calculated as
231.4 kJ/mol and 235 kJ/mol for Co(111) %, The difference between the reported and
literature values may be due to the usage of different functionals for DFT calculations

performed in the other studies.

Co(111)

Li,O/Co(111) &

Na,O/Co(111) &

K,0/Co(111)

Figure 29. Initial, transition and final state geometries of direct CO dissociation on clean
and alkali promoted Co(111) surfaces
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It can be clearly seen that when alkali promoters are added on Co(111) surface,
activation barrier decreased by approximately 35-39 kJ/mol. Similar dissociation
mechanism (Figure 29) was observed in each alkali promoter where O* of the CO

interacts with the alkali promoter and subsequently CO bond stretches compared to its
initial state. For Li,O, Na>O and K>O promoted surfaces, CO bond stretches from 1.168

Ato1.285 A, 1.282 A and 1.269 A, respectively.

Even though alkali oxides decrease the activation barrier and promote CO
dissociation, the calculated barriers are still very high to simulate real life conditions
where CO dissociation barrier during FTS varies between 100-200 kJ/mol '®. Hence, it

can be stated that direct CO dissociation is not likely to take place on clean and alkali
promoted Co(111) surface due to its significantly high activation barrier of >200 kJ/mol
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Figure 30. Potential energy diagram for direct CO dissociation on clean and alkali

promoted Co(111) surface

5.3.2 H-assisted CO Dissociation

The presence of hydrogen on the catalyst surface can significantly influence the
62

CO dissociation mechanism and reduce the energy barrier for the reaction. Experimental



and computational studies revealed that hydrogenation is the preferred path for CO
activation on the flat Co(111) surface '*%°. Also, Yu et al. reported that the direct
dissociation is more favorable on hcp cobalt, while the hydrogen-assisted pathway is
preferable for fcc cobalt >, In the H-assisted FTS, COH, HCO and H.CO have been
proposed as potential key intermediates on Co surfaces based on to the results of the
DFT calculations. Chen et al. reported that, on the flat-Co(111) surface the formation of
HCO as intermediate is more preferred both kinetically and thermodynamically
compared to formation of COH since the hydrogenation of O has 50 kJ/mol higher
activation barrier compared to oxidation of C '>?°, Additionally, Zhang et al. showed
that K>O addition on Cu(111) surface increased the COH activation barrier by 99 kJ/mol
32 Therefore, COH intermediate is excluded from this work.

Figure 31 represents the initial, transition and final state geometries for HCO
mediated CO dissociation on clean and alkali promoted Co(111) surfaces. Potential
energy diagram for the reaction also given in Figure 32. For HCO mediated CO
dissociation, activation barriers for HCO formation and dissociation are calculated as
120 kJ/mol and 100 kJ/mol for clean surface, respectively. It clearly shows that CO
activation via H-assisted route is more plausible than direct CO dissociation into C and
O since significantly higher activation barrier is required for the direct C—O bond
scission.

Alkali addition was found to promote HCO formation since the calculated HCO
formation barriers for Li,O, Na O and K>O promoted surfaces were 103, 95 and 100
kJ/mol, respectively. Adsorption studies also revealed that alkali addition greatly
stabilizes HCO formation as the adsorption energy of HCO increased from 192 kJ/mol
to 245, 252 and 251 kJ/mol on Li>O, Na;O, and K>O promoted surfaces, respectively.
However, alkali addition increased the activation barrier for the dissociation of HCO
into CH and O. Dissociation barriers for the Li2O, NaO, and K»;O promoted Co
surfaces were calculated as 88 kJ/mol, 95 kJ/mol and 153 kJ/mol, respectively. These
reaction barriers are still achievable during FT synthesis since the plausible activation
barriers for FTS ranges between 100-200 kJ/mol. However, alkali promoters do not
appear to show enhanced properties in terms of C-O dissociation. In fact, they decrease
the CO dissociation rate upon addition. Additionally, there are significant differences on
the effect of alkali promoters on CO dissociation. K>O addition significantly decreases

the CO dissociation rate compared to other alkali promoters.
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Co(111)
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Figure 31. Initial, transition and final state geometries of HCO mediated CO
dissociation on clean and alkali promoted Co(111) surface
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Figure 32. Potential energy diagram for HCO mediated CO dissociation on clean and
alkali promoted Co(111) surface

