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Chapter 1  

 

Introduction 

 

1.1 The Energy Challenge 

Energy in various forms is an integral part of our lives. It plays a central role in socio-economic 

development of a country [1]. A sufficient amount of energy resources is necessary to ensure 

high living standards and to drive economic growth. The increasing global energy demand (a 

doubling is expected by 2050) arising from a larger world population and higher living 

standards makes a secure supply of sufficient energy in the coming decades highly challenging 

[2-4]. A serious problem associated with higher global energy demand is the limited availability 

of easily accessible fossil resources. The proved reserves for oil, natural gas and coal, and the 

estimated number of years they can meet the current demand are shown in Figure 1.1. [5]. 

Despite the expectation that the share of renewable energy in the energy mix will rapidly 

increase, it is foreseen that a major part of the energy production in 2040 will still be derived 

from fossil reserves (see Figure 1.2). The slow integration of renewable energy is associated 

with the vast scale of the current fossil-based energy infrastructure. 

There are also certain limitations associated with alternative energy sources. Nuclear energy 

is reliable and safe, but there is a substantial public concern about waste and (largely 

contained) nuclear incidents. It is also relatively expensive and one has to take into account 

the limited reserves of fissile material. Accordingly, there is much attention to use sustainable 

alternatives such as wind and solar energy. These are however intermittently available and, 

when implemented at a large scale, require backup facilities. Biomass is considered to have a 

potential to cover a certain fraction of the projected renewable energy in the near future [6, 

7], but a concern is that large-scale biomass production competes with food production [8]. 

Unconventional sources of energy such as shale gas and methane hydrates have also drawn 

attention. Methane hydrate resources have a great potential as a fuel source [9], yet there is 

concern related to the cost effectiveness and possible effects on the climate [10-11].  
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Figure 1.1. Fossil fuel reserves (darker bars) and estimated consumption years (lighter bars) 
of relevant fuels according to BP Statistical review (2017). “BTOE” means billion metric tons 
of oil equivalents.  
 

From the above, it is clear the fossil fuels (natural gas, oil and coal) will remain an important 

contributer to the energy mix deep into the 21st century. A major drawback of using fossil 

resources is the emission of CO2, which is a greenhouse gas and suspected to be the main 

cause of global warming. The global energy-related CO2 emissions are projected to increase 

by approximately 34% in 2040 as compared to 2012 [12]. The Paris agreement went into effect 

in 2016 and aims to strengthen the global response to the threat of climate change by keeping 

a global temperature rise this century well below 2 degrees Celsius above pre-industrial levels 

and to pursue efforts to limit the temperature increase even further to 1.5 degrees Celsius. 

Although carbon capture and storage (CCS) technologies provides an intermittent solution, it 

should be noted that to comply with the Paris agreement we cannot burn all the remaining 

fossil fuels. Therefore, we have to start integrating sustainable energy sources such as solar 

energy (wind, solar and biomass) and geothermal energy in the vast energy system. As it is 

likely that we still need liquid fuels for heavy duty transport and air transport in the future, 

and materials will always be needed by a modern society, it will be mandatory to close the 

carbon cycle and utilize CO2 as a feedstock for the production of synthetic fuels and value-

added chemicals. In the long term, this means that CO2 capture from the air is needed.  
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Figure 1.2. Energy share of different fuel resources to the projected global energy 
consumption in 2040. Source for data: 2017 Outlook for Energy: A view to 2040 (ExxonMobil). 
 

1.2 The Energy Challenge and Catalysis 

Catalysis plays a pivotal role in the chemical industry where approximately 80-90% of the 

conversion processes involve the use of catalysts [13, 14]]. It is suggested that catalysis 

contributes directly or indirectly to ~35% of the world’s GDP [15]. Catalysis has already 

provided important technological solutions to various environmental and sustainability 

problems. A couple of important examples are the Haber-Bosch process that is essential to 

feeding the world population, the invention of three-way catalytic converter technology and 

hydrotreating catalysts. At the beginning of the 20th century, the Haber-Bosch process was 

developed for large scale NH3 production enabling the fixation of atmospheric nitrogen. The 

role of heterogeneous catalysis in cleaning the environment is also well known. Three-way 

catalytic converter technology was developed in the 1970s and currently nearly all gasoline 

automobiles make use of these catalysts to clean the exhaust gases. Hydrotreating operations 

such as hydrodesulfurization and hydrodenitrogenation convert polluted petroleum feedstock 

into clean transportation fuels. Catalysis also plays an important role in the petrochemical 

industry. Notable examples are isomerization, reforming and (hydro)cracking. The first 

significant catalytic development in the petroleum industry came in 1920 when the Standard 

Oil Company began the large-scale industrial production of isopropanol from petroleum [16]. 

In the same era, Franz Fischer and Hans Tropsch successfully managed to make synthetic fuel 

from syngas (CO + H2). In 1936, the catalytic cracking of petroleum was developed which 

played a vital role in meeting a sudden demand for aviation gasoline in World War II. In a 

couple of next decades, two major breakthroughs in the field of catalysis took place. The first 

one is the discovery of catalytic naphtha reforming which can convert low-value naphtha 
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feedstock into high-quality gasoline [16]. The second discovery is Ziegler-Natta catalysis for 

the polymerization of ethylene [17].  

In view of these important contributions to the field of efficient energy conversion and 

chemicals production, it can be expected that the field of catalysis will also be a major 

ingredient in new technologies to tackle the global energy challenge. Catalysis can help in 

realizing the potential of new renewable resources and optimizing the use of non-renewable 

resources. Currently, several approaches make use of catalysis to produce energy from 

renewable energy resources e.g. biomass conversion into biofuels and sustainable chemicals, 

photocatalysis (i.e. photocatalytic water splitting and photocatalytic CO2 reduction) and 

electrocatalysis. Despite their promise, these technologies are still largely at the development 

stage and cannot fulfil the global demand for renewable energy and chemicals. Thus, there is 

a great need to understand catalyst operation at a much deeper level in order to improve the 

current generation of catalysts and develop novel materials to drive new conversions. 

Important aspects of catalysts for new feedstock include catalyst stability, unsteady-state 

operation, liquid-phase operation, decreased use of precious group metals and, preferably, a 

transition to abundant elements in catalyst formulations.  

Realizing the significant time that a full transition to a low-carbon economy will take, together 

with the low pricing of current fossil reserves, it is important to develop clean conversion 

technologies. For instance, coal is a plentiful and cheap reserve, which is estimated to last for 

more than a century if consumed at the current rate. Coal conversion to gas or liquid fuels is 

a potential strategy to consume these resources in a useful manner.  

 

1.3 Synthesis gas  

Synthesis gas (or syngas) is a mixture of CO and H2, which is an interesting platform for the 

production of fuels and chemicals. It is advantageous since all carbon-containing feedstock 

including coal, natural gas ad biomass (and oil) can be converted to synthesis gas. A major 

route to produce syngas is gasification which is mostly used for coal and biomass and also in 

some cases for natural gas. Another approach is steam reforming. From synthesis gas one can 

manufacture a wide range of products including liquid fuels and chemicals. Depending on the 

catalyst and reaction conditions, syngas may be converted to methanol (methanol synthesis), 

higher alcohols (higher alcohol synthesis, HAS), oxygenated organic compounds or to long-
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chain hydrocarbons (Fischer-Tropsch (FT) synthesis) [18, 19]. One can also convert syngas to 

methane.  

 

1.3.1 Fischer-Tropsch synthesis 

Historically, the discovery of N2 hydrogenation to ammonia and CO to methanol at the 

beginning of the 20th century were precursors to the discovery of the Fischer-Tropsch (FT) 

process in pre-war Germany. In FT synthesis, supported Co, Fe or Ru metals are used as 

catalysts for the production of longer hydrocarbons and oxygenates from syngas [20]. It is an 

attractive route to produce clean fuels and chemicals [21, 22]. The importance of FT 

technology is evident from the fact that there is increasing commercial interest in 

development of this technology and several large-scale plants have been built in recent years 

by major energy companies such as Chevron, Sasol and Shell [23].  

 

Proposed mechanisms  

Despite heavy debates on the mechanism of the FT reaction, the exact way CO is converted to 

liquid fuels and chemicals is still unclear. In principle, the FT reaction is a surface 

polymerization reaction which comprises initiation, chain growth, and chain termination 

reaction steps. Depending on the way of initiation and propagation of the polymeric chain in 

FT synthesis, two mechanisms, i.e. the carbide mechanism and the CO insertion mechanisms 

have been proposed [24].  

According to the carbide mechanism, the chain growth occurs via the following 

reactions steps: (i) direct or hydrogen-assisted CO dissociation into surface carbon species 

which results in (ii) surface CHx species as result of hydrogenation, (iii) chain growth by a CHx 

insertion step and (iv) termination step to form the hydrocarbon chain as an alkane or alkene. 

Surface oxygen is usually removed as water. An H-assisted pathway for CO dissociation occurs 

on surfaces with low reactivity [25, 26] as an alternative to direct CO dissociation [27]. For the 

chain growth step involving CHx surface intermediates, different routes such as insertion of CH 

or CH2 to alkyl or alkenyl intermediates have been proposed [28-31]. There are three different 

termination steps possible, which are H-addition, H-elimination and CO insertion giving rise to 

paraffins, olefins and oxygenates, respectively. Within the carbide mechanism, the main 

competing process with the chain-growth reaction is formation of methane. 
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According to the CO insertion chain growth mechanism, a CHx species is generated 

only once during the formation of a growing chain [32, 33]. Once a CHx species is generated, 

subsequent CO insertion increases the carbon number of the growing chain. After each 

insertion step, the C-O bond cleaves before the next CO insertion takes place. Chain-growth 

termination may occur by hydrogenation of the reaction intermediate after CO insertion. This 

will lead to the production of an oxygenated compound. Alternatively, hydrogen addition after 

C-O bond cleavage but before the next CO insertion step may occur with the formation of a 

hydrocarbon as the product. In addition to direct CO insertion, insertion of partially 

hydrogenated intermediates such as CHO or CHOH has also been proposed [34-37]. 

The products of FT synthesis depend on many factors, such as the CO dissociation 

barrier, the metal-carbon interaction energy and the rate for hydrogenation. From the 

perspective of the transition metals, the favored products under FT conditions are provided 

in Figure 1.3. Fe, Co and Rh catalysts mainly produce long-chain hydrocarbons due to a high 

CO dissociation rate and a high CHx insertion rate. In addition, methane formation is 

suppressed because of the stronger metal-carbon bond [38]. For nickel, the CO dissociation 

rate is too slow compared to methane formation. Furthermore, the Ni-C bond is relatively 

weak by which methane is readily formed by the hydrogenation of strongly adsorbed surface 

carbon [38]. As such, only methane is formed on Ni-based catalyst under CO hydrogenation 

conditions. On the other hand, CO dissociation is relatively difficult on Pd, Os, Ir, and Pt. 

Hydrogenation of CO on these catalysts results in methanol formation. Interestingly, the 

ability of Rh to dissociate CO at moderate rate and its relatively low rate for methane 

formation makes it unique for CO hydrogenation to longer oxygenates. Addition of promoters 

such as Fe or Mn to Rh increased the selectivity for CO hydrogenation to ethanol.  
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Figure 1.3. Transition metal catalysts from group VIII in the periodic table typically used for 
FT synthesis. 
 

 

1.3.1 MoS2-based catalysts 

For syngas conversion, supported Fe, Co, and Ni metals are used at a large scale for the 

production of methane and higher hydrocarbons. Conventional FT catalysts are not efficient 

for the synthesis of mixed alcohols from syngas. In general, four types of catalysts are 

considered to be promising candidates for obtaining mixed alcohols from syngas [39]. These 

include Rh-based catalysts, modified-FT catalysts, MoS2-based catalysts, and promoted Cu-

based catalysts. Among these catalysts, MoS2-based catalysts are attractive because of their 

sulfur-resistant nature and being cheaper in price compared to Rh-based catalysts [40]. 

Interestingly, MoS2-based catalysts have the ability for methanation and mixed alcohol 

synthesis. MoS2-based catalysts produce only hydrocarbons (mainly methane) in the absence 

of a promoter whereas addition of promoter (Ni, Co, Fe or alkali metals) to these catalysts 

substantially shifts hydrocarbon selectivity to mixed alcohols [41]. The addition of Co or Ni in 

K-MoS2 catalyst enhances the selectivity towards alcohols. Though MoS2 catalysts show a 

good selectivity for methane, their activity is too low compared to commercial Ni catalysts. 

Several experimental and theoretical studies have been devoted to understand the reaction 

mechanism of CO hydrogenation on MoS2 catalysts but the reaction mechanism is still 

unclear. Theoretically, quantum-chemical calculations have been extensively used to study CO 

hydrogenation on different MoS2 models.  
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1.4 Structure sensitivity and catalysis 

Many commercial catalytic processes involve chemistry on transition metal particles and 

surfaces. Typically, these metals are used in the form of nanoparticles in order to expose as 

large of a surface area as possible to the reacting molecules from the gas or liquid phase. By 

controlling the size and shape of these metal particles using colloidal chemistry synthesis 

techniques, we can study structure sensitivity of a reaction on nanometer sized catalysts [42]. 

Metal surface structure is often a crucial component in determining the activity and selectivity 

of heterogeneous catalytic reactions [43]. The atomic level understanding of the fundamental 

principles which govern the surface chemistry of these catalysts is necessary for designing 

more active and selective catalysts.  

Historically, the concept of the active site was introduced by Taylor in 1925, who 

pointed out that atoms at the surface which are chemically less saturated are more reactive 

[44]. The presence of specific surface sites with a particular size was identified on metal 

particles in 1966 [45]. Several hydrocarbon reactions over Pt catalysts were studied as a 

function of the catalysts particle size between 1960s and early 1970. Some of the reactions 

such as alkane hydrogenolysis and isomerization, and NH3 synthesis over supported Fe were 

found to be strongly dependent on the particle size, while reactions like cyclopropane ring 

opening and olefin hydrogenation were independent of the particle size [46-50]. Boudart 

classified the first type of reaction as structure sensitive and second type of reaction as 

structure insensitive [51]. Now, several important industrial reactions, such as ammonia 

synthesis, catalytic combustion, Fischer–Tropsch synthesis, and hydrocarbon reforming are 

recognized as structure-sensitive [52]. 

The surface science contributed enormously to our knowledge in understanding of structure 

sensitive and structure insensitive reactions on well-defined crystal surfaces. Ertl and Somorjai 

creatively utilized the surface science techniques in catalysis [53-56]. Their pioneering work 

played a leading role and opened new vistas in understanding structure sensitivity of 

reactions, in particular the contribution of steps sites to the reactivity. To get deeper insight, 

theoretical scientists applied quantum-mechanical calculations to the structure sensitivity 

problem, which has already led to a large knowledge base about surface reactivity in catalysis 

[57-60]. In particular, density functional theory (DFT) is essential to decipher the role of 
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elementary reaction steps in a mechanism for a particular catalytic reaction. Nørskov used the 

fundamental concepts of physical chemistry such as Brønsted-Evans-Polanyi (BEP) and 

Sabatier Principle to understand periodic trends in metal catalysis and how surface topology 

affects the rates of elementary reactions steps [61]. At the same time, Van Santen employed 

the DFT-based approach in conjunction with BEP and Sabatier principles to explore the nature 

of structure sensitive and insensitive reactions [62]. These fundamental concepts are very 

powerful predictive tools in catalysis.  For a particular reaction, the BEP principle states that  

 

𝛿𝛿𝛿𝛿𝑎𝑎𝑎𝑎𝑎𝑎 =  𝛼𝛼𝛿𝛿𝛿𝛿𝑟𝑟                                                                                                                                    (1.1) 

 

The change in activation energy of the reaction is directly correlated to the change in reaction 

energy, for different surfaces via a constant of proportionality α, which is based on a particular 

reaction type.  

It is now well established that the nature of structure sensitivity depends on the type of bond 

and degree of coordinative unsaturation (CUS) of atoms involved in the reaction. Molecules 

containing π-bonds such as CO, NO and N2, exhibit step-edge structure dependence [60]. The 

activation energy for dissociation of such molecules is lower at the step-edge sites in 

comparison to terrace sites (see Figure 1.4). The reason of lowered activation barrier for 

former case is the absence of any metal atom sharing in the transition state. The maximum 

rate of CO dissociation occurs with particle of intermediate size as this contains maximum 

step-edge density. In fact, particles exhibiting maximum activity for π-bond dissociation use 

sites of particular geometry which comprise of an ensemble of 5 or 6 atoms in such a way that 

a step is created. For π-bond activation, only a linear BEP relation is found as long as activation 

is compared on surfaces of different metals of the same topology [63]. For CO and NO 

dissociation in the forward reaction and the backward recombination reaction, a BEP-type 

relation does not hold true when reactions at different sites for the same metal are compared. 

In this case, the activation energies for both the forward dissociation reaction and the 

backward recombination reaction decrease (see Figure 1.4).  

Molecules involving σ-bond dissociation or associations (such as CH4, NH3, and C-C) exhibit 

different behavior than those of molecules involving π-bond dissociation or association. For 

reactions involving sigma-bond dissociation or association (such as C-H in CH4), bond cleavage 

occurs only over a single surface metal atom. The BEP relation still holds true for σ-bond 
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activation for CH4 when the structural changes around the activating atom are changed. The 

reason for different behavior of methane compared to CO is that CH activation occurs over a 

single metal atom. A change in local environment around the catalytically reactive center does 

not affect the transition state structure but will change the reactivity of the surface metal 

atom. The activation energy for dissociation of methane into surface methyl and hydrogen 

species is strongly structure sensitive whereas the reverse reaction, is only mildly structure 

insensitive [64]. 

 

 

 
Figure 1.4. Schematic diagram for activation energy-reaction energy relations for CO and CH4 
activation as a function of structure [62].  
 

In essence, the combination of theory and experiments in catalysis has provided us detailed 

knowledge about structure and reactivity. Now it is well-understood that the reactivity of 

catalysts are closely related with the relative concentrations of terraces, steps, kinks which 

change with the catalyst particle size. The variations of adsorbate bond strengths due to 

changes in local atomic structure are responsible for modification of reaction rates [65].  

 

 

1.5 Scope of this thesis 

The core of this thesis deals with the conversion of synthesis gas to hydrocarbons and 

oxygenates over MoS2- and Rh-based heterogeneous catalysts. The first part of this thesis 

relates to the elucidation of the mechanism of CO hydrogenation on MoS2. In the second part, 

a detailed theoretical kinetic study is performed on CO hydrogenation to methane and other 

products over Rh-based catalysts with specific attention being paid to the role of step-edges 

and Fe as a promoter. In the final part, a first step of a more complex chemistry, i.e. the 

reduction of CO2 on Fe-sulfides as relevant to Origin of Life theories, is presented. 
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Chapter 2 describes the details of the quantum-mechanical computational approach (density 

functional theory, DFT) employed in this thesis for the determination of kinetic parameters 

involved in elementary steps. The details about the machinery of microkinetics modeling, for 

which DFT data are used as input, to predict steady-state surface coverages, microscopic 

reaction rates and related kinetic parameters is also provided. 

Chapter 3 presents DFT calculations performed for all relevant elementary reaction steps of 

CO hydrogenation to C1-species as well as the associated oxygen-removal pathways on the 

bare Mo-edge of unpromoted MoS2(100) surface. The goal of this study was to explore the 

role of the bare Mo-edge of MoS2(100) surface for the conversion of synthesis gas.  

Chapter 4 dealt with the reaction mechanism for ethane and ethylene formation on the bare 

Mo-edge of MoS2(100) surface. Microkinetics simulations based on reaction barriers derived 

from quantum chemical calculations for all relevant elementary steps for CO hydrogenation 

on the bare Mo-edge were performed. The effect of sulfur coverage on the removal of surface 

O as CO2 was studied. It was found that the partially sulfur-covered (25%) model has the 

lowest activation barrier for CO2 formation. Microkinetics simulations using this lower CO2 

barrier were compared with the bare Mo-edge Model. The reaction rates and product 

distribution are computed for CO hydrogenation on these models. The comparison of the 

reaction rates on these models predicted that the model with the partially sulfur covered 

model provides the reaction rates in close agreement with the experimental results.  

In Chapter 5, the reaction kinetics for all relevant elementary steps for CO hydrogenation to 

methane and higher hydrocarbons on the partially (25%) sulfur-covered Mo-edge of 

MoS2(100) surface are shown. Microkinetics simulations using kinetics data for the partially 

sulfur-covered Mo-edge surface were performed to compare the reaction rates and product 

distribution with that of the bare Mo-edge model. The surface coverage of molybdenum 

hydride (-MoH) species was compared with sulfhydryl (-SH) groups under given reaction 

conditions. These microsimulations showed that hydrogen atom predominantly exist as 

molybdenum hydride. The main conclusion is that the partially sulfur-covered Mo-edge 

provides a better model for CO hydrogenation to methane than the bare Mo-edge. 

Chapter 6 provided a deep insight into the CO dissociation mechanism on B5-sites of Fe-

promoted stepped Rh(211) surfaces. Three different topologies of FeRh(211) surface were 

modelled by substituting one Rh surface atoms with different coordination numbers 7, 9 and 

10 for an Fe atom. Two different reaction pathways were considered for each of these three 
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surface topologies. A density of states (DOS) analysis was conducted to reveal the 

fundamental factors underlying the difference of activation energies on these models. The 

model with the lowest barrier for the CO dissociation pathway enables us to explain the 

observed higher activity for CO dissociation over Fe promoted Rh nanoparticles.  

Chapter 7 reports on the effect of Fe promotion on Rh-catalyzed CO hydrogenation using 

combined DFT and microkinetics simulations. The effect of Fe promotion on the reaction 

barriers and in turn on the the overall chemokinetic network was investigated. The activity 

and product distribution were determined and compared to the previously computed data for 

Rh(211). Using both a degree of rate control (DRC) as well as a degree of selectivity control 

(DSC) analysis, the dominant reaction pathways in the overall network were identified. It was 

found that CO+CH2 coupling plays an important role in the increased selectivity towards 

ethanol. In addition, these simulations showed that the reaction rates on Fe promoted Rh 

nanoparticles are higher than Rh nanoparticles.  

Chapter 8 is devoted to a detailed experimental investigation of the reaction of gaseous CO2 

on iron sulfides i.e. mackinawite (iron monosulfide) and pyrite (iron disulfide). The formation 

of different iron sulfide phases before and after exposure to gaseous CO2 is pursued using XPS 

and XRD. Online gas analysis is performed using a mass spectrometer and a non-dispersive 

infrared analyzer. We have proposed a mechanism for mackinawite to pyrite transformation 

in Drobner’s experiment [66].   
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Chapter 2 
 

Computational methods 

 

Abstract 

A brief overview of the theoretical tools adopted to study the atomic level understanding of 

chemical reactions at catalyst surfaces is given. Density functional theory plays a paramount 

role in surface chemistry and catalysis and is employed to compute the kinetic parameters of 

the elementary steps constituting the reaction mechanism. The basic assumptions made in 

quantum chemical calculations and the theoretical background of microkinetics are discussed.  

 

2.1 Introduction 

In this chapter, a brief overview is given on the basics of electronic structure calculations and 

in particular on density functional theory (DFT).  With the rapid advancement in computing 

technologies, computational chemistry has become a well-accepted partner of experimental 

chemistry [1]. Quantum mechanical methods have undergone tremendous development and 

are widely used to unravel the atomistic details of chemical phenomena and to comprehend 

the fundamental aspect of the behavior of materials under particular conditions. Density 

functional theory is the most popular, efficient, and promising quantum mechanical method 

in physics, chemistry and material science [2]. Nowadays, DFT has become an indispensable 

tool for theoretical chemists. The development of theoretical tools has reached a stage where 

one can obtain accurate information which is not achievable by experimental tools alone [3]. 

On the basis of DFT calculations, we are able to predict the rates of chemical reactions in both 

homogeneous and heterogeneous catalysis [4-7]. A particularly powerful combination is to 

use DFT-computed reaction energetics with microkinetics simulations to predict the overall 

rate of reactions whose mechanism is composed of multiple elementary reaction steps.  
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2.2 The many-body problem 

Matter consists of atoms which are made up from nuclei and electrons. Thus, to comprehend 

the fundamental properties of materials, we need to model the behavior of electrons and 

nuclei. Quantum mechanics helps us to understand the intricate behavior of electrons and 

nuclei in materials. A revolutionary contribution to quantum mechanics came from Erwin 

Schrödinger, who formulated in 1925 a partial differential equation known as the time-

dependent Schrödinger equation [8].  

  This equation describes how the quantum state of a physical system evolves with time. The 

time-independent version of this equation is commonly used for studying the many-body 

interactions in materials. According to this equation, we can determine all the properties of a 

system by knowing the wave function of the system. The time-independent Schrödinger 

equation for a many-body electronic wave function is given as: 

 

𝐻𝐻�𝜓𝜓({𝑟𝑟𝑖𝑖}, {𝑅𝑅𝐼𝐼}) =  𝛿𝛿 ψ({𝑟𝑟𝑖𝑖}, {𝑅𝑅𝐼𝐼})                                                                                                         (2.1) 

 

where,  

 

 𝐻𝐻� =  ∑ −𝐴𝐴
ℏ2 ∇2𝑅𝑅��⃗ 𝐴𝐴
2𝑀𝑀𝐴𝐴

+ ∑ −𝐴𝐴
ℏ2 ∇2𝑟𝑟��⃗ 𝑖𝑖
2𝑚𝑚𝑖𝑖

+  1
2

 1
4𝜋𝜋ϵ𝑜𝑜

 ∑ +𝑒𝑒2𝑍𝑍𝐴𝐴𝑍𝑍𝐵𝐵
�𝑅𝑅�⃗ 𝐴𝐴−𝑅𝑅�⃗ 𝐵𝐵�𝐴𝐴≠𝐵𝐵 + ⋯ 

… 1
2

 1
4𝜋𝜋ϵ𝑜𝑜

 ∑ −𝑒𝑒2

|𝑟𝑟𝑖𝑖−𝑟𝑟𝑗𝑗|𝑖𝑖≠𝑗𝑗 + 1
4𝜋𝜋ϵ𝑜𝑜

 ∑ −𝑒𝑒2𝑍𝑍𝐴𝐴
|𝑟𝑟𝑖𝑖−𝑅𝑅�⃗ 𝐴𝐴|𝑖𝑖,𝐴𝐴                                                                                                (2.2) 

 

where MA is the mass of the nucleus A, 𝑅𝑅𝐵𝐵�����⃗  and 𝑅𝑅𝐵𝐵�����⃗  are the position vectors for nuclei A and B, 

respectively, mi is the mass of the ith electron, and 𝑟𝑟𝚤𝚤��⃗  𝑎𝑎𝑎𝑎𝑎𝑎 𝑟𝑟𝚥𝚥 ��⃗ are the position vectors of ith and 

jth electrons, respectively.  

The first and second terms in the above equation describe the kinetic energies of the nuclei 

and the electrons, respectively. The third and fourth terms account for the Coulombic 

repulsion among the nuclei and the electrons, respectively. The final term represents the 

Coulombic interactions of the electrons with the nuclei.  

Equation 2.2 can be simplified by decoupling the dynamics of the electrons and nuclei on the 

basis of the significant difference in mass between the two. This simplification is known as the 
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Born-Oppenheimer approximation. By applying the Born-Oppenheimer approximation, 

equation 2.1 can be given as:  

 

𝜓𝜓({𝑟𝑟𝑖𝑖}, {𝑅𝑅𝐼𝐼}) →  𝜓𝜓𝑒𝑒({𝑟𝑟𝑖𝑖}) ∗ 𝜓𝜓𝑁𝑁({𝑅𝑅𝐼𝐼})                                                                                                  (2.3) 

 

The many-body Schrödinger equation is changed into an electronic problem where the 

position of the nuclei act merely as parameters and are no longer independent variables in 

the equation. The electron-only wave function is given by 

𝐻𝐻� 𝜓𝜓(𝑟𝑟1, 𝑟𝑟2, 𝑟𝑟3, … , 𝑟𝑟𝑁𝑁) = 𝛿𝛿 𝜓𝜓(𝑟𝑟1, 𝑟𝑟2, 𝑟𝑟3, … , 𝑟𝑟𝑁𝑁)                                                                                        (2.4) 

The resulting Hamiltonian consists of terms which only relate to the motion of N electrons in 

the field of M points charges.  

 

𝐻𝐻� =  − ℎ2

2𝑚𝑚𝑒𝑒
∑ ∇𝑖𝑖2 +  ∑ 𝑉𝑉𝑒𝑒𝑒𝑒𝑎𝑎(𝑟𝑟𝑖𝑖)

𝑁𝑁𝑖𝑖
𝑖𝑖 +  ∑ ∑ 𝑈𝑈(𝑟𝑟𝑖𝑖, 𝑟𝑟𝑗𝑗)𝐽𝐽>𝐼𝐼

𝑁𝑁𝑖𝑖
𝑖𝑖  𝑁𝑁𝑖𝑖

𝑖𝑖                                                                   (2.5) 

 

Although this Schrödinger equation is simplified, it is impossible to solve it analytically for 

systems containing more than a single electron. Hence, we need additional approximations to 

deal with this many-body problem. In this respect, several approaches have been used. The 

Hartee-Fock approximation is one of the simplest approaches for solving the many-body 

problem [9]. Herein, a single Slater determinant is used as an approximation to the wave 

function of the ground state of the N-electron system. This Slater determinant inherently 

satisfies the Pauli exclusion principle, which states that the total wave function is 

antisymmetric with respect to exchange of two electrons. By introduction of a basis to 

describe the electronic wave function, the linear variational principle is employed to calculate 

the ground state energy. Within this procedure, the spin-orbitals are systematically varied 

under the constraint that they remain orthonormal until the energy is minimized. The major 

drawback in the Hartree-Fock approximation is that electron correlation is only partly 

described. Whereas electron correlation due to exchange of two electrons of parallel spin is 

considered, correlation of the spatial positions of the electrons due to electronic repulsion is 

lacking. The term correlation should furthermore be used with caution, as in some discussions 

the term refers to the difference between a correlated method and Hartree-Fock as a 

reference, implying that Hartree-Fock does not consider electron correlation at all. This is of 
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course not the case as exchange effects are considered. Although other approximate 

approaches such as configuration interaction (CI), Moller-Plesset Perturbation Theory (MPPT) 

and Coupled Cluster (CC) methods provide accurate results for electronic structure problems, 

they are computationally very expensive and usually their use in the field of catalysis is 

prohibited [10-13].  

              

 

2.2.1 Density functional theory 

DFT is presently the most successful approach to carry out electronic structure calculations. 

Within DFT, the electron density is used as the fundamental property to calculate system 

properties in contrast to using a many body electronic wave function.  

Hence, the electron density of a system is given by 

 

ρ(𝑟𝑟) =  𝜓𝜓∗(𝑟𝑟1, 𝑟𝑟2, … , 𝑟𝑟𝑁𝑁)𝜓𝜓(𝑟𝑟1, 𝑟𝑟2, … , 𝑟𝑟𝑁𝑁)                                                                                               (2.6) 

 

Using the electron density to calculate system properties rather than the underlying electronic 

wave functions significantly speeds up calculations. The reason for this is as follows. The 

calculation of the Coulombic repulsion and exchange terms using electronic wave functions 

requires the evaluation of two-electron integrals over spin-orbitals which scale with N4 (where 

N is the number of spin-orbitals). In comparison, the evaluation of these terms in DFT requires 

only the summation of the contribution to these terms due to the electron density evaluated 

at specifically chosen points on a three-dimensional grid [14, 15].  

In contrast to the direct integration of the electronic wavefunctions, this per grid point 

evaluation scales only with N3. 

 

2.2.1.1 Thomas-Fermi Approximation 

The earliest density functional approach for systems of electrons in an external potential 

provided by the nuclei is the Thomas-Fermi Model, proposed by Thomas and further 

elaborated by Fermi [16-18]. According to this model, we can describe atoms as uniformly 

distributed electrons (negatively charged clouds) around nuclei in a six-dimensional phase 

space (momentum and coordinates). This is an enormous simplification of the actual many-
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body problem. Following the Thomas-Fermi approach, the total energy of the system could 

be presented as a function of electron density. 

The Thomas-Fermi approximation provides a functional form for the kinetic energy of a non-

interacting electron gas in some known external potential V(r) (usually due to impurities) as a 

function of the density. It is a local density functional and is based on a semi-classical 

approximation. The formulation becomes exact for a uniform electron gas as the constants 

used in the Thomas-Fermi functionals are derived from the solutions obtained for a uniform 

electron gas. 

 

2.2.1.2 Hohenberg-Kohn Theorem 

The firm theoretical footing for density functional theory (DFT) was provided by two 

Hohenberg-Kohn (H-K) theorems in 1964 [19, 20]. 

Firstly, a one-to-one mapping between the external potential (from the nuclei) and the 

electron density was established. Secondly, it was shown that the ground-state energy can be 

found using the variational principle. 

 

The first Hohenberg-Kohn Theorem  

If two external potentials give rise to the same wave function, it means that these two external 

potentials in reality are the same. Thus, every external potential can be uniquely connected 

to a unique wave function which, in turn, gives rise to a unique electron density. Thus, there 

is one-to-one correspondence between the external potential and the electron density. This 

theorem provides the proof that “The ground state energy E of a many-electron system is 

provided by a unique functional of the electron density.”  

𝛿𝛿 = 𝛿𝛿[𝜌𝜌(𝑟𝑟)]                                                                                                                         (2.7) 

Conclusively, all the properties of a system can be evaluated without knowing the wave 

function and only knowing the electron density of the system.  

 

The second Theorem Hohenberg-Kohn Theorem 

According to this theorem, the Variational Principle can be used to determine the ground state 

energy of a system. There exists a functional F[ρ(r)] for the ground state energy for a given 

𝑉𝑉𝑒𝑒𝑒𝑒𝑎𝑎(𝑟𝑟). By knowing the global minimum of the functional F[ρ(r)], one can determine the exact 
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ground state energy of the system, and the electron density that determines the energy of the 

overall functional is the true electron density. Mathematically,  

𝛿𝛿[𝜌𝜌(𝒓𝒓)]  ≥  𝛿𝛿𝑜𝑜 [𝜌𝜌𝑜𝑜(𝑟𝑟)],                                                                                   (2.8) 

where E [ρ((𝑟𝑟)] is the energy of the system at density ρ(𝑟𝑟) and Eo [ρo((𝑟𝑟))] is the exact energy 

of the system at the ground state density ρo(𝑟𝑟). The above relation shows that energy of the 

system is upper bound.  

 

2.2.1.3    Exchange-correlation functionals 

 Despite that DFT is an exact theory, an exact formulation to calculate the exchange-
correlation energy from the electron density is missing. Hence, we resort to using 
approximations Two such approximations (i.e., LDA and GGA) in various forms are commonly 
used.   

 

2.2.1.3.1 Local Density Approximation (LDA) 

 The local density approximation (LDA) is one of the methods to approximately 

compute exchange-correlation energy. Although it was proposed by Kohn-Sham in 1965, the 

philosophy behind the local density approximation was already laid out in Thomas-Fermi-Dirac 

theory [9]. In LDA, we approximate a general non-homogeneous electronic system as locally 

homogeneous. The electron density can hence be treated as a uniform electron gas, in other 

words, the exchange-correlation energy at each point in the system is the same as that of a 

uniform electron gas of the same density. Mathematically, the exchange-correlation 

functional, ExcLDA[ρ]   in the LDA approach is given as 

𝛿𝛿𝑒𝑒𝑎𝑎𝐿𝐿𝐿𝐿𝐴𝐴[𝜌𝜌] =  ∫ 𝜌𝜌(𝑟𝑟)𝜖𝜖𝑒𝑒𝑎𝑎(𝜌𝜌(𝑟𝑟))𝑎𝑎𝑟𝑟                                                                                                        (2.9) 

Herein,  𝜌𝜌( 𝑟𝑟
→) is the electron density at the position vector ( 𝑟𝑟

→), and 𝜀𝜀𝑒𝑒𝑎𝑎(𝜌𝜌( 𝑟𝑟
→)) the exchange-

correlation energy per particle of the homogeneous electron gas with electron density, 𝜌𝜌( 𝑟𝑟
→).  

