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Summary 
Towards a Mechanism for the Fischer-Tropsch Synthesis 

on Fe(lOO) using Density Functional Theory 

The Fischer-Tropsch synthesis (FTS), discovered in the 1920s, involves a 

heterogeneously catalysed polymerization to convert syngas (CO + H2) into 

hydrocarbons and some oxygenated compounds. 

According to the favoured mechanism of hydrocarbon formation, CO 

dissociatively adsorbs on the catalyst surface, generating surface carbon and 

surface oxygen. Surface oxygen reacts with adsorbed hydrogen or CO and 

leaves the surface as water or C02. Surface carbon is successively 

hydrogenated yielding CH, CH2 and CH3 surface species. If the 

hydrogenation runs to completion, methane is the by-product. However, 

under FTS conditions, the CHx fragments propagate chain growth leading to 

the formation of heavier hydrocarbons. 

We have used OFT to investigate CHx (x=0-4), C2Hy (y=0-6) and H20 

adsorption on the clean Fe(lOO) surface and derived potential energy surfaces 

(PES) for methane, acetylene, ethylene, ethane and water formation by 

considering hydrogenation, carbon-carbon (C-C) coupling and isomerisation 

reactions. 

Rather than C always forming only four bonds, as previously thought, CHx 

species adsorb in the most highly coordinated state possible; on the Fe(IOO) 

surface this means that the C, CH and CH2 preferentially adsorb at the four

fold hollow site, while CH3 prefers the bridge site. CH4 does not exhibit any 

site preference and is weakly physisorbed to the surface. Furthermore, C and 

CH are the most stable C1 species on the surface. Although the methanation 

reaction is endothermic, the overall reaction starting from CO in the gas phase 

to methane in the gas phase is actually exothermic. Furthermore, the rate 



limiting step of the whole sequence on Fe(IOO) is actually the CO dissociation, 

rather than any of the hydrogenation steps. 

The C2 species where the a carbon is not hydrogenated, with the exception of 

dicarbon, are actually the most stable on the surface. As the a carbon is 

hydrogenated, in addition to the ~ carbon, the species gets progressively 

destabilised on the surface. The most stable C2 species is ethynyl. The least 

stable is ethane, which would be expected to leave the surface easily once 

formed. 

We have systematically studied C2 hydrocarbon formation, starting from two 

atomic carbons present on the surface and building up to a fully hydrogenated 

ethane molecule. We propose four possible pathways towards the formation 

of ethane and ethylene. Mechanism 1 involves the carbon-carbon coupling of 

CH2+CH3, Mechanism 2 involves the carbon-carbon coupling of CH+CH3 

followed by one hydrogenation, Mechanism 3 involves the carbon-carbon 

coupling of C+CH3 with two subsequent hydrogenations, and Mechanism 4 

involves the carbon-carbon coupling of C+CH2 followed by three 

hydrogenations. Once ethyl is formed, it will either hydrogenate to ethane or 

dehydrogenate to ethylene. 

Water formation by the hydrogenation of oxygen, O+H =+ OH+H =+ H20, is a 

highly activated process on the Fe(lOO) surface. A more favourable route 

involves the disproportionation of hydroxyls, 20H =+ H20 +0 , to form water 

and adsorbed oxygen. Dissociation of the OH is also likely since the activation 

energy is similar to for disproportionation. The formation of water is actually 

thermodynamically unfavourable on Fe(IOO). However, our results also show 

that the dissociation of water on Fe(lOO) is a non-activated process, and 

becomes even easier in the presence of oxygen. 

The importance of including zero-point energy corrections when dealing with 

hydrogen-containing species has been highlighted throughout this thesis. 

Chapter 1 

Introduction and 

scope 

The aim of this thesis is to gain an understanding of the reaction 

mechanism of the Fischer-Tropsch synthesis (FTS) at the atomic level. 

Density functional theory (DFT) has been used to model early stages of 

the FTS mechanism on an Fe(wo) surface. In this chapter, some 

background regarding the proposed mechanisms of the FTS is 

provided. 