HCO can further hydrogenate into H>CO and subsequently dissociate into CH>
and O. Figure 33 represents the initial, transition and final state geometries for H2.CO
mediated CO dissociation on clean and alkali promoted Co(111) surfaces and
corresponding potential energy diagram is given in Figure 34. On clean Co(111)
surface, activation barriers for H>CO formation and dissociation were calculated as 43
kJ/mol and 63 kJ/mol, respectively. Alkali addition significantly increases the
adsorption energy of HoCO intermediate as adsorption energy of HoCO increased from
4 kJ/mol to 104, 102 and 97 kJ/mol on LiO, Na>O, and KO promoted surfaces,
respectively. H2CO formation barriers on Li2O, Na,O, and K>O surfaces were calculated
as 45, 25, and 23 kJ/mol, respectively. H>CO formation is promoted with the addition of
Naz0O and K>O whereas Li,0 addition does not have a considerable effect on the H,CO
formation. Similar to HCO mediated mechanism, alkali addition increased the
activation barrier of HoCO dissociation into CH> and O where activation barriers for
Li,O, NayO, and K>O promoted surfaces were calculated as 80, 95, and 86 kJ/mol,

respectively.
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Figure 34. Potential energy diagram for H.CO mediated CO dissociation on clean and
alkali promoted Co(111) surface

For H-assisted pathways, although alkali promotion favors the formation of
HCO and H;CO, it increases the activation barrier for HCO and H>CO dissociation,
overall decreasing the H-assisted CO dissociation rate. In order to understand the
increased activation barrier for the H-assisted mechanism, C-O bond length analysis
was performed and the results are represented in Figure 35. The reason for the reduced
CO dissociation rate upon alkali addition is the decreased C-O bond length resulting
from the tilted geometry of HCO and H>CO due to interaction with alkali promoters.

Increased CO bond strength well explains the increased activation barrier upon alkali

addition.
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promoted Co(111) surfaces. Lines are given to guide the eye.

Several experimental studies stated that activity and selectivity values change

1253 Our results indicate that the CO dissociation

for different alkali promoters
mechanism on the alkali promoted Co(111) surface is not responsible for varying
selectivity values for different alkalis, since all three alkali promoters affected the
reaction in a similar way. However, different CO activity values could be linked to the
magnitude of the effect of alkali promoters on HCO and H>CO dissociation barriers.
Additionally, adsorption characteristics of all alkali promoters were found analogous.
Different effects of alkali promoters during the FTS reaction could be resulted
from the varying mobility of alkali promoters. Alkali metals exhibit an increasing
atomic radius and decreasing electronegativities with increasing atomic number. This
phenomenon can have an impact on their mobility and distribution within catalysts,
consequently influencing their catalytic performance. Yu et al. was able to reveal a
correlation between the electronegativity of alkali promoters and their FTS activity on
Ru-based FTS catalysts >>. However, our results on the Co(111) surface revealed no
correlation between alkali promoters’ electronegativity and their effect on CO

adsorption and dissociation. Figure 36 represents the relationship between the charge

transfer capacity of alkali promoters to cobalt surface to adsorption and dissociation
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energy of CO, HCO and H2CO. As shown in Figure 36a, as charge transfer capacity
increases, adsorption energy also increases for HoCO. However, for HCO and CO, no
linear relationship was observed between the charge transfer capacity of alkali
promoters and CO and H,CO adsorption energies. According to Figure 36b, as charge
transfer capacity of alkali promoters increases, activation barrier for CO dissociation
also increases while decreases for HCO dissociation. H>CO dissociation followed a
volcano-like trend. No apparent relationship was observed between CO adsorption

energy and activation energy for CO, HCO and H,CO dissociations.
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Figure 36. Relationship between charge transfer capacity of alkali promoters to cobalt
surface (Ae) and a) adsorption energy (e€V) and b) activation barrier for CO,
HCO and H>CO dissociation. Lines are given to guide the eye.