The exchange-correlation potential, 𝑉𝑉𝑋𝑋𝑋𝑋𝐿𝐿𝐿𝐿𝐴𝐴(𝑟𝑟) can be derived from the exchange correlation 

energy using the following equation:  

𝑉𝑉𝑋𝑋𝑋𝑋𝐿𝐿𝐿𝐿𝐴𝐴(𝑟𝑟) =  𝛿𝛿𝛿𝛿𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟)]
𝛿𝛿𝜌𝜌(𝑟𝑟)

=  𝛿𝛿[𝜌𝜌(𝑟𝑟)𝜖𝜖𝑥𝑥𝑥𝑥]
𝛿𝛿𝜌𝜌(𝑟𝑟)

                                                                                                   (2.10) 
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where, 𝛿𝛿𝛿𝛿𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟)]
𝛿𝛿𝜌𝜌(𝑟𝑟)

 is the derivation of exchange-correlation energy with respect to electron 

density ρ(𝑟𝑟) at a particular position vector 𝑟𝑟 in space.  

The LDA is an oversimplification of the actual density distribution and leads to an 

overestimation of bond energies. Strictly, the LDA is only valid for slowly varying electron 

densities, which is obviously not the case for many chemical systems. It was therefore a 

surprise that it works relatively well and much of the current understanding of metals and 

semiconductors is based on LDA simulations. Partly, the successful application of LDA was 

attributed to upholding so-called sum-rules. The obvious logical improvement to the local 

density approximation is to not only taking into account the local electronic density in the 

evaluation of the exchange-correlation energy, but the gradient as well. 

 

2.2.1.3.2 The Generalized Gradient Approximation 

The generalized gradient approximation (GGA) is an extension to the local density 

approximation (LDA). To account for the inhomogeneity of the electron density, in the GGA 

approach the spatial variation of the electron density in addition to the local electron density 

is used. This results in a significant improvement in accuracy in the calculation of important 

material properties, such as lattice constants, crystallization structures and metal surface 

energies [21]. In addition, the atomization energies, and especially reaction barriers, are also 

calculated with greater accuracy within the GGA. Compared to LDA, GGAs correctly lower the 

dissociation energies and reduce the overbinding errors to 5-10 kcal/mol [22]. 

Mathematically, the exchange-correlation energy is given by the following functional: 

  𝛿𝛿𝑒𝑒𝑎𝑎𝐺𝐺𝐺𝐺𝐴𝐴[𝜌𝜌] =  ∫ 𝜌𝜌(𝑟𝑟)𝜖𝜖𝑒𝑒𝑎𝑎(𝜌𝜌(𝑟𝑟),𝛻𝛻𝜌𝜌(𝑟𝑟))𝑎𝑎𝑟𝑟                                                                                      (2.11) 

where,  𝜌𝜌( 𝑟𝑟
→) is the electron density at the position vector 𝑟𝑟 ��⃗  𝑎𝑎𝑎𝑎𝑎𝑎 𝜀𝜀𝑒𝑒𝑎𝑎(𝜌𝜌( 𝑟𝑟

→)𝛻𝛻𝜌𝜌( 𝑟𝑟
→)) is the 

exchange-correlation energy function which takes both the electron density as well as its 

gradient as input parameters.  

Several kinds of GGA flavors have been developed. The most widely used ones are the 

Perdew–Wang 91 (PW91) functional, BLYP and the Perdew–Burke–Ernzerhof (PBE) functional 

[23-26]. The choice of functional to be used depends on the type of system under investigation 

e.g., PW91 and PBE are considered to be good choices for studying catalytic reactions over 
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extended surfaces.  Several types of other modified versions of PBE such as revPBE and PBE-

sol are available [27, 28].  

 

2.2.1.4    Plane waves and pseudopotentials 

For solving the electronic structure problem, we need to choose a mathematical 

representation for the one-electron orbitals. Basis sets of several types of orbitals such as 

Slater-type orbital and Gaussian-type orbitals, are proposed for electronic structure 

calculations. In solids with extended ordered arrangement of its constituents, plane waves can 

be used as a basis set.  For calculating the properties of materials with periodicity, we employ 

Bloch’s Theorem [29] which states that the eigenstates Ф of the one-electron Hamiltonian, 

𝐻𝐻 =  −  1
2

 𝛻𝛻2 +   𝑈𝑈(𝑟𝑟) can be given as 

𝜙𝜙𝑛𝑛𝑛𝑛 (𝑟𝑟) = exp�𝑖𝑖𝑘𝑘�⃗ . 𝑟𝑟� 𝜇𝜇𝑛𝑛𝑛𝑛(𝑟𝑟)                                                                                 (2.12) 

Where µnk is a function with the same periodicity as the potential U(r) in such a way that   

𝜇𝜇𝑛𝑛𝑛𝑛�𝑟𝑟 + 𝑅𝑅�⃗ � =  𝜇𝜇𝑛𝑛𝑛𝑛(𝑟𝑟)                                                                                                                         (2.13) 

The size of the plane wave basis set determines the highest energy of the plane wave which 

is known as the cutoff energy.  

The concept of pseudopotential or effective potential has been introduced in quantum 

mechanics as an approximation to simplify the complicated systems which are costly to 

compute. The chemical properties of materials are mainly governed by valence electrons 

because the core electrons do not participate actively in chemical bonding as they are tightly 

bound to the nucleus of the constituent atoms. To simplify calculations, we replace the 

complicated effects of motion of the core electrons of an atom around its nucleus by a smooth 

effective potential which can be easily represented in a plane wave basis set [30]. Therefore, 

we eliminate the degrees of freedom relevant to the core electrons by replacing the atomic 

nuclei with a still point-like, but effective, nucleus of charge Zv = Z-Zcore, with Zcore the charge 

associated with the core electrons. This effective nucleus, or ionic core, represents the nucleus 

together with its core electrons.  

A number of pseudopotential methods are used nowadays for electronic structure 

calculations. These methods include amongst others norm-conserving pseudopotentials 
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(NCP), ultra-soft pseudopotentials (USP) and projector augmented wave (PAW) 

pseudopotentials [31-33].  

In all these PP methods, the core-electrons are calculated in an atomic environment keeping 

them frozen in the remaining calculations. In the Projector Augmented Wave (PAW) method, 

the PAW wave function is written as a valence term expanded in a plane wave basis plus a 

contribution from the region within the core radius of each nucleus, evaluated on a grid. The 

contribution from a core region is expanded as the difference between two sets of densities, 

one arising from the (all-electron) atomic orbitals, the other originating from a set of nodeless 

pseudo-atomic orbitals, i.e. this term allow the wave function within the core region to adjust 

for different environments.   

 

2.3 The VASP Code 

All the DFT calculations presented in the thesis were performed using the Vienna Ab initio 

Simulation Package (VASP). This code was developed by Georg Kresse, Jϋrgen Furthmϋller and 

their collaborators at the University of Vienna [34, 35].  

This DFT based program is developed for systems with periodic boundary conditions. VASP 

computes an approximate solution to the many-body Schrödinger equation, either within 

density functional theory (DFT), solving the Kohn-Sham equations, or within the Hartree-Fock 

(HF) approximation, solving the Roothaan equations. Hybrid functionals that mix the Hartree-

Fock approach with density functional theory are implemented, as well. In VASP, central 

quantities, like the one-electron orbitals, the electronic charge density, and the local potential 

are expressed in plane wave basis sets. The interactions between the electrons and ions are 

described using norm-conserving or ultrasoft pseudopotentials, or the projector-augmented-

wave method. To determine the electronic ground state, VASP makes use of efficient iterative 

matrix diagonalization techniques, like the residual minimization method with direct inversion 

of the iterative subspace (RMM-DIIS) or blocked Davidson algorithms. These are coupled to 

highly efficient Broyden and Pulay density mixing schemes to speed up the self-consistency 

cycle. A detailed description of all the methods used in the VASP program can be found at the 

VASP manual homepage: http://cms.mpi.univie.ac.at/vasp/vasp/vasp.html.   
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2.4 Nudged Elastic Band 

The Nudged elastic band (NEB) method is used to identify saddle points and minimum energy 

path (MEP) between the initial and final states of an elementary reaction [36-38]. A number 

of images were generated between the initial and final states using linear interpolation. The 

energies of these images were then allowed to minimize along the reaction pathway. The 

highest energy image was picked up for further optimization, and the resulting state was 

further analyzed using a frequency analysis. The candidate state is confirmed to be a transition 

state if and only if a single imaginary frequency in the direction of the reaction coordinate is 

found for this state. Finally, the activation barrier can be calculated by taking the difference in 

energy between the transition state and the initial state, respectively. 

 

2.5 Microkinetics Modeling 

Microkinetics modeling is a methodology for getting detailed information about kinetics of 

elementary reaction steps involved in a particular catalytic reaction. For this purpose, we need 

to construct a comprehensive reaction network for the catalytic reaction under consideration. 

By incorporating DFT based activation barriers and pre-exponential factors in microkinetics 

modeling, we can get deep insight into the reaction mechanism. We study the transient 

behavior of chemical systems by solving a series of ordinary differential equations.  

The rate constant of a particular reaction elementary step is determined using the Eyring 

equation [39]: 

 𝑘𝑘𝑖𝑖 =  𝑛𝑛𝑏𝑏 𝑇𝑇
ℎ

 𝑄𝑄
#

𝑄𝑄𝑖𝑖
 exp(−𝛿𝛿𝑎𝑎

𝑛𝑛𝑏𝑏𝑇𝑇
)                                                                                                                              (2.14) 

Where, k is the reaction rate constant and i stands for forward or backward reaction, kb is the 

Boltzmann’s constant, h is the Plank’s constant, Ea is the electronic activation energy, Q# and 

Qi are total partition functions of the transition and initial states (or final for backward), 

respectively. 

From the set of Eyring equations for each elementary reaction step, we can construct a set of 

ordinary differential equations using the following formula: 

𝜕𝜕𝜕𝜕𝑖𝑖
𝜕𝜕𝜕𝜕

=  ∑ �𝜈𝜈𝑗𝑗,𝑖𝑖𝑘𝑘𝑗𝑗 ∏ 𝜃𝜃𝑞𝑞,𝑗𝑗
𝜈𝜈𝑞𝑞,𝑗𝑗𝑁𝑁𝑖𝑖

𝑞𝑞 � ,2𝑅𝑅
𝑗𝑗  for all q, where 𝜈𝜈𝑞𝑞,𝑗𝑗 < 0                                                             (2.15) 
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where θ i is the concentration of the species i on the surface, ν j,I is the stoichiometric 

coefficient of the compound i in the reaction j, kj is the rate constant of the reaction j, θq,j is 

the concentration of the compound q in the reaction j, and νq,j is the stoichiometric coefficient 

of compound q in reaction j. Equation (2.15) gives the change in surface concentration of a 

specie with the passage to time. The rate at which a surface compound concentration changes 

with time in a given elementary step depends on the reaction constant kj and the product 

concentration of the species involved in the elementary reaction step. The sign of the value of 

ν j,I is negative if the relevant species is the reactant and positive for the product.  

The set of 2R ordinary differential equations are solved i.e. the ODEs are integrated over time 

until a steady state solution is obtained as given by 

�𝜕𝜕𝜕𝜕𝑖𝑖
𝜕𝜕𝑎𝑎

= 0�, for all i                                                                                                                                    (2.16)  

For a better description of gas-surface reactions, Hertz-Knudsen kinetics was used as given by 

the following equations:         

 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑜𝑜𝑛𝑛 = 𝑆𝑆. 𝑃𝑃𝐴𝐴𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒
�2𝜋𝜋𝑚𝑚𝑛𝑛𝑏𝑏𝑇𝑇

                                                                                                                      (2.17) 

Where, P is the partial pressure of the adsorbate in the gas phase, A is the surface area of the 

adsorption site, m is the mass of the adsorbate, and S is the sticking coefficient.          

            For desorption, it is assumed that the complex has three degrees of freedom and two 

translational degrees of freedom in the activated state, while it has only vibrational degrees 

of freedom in the adsorbed state. Mathematically, the rate of desorption is given by [40]:                            

𝑘𝑘𝑎𝑎𝑒𝑒𝑎𝑎𝑜𝑜𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑜𝑜𝑛𝑛 =  𝐴𝐴𝑎𝑎𝑖𝑖𝑎𝑎𝑒𝑒
𝑛𝑛𝑏𝑏𝑇𝑇3

ℎ3
2𝜋𝜋𝑚𝑚𝑛𝑛𝑏𝑏
𝜎𝜎𝛩𝛩𝑟𝑟𝑜𝑜𝑠𝑠

 exp (−𝛿𝛿𝑑𝑑𝑒𝑒𝑠𝑠
𝑅𝑅𝑇𝑇

)                                                                                     (2.18) 

and 

𝑟𝑟 =  𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑜𝑜𝑛𝑛.𝑝𝑝𝐴𝐴 − 𝑘𝑘𝑎𝑎𝑒𝑒𝑎𝑎𝑜𝑜𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑜𝑜𝑛𝑛. [𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎]                                                                                        (2.19) 

Herein, Asite is the area of the surface site at which adsorption occurs, m the mass of the 

molecule, kb the Boltzmann constant, σ the symmetry number, Θrot the characteristic 

temperature for rotation, S the sticking coefficient, and pA the partial pressure of A. 



28 
 

The MKMCXX software was used to determine the steady-state coverages by integrating the 

set of ordinary differential equations with respect to time using the backward differentiation 

formula method [41-43]. The steady-state surface coverage values were used to compute the 

rates of the individual elementary steps and the overall rate per surface atom. We have 

employed the concepts of degree of rate control (DRC) and degree of selectivity control (DSC) 

to our study as defined earlier [44, 45]. The DRC for a chemical reaction is defined as the 

relative change of the rate as a result of the relative change in the rate constant of a particular 

elementary reaction step keeping the equilibrium constant fixed. The DRC is defined as 

𝜒𝜒𝑎𝑎,𝑖𝑖  =  �
𝜕𝜕𝑟𝑟𝑥𝑥 𝑟𝑟𝑥𝑥�
𝜕𝜕𝑛𝑛𝑖𝑖

𝑛𝑛𝑖𝑖�
�
𝑛𝑛𝑗𝑗 ≠ 𝑖𝑖,   𝐾𝐾𝑖𝑖

=  �𝜕𝜕 ln(𝑟𝑟𝑥𝑥)
𝜕𝜕 ln(𝑛𝑛𝑖𝑖)

�
𝑛𝑛𝑗𝑗 ≠𝑖𝑖,   𝐾𝐾𝑖𝑖

                                                                   (2.20) 

In the above equation, 𝜒𝜒𝑎𝑎,𝑖𝑖 is the DRC parameter of elementary reaction step i for key 

component (i.e. a reactant or a product) c, rc is the overall reaction rate for key component c, 

and ki and Ki are the overall reaction rate and equilibrium constants for the elementary 

reaction step i, respectively. The positive value of the DRC coefficient for a particular 

elementary reaction step means that that step is a rate-limiting step. A lowering of the 

reaction barrier of such a step would result in an increase of the overall reaction rate. On the 

other hand, a negative value for the DRC coefficients corresponds to a rate-inhibiting step. A 

lowering of the reaction barrier of this step would result in a decrease of the overall reaction 

rate. The sum over all DRC coefficients within the reaction mechanism for one particular 

compound (i.e. the key component) was ensured to be equal to: 

∑ 𝜒𝜒𝑖𝑖𝑖𝑖 = 1                                                                                                                                                   (2.21) 

The degree of selectivity control (DSC) quantifies the extent to which a particular elementary 

reaction step influences the selectivity of certain products. The sensitivity in absolute change 

in selectivity is determined as a result of a relative change in the rate constant of a particular 

elementary reaction step keeping the equilibrium constant of said elementary reaction step 

fixed. The DSC for a particular key component is defined as 

𝜖𝜖𝑎𝑎,𝑖𝑖  =  � 𝜕𝜕𝜂𝜂𝑥𝑥
𝜕𝜕𝑛𝑛𝑖𝑖

𝑛𝑛𝑖𝑖�
�
𝑛𝑛𝑗𝑗 ≠ 𝑖𝑖,   𝐾𝐾𝑖𝑖

=  � 𝜕𝜕𝜂𝜂𝑥𝑥
𝜕𝜕 ln(𝑛𝑛𝑖𝑖)

�
𝑛𝑛𝑗𝑗 ≠𝑖𝑖,   𝐾𝐾𝑖𝑖

                                                                               (2.22) 
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where 𝜖𝜖𝑎𝑎,𝑖𝑖 is the DSC of product c due to a change in kinetics of elementary step i, and ηc is 

the selectivity of the key product component. For the degree of selectivity control, a similar 

sum rule as previously given for the degree of rate control exists, which is 

∑ 𝜖𝜖𝑖𝑖𝑖𝑖 = 0               
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Chapter 3  

 

A density functional theory study of CO hydrogenation on the Mo-edge of 
MoS2: pathways to CH4, CH3OH, CO2 and H2O formation 

 

Abstract 

CO hydrogenation on MoS2-based catalysts is interesting to convert synthesis gas obtained 

from different resources into methane and alcohols. We performed density functional theory 

calculations to investigate the reaction pathways from synthesis gas to methane and methanol 

at the bare metallic Mo-edge, i.e., MoS2(100) termination. The elementary reaction steps 

relevant to carbon monoxide dissociation, methane and methanol formation and oxygen 

removal as water and carbon dioxide were investigated. Hydrogen-assisted CO dissociation is 

kinetically preferred over direct CO dissociation. Methane is expected to be the dominant 

reaction product, because CHxO dissociation to CHx+O has a lower barrier than CHxO 

hydrogenation to CHxOH. The most likely pathway for methane formation involves the 

dissociation of CHO and CH2O intermediates followed by hydrogenation of the resulting CHx 

fragments. Based on the activation barriers, removal of the surface oxygen from the bare Mo-

edge of MoS2 as water or carbon dioxide is predicted to be very difficult and will likely control 

the overall reaction rate. 

 

3.1 Introduction 

The increasing global demand for energy leads to a more diversified use of fossil and 

renewable resources. At the fossil side of these resources, coal reservoirs remain plentiful and 

cheap and continue to be considered as a substitute for petroleum and natural gas. Synthetic 

natural gas can be obtained from coal via gasification into synthesis gas (a mixture of CO and 

H2) and methanation. Methanation is already a large-scale industrial process to remove traces 

of CO and CO2 from the hydrogen supply in ammonia production [1, 2]. Other sources of 

synthetic natural gas are biofuels, waste streams and renewable electricity, the latter 

requiring a source of carbon dioxide for conversion with green hydrogen from electrolysis via 
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the Sabatier reaction. Natural gas is a convenient energy carrier as it can for instance be easily 

distributed in a gas grid and there is increasing attention for natural gas as a fuel for heavy 

(marine) transport. On the other hand, natural gas prices are too low in many places to 

economically produce synthetic natural gas. Therefore, also other options involving synthesis 

gas as a platform to produce more valuable liquid hydrocarbon fuels are considered such as 

Fischer-Tropsch synthesis [3]. Another interesting option is to convert synthesis gas to mixed 

alcohols, which are interesting octane-boosting fuel additives [4, 5]. 

For methanation and mixed alcohols synthesis, MoS2 is one of the promising catalyst systems 

in addition to modified Cu and (expensive) Rh catalysts [6-12]. For methanation, MoS2-based 

catalysts are attractive, because their substantial water-gas shift activity allows converting 

synthesis gas at low H2/CO ratio. Another aspect of these catalysts is that they retain good 

activity in the presence of H2S, a common pollutant in synthesis gas derived from coal. On the 

other hand, their activity is currently too low to compete with industrial Ni-based catalysts. 

For mixed alcohols synthesis, conventional Fischer-Tropsch catalysts are not efficient enough 

[13-17]. MoS2-based catalysts are more promising for this purpose [19, 20]. It has been found 

that alkali promotion of MoS2 is important in shifting the product distribution from 

hydrocarbons to mixed alcohols [21, 31-33]. 

The mechanism of CO hydrogenation on MoS2 has already been studied by quantum-chemical 

calculations. Anderson and Yu investigated the conversion of CO and methane to ethane and 

ethanol on MoS2 [22], using molecular orbital theory to study CO adsorption and energy 

barriers for CH2+CH2, CH2+CH3, CH3+CH3, CH3+CO and H+CH2CH3 coupling reactions. Klier et 

al. used density functional theory (DFT) to understand the influence of K and Ag promotion on 

MoS2 [23]. In order to study CO and H2 adsorption, they employed a Mo7S14 cluster, as its 

edges resemble the periodic MoS2 edges. Zeng et al. carried out a DFT study of CO adsorption 

at corners and edges of a Mo28S84 cluster [25]. They also studied CO adsorption on the 

coordinatively unsaturated (I0Ī0) surface on a Mo16S32 cluster [26]. Huang et al. performed a 

systematic DFT study of hydrogenation of synthesis gas on a periodic MoS2 model at 0% and 

100% sulfur coverage of the Mo-edge [27]. Formation of CH4 and CO2 were predicted to be 

the favored products on the unpromoted MoS2 surface. Shi et al. investigated reaction 

intermediates of CO hydrogenation on the Mo-edge with 42% sulfur coverage and the S-edge 

with 50% sulfur coverage of unpromoted MoS2 [28]. This study showed formation of CH4 
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through C1-type intermediate surface species. Chen et al. conducted DFT calculations to 

investigate the mechanism of ethanol formation from methanol and synthesis gas on Mo20S43 

and Mo20S36 clusters [29].  In another DFT study, they carried out methanol dissociation on 

the bare Mo-edge, 50% sulfur covered Mo-edge and 50% sulfur covered S-edge of MoSx 

clusters, demonstrating the ability of the clusters to break the O-H bond of methanol with low 

barrier [18]. 

The coverage with sulfur species at the different surface termination of MoS2 has been well 

studied. Travert et al. showed the dependence of sulfur coverage of the Mo and S edges of 

MoS2 on the H2/H2S ratio of the gaseous environment [24]. Others have extensively studied 

this aspect as well [34, 35]. An important corollary of these works is that the most stable 

structure for both Mo and S edges are 50% sulfur-covered in a gaseous atmosphere with 

H2S/H2 ratios varying from 0.01 to 0.1. This has also been confirmed by Hansen et al. using 

high-resolution scanning TEM of an industrial hydrodesulfurization catalyst under sulfidation 

conditions [36]. The Mo atoms at the Mo-edge with 50% sulfur coverage are coordinatively 

saturated. As such, one does not expect catalytic activity for such model and at least one S 

atom needs to be removed. Shi et al. used this S-vacancy model to study CO hydrogenation 

on MoS2 [28]. A drawback of their model is that CO and O were adsorbed on a single vacancy. 

CO2 adsorption at the S-vacancy of this model is endothermic (+0.42 eV) [48], while 

experimentally it has been found that CO2 inhibits the reaction rate of CO hydrogenation [37]. 

A lower S coverage such as on the 0% sulfur-covered Mo edge strongly adsorbs CO2 [27]. Thus, 

in practice the sulfur coverage at the Mo-edge may be lower than predicted in these ideal 

model calculations.  

Until now, no full micokinetic model has been developed for studying CO hydrogenation on 

MoS2. In this work, we explore CO hydrogenation on the bare metallic Mo edge of MoS2 using 

DFT calculations. We include all pathways towards formation of CH4 and CH3OH formation 

including removal of O atoms in the form of CO2 and H2O. 

 

3.2 Computational methods 

Electronic structure calculations within the density functional theory (DFT) framework were 

performed using the Vienna Ab initio Simulation Package (VASP) [38. 39]. Projector-
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augmented wave pseudopotentials and a plane wave basis set with an energy cut-off of 400 

eV were used to describe the electron density [41, 42]. Exchange-correlation was taken into 

account using the Perdew−Burke−Ernzerhof (PBE) parametrization of the generalized gradient 

approximation [44]. Gaussian smearing-function with a width smaller than 0.1 eV was used to 

account for fractional occupancies [45]. 

Bulk MoS2 has a hexagonal structure with six atoms per unit cell, comprised of S-Mo-S layers. 

The basal (001) plane is terminated by sulfur atoms, which is usually regarded to be inactive 

in catalysis. Cleavage of bulk MoS2 parallel to the (100) or (010) plane results in edge surfaces, 

namely the coordinatively unsaturated Mo-terminated (10Ī0) edge (named Mo-edge 

hereafter) and the S-terminated (Ī010) edge (S-edge) [46, 47]. These edges are shown in Figure 

3.1. The slab model used is represented by a p(4 x 4) unit cell exposing the MoS2(100) surface. 

We used computed infinite-slab minimum energy lattice parameters of a = b = 3.13 Å and c = 

12.59 Å and a gap between the layers of 12.0 Å to build the supercell. To confirm that the 

vacuum layer was thick enough, we verified that the electron density as well as the 

electrostatic potential approached zero at the border of the supercell. In all calculations, the 

geometry of the whole slab including adsorbates was relaxed on both sides. To significantly 

reduce the spurious dipole interactions between adjacent supercells, adsorbates were placed 

on both sides of the slab. Sampling of the Brillouin zone was done using a (3 × 3 × 1) k-point 

mesh, generated by the Monkhorst-Pack method [43]. Geometry optimization of gas-phase 

reference molecules was done in the -point with the molecules being placed at the center of 

a large unit cell (10 Å × 10 Å × 10 Å). Electronic convergence was set to 10−4 eV, and geometries 

were converged to 10−3 eV using a conjugate-gradient algorithm, which uses trial and 

corrector steps to converge both the energy and the forces on the ions. Transition states (TS) 

for elementary reactions were identified using the Nudged Elastic Band (NEB) method as 

implemented in VASP 4.6.31 [44]. Typically, about 40 ionic steps were made with the NEB 

algorithm. Then, a frequency calculation was performed on the image with the highest energy. 

When frequency analysis showed one imaginary frequency in the direction of the reaction 

coordinate, the structure was further relaxed with a quasi-Newton algorithm until the forces 

were smaller than 0.01 eV/Å. Finally, the nature of the transition state was again confirmed 

by the occurrence of a single imaginary frequency in the direction of the reaction coordinate. 

Frequencies were obtained by Hessian vibrational analysis with a step size of 0.02 Å. Zero-
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point energy corrections were made to adsorption energies and activation energy barriers. 

Adsorption energies of adsorbates have been calculated using the following equation: 

𝛿𝛿𝑎𝑎𝑎𝑎𝑎𝑎 =
𝛿𝛿𝑎𝑎𝑠𝑠𝑎𝑎𝑠𝑠+𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑟𝑟𝑠𝑠𝑎𝑎𝑎𝑎𝑒𝑒 − 𝛿𝛿𝑎𝑎𝑠𝑠𝑎𝑎𝑠𝑠 − 2𝛿𝛿𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑟𝑟𝑠𝑠𝑎𝑎𝑎𝑎𝑒𝑒

2
 

The factor ½ accounts for the fact that energies were computed with two adsorbates in the 

supercell.  

  

Figure 3.1. (a) Top and (b) side views of the MoS2 supercell used in this investigation. 

 

3.3 Results and Discussion 

CO adsorption 

We first studied CO adsorption on the Mo- and S-edges of the (100) surface 

termination of MoS2. Stable adsorption geometries are shown in Figure 3.2 and the 

corresponding adsorption energies are listed in Table 3.1. The adsorption energies are in good 

agreement with data reported by Huang and Cho [26], but a bit higher than values mentioned 

by Zeng et al. [ 27]. CO binds strongest (2.22 eV) on the bridge-Mo site of the Mo-edge. CO 

adsorbs via its carbon atom and is tilted with respect to the normal of the Mo-edge. Top 

adsorption of CO is slightly less favorable (2.05 eV). In both these adsorption modes, CO is 

activated with slightly longer C-O bonds as compared to the computed gas-phase C-O bond 

distance. CO adsorption is less favorable at the S-edge. CO adsorption energies on the bridge 

S atom and the 4-fold hollow site at the S-edge are -0.84 eV and -0.63 eV, respectively. 

 

 

 

(a) (b)
Mo-edge S-edge

Mo SS
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Figure 3.2. Adsorption of CO on (a) atop-Mo site, (b) bridge-Mo site on the bare Mo-edge, (c) 
the short bridge-S sites, and (d) the hollow 4-fold sites of the fully sulfur covered S-edge of 
MoS2. 

 

Table 3.1. Adsorption energies (Eads), bond distances, and frequencies for CO and CO2at 
different adsorption sites on the Mo-edge and S-edge of MoS2. 

Adsorbate Adsorption site Eads (eV) dC-O (Å) Frequency (cm-1) 
  Calc. Lit.1 Calc. Lit. Calc. Lit. 

CO Atop-Mo -2.05 -2.05; -1.94 1.17 1.17; 1.15 1908 1942; 1970 
CO Bridge-Mo -2.22 -2.24; -1.93 1.23 1.22; 1.23 1532 1551; 1545 
CO Bridge-S -0.63 -0.79; -0.51 1.20 1.20; 1.19 1734 1715; 1781 
CO2 Bridge-Mo -1.97 -1.60 1.26 1.26 - - 
2 CO Bridge-Mo - -1.60 - - 1880 - 
CH2O Bridge-Mo -2.65 - 1.45 1.45 822 - 

 

 

CO dissociation 

CO dissociation is the key step in the hydrogenation of CO to hydrocarbons and C2+ 

oxygenates. We investigated CO dissociation from the most stable bridge-adsorbed state on 

the Mo-edge. Figure 3.3 shows the initial, transition and final states for the dissociation of CO. 

The activation barrier for direct CO dissociation is 2.48 eV, in close agreement with the value 

of 2.60 eV reported in the literature [27]. In the transition state, the C-O bond distance is 

increased to 2.27 Å, with C and O being top adsorbed on adjacent Mo sites. After dissociation, 

the C atom ends up in a bridged configuration and O atop on a Mo site. The reaction energy 

(a) (b)

(c) (d)

1 References: 26 and 27. 
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for this step is -0.21 eV. A more stable configuration can be obtained by moving the top-

adsorbed O atom to an adjacent bridge site. This makes the overall CO dissociation reaction 

exothermic by 0.8 eV. 

 

 

Figure 3.3. Reaction mechanism for the direct CO dissociation at the bridge-Mo site at the 
bare Mo-edge of MoS2(100). 

 

Despite the exothermicity of direct CO dissociation, the overall barrier is very high and above 

the adsorption energy of CO. We compare these reaction energies to CO dissociation on the 

metallic Mo(100) surface. The activation barrier for CO dissociation is only 0.56 eV with an 

exothermic reaction energy of -0.83 eV. In the transition state, C is at the 4-fold hollow site 

and O at the bridge site of the Mo surface [52]. The stronger bonding and higher coordination 

of C and O to Mo atoms possible on the metallic surface as compared to MoS2 explains the 

significant difference in the CO dissociation barrier.  

We also considered cleavage of the C-O bond in CHxO and CHxOH intermediates. H-

assisted CO dissociation has been widely investigated on metal surfaces [30, 34, 35]. We first 

studied CHO and COH formation as given in Figure 3.4. The activation energy for the former 

reaction is 0.97 eV and the reaction energy is 0.87 eV. Dissociation of the C-O bond in the 

formyl (CHO) intermediates into CH and O fragments involves an activation barrier of 0.66 eV. 

This reaction is strongly exothermic by -1.28 eV. We found that COH is 1.77 eV less stable than 

CO and H atoms co-adsorbed at adjacent bridge Mo sites at the Mo-edge. In attempting to 

identify a transition state for the hydrogenation of CO with H to COH, we observed that CHO 

formation was always preferred.  

 

I.S. T.S. F.S.
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Figure 3.4. Reaction mechanism of hydrogen-assisted CO dissociation at the bridge-Mo site of 
the MoS2(100) surface: (top) CHO formation and (bottom) CHO dissociation. 

 

Formyl can also be further hydrogenated to surface CHOH or surface formaldehyde 

(CH2O) as shown in Figure 3.5. Surface CH2O is 0.12 eV less stable than co-adsorbed H and 

CHO, whereas CHOH is 1.39 eV less stable. The activation barriers for CH2O and CHOH 

formation are 0.87 eV and 2.54 eV, respectively. Thus, formation of surface formaldehyde 

(CH2O) is thermodynamically and kinetically favored over CHOH formation. Dissociation of 

CH2O occurs with a lower energy barrier (0.43 eV) than for CHO dissociation (0.56 eV). This 

relates to the weakened C-O bond upon further hydrogenation of the C atom. The reaction 

energy associated with this dissociation step is -1.43 eV.  

I.S.

T.S. F.S.I.S.

T.S. F.S.
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Figure 3.5. Reaction mechanism of the hydrogenation of CHO at the Mo-edge of MoS2(100): 
(top) CHOH formation, (middle) CH2O formation, and (bottom) CH2O dissociation. 

 

Formaldehyde can also be hydrogenated to methoxide (CH3O) or methylol (CH2OH) as 

shown in Figure 3.6. The activation barrier for methoxide formation (H + CH2O  CH3O) is 

1.18 eV and the reaction is endothermic by +0.73 eV. The activation barrier for methylol 

formation (CH2O + H  CH2OH) is +1.76 eV; this reaction is endothermic by +1.34 eV. Thus, 

on the basis of the activation barriers C-O bond dissociation is the preferred way of converting 

CH2O. 

 

I.S.

I.S.

I.S.

T.S.

T.S.

T.S.

F.S.

F.S.

F.S.
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Figure 3.6. Reaction mechanism of the hydrogenation of formaldehyde at the Mo-edge of 
MoS2(100): (top) methoxide (CH3O) formation and (bottom) methylol (CH2OH) formation. 

 

Methane formation 

The forward activation energies and reaction energies for all elementary steps leading 

to hydrogenation of surface CHx (x = 0-3) to gaseous methane (CH4) are given in Table 3.2. The 

corresponding initial, transition and final states are shown in Figure 3.7. It is not likely that 

atomic C is obtained by direct CO dissociation at the Mo-edge. Instead, it can for instance be 

formed by dehydrogenation step of CH, obtained by C-O bond dissociation in formyl (CHO) 

species. The activation energy for methylidine (CH) dissociation into atomic C and H is 1.06 eV 

with a reaction energy of +0.09 eV. In the transition state of CH dissociation, the Mo-H and C-

H bond distances are 1.77 Å and 1.80 Å, respectively. Compared with dehydrogenation, 

hydrogenation of CH to CH2 is more facile with a barrier of 0.87 eV; the reaction is slightly 

endothermic by +0.16 eV. In the transition state of CH2 formation from CH hydrogenation, the 

Mo-H and C-H bond distances are 1.72 Å and 1.74 Å, respectively. Another route that results 

in methylene is C-O bond dissociation in CH2O, whose barrier is 0.43 eV. The activation barrier 

for methyl formation at the bridge Mo-site is 0.89 eV with reaction energy of +0.48 eV. The 

Mo-H and C-H bond distances in the transition state for CH3formationare 1.76 Å and 1.75 Å, 

respectively. The activation barrier for CH4 formation is 1.48 eV. This reaction step is highly 

endothermic (+1.31 eV). In the transition state, both methyl and H are attached to the same 

Mo atom. The relevant Mo-C, Mo-H and C-H distances in the transition state are 2.35 Å, 1.78 

Å, and 1.46 Å, respectively. The activation barrier for methane formation is higher than values 

reported in literature. Huang and Cho obtained a value of 0.58 eV at the bare Mo-edge, while 

I.S. T.S.