Since this thesis is based on the premise, that CO and H2 have already 

dissociated on the Fe(wo) surface and are available to react in their 

atomic forms, literature pertaining to CO and H2 adsorption is also 

discussed in this chapter. 
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1.1 Fischer-Tropsch Synthesis 

The Fischer-Tropsch synthesis (FTS), discovered in the 1920s, involves a 

heterogeneously catalysed polymerization to convert syngas (CO + H2) into 

hydrocarbons and some oxygenated compounds [ 1). Syngas may be derived 

from carbon-based materials such as natural gas, coal and biomass, thereby 

offering an alternative to crude oil processing of both liquid fuels (gasoline and 

diesel) and chemicals [2). 

The ability of a metal to adsorb CO is a key factor in determining suitability as 

an FTS catalyst [3). Iron, cobalt, nickel and ruthenium are all catalytically 

active for FTS, however only iron and cobalt are considered to be of industrial 

significance [ 4). Nickel is too hydrogenating which means loss of carbon in the 

form of methane, and ruthenium, although the most active, is too costly and 

scarce for large scale application [5). 

Unlike cobalt, iron is considered to be most active for Fischer-Tropsch in a 

carbide phase. The predominant carbide phase is generally accepted to be the 

Hagg carbide, Fe5C2 [5). This is a metastable phase as the composition of 

carbide dynamically responds to the gas phase. Therefore it is difficult to 

ascertain the extent to which the surface is carburized under Fischer-Tropsch 

conditions [6). 

1.2 Mechanisms of the Fischer-Tropsch Synthesis 

There is still much debate about the Fischer-Tropsch mechanism: The three 

most popular mechanisms will be discussed. 

The carbide mechanism (also referred to as the alkyl mechanism), indicated in 
' 

Figure 1.1, is currently the most widely accepted. It entails CO adsorption and 

dissociation to adsorbed C and 0 atoms, successive hydrogenation of surface C 

atoms to CHx species, and insertion of CHx monomers into the metal-carbon 
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bond of an adsorbed alkyl chain. The CH3 surface species is regarded as the 

chain initiator. It is usually considered that CH2 is the monomer [7], however, 

there have also been studies that suggest thatCH may be the monomer [8]. 

Chain termination occurs by dehydrogenation to an a-olefin, hydrogenation to 

an n-paraffin or the incorporation of OH to form n-alcohols. This mechanism 

does not account for the formation of branched hydrocarbons and oxygenates. 

Initiation: 

co+2H.,. c +H.,. 
-Hp _.L tt ., , 

Termination/desorption: 

CH + H .,. CH2 + H .,. CH3 iJLw . ~, · 
Monomer Chain Initiator 

a.-olefin 

n-paraffin 

n-alcohol 

Figure 1.1. Carbide mechanism; R is an alkyl species [7] 

The enol mechanism (also known as the oxygenate mechanism), indicated in 

Figure 1.2, involves the partial hydrogenation of adsorbed CO to enol (oxygen

containing) surface species. Chain growth occurs by the condensation of two -

CHOH species with the elimination of water to form an adsorbed - CHROH 

species. Termination reactions result in oxygenates and a-olefins. Alkanes 

arise from the hydrogenation of olefins in a secondary step. 
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Initiation: 
0 H OH 
II \I 
c ..:!::2.1!... c 
~ . 
if•'- \.1' 

H OH 
\I 

..:tl:t..._. CH 
~ 

Chain initiator Alternative 
& main monomer monomer 

H OH 
\I 

or C{CH3) 

~ 

Termination/desorption: 
R 
I 

H2C OH 
\ I / " RCH2CHO ----+ acids, esters 

,.,.t '- + 2H " RCH2CH20H 

R 
I 

H2C OH 
\I 
c 

Figure 1.2. Enol mechanism; R is an alkyl species [7} 
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The CO-insertion mechanism, Figure 1.3, proceeds via the insertion of 

adsorbed CO into the metal-alkyl bond, leading to a surface acyl species. Chain 

termination by hydrogenation or dehydrogenation can result in olefins, 

paraffins, aldehydes,or alcohols. 
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Initiation:. 

monomer 

Propagation: 

OH 
I 

CH2 +2H • CH3 
-HP ill£1)£J 

Chain lnltiato.r 

R OH 
\I 
CH 

a-olefin 

n-paraffin 