Li et al. studied the mobility of different alkali promoters (Li, Na, K, Rb and Cs)
on Fe-based catalyst and found that the positions of the alkalis change during FTS
reaction >%. Their results revealed that Li and Na promoters diffuse into the bulk of
catalysts while K mostly concentrates on the surface before the reaction. After FTS
reaction, Li and Na diffuse out of the catalyst bulk while the surface K concentration
remains unchanged. They linked the different activity and selectivity values of different

alkali promoters to their varying mobility as Li and Na decrease the activity while K
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increase the activity of iron catalysts. Further studies on the mobility of alkali promoters
on the Co(111) surface could be useful to reveal the different effects of alkali promoters
on the Co(111) surface.

As mentioned previously, cobalt nanoparticles consist of different facets that
show different activity and selectivity values. Latest studies revealed that stepped
surfaces show much higher CO activity compared to flat surfaces **%4. Further studies
should be focused on analyzing the effect of alkali promoters on stepped surfaces to

explain the increased CO activity and olefin selectivity upon alkali addition.

5.4 Effect of Alkali Promoters on Carbon Coverage

The results presented in Section 5.1 revealed that alkali addition makes the
surface more carbophilic since C adsorption energy increased by 7-13% upon alkali
addition. Zhang et al. examined the impact of K on the Co(0001) surface and concluded
that as the surface carbon concentration rises, the carbon adsorbed on the cobalt surface
undergoes a transformation into carbon chains **. It is also considered as the precursor
to long-chain alkanes or graphene. Valero et al. performed a DFT study on the stability
of carbon on the Co(111) surface and found that Co sites have a strong tendency to be
covered by carbon during the FTS reaction %°. However, this increased C affinity may
either cause a formation of graphene overlayer which could be the reason for
deactivation of Co-based catalysts during FTS or C atoms may diffuse into the
subsurface of Co and cause carbide formation. Experimental and computational studies
revealed that alkali addition can stabilize the cobalt carbide phase during FTS 34
Cobalt carbide formation is not wanted as they shift the selectivity from heavy
hydrocarbons to alcohols and can promote the unwanted WGSR 33#*0, Therefore, a
detailed study was performed to understand the effect of alkali promoters on carbon
coverage.

In our work, 0.11 ML, 0.22 ML, and 0.33 ML carbon coverages were studied on
clean and alkali promoted Co(111) surfaces. Surface carbon geometries are given in

Figure 37 and adsorption energy results are represented in Figure 38. Coverages above
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0.33 ML was not studied as 0.33 ML was the highest coverage that can be achieved on

K20 promoted surface without the formation of carbon chains.

BN

0.11 M 022 M 0.33 ML
A

Co(111)
Li,0/Co(111)
Na,O/Co(111)

K,0/Co(111)

Figure 37. Surface carbon coverages at 0.11, 0.22 and 0.33 ML on clean and alkali
promoted Co(111) surface

For clean Co(111) surface, subsurface C was more stable at every tested
coverage. For alkali promoted Co(111) surfaces, at 0.11 ML coverage, surface C
geometries were found to be more stable compared to subsurface geometries. As the
surface carbon coverage on the alkali promoted Co(111) surface increases, subsurface
carbon geometries became more stable due to strong repulsion between carbon atoms

which may enhance the carbide formation. However, more detailed analyses based on
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the kinetics of subsurface carbon diffusion have to be performed in order to have a clear
understanding of carbide formation.

It was also found that the coverage dependent carbon diffusion effect of alkali
promoters varies. K>O increases the subsurface carbon diffusion rate more compared to
other alkali promoters even at low coverages. Zhang et al. investigated the effect of
alkali promoters on cobalt carbide formation and found that K;O coverage strongly
affects the Co,C formation and Co>C crystal morphology *°. The higher K»O coverages
results in higher surface energy drops and the surface energy reduction rates of most C

terminated surfaces were found to be higher than Co-terminated surfaces.
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Figure 38. Adsorption energies of surface and subsurface carbon atoms on clean and

alkali promoted Co(111) surface at a) 0.11 ML, b) 0.22 ML and c) 0.33 ML
coverages