F.S.I.S. T.S.

F.S.
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at an S-coverage of 37.5% a value of 0.53 eV was computed by Shi et al. [27, 28]. The higher 

value computed in the present work includes migration correction from the most stable 

adsorption sites of CH3 and H. Without these, we find a barrier for the recombinative 

desorption of CH4 of +1.12 eV, which is closer to the reported literature values. 

 

Figure 3.7. Reaction mechanism of CH4 formation by surface C hydrogenation at the Mo-edge 
of MoS2(100): (a) methylidyne CH formation, (b) methylene (CH2) formation, (c) methyl (CH3) 
formation, and (d) methane (CH4) formation. 

 

 

 

 

 

I.S.

T.S.

F.S.

I.S.

I.S.

I.S.

(a)

(b)

(c)

(d) T.S.

T.S.

T.S.

F.S.

F.S.

F.S.
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Table 3.2. Elementary steps for the hydrogenation of surface carbon to methane on the bare 
Mo-edge of MoS2. Forward and backward activation barriers (Ef and Eb, respectively) and 
reaction energies (ΔH) in relation to the most stable states found for the reactants and 
products (all energies are ZPE-corrected).  

Elementary Reaction Energies Literature values2 
Ef (eV) Eb (eV) ∆H (eV) Ef (eV) Eb (eV) ∆H (eV) 

C+H  CH 1.06 1.15 -0.09 n.a.3 n.a. -0.64 
CH+H  CH2 0.87 0.71 +0.16 n.a. n.a. -0.15 
CH2+H  CH3 0.89 0.40 +0.48 n.a. n.a. -0.01 
CH3+H  CH4 1.48 0.17 +1.31 0.58 n.a. +0.42 

 

 

Formaldehyde and methanol formation 

In the previous section, we identified a pathway for CH2O formation. The adsorption 

energy of CH2O at the bridge-Mo site of the bare Mo-edge is -2.65 eV. This adsorption is much 

stronger than values reported for transition metal surfaces such as Cu(111) and Ni(111) 

surfaces of -0.33 eV and -0.14 eV, respectively [53, 54]. The strong adsorption on the Mo-edge 

is in part due to the strong -bonds formed between adjacent Mo atoms with the C and O 

atoms of formaldehyde. As the adsorption energy of CH2O is higher than the activation 

barriers for CH2O dissociation or hydrogenation to CH3O, we do not expect that gas-phase 

formaldehyde will be observed as a reaction product during CO hydrogenation. We then 

studied the hydrogenation of CH2O to methanol. Hydrogenation to CH3O starts from 

formaldehyde and atomic hydrogen adsorbed at adjacent bridge-Mo sites (see in Figure 3.6). 

The activation energy is 1.18 eV and this reaction is endothermic by +0.74 eV. The Mo-H and 

Mo-C bond distances in the transition state are 1.74 Å and 2.44 Å, respectively. In comparison, 

activation barriers for methoxide formation on Cu(111) and Ni(111) surfaces are much lower 

(i.e. 0.36 eV and 0.42 eV, respectively). The higher activation barrier for this elementary step 

on the Mo-edge relates to the need to break additional -bonds. The product methoxide 

(CH3O) species, which only coordinates through its O atom, moves from the atop-Mo site to 

the bridge-Mo site. The methoxide species can then undergo either dissociation to methyl and 

oxygen or it can be hydrogenated to methanol. No transition state could be identified for 

CH3O dissociation in CH3 and O. For methanol formation, we used in the initial state 

methoxide and hydrogen co-adsorbed at adjacent bridge-Mo sites (Figure3.8). The activation 

2 Reference: 27. 
3 n.a means that the relevant value is not available. 
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energy for methanol formation is 2.21 eV with a reaction energy of +1.84 eV. In the transition 

state, the Mo-H and Mo-O distances are 2.10 Å and 2.04 Å, respectively. The O-H bond 

distance in the methoxide in the transition state is 1.23 Å. In the final state, methanol is 

adsorbed atop-Mo with a Mo-O bond distance of 2.18 Å. The C-O bond length in methanol in 

this configuration is 1.46 Å, which is slightly elongated compared to the C-O bond distance in 

free methanol (1.43 Å). The top adsorption energy of methanol on Mo is -0.98 eV. This value 

is only slightly lower than the adsorption energy of -1.17 eV computed for methanol adsorbed 

on the Mo-edge of a Mo20S40 cluster [55]. 

 

Figure 3.8. Reaction mechanism of methanol formation by hydrogenation of methoxide 
(CH3O) at the Mo-edge of MoS2(100). 

 

CHx+OH coupling reactions 

The hydrogenation of CHxO intermediates to CHxOH (x = 1-3) involves high activation 

energies. Alternative pathways for CHxOH formation are the direct coupling reactions of CHx 

with surface OH species. As can be seen in Table 3.3, the reaction energies for such coupling 

reactions are even higher (1.26-2.50 eV). Accordingly, these reaction steps are likely kinetically 

irrelevant. 

 

 

 

 

 

 

 

I.S. T.S. F.S.
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Table 3.3. Computed reaction enthalpies (ΔH) for the direct coupling of CHx+OH in relation 
to the most stable states identified for reactants and products (all values are ZPE-corrected). 

Elementary reaction ∆H(eV) Elementary reaction ∆H(eV) 
C+OHCOH +1.26 CH2+OHCH2OH +1.76 

CH+OHCHOH +1.84 CH3 + OHCH3OH +2.50 
 

Oxygen removal as water and carbon dioxide 

Atomic O derived from C-O bond cleavage reaction can be removed as water or carbon 

dioxide. For water formation on the bare Mo-edge of MoS2, we studied two mechanisms, i.e. 

(i) H+OH  H2O and (ii) 2OH  H2O + O. The first step in both mechanisms is hydroxyl 

formation by reaction of O + H. The preferred adsorption sites for atomic O and H are bridge-

Mo sites at the Mo-edge. In the initial state for OH formation, both O and H are adsorbed at 

adjacent bridge-Mo sites (Figure 3.9). In the transition state, H is on the atop-Mo site and the 

O atoms on the bridge-Mo sites. The O-H bond distance is 1.36 Å, the Mo-H bond distance is 

1.82 Å, and the Mo-O bond distances at bridge-Mo sites are 1.94 Å and 2.26 Å. The activation 

energy for OH formation is 1.99 eV and the reaction is endothermic by +1.02 eV. In the final 

state, the hydroxyl group is bound to the bridge-Mo site. For water formation by direct 

reaction of H with OH, OH and H are co-adsorbed at adjacent bridge-Mo sites (Figure 3.9). In 

the transition state, both OH and H are bound to the same Mo atom; the O-H distance is 1.29 

Å. The activation barrier for H2O formation is 2.35 eV and reaction is highly endothermic (1.81 

eV). H2O is adsorbed on the atop-Mo site. The adsorption energy for water at atop-Mo site is 

-0.85 eV. The Mo-O bond distance for adsorbed water on atop-Mo site is 2.21 Å. Another 

reaction pathway explored for water formation in this study is the disproportionation 

reaction, i.e. 2OH  H2O +O. During our extensive exploration of the potential energy surface, 

we found that viable reactions always include dissociation of OH into O + H prior to OH + H 

recombination. Thus, only the pathway involving sequential addition of H atoms to O is 

reasonable. 
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Figure 3.9. Oxygen removal mechanism via water at the bare Mo-edge of MoS2(100): (top) 
hydroxyl formation from hydrogenation of surface oxygen, (middle) water formation from 
hydrogenation of surface hydroxyl, (bottom) water formation from disproportionation 
reaction of two hydroxyl groups.  

 

We briefly discuss water and methanol formation on the Mo-edge of MoS2, and then 

compare these data to methanol formation on Cu(111) and Ni(111) surfaces. Reaction 

energies for both methanol formation (CH3O+H  CH3OH) and water formation (H+OH  

H2O) are highly endothermic by +0.95 eV and +0.82 eV, respectively. The activation energies 

for methanol and water formation are 2.21 eV and 2.35 eV, respectively. These reactions show 

that hydrogenation of OH and CH3O to form water and methanol are difficult step at the bare 

Mo-edge of MoS2. This is due to strong adsorption of OH and CH3O. In comparison to the Mo-

edge surface, activation energies for methanol formation on Cu(111) and Ni(111) are much 

lower, i.e. 1.20 eV and 0.61 eV, respectively [53, 54]. Reaction energies for methane formation 

on Cu(111) and Ni(111) surfaces are nearly thermoneutral. On the other hand, this reaction is 

highly endothermic on the Mo-edge of MoS2. In keeping with these differences, the 

adsorption energy for methanol on the Mo-edge is -0.98 eV, substantially higher than values 

on Cu(111) and Ni(111) surfaces of -0.32 eV and -0.02 eV, respectively. 

I.S.

T.S. F.S.

I.S.

I.S.

T.S.

T.S. F.S.

F.S.
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The alternative O-removal pathway is as CO2. On the bare Mo-edge, we have studied 

two mechanisms, namely (i) CO + O  CO2 and (ii) 2CO  CO2 + C. The latter reaction is 

commonly referred to as the Boudouard reaction. For CO2 formation directly from CO with 

atomic O, the initial state involves co-adsorbed species at adjacent bridge-Mo sites. Then, the 

O atom migrate to an atop-Mo site, whereas CO remains at the bridge-Mo site with the C-O 

vector bending towards the Mo-edge as shown in Figure 3.10. This highlights the repulsion 

between CO and atomic O on the bare Mo-edge. The activation barrier for CO2 formation is 

3.26 eV. Experimentally, it is observed that CO2 is the main product that removes O atoms 

from the surface [37, 49]. The barrier for this reaction is found to be very high, because CO 

and O are strongly bound to the surface.  

The second mechanism considered for CO2 formation involves the reaction between 

two adsorbed CO molecules to give CO2 and atomic C. This mechanism has amongst others 

been proposed to occur on exfoliated MoS2 [49]. When two CO molecules are co-adsorbed at 

adjacent bridge-Mo sites of MoS2 as shown in Figure 3.10, the average CO adsorption energy 

decreases to -1.60 eV, which is due to repulsive lateral interactions. Given the nature of the 

initial state (Fig. 3.10), we could not identify a transition state for the Boudouard reaction.  

 

Figure 3.10. Mechanism of CO2formation at bare Mo-edge of MoS2(100): (top) direct 
oxidation of CO oxidation, (bottom) Boudouard reaction. 

 

 

 

I.S.

I.S. T.S.

T.S. F.S.
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Discussion  

The potential energy surface for the reactions discussed above is shown in Figure 3.11. 

The energies for the elementary steps relevant to methanol formation are calculated relative 

to clean MoS2 surface and one CO and two H2 molecules. For methane formation, the 

energetics are relative to clean MoS2 surface and one CO and three H2 molecules. The diagram 

includes activation barriers for all elementary steps. Although the final state for CHO 

formation is less stable than that of direct CO dissociation, the former involves a barrier of 

only 0.66 eV, whereas the latter requires overcoming a barrier of 2.48 eV. Thus, we predict 

that CO prefers to undergo hydrogenation to formyl before CO bond dissociation takes place. 

In the next step, CHO can undergo either dissociation to CH and O or hydrogenation to CHOH 

or CH2O. Hydrogenation of CHO to CHOH on the Mo-edge is not feasible as it is highly 

endothermic with 1.38 eV and the activation barrier for this reaction is 2.54 eV, much higher 

than the other two paths. Formaldehyde (CH2O) formation from hydrogenation of CHO is a 

feasible pathway, as it is slightly endothermic with 0.12 eV and the activation barrier for this 

elementary step is only 0.87 eV. The activation barrier for CHO dissociation to CH and O is only 

0.66 eV and this reaction is highly exothermic. Thus, formyl dissociation into CH and O appears 

to be the most favorable pathway for C-O bond cleavage. Methylidyne (CH) formed can be 

either dehydrogenated to surface carbide with the activation barrier of 1.07 eV or 

hydrogenated to surface methylene (CH2) with an activation barrier of 0.87 eV. Both reactions 

are nearly thermoneutral. That is, we may expect that C, CH and CH2 are present on the 

surface. Methylene (CH2) formation may also take place via C-O bond cleavage of surface 

formaldehyde formed as an intermediate during CO hydrogenation. We predict that gaseous 

formaldehyde would not form under methanation conditions, as its adsorption energy (+2.65 

eV) is much higher than the dissociation barrier to form methylene and atomic oxygen (0.43 

eV). The latter reaction is highly exothermic with -1.43 eV. In addition, hydrogenation of 

formaldehyde to CH2OH is not a feasible pathway due to the high activation barrier (1.76 eV). 

In the next step, methylene is hydrogenated to methyl with the activation barrier of 0.89 eV 

and the reaction energy of 0.70 eV. In the last step, surface methyl (CH3) undergoes 

hydrogenation to methane (CH4) with the activation barrier of 1.48 eV. This elementary 

reaction step is endothermic by +1.30 eV. For methanol formation (green line in Figure 3.11), 

formaldehyde is hydrogenated to methoxide with a barrier of 1.18 eV, which is much higher 

than formaldehyde dissociation. Hydrogenation of methoxide to methanol on the bare Mo-
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edge may not be a favorable reaction due to its high activation barrier of 2.21 eV. Thus, 

according to the DFT-computed reaction energetics, methane is the preferred product from 

CO hydrogenation on the bare Mo-edge of MoS2. Removal of atomic oxygen from the surface 

of catalyst as water or carbon dioxide is a crucial step. Both water formation and carbon 

dioxide formation on the bare Mo-edge involve high activation barriers, which suggest that O 

might block the Mo-edge surface, usually considered as the active site for CO dissociation, 

under catalytic conditions.  

 

Figure 3.11. Potential energy diagram for CO hydrogenation at the bare Mo-edge of 
MoS2(100). All energies are ZPE-corrected. 

 

 

3.4 Conclusions 

DFT calculations have been performed to study the mechanism of CO hydrogenation at the 

bare Mo-edge of the MoS2 (100) termination. CO dissociation, methane and methanol 

formation as well as oxygen removal as water and carbon dioxide were investigated. 

Hydrogen-assisted CO dissociation is kinetically preferred over direct CO dissociation. 

Methane is expected to be dominant product, because CHxO dissociation to CHx+O has a 
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lower barrier than CHxO hydrogenation to CHxOH species. The most likely pathway for 

methane formation is via the dissociation of CHO and CH2O intermediates followed by 

hydrogenation of the resulting CHx fragments. Based on the activation barriers, removal of the 

surface oxygen from the bare Mo-edge of MoS2 as water or carbon dioxide is predicted to be 

difficult. 
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Chapter 4 

 

A density functional theory study of CO hydrogenation on the Mo-edge of 

MoS2: pathways to C2H4 and C2H6 

 

Abstract 

We used density functional theory (DFT) calculations to determine the reaction energetics of 

C-C bond formation reactions via CHx+CO and CHx+CHy coupling and CHxCHy hydrogenation 

on the bare Mo-edge of MoS2. CH+CH2 and CH2+CH2 coupling reactions are identified as the 

favorable pathways for C-C bond formation. CHx+CO coupling reactions face high activation 

barriers due to the strong repulsion between CO and CHx adsorbed on adjacent bridge-Mo 

sites. Combined with earlier DFT calculations of steps relevant to CO hydrogenation, we 

carried out microkinetics simulations. These predict a very low methanation activity of the 

bare Mo-edge, which contradicts experiment. The low activity is due to the high activation 

barriers for oxygen removal as CO2 or H2O. To get a first impression of the role of co-adsorbed 

S atoms, we computed that barrier for CO2 formation at a sulfur coverage of 25%. Using the 

significantly decreased barrier a much higher activity in CO hydrogenation is predicted. 

Hydrocarbons and CO2 are produced in equimolar ratio in agreement with experiment. Below 

675 K, more ethylene than methane is obtained. At high temperature, methane is the main 

hydrocarbon product.  

 

 

4.1 Introduction 

A secure energy supply and a clear environment are the main challenges faced by our society 

in the coming decades [1]. The current energy system depends on a constant supply of cheap 

and abundant carbon-based resources. There is a preference of liquid and gaseous over solid 

fuels. Coal as a plentiful and cheap fossil reserve remains an important source of energy and 

is in certain parts of the world increasingly considered for the production of chemicals. 

Biomass is regarded a more sustainable and renewable resource for the production of fuels 

and chemicals. Synthesis gas (a mixture of carbon monoxide and hydrogen) is a convenient 
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platform to convert the solid resources biomass and coal into value-added products such as 

liquid hydrocarbons, alcohols or methane [2]. Among these, methane is currently less 

preferred given its low pricing. Methane can be obtained by methanation (SNG, synthetic 

natural gas), while synthesis gas can be converted to liquid hydrocarbons in the Fischer-

Tropsch process [3, 4]. The conversion of synthesis gas to mixed alcohols is interesting, 

because these products can be used as fuels and fuel additives for octane enhancement as 

well as a feedstock for the chemical industry [5, 6]  

For methanation and mixed alcohols synthesis, MoS2 is one of the promising catalyst systems 

in addition to modified Cu and (expensive) Rh catalysts [7-13]. For methanation, MoS2-based 

catalysts are attractive, because they can resist a certain level of sulfur species that poison 

other catalysts [14]. Moreover, these catalysts also display substantial water-gas shift activity 

allowing the conversion of synthesis gas with a low H2/CO ratio as obtained from coal and 

biomass [14]. On the other hand, the activity of MoS2-based catalysts is currently too low to 

compete with industrial Ni-based catalysts. For mixed alcohols synthesis, conventional 

Fischer-Tropsch catalysts are not efficient enough [15-19], while alkali-promoted MoS2-based 

catalysts are good candidates in this respect [20-23]. 

Numerous theoretical works have been conducted focusing on the adsorption and conversion 

of CO on MoS2 slabs and clusters [24-32]. Most of these studies involve DFT calculations of 

the bare Mo-edge and a sulfur-terminated Mo-edge with a single vacancy [26, 27]. Huang et 

al. predicted CH4 and CO2 as the favored products at the Mo-edge [26], while Shi et al. 

reported methane to be the predominant hydrocarbon product on the sulfur edge [27]. In 

both of these works, C-C coupling reactions were not taken into account. A DFT investigation 

of ethanol formation from methanol on MoxSy clusters suggested the importance of CO 

insertion for the formation of surface acyl (CH3CO) [28]. Andersen et al. employed DFT 

calculations for investigating the influence of K on MoS2 in the formation of CH2CO [29]. They 

used a single sulfur vacancy model and identified that the activation barrier for CH2+CO 

coupling reaction on the Mo-edge is very high (i.e., 1.65 eV). Although the activation barrier 

for CH2+CO coupling at the 50% sulfur covered S-edge is much lower (i.e., 1.22 eV), the 

activation barriers for some of the other intermediary elementary steps, i.e., (i) HCO + H  

H2CO and (ii) H2CO + H  H2COH (iii) CO + H  COH, are very high (1.52 eV-1.73 eV). This 

appears inconsistent with the experimental observation of formation of C2-C4 hydrocarbons 

on non-promoted MoS2 [32, 33].  
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In the previous chapter, we studied in detail all relevant elementary steps for CO 

dissociation, C-hydrogenation to methane, methanol formation, and oxygen removal as water 

or carbon dioxide. The formation of hydrocarbons other than methane on MoS2 has not been 

resolved yet. The purpose of this chapter is to explore the role of the bare Mo-edge of MoS2 

in CHx+CHy and CHx+CO coupling reactions. First, we investigate the role of the bare Mo-edge 

of MoS2(100) surface for ethylene and ethane formation. For this purpose, the periodic DFT 

calculations have been performed to explore the CO insertion mechanism, CHx+CHy coupling 

and hydrogenation of surface CHxCHy. The second part deals with microkinetics simulations 

incorporating computed DFT-based parameters in this and the previous chapter.  

 

4.2 Computational methods 

 

4.2.1 DFT calculations 

Electronic structure calculations within the DFT framework were performed using VASP [34, 

35]. Projector-augmented wave pseudopotentials and a plane wave basis set with a cut-off 

energy of 400 eV were used to describe the electron density [36, 37]. Exchange-correlation 

was taken into account using the Perdew−Burke−Ernzerhof (PBE) parametrization of the 

generalized gradient approximation [38]. Cleavage of bulk MoS2 parallel to the (100) or (010) 

plane results in coordinatively unsaturated Mo-terminated (10Ī0) edge (Mo-edge) and S-

terminated (Ī010) (S-edge) edges [39, 40]. A Gaussian smearing-function (σ ≤ 0.1 eV) was used 

to account for fractional occupancies [41]. The MoS2(100) cut which contains Mo- and S-edges 

was modeled using a four-layer symmetric slab model, in which all atoms were allowed to 

relax. Computed infinite-slab minimum energy lattice parameters were used (a = b = 3.13 Å 

and c = 12.59 Å) and a gap between the layers of 12.0 Å to build the supercell. In all 

calculations, the geometry of the whole slab including adsorbates on both sides was relaxed. 

Sampling of the Brillouin zone was done using a (3 × 3 × 1) k-point mesh, generated by the 

Monkhorst-Pack method [42]. Geometry optimization of gas-phase reference molecules was 

done in the Γ-point with the molecules being placed at the center of a large unit cell (10 Å × 

10 Å × 10 Å). Electronic convergence was set to 10−4 eV, and geometries were converged to 

10−3 eV using a conjugate-gradient algorithm that uses trial and corrector steps to converge 

both the energy and the forces on the ions. Transition states for elementary reactions were 
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identified using the Nudged Elastic Band (NEB) method followed by relaxation with a quasi-

Newton algorithm to reduce the forces below 0.01 eV/Å [43]. 

4.2.2 Microkinetics simulations 

The activation barriers and the corresponding vibrational frequencies of the initial, transition 

and final states were used to compute forward and backward rate constants for the 

elementary reaction steps relevant to the CO hydrogenation on the Mo-edge. The Eyring 

equation was used to calculate the rate constants of surface elementary steps:  

𝑘𝑘 =
𝑘𝑘𝑠𝑠𝑇𝑇
ℎ

𝑄𝑄‡

𝑄𝑄
𝑒𝑒−

𝛿𝛿𝑎𝑎
𝑛𝑛𝑏𝑏𝑇𝑇 (4.1) 

with k being the rate constant in mol/s, kb the Boltzmann constant, T the temperature in K, h 

(Planck’s constant), Q‡ the partition function of the activated complex, Q the partition function 

of the complex in the pre-activated (initial) state and Ea the electronic activation energy [44, 

45]. The partition functions for the activated and pre-activated complexes were taken as the 

product of translational, rotational and vibrational partition functions corresponding to the 

configurational degrees of freedom of the surface complexes. All the reported activation 

energies are zero-point-energy (ZPE) corrected [46]. 

For non-activated molecular adsorption it was assumed that the complex loses one 

translational degree of freedom with respect to the gas phase in the transition state. The 

changes in the rotational degrees of freedom were neglected. Accordingly, the following 

expression was employed for the rate of molecular adsorption 

𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 =  
𝑃𝑃𝐴𝐴

�2𝜋𝜋𝜋𝜋𝑘𝑘𝑠𝑠𝑇𝑇
𝑆𝑆 (4.2) 

With P being the partial pressure of the adsorbate in the gas phase, A the surface area of the 

adsorption site, and m the mass of the adsorbate and S the sticking coefficient. 

For desorption, it was assumed that the complex has three rotational degrees of freedom and 

two translational degrees of freedom in the activated state, while in the adsorbed state it only 

has vibrational degrees of freedom. Accordingly, the rate of desorption is given by [47] 

𝑘𝑘 =
𝑘𝑘𝑠𝑠𝑇𝑇3

ℎ3
𝐴𝐴(2𝜋𝜋𝑘𝑘𝑠𝑠)
𝜎𝜎𝜃𝜃𝑟𝑟𝑜𝑜𝑎𝑎

𝑒𝑒−
𝛿𝛿𝑑𝑑𝑒𝑒𝑠𝑠
𝑛𝑛𝑏𝑏𝑇𝑇  (4.3) 

Where σ is the symmetry number, θ the characteristic temperature for rotation, and Edes the 

desorption energy. 
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To carry out microkinetics simulations differential equations for all surface reaction 

intermediates were constructed using the rate constants as given in equations 4.1-4.3. Given 

a system of N elementary reaction steps, 2N rate expressions (i.e. N forward and N backward 

reactions) of the form  

𝑟𝑟𝑗𝑗 = 𝑘𝑘𝑗𝑗𝜋𝜋𝑖𝑖𝑐𝑐𝑖𝑖𝜈𝜈𝑖𝑖   (4.4) 

are obtained, where ci is the concentration of the species i on the surface, and 𝜈𝜈𝑖𝑖is the 

stoichiometry coefficient of species i in elementary reaction step j. These rate expressions 

were used to derive ordinary differential equations (ODEs) for each component. 

The MKMCXX software was then used to solve the resulting set of ordinary differential 

equations (ODEs) by means of the Backward Differentiation Formula method [48-50]. Steady-

state coverages were found by integrating the ODEs in time until the changes in the surface 

coverages were very small. These steady-state surface coverages were then used to compute 

the rates of the individual elementary reaction steps and the overall rate per surface atom. 

We determined the degree of rate control (DRC) as defined earlier [66]. The DRC for a chemical 

reaction is defined as the relative change of the rate as a result of the relative change in the 

rate constant of a particular elementary reaction step keeping the equilibrium constant fixed. 

The DRC is defined as 

𝜒𝜒𝑎𝑎,𝑖𝑖  =  �
𝜕𝜕𝑟𝑟𝑥𝑥 𝑟𝑟𝑥𝑥�
𝜕𝜕𝑛𝑛𝑖𝑖

𝑛𝑛𝑖𝑖�
�
𝑛𝑛𝑗𝑗 ≠ 𝑖𝑖,   𝐾𝐾𝑖𝑖

=  �𝜕𝜕 ln(𝑟𝑟𝑥𝑥)
𝜕𝜕 ln(𝑛𝑛𝑖𝑖)

�
𝑛𝑛𝑗𝑗 ≠𝑖𝑖,   𝐾𝐾𝑖𝑖

                                                                     (4.5) 

In the above equation, 𝜒𝜒𝑎𝑎,𝑖𝑖 is the DRC parameter of elementary reaction step i for key 

component (i.e. a reactant or a product) c, rc is the overall reaction rate for key component c, 

and ki and Ki are the overall reaction rate and equilibrium constants for the elementary 

reaction step I, respectively.  

Lateral interactions and their influence on activation barriers were not implicitly taken into 

account in this study. The CO adsorption energy was set at -1.66 eV. This value is based on the 

adsorption energy of two CO molecules adsorbed at adjacent bridge Mo sites. The H2 

adsorption energy was set at -0.72 eV. 

 

4.3 Results and discussion 

4.3.1 DFT calculations: C2-species formation 

4.3.1.1 CHx adsorption  
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Stable adsorption geometries of CHx (with x = 0-3) are shown in Figure 4.1. The most stable 

adsorption sites for C, CH, CH2 and CH3 are in the bridge-Mo sites. The Mo-C bond distances 

for C, CH, and CH2 species are 1.95 Å, 2.02 Å and 2.15 Å, respectively. This distance becomes 

longer with increasing saturation of the C atom. For methyl (CH3), we have compared 

adsorption at the top-Mo and the bridge-Mo site. Adsorption of methyl is more stable at the 

bridge-Mo site by 0.22 eV than at the atop-Mo site. The Mo-C distance for methyl adsorption 

at the atop-Mo site is 2.13 Å, while the distances at the bridge-Mo site are 2.05 Å and 2.21 Å. 

One of the C-H bonds of methyl adsorbed at the bridge-Mo site is elongated from 1.11 Å to 

1.14 Å due to its interaction with a Mo-edge atom. This interaction of a methyl H atom with a 

surface Mo atom causes the asymmetric adsorption mode at the bridge-Mo site.   

 

 
Figure 4.1. Adsorption of (a) C, (b) CH, (c) CH2, and (d) CH3 at the bridge-Mo site of the bare 
Mo-edge of MoS2 (side view perpendicular to the MoS2(100)  surface). 
 

4.3.1.2 CHx+CHy coupling reactions 

CHx+CHy coupling reactions are relevant for the formation of higher hydrocarbons. We 

investigated 9 different coupling reactions at the Mo-edge of MoS2, for which the kinetic 

parameters are given in Table 4.1. We first investigated coupling of the adsorbed C atom with 

CHx intermediates (Figure 4.2). Reactions with methylidyne (CH) and methylene (CH2) are 

exothermic, whereas coupling of CH to methyl (CH3) is slightly endothermic. Activation 

barriers for C + CHx are very high. The lowest activation barrier is for C + CH2 coupling (2.01 

eV), while activation barriers for coupling to CH and CH3 are 2.70 eV and 2.81 eV, respectively. 

The C-C bond distances in the transition states for CCH, CCH2 and CCH3 formation are 2.21 Å, 

(a)

(c)

(b)

(d)
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2.35 Å and 2.17 Å, respectively. For C + CH coupling, C is located at the bridge-Mo site with CH 

at an adjacent atop-Mo site. In C + CH2 coupling, C remains at the bridge site with methylene 

being in asymmetric two-fold coordination at the adjacent bridge Mo-site. The transition state 

of C + CH3 coupling resembles that of C + CH coupling with C at bridge site and CH3at the atop-

Mo site.  

 

 
Figure 4.2. Coupling of CHx species with surface C at the Mo-edge of MoS2 (side view 
perpendicular to the MoS2(100)  surface): (top) C+CH coupling, (middle) C+CH2 coupling, 
(bottom) C+CH3 coupling. 
 

Table 4.1. CHx+CHy1 coupling reactions on the bare Mo-edge of MoS2(100) surface: computed 
forward and backward activation barriers (Ef and Eb, respectively), reaction energies (ΔH) in 
relation to the most stable state, and structural parameters for the transition states. 

Index Elementary 
reaction 

Ef 

(eV) 
Eb 

(eV) 
∆H 

(eV) 
Bond distances in TS 

dC-C (Å) dMo-C (Å) dMo-C  (Å) 
1 C + CH  CCH 2.70 3.60 -0.90 2.21 2.07 1.83 
2 C + CH2  CCH2 2.01 2.49 -0.48 2.35 2.04 2.13 
3 C + CH3  CCH3 2.81 2.68 +0.13 2.17 1.94 2.39* 
4 CH + CH  CHCH 1.87 1.58 +0.29 2.17 1.86 1.86 
5 CH + CH2  CHCH2 1.39 1.13 +0.26 2.49 1.83 2.04 
6 CH + CH3  CHCH3 1.08 0.27 +0.80 2.06 2.18 2.33* 
7 CH2 + CH2  CH2CH2 1.43 1.32 +0.11 2.65 1.98 1.98 
8 CH2 + CH3   CH2CH3 n.a.2      
9 CH3 + CH3  CH3CH3 n.a.      

 

I.S.

I.S.

I.S.

T.S.

T.S.

T.S.

F.S.

F.S.

F.S.

1  x and y represent number of hydrogen atoms varying from1 to 3. 

2 not available (transition state not identified).  

3 adsorption atop-Mo. 
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We then explored reactions of methylidyne with CHx (x = 1-3) intermediates (Figure  

Reaction between two CH species starts from the co-adsorbed state on adjacent bridge 

Mo-sites. One of the CH species moves to the next bridge Mo-site as shown in Figure 4.3. The 

co-adsorption at adjacent sites in bridged configuration is unfavorable. As a result of the 

repulsive interactions, the barrier for CH + CH coupling is 1.87 eV. The reaction energy for this 

reaction is endothermic by +0.29 eV. Formation of acetylene proceeds via a TS structure with 

a C-C bond length of 2.17 Å. The Mo-C bond lengths are 1.86 Å in the TS, while in the final two-

fold adsorbed acetylene state these distances are 2.11 Å.  

For the CH+CH2 coupling reaction, we start with methylidyne (CH) and methylene (CH2) 

co-adsorbed at adjacent bridge-Mo sites. Compared to adsorption at infinite distance, the co-

adsorbed configuration is less stable by 0.70 eV.  The Mo-C bond distances of co-adsorbed 

methylene (CH2) and methylidyne (CH) at the bridge-Mo site with a shared Mo atom are 2.60 

Å and 2.02 Å, respectively. The difference in bond lengths indicates that CH is strongly bonded 

to the shared Mo atom in comparison to methylene (CH2).The activation energy for CH+CH2 

coupling reaction is 1.39 eV. This elementary step is endothermic by +0.26 eV. The C-C bond 

distance in the transition state for this reaction is 2.49 Å. The Mo-C bond lengths of CH2 and 

CH in the transition state for vinyl formation are 2.04 Å and 1.83 Å, respectively. In the final 

state, the vinyl group is adsorbed at the bridge-Mo site such that the CH-end of vinyl is at the 

top-Mo site with a Mo-C bond length of 1.95 Å (the Mo-C bond distance for CH2-end of vinyl 

is 2.18 Å). The C-C bond length of CHCH2 at bridge-Mo site in the final state is 1.45 Å.  

We have also studied CH+CH3 coupling reaction on the bare Mo-edge sites. Compared 

to adsorption at infinite distance, the co-adsorbed configuration is less stable by 0.57 eV.  This 

destabilization is lower than for the CH2+CH2 and CH+CH2 cases. The activation energy for 

CHCH3 formation by CH+CH3 coupling reaction is 1.08 eV. This reaction is endothermic by +0.27 

eV. The C-C bond distance in the transition state for CH+CH3 coupling reaction is 2.06 Å. The 

Mo-C bond lengths of methylidyne (CH) at the bridge-Mo site in the transition state are 1.97 

Å and 2.18 Å, whereas CH3 is adsorbed atop-Mo with a Mo-C bond length of 2.33 Å. The C-C 

and Mo-C bond lengths in the final CHCH3 state are 1.48 Å and 1.90 Å, respectively. The C-H 

bond is elongated from 1.11 Å in the initial to 1.17 Å in the final state due to the interaction 

of the H atom with a surface Mo atom. The Mo-H bond distance for CHCH3 in atop-Mo site in 

the final state is 1.99 Å. 
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Figure 4.3. Coupling of CHx species with the surface methylidyne (CH) at the bare Mo-edge 
(side view perpendicular to the MoS2(100) surface): (top) CH+CH coupling, (middle) CH+CH2 

coupling, and  (bottom) CH+CH3 coupling.  
 

For CH2+CH2 coupling reaction to ethylene, we considered co-adsorbed methylene 

species at adjacent bridge-Mo sites, where they are 0.65 eV less stable than adsorption at 

infinite distance. The activation barrier for ethylene formation on the bare Mo-edge is 1.43 

eV. This elementary reaction is slightly endothermic by +0.11 eV. The C-C bond distance in the 

transition state for CH2+CH2 coupling reaction is 2.65 Å. The Mo-C bond lengths in the 

transition state for ethylene formation from direct coupling of methylene groups are 1.97 Å 

and 1.99 Å. In the final state, ethylene is formed at the bridge-Mo site with a C-C bond distance 

of 2.48 Å, which is 0.15 Å larger than the C-C bond length in gas phase. The Mo-C bond lengths 

for ethylene in the final state are 2.17 Å and 2.29 Å, consistent with the asymmetric adsorption 

mode at the bridge-Mo site shown in Figure 4.4. 

We could not find a transition state for the CH2+CH3 coupling reaction at the bare Mo-

edge. This reaction is not feasible at the Mo-edge due to the unfavorable orientation of CH2 

and CH3 in making the activated complex. The high barrier in formation of surface ethyl from 

CH2+CH3 coupling has been claimed to be unfavorable due to repulsive interactions between 

the C-H bonds in surface methylene and methyl groups [51]. On the other hand, transition 

I.S.

I.S.

I.S.

T.S.

T.S.

F.S.

F.S.

F.S.

T.S.
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states have been identified for this reaction on Mo20S43 and Mo20S36 clusters, with values for 

the activation barrier of 2.30 eV and 1.12 eV, respectively [29]. Identification of the transition 

state for direct coupling of two methyl fragments has not been explored, as it is expected to 

be very unstable due to steric hindrance of the adsorbed CH3 fragments [51]. Barriers for this 

reaction have been estimated to be 3.12 eV and 3.16 eV on Mo20S36 and Mo20S43 clusters, 

respectively [29]. It is interesting to mention that ethane formation from two methyl species 

is also unfavorable on α-Mo2C (0001) with an activation barrier of 4.28 eV [52]. 

 

Figure 4.4. Coupling of CH2 and CH3 with the surface methylene (CH2) at the bare Mo-edge of 
MoS2 (side view perpendicular to the MoS2(100)  surface): (top) CH2+CH2 coupling, (bottom) 
CH2+CH3 coupling.  
 

 
Figure 4.5. CH3+CH3 coupling at the bare Mo-edge of MoS2 (side view perpendicular to the 
MoS2(100)  surface). 
 

4.3.1.3 Hydrogenation of CHxCHy species 

After formation of CHxCHy species at the Mo-edge, the resulting species can either react 

further with surface CHx species or be hydrogenated to olefins or alkanes. For the sake of 

simplicity, we considered in this study only the formation of ethylene and ethane. 

Hydrogenation of CHxCHy species to ethylene and ethane is depicted in Figure 4.6. The kinetic 

parameters for the hydrogenation steps that lead to formation of ethylene and ethane are 

F.S.T.S.I.S.

Not identified

I.S. T.S. F.S.

I.S. F.S.T.S.

Not identified



65 
 

listed in Table 4.2. We start this part of the discussion from the hydrogenation of CCHx (x = 1-

3) species (Figures 4.7-4.8). Hydrogenation of CCH and CCH3 species at the Mo-edge results in 

CHCH and CHCH3, respectively. CCH and CCH3 formation via association of C with CH and CH3 

at the bare Mo-edge involve high activation barriers. On the other hand, CCH2 formation from 

direct coupling of C+CH2 has a similar activation barrier (2.01 eV) and, once formed, this 

intermediate can be hydrogenated to CCH3 with an activation energy of 0.92 eV or be 

dehydrogenated to CCH with an activation barrier of 0.42 eV. According to our calculations, 

hydrogenation of surface CCH2 to CHCH2 at the bridge-Mo site is not feasible, as the C-end of 

CCH2 is bonded at the atop-Mo site in such a way that it does not allow hydrogen to share the 

Mo atom for making a suitable transition state complex. Hydrogenation of CCH to CCH2 is 

easier than its hydrogenation to surface acetylene (CHCH). The activation barriers for CCH+H 

 CCH2 and CCH+H  CHCH are 1.03 eV and 1.14 eV, respectively. Although the latter reaction 

has a slightly higher activation barrier, it is much more endothermic (+1.09 eV) than the former 

(+0.61 eV). Figure 4.11 shows that the activation barriers for CCH3 formation via 

hydrogenation of CCH are lower in comparison to direct C+CH3 coupling. Once CCH2 is formed, 

it can be hydrogenated to CCH3 (CCH2 + H  CCH3) with activation and reaction energies of 

0.92 eV and +0.87 eV, respectively. The activation barrier for surface vinyl (CHCH2) formation 

by hydrogenation of surface acetylene is very low (0.05 eV) and the reaction is slightly 

exothermic (ΔH = -0.15 eV). Surface vinyl (CHCH2) species formed by either of CH + 

CH2coupling or hydrogenation of surface vinyl may undergo hydrogenation either to CHCH3 or 

surface ethylene (CH2CH2). Activation energies for CHCH3 and CH2CH2 by hydrogenation of 

CHCH2 are 1.62 eV and 1.07 eV, respectively. The former reaction is highly endothermic (+0.78 

eV) as compared to the latter (+0.01 eV). Thus, CH2CH2 formation is thermodynamically more 

favorable than CHCH3 formation. Another favorable route for surface CHCH3 formation can be 

via the hydrogenation of surface CCH3. The activation barrier for the H + CCH3  CHCH3 

reaction is 1.09 eV. The reaction is endothermic by 0.47 eV). The activation barriers for 

hydrogenation to ethyl and dehydrogenation to vinyl are 0.53 eV (ΔH = 0.41 eV) and 0.83 eV, 

respectively, showing that the hydrogenation reaction is kinetically favored. Surface ethyl 

formation is also possible by hydrogenation of surface ethylene. Ethylene (CH2CH2) is strongly 

adsorbed (2.20 eV). In comparison, hydrogenation of surface ethylene to ethyl (CH2CH3) is 

facile with an activation energy of 1.30 eV. The strong adsorption of ethylene and relatively 

low barriers for ethylene hydrogenation are consistent with the known ability of MoS2 to 
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hydrogenate alkenes to alkanes [53, 54]. The final step for ethane formation on the Mo-edge 

of MoS2 is the hydrogenation for surface ethyl. The activation energy and reaction energy for 

ethane formation are 1.35 eV and 0.34 eV, respectively. 

 

 
Figure 4.6. Reaction energy diagram for the formation of ethylene (CH2CH2) and ethane 
(CH3CH3) formation by CO hydrogenation at the bare Mo-edge of MoS2(100) surface. To 
simplify the diagram, only the lowest energy pathways for ethylene and ethane formation are 
shown (activation barriers for CO dissociation and O removal as water are not depicted, cf. 
Figure 3.11). 
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Table 4.2. Hydrogenation of CHx+CHy reactions on the bare Mo-edge of MoS2(100) surface: 
computed forward and backward activation barriers (Ef and Eb, respectively), reaction 
energies (ΔH) in relation to the most stable states, and structural parameters for the transition 
states. 

Index Elementary 
reaction 

Ef 

(eV) 
Eb 

(eV) 
∆H 

(eV) 
Bond distances in TS 

dC-H (Å) dMo-C (Å) dMo-H (Å) 
10 CCH + H  CCH2 1.03 0.42 +0.60 1.52 2.22 1.77 
11 CCH2 + H  CCH3 0.99 0.05 +0.94 1.68 2.41 1.79 
12 H + CCH  CHCH 1.14 0.05 +1.09 1.61 2.03 1.80 
13 H + CCH2  CHCH2 n.a.      
14 H + CCH3  CHCH3 1.09 0.62 +0.47 1.77 1.90 1.70 
15 CHCH + H  CHCH2 0.37 0.24 +0.14 1.69 2.21 1.77 
16 CHCH2 + H  CHCH3 1.62 0.83 +0.78 1.71 2.49 1.75 
17 H + CHCH2  

CH2CH2 
1.07 1.06 +0.01 1.53 2.03 176 

18 H + CHCH3  
CH2CH3 

0.53 0.12 +0.41 1.82 2.48 1.77 

19 H + CH2CH2  
CH2CH3 

1.30 1.16 +0.12 1.67 2.46 1.74 

20 H + CH2CH3  
CH3CH3 

1.35 0.34 +1.01 1.45 2.47 1.76 

 

 

Figure 4.7. Hydrogenation of CCH to surface acetylene (CHCH) and CCH2 at the bare Mo-edge 
of MoS2 (side view perpendicular to the MoS2(100)  surface). 

T.S. F.S.I.S.

T.S. F.S.I.S.
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Figure 4.8. Hydrogenation of CCH2 to CCH3 and CHCH3, and CHCH2 to CHCH3 at the bare Mo-
edge of MoS2 (side view perpendicular to the MoS2(100) surface): (top) hydrogenation of CCH2 
to CCH3, (middle) hydrogenation of CCH3 to CHCH3, (bottom) hydrogenation of CHCH2 to 
CHCH3. 
 

 
Figure 4.9. Hydrogenation of surface acetylene (CHCH) to vinyl(CHCH2), and then to surface 
ethylene at the bare Mo-edge of MoS2(side view perpendicular to the MoS2(100)  surface): 
(top) acetylene to hydrogenation to vinyl and(bottom) vinyl hydrogenation to ethylene. 
 

T.S.

F.S.

I.S.

T.S.

F.S.

I.S.

T.S. F.S.I.S.

T.S. F.S.I.S.

I.S. T.S. F.S.
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Figure 4.10. Hydrogenation of surface ethylene and ethyl at the bare Mo-edge of MoS2 (side 
view perpendicular to the MoS2(100)  surface): (top) ethylene hydrogenation to ethyl and 
(bottom) ethyl hydrogenation to ethane.  
 

 
Figure 4.11. Reaction scheme for the elementary steps involved in CHx+CHy coupling and 
hydrogenation of CHxCHy species at the bare Mo-edge of MoS2(100) surface. The values given 
before and after the forward slash represent forward and backward activation barriers (in eV), 
respectively. No transition states were identified for the pathways marked by a cross.  
 

4.3.1.4 CHx+CO coupling reactions 

When CHx species (x= 0-3) are co-adsorbed with CO at two adjacent bridge-Mo sites at the 

Mo-edge, the CHx species and CO adsorbates will repel each other and move to next-nearest 

neighbor bridge-Mo site due to the strong repulsion. We did not attempt to identify the 

transition states for these coupling reactions as they will be very high.  

T.S. F.S.I.S.

T.S. F.S.I.S.
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4.3.2 Microkinetics simulations 

Microkinetics simulations were performed to predict the reaction rate and selectivity of CO 

hydrogenation on the Mo-edge of the MoS2(100) surface. The kinetic parameters used in 

these simulations were determined using activation barriers and pre-exponential factors 

based on the DFT calculations performed in Chapters 3 and 4. The microkinetics simulations 

with kinetics parameters for all relevant elementary steps for CO hydrogenation on the bare 

Mo-edge of MoS2 is denoted as simulation I. Figure 4.12 shows the turnover frequency (TOF) 

consumption of reactants (i.e., CO and H2) and product formation (i.e., hydrocarbons, 

methanol, formaldehyde, CO2, H2O) as a function of temperature. At 975 K, the CO 

consumption rate is only 3.5x10-5 s-1. The maximum rate of 2.7x10-4 s-1 occurs at a very high 

temperature of 1225 K. At this temperature, the reaction order with respect to CO and H2 are 

close to 1.5 and 0.5, respectively. Methane and water are the main products of CO 

hydrogenation and only small amounts of water and ethylene are formed as by-products, 

while the production of ethane and methanol remain very low. As a result of the higher overall 

barrier for CO2 formation in comparison with that of H2O formation, the dominant oxygen 

removal product is water. Investigation of the reaction network shows that CO dissociation 

only occurs via intermediate CHO formation.  

    
Figure 4.12. TOF as a function of temperature for CO hydrogenation on the bare Mo-edge of 
MoS2 (100) surface (simulation I, reaction conditions: H2:CO = 1, p = 20 atm). 
 

Figure 4.13a shows the surface coverage as a function of temperature. At relatively low 

temperature, the surface is completely covered by oxygen adatoms. The degree of rate 

control analysis shown in Figure 4.13b indicates that at low temperature water formation is 
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controlling the overall rate. Methane formation is rate inhibiting as its formation decreases 

the amount of hydrogen atoms at the surface needed to remove O adatoms. At very high 

temperatures when the surface is essentially empty, all DRC values are positive. OH 

hydrogenation and methane formation contribute equally to rate control under these 

conditions. 

 
Figure 4.13. (a) Surface coverages and (b) DRCs as a function of temperature for CO 
hydrogenation on the bare Mo-edge of MoS2(100) surface (simulation I, reaction conditions: 
H2:CO = 1, p = 20 atm). 
 

 

 

 

 

 

 

 

 

 

(a) (b)
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Figure 4.14. (a) Carbon-based product distribution and (b) apparent activation energy as a 
function of the temperature for CO hydrogenation on the bare Mo-edge of MoS2(100) surface 
(simulation I, reaction conditions: H2:CO = 1, p = 20 atm). 
 

Clearly, the results of these simulations are inconsistent with experimental data with respect 

to reaction rates and product selectivity [55, 56]. The very strong binding of O to the bare Mo-

edge leads to surface poisoning and too low predicted catalytic activity. A possible reason for 

this discrepancy is the presence of S atoms at the Mo-edge under reaction conditions [57]. 

H2S is known to play an important role in the water-gas shift activity of MoS2 [58]. It was shown 

that the presence of adsorbed S next to an adsorbed O atom lowers the energy for CO2 

formation. In order to obtain a first indication whether such effects may play a role here, we 

determined the barrier for CO2 formation at different sulfur coverages. The resulting 

structures are given in Figure 4.15. Using CO2 formation at the bare Mo-edge as a reference, 

the activation barrier for CO2 formation at the Mo-edge is not reduced for a sulfur coverage 

of 12.5%. Increasing the sulfur coverage to 25% results in a substantial decrease of the barrier 

to 1.27 eV; the reaction energy is +0.86 eV. On the 37.5% sulfur-covered model, the activation 

barrier for CO2 formation in the sulfur vacancy site is further reduced 0.53 eV [61]. In this 

model, an oxysulfide was formed. We failed to identify a stable structure with CO top 

adsorbed on Mo with O in the bridging site at a sulfur vacancy in the 37.5% sulfur-covered 

model. When we adopt the same model as in literature [59], we find a barrier of 0.48 eV, 

which is close to the computed value [59] and consistent with the experimental activation 

energy for CO2 formation in the water-gas shift reaction [60]. Thus, our DFT calculations show 

that barrier of CO2 formation is strongly reduced by co-adsorption of sulfur atoms.  
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Figure 4.15. CO2 formation on the Mo-edge of MoS2 (side view perpendicular to the MoS2(100)  
surface) with different sulfur coverages. CO2 formation on models with (a) 0% S, (b) 12.5% S, 
(c) 25% S, and (d) 37.5% S. 
 

We then carried out additional microkinetics simulations using a reduced barrier for CO2 

formation for the 25% sulfur-covered surface (termed as simulation II). The TOF as a function 

of temperature is given in Figures 4.16. The corresponding product distribution is given in 

Figure 4.17a. Assuming facile CO2 formation results in formation of different products. 

Hydrocarbons and carbon dioxide are formed in equimolar amounts over the whole 

temperature range, consistent with experimental data [55, 56]. Ethylene is the dominant 

hydrocarbon product below 675 K, while methane is the main product at higher temperatures. 

The amount of water formed is negligible, as are the rates of ethane, methanol and 

formaldehyde formation. At low temperature, the surface is mainly covered with CCH 

intermediates and a small amount of CO. At intermediate temperatures the surface contains 

I.S. T.S. F.S.

I.S. T.S. F.S.

I.S. T.S. F.S.

(a)

(d)

(c)

(b)

I.S. T.S. F.S.
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CCH and H atoms, while at high temperature the surface is nearly empty. The DRC analysis 

shows that at low temperatures CH2CH2 desorption and association of surface CH with CH3 are 

controlling the overall rate, while CH2CH2 hydrogenation to ethyl species has a strong rate-

inhibiting effect. The main reaction channel to form ethylene is CH + CH2  CHCH2 followed 

by the hydrogenation of the latter. Part of ethylene is desorbed. Some surface ethylene is 

hydrogenation to ethyl, and then dehydrogenated to CHCH3 and decomposed to CH and CH3.  

With increasing temperature, the reaction order with respect to hydrogen increases, because 

the hydrogenation of CHx to methane requires more H atoms than the hydrogenation towards 

ethylene. The reaction order with respect to CO becomes more negative with increasing 

temperature, as adsorption of CO lowers the coverage of CHx species. Also, the DRC of CH3 

hydrogenation to methane increases, while at the same time CHO dissociation becomes rate 

inhibiting. The apparent activation energy goes through a maximum. When the reaction 

temperature is increased above 700 K, CHO dissociation increasingly contributes to the overall 

rate control and becomes dominant at high temperature. At high temperature, the reaction 

orders with respect to CO and H2 are 1 and 0.5, respectively. The apparent activation energy 

becomes negative, i.e., the rate decreases with temperature essentially because the coverage 

with CO and H decrease faster (see in Figures 4.18 and 4.19a) than the rate constant of CHO 

dissociation increases with temperature.  

 

 

   
Figure 4.16. TOF as a function of temperature for CO hydrogenation on the bare Mo-edge of 
MoS2(100) surface (simulation II, reaction conditions: H2:CO = 1, p = 20 atm).  
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Figure 4.17. (a) Carbon-based product distribution and (b) DRCs as a function of temperature 
for CO hydrogenation on the bare Mo-edge of MoS2(100) surface (simulation II,  reaction 
conditions: H2:CO = 1, p = 20 atm). 

 
Figure 4.18. Surface coverages as a function of temperature for CO hydrogenation on the bare 
Mo-edge of MoS2(100) surface (simulation II, reaction conditions: H2:CO = 1, p = 20 atm).  
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Figure 4.19. (a) Apparent activation energy and (b) reaction orders with respect to CO and H2 
as a function of temperature for CO hydrogenation on the bare Mo-edge of MoS2(100) surface 
(simulation II, reaction conditions: H2:CO = 1, p = 20 atm). 
 

4.3.3 General discussion 

The extensive DFT calculations done at the bare Mo-edge of the MoS2(100) surface show that 

this surface is active in CO hydrogenation. The Mo atoms of this Mo-edge are coordinatively 

unsaturated and bind O very strongly. A microkinetic model based on parameters obtained 

for the bare Mo-edge predicts that methane and water are the predominant products with 

very low reaction rates. These predictions are at odds with experimental data [55, 56]. The 

reason is the strong binding of O to the bare Mo-edge. In an attempt to estimate the effect of 

co-adsorbed S atoms on the Mo-edge, we demonstrated that O removal via CO2 is much more 

facile in the presence of co-adsorbed S atoms. We used a simplified model in which we only 

used the lowered barrier for CO2 formation to determine the influence on the microkinetics 

and then found that methane and carbon dioxide are produced in equimolar ratio at relatively 

high temperature (T > 800 K), consistent with experiment [55, 56]. At lower temperatures, 

CHx+CHy coupling reactions become possible, resulting in ethylene as the main product. We 

predict that longer hydrocarbon chains will also be formed by similar chain growth 

mechanism; such reactions were excluded from the current model. The finding that higher 

hydrocarbons are formed is at odds with the predictions of Huang and Cho [27], emphasizing 

the need to carry out microkinetics simulations to predict product distribution based on 

complex potential energy diagrams. On the other hand, ethylene as a main product of CO 

hydrogenation on MoS2 has been experimentally found, e.g. by Nielsen et al. for CO 

(a) (b)
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hydrogenation on (Co-promoted) MoS2 [59]. Consistent with our predictions, ethane is usually 

observed in relatively small amounts, an example being studies of CO hydrogenation on 

unsupported MoS2 [32, 33]. It is interesting to note the metallic character of the bare Mo-

edge, also confirmed by DFT calculations and STM studies [62]. CO hydrogenation on metallic 

Mo(100) resulted in a mixture of ethylene and methane [63]. Possibly, the presence of sulfur 

and thus of SH groups may play a role hydrogenation of ethylene. Alternatively, other sides at 

for instance the S-edge may be involved in ethylene hydrogenation to ethane.  

The observation that methane is the main hydrocarbon product at temperatures with 

reasonable CO consumption rates is consistent with literature [55, 56]. Although care has to 

be taken in comparing absolute rates from microkinetics simulations with experiment, it is 

interesting to note that the predicted TOF for simulation II (4.2 x 10-2 s-1) is much closer to the 

experimental value (0.017 s-1) reported for MoS2 [67] than the TOF for simulation I (<10-5 s-1). 

These values are compared at a temperature of 773 K, a pressure of 20 bar and a H2/CO ratio 

of 1:1. On the other hand, it needs to be mentioned that kinetic parameters such as apparent 

activation energy and reaction orders do not correspond between experiment and 

predictions.  

Nevertheless, from the viewpoint of the mechanism the finding that CO bond scission occurs 

hydrogen-assisted involving formyl (CHO) is consistent with spectroscopic and kinetic data 

from literature [31, 64]. Methanol is not formed in our simulations in agreement with 

experimental works showing that only traces of methanol were observed on unpromoted 

MoS2 [31]. Only a single report described formation of ethanol during CO hydrogenation on 

unpromoted MoS2 supported on γ-Al2O3 [65]. The absence of methanol formation is due to 

the higher rate of CHxO dissociation as compared with its hydrogenation. A possible reason is 

the high reactivity of the metallic Mo-edge. That is to say, including S atoms on the Mo-edge 

will increase the barrier for CHxO dissociation. Moreover, SH groups may be involved in 

hydrogenation reactions. The same applies to ethanol formation, for which a likely pathway 

involves coupling of CHx with CO followed by hydrogenation in a way recently highlighted for 

Rh surfaces [66]. 

 

4.4 Conclusions 

DFT calculations were carried out to study C-C bond formation reactions at the bare MoS2(100) 

edge. The kinetic data show that formation of higher hydrocarbons is only feasible via CH+CH2 
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or CH2+CH2 coupling reactions. CO insertion into CHx presents too high barriers because of the 

strong repulsion between co-adsorbed CHx and CO at the adjacent bridge-Mo-sites. 

Microkinetics simulations based on the kinetic data for the bare Mo-edge predict a very low 

reaction rate, inconsistent with experimental data. The low rate is due to surface poisoning by 

atomic O produced by C-O bond scission. In other words, the rate of O removal is too slow. In 

order to explore the effect of S atoms adsorbed on the Mo-edge, we studied the removal of 

O as CO2 at a partially sulfur-covered Mo-edge model. This results in a strongly reduced barrier 

for CO2 formation. Preliminary microkinetics simulations show that this reduced barrier for 

CO2 formation results in a catalytic activity much closer to experimental data. It also explains 

the experimentally observed positive effect of H2S on CO hydrogenation on MoS2. Another 

salient aspect of this study is the formation of hydrocarbons and CO2 in equimolar ratio which 

is consistent with experiment. Ethylene is predicted to be the dominant product at 

temperatures below 675 K, whereas methane is the dominant product at higher temperature.  
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Chapter 5 

 

Microkinetics simulations of synthesis gas conversion on the Mo-edge of MoS2: 

on the effect of sulfur coverage 

 

Abstract 

DFT calculations were used to determine the kinetics of all relevant elementary steps for CO 

hydrogenation at the partially sulfur-covered Mo-edge of MoS2(100) surface. The reaction 

barriers are substantially lower for the 25% sulfur-covered Mo-edge than for the bare Mo-

edge. This is mainly because the adsorbates are less strongly adsorbed due to the sharing of 

Mo atoms with adsorbed S anions. DFT-derived microkinetics simulations were used to 

compute CO conversion rates and product distributions (i.e., methane, ethylene, ethane, 

methanol, water, carbon dioxide and formaldehyde) as a function of temperature. Careful 

analysis of the reaction network shows that CO dissociation occurs in a H-assisted manner via 

CHO. The CHO intermediate is formed by reaction of CO with a hydride species. The sulfhydryl 

coverage is too low to contribute to CHO formation. Methane and CO2 are the dominant 

products which is in agreement with experimental data. CH formed from CHO dissociation is 

subsequently hydrogenated to methane and oxygen is removed as CO2. Formaldehyde and 

ethylene are minor by-products, while the formation rates of methanol and ethane are 

negligible small. 

 

 

5.1 Introduction 

MoS2 is a promising catalyst for the upgrading of synthesis gas into hydrocarbons and mixed 

alcohols [1]. For methanation, MoS2-based catalysts are attractive because of their sulfur-

resistance and substantial water-gas shift activity, allowing conversion of synthesis gas with a 

low H2/CO ratio derived from coal and biomass [2]. For mixed alcohols synthesis, conventional 

Fischer-Tropsch catalysts are not efficient enough [3-7]. For MoS2-based catalysts, promotion 

by alkali is required to shift the product distribution away from methane [8-13].  
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Quantum-chemical methods have already been extensively applied to study catalytic 

reactivity of the edges of the MoS2 phase, mainly in the context of hydrodesulfurization of 

crude oil fractions [14-17]. CO hydrogenation on these surfaces has also been studied by 

several groups [18-24]. The most significant efforts have focused on the mechanism of CO 

hydrogenation on periodic MoS2 slabs and MoS2 clusters [20-24]. Huang et al. performed a 

systematic DFT study of CO hydrogenation on a MoS2 slab model and predicted that CH4 and 

CO2 are the dominant reaction products on the bare Mo-edge [18]. Shi et al. investigated the 

stability of reaction intermediates involved in CO hydrogenation at partially sulfur-covered 

Mo-edges [19].  

As these catalysts are usually employed in the presence of H2S, the equilibrium coverage with 

sulfur species has also been studied for different surface terminations of MoS2. Theoretical 

and experimental studies have shown that the most stable sulfur coverage at the Mo and S 

edges are 50% in a typical H2S/H2 atmosphere [25-26]. As the Mo atoms in the Mo-edge with 

50% sulfur coverage are coordinatively saturated, at least one S atom needs to be removed. 

Shi et al. used such a model to study CO hydrogenation [19]. While it was experimentally 

observed that CO2 inhibits the reaction of CO hydrogenation [37], models with one S vacancy 

on the Mo-edge do not allow CO2 adsorption [28]. On the other hand, CO2 adsorbs strongly 

on the bare Mo-edge [27].  

In earlier chapters, we have studied CO hydrogenation, CO dissociation, different coupling as 

well as O removal and C hydrogenation reactions at the bare Mo-edge. Potential energy 

diagrams for these elementary reactions steps leading to methane, methanol, ethylene and 

ethane and water and carbon dioxide were computed. Microkinetics simulations were then 

used to predict CO hydrogenation turnover rates. These rates were extremely low at the bare 

Mo-edge due to the high barrier for CO2 formation on this surface. Further investigations of 

the impact of co-adsorbed S atoms on the Mo-edge already demonstrated that the CO2 

formation barrier strongly decreases with increasing sulfur coverage. Microkinetics 

simulations based on these decreased barriers led to reasonable predictions of CO 

hydrogenation rate, much closer to experimental values [1, 27]. The goal of the present 

chapter is to assess the influence of co-adsorbed S atoms at a sulfur coverage of 25% on all 

relevant elementary reaction steps in CO hydrogenation. We will compare DFT-computed 

energetics of the stable species and reaction barriers for the bare and partially sulfur covered 

Mo-edge. We will also investigate the role of sulfhydryl (SH) groups during the catalytic cycle. 
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Microkinetics simulations are employed to predict overall conversion rates, to determine 

which elementary reaction steps control the reaction rate and to identify the preferred 

reaction pathway for CO hydrogenation.  

 

 

5.2 Computational methods 

DFT calculations 

Electronic structure calculations within the density functional theory (DFT) framework were 

performed using the Vienna Ab initio Simulation Package (VASP) [28, 29]. Projector-

augmented wave pseudopotentials and a plane wave basis set with an energy cut-off of 400 

eV were used to describe the electron density [30, 31]. Exchange-correlation was taken into 

account using the Perdew−Burke−Ernzerhof (PBE) parametrization of the generalized gradient 

approximation [32]. Gaussian smearing-function with a width smaller than 0.1 eV was used to 

account for fractional occupancies [33]. 

Bulk MoS2 has a hexagonal structure comprised of S-Mo-S layers with six atoms per unit cell. 

The basal (001) plane is terminated by sulfur atoms, which is usually regarded to be inactive 

in catalysis. Cleavage of bulk MoS2 parallel to the (100) or (010) plane results in edge surfaces, 

namely the coordinatively unsaturated Mo-terminated (10Ī0) edge (named Mo-edge 

hereafter) and the S-terminated (Ī010) edge (S-edge) [36, 37]. The Mo-edge at a sulfur 

coverage of 25% is shown in Figure 5.1. The slab model used is represented by a p(4 x 4) unit 

cell exposing the MoS2(100) surface. For the supercell, we used computed infinite-slab 

minimum energy lattice parameters of a = b = 3.13 Å and c = 12.59 Å and a vacuum gap 

between the layers of 12.0 Å. To verify that the vacuum layer was thick enough, we established 

that the electron density as well as the electrostatic potential approached zero at the border 

of the supercell. In all calculations, the geometry of the whole slab including adsorbates was 

relaxed on both sides. To significantly reduce spurious dipole interactions between adjacent 

supercells, adsorbates were placed on both sides of the slab. Sampling of the Brillouin zone 

was done using a (3 × 3 × 1) k-point mesh, generated by the Monkhorst-Pack method [34]. 

Geometry optimization of gas-phase reference molecules was done in the Γ-point with the 

molecules being placed at the center of a large unit cell (10 Å × 10 Å × 10 Å). Electronic 

convergence was set to 10−4 eV and geometries were converged to 10−3 eV using a conjugate-

gradient algorithm, which uses trial and corrector steps to converge both the energy and the 
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forces on the ions. Transition states (TS) for elementary reactions were identified using the 

Nudged Elastic Band (NEB) method as implemented in VASP 4.6.31 [35]. Typically, about 40 

ionic steps were made with the NEB algorithm. Then, a frequency calculation was performed 

on the image with the highest energy. When frequency analysis showed one imaginary 

frequency in the direction of the reaction coordinate, the structure was further relaxed with 

a quasi-Newton algorithm [36] until the forces were smaller than 0.01 eV/Å. Finally, the nature 

of the transition state was confirmed again by the occurrence of a single imaginary frequency 

in the direction of the reaction coordinate. Frequencies were obtained by Hessian vibrational 

analysis with a step size of 0.02 Å. Zero-point energy corrections were made to adsorption 

energies and activation energy barriers. Adsorption energies of adsorbates have been 

calculated using the following equation: 

𝛿𝛿𝑎𝑎𝑎𝑎𝑎𝑎 =
𝛿𝛿𝑎𝑎𝑠𝑠𝑎𝑎𝑠𝑠+𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑟𝑟𝑠𝑠𝑎𝑎𝑎𝑎𝑒𝑒 − 𝛿𝛿𝑎𝑎𝑠𝑠𝑎𝑎𝑠𝑠 − 2𝛿𝛿𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑟𝑟𝑠𝑠𝑎𝑎𝑎𝑎𝑒𝑒

2
 

The factor ½ accounts for the fact that energies were computed with two adsorbates in the 

supercell.  

     
Figure 5.1. (a) Top and (b) side views of the MoS2 supercell used in this investigation. 

 

Microkinetics simulations 

The activation barriers and the corresponding vibrational frequencies of the initial, transition 

and final states were used to compute forward and backward rate constants for the 

elementary reaction steps relevant to the CO hydrogenation at the Mo-edge. The Eyring 

equation was used to calculate the rate constants of surface elementary steps:  

𝑘𝑘 =
𝑘𝑘𝑠𝑠𝑇𝑇
ℎ

𝑄𝑄‡

𝑄𝑄
𝑒𝑒−

𝛿𝛿𝑎𝑎
𝑛𝑛𝑏𝑏𝑇𝑇 (5.1) 

Mo-edge S-edge
(a) (b)
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with k being the rate constant in mol/s, kb the Bolztmann constant, T the temperature in K, h 

Planck’s constant, Q‡ the partition function of the activated complex, Q the partition function 

of the complex in the pre-activated (initial) state and Ea the electronic activation energy [37, 

38]. The partition functions for the activated and pre-activated complexes were taken as the 

product of translational, rotational and vibrational partition functions corresponding to the 

configurational degrees of freedom of the surface complexes. All the reported activation 

energies are zero-point-energy (ZPE) corrected [39]. 

For non-activated molecular adsorption it was assumed that the complex loses one 

translational degree of freedom with respect to the gas phase in the transition state. The 

changes in the rotational degrees of freedom were neglected. Accordingly, the following 

expression was employed for the rate of molecular adsorption 

𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 =  
𝑃𝑃𝐴𝐴

�2𝜋𝜋𝜋𝜋𝑘𝑘𝑠𝑠𝑇𝑇
𝑆𝑆 (5.2) 

With P being the partial pressure of the adsorbate in the gas phase, A the surface area of the 

adsorption site, m the mass of the adsorbate and S the sticking coefficient. 

For desorption, it was assumed that the complex has three rotational degrees of freedom and 

two translational degrees of freedom in the activated state, while in the adsorbed state it only 

has vibrational degrees of freedom. Accordingly, the rate of desorption is given by [40]  

𝑘𝑘 =
𝑘𝑘𝑠𝑠𝑇𝑇3

ℎ3
𝐴𝐴(2𝜋𝜋𝑘𝑘𝑠𝑠)
𝜎𝜎𝜃𝜃𝑟𝑟𝑜𝑜𝑎𝑎

𝑒𝑒−
𝛿𝛿𝑑𝑑𝑒𝑒𝑠𝑠
𝑛𝑛𝑏𝑏𝑇𝑇  (5.3) 

where σ is the symmetry number, θ the characteristic temperature for rotation, and Edes the 

desorption energy. 

To carry out microkinetics simulations differential equations for all surface reaction 

intermediates were constructed using the rate constants as given in equations 4.1-4.3. Given 

a system of N elementary reaction steps, 2N rate expressions (forward and backward 

reactions) of the form  

𝑟𝑟𝑗𝑗 = 𝑘𝑘𝑗𝑗𝜋𝜋𝑖𝑖𝑐𝑐𝑖𝑖𝜈𝜈𝑖𝑖  (5.4) 

are obtained, where ci is the concentration of the species i on the surface, and 𝜈𝜈𝑖𝑖is the 

stoichiometry coefficient of species i in elementary reaction step j. These rate expressions 

were used to derive ordinary differential equations (ODEs) for each component. 



88 
 

The MKMCXX software was then used to solve the resulting set of ordinary differential 

equations (ODEs) by means of the Backward Differentiation Formula method [41-43]. Steady-

state coverages were found by integrating the ODEs in time until the changes in the surface 

coverages were very small. These steady-state surface coverages were then used to compute 

the rates of the individual elementary reaction steps and the overall rate per surface atom. 

We determined the degree of rate control (DRC) as defined earlier [53]. The DRC for a chemical 

reaction is defined as the relative change of the rate as a result of the relative change in the 

rate constant of a particular elementary reaction step keeping the equilibrium constant fixed. 

The DRC is defined as 

𝜒𝜒𝑎𝑎,𝑖𝑖  =  �
𝜕𝜕𝑟𝑟𝑥𝑥 𝑟𝑟𝑥𝑥�
𝜕𝜕𝑛𝑛𝑖𝑖

𝑛𝑛𝑖𝑖�
�
𝑛𝑛𝑗𝑗 ≠ 𝑖𝑖,   𝐾𝐾𝑖𝑖

=  �𝜕𝜕 ln(𝑟𝑟𝑥𝑥)
𝜕𝜕 ln(𝑛𝑛𝑖𝑖)

�
𝑛𝑛𝑗𝑗 ≠𝑖𝑖,   𝐾𝐾𝑖𝑖

                                                                     (5.5) 

In the above equation, 𝜒𝜒𝑎𝑎,𝑖𝑖 is the DRC parameter of elementary reaction step i for key 

component (i.e. a reactant or a product) c, rc is the overall reaction rate for key component c, 

and ki and Ki are the overall reaction rate and equilibrium constants for the elementary 

reaction step I, respectively. Lateral interactions and their influence on activation barriers 

were not implicitly taken into account in this study. The CO adsorption energy was set at -1.33 

eV. The H2 adsorption energy was set at -0.45 eV. 