Zonnevylle et al. investigated the effect of subsurface carbon on the Co(0001)
surface and suggested that the presence of subsurface C decreases the backbonding
capacity of Co metal which results in the reduction of CO adsorption and dissociation
6! In order to understand the effect of C on CO adsorption, Bader Charge Analysis was

performed at 0.11 ML, 0.22 ML, and 0.33 ML C coverages on clean and alkali
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promoted Co(111) surface and represented in Figure 39 along with corresponding CO
adsorption energies. Figure 39 shows that when C is located at subsurface, the charge
accumulation on CO increases except for clean and 0.11 ML Li2O promoted surface.
Also, regardless of the charge transfer, CO adsorption energy was higher at every tested
coverage when C was located at subsurface of Co which indicates that subsurface C

does not poison CO adsorption on the Co(111) surface.

a b

250 0.00 250 0.00
— 0.10 - 0.10
2 -0.20 o -0.20
£ 200 o 030 £ 200 -0.30
= * 040 O = 040 O
& 150 ° 050 ¢ B 050 ‘g
2 060 9 g 060 7
& 070 B & 070
S 100 080 2 5 100 0.80 2
g a0 e . 090 ©
2 -1.00 2 . -1.00
] 2 |
g 30 110 3 50 110
o -1.20 Q ® -1.20
S0 130 R 130

0.11 ML 0.22 ML 0.33 ML 0.11 ML 0.22 ML 0.33 ML
C Covarage C Coverage
Surface C Subsurface C Surface Charge @ Subsurface Charge Surface C Subsurface C Surface Charge  # Subsurface Charge
c d

250 0.00 250 0.00
= 0.10 = 0.10
o -0.20 2 -0.20
55- 200 030 § 200 0.30
t; -0.40 2 = -0.40 g
B 150 050 o & 150 050 o
z 050 S g 060 S
u 070 @ b= 070 W
g 100 080 2 £ wa -0.80 £
8 090 ¥ S 80
2 L 1.00 2 L ° -1.00
g 50 . ° 1.10 g %0 M 110
o] -1.20 o -1.20
Y o 130 Yo 130

0,11 ML Q.22 ML 033ML Q.11 ML 0.22 ML 033 ML
CCoverage C Coverage
Surface C Subsurface C Surface Charge @ Subsurface Charge Surface C Subsurface C Surface Charge @ Subsurface Charge

Figure 39. Charge and adsorption energy values of CO at 0.11 ML, 0.22 ML and 0.33
ML surface and subsurface C coverages on a) Clean, b)Li>O, c)Na2O and
d)K20 promoted Co(111) surface.
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CHAPTER 6

CONCLUSION

In this work, the effect of oxidic alkali (Li, Na and K) promoters on the
adsorption and dissociation mechanism of CO on the Co(111) surface were studied by
using DFT modelling. The adsorption studies showed that adsorption energies of CO,
HCO and H>CO significantly increased upon alkali addition but alkali addition did not
cause a significant effect on other FTS reactants. According to Bader Charge Analysis,
alkali addition on Co(111) surface caused an additional charge accumulation on Co
particles. The charge densities of surface cobalt atoms were increased with increasing
electronegativity of alkalis. For Co(111) surfaces with adsorbed CO, charge transfer
occurred from cobalt atoms and alkali promoter to the adsorbed CO which modulated
the activation of CO. The increased backdonation from surface to CO decreased the
strength of C-O bond which subsequently resulted in 35-39 kJ/mol lower activation
barrier for direct CO dissociation compared to clean Co(111) surface. However, due to
significantly high activation barrier (>200 kJ/mol) of direct CO dissociation, the
reaction is not likely to take place in practical low-temperature FTS conditions. Alkali
addition was also found to increase the activation barriers for HCO and H>CO
dissociation which decreased the overall CO dissociation rate. Yet, H-assisted pathway
was found as the preferred pathway on alkali promoted Co(111) surface and CO
dissociation follows the reaction path of CO + H - HCO —- HCO + H — H,CO —
CH:z + O. The decreased H-assisted CO dissociation rate was attributed to the increased
C-O bond strength resulting from the interaction of HCO and H>CO with alkali
promoter.