 

5.3 Results and discussion 

5.3.1 DFT calculations 

Adsorption energies 

The adsorption energies related to the most stable geometries of the reactants, intermediates 

and products involved in CO hydrogenation on MoS2(100) models with 0% and 25% sulfur 

coverages are given in Table 5.1. The adsorption energies for CO, H2, CO2, ethylene and 

formaldehyde are substantially lowered in the presence of co-adsorbed sulfur. The difference 

relates to the larger coordinative saturation of the Mo atoms to which these adsorbates bind 

as well as direct lateral interactions. The coordination number of Mo atoms of the bare Mo 

edge is 4, while two out of three Mo atoms of the 25%-covered Mo-edge have a coordination 

number of 5 and the other one has a coordination number of 4. It has been shown before that 

higher sulfur coverage at the Mo-edge results in lower occupation of the d-band of the Mo 

atoms [14]. This explains why the adsorption energies of water and methanol, which 

preferentially adsorb on top of a Mo site with their oxygen-ends, are higher in the presence 
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of co-adsorbed sulfur (less repulsion between the adsorbing O atom and the Mo atom with 

decreasing d-band occupation).  

Table 5.1. Comparison of adsorption energies of adsorbates at the Mo-edge of MoS2(100) 

surface with 0% and 25% sulfur coverage. The computed values are zero-point-energy (ZPE) 

corrected. 

 
Adsorbate 

0% S 25% S 
Site Eads (eV) Site Eads (eV) 

H2 2H bridge-Mo -0.73 bridge-Mo -0.72 
CO bridge-Mo -2.22 bridge-Mo -1.27 
CO2 bridge-Mo -1.97 atop-Mo -0.55 

CH2O bridge-Mo -2.65 bridge-Mo -1.88 
CH2CH2 bridge-Mo -2.20 bridge-Mo -1.66 

H2O atop-Mo -0.85 atop-Mo -1.11 
CH3OH atop-Mo -0.98 atop-Mo -1.28 

 

 

Formation of C1- and C2-species 

When CO and H are co-adsorbed on bridge-Mo sites of the 25%-sulfur-covered Mo-edge, the 

H atom cannot approach the C atom of adsorbed CO (Figure 5.1). This means that CHO (formyl) 

formation, which is the dominant CO activation pathway at the bare Mo-edge, is not feasible 

on the partially sulfur-covered edge. A possible CO+H co-adsorbed state leading to CHO 

involves CO adsorption on the bridge-Mo site with H present as a sulfhydryl (-SH) species as 

shown in Figure 5.2. In the initial state, the Mo-C bond distances for adsorbed CO are 1.99 Å 

and 2.19 Å, respectively for the 5- and 4-coordinated Mo edge atoms. The S-H bond distance 

in the initial state is 1.36 Å. In the transition sate, the S-H and C-H bond distances are 1.68 Å 

and 1.66 Å, respectively. The activation barrier for formyl formation by hydrogenation of CO 

by sulfhydryl is 1.19 eV; the reaction is exothermic by -0.44 eV. While CHO formation is 

kinetically favored at the bare Mo-edge, it is thermodynamically preferred at the partially 

sulfur-covered edge.  

Surface formyl (CHO) can either be hydrogenated to CH2O or dissociated into surface CH and 

O. We could not identify a transition state for CH2O formation by hydrogenation of HCO 

involving the sulfhydryl group. The activation energy for CHO dissociation into surface 

methylidyne (CH) and atomic oxygen (O) is 0.63 eV and the reaction energy is -1.37 eV. The 

activation barriers for these dissociation reactions are nearly similar for the bare and partially 
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sulfur-covered Mo-edges. The reaction is however much more exothermic on the former. The 

reason is that the binding of the dissociated fragments CH and O is weaker in the presence of 

co-adsorbed sulfur.  

The activation energy for surface formaldehyde (CH2O) dissociation into surface methylene 

(CH2) and atomic oxygen (O) is 0.76 eV and reaction energy is exothermic (-1.08 eV). In the 

initial state, the Mo-C and Mo-O bond distances of formaldehyde adsorbed at bridge-Mo site 

are 1.93 Å and 2.33 Å, respectively. The C-O bond length of formaldehyde is 1.40 Å. In the 

transition state, the Mo-C and Mo-O bond distances at the bridge Mo-site are 2.13 and 1.77 

Å, respectively. In the transition state, the C-O bond is weakened as follows from the bond 

length of 2.23 Å. Similar to CHO dissociation, dissociation of adsorbed formaldehyde (CH2O) 

becomes less favored thermodynamically and kinetically at the partially covered Mo-edge. 

Hydrogenation of surface formaldehyde to methoxide is not feasible on the 25% sulfur 

covered Mo-edge as the C atom in CH2O cannot be approached by the Mo-H hydride species. 

This implies that methanol formation through methoxide hydrogenation is unlikely to occur 

on the partially sulfur-covered Mo-edge.  

The hydrogenation of methoxide to methanol at the 25% sulfur covered Mo-edge is shown in 

Figure 5.3. In the initial state, methoxide and hydrogen are co-adsorbed on the adjacent 

bridge-Mo sites. The activation energy for methanol formation by hydrogenation of 

methoxide (CH3O) is 1.65 eV and reaction is endothermic by +0.79 eV. Table 5.2 shows that 

this elementary reaction is kinetically and thermodynamically more favorable at higher sulfur 

coverage. On the other hand, it should be mentioned that neither methoxide (CH3O) nor 

methylol (CH2OH) are likely to be formed on this surface. 

 

 
Figure 5.1. Hydrogenation of CO to formyl (CHO) by H from Mo-H at 25% sulfur covered Mo-
edge of MoS2 (side view perpendicular to the MoS2(100)  surface). 
  

I.S. F.S.T.S.

Not  identified
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Figure 5.2. The coupling of CHx and CHy species at the 25% sulfur covered Mo-edge of MoS2 

(side view perpendicular to the MoS2(100)  surface): (top) CHO formation, (middle) CHO 
dissociation, (bottom) CH2O dissociation. 
 

 
Figure 5.3. Hydrogenation of CH2O and CH3O species at the 25% sulfur covered Mo-edge of 
MoS2 (side view perpendicular to the MoS2(100)  surface): (top) CH2O to CH3O formation, 
(bottom) CH3O to CH3OH formation. 
 

Methane formation 

The forward activation energies and reaction energies for all elementary steps in the 

hydrogenation of surface CHx (where x = 0-3) to gaseous methane (CH4) are given in Table 5.2. 

The corresponding initial, transition and final states are shown in Figure 5.4. Direct CO 

dissociation at the Mo-edge is difficult. Accordingly, it is more likely that CH is formed by CHO 

I.S.

I.S.

I.S.

T.S.

T.S.

T.S.

F.S.

F.S.

F.S.

F.S.

T.S.

I.S.

F.S.

T.S.

I.S.

Not identified
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dissociation. The activation energy for methylidine dissociation into atomic C and H is 1.30 eV 

with a reaction energy of -0.68 eV. In the transition state of CH dissociation, the Mo-H and C-

H bond distances are 1.77 Å and 1.74 Å, respectively. Compared with dehydrogenation, 

hydrogenation of CH to CH2 is more facile with a barrier of 0.54 eV; the reaction is exothermic 

by -0.23 eV. In the transition state of CH2 formation from CH hydrogenation, the Mo-H and C-

H bond distances are 1.75 Å and 2.03 Å, respectively. Methylene can recombine with surface 

atomic O to form surface CH2O, whose barrier is 1.84 eV. This barrier is higher than 

hydrogenation of CH2 to methyl. The activation barrier for methyl formation at the bridge Mo-

site is 0.99 eV with an exothermic reaction energy of -0.35 eV. The Mo-H and C-H bond 

distances in the transition state for CH3 formation are 1.80 Å and 1.87 Å, respectively. The 

activation energy for CH4 formation is 0.94 eV. This reaction step is endothermic by +0.48 eV. 

In the transition state, both methyl and H are attached to the same Mo atom. The relevant 

Mo-C, Mo-H and C-H distances in the transition state are 2.30 Å, 1.80 Å, and 1.57 Å, 

respectively. We have compared activation barriers for C hydrogenation to methane at the 

bare and partially sulfur-covered Mo-edges in Table 5.2. Clearly, the barriers of C and CH and 

CH3 hydrogenation are significantly reduced and the reaction energy becomes more 

exothermic due to the presence of sulfur. On the other hand, the activation barrier for 

methylene hydrogenation to methyl is slightly higher at the partially sulfur-covered Mo-edge 

than at the bare Mo-edge. The activation barrier for methane formation is decreased from 

1.48 eV at the bare Mo-edge to 0.94 eV at the 25% sulfur-covered Mo-edge. These calculated 

values are higher than reported values of 0.58 eV at the bare Mo-edge and 0.53 eV at a sulfur 

coverage of 37.5% [18, 19]. 
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Figure 5.4. CH4 formation from hydrogenation of the surface C at the 25% sulfur covered Mo-
edge of MoS2 (side view perpendicular to the MoS2(100)  surface): (a) methylidyne (CH) 
formation, (b) methylene (CH2) formation, (c) methyl (CH3) formation, (d) methane (CH4) 
formation. 
 
CHx+CHy coupling reactions 

We have also determined at the 25% sulfur covered Mo-edge the energy barriers for the 

CHx+CHy coupling reaction steps that were earlier identified as the most facile ones at the bare 

Mo-edge. These elementary reactions and the corresponding computed kinetic parameters 

are given in Table 5.2. This table also includes the relevant data for hydrogenation steps 

resulting in ethylene and ethane.  

We first investigated coupling of the adsorbed CH atom with CH2 and CH3 intermediates 

(Figure 5.5). For the CH+CH2 coupling reaction, we considered methylidine (CH) and 

methylene (CH2) co-adsorbed on adjacent bridge-Mo sites. Compared to adsorption at infinite 

(a)

(b)

(c)

(d)

I.S.

I.S.

I.S.

I.S.

T.S.

T.S.

T.S.

T.S.

F.S.

F.S.

F.S.

F.S.
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distance, the co-adsorbed configuration is less stable by 0.90 eV. The Mo-C bond distances of 

co-adsorbed methylene (CH2) and methylidyne (CH) on the bridge-Mo site with a shared Mo 

atom are 2.32 Å and 2.29 Å, respectively. The difference in bond lengths indicates that CH is 

more strongly bonded to the shared Mo atom in comparison to methylene (CH2). The 

activation energy for CH+CH2 coupling is 1.17 eV. This elementary step is exothermic by -0.18 

eV. The C-C bond distance in the transition state for this reaction is 2.44 Å. The Mo-C bond 

lengths of CH2 and CH in the transition state for vinyl formation are 2.31 Å and 1.82 Å, 

respectively. In the final state, the vinyl group is adsorbed on the bridge-Mo site such that the 

CH-end of vinyl is at the top-Mo site with a Mo-C bond length of 1.90Å (the Mo-C bond 

distance for CH2-end of vinyl is 2.44 Å). The C-C bond length of CHCH2 on the bridge-Mo site 

in the final state is 1.47 Å.  

We have also studied CH+CH3 coupling at the partially sulfur-covered Mo-edge. Compared to 

adsorption at infinite distance, the co-adsorbed configuration is less stable by 1.28 eV.  This 

destabilization is lower than for the CH2+CH2 and CH+CH2 cases. The activation energy for 

CHCH3 formation by CH+CH3 coupling is 1.76 eV. This reaction is thermoneutral (∆E = +0.01 

eV). The C-C bond distance in the transition state for CH+CH3 coupling reaction is 2.13 Å. In 

the transition state, the Mo-C bond length of the methylidyne-end (CH) of CHCH3 complex on 

the atop-Mo site is 1.84 Å, whereas the Mo-C bond length of methyl-end (CH3) is 2.39 Å. In 

the final state, CHCH3 is adsorbed on the atop-Mo site with the Mo-C bond length 1.90 Å. The 

C-H bond is elongated from 1.11 Å in the initial to 1.17 Å in the final state due to the interaction 

of the H atom with a surface Mo atom. The Mo-H bond distance for CHCH3 in atop-Mo site in 

the final state is 1.95 Å. 

For CH2+CH2 coupling to ethylene, we considered co-adsorbed methylene species at adjacent 

bridge-Mo sites, where they are 0.77 eV less stable than adsorption at infinite distance. The 

activation barrier for ethylene formation at the bare Mo-edge is 1.31 eV. This elementary 

reaction is slightly exothermic by -0.42 eV. The C-C bond distance in the transition state for 

CH2+CH2 coupling reaction is 2.34 Å. The Mo-C bond lengths in the transition state for ethylene 

formation from direct coupling of methylene groups are 2.27 Å and 1.98 Å. In the final state, 

ethylene is formed at the bridge-Mo site with a C-C bond distance of 1.48 Å, which is 0.15 Å 

longer than the C-C bond length in gas phase. The Mo-C bond lengths for ethylene in the final 

state are 2.52 Å and 2.23 Å, consistent with the asymmetric adsorption mode at the bridge-

Mo site shown in Figure 5.5. Comparison of ethylene formation via CH2+CH2 coupling at the 
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two edge models considered shows that the reaction becomes kinetically more favorable in 

the presence of sulfur. This partial sulfur coverage changes the nature of reaction from 

endothermic to highly exothermic. This is similar to the case for CH+CH2 coupling.  

 
Figure 5.5. The coupling of CHx and CHy species at the 25% sulfur covered Mo-edge of MoS2 

(side view perpendicular to the MoS2(100)  surface): (top) CH+CH2 coupling, (middle) CH+CH3 

coupling, (bottom) CH2+CH2 coupling. 
 
Hydrogenation of CHxCHy species 

CHxCHy species can either react further with surface CHx species or be (de)hydrogenated to 

olefins or alkanes. For the sake of simplicity, we considered in this study only the formation of 

ethylene and ethane. Structures involved in the hydrogenation of CHxCHy species to ethylene 

and ethane are depicted in Figure 5.6. We start this part of the discussion with the CHCHx (x = 

2-3) species. Hydrogenation of CHCH2 and CHCH3 species at the Mo-edge results in CH2CH2 

and CH2CH3, respectively. We could not identify a transition state for the formation of CH2CH3. 

The activation barrier for surface ethylene formation by surface vinyl (CHCH2) hydrogenation 

is 0.69 eV with an exothermic reaction energy (∆E = -0.44 eV). The presence of sulfur on the 

Mo-edge shifts the reaction from endothermic without sulfur to exothermic. Adsorbed 

ethylene can be hydrogenated to ethyl or desorb. The adsorption energy of ethylene is 1.67 

eV. In comparison, hydrogenation of surface ethylene to ethyl (CH2CH3) is easier with an 

activation energy of 0.84 eV. The strong adsorption of ethylene and relatively low barrier for 
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T.S
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ethylene hydrogenation are consistent with the known ability of MoS2 to hydrogenate alkenes 

to alkanes [44, 45]. The final step for ethane formation at the Mo-edge of MoS2 is the 

hydrogenation for surface ethyl. The activation energy and reaction energy for ethane 

formation are 1.23 eV and 0.34 eV, respectively. 

 

 
Figure 5.6. Hydrogenation of surface vinyl (CHCH2), ethylene and ethyl then to surface 
ethylene at the bare Mo-edge of MoS2 (side view perpendicular to the MoS2(100)  surface): 
(top) vinyl to hydrogenation to ethylene and (bottom) ethylene hydrogenation to ethyl. 
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Table 5.2. Comparison of activation energies and reaction energies for elementary reaction 
steps at the Mo-edge with 0% and 25% sulfur coverages. Computed forward and backward 
activation barriers (Ef and Eb, respectively) and reaction energies (ΔH) are in relation to the 
most stable states found for the reactants and products, and include zero-point-energy (ZPE) 
corrections. 

Elementary Reaction 0% S 25% S 

Ef (eV) Eb (eV) ∆H (eV) Ef (eV) Eb (eV) ∆H (eV) 

CO + H  CHO 0.94 0.09 +0.85 0.30 0.32 -0.02 
SH + CO  CHO + S - - - 1.19 1.63 -0.44 

CHO  CH + O 0.66 2.79 -2.13 0.63 2.00 -1.37 
CH2O + H  CH2 + O 0.43 2.29 -1.86 0.76 1.84 -1.08 

C + H  CH 1.06 1.15 -0.09 0.61 1.29 -0.68 
CH + H  CH2 0.87 0.71 +0.16 0.54 0.77 -0.23 
CH2 + H  CH3 0.88 0.42 +0.46 0.99 1.34 -0.35 
CH3 + H  CH4 1.48 0.18 +1.30 0.94 0.46 +0.48 

CH + CH2  CHCH2 1.38 1.12 +0.26 1.17 1.35 -0.18 
CH + CH3  CHCH3 1.02 0.46 +0.56 1.76 1.75 +0.01 

CH2 + CH2  CH2CH2 1.44 1.33 +0.11 1.31 1.73 -0.42 
H + CHCH2  CH2CH2 1.61 1.60 +0.01 0.69 1.16 -0.47 
H + CH2CH2  CH2CH3 n.a.1 n.a. +1.18 0.84 0.51 +0.33 
H + CHCH3  CH2CH3 0.52 0.12 +0.40 n.a. n.a. - 

H + CH2CH3  CH3CH3 1.31 0.33 +0.98 1.23 0.73 +0.50 
O + CO  CO2 3.26 1.96 +1.32 1.28 0.20 +1.08 

CHO + H  CH2O 0.86 0.74 +0.12 n.a. n.a. - 
SH + CH2O  CH3O + S - - - n.a. n.a. - 

CH2O + H  CH3O 1.17 0.44 +0.73 - - - 
SH + CH2O  CH3O + S - - - n.a. n.a. - 

CH3O + H  CH3OH 2.25 0.42 +1.83 1.65 0.86 +0.79 
 

 

Microkinetics simulations 

Methane and ethylene formation rates as predicted by microkinetics simulations based on the 

complete reaction mechanism for the 25% sulfur-covered Mo-edge (model I) are shown in 

Figure 5.7. Methane is the dominant product for three different models considered. Sticking 

coefficients for CO and H2 were set to 10-5 and 10-2, respectively, as they yielded kinetics in 

reasonable agreement with experimental data (vide infra, Table 5.3). We verified that 

simulations in which we only allowed CHO formation by reaction of adsorbed CO with SH 

groups yielded negligible methane formation rate (model II), whereas allowing only CHO 

formation through reaction of CO with Mo-H (model III) led to the same methane formation 

rates as predicted for model I. 

1not available, no transition state could not be identified for this elementary step. 
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Figure 5.7. Turnover frequencies (in s-1) for the formation of methane and ethylene as a 
function of temperature for CO hydrogenation on the MoS2 edge for the full microkinetic 
model (model I), the microkinetic model in which CHO can only be formed via reaction of CO 
with SH (model II) and the microkinetic model where CHO forms only via reaction of CO with 
H (model III). Products not included in the graph have rates lower than 10-13 s-1 (reaction 
conditions: H2:CO = 1, p = 20 atm). 
 

In order to understand the very low consumption rate for model II in which reaction of CO 

with H as Mo-H is not included, Figure 5.8 shows depicts the surface coverages and degree of 

rate control (DRC) values. H atoms are predominantly present as hydride species (Mo-H) with 

a negligible amount of sulfhydryl (-SH) groups. H2 adsorption with respect to gas phase is 

exothermic on Mo sites, but endothermic on the sulfur atoms on the partially covered Mo-

edge. CO and H compete for the Mo sites in this model at temperatures below 575 K. The rate-

determining step at low temperatures is the formation of CHO by reaction of adsorbed CO 

with a sulfhydryl group (Figure 5.8b). The low rate is then due to the very low SH coverage. 

With increasing temperature the rate-determining step shifts to direct CO dissociation. At 

higher temperature, the reaction order with respect to CO becomes unity as the surface 

becomes nearly empty. At 700 K, the highest rate is obtained with reaction orders with respect 

to CO and hydrogen being 1 and -0.02, respectively. CH4 and CO2 are the dominant products 

formed in equimolar amount in the simulations of model II. 
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Figure 5.8. (a) Surface coverages and (b) DRC values for CO hydrogenation at the Mo-edge of 
MoS2 with 25% sulfur coverage based on microkinetic simulations using model II (reaction 
conditions: CO: H2 = 1:1, p = 20 bar). 
 

We further concentrate on the complete microkinetic model I and show the rates of formation 

of different products (Figure 5.9) and the surface coverages and DRC values (Figure 5.10). 

Methane and carbon dioxide are the dominant products, which implies that the O atoms 

originating from CO dissociation are removed as CO2, while most of the C atoms are 

hydrogenated to CH4. Formaldehyde and ethylene are minor by-products, while the formation 

rates of methanol and ethane are negligible. As expected, the surface S groups are not 

hydrogenated during CO hydrogenation, that is to say the surface coverage with S atoms 

remains 50% throughout the simulation.  

Different kinetic regimes can be distinguished on the basis of the surface coverages (Figure 

5.10a) and the degrees of rate control (Figure 5.10b). The other relevant kinetic parameters 

are given in Figure 5.11. In the 500-600 K range, besides 50% coverage with S atoms, the 

surface is covered by O atoms and methyl groups. In this temperature range, the rate-

controlling steps are methyl hydrogenation to methane and CO oxidation to CO2. CHO 

dissociation to CH and O is strongly inhibiting the rate, because this reaction increases the 

surface coverage. It results in a negative reaction order with respect to H2. The apparent 

activation energy is high because of the high surface coverages. In the 600-900 K range, the O 

coverage decreases from nearly 50% to zero. In this regime, CO oxidation becomes less rate-

controlling, while CHO dissociation will change from rate-inhibiting to rate-controlling. 

Moreover, CHO formation by hydrogenation of CO becomes also one of the rate-controlling 

(a) (b)
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steps. The maximum rate occurs just above 700 K. At the rate maximum, the only rate-

controlling step is CO oxidation with an O coverage of ca. 25%. At this temperature, the only 

other compound significantly covering the surface is H at a coverage of ca. 1%. The reaction 

orders with respect to CO and H2 at this temperature are 1 and 0.21, respectively.  

At higher temperatures, the surface becomes nearly empty (except for the S atoms). Under 

these conditions, CHO formation and dissociation are the rate-controlling steps. In the high-

temperature limit, CHO formation will control the overall reaction rate. As the reaction 

between adsorbed CO and H is controlling the overall rate, the reaction orders with respect 

to CO and H2 are 1 and 0.5, respectively. The negative apparent activation energy arises from 

the strong adsorption of CO and H as compared to the activation energy of the rate-limiting 

surface reaction step. 

 
Figure 5.9. Reaction rates for CO hydrogenation on the 25% sulfur-covered Mo-edge of MoS2 
using model I (reaction conditions: CO: H2 = 1:1, p = 20 bar). 
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Figure 5.10. (a) Surface coverages and (b) DRCs for CO hydrogenation on the Mo-edge of MoS2 
with 25% sulfur coverage based on microkinetic simulations using model I (reaction 
conditions: CO: H2 = 1:1, p = 20 bar). 

 
Figure 5.11. Model I: (a) Apparent activation energy (b) reaction order with respect to 
hydrogen and CO for CO hydrogenation on the Mo-edge of MoS2 with 25% S coverage 
(reaction conditions: CO: H2 = 1:1, p = 20 bar). 
 

We have compared the simulated and experimental reaction orders and apparent activation 

barrier for CO hydrogenation on MoS2 at different reaction conditions in Table 5.3). The 

computed TOF and reaction orders at 800 K and 1 bar for model I are in close agreement with 

experimental data [27]. The values of reaction order with respect to H2 and CO for these 

simulations are 0.45 and 1, respectively. On the other hand, whilst experimentally a positive 

apparent activation energy was reported under such conditions [47], the simulations predict 

a strongly negative apparent activation energy. This may be largely due to overestimation of 

(a) (b)

(a) (b)
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the binding energies in the DFT simulations. Below 585 K, the computed apparent activation 

energy is in much better agreement with experimental data in another study [1].  

 

 

Table 5.3. Comparison of kinetic parameters of CO hydrogenation on models I and II with 
experimental literature data.  

Reaction 
conditions 

Ea,apparent 
(kJ/mol) 

Reaction orders Turnover frequencies 
TOF (s-1) nH2 nCO 

P 
(bar) 

T 
(K) 

I II Exp. I II Exp. I II Exp. I II Exp. 

1 800 -139 79 31 0.45 -0.01 0.5 1 1 1 5.7 
x10-3 

5.3 
x10-12 

 

20 775 -80 80  0.21 -0.02  1 1  5.8 
x10-1 

7.1 
x10-11 

1.7 

x10-2 
90 585 112 62 133 -0.32 0.07  0.8 1  4.7 

x10-2 
1.2 

x10-11 
 

Experimental data taken from references 1, 27 and 52. 

 

5.3.3 General discussion 

The microkinetics simulations show that CO hydrogenation over a partially sulfur-covered Mo-

edge of MoS2 proceeds via a hydrogen-assisted CO dissociation mechanism, which is 

consistent with kinetic and spectroscopy indications reported in experimental literature [1, 

48]. Predicted CO conversion rates are in the same range as experimental reaction rate data 

[53]. Methane and carbon dioxide are the dominant products of CO hydrogenation obtained 

in a 1:1 molar ratio, which is also in keeping with experimental reaction data [27, 49]. This 

indicates that the O atoms derived from CO dissociation are only removed from the surface 

as CO2. In these simulations, the amounts of ethylene and ethane are negligible. 

Experimentally, ethane has been observed as a by-product formed in very small amounts 

during CO hydrogenation on unsupported MoS2 [50-52].  

A detailed reaction network analysis on the basis of the microkinetics simulations is shown in 

Figure 5.12. CO dissociation occurs solely via the formyl intermediate. The formyl species is 

formed by reaction of adsorbed CO with H species adsorbed to Mo. SH groups are not stable 

under the given reaction conditions. Accordingly, CHO formation through the facile reaction 

of CO with SH does not contribute to the overall rate. The surface methylidyne fragment 

resulting from CHO dissociation is then converted to methane through consecutive CHx 

hydrogenation steps. The very small amount of ethylene is formed mainly through coupling of 
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adsorbed CH2 fragments. The removal of surface O atoms proceeds through recombination 

with CO. A DRC analysis shows that oxygen removal as CO2 step is the rate-controlling step.  

Overall, introducing sulfur atoms at the Mo-edge of MoS2 leads to destabilization of the 

reaction intermediates. Consequently, association reactions become more exothermic and 

their activation barriers are lowered. While in the absence of S atoms the surface is poisoned 

by O atoms at reaction temperatures typically used in experiment, lateral interactions with 

co-adsorbed S atoms result in much lower O coverage. Consequently, reaction rates increase 

and are in reasonable agreement with experimental values.  

 

 
Figure 5.15: Reaction pathways for CO hydrogenation on the 25% sulfur-covered Mo-edge of 
MoS2 using model I at 725K (reaction conditions: CO: H2 = 1:1, p = 20 bar). Small red crosses 
indicate the elementary reaction where no transition state could be identified, and numerical 
values represent turnover frequencies for relevant elementary steps in s-1.  
 

5.4 Conclusions 

Our DFT calculations show that reaction intermediates relevant to CO hydrogenation to 

methane and higher hydrocarbons become destabilized upon co-adsorption of S atoms at the 

Mo-edge of MoS2. This results in substantial decrease in activation barrier for hydrogenation 

reactions as well as CO2 formation. Microkinetics simulations shows that methanation rates 

on the partially (25%) sulfur-covered Mo-edge are much closer to experiment than the very 
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low predicted rates on the bare Mo-edge. In these simulations, hydrogen atoms are 

predominantly present as molybdenum hydride (-MoH). Sulfhydryl (-SH) groups are present 

in negligible amounts during CO hydrogenation. As a result, CHO formation mainly occurs via 

hydrogenation of adsorbed CO from molybdenum hydrides. CHO dissociation provides surface 

methylidyne species which are hydrogenated to methane. Atomic oxygen produced is 

removed as CO2 which is the rate controlling step under experimental reaction conditions 

reported in the literature. The kinetics of the partially sulfur covered Mo-edge results in 

reaction rates and reaction orders in close agreement with experimental data. Methane and 

carbon dioxide are the dominant products, indicating that CO2 formation is the main oxygen 

removal pathway on MoS2. Formaldehyde and ethylene are minor by-products, while the 

formation rates of methanol and ethane are negligible. Ethylene is produced by direct 

coupling of surface methylene species. The main conclusion is that the partially sulfur-covered 

Mo-edge provides a better model for CO hydrogenation to methane than the bare Mo-edge. 
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Chapter 6 

A quantum-chemical DFT study of CO dissociation on Fe-promoted stepped Rh 
surfaces 

Abstract 

Rh nanoparticle catalysts are active in the hydrogenation of CO to hydrocarbons and 

oxygenates. It is known that addition of Fe promoter increases the catalytic activity. The 

present density functional theory study provides insight into the effect of Fe promotion on CO 

dissociation on a stepped Rh surface. On the basis of a density of states analysis we 

demonstrate that the promoting effect of Fe relates to the stabilization of oxygen in the 

transition state of the CO dissociation reaction. The promoting effect depends on the location 

of the Fe dopant in the the stepped Rh surface. This work explains the higher CO dissociation 

activity observed for Fe-promoted Rh nanoparticles. 

 

 

6.1 Introduction 

The increased demand for energy and the limited availability of easily accessible petroleum 

reserves has led to widespread research of the chemical industry and academia to use 

alternative energy resources [1]. Synthesis gas (a mixture of CO and H2) is increasingly 

considered as a versatile platform for the production of fuels and chemicals. It can be 

produced from a wide range of carbonaceous feedstock. The valorization of natural gas into 

transportation fuels is carried out at a large scale in the Fischer-Tropsch process. Coal and 

biomass are other carbon resources from which synthesis gas can be obtained. Another major 

process based on synthesis gas is methanol synthesis. Methanol is increasingly used as a 

feedstock for synthesis of chemicals such as light olefins [2]. Direct conversion of methanol to 

light olefins has also been investigated recently [3].  

Another route to obtain olefinic building blocks from synthesis gas is via ethanol [4]. Several 

types of catalysts have been investigated for this process including Rh-based catalysts, MoS2-

based catalysts, modified Fischer-Tropsch catalysts and modified methanol synthesis catalysts 

[5-10]. Rh is the most active transition metal for the direct synthesis of ethanol from synthesis 

gas. In addition to ethanol, methanol and small amounts of olefins, mostly ethylene, and 
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oxygenates such as acetaldehyde and acetic acid are obtained. In a recent contribution, we 

have investigated the mechanism of synthesis gas conversion to ethanol for Rh-based 

catalysts using density functional theory (DFT) calculations and microkinetics simulations [11].  

Rh nanoparticles supported on high surface area oxides typically offer limited ethanol 

selectivity. A large number of promoters have been evaluated in order to improve the ethanol 

yield of Rh-based catalysts [12]. Bimetallic and multicomponent Rh-based catalysts such as Fe-

Rh, Mn-Rh and Fe-Mn-Rh show increased CO conversion rate and selectivity of C2-oxygenated 

chemicals compared to Rh [13-17]. The addition of alkali metals as a second promoter also 

increases the formation of C2+-oxygenates by suppressing the formation of hydrocarbons [18]. 

Fe has been most frequently investigated as a promoter [15, 19, 20]. Birch and Hayes reported 

an ethanol selectivity of 50% on Fe-promoted Rh/Al2O3 [21]. Ichikawa et al. used X-ray 

absorption spectroscopy (EXAFS) to show a direct Rh-Fe bond in reduced silica-supported Rh–

Fe catalysts [22]. Gogate and Davis demonstrated that Rh is completely reduced in Fe-

promoted Rh/TiO2 and the iron oxide promoter is partially reduced from Fe(III)- to Fe(II)-oxide 

[23]. Although a general conclusion is that Fe promoters increase the rate of CO dissociation, 

the state of Fe that brings about this effect remains unresolved.  

A number of theoretical works have also dealt with the topic of promotion of CO dissociation 

on stepped transition metal surfaces by Fe. Wang et al. investigated by DFT the role of Mn on 

CO dissociation on the stepped Rh(211) surface [24]. Zhang et al. used the same technique to 

investigate the promoting effect of Mn on a Cu(211) surface [25]. Only one theoretical study 

employed a combination of DFT and kinetic Monte Carlo (kMC) to investigate the impact of 

Fe promotion on CO hydrogenation on a Rh(111) surface [26]. It is worthwhile mentioning that 

it is generally accepted that CO dissociation takes predominantly place on step-edge sites [11, 

27]. 

Understanding CO dissociation on promoted Rh-based catalyst is of prime importance to guide 

the design of improved catalysts for the conversion of synthesis gas to ethanol. One expects 

that the CO conversion rate to ethanol will depend on the CO dissociation rate as well as the 

steady-state CO surface coverage. Earlier microkinetics simulations have shown that the 

binding strength of C and O atoms on the step-edge surface influence their hydrogenation to 

methane and water and, in this way, affect the ethanol selectivity [11]. As a first step to 

rationalize the effect of Fe on Rh-catalyzed synthesis gas conversion to ethanol, we 

investigated the impact of Fe doping of the stepped Rh(211) surface on the barrier of CO 
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dissociation. We will show that the result will critically depend on the location of the Fe atom 

in the step-edge site. We also investigated in detail the electronic structure of the surface-

adsorbate complexes along the reaction pathway. To the best of our knowledge, this is the 

first work that provides a detailed quantum-chemical explanation for the effect of Fe 

promotion on Rh-catalyzed CO dissociation. 

 

6.2 Computational methods 

Spin-polarized DFT calculations were performed to investigate the influence of Fe as a 

promotor for the dissociation of CO on a stepped Rh(211) surface. All calculations were 

performed by the Vienna ab initio simulation package (VASP) [28, 29], using a plane-wave 

approach in conjunction with the projector-augmented wave (PAW) method [30]. The 

Perdew-Burke-Ernzerhof (PBE) exchange correlation functional was used to describe the 

electron-electron interactions and the kinetic energy cut-off of the plane wave basis set was 

set to 400 eV [31]. A Brillouin zone sampling of 3 × 3 × 1 k-points was used. Partial occupancies 

were determined using a first-order Methfessel-Paxton scheme with a smearing width of 0.2 

eV. We have modeled the Rh(211) termination of fcc Rh with an optimized Rh-Rh distance of 

2.71 Å in a 3 × 2 supercell, consisting of eight layered slabs with periodic boundary conditions. 

All atoms were allowed to relax. In order to avoid spurious interactions between system 

images, a vacuum layer of 15 Å was added perpendicular to the surface (i.e., in the z-direction) 

between the layers. The metal slabs were placed in the center of the unit cell. To confirm that 

the vacuum layer was large enough, we verified that the electron density as well as the 

electrostatic potential approached zero at the border of the supercell. To avert dipole-dipole 

interactions between supercells, we placed the adsorbates on both sides of the slab and 

retained an inversion center for the dipole at all times. An energy criterion was used for the 

ionic convergence using the conjugate gradient algorithm. Geometries were converged to 10-

4 eV and electronic convergence was set at 10-5 eV. For the gas phase calculations of the CO 

molecule, only the -point for k-point sampling was used. Here, the CO molecule was placed 

at the center of a large unit cell (10 Å x 10 Å x 10 Å). For the electron smearing, a Gaussian 

smearing with a width of 0.002 eV was used. Transition states were acquired using the nudged 

elastic band (NEB) method [32]. A frequency analysis was performed to confirm that all 

transition geometries corresponded to a first-order saddle point on the potential energy 
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surface. The Hessian matrix was constructed using a finite difference approach with a step size 

of 0.02 Å for displacement of individual atoms along each Cartesian coordinate. These 

frequencies were used to determine the zero-point energy (ZPE) correction to the energy.  

For the density of state (DOS) analysis, the s, p, and d-orbitals as well as the site-projected 

wave function character of each band were determined. This analysis was performed using a 

single point calculation for the optimized geometries using a quick projection scheme. This 

approach can only be carried out when using the PAW method, because this projection does 

not require a specified Wigner-Seitz radius. From this DOS analysis, the energy ranges of 

particular bands were identified and used to calculate the corresponding partial charges for 

the orbital analysis. The electron density distribution corresponding to a particular band was 

visualized using either a contour plot by projection of the electron density scalar field on a 

plane using trilinear interpolation or by construction of an isosurface employing a marching 

cubes algorithm to generate the polygons [33]. The vertex normals of the isosurface were 

calculated using the scalar field gradient employing a finite difference scheme. 

 

6.3 Results and Discussion 

The Rh(211) surface contains three uniquely different surface atoms with coordination 

numbers of 7, 9, and 10 (Figure 6.1b). We generated three different surface models in which 

these three unique Rh surface atoms were one by one replaced by a Fe atom. These surfaces 

are denoted by Fen-Rh(211) with n being the coordination number of the Rh atom that is 

replaced by Fe. CO dissociation on the B5 site of the stepped Rh(211) surface can proceed in a 

variety of manners (Figure 6.1a) [27, 34]. Here, we focus on two direct CO dissociation 

pathways and ignore H-assisted pathways which proceed with higher overall energy barrier 

[11]. The two direct CO dissociation pathways relevant to the B5 site are shown in Figure 6.1c 

and Figure 6.1d. Pathway A starts from the initial state in which CO adsorbs in a fourfold site 

at the step edge. In the transition state, the O atom moves towards the bridge site and, in the 

final state, the oxygen is bound in a three-fold site. Carbon remains in the four-fold site. In 

pathway B, CO is adsorbed in the three-fold site prior to dissociation. In the transition state, 

the O moves towards a bridge site where it is also bound in the final state. For Rh(211), 

pathway B is more favorable than pathway A [27]. Here, we investigate these CO dissociation 

pathways for the three Fe-promoted Rh(211) surfaces. This section is organized as follows. 
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First, we will compare the stabilities of the three different Fe-promoted surfaces. Next, the 

forward and backward activation energies for the six CO dissociation pathways are discussed. 

Finally, the results of a DOS and orbital analysis are given, which allow rationalizing the 

differences in the kinetics of the investigated pathways. 

 

 

Figure 6.1. Schematic representation of the stepped Rh(211) surface and the CO dissociation 
reaction. (a) The B5 site (b) The coordination number (CN) of the surface atoms; CN = 7 for the 
step-edge, CN = 9 for the upper edge, and CN = 10 for the lower edge. The iron-promoted 
Rh(211) surface has been created by substituting a Rh atom on the CN=7, CN=9 or CN=10 
position for an Fe atom. (c) CO dissociation pathway A: CO is adsorbed in a fourfold site. The 
C remains in the fourfold site and the O dissociates to a threefold site. (d) CO dissociation 
pathway B: CO is adsorbed in a threefold site and C remains in this threefold site while O 
dissociates to a bridge site. 
 
Table 6.1. reports the substitution energies of Rh with Fe for the three Fe-promoted Rh(211) 

surfaces. The energies are calculated with reference to bulk FCC Rh and BCC Fe. In all cases, it 

is favorable to exchange a Rh surface atom for a Fe atom in the Rh(211) model. This is expected 

as Fe is a more reactive transition metal than Rh. In line with this trend, it is seen that the most 

stable location for the Fe atom are at the CN = 9 and CN = 10 positions of the original Rh(211) 

surface with exchange energies of -32 kJ/mol and -31 kJ/mol, respectively. Substitution of a 

Rh atom with CN = 7 is somewhat less favorable with an exchange energy of -13 kJ/mol.  
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Table 6.1. Substitution energies for the exchange of a Rh atom with coordination number of 
7, 9, and 10 for an Fe atom. The energies are relative to bulk Rh (FCC) and bulk Fe (BCC). 

Coordination number Exchange energy (kJ/mol) 

7 -13.0 
9 -31.9 

10 -30.6 
 

The CO adsorption energies as well as forward and backward activation energies for CO 

dissociation are given in Table 6.2. The resulting potential energy diagrams for CO dissociation 

are shown in Figure 6.2. The corresponding geometries are included in the Supporting 

Information (Figure S1). Reference values for the CO dissociation barrier on Rh(211) via 

pathways A and B are taken from literature [27]. From the adsorption energies, it is 

immediately clear that CO is more strongly bound on the Fe-promoted surfaces than on the 

unpromoted Rh(211) surface. This is due to the higher reactivity of Fe as compared to Rh, as 

also evident from differences in metal-carbon bond energy between these two metals [35-

39]. Comparing the different adsorption sites, it can be seen that CO is always more strongly 

bound in a four-fold site than in a three-fold site. 

Table 6.2. CO adsorption energies (Eads), and forward and backward activation energies (Ef and 
Eb, respectively) for CO dissociation on Rh(211) and Fe-promoted Rh(211) surfaces. The 
corresponding geometries of these reaction paths are given in the SI. 

Surface Model Pathway Eads(kJ/mol) Ef (kJ/mol) Eb (kJ/mol) 
Rh(211) A 193 220 128 
Rh(211) B 166 141 121 

Fe7-Rh(211) A 235 251 195 
Fe7-Rh(211) B 252 123 98 
Fe9-Rh(211) A 239 220 256 
Fe9-Rh(211) B 225 152 228 

Fe10-Rh(211) A 257 194 182 
Fe10-Rh(211) B 227 155 138 
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Figure 6.2. Reaction energy diagrams for CO dissociation on Rh(211) and Fe-promoted Rh(211). The 
surfaces are denoted by Fen-Rh(211) with n being the coordination number of the Rh atom that is 
replaced by Fe. For each possible configuration of Fe atoms, two pathways were investigated. The left 
diagram shows the energetics for pathway A and the right diagram for pathway B. The CO dissociation 
pathway on Rh(211) is depicted as a dotted line. 

Comparison of the forward activation energies shows that pathway B is for all structures more 

favorable than pathway A. As mentioned above, this also holds for the Rh(211) surface, but 

contrasts CO dissociation on transition metal surfaces such as Co and Ru where pathway A is 

preferred for the direct pathway [40, 41]. Replacing a Rh atom with Fe in the Rh(211) surface 

has an inhibiting effect on CO dissociation, except for Fe7-Rh(211). This surface topology 

results in the lowest CO dissociation barrier of 123 kJ/mol. This barrier is also significantly 

lower than the adsorption energy on Rh(211). The adsorption energy of CO for pathway B on 

this surface is one of the strongest configurations (-252 kJ/mol). This result is in line with the 

Blyholder model, where a more strongly adsorbed CO corresponds to an increased weakening 

of the C-O bond due to enhanced back-donation in the 2π* anti-bonding orbital [42]. 

In attempting to understand these substantial differences in CO dissociation pathways on the 

various surfaces, we carried out a DOS analysis. In this analysis, we compared the preferred 

pathway B for the Fe7-Rh(211) surface and the unfavorable pathway B for the Fe10-Rh(211) 

surface with the Rh(211) surface. The results in Figure 6.4 depict the orbital-resolved partial 

density of states (PDOS) analysis for C and O in the initial, transition and final states. Following 

the nomenclature of the molecular orbitals of gas-phase CO (Figure 6.3), the peaks in the DOS 

spectrum were identified.  
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Figure 6.3. Density of states and orbital analysis of gas-phase CO. 
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Figure 6.4. Density of states analysis: (top) Rh(211), (middle) Fe7-Rh(211), (bottom) Fe10-Rh(211). The 
dotted lines indicate the position of the peaks corresponding to particular bands of the CO molecule 
or of the adsorbed C or O atom. 
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The DOS analysis of the initial state of CO adsorbed on Rh(211) shows interactions between 

the molecular orbitals of CO and the d-band of the metal surface. The two bands at -22.7 eV 

and -10.2 eV in the DOS correspond to the 3σ and 4σ orbitals of CO, respectively. This 

identification can be based on both the s-character of the bands as well as the electron density 

distribution of the band as shown in Figure 6.5. The electron density distribution of these 

orbitals with respect to gaseous CO is nearly unchanged. Nevertheless, these orbitals lie higher 

in energy (see Figure 6.3), because their interaction with the surface is repulsive. The bands 

at -7.2 eV and -6.6 eV correspond to the 5σ and 1π molecular orbitals of CO, respectively. 

These two bands have significantly more overlap with the metal states, evidenced by the 

strong dispersion of the electron density as can be clearly seen in Figure 6.5. Upon 

dissociation, we see that the 3σ and 4σ bands disappear, while two new bands appear for the 

C and O atoms at -11.4 and -18.8 eV, respectively. These new bands correspond to the atomic 

2s orbital of C and the 2s orbital of O interacting with the surface. Furthermore, we note that 

the 5σ and 1π bands of CO disappear concomitant with the appearance of the new bands due 

to the interaction between the atomic C 2p and O 2p orbitals with the surface. The positions 

of these bands are higher in energy as compared with the bands corresponding to the 

interaction of the d-band with the molecular orbitals, in line with the endothermicity of the 

overall CO dissociation reaction. The DOS analysis of the transition and final states are very 

similar in good agreement with the late nature of the transition state for CO dissociation on 

metal surfaces [39].  
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Figure 6.5. Contour plot with and without the surface structure and the isosurface of the electron 
density distribution for the 3σ, 4σ, 5σ, and 1π band for CO adsorption on Rh(211). The values in the 
contour plots are on a logarithmic scale. The isovalue for the isosurfaces is 0.1 eV / Å3. The iso-surface 
is only visualized for the central unit cell and not for the neighboring supercells. 

The same DOS analysis has been made for CO dissociation via pathway B on the Fe7-Rh(211) 

surface. The comparison made in Fig. 6.4 points to some notable differences with Rh(211). For 

the initial state, the position of the 3σ orbital is at the same energy, whereas the 4σ, 5σ and 

1π orbitals are slightly shifted to lower energies. This corresponds to the stronger adsorption 

energy of CO on the Fe-promoted surface. In the transition state, one notes that, similar to 

the unpromoted surface, the molecular orbitals of CO disappear and the 2s and 2p states of C 

and O appear. Importantly, the 2s band of O is lower in energy for the Fe-promoted surface 

than for the unpromoted surface. The interaction of the O atom with the Fe7-Rh(211) surface 

is stronger than for the Rh(211) surface, because the O atom directly binds to the Fe atom in 

the transition state. To support this, Figure 6.6 depicts the DOS of the Rh and Fe atoms 

involved in the binding of the C—O complex in the transition state. These data also show that 

the d-band of Fe is more contracted (i.e. less dispersed in energy) and lies higher in energy. 
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The s- and p-bands, however, lie significantly lower in energy. Thus, although the interaction 

of the 2s orbital of O with the d-band is less favorable for the Fe7-Rh(211) surface, the 

interaction with the s- and p-bands is significantly enhanced. It turns out that the effect of the 

latter stronger interactions with the O atom exceeds that of the former weaker interaction 

with the d-band, resulting in a lower TS for Fe7-Rh(211) than for Rh(211). 

To investigate the inhibiting effect of Fe on CO dissociation, we also carried out the same DOS 

analysis for the Fe10-Rh(211) surface (Figure 6.4c). From the comparison of the DOS of the 

initial states of Fe10-Rh(211) and Fe7-Rh(211), it follows that the 3σ band is shifted to lower 

energy for Fe10-Rh(211) and the 4σ band to higher energy. Overall, this leads to a slightly 

weaker adsorption of CO (-227 kJ/mol) on Fe10-Rh(211) than on Fe7-Rh(211) (-252 kJ/mol). In 

the transition state, the 2s band of O lies at nearly the same energy as for Rh(211). This is 

because the O atom only coordinates to Rh atoms on the Fe10-Rh(211) surface. The position 

of the 2s band of the C atom on the Fe10-Rh(211) surface lies slightly higher in energy as 

compared to Rh(211). From Figure 6.6, we can see the effect of the metal atoms involved in 

the binding of the C—O complex on the stability of C and O. The position of the s-, p- and d-

band centers of the Rh atom with CN = 7 is nearly the same as for the Rh atom with CN = 7 on 

the Rh(211) surface. As such, the position of the 2s orbital of O for these two surfaces is similar. 

On the other hand, the s- and p-bands of the Fe atom with CN = 10 are located slightly lower 

in energy compared to the s- and p-band centers of the Rh atom with CN = 10 on the 

unpromoted surface, whereas for the d-band center the opposite holds. It turns out that the 

shift of the d-band center has a more pronounced effect on the energy level of the 2s orbital 

of C than the other two bands, resulting in the C atom being less stable in the TS for the Fe10-

Rh(211) surface than for Rh(211) . As a consequence of the nearly unchanged binding of the 

O atom and weaker binding of the C atom in the TS as compared with the TS of the Fe7-Rh(211) 

surface, the activation barrier for CO dissociation is higher for Fe10-Rh(211). Comparing the 

initial and final states to those of Rh(211), we conclude that the initial state on Fe10-Rh(211) 

lies lower in energy and the TS higher in energy, resulting in a higher activation energy for 

dissociation (155 kJ/mol vs. 141 kJ/mol). 
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Figure 6.6. Density of states analysis of the transition state on Rh(211) (top layer), Fe7-Rh(211) 
(middle layer) and Fe10-Rh(211) (bottom layer). The graphs on the left side are for the atom 
with CN = 10 and on the right side for an atom with CN = 7. For each atom, the s-, p-, and d-
band center is given. 
 

6.4 Conclusion 

We have carried out a theoretical study to quantify the role of Fe as a promoting agent for the CO 

dissociation reaction on stepped Rh(211) surfaces. Six unique CO dissociation pathways were 

investigated composed of three different surface topologies and two different CO dissociation 

pathways. All reactions were performed at a B5 site. Only one of the studied pathways was found to 

result in a lower activation energy in comparison to Rh(211). This pathway corresponds to adsorbing 

CO in a three-fold position in a B5 site in the initial state and O moving to a bridge site in the transition 

and final state. In this reaction, the Fe atom is placed in the B5 site at the position of the step-edge (i.e. 

with a coordination number of 7). We have shown that the difference in the activation energy 

originates from a favorable interaction between O and Fe in the transition state. The underlying origin 

is the significant shift of the Fe s- and p-band centers to lower energies leading to favorable interaction 

of these bands with the O 2s orbital. The present data explains the experimentally observed higher 

activity upon Fe promotion on the CO dissociation activity of Rh nanoparticles and provides a deeper 

understanding of promotor effects in transition metal catalysis. 
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Chapter 7 

 

Microkinetics simulations of CO hydrogenation on Rh(211): influence of 

promotion by Fe  

 

Abstract 

 

A combined density functional theory study and microkinetics simulations study was carried 

out to understand the promoting effect of Fe on Rh in the conversion of synthesis gas to 

ethanol. The introduction of Fe in a surface model of Rh(211) results in more facile CO 

dissociation, CH4 formation and coupling of CH2 with CO resulting in CH2CO, the precursor to 

ethanol. The overall barrier for ethanol formation is decreased more than the overall barrier 

for CH4 formation. While O hydrogenation to H2O becomes more difficult upon Fe promotion, 

the oxidation of CO to CO2 is easier on FeRh(211). Together, these differences can explain the 

increase in the CO consumption rate for the Fe-promoted Rh(211) surface. It leads to 

enhanced CH4 and C2-oxygenates formation as demonstrated by microkinetics simulations. 

While at low temperature CH2O is the dominant product for Rh(211) because of slow CO 

dissociation, the product selectivity shifts to C2-oxygenates for Fe-promoted Rh(211). The 

positive effect of Fe on the C2-oxygenates selectivity and yield can be related to a lower 

activation barrier for direct CO dissociation on FeRh(211). This results in a reasonable coverage 

of CHx intermediates at temperatures where CHx+CO coupling is preferred over CH4 formation. 

The main pathway to ethanol involves reaction of CH2 with CO to CH2CO. This coupling step is 

much easier on FeRh(211) than on Rh(211). The resulting CH2CO species undergoes several 

hydrogenation steps to ethanol. At relevant reaction conditions, O is mainly removed in the 

form of CO2 and the barrier for this reaction is nearly unaffected by the presence of Fe. Overall, 

direct CO dissociation is the rate-limiting step at low temperature. This computational study 

shows how promoter atoms can have a complex influence on the outcome of CO 

hydrogenation reactions.  
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7.1 Introduction 

An increasing energy demand and concern about the depletion of easily accessible petroleum 

resources in the near future have stimulated intensive research to explore alternative 

feedstock to supply energy, fuels and chemicals [1-3]. Converting synthesis gas to ethanol is 

considered an attractive route for obtaining fuels and chemical feedstock from a wide variety 

of carbon-containing sources such as coal, natural gas, and biomass [4-6]. Ethanol is a suitable 

gasoline fuel (additive) and it can also be easily converted in a wide range of other chemicals, 

typically following dehydration to ethylene which is an important platform chemical in the 

chemical industry [7-9]. Several catalysts such as Rh-based catalysts, modified Fischer-Tropsch 

catalysts, Cu-based catalysts and MoS2-based catalysts have already been investigated for the 

conversion of synthesis gas to oxygenates [10-16].  

Rh is interesting because it is the only transition metal that allows obtaining ethanol in 

reasonable yield from synthesis gas [17]. However, typically promoters are required to 

improve the catalytic performance in terms of activity and ethanol selectivity and suppress 

undesirable methane formation [18, 19]. Examples of effective promoters for Rh are Fe, La, V 

and Mn [20-30]. Sometimes, these promoters are used in bimetallic systems but there are also 

examples where more than one promoter is used to improve the performance of Rh-based 

catalysts [31, 32]. The addition of alkali metals as a second promoter is known to further 

enhance the C2+-oxygenates selectivity with suppression of the selectivity to hydrocarbons 

[33]. Fe-promoted Rh catalysts for C2-oxygenates synthesis from synthesis gas have already 

been extensively investigated [2, 23]. For example, Burch and Hayes reported ethanol 

selectivity as high as 50% using a Fe-promoted Rh/γ-Al2O3 [25]. The promoting effect of Fe was 

attributed to the oxophilic character of Fe, assisting in CO dissociation. Ichikawa et al. used 

EXAFS to show that in such catalysts Rh-Fe bonds are present, suggesting that a bimetallic 

phase should be considered in explaining the mechanism. Goglielminotti et al. showed 

experimentally that low promoter levels improved the activity and C2-oxygenates selectivity 

of Rh/ZrO2 catalysts [34]. It was shown that Fe can exist both in metallic and in oxidized form 

in these catalysts. Interestingly, Palomino et al. suggested that an alloyed Rh-Fe phase led to 

enhanced ethanol selectivity [35]. Recently, Liu et al. studied experimentally and theoretically 

binary and ternary metallic Rh-based catalysts for CO hydrogenation [30]. The highest C2-

oxygenates selectivity was 36% for a Fe/Rh ratio of 1.5. The authors explored by 
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computational chemistry models in which Fe(I) oxide was located at Rh steps and metallic Fe 

at subsurface positions close to Rh steps and terraces. These experimental works show that 

Fe profoundly affects the product distribution during synthesis gas conversion for Rh catalysts. 

Nevertheless, many aspect concerning the mechanism of CO hydrogenation on Fe-promoted 

Rh surface remain unclear. It has been speculated that promoters affect ethanol selectivity 

through modifying the barriers for CO dissociation, CHx+CO coupling reactions or suppression 

of CH4 formation [18, 36].  

Several density functional theory (DFT) studies have targeted to capture the atomic-scale 

details of CO hydrogenation on Rh-based catalysts. Both clusters and periodic surfaces have 

been used as models [5, 37-41]. Choi and Liu used DFT-computed energetics to carry out 

microkinetics simulations to study CO hydrogenation on a Rh(111) surface, which is 

representative for the facets of large nanoparticles [37]. These calculations showed that Fe 

doping of the Rh(111) surface suppresses methane formation. Recently, Zhang et al. showed 

that Fe addition to a Rh7 cluster on a TiO2 support suppressed methane formation by a higher 

barrier for CH3 hydrogenation and a lower barrier for CH3+CO coupling [41]. Taking into 

consideration that step-edge sites are generally considered to be the active sites for CO 

dissociation on transition metals [42, 43]. It is important to include these defect sites when 

considering CO hydrogenation to higher alcohols. It has indeed been demonstrated that 

Rh(211) is more active for ethanol formation than Rh(111) [7, 44, 45].  

A recent comprehensive study employed microkinetics simulations based on DFT-computed 

energetics to demonstrate that Rh(211) step-edge sites can catalyze the formation of CO 

dissociation, CHx+CO and CHx+CHy coupling reactions that lead to higher hydrocarbons and 

alcohols [7]. In this work, the elementary steps that control the activity and selectivity were 

also discussed. Nørskov and co-workers have recently employed a mean-field kinetic model 

to investigate synthesis gas conversion considering CH+CO as the main pathway for C-C bond 

formation on Rh(111) and Rh(211) surfaces leading to acetaldehyde and ethanol [40]. The 

products considered in their study are methane, acetaldehyde and ethanol. Importantly, it 

was shown in these studies that the Rh(111) surface present a much lower activity due to a 

high barrier for CO dissociation and a product distribution very different from what is observed 

experimentally.  

To the best of our knowledge, there is no complete study addressing the role of Fe on a 

stepped Rh surface for CO hydrogenation. Previously, we have already shown that the 
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substitution of a Rh surface atom of a Rh(211) stepped surface for a Fe promoter atom results 

in a lower barrier for direct CO dissociation [2]. Using this surface model, we computed 

activation barriers of the most important elementary reaction steps that influence activity and 

selectivity for the Rh(211) surface [7]. These reactions include C hydrogenation, CHx+CHy 

coupling, CHxCHy hydrogenation, CHx+CO coupling and O-removal via H2O and CO2. These data 

are then used in microkinetics simulations. The catalytic activity and product distribution for 

CO hydrogenation on Rh(211) and Fe-promoted Rh(211) are compared.  

 

7.2 Computational methods 

7.2.1 DFT calculations 

DFT calculations were performed using the plane-wave approach with the projector-

augmented wave (PAW) method [46, 47], implemented in the Vienna Ab Initio Simulation 

Package (VASP) [48, 49]. The Perdew−Burke−Ernzerhof (PBE) electron exchange-correlation 

functional was used [50]. The cutoff energy of the plane-wave basis set used to describe the 

electronic wave functions was set at 400 eV. Brillouin zone sampling was done using a 3×3×1 

Monkhorst-Pack k-point grid. Partial occupancies were determined using a first-order 

Methfessel−Paxton scheme with a smearing width of 0.2 eV.  

We modeled the Rh(211) termination of FCC Rh with a Rh−Rh distance of 2.71 Å in a 3×2 

supercell consisting of eight layered slabs with periodic boundary conditions. The Fe-

promoted surface, denoted as FeRh(211), was created by replacing one of the Rh atoms at the 

step edge by a Fe atom in the same way as done in a previous study [2]. Top views of the 

Rh(211) and FeRh(211) models are shown in Figure 7.1. All atoms were allowed to relax during 

geometry optimization. In order to avoid spurious interactions between periodic images, a 

vacuum layer of at least 10 Å was added perpendicular to the surfaces. It was verified that this 

vacuum layer was large enough by establishing that the electron density approached to zero 

at the border of the supercell. In order to determine adsorption energies, we carried out 

geometry optimization of the corresponding reference molecules in the Γ-point in a cubic unit 

cell of 10 × 10 × 10 Å3. For electron smearing, a Gaussian smearing with a width of 0.002 eV 

was used. Zero-point energy (ZPE) corrected reaction enthalpies based on these gas-phase 

energies compared well with tabulated thermodynamic data. Electronic convergence was set 

at 10−4 eV and geometries were converged to an accuracy of 10−3 eV using a conjugate-
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gradient algorithm, which uses trial and corrector steps to converge the energy and the forces 

on the ions.  

Transition states (TS) for elementary reactions were identified using the nudged-elastic band 

(NEB) method [51]. Typically, about 40 ionic steps were needed to complete the NEB 

algorithm. The image with the highest energy among these NEB calculations for an elementary 

step was further relaxed with a quasi-Newton algorithm with the same criteria for electronic 

and geometry convergence mentioned above. Finally, a frequency analysis was performed to 

ensure that the identified transition state corresponded to a saddle point on the potential 

energy surface by verifying that a single imaginary frequency exists in the direction of the 

reaction coordinate. Frequencies were obtained within the harmonic mode approximation by 

construction of a Hessian matrix and only taking into account the degrees of freedom of the 

adsorbates (the contribution of the metal atoms was considered to be negligible due to their 

large mass). The second derivatives (i.e. 
2

i j

E
x x

 ∂
  ∂ ∂ 

  ) were obtained using a two-point finite 

difference approach with a step size of 0.02 Å. Zero-point energy corrections as derived from 

the frequency analysis were made to the adsorption energies and activation energy barriers. 

Adsorption energies of the adsorbates have been calculated using the following equation: 

𝛿𝛿𝑎𝑎𝑎𝑎𝑎𝑎 =
𝛿𝛿𝑎𝑎𝑠𝑠𝑎𝑎𝑠𝑠+𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑟𝑟𝑠𝑠𝑎𝑎𝑎𝑎𝑒𝑒 − 𝛿𝛿𝑎𝑎𝑠𝑠𝑎𝑎𝑠𝑠 − 2𝛿𝛿𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑟𝑟𝑠𝑠𝑎𝑎𝑎𝑎𝑒𝑒

2
 

The factor ½ accounts for the fact that energies were computed with two adsorbates in the 

supercell.  
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Figure 7.1. Top view of (a) the pure Rh(211) and (b) the Fe-doped Rh(211) surfaces. Here, HCP 
and FCC refer to hexagonal close packed and face-centered cubic sites, respectively. The 
subscripts SE and LE stand for step-edge and lower-edge, respectively. The combined 4-fold 
and HCPLE sites (black dotted lines) represent B5-site. Green and red colored spheres represent 
Rh and Fe atoms, respectively, while the solid and dotted white lines indicate step-edge and 
lower-edge of step sites, respectively.  
 

7.2.2 Microkinetics simulations 

For microkinetics simulations, we computed forward and backward rate constants of the 

elementary steps using the DFT-based activation barriers and the corresponding vibrational 

frequencies of the initial, transition and final states. The Eyring equation was used to calculate 

the rate constants:  

𝑘𝑘 =
𝑘𝑘𝑠𝑠𝑇𝑇
ℎ

𝑄𝑄‡

𝑄𝑄
𝑒𝑒−

𝛿𝛿𝑎𝑎
𝑛𝑛𝑏𝑏𝑇𝑇 (7.1) 

  

with k being the rate constant in mol/s, kb the Bolztmann constant, T the temperature in K, h 

Planck’s constant, Q‡ the partition function of the activated complex, Q the partition function 

of the complex in the pre-activated (initial) state and Ea the electronic activation energy [52]. 

The partition functions for the activated and pre-activated complexes were taken as the 

product of translational, rotational and vibrational partition functions corresponding to the 

configurational degrees of freedom of the surface complexes. All the reported activation 

energies are ZPE-corrected [53]. 

 

For non-activated molecular adsorption it was assumed that the complex loses one 

translational degree of freedom with respect to the gas phase in the transition state. The 

(a) (b) 
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changes in the rotational degrees of freedom were neglected. Accordingly, the following 

expression was employed for the rate of molecular adsorption 

𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 =  
𝑃𝑃𝐴𝐴

�2𝜋𝜋𝜋𝜋𝑘𝑘𝑠𝑠𝑇𝑇
𝑆𝑆 (7.2) 

with P being the partial pressure of the adsorbate in the gas phase, A the surface area of the 

adsorption site, m the mass of the adsorbate and S the sticking coefficient. 

For desorption, it was assumed that the complex has three rotational degrees of freedom and 

two translational degrees of freedom in the activated state, while in the adsorbed state it only 

has vibrational degrees of freedom. Accordingly, the rate of desorption is given by [54] 

𝑘𝑘 =
𝑘𝑘𝑠𝑠𝑇𝑇3

ℎ3
𝐴𝐴(2𝜋𝜋𝑘𝑘𝑠𝑠)
𝜎𝜎𝜃𝜃𝑟𝑟𝑜𝑜𝑎𝑎

𝑒𝑒−
𝛿𝛿𝑑𝑑𝑒𝑒𝑠𝑠
𝑛𝑛𝑏𝑏𝑇𝑇  (7.3) 

where σ is the symmetry number, θ the characteristic temperature for rotation, and Edes the 

desorption energy. 

To carry out microkinetics simulations differential equations for all surface reaction 

intermediates were constructed using the rate constants given by equations 7.1-7.3. Given a 

system of N elementary reaction steps, 2N rate expressions (forward and backward reactions) 

of the form  

𝑟𝑟𝑗𝑗 = 𝑘𝑘𝑗𝑗𝜋𝜋𝑖𝑖𝑐𝑐𝑖𝑖𝜈𝜈𝑖𝑖  (7.4) 

are obtained, where ci is the concentration of the species i on the surface, and 𝜈𝜈𝑖𝑖 the 

stoichiometry coefficient of species i in elementary reaction step j. These rate expressions 

were used to derive ordinary differential equations (ODEs) for each component. The MKMCXX 

software package was then used to solve the resulting set of ordinary differential equations 

(ODEs). Steady-state coverages were found by integrating the ODEs in time by means of the 

Backward Differentiation Formula method [55-57] until the changes in the surface coverages 

were very small. These steady-state surface coverages were used to compute the rates of the 

individual elementary reaction steps and the overall rate. Lateral interactions and their 

influence on activation barriers were not implicitly taken into account in this study.  
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7.3 Results and discussion 

7.3.1 DFT calculations 

In this section, we present results of DFT calculations for different elementary steps relevant 

to CO hydrogenation on Rh(211) and FeRh(211). Most of the reaction energetics for the 

Rh(211) surface were taken from a previous study [7], while the impact of Fe on CO 

dissociation has already been addressed in another work [2]. For the FeRh(211) surface, we 

focused on those elementary reaction steps that control the rate and product distribution for 

Rh(211)-catalyzed CO hydrogenation [7].  

 

7.3.1.1 C hydrogenation to CH4 

We first investigated the hydrogenation of a C atom adsorbed at the 3-fold site of the 

FeRh(211) step. While C and CH coordinate to a 3-fold site made up from 2 Rh and 1 Fe atoms, 

CH2 and CH3 adsorb in a bridging manner between Rh and Fe. Typically, the Fe-C bonds are 

shorter than the Rh-C bonds, which is the expected difference given the higher reactivity of 

Fe. The forward and backward activation energies and the reaction energies for FeRh(211) 

and reference values for Rh(211) are collected in Table 7.1. The activation barrier for the 

hydrogenation of C at the 3-fold site to CH is 1.25 eV, which is higher than the value of 1.10 

eV determined for the un-promoted Rh(211) surface. We took into account the migration 

energy of C from the most stable 4-fold adsorption site to the 3-fold site when reporting these 

activation barriers. In the transition state, the H atom is located on top of the Fe site. The C-H 

and Fe-H bond distances in the transition state are 1.70 Å and 1.56 Å, respectively. The 

reaction mechanism for the formation of methylene (CH2) is shown in Figure 7.2b. The barriers 

for this reaction on FeRh(211) and Rh(211) are 0.74 eV and 0.81 eV, respectively. This reaction 

is endothermic on both surfaces, i.e., 0.36 eV and 0.57 eV, respectively. In the final state, the 

CH2 is adsorbed in a bridging manner between Fe and Rh at the step-edge itself with Fe-C and 

Rh-C distances of 1.96 Å and 2.01 Å, respectively. CH3 (methyl) formation is also affected by 

the introduction of a Fe atom in the Rh(211) surface (Figure 7.2c). The activation energies 

(reaction energies) for FeRh(211) and Rh(211) are 0.49 eV (-0.04 eV) and 0.72 eV (0.42 eV), 

respectively. In the transition state, the C-H and Fe-H bond distances are 1.74 Å and 1.57 Å, 

respectively. In the final state, CH3 is at the step-edge site with Fe-C and Rh-C bond distances 

of 2.05 Å and 2.26 Å, respectively. CH4 formation is shown in Figure 7.2d. In the initial state, 

both CH3 and H species are co-adsorbed at step-edge sites. In the transition state, the C-H and 
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Fe-H bond distances are 1.51 Å and 1.58 Å, respectively. The activation barrier for the 

formation of CH4 for FeRh(211) is 1.10 eV, significantly higher than the value of 0.89 eV for 

Rh(211). The reaction energies for FeRh(211) and Rh(211) are +0.29 eV and +0.43 eV, 

respectively. The overall activation barrier for CH4 formation from the most stable 4-fold 

adsorption site of C for FeRh(211) is 1.72 eV, which is significantly lower than the overall 

barrier for Rh(211) of 2.11 eV. 

 

 
Figure 7.2. Reaction mechanism for the formation of CH4 from adsorbed C at the FeRh(211) 
surface: (a) methylidyne (CH) formation, (b) methylene (CH2) formation, (c) methyl (CH3) 
formation, (d) methane (CH4) formation. Black and white colors represent C and H atoms, 
respectively. The white dotted lines indicate the step edge of FeRh(211) surface. 
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Table 7.1. Forward activation energy (Ea), backward activation energy (Eb) and reaction energy 
(∆H) for the elementary reaction steps in CH4 formation for Rh(211) and FeRh(211) surfaces. 
For completeness, the values for CO dissociation are also given [4]. All reported values are in 
relation to the most stable states found for reactants and products, and include zero-point-
energy (ZPE) corrections.  

Elementary Reaction                      Rh(211)  FeRh(211) 
Ea (eV) Eb (eV) ∆H (eV) Ea (eV) Eb (eV) ∆H (eV) 

CO  C + O 1.47 0.27 +1.20 1.27 0.67 +0.60 
C + H  CH 1.10 0.87 +0.23 1.25 0.95     +0.30 

CH + H  CH2 0.81 0.24 +0.57 0.74 0.38 +0.36 
CH2 + H  CH3 0.72 0.30 +0.42 0.49 0.53 -0.04 
CH3 + H  CH4 0.89 0.46 +0.43 1.10 0.81 +0.29 

 

7.3.1.2 CHx+CHy coupling reactions 

Among the CHx+CHy coupling reactions, we focused on C+C, C+CH, and CH+CH reactions on 

the FeRh(211) surface. For the C+C reaction, two C atoms are co-adsorbed at nearby FCCSE 

sites as shown in Figure 7.3a. In the transition state, both C atoms moves toward the HCPSE 

site. The C-C and Fe-C bond distances in the transition state are 1.88 Å and 1.86 Å, respectively. 

In the final sate, C-C is adsorbed at the Rh-Fe bridge site. This reaction is much more difficult 

for FeRh(211) (Ea = 2.01 eV; ΔH = 0.90 eV) than for Rh(211) (Ea = 0.94 eV; ΔH = 0.05 eV). In the 

initial state of C+CH coupling, CH and C are co-adsorbed at adjacent FCCSE sites as shown in 

Figure 7.3b. The Rh-C and Fe-C bond distances for C (and CH) in the initial state are 1.86 Å 

(1.95 Å) and 1.85 Å (1.91 Å), respectively. In the transition state, both C and CH have migrated 

towards the HCPSE site and the C-C bond length is 1.87 Å. This reaction is also more difficult 

on FeRh(211) (Ea = 1.28 eV; ΔH = 0.03 eV) than on Rh(211) (Ea = 0.96 eV; ΔH = -0.10 eV). In the 

final state, CCH stays approximately in the same position as CC. CH+CH coupling follows  

similar mechanism (Figure 7.3c). In the transition state, the C-C bond distance is 1.84 Å. Each 

Fe-C bond distance in the transition state is 1.90 Å. Contrary to the other two coupling 

reactions, the activation barrier decreases considerably from 0.97 eV to 0.42 eV upon Fe-

doping. The reaction energies for this elementary step on Rh(211) and FeRh(211) surfaces are 

-0.64 eV and 0.08 eV, respectively. Thus, the CH+CH coupling reaction on FeRh(211) becomes 

easier but is less favorable from a thermodynamic point of view. On the basis of 

thermodynamics and kinetics, we infer that CH+CH coupling is the most facile coupling 

reaction on the FeRh(211) surface in comparison with the Rh(211) surface.  
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Figure 7.3. CHx+CHy coupling reactions: (a) C+C, (b) C+CH, (c) CH+CH coupling reactions at the 
FeRh(211) surface.  
 