Effect of alkali promoter coverage on FTS adsorbates was also studied and
results indicated that 0.11 ML alkali coverage was the optimum alkali coverage on
Co(111) surface. The fine tuning of the distance between alkali promoter and CO under

3 A were found to have a significant importance for the destabilization of adsorbed CO.
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Effect of alkali promoters on carbon coverage was also studied and results
showed that alkali addition makes the surface more carbophilic since C adsorption
energy increased by 7-13% upon alkali addition. Lastly, it was found that presence of C

in Co lattice does not limit the charge transfer capacity of Co nanoparticle to CO.
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APPENDIX A

Adsorption Sites and Corresponding Adsorption Energies on

Alkali Promoted p(3x3) Surface

Adsorption Sites

Li20/Co(111)

Figure A1. Possible adsorption sites on 0.11 ML Li,O promoted Co(111) surface
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Na20/Co(111)

Figure A2. Possible adsorption sites on 0.11 ML Na,O promoted Co(111) surface

K:0/Co(111)

Figure A3. Possible adsorption sites on 0.11 ML K»O promoted Co(111) surface
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Adsorption Energies

Li:0/Co(111)

Table Al. Adsorption energies on different adsorption sites on the 0.11 ML
Li,0/Co(111) surface

Adsorbed Adsorption Adsorption Energy
Species Sites (eV)

hcp4 -1.543

fce2 -2.091

CcO fcc4 -1.785
fces -1.836

fcco -1.788

hepl -6.562

hcp4 -6.371

hep5 -6.511

C feel -6.382
fce2 -6.792

fces -6.258

fccoh -6.379

O hepl -5.540
hcp4 -5.404

feel -5.720

fce2 -6.069

fcc4 -5.755

fces -5.691

fcco -5.719

hcp2 -2.691

hep3 -2.689

hcp4 -2.749

hep5 -2.741

u hcp6 -2.735
feel -2.751

fcc2 -2.756

fcc 4 -2.739

fces -2.687

fcch -2.750
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Na20/Co(111)

Table A2. Adsorption energies on different adsorption sites on the 0.11 ML

NaxO/Co(111) surface
Adsorbed Species Adsorption Sites Adsorption Energy (eV)

hcpl -1.935

hcp2 -1.778

co foc2 1.896
fcch -1.648

hcp2 -6.249

hcp3 -6.094

hcp4 -6.390

c hcp5 -6.422
hcp6 -6.294

fccl -6.295

fcc2 -6.416

fccb -6.416

@) hcpl -5.616
hcp2 -5.463

fcch -5.336

hcpl -2.643

hcp2 -2.653

hcpd -2.621

H hcp5 -2.639
fccl -2.627

fcc2 -2.688

fce3 -2.580

fccd -2.598
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K>0/Co(111)

Table A3. Adsorption energies on different adsorption sites on the 0.11 ML

K>0/Co(111) surface

Adsorbed Species Adsorption Sites Adsorption Energy (eV)

hcp4 -1.838

hep5 -1.948

€O fccd -1.796
fces -1.857

hcp3 -6.518

C hep5 -6.487
fce3 -6.185

fces -6.350

hepl -5.528

hcp3 -5.685

0 hep5 -5.685
feel -5.423

fecd -5.557

fccs -5.741

hepl -2.673

1 hcp5 -2.687
fce2 -2.678

fccs -2.723
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APPENDIX B

Adsorption Sites and Corresponding Adsorption Energies on

Alkali Promoted p(4x4) Surface

Adsorption Sites

Li20/Co(111)

Figure B1. Possible adsorption sites on 0.06 ML Li>O promoted Co(111) surface
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Na20/Co(111)

Figure B2. Possible adsorption sites on 0.06 ML Na>O promoted Co(111) surface

K:0/Co(111)

Figure B3. Possible adsorption sites on 0.06 ML K>O promoted Co(111) surface
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Adsorption Energies

Li:0/Co(111)

Table Bl. Adsorption energies on different adsorption sites on the 0.06 ML
Li2O/Co(111) surface