 

Table 7.2. Forward activation energy (Ea), backward activation energy (Eb) and reaction energy 
(∆H) for selected CHx+CHy coupling reactions from CO hydrogenation at Rh(211) and FeRh(211) 
surfaces. All reported values are in relation to the most stable states found for reactants and 
products, and include zero-point-energy (ZPE) corrections. 

Elementary Reaction                      Rh(211) FeRh(211) 
Ea (eV) Eb (eV) ∆H (eV) Ea (eV) Eb (eV) ∆H (eV) 

C + C  CC 0.94 0.89 +0.05 2.01 1.11 +0.90 
C + CH  CCH 0.96 1.06 -0.10 1.28 1.25 +0.03 

CH + CH  CHCH 0.97 1.62 -0.64 0.42 0.63 +0.08 
 

7.3.1.3 CHxCHy hydrogenation 

After CHx+CHy coupling, the resulting species can either grow in chain length by reacting with 

other surface CHx species or adsorbed CO or they can be hydrogenated to form alkanes or 

olefins. For the sake of simplicity, we limit the hydrogenation to C2-hydrocarbon formation. In 

this section, we compare kinetic parameters for the hydrogenation of CHxCHy species on 

FeRh(211) with Rh(211) (Figure 7.4). These elementary steps are carried out at the most stable 

adsorption sites which depend on the degree of unsaturation of the adsorbate.  

We start the discussion by considering the hydrogenation of CCHx with x = 0, 1, 2. After C-C 

bond formation from two surface C atoms, hydrogenation of CC takes place at the B5-site 

(Figure 7.5a). In the initial state, CC prefers to stay at the B5-site, while a H atom is at the FCCSE 

site. In the transition state, one of the C atoms of CC is hydrogenated and the H atom shares 
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terrace Rh atom. The C-H and Fe-H bond distances in the transition state are 1.58 Å and 1.63 

Å, respectively. The activation barriers for this step on Rh(211) and FeRh(211) are 1.10 eV and 

0.55 eV, respectively. The reaction shifts from endothermic (0.20 eV) on the former surface to 

exothermic (-0.12 eV) on the latter. Hydrogenation of CCH results in CCH2 or CHCH. First, we 

considered hydrogenation of CCH hydrogenation to CCH2 at the B5-site (Figure 7.5b). In the 

transition state, the C-H and Rh-H bond distances are 1.54 Å and 1.62 Å, respectively. The 

activation barrier decreases from 0.78 eV on Rh(211) surface to 0.60 eV on FeRh(211) surface, 

and the reaction is less endothermic on the latter surface. We found that the hydrogenation 

of CCH hydrogenation to CHCH preferentially occurs at the step edge site as shown in Figure 

7.5d. In the initial state, CCH and atomic H are co-adsorbed at the nearest FCCSE sites. In the 

transition state, the H atom migrates towards the Rh atom that binds to the carbon-end of 

CCH. The C-H and Rh-H bond distances in the transition state are 1.63 Å and 1.67 Å, 

respectively. In this case, the C atom of CCH to be hydrogenated directly binds to the Fe atom. 

This elementary step is easier for FeRh(211) (Ea = 1.10 eV; ΔH = 0.36 eV) than for Rh(211) (Ea 

= 1.66 eV; ΔH = 0.60 eV). Comparison of these hydrogenation steps on FeRh(211) shows that 

CCH2 formation by CCH hydrogenation is more favorable than CHCH formation.  

CCH2 can be hydrogenated to CCH3 or CHCH2. Hydrogenation of CCH2 to CCH3 preferentially 

takes place at the B5-site as shown in Figure 7.5c. This reaction is easier for FeRh(211) (Ea = 

0.58 eV; ΔH = 0.19 eV) than for Rh(211) surface (Ea = 0.83 eV; ΔH = 0.41 eV). CCH2 

hydrogenation to surface vinyl (CHCH2) (Figure 7.6b) is however hardly affected by the 

presence of Fe at the step edge site. Comparing the energetics indicates that CCH3 formation 

is more favorable than CHCH2 formation. Another route to vinyl is via hydrogenation of surface 

CHCH (Figure 7.4). This step is more favorable for FeRh(211) (Ea = 0.86  eV; ΔH = 0.80  eV) than 

for Rh(211) (Ea = 1.05  eV; ΔH = 0.68 eV). CHCH2 can be either hydrogenated to CH2CH2 or 

CHCH3. Hydrogenation of CHCH2 to CH2CH2 is shown in Figure 7.7a. In the initial state, CHCH2 

and H atom are co-adsorbed at HCPSE and HCPLE sites, respectively. We note that the vinyl C 

atom to be hydrogenated directly interacts with the surface Fe atom. In the transition state, 

this C atom and the H atom share the same terrace Rh atom. The C-H and Rh-H bond distances 

in the transition state are 1.61 Å and 1.68 Å, respectively. The activation barrier is decreased 

by 0.20 eV due to the presence of Fe. Hydrogenation of CHCH2 to CHCH3 on FeRh(211) surface 

is shown in Figure 7.6c. This reaction becomes substantially more favorable for FeRh(211) (Ea 

= 0.32  eV; ΔH = -0.30  eV) than for Rh(211) (Ea = 0.92  eV; ΔH = -0.03 eV). Another pathway to 
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CHCH3 formation is the direct hydrogenation of CCH3 (Figure 7.4). This reaction takes place at 

the step-edge site as shown in Figure 7.6d. In the initial state, CCH3 and H atom are co-

adsorbed at HCPSE and HCPLE sites, respectively. In the transition state, the C-H and Rh-H bond 

distances are 1.61 Å and 1.63 Å, respectively. The activation energies (reaction energies) for 

Rh(211) and FeRh(211) are 1.06 eV (ΔH = 0.51 eV) and 0.98 eV (ΔH = 0.48 eV), respectively.  

We considered further reactions of adsorbed CH2CH2, which can either desorb or be 

hydrogenated to surface CH2CH3. We were unable to identify a transition state for CH2CH3 

formation on FeRh(211). The activation energy and reaction energy for this step on Rh(211) 

are 0.60 eV and -0.07 eV, respectively. There is another route for ethyl formation via 

hydrogenation of CHCH3 (Figure 7.7b). In the initial state, CHCH3 and H atom are co-adsorbed 

on the adjacent Rh-Fe bridge sites. In the transition state, the H atom and the CHCH3 fragment 

share the same Fe atom. The C-H and Fe-H bond distances in the transition state are 1.58 Å 

and 1.68 Å, respectively. The activation energy for this step changes from 0.74 eV on Rh(211) 

to 0.49 eV on FeRh(211) surface, and the reaction energy from 0.42 eV to 0.09 eV. These values 

show that CH2CH3 formation is more favorable on FeRh(211). Finally, we computed the 

energies for the hydrogenation of surface CH2CH3 to gas-phase ethane (Figure 7.7c). In the 

initial state, CH2CH3 and the H atom are co-adsorbed at adjacent Fe-Rh bridge sites. In the 

transition state, the H atom and CH2CH3 share the same Fe atom. The C-H and Fe-H bond 

distances in the transition state are 1.57 Å and 1.75 Å, respectively. In this case, the activation 

barrier is increased from 0.94 eV on Rh(211) to 1.47 eV on FeRh(211). This reaction is 

endothermic on both the Rh(211) (ΔH =0.59 eV) and the FeRh(211) (i.e. ΔH = 0.29 eV) surfaces. 

Based on the kinetics, CH3CH3 formation is less favorable upon Fe-doping of the Rh(211) step.  
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Figure 7.4. Reaction network for CHx+CHy coupling and hydrogenation of CHxCHy species on 
the FeRh(211) and Rh(211) surfaces. Numerical values before and after the slash are the 
forward and backward activation barriers for elementary reaction steps, respectively. 
Reported numbers in blue and orange are activation barriers for Rh(211) and FeRh(211) 
surfaces, respectively.  
  

 
Figure 7.5. Hydrogenation of (a) CC to CCH, (b) CCH to CCH2, (c) CCH2 to CCH3, and (d) CCH to 
CHCH at the FeRh(211) surface. 
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Figure 7.6. Hydrogenation of (a) CCH2 to CHCH2, (b) CCH2 to CHCH2, (c) CHCH2 to CHCH3, and 
(d) CCH3 to CHCH3 at the FeRh(211) surface. 
 

 
Figure 7.7. Hydrogenation of (a) CHCH2 to CH2CH2, (b) CHCH3 to CH2CH3, and (c) CH2CH3 to 
CH3CH3 at the FeRh(211) surface. 
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Table 7.3. Forward activation energy (Ea), backward activation energy (Eb) and reaction energy 
(∆H) for elementary reactions in CHxCHy hydrogenation at pure Rh(211) and FeRh(211) 
stepped surfaces. All reported values are in relation to the most stable states found for 
reactants and products, and include zero-point-energy (ZPE) corrections.  

Elementary Reaction Rh(211) FeRh(211) 
Ea (eV) Eb (eV) ∆H (eV) Ea (eV) Eb (eV) ∆H (eV) 

CC+H  CCH  1.10 0.89 0.21 0.55 0.67 -0.12 
CCH + H  CCH2 0.78 0.46 0.32 0.60 0.41 0.19 
CCH2 + H  CCH3 0.83 0.41 0.41 0.58 0.39 0.19 
CCH + H  CHCH 1.66 1.06 0.60 1.10 0.74 0.36 

CCH2 + H  CHCH2 1.15 0.19 0.96 1.16 0.19 0.97 
CCH3 + H  CHCH3 1.06 0.55 0.51 0.98 0.50 0.48 
CHCH + H  CHCH2 1.05 0.36 0.68 0.86 0.06 0.80 
CHCH2 + H  CHCH3 0.92 0.95 -0.03 0.32 0.62 -0.30 
CHCH2 + H  CH2CH2 0.68 0.36 0.32 0.48 0.65 -0.17 
CHCH3 + H  CH2CH3 0.74 0.31 0.42 0.49 0.40 0.09 
CH2CH2 + H  CH2CH3 0.60 0.67 -0.07 - - - 
CH2CH3 + H  CH3CH3 0.94 0.35 0.59 1.47 1.18 0.29 

 

7.3.1.4 CHx+CO coupling reactions 

We considered three CHx+CO coupling reactions, i.e. for x = 0-2. When C and CO are co-

adsorbed at 3-fold FCC sites, CO will migrate to a bridging site between 2 Rh atoms and C 

remains at the 3-fold site as shown in Figure 7.8a. C-C bond formation takes place by migration 

of the C atom towards CO. In the transition state, the C-C bond length is 1.94 Å. The activation 

energy for this reaction 1.78 eV. In the transition state, the C atom moves from the FCCSE site 

to the HCPSE site, while CO is coordinating to two Rh atoms of the FCCSE site. The corresponding 

barrier for CCO formation on Rh(211) is only 1.43 eV. The reaction energies for FeRh(211) and 

Rh(211) are 0.71 eV and 0.80 eV, respectively. In the final state, CCO remains at the FCC site. 

In this configuration, the C-C bond length is 1.36 Å, while the C-O bond length has increased 

to 1.24 Å as the C atoms to which O binds also interacts with the Rh atom of the step-edge 

site. 

When CH and CO are co-adsorbed on FeRh(211), CO prefers to adsorb atop a Rh site adjacent 

to the Fe atom with the C-O slightly tilted towards the step-edge. CH is adsorbed at a 3-fold 

site of the lower edge. In the transition state, the C-C bond length in CHCO is 1.87 Å. The 

carbonyl C-O bond length is 1.21 Å. In the final state, the C-C and C-O bond lengths are 1.49 Å 

and 1.24 Å, respectively. The activation energy for CH+CO coupling reaction is significantly 

decreased from 1.53 eV for Rh(211) to 0.82 eV for FeRh(211). Also, the reaction is less 

endothermic for FeRh(211) (0.76 eV) compared to Rh(211) (1.08 eV).  
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When CH2 and CO are co-adsorbed at adjacent 3-fold sites, both species migrate to bridge 

sites, CO between two Rh atoms and CH2 between Rh and Fe (Figure 7.8c). In the transition 

state, CH2 moves to adsorbed CO. The C-C and C-O bond lengths are 1.80 Å and 1.24 Å, 

respectively. The CH2+CO coupling reaction is much more facile for FeRh(211) (Ea = 0.86 eV; 

ΔH = 0.23 eV) than for Rh(211) (Ea =  1.60 eV; ΔH = 1.23 eV). In the final state, CH2CO stays at 

a FCC site (Figure 7.8c). In this state, the C-C and C-O bond lengths are 1.44 Å and 1.29 Å. 

Especially, the C-O bond length has increased due to the interaction of the carbonyl C with a 

Rh surface atom. Comparing these coupling reactions for FeRh(211) and Rh(211), we conclude 

that CH+CO and CH2+CO coupling reactions are easier on the Fe-promoted surface, whereas 

the barrier for C+CO coupling has increased in comparison with Rh(211). 

 

 

Figures 7.8.  CO insertion into CHx: (a) C+CO, (b) CH+CO, and (c) CH2+CO coupling reactions at 
the FeRh(211) surface. 
 

Table 7.4. Forward activation energy (Ea), backward activation energy (Eb) and reaction 
energy (∆H) for elementary reactions for CHX + CO formation from CO hydrogenation at pure 
Rh(211) and FeRh(211) stepped surfaces. All reported values are in relation to the most 
stable states found for reactants and products, and include zero-point-energy (ZPE) 
corrections.  

 
Elementary Reaction                      Rh(211) FeRh(211) 

Ea (eV) Eb (eV) ∆H (eV) Ea (eV) Eb (eV) ∆H (eV) 
C + CO  CCO 1.43 0.63 +0.80 1.78 1.07 +0.71 

CH + CO  CHCO 1.53 0.45 +1.08 0.82 0.06 +0.76 
CH2 + CO  CH2CO 1.60 0.37 +1.23 0.86 0.63 +0.23 
CH3 + CO  CH3CO n.d.Ʇ - - - - - 

Ʇ not determined. 
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7.3.1.5 O removal 

Removal of the O atom from the surface can occur via H2O or CO2 formation (Figure 7.9). OH 

formation is much more favorable for FeRh(211) (Ea = 1.16 eV; ΔH = -0.29 eV) than for Rh(211) 

(Ea = 1.61 eV; ΔH = 0.14 eV). H2O formation via hydrogenation of OH is however more difficult 

for FeRh(211). The barrier on the promoted and unpromoted surfaces are 1.48 eV and 1.12 

eV, respectively. The alternative pathway involves OH disproportionation via 2 OH  H2O + O. 

Also, this reaction is more difficult for FeRh(211) (Ea = 1.30 eV; ΔH = 1.01 eV) than for Rh(211) 

(Ea = 0.72 eV; ΔH = 0.17 eV). Overall, H2O formation is more difficult for FeRh(211) than for 

Rh(211). Alternatively, O can be removed as CO2. To study this pathway, we placed CO and O 

at their preferred positions for the un-promoted surface on the FeRh(211) surface model. 

Figure 7.9d shows that CO moves from the 3-fold position where it binds to Rh and Fe to a 

bridge position interacting only with Rh atoms. The O atom remains bridged between Rh and 

Fe. The activation energy for CO2 formation remains nearly unchanged upon promotion (1.41 

eV). On the other hand, the final state is more stable on the promoted surface as can be 

derived from the lower reaction energy of 0.65 eV as compared to the value of 1.02 eV of 

Rh(211). 

 

Figure 7.9. Oxygen removal reactions involving (a) O hydrogenation, (b) OH hydrogenation, (c) 
H2O formation via OH disproportionation, and (d) CO2 formation at the FeRh(211) surface.  
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Table 7.5.  Forward activation energy (Ea), backward activation energy (Eb) and reaction energy 
(∆H) for elementary reactions involved in oxygen removal mechanism in syngas conversion at 
Rh(211) and FeRh(211) surfaces. All reported values are in relation to the most stable states 
found for reactants and products, and include ZPE corrections. 

Elementary Reaction                      Rh(211) FeRh(211) 
Ea (eV) Eb (eV) ∆H (eV)  Ea (eV) Eb (eV) ∆H (eV) 

O + H  OH 1.61 1.47 +0.14 1.16 1.45 -0.29 
H + OH  H2O 1.12 0.80 +0.32 1.71 1.00      +0.71 

 2 OH  H2O + O 0.72 0.55 +0.17 1.30 0.29 +1.01 
CO + O  CO2 1.41 0.39 +1.02 1.40 0.75 +0.65 

 

7.3.2 Microkinetics simulations 

In this section, we present the results of microkinetics simulations for CO hydrogenation on 

Rh(211) and FeRh(211) surfaces with the aim to understand the promoting effect of Fe on the 

activity and the selectivity. The pressure was set to 20 atm and the H2 to CO ratio to 2. 

Turnover frequencies and the composition of the surface adsorbed layer are given in Figure 

7.10 and Figure 7.11. The highest CO consumption rate is obtained at approximately 775 K for 

both surfaces. At this temperature, the CO and H surface coverages for FeRh(211) are 

approximately 10% and 29%, respectively. The surface also contain small amounts of O and 

OH. The CO and H coverages are slightly lower for Rh(211). A difference is that the CH coverage 

on Rh(211) is ~1%, significantly higher than for FeRh(211). Below the optimum temperature, 

the surface is covered by CO, while the CO coverage rapidly decreases above the optimum 

temperature. Figure 7.10 confirms that Fe has a strong promoting effect on the CO 

consumption rate, which is in line with several experimental studies [31, 57] [13, 32-35]. 

  
Figure 7.10. Turnover frequency (s-1) for CO hydrogenation for the (a) Rh(211) and (b) 
FeRh(211) surfaces using microkinetics simulations (conditions: H2:CO = 2, p = 20 atm). 
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Figure 7.11. Surface coverage (Θ) for CO hydrogenation for the (a) Rh(211) and (b) FeRh(211)    
surfaces using microkinetics simulations (conditions: H2:CO = 2, p = 20 atm). 
 

The product distribution for the two surfaces is compared in Figure 7.12. For Rh(211), we can 

see that formaldehyde formation is the dominant product below 535 K. In the 500-575 K 

regime, the formaldehyde selectivity decreases and the selectivity to acetaldehyde and 

ethanol increases. This trend can be explained by an increasing rate of CO dissociation, shifting 

the main product from (partial) CO hydrogenation to products derived from recombination 

reactions of dissociated C and CO. More specifically, C, CH and CH2 can react with adsorbed 

CO to CHxCO intermediates species which are subsequently hydrogenated to C2-oxygenates 

(ethanol and acetaldehyde) [18]. The other reaction pathway resulting in removal of C from 

the surface is hydrogenation to CH4, which has a high overall activation barrier. Consistent 

with this, the CH4 selectivity increases with temperature. This also holds for the CO2 selectivity. 

CO2 is the main product by which O atoms are removed from the surface. Above 575 K, the 

ethanol selectivity decreases due to a lower CO coverage. The ethanol selectivity becomes 

very low at 725 K. At high temperature, CH4 and CO2 are the main reaction products for 

Rh(211). This is because the barrier for H2O formation is much higher than the barrier for CO2 

formation. 

Pronounced differences are noted when these trends are compared to the product 

distribution for FeRh(211), shown in Figure 7.12b. Below 575 K, the formaldehyde selectivity 

is much lower than for Rh(211), which can be explained by the much lower activation barrier 

for CO dissociation upon Fe promotion [2]. The availability of C atoms at the surface at low 
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temperature results in a higher C2-oxygenates selectivity for FeRh(211). Thus, compared to 

Rh(211) promotion by Fe leads to increased rates of ethanol and CH4 formation. This is 

consistent with the decreased barriers for CHx hydrogenation and CH2+CO coupling on the 

promoted Rh(211) surface. We will show below that the latter CH2+CO coupling reaction 

produces the CH2CO precursor that leads to ethanol. At a reference temperature of 600 K, the 

CO consumption rate for FeRh(211) is 5.1x10-4 s-1 and the carbon-based selectivities for 

ethanol and methane are 45% and 14%, respectively. Other products include acetaldehyde, 

ethylene, and carbon dioxide with respective selectivities of 2%, 2%, and 37%. Above 600 K, 

the CH4 selectivity increases rapidly at the cost of the C2-oxygenates selectivity. At 

intermediate temperature where the surface contains a significant amount of CO, O atoms 

are predominantly removed as CO2. H2O formation dominates at high temperature, because 

the overall barrier for H2O formation is lower than that of CO2 formation for FeRh(211). Thus, 

the formation of CO2 at low temperature for FeRh(211) is due to the much higher coverage 

with CO than with H. 

Summarizing, a comparison of the computed kinetics for Rh(211) and FeRh(211) shows 

that the strong promotion of Fe on the CO dissociation activity results in an increase of the C2-

oxygenates selectivity at the expense of that of CH4. For Rh(211), formaldehyde is the 

dominant product at low temperature due to the low CO dissociation rate. For FeRh(211), 

ethanol is predicted to be formed already at low temperature because of the increased CO 

dissociation activity.  

 

 
Figure 7.12. Carbon based selectivities for CO hydrogenation at (a) Rh(211) and (b) FeRh(211) 
surfaces using microkinetics simulations (conditions: H2:CO = 2, p = 20 atm). 
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7.3.2.1 Reaction network analysis: degree of rate and selectivity control 

We carried out a reaction network analysis to explore the mechanistic details for CO 

hydrogenation on the two investigated surfaces. We determined the degree of rate control 

(DRC) and the degree of selectivity control (DSC) as defined earlier [7]. The DRC for a chemical 

reaction is defined as the relative change of the rate as a result of the relative change in the 

rate constant of a particular elementary reaction step keeping the equilibrium constant fixed. 

The DRC is defined as 

𝜒𝜒𝑎𝑎,𝑖𝑖  =  �
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𝜕𝜕𝑛𝑛𝑖𝑖

𝑛𝑛𝑖𝑖�
�
𝑛𝑛𝑗𝑗 ≠ 𝑖𝑖,   𝐾𝐾𝑖𝑖

=  �𝜕𝜕 ln(𝑟𝑟𝑥𝑥)
𝜕𝜕 ln(𝑛𝑛𝑖𝑖)

�
𝑛𝑛𝑗𝑗 ≠𝑖𝑖,   𝐾𝐾𝑖𝑖

                                                                     (7.5) 

In the above equation, 𝜒𝜒𝑎𝑎,𝑖𝑖 is the DRC parameter of elementary reaction step i for key 

component (i.e. a reactant or a product) c, rc is the overall reaction rate for key component c, 

and ki and Ki are the overall reaction rate and equilibrium constants for the elementary 

reaction step I, respectively.  

The degree of selectivity control (DSC) quantifies the extent to which a particular elementary 

reaction step influences the selectivity of certain products. The sensitivity in absolute change 

in selectivity is determined as a result of relative change in the rate constant of a particular 

elementary reaction step keeping the equilibrium constant of relevant elementary reaction 

step fixed. The DSC for a particular key component is defined as 

𝜖𝜖𝑎𝑎,𝑖𝑖  =  � 𝜕𝜕𝜂𝜂𝑥𝑥
𝜕𝜕𝑛𝑛𝑖𝑖

𝑛𝑛𝑖𝑖�
�
𝑛𝑛𝑗𝑗 ≠ 𝑖𝑖,   𝐾𝐾𝑖𝑖

=  � 𝜕𝜕𝜂𝜂𝑥𝑥
𝜕𝜕 ln(𝑛𝑛𝑖𝑖)

�
𝑛𝑛𝑗𝑗 ≠𝑖𝑖,   𝐾𝐾𝑖𝑖

                                                                                 (7.6) 

where 𝜖𝜖𝑎𝑎,𝑖𝑖 is the DSC of product c due to a change in kinetics of elementary step i, and ηc is the 

selectivity of the key product component.  

The corresponding data are plotted in Figure 7.13 and Figure 7.14, respectively. For Rh(211), 

the rate-controlling step is formaldehyde desorption at low temperature. It shifts to CO 

dissociation step for temperatures higher than 535 K. At conditions where the maximum C2-

oxygenates selectivity is obtained, direct CO dissociation has the highest DRC value. In the 

temperature range 600-650 K, CO2 formation becomes the most rate-controlling step for the 

un-promoted surface. Above 650 K, CH2 + H  CH3 and CH3 + H  CH4(g) start to control the 

overall CO consumption, showing that CH4 formation becomes more difficult than CO 
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dissociation. This is consistent with the overall barrier for CH4 formation being higher (2.11 

eV) than the barrier for CO dissociation (1.47 eV). CH2 + CO  CH2CO and CCH3 + H  CHCH3 

are rate-inhibiting reactions for CO hydrogenation on Rh(211) at intermediate temperatures, 

while their DRC values approach zero at high temperatures because coupling reactions do not 

occur anymore on the nearly empty surface.  

A DSC analysis for the formation of formaldehyde, ethanol and CH4 is given in Figure 7.14. 

These data show that, for Rh(211) at low temperature, formaldehyde selectivity mainly 

depends on the rates of formaldehyde desorption and direct CO dissociation. The DSC value 

of the former reaction is positive, while it is negative for the latter. The different sign of these 

DSC indicates that these two reactions have an opposite effect on formaldehyde selectivity. 

Above 575 K, the DSC values with respect to ethanol for CCH3 hydrogenation to CHCH3 and 

CH2CHO hydrogenation to CH2CHOH are positive, whereas those for CH2+CH2 and CH2+CO 

coupling reactions are slightly negative. The DSC value for the CH3+H reaction is strongly 

negative. It shows a strong inverse correlation with the DSC value for the CH3+H reaction with 

respect to CH4 formation. These data show that ethanol and CH4 formation are inversely 

correlated in this temperature range, which relates to the fact that CH2 is a precursor to CH4 

formation but can also be coupled to CO resulting in CH2CO, the precursor for ethanol 

formation.  

We next contrast these insights to data for FeRh(211). Below 575 K, direct CO dissociation is 

the rate-limiting step, which is due to much faster CO dissociation on FeRh(211) in comparison 

with the un-promoted surface. It is consistent with the observation that formaldehyde is only 

formed in small amounts. Above 575 K, CO2 formation is the rate-limiting step. The DRC values 

of the C+H and CH2+CO association reactions are negative, which means that these reactions 

inhibit the overall consumption rate. A negative DRC value means that the reverse reaction 

controls the reaction rate. For instance, the dissociation of CH2 to CH and H controls to some 

degree the reaction rate and the same holds for the dissociation of CH2CO. This is because 

these intermediates are contributing to the formation of CH4 and ethanol, respectively. The 

negative DRC value of the C+H reaction increases with temperature until 600 K and then 

decreases again. This behavior can be explained by the consumption of CH2 species in CH2+CO 

coupling, which occurs at an optimum rate around 600 K. At this temperature CO dissociation, 

CO+O and C+CH association reactions have significant DRC values. At high temperature, CO+O, 

CH2+H and CH3+H association reactions control the CO consumption rate. 
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A DSC analysis for formaldehyde, acetaldehyde, ethanol and CH4 formation is shown in Figure 

7.15. The DSC data for formaldehyde and acetaldehyde show only low values because these 

products are only formed in very small amounts. There is no correlation between the DSC 

values for acetaldehyde and ethanol formation, showing that acetaldehyde is not the 

predominant precursor to ethanol. CHx hydrogenation steps have negative (positive) DSC 

values with respect to ethanol (CH4) in the order CH3+H > CH2+H > CH+H ≈ C+H. Indeed, 

formation of CH4 suppresses the formation of ethanol, because these products compete 

through CHx species. On the other hand, the DSC values for ethyl formation from 

hydrogenation of CHCH3 is slightly positive. The DSC value with respect to ethanol for CH2 + 

CO coupling is strongly positive at temperatures where ethanol formation is pronounced. It 

demonstrates that CH2 is the species whose coupling to CO leads to ethanol, similar to the 

finding for Rh(211). We further investigated the relation between DSC values and product 

selectivity at 600 K where ethanol selectivity is high. The high value for DSC for CH2+CO 

coupling indicates that ethanol selectivity increases when the activation barrier lowered. 

Notably, the DSC value for CO dissociation is small because CO dissociation can lead to both 

CH4 and ethanol. The slightly positive value arises from the competition with CO 

hydrogenation to formaldehyde. The positive DSC value of CHCH3 hydrogenation with respect 

to ethanol selectivity can be easily understood by considering the reaction network analysis 

in Figure 7.16. Hydrogenation of CHCH3 results in surface ethyl, which is dehydrogenated to 

ethylene. Hydrogenation of ethyl to ethane does not take place due to the high activation 

barrier of 1.48 eV. A small amount of ethylene desorbs from the surface, the major fraction 

dissociates providing methylene (CH2) for the formation of C2-oxygenates or CH4. For ethanol 

formation, the DSC values for hydrogenation of CHx (x = 0, 1, 2, 3) are negative (Figure 7.15c), 

indicating that a decrease in the activation barrier for these steps would increase CH4 

formation at the expense of ethanol formation. Thus, there are two different sets of 

elementary steps with respect to DSC values for ethanol and CH4 formation that are negatively 

correlated with each other. There is competition between CH2 consumption towards CH2+CO 

coupling and methylene hydrogenation. 
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Figure 7.13. Degree of rate control (DRC) for CO hydrogenation for the (a) Rh(211) and (b) 
FeRh(211) surfaces using microkinetics simulations (conditions: H2:CO = 2, p = 20 atm). Only 
reactions with an appreciable DRC value are shown.  
 

 

Figure 7.14. Degree of selectivity control for (a) formaldehyde, (b) ethanol and (c) CH4 for CO 
hydrogenation on Rh(211) (conditions: H2:CO = 2, p = 20 atm). 
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Figure 7.15. Degree of selectivity control (DSC) for (a) formaldehyde, (b) acetaldehyde, (c) 
ethanol (d) CH4 for CO hydrogenation on FeRh(211) (conditions: H2:CO = 2, p = 20 atm).  
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Figure 7.16. Reaction network analysis for CHx+CHy coupling and CHxCHy hydrogenation on 
FeRh(211) (conditions: H2:CO = 2, p = 20 atm, T = 575 K). The numbers along the reaction 
pathways are reaction rates (s-1) of the relevant elementary reaction steps, and the arrows 
indicate favorable direction of elementary reactions under given reaction conditions. 
 

We also evaluated in more detail the reaction network at the optimum temperature for 

ethanol formation of 575 K. Several experimental studies on the Rh-catalyzed CO 

hydrogenation have been conducted around this temperature [20-22]. The product 

selectivities and reaction network analysis are provided in Figure 7.17. The total C2-oxygenates 

selectivity is ~61% of which only 3% is acetaldehyde. The main pathway involves CO 

dissociation on a B5-site resulting in adsorbed C and O atoms [7]. Hydrogen-assisted reaction 

pathways do not contribute to CO consumption. Direct hydrogenation of C is not favorable 

due to the high activation barrier of 1.23 eV for the C+H reaction. Instead, CH is predominantly 

formed via C+CO coupling into CCO, hydrogenation of CCO to CHCO and its dissociation into 

CH and CO. Hydrogenation of CHCO to CHCHO, CH2CO or CHCOH does not occur and, in fact, 

these intermediates rapidly dissociate. The rate of CH hydrogenation to CH2 is higher than that 

of CH+CHx coupling. Among these CH+CHx coupling reactions, CH+CH and CH+CH3 association 

reactions display the highest rates (Figure 7.16). The rate of CH2+CO coupling is higher than 

the rate of hydrogenation of CH2 to CH3. The carbonyl group of CH2CO species is favorably 
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hydrogenated to the formyl group forming CH2CHO, while hydrogenation to CH2COH does not 

occur. Nor does hydrogenation of the α-carbon of CH2CHO to CH2CH2O proceed. On the other 

hand, hydrogenation reactions of CH2CHO to CH3CHO and CH2CHOH are favorable. 

Interestingly, hydrogenation of the β-carbon of CH2CHO to CH3CHO is approximately 100 times 

slower than hydrogenation of the carbonyl oxygen via CH2CHO hydrogenation to CH2CHOH. 

Comparison of these hydrogenation steps explains the low acetaldehyde selectivity. The 

CH2CHOH intermediate undergoes several dehydrogenation steps via CH2CHOH  CHCHOH + 

H, CHCHOH  CCHOH + H, CCHOH  H + CCOH to a CCOH species. These CCOH species are 

hydrogenated to ethanol via CCOH +H  CHCOH, H+CHCOH  CH2COH, CH2COH + H  

CH3COH, CH3COH + H  CH3CHOH, and CH3CHOH + H  CH3CH2OH. The competition of CH2 

and CH3 hydrogenation to CH4 with the CH2+CO coupling reaction is decisive in the product 

selectivity of FeRh(211).   

 

 

 

 

 

 

 

 

 

 



153 
 

 
 

Figure 7.17. Reaction network analysis for syngas conversion on FeRh(211) surface in ethanol 
dominant region (conditions: H2:CO = 2, p = 20 atm, T = 575 K). The number along reaction 
pathways are reaction rates (s-1), and the direction of arrows indicate the direction of reaction rates. 
 

7.3.2.2 General discussion 

We have computed the reaction energetics for CO hydrogenation reactions on a Fe-promoted 

Rh(211) surface model and compared the results with data for the un-promoted Rh(211) step-

edge. CO dissociation is more facile on FeRh(211) than on Rh(211) due to the higher reactivity 

of Fe. Compared to the un-promoted surface, the overall barrier for CH4 formation is lower 

for FeRh(211). At the same time, CH+CO and the kinetically relevant CH2+CO association 

reactions are even more facile on the Fe-promoted surface. While O hydrogenation to H2O 

becomes more difficult upon Fe promotion, the oxidation of CO to CO2 is easier on FeRh(211). 
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Together, these differences can explain why the CO consumption rate is higher for the Fe-

promoted Rh(211) surface. It leads to enhanced CH4 and C2-oxygenates formation. As the 

overall barrier for CH4 formation is decreased less by the presence of Fe than the overall 

barrier for ethanol formation, the selectivity to ethanol becomes higher for the promoted 

catalyst. The predicted increase of the CO consumption rate due to Fe promotion is consistent 

with experimental observations [32-35]. It can be primarily attributed to a decreased CO 

dissociation barrier [7]. While at low temperature formaldehyde is the dominant product for 

Rh(211) because of slow CO dissociation, the product selectivity shifts to C2-oxygenates for 

FeRh(211). The positive effect of Fe on the selectivity and yield of C2-oxygenates has been 

observed in several experimental studies [23-25]. Increased ethanol selectivity due to Fe 

promotion can be related to a lower activation barrier for direct CO dissociation on FeRh(211) 

at temperatures where CHx hydrogenation is relatively slow. Although also CH4 formation 

becomes easier, the overall barrier for ethanol formation is decreased more. It is interesting 

to mention that CH4 formation does not proceed through direct formation of CH from C. 

Rather, CH is obtained by C coupling to CO followed by hydrogenation and dissociation of 

CHCO. Subsequent hydrogenation steps of CH to CH4 proceed in the conventional manner. 

The main pathway to ethanol involves the reaction of CH2 with CO to CH2CO. This coupling 

step is much easier on FeRh(211) than on Rh(211). The resulting CH2CO species undergoes 

several hydrogenation steps leading to a small amount of acetaldehyde and predominantly 

ethanol. The product selectivity is determined by the fate of the CH2 intermediate. At low 

temperature, CHx+CO coupling reactions are more important than hydrogenation to CH4 

because of the low barrier facilitated by Fe doping and high CO coverage. At high temperature, 

the CO coverage decreases and, as CH4 formation has a higher overall barrier, its formation 

becomes more dominant. Our simulations predict that methanol is not formed which is 

different from the experimental observations [20, 22]. We suspect that methanol can be 

formed by formaldehyde hydrogenation to methanol on the close-packed Rh(111) surface [7]. 

Relevant to higher hydrocarbons formation, we predict the formation of a small amount of 

ethylene. Ethylene is not obtained by direct coupling of CH2 species but, instead, by 

dehydrogenation of a surface ethyl (CH3CH2) species. Adsorbed ethylene can desorb but is 

predominantly decomposed to CH2 species. This explains the low ethylene yield. Ethane 

formation does not take place due to high activation barrier of ethyl hydrogenation. We 

suspect that gas-phase ethylene can be easily hydrogenated to ethane on less reactive 
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surfaces such as Rh(111). Although we did not take into account the formation of 

hydrocarbons with more than two C atoms, the present work shows that Fe suppresses 

formation of higher hydrocarbons, which is in line with experimental data [20-22].  

 

7.4 Conclusions 

We investigated the reaction energies of CO hydrogenation on a Fe-promoted Rh(211) step-

edge site and compared the microkinetics to that of the un-promoted Rh(211) step. The 

activity of the Fe-promoted step edge is higher because of the lower barrier of CO dissociation. 

The ethanol selectivity for the FeRh(211) surface is much higher, which is caused by the higher 

CO dissociation rate at low temperature. This results in the formation of C species. CH is only 

formed via C+CO coupling, hydrogenation to CHCO and dissociation to CH + CO. 

Hydrogenation of CH leads to CH2 and CH3 surface intermediates and gaseous CH4. The CH2 

surface intermediate can also be involved in coupling with CO yielding ethanol upon 

hydrogenation of CH2CO. The overall barrier of CH4 formation is lowered due to the presence 

of Fe. As most of the barriers for CHx+CHy and CHx+CO coupling are decreased even more, 

especially the barrier of the CH2+CO coupling reaction, the ethanol selectivity is increased due 

to the presence of Fe. Due to the reactive nature of the Fe-containing surface, the CH2CH3 

intermediate cannot be hydrogenated and, instead, ethylene is formed. Ethylene selectivity is 

relatively low, because the barrier for desorption is higher than the barrier for decomposition 

into CH2, which will either be hydrogenated to methane or coupled to CO. At relevant reaction 

conditions, O is mainly removed in the form of CO2 and the barrier for this reaction is nearly 

unaffected by the presence of Fe. Overall, direct CO dissociation is the rate-limiting step at 

low temperature. This computational study shows how promoter atoms can have a complex 

influence on the outcome of CO hydrogenation reactions.  
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Chapter 8 
 

Promotion of mackinawite to pyrite transformation by CO2 

 

Abstract 

The reduction of gaseous CO2 has been studied on mackinawite (FeS1-x) and pyrite (FeS2) in 

the temperature range of 50-600 oC. In case of mackinawite, both iron(II) and sulfide S-2 have 

been observed to be oxidized by CO2 using XPS. In the case of pyrite, pyrrhotite has been 

formed at 500 oC. Mackinawite treated with CO2 under different conditions reacts with 

gaseous H2S to give mainly pyrrhotite and small amounts of pyrite. The formation of different 

phases of iron sulfides and their compositions have been followed by XPS and XRD (X-ray 

diffraction). Online analysis of the product gases has been carried out using Non-dispersive 

infrared analysis and mass spectrometry. Temperature programmed reaction of mackinawite 

with CO2 in the temperature range of 50 oC to 600 oC shows that CO formation commences 

around 300 oC and continues up to 600 oC. Pyrite reacts similarly after initial decomposition 

to pyrrhotite. In addition to CO formation, COS has been observed in very small amounts. 

 

 

8.1 Introduction 

There is a growing interest in identifying catalytic pathways for the reduction of CO2. In this 

work, we study the reactivity of different iron sulfide compounds as FeS and FeS2 with respect 

to CO2 reduction. In this reaction FeS becomes oxidized and CO is formed from CO2. The study 

of this reaction is motivated by analogous reactions that have been proposed to occur in 

submarine hydrothermal vents [1]. In 1988, two prominent theories relating to the chemistry 

of the origin of prebiotic life on irons sulfide as catalysts have been put forward [2, 3]. These 

theories were based on the reaction of H2S with reduced FeS, i.e. mackinawite, under 

hydrothermal conditions. The “Iron Sulfur World” theory by Wächtershäuser [2] proposes the 

Berzelius reaction [4] with formation of pyrite according to  

 

H2S + FeS  H2 + FeS2                                                                                                                          (8.1) 
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The product H2 is proposed to react with CO2 to form higher mercaptanes in reactions 

analogous to the Fischer-Tropsch reaction of synthesis gas. In autoclave experiments H2 

formation has been demonstrated by Wächtershäuser et al. [5] and higher mercaptans 

formation by Heinen et al. [6].  

The transformation of mackinawite to pyrite is not a direct transition but has been shown to 

proceed through partial dissolution and reduction oxidation in the liquid phase [21]. Elemental 

sulfur or a sulfur equivalent (polysulfide or thiosulfate) is the mandatory oxidant for pyrite 

formation [22, 23]. In order to study the transformation of the solid phase in more detail, we 

decided to repeat these experiments in the gas phase. In another relevant contribution [7] it 

has been demonstrated with gas phase experiments that the transformation of FeS into FeS2 

upon contact with H2S only occurs when the material has been slightly pre-oxidized. This leads 

to the question whether this condition is also a necessity to the Berzelius reaction. In the 

Wächtershäuser experiment a possible source of oxygen to pre-oxidize FeS is CO2 present in 

the autoclave experiments to simulate the submarine vent like conditions. Formation of H2 is 

thought to proceed through the reaction of the product CO with water via the water-gas shift 

reaction according to  

CO + H2O  H2 + CO2                                                                                                                         (8.2) 

 

This reaction has been shown to be catalyzed by related sulfides [8]. An alternative possibility 

for H2 formation is by reaction of H2S with CO via 

 

H2S + CO  COS + H2                                                                                                                         (8.3) 

 

Fukuda et al. [9] have demonstrated that this reaction is catalyzed by several metal sulfides 

including FeS under relatively mild conditions (170-380 oC). In water, COS would readily 

decompose to H2S and CO2, effectively leading to the shift reaction (equation 8.2). Formation 

of FeS2 will give the overall Berzelius reaction by reaction of oxidized FeS with H2S via 

 

FeSOx + xH2S  FeS2 + xH2O                                                                                                             (8.4) 

 

Pyrite formation from mackinawite in solution can also occur by the Bunsen reaction [10] 
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FeS + Sn  FeS2 + Sn-1                                                                                                                          (8.5) 

 

This is possibly an intermediate reaction step after reaction (8.4). It has been reported that 

COS can directly reduce MnO to MnS with formation of CO2. In analogy, FeO particles can react 

with COS to form FeS [10]. Reaction (8.4) is related to the Claus reaction that forms sulfur by 

reaction of SO2 with H2S [11]. 

In order to test the hypothesis of oxidation of mackinawite by CO2 we have exposed 

mackinawite to CO2 in the gas phase and analyzed the resulting surface composition as well 

as change in the gas phase composition. In subsequent experiments, the transformation of 

CO2 exposed FeS surfaces by H2S to pyrite (equation 8.4) was studied. The oxidation of FeS by 

CO2 was followed by XPS, XRD and gas-phase analysis of a temperature programmed 

experiment. Pyrite was also observed to reduce CO2 to CO at temperatures higher than 200 
oC. After having presented the experimental results, the work will be concluded with a short 

discussion of the implications of these data for the Wächtershäuser model. 

 

8.2 Experimental  

8.2.1 Catalyst synthesis 

8.2.1.1 Synthesis of Mackinawite 

Mackinawite was synthesized according to published methods [12] by reaction of Mohr’s salt 

(NH4)2FeSO4.24H2O with Na2S.9H2O under carefully controlled oxygen-free conditions 

(Schlenk). In this method, 12.6 g of Mohr’s salt and 7.1 g of Na2S.9H2O salts were taken in 

separate Schlenk flasks. These flasks were evacuated three times and subsequently flushed 

with Ar. Then 200ml of deoxygenated water was added to each flask with a syringe under 

continuous Ar gas flowing. The salts were dissolved by shaking the flasks. The solution of 

sodium sulfide was added dropwise to the solution of Mohr’s salt by a dropping funnel. The 

solution was stirred continuously during the reaction. A black precipitate was formed which 

was filtered under argon environment. The product was washed three times with de-

oxygenated water and one time by de-oxygenated ethanol. Finally, the mackinawite was 

allowed to dry under vacuum overnight. As the Mackinawite is extremely reactive to oxygen 

and has a high affinity for H2O, it was stored in a nitrogen-flushed glove box with oxygen and 

water levels below 2.5 and 0.1 ppm, respectively. 
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8.2.1.2 Synthesis of Pyrite 

Pyrite was obtained by sulfidation of ferric sulfate in a flow of 10% H2S in Ar. For this purpose, 

200 mg of solid Fe2(SO4)3 was taken in a quartz reactor and helium was flushed through the 

reactor for 15 min to remove any traces of air. Subsequently, H2S gas was passed through the 

quartz reactor at a rate of 20 ml/min. The temperature of the reactor was increased from 25 

to 300 oC at rate of 10 oC/min, and was maintained at 300 oC for 12 hours. Formation of pyrite 

has been confirmed by using XRD and XPS. 

 

8.2.2 Characterization 

8.2.2.1 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is sensitive only to the sample surface and provides 

both compositional and chemical data, such as oxidation states and coordination of the 

surface elements. The Fe(2p3/2), S(2p) and O(1s) spectra of mackinawite, CO2 treated 

Mackinawite and its sulfided forms have been analyzed by using XPS. The charging effect, 

which appeared after various periods of CO2 exposure, has been corrected in the 

corresponding spectra. X-ray photoelectron spectroscopy measurements were carried out on 

samples before and after reaction of CO2. The catalysts were introduced into the X-ray 

photoelectron spectrometer (Kratos AXIS Ultra spectrometer equipped with a monochromatic 

Al K-α X-ray source and a delay-line detector) directly from the glove-box after synthesis or via 

the glove-box after reaction. Spectra were obtained using the aluminium anode (Al Kα = 

1486.6 eV) operating at 150 W. For survey and region scans, constant pass energies of 160 eV 

and 40 eV, respectively, were used. The background pressure was 2 × 10-9 mbar. Fitting was 

carried out with the Casa XPS program. 

 

8.2.2.2 X-ray diffraction 

High-angle x-ray diffractograms were recorded on a Bruker D4 Endeavour (Cu Ka, scan 

between 10-80˚, 0.02˚ per step and 2.5 s per step). As the sample are air-sensitive, they were 

covered with a Kapton tape in glove-box prior to diffraction measurements. 
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8.2.3 Temperature-programmed reactions with CO2 

 

8.2.3.1 Reaction of Mackinawite  

An amount of 200 mg of mackinawite was placed in a continuous flow quartz reactor. The CO2 

(purity 99.99%) gas was passed through the material at a flow rate of 15 ml/min. The 

temperature of the reactor was increased from room temperature to 180 oC at rate of 2 
oC/min. Then reaction was carried out at 180 oC for different times i.e. 6 h, 9 h, and 12 h. The 

loading and unloading of mackinawite in the quartz reactor was performed in a nitrogen-

flushed glove box. 

 

8.2.3.2 Reaction of Pyrite 

A quartz reactor was loaded with 50 mg of pyrite. Subsequently, 5% CO2 in He was passed 

through the reactor for 15 minutes at 50 oC. The flow rate of 5% CO2 through the quartz 

reactor was adjusted at 50 ml/min. Finally, the temperature was increased from 50 to 600 oC 

at a rate of 10 oC /min. 

 

8.2.4 Sulfidation of CO2 treated Mackinawite 

200 mg of mackinawite that had been previously treated in CO2 for 12 h at 180 oC, was loaded 

into a quartz reactor. A mixture of 10% H2S in Ar was fed to the reactor at a rate of 15 ml/min. 

The temperature of the reactor was increased from 25 oC to 300 oC at a rate of 2oC /min 

followed by an isothermal period at 300 oC for 12 h. 

 

8.3 Results 

Fig. 8.1a shows the fit results for as-synthesized mackinawite. The Fe 2p3/2 peak has been 

fitted with three components. The first peak corresponding to a binding energy of 707.2±0.3 

eV is assigned to the Fe(II)-S-2 bond. The peaks at 709.0 eV and 710.4.0 eV are associated with 

Fe(III)-S-2 or Fe(II)-O-2 and Fe(III)-O-2 bonds, respectively. The S 2p region shows only one state 

of sulfur and evidences that no oxidation of sulfide to sulfite (SO32-) or sulfate (SO42-) species 

has occurred. 
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Figure 8.1. XP spectra of Fe 2p (a), S 2p (b) and O 1s (c) regions of as-synthesized mackinawite.  

 

Finally, the O 1s spectrum of mackinawite is very weak but can be fitted by three components. 

The first one, located at 529.6 eV, can be interpreted as an oxide peak, which is O-2 attached 

to the Fe cation. The second, located at 532.3 eV, corresponds to adsorbed hydroxide, OH- 

and the third peak at 535.7 eV can be assigned to residual water molecules adsorbed at the 

iron sulfide surface. Obviously, slight oxidation of the FeS surface has taken place after 

synthesis, in spite of extensive precautions. Some degree of surface oxidation of mackinawite 

has also been observed by others [24, 25]. 

Fig. 8.2 presents the Fe 2p, S 2p and O 1s regions of the XP spectra after exposure of 

mackinawite to CO2. The intensities of the Fe 2p and S 2p signals decrease with time of CO2 

exposure and that of the O 1s signal increases. The same behavior has been observed in the 

oxidation of mackinawite in air [6, 12]. Thus, CO2 exposure to the mackinawite results in the 

oxidation of its surface. The XP fit results are collected in Table 8.1. The intensity of the Fe(II)-

S-2  signal in the XP spectra decreases with reaction time of mackinawite with CO2, whereas 

the intensity of the Fe(III)-S-2 (or Fe(II)-O-2) increases. The values of the binding energies for all 

of the iron species increase with increasing reaction times indicating an overall increase of the 

oxidation state of iron. XPS analysis of the sulfur region shows that some of the sulfide S-2 

species of mackinawite have been oxidized to sulfate SO4-2. The amount of SO4-2 increases with 

the exposure time. It can be seen from the Table 8.2 that the amount of S-2 decreases with 

time of reaction of CO2 gas with mackinawite whereas the amount of sulfate species increases. 

The fit results for the S 2p region are given in Table 8.2. The amount of sulfur or polysulfide 
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species decreases with an increase of the exposure time. The oxygen peaks in Fig. 8.2c shift to 

higher binding energies with increasing exposure time. The increase in binding energy to 

almost 532.15 eV is either due to the presence of oxygen in sulfates, SO4-2 or to OH-1 bound to 

iron as in Fe(III)(OH)O. The increase in S/Fe ratio on oxidation of iron sulfides has also been 

found by others and is explained by the faster diffusion rate of sulfur species than that of iron 

species [16]. 

 

 

 

 

 

 

 

 

Figure 8.2. XP spectra of Fe 2p (a), S 2p (b) and O 1s (c) regions after reduction of mackinawite 
with CO2 at 180 oC for different times. 
 
Table 8.1. The relative contributions of intensities of the various iron species in the Fe 2p XP 
spectra after reaction of mackinawite with CO2 at 180 oC for different times (indicated are the 
binding energies of the 2p3/2 peak). (B.E. stands for binding energy) 

State  6 h 9 h 12 h 

Fe(II)-S-2 B.E. (eV) 707.0 707.8 707.7 
Composition 37 % 29 % 20 % 

Fe(III)-S-2 or Fe(II)-O-2 B.E. (eV) 709.5 710.5 710.5 
Composition 25 % 29 % 32 % 

Fe(III)-O-2 or Fe(II)-SO4
-2 B.E. (eV) 711.4 712.5 712.4 

Composition 9 % 10 % 12 % 
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Table 8.2. The relative contributions of sulfur species after reaction of mackinawite with CO2 
at 180 oC for different times. 

State  6 h 9 h 12 h 

S-2 B.E. (eV) 161.1 161.6 161.7 
Composition 78 % 72 % 66 % 

S2
-2 B.E(eV) 162.7 - - 

Composition 14% - - 

Sx
-2 or Sx 

B.E. (eV) - 164.0 164.8 
Composition - 10% 6% 

SO3
-2 B.E. (eV) 166.5 - - 

Composition 8% - - 

SO4
-2 B.E. (eV) - 167.9 168.3 

Composition - 18% 28% 
 

The temperature-programmed oxidation of mackinawite by a flow of 5% CO2 in He was 

followed by a non-dispersive infrared analyzer. Fig. 8.3 shows that CO commences at around 

300 oC and increases strongly with temperature. The activation energy for CO formation from 

reduction of CO2 is about 71 kJ/mol. Mass spectrometric analysis of the gas effluent confirms 

the formation of CO and also indicated that carbonyl sulfide was formed in minute quantities, 

approximately one order of magnitude lower than the amount of CO (Fig. 8.3). 

 

 
Figure 8.3. CO concentration (NDIR analysis) and COS concentration (MS analysis) of the 
temperature programmed reaction of mackinawite with CO2. 
 

Mass spectrometry also show the formation of small amounts of H2 and H2O during 

mackinawite oxidation by CO2 (Fig. 8.4). The rate of H2 formation is maximum at 460 oC. The 

temperature range for H2 production is between 350 and 500 oC. The formation of H2 coincides 
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with that of H2O. The relevant reaction here is the water-gas shift reaction. Residual H2O 

adsorbed by the mackinawite reacts with CO to form CO2 and H2. 

  

 

 

 

 

 

 

 

Figure 8.4. Mass spectrum for (a) H2 and (b) H2O formation during exposure of mackinawite 
to CO2 as a function of the temperature. 
 

The XRD patterns in Fig. 8.5 evidence the complete transformation of mackinawite to 

pyrrhotite upon reaction with CO2 at 300 oC for 12 h. This transformation is in agreement with 

the phase diagram of FeS. Pyrrhotite is the thermodynamically more stable phase at the higher 

temperature [7]. This result implies that the oxidation of mackinawite is only at the surface. 

The transformation to pyrrhotite in CO2 at 300 oC is also indicative that the bulk of FeS does 

not undergo reaction with CO2. Further sulfidation of this sample at the same temperature 

results in the formation of small amounts of pyrite. These results confirm the earlier 

observation that mackinawite that has been pre-oxidized can be transformed to Pyrite [7]. 
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Figure 8.5. XRD patterns for mackinawite (a), mackinawite treated by CO2 at 300 oC for 12 h 
(b) and CO2-treated mackinawite subsequently sulfided at 300 oC for 12 h (c) (P = pyrite,  
# = pyrrhotite, M = mackinawite). 
 
Table 8.3 collects the results of XPS investigation of mackinawite exposed to CO2 at 180 oC for 

various times. These data show that the sulfur to iron ratio changes with reaction time. 

 

Table 8.3. Atomic composition (%) of mackinawite after reaction with CO2 at 180 oC for various 
times. 

Time (h) %Fe %S %O S/Fe  

0 49 39 12 0.80 

6 25 21 54 0.84 

9 22 20 58 0.91 

12 17 20 63 1.18 

 

Table 8.4 collects the results of XPS investigation of pyrite exposed to CO2 at 500 oC for various 

times. These data show that the sulfur to iron ratio changes with reaction time. These data 

imply the decomposition of pyrite into pyrrhotite and elemental sulfur and the formation of 

COS by reaction of CO2 with iron sulfide. Table 8.4 also shows that the iron at the surface 

remains constant whereas the O surface composition increases. This increase coincides with 

a decrease of the sulfur content. The corresponding XRD patterns in Fig. 8.6 evidence the 

complete transformation of pyrite (FeS2) into pyrrhotite (Fe7S8) after treatment in carbon 

dioxide for 16 h. Finally, Fig. 8.7 evidences the formation of CO and COS during the exposure 

of pyrite to CO2 in smaller amounts than during the exposure of mackinawite to CO2. CO 
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formation starts around 200 °C. In this case, also very small amounts of H2 have been observed 

with a maximum around 425 °C. The temperature range of H2 production by mackinawite is 

325 -500 oC. 

 

 

Figure 8.6. XRD patterns upon reaction of pyrite (0 h) with CO2 at 500 oC for 6, 12 and 16 h 
 (P = pyrite, # = pyrrhotite). 
 

 

Figure 8.7. CO concentration (NDIR analysis) and COS concentration (MS analysis) of the  
temperature-programmed reaction of pyrite with CO2. The inset shows the production of H2 
(MS analysis). 
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  Table 8.4. XPS after reaction of CO2 (99.99%) with pyrite at 500 oC. 
Time (h) %Fe %S %O S/Fe 

0 31.6 51.7 16.9 1.64 

6 31.7 48.8 19.3 1.54 

9 30.6 43.9 25.5 1.44 

12 30.6 35.8 33.6 1.17 

 

 

8.4 Discussion 

Reaction of CO2 with mackinawite results in partial oxidation of iron monosulfide. Fig. 2a 

shows a shift in the binding energy for the Fe 2p peaks which is due to an decrease of the 

intensity of Fe(II) and a concomitant increase of that of Fe(III). Analysis of the S 2p region 

shows that S2- is oxidized to sulfite or sulfate. These results are consistent with the earlier data 

by Weber et al. [7] that showed similar changes of the structure of mackinawite surface upon 

pretreatment with oxygen. Our results show that the mackinawite surface can be oxidized by 

CO2. Importantly, these results imply that iron monosulfide can reduce CO2 under anaerobic 

conditions. We have also demonstrated that this oxidized form of iron sulfide reacts with H2S 

to form pyrite. In the TPR experiments we have also observed desorption of water as well as 

a small amount of H2. The XPS experiments indicate surface oxygen in the as prepared samples 

of mackinawite. H2O most likely partially hydroxylates the surface and desorbs through 

recombination of surface OH and SH groups. The onset temperature relates to the onset of 

CO formation which is dissociated on iron sulfide surface.  

Formation of CO from reduction of CO2 on iron sulfide provides a link to experiments of 

Wächtershäuser and Drobner relating to their Origin of Life dealing with H2S conversion. Their 

experiments have been performed under hydrothermal conditions either in pure CO2 or in a 

mixture of CO2 and N2. Formation of CO due to reduction of CO2 on iron sulfide in our 

experiments demonstrates that CO2 cannot be considered inert. The former experiments have 

been performed in the water phase at temperatures slightly lower than the light-off of CO2 

reduction observed in the present gas phase experiments. One has to take into account, 

however, the very different length scales of two experiments, that is two weeks in the work 

of Drobner et al. [4], and several hours in the present study.  
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We propose that in the Drobner-Wächtershäuser experiment H2 formation can be the result 

of water-gas shift reaction of CO with H2O. Pyrite formation occurs by reaction of partially 

oxidized pyrrhotite with H2S. Our results argue against the proposal that the H2 formation is 

due to Berzellius reaction. Actually, the intermediate reaction steps we propose suggest that 

the Bunsen reaction occurs. In the presence of H2S the overall H2 production reaction becomes 

the sum of two reactions, i.e. reactions 8.6a and 8.6b make up reaction 8 via 

 

H2S + CO2  CO + H2O + S                                                                                                                               (8.6a) 

CO + H2O  CO2 + H2                                                                                                                                         (8.6b) 

H2S  H2 + S                                                                    (8.7) 

 

Since pyrite is recovered after reaction, pyrite can be considered a catalyst of the reaction. 

Intermediate oxidized iron sulfide is converted back to pyrite with H2S with formation of 

water. This reaction is related to the Claus [9] reaction in which SO2 reacts with H2S to give 

sulfur and water. The reaction energy of reaction (8.7) is 8 kJ/mol. This endothermicity of the 

reaction is reduced by incorporation of sulfur into iron sulfide to give pyrite. Transformation 

of mackinawite to pyrite gives an energy gain of – 64 kJ/mol [6]. The conversion of 

mackinawite for use in the Wächtershäuser system is not a necessity for CO or H2 formation. 

This is thermodynamically driven by sulfide oxidation. The pyrite results from the subsequent 

reaction of oxidized iron sulfide with H2S. The reactivity of CO2 towards pyrite and mackinawite 

is similar. In both cases, CO and COS formation is surface catalyzed. However, in both cases 

actual reaction does occur with the higher temperature phase pyrrhotite. 

Interestingly, Schoonen et al. [17] have proposed COS as an intermediate in the reaction 

experiments of Heinen et al., which resulted in mercaptans [6]. The conversion reactions may 

have been dominated by surface reactions, actually initiated by activation of CO2 by the FeS 

surface. The reaction is not initiated by electron transfer processes as proposed by Schoonen 

et al. and Trisbutsch et al. [18], but by direct dissociation of CO2 in a surface oxygen forming 

reaction. This reaction is the reverse of CO oxidation well known in heterogeneous catalysis 

[19]. Our experimental findings is supported by recently published DFT calculations on direct 

CO dissociation on the (001) and (111) surfaces of mackinawite [20]. COS formed in the gasfase 

experiment is the result of a consecutive reaction of CO with surface S.  
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When the CO2 treated iron sulfide samples are exposed to H2S, pyrite formation occurs with 

formation of water. When we consider the reaction of CO2 in the presence of H2S according 

to our proposal the overall surface reaction will be nearly thermodynamically neutral: 

 

CO2 + H2S + FeS  CO + H2O + FeS2           ∆Go = -1.3 kJ/mol                                                                        (8.8) 

 

At reaction temperatures CO can undergo the water gas shift reaction to produce H2. In the 

water phase this reaction is slightly exothermic (∆H = -8.4 kJ/mol). The overall reaction will be 

similar to that of the Berzelius reaction, but now through the highly exothermic reaction (9) 

as faster determining step. The observation of intermediate CO formation resolves several 

issues on subsequent product formation as the mercaptans in the Heinen experiment. CO and 

H2 are well known to react in synthesis gas conversion to alkanes, alkenes, aldehydes and 

alcohols on Fe carbide phases as well as on sulfides such as on MoS2. 

 

8.5 Conclusion 

We conclude that CO2 does not only play an important role in the transformation of iron 

monosulfide (mackinawite or pyrrhotite) to pyrite acting as an oxidizing agent in anaerobic 

environment containing H2S. It can also be the source of CO which provides H2 through water 

gas shift reaction within the Wächtershäuser scheme. 
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Summary 
 
Quantum Chemistry and Microkinetics of CO hydrogenation over MoS2 and Rh 
catalysts 
 
The increasing global energy demand is driving the search for technologies that can effectively 

utilize alternative energy resources into fuels and chemicals. The conversion of synthesis gas, 

a mixture of carbon monoxide and hydrogen, into useful products is expected to grow in 

importance. Synthesis gas can be obtained from a variety of renewable and fossil resources. 

When derived from coal and biomass, pollutants like sulfur limit the use of transition metal 

catalysts such as Fe, Co and Ni for CO hydrogenation. MoS2-based catalysts can cope better 

with sulfur-containing synthesis gas, making them worthwhile catalysts for the production of 

synthetic natural gas, hydrocarbons and alcohols. Another prospective catalyst system for 

synthesis gas upgrading is Rh, as it is the only transition metal that displays good selectivity 

towards ethanol in synthesis gas upgrading. Ethanol is a useful fuel and also a precursor to 

chemical building blocks such as ethylene. The selectivity of Rh-based catalysts to ethanol can 

be further enhanced by promoters. Fe is a frequently used promoter for Rh catalysts for syngas 

conversion into oxygenates.  

In order to gain an understanding in the mechanistic aspects of activity and selectivity, density 

functional theory (DFT) is well suited to explore the energy landscape by determining stable 

reaction intermediates and the transition states that separate them. A detailed knowledge of 

the reaction energetics of complex reaction mechanism enables the prediction of activity and 

selectivity as a function of temperature, pressure and composition by microkinetics 

simulations. These predictions also provide insight into the rate- and selectivity-determining 

steps and an understanding of the impact of promoters on the catalytic performance. The 

computational methods used in this study are briefly described in Chapter 2. 

In Chapter 3, DFT calculations are presented for all relevant elementary steps of CO 

hydrogenation to formaldehyde, methanol, methane formation, and different oxygen-

removal pathways on bare Mo-edge of unpromoted MoS2(100) surface. The purpose of this 

study was to get an insight into the role of the bare Mo-edge of the MoS2(100) termination 

for the conversion of synthesis gas. The results highlight that hydrogen-assisted CO 

dissociation is kinetically preferred over direct CO dissociation. On the basis of these 

calculations, methane is expected to be the dominant product due to lower activation barriers 
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for CHxO dissociation into CHx+O compared to their hydrogenation to CHxOH. The preference 

of CHxO species to dissociation on the bare Mo-edge into CHx and O species is due to very 

strong interactions of these species with the highly unsaturated coordinatively number (CUS) 

of Mo atoms of the Mo-edge. The resulting CHx species can be hydrogenated to CH4. Detailed 

examination of oxygen removal pathways revealed that CO2 or H2O formation encounter very 

high activation barriers due to strong adsorption of oxygen with the surface Mo atoms.  

Chapter 4 dealt with the reaction mechanism for ethane and ethylene formation on the bare 

Mo-edge of MoS2(100) surface. It was found that C-C coupling reaction on this surface can 

only proceed by CH+CH2 or CH2+CH2 coupling reactions. Microkinetics simulations based on 

the computed kinetics of the bare Mo-edge showed that predicted reaction rates are much 

lower than experimentally available reaction data. The cause is the strong adsorption of 

atomic O produced from C-O bond scission, which poisons the catalytic surface. These results 

led to the exploration of the impact of sulfur coverage on destabilizing O on this surface. In 

this way, it was established that O removal via CO2 formation is a facile and preferred pathway 

on the partially sulfur-covered Mo-edge. Microkinetics simulations based on this lower barrier 

for CO2 formation led to predicted reaction rates much closer to experimental values. These 

data are also consistent with the experimentally observed positive influence of H2S addition 

on synthesis gas conversion for MoS2-based catalysts. Hydrocarbons and CO2 produced in 

these simulations were formed in equimolar amounts, which is also in agreement with 

experiment. Ethylene was the dominant product at temperatures lower than 675 K, and 

methane the preferred product at higher temperatures.   

In Chapter 5, reaction kinetics for all relevant elementary steps for CO hydrogenation to 

methane and higher hydrocarbons on the partially (25%) sulfur-covered Mo-edge of 

MoS2(100) surface were presented. The presence of sulfur as a co-adsorbate resulted in a 

much lower binding energy of the reaction intermediates, and consequently in a significant 

reduction of the activation barriers for elementary steps relevant to hydrogenation including 

CO2 formation. Microkinetics simulations using kinetics data for the partially sulfur-covered 

Mo-edge surface predicted reaction rates closer to experimental values than the data for the 

bare Mo-edge. The results also showed that hydrogen atoms predominantly exist as 

molybdenum hydride (-MoH) species, while sulfhydryl (-SH) groups are only present in 

negligible amount. Adsorbed CO is hydrogenated by a Mo-H species to form formyl (CHO), 

which dissociates into surface methylidyne (CH) species. These species are then subsequently 
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hydrogenated to methane. Removal of atomic O as CO2 is the rate-controlling step under 

experimental reaction conditions reported in the literature. The kinetics of the partially sulfur 

covered Mo-edge resulted in reaction rates and reaction orders in good agreement with 

experimental data. Methane and carbon dioxide are the dominant products, indicating that 

CO2 formation is the main oxygen removal pathway on MoS2. According to this model, 

methanol and ethylene are produced only in minor amounts and reaction rates for 

formaldehyde and ethane are very small. A main conclusion is that the partially sulfur-covered 

Mo-edge of MoS2 can be considered to be catalytically active for the methanation of synthesis 

gas in the presence of H2S.  

Chapter 6 focused on a deeper understanding of CO dissociation mechanism on B5-sites of Fe-

promoted stepped Rh(211) surfaces. Three different topologies of FeRh(211) surface were 

modelled by substituting one Rh surface atoms with different coordination numbers 7, 9 and 

10 for an Fe atom. Two different reaction pathways were considered for each of these three 

surface topologies. Among all these studied reaction pathways, only a single pathway on the 

FeRh(211) surface with Fe (having coordination number 7)  at the step-edge provided a lower 

energy barrier than computed for the Rh(211) surface. In this reaction pathway, CO in the 

initial state is adsorbed in a 3-fold position of B5 site, and oxygen interacts with an Fe atom at 

the step-edge in the transition and the final state. The justification for this lower activation 

barrier for CO dissociation was the favorable interaction of the oxygen atom in CO with the 

step-edge Fe atom. A density of states (DOS) analysis revealed that the underlying origin for 

this is for the significant shift of the s- and p-band centers of Fe to lower energies, leading to 

their favorable interaction with the O 2s orbital. The data provided in this chapter explain the 

experimentally observed higher activity for Fe promotion of CO dissociation over Rh 

nanoparticles.  

Chapter 7 reports the effect of Fe promotion on Rh-catalyzed CO hydrogenation using 

combined DFT and microkinetics simulations. The changes of the reaction barriers in the 

overall chemokinetics network were computed. Based on these data, the activity and product 

distribution were determined and compared to computed data for Rh(211). The concepts of 

degree of rate control (DRC) and degree of selectivity control (DSC) were employed to identify 

the elementary steps controlling the reaction rates and product distribution. The 

microkinetics simulations predicted higher CO conversion rates for FeRh(211) which is in 

agreement with experimental reports. A reaction network analysis for CO hydrogenation on 
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FeRh(211) surface revealed that surface CH species are formed only via dissociation of CHCO 

produced from C+CO coupling via hydrogenation of CCO species. Despite an increased 

activation barrier for methyl hydrogenation to methane on Fe promoted Rh surface compared 

to the pure Rh surface, a higher selectivity towards ethanol on the former surface could be 

rationalized from much decreased activation barrier for CH2+CO elementary step ( a key step 

for ethanol formation) compared to the overall methane formation. At higher temperatures, 

methane selectivity increased in agreement with experiments due to easier methyl 

hydrogenation step on Fe promoted Rh nanoparticles. The justification for the lower 

selectivity towards ethylene is the higher desorption for ethylene and lower barrier for its 

dissociation to methylene (CH2) species. At relevant reaction conditions, surface O was mainly 

removed in the form of CO2 and the barrier for this reaction was nearly unaffected by the 

presence of Fe. Overall, direct CO dissociation was the rate-limiting step at low temperature, 

whereas O removal became the rate-limiting step at higher temperatures. These quantum-

based microkinetics simulations clearly showed the complex influence of promoters on 

synthesis gas conversion over transition metal catalysts.  

Chapter 8 is devoted to a detailed experimental investigation of the reaction of gaseous CO2 

on iron sulfides i.e. mackinawite (iron monosulfide) and pyrite (iron disulfide). The formation 

of different iron sulfide phases before and after exposure to gaseous CO2 is pursued using XPS 

and XRD. Online gas analysis is performed using a mass spectrometer and a non-dispersive 

infrared analyzer. Temperature-programmed reaction revealed the ability of mackinawite to 

reduce highly stable gaseous CO2 to CO gas. This finding provides an indication for the possible 

role of CO2 in mackinawite to pyrite transformation in Drobner’s experiment which is 

considered to provide a strong evidence for pyrite-pulled H2 formation (a vital step for CO2 

reduction in Wächtershäuser’s Iron-Sulfur World hypothesis) from reaction of mackinawite 

from aqueous H2S [1]. CO2-oxidized mackinawite is transformed to pyrrhotite and pyrite upon 

exposure to gaseous H2S.  
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