Adsorbed Species Adsorption Sites  Adsorption Energy (eV)

hcpl -1.606
hcp3 -1.745
hcp4 -1.746
hcp5 -1.416
hcp6 -1.709
hcp7 -1.710
CO hcp8 -1.469
fccl -1.709
fccd -1.709
fcch -1.792
fccb -1.791
fcc7 -1.422
fcc8 -1.461
hcpl -6.217
hcp?2 -6.654
hcp3 -6.530
hcp4 -6.529
hcp5 -6.408
hcp6 -6.486
hcp7 -6.487
C hcp8 -6.432
fccl -6.291
fcc2 -6.479
fccd -6.479
fceh -6.479
fccb -6.219
fcc7 -6.165
fcc8 -6.213
@) hcpl -5.850
hcp2 -5.852
hcp5 -5.378
hcp6 -5.774
hcp7 -5.544
hcp8 -5.368
fccl -5.742
fcc2 -5.813
fcc3 -5.142
fccd -5.742
fceh -5.813

(cont. on next page)
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Table B1. (cont)

fccb -5.613
fcc7 -5.303
fce® -5.313
hcpl -2.727
hcp2 -2.757
hcp3 -2.764
hcp4 -2.764
hcp5 -2.801
hcp6 -2.786
hcp7 -2.786
fccl -2.776
fcc2 -2.818
fce3 -2.307
fcca -2.776
fceh -2.818
fccb -2.733
fcc7 -2.821
fce8 -2.823
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Na20/Co(111)

Table B2. Adsorption energies on different adsorption sites on the 0.06 ML

NaxO/Co(111) surface
Adsorbed Species Adsorption Sites Adsorption Energy (eV)

hcpl -1.680

hcp3 -1.560

hcp4 -1.531

co fees -1.760
fcc6 -1.482

fce9 -1.707

hcpl -6.510

hcp2 -6.511

hcp3 -6.228

hcp4 -6.228

hcp5 -6.529

hcp6 -6.408

hcp7 -6.492

c hcp8 -6.412
fecl -6.214

fcc3 -6.338

fecd -6.331

fced -6.165

fcch -6.167

fec7 -6.164

fce8 -6.331

hcp3 -5.422

hcp4 -5.423

hcp6 -5.541

hcp8 -5.400

fecl -5.474

0 fce3 -5.621
fccd -5.596

fceb -5.449

fcc6 -5.315

fee? -5.315

fce8 -5.598

hcpl -2.766

hcp2 -2.765

hcp3 -2.699

hcp4 -2.697

hcp5 -2.778

: hcp6 -2.717
hcp7 -2.767

hcp8 -2.796

fecl -2.739

fec2 -2.787

(cont. on next page)
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Table B2. (cont)

fce3
fcca
fces
fccé
fec7
fce8

-2.772
-2.804
-2.725
-2.809
-2.809
-2.805
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K>0/Co(111)

Table B3. Adsorption energies on different adsorption sites on the 0.06 ML
K>0/Co(111) surface

Adsorbed Species Adsorption Sites  Adsorption Energy (eV)

hcpl -1.555
hcp2 -1.779
hcp4 -1.741
hcp5 -1.742
CcoO hcp6 -2.017
fcel -1.801
fce3 -1.690
fce5 -1.742
fccb -1.875
hcpl -6.402
hcp2 -6.507
hcp3 -6.279
hcp4 -6.522
hcp5 -6.522
hcp6 -6.638
C hcp7 -6.435
fcel -6.350
fce3 -6.255
fccd -6.337
fceh -6.303
fccb -6.275
fcc7 -6.332
hcpl -5.410
hcp3 -5.457
hcp4 -5.648
hcp6 -5.705
0 hcp? -5.422
fcel -5.373
fce3 -5.485
fccd -5.495
fceh -5.586
fcch -5.517
hcpl -2.789
hcp2 -2.773
hcp3 -2.706
hcp4 -2.772
H hcp5 -2.771
hcp6 -2.792
hcp? -2.774
fccl -2.810
fcc2 -2.789

(cont. on next page)
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Table B3. (cont)

fce3
fccd
fceh
fccb
fcc7

-2.759
-2.803
-2.806
-2.806
-2.808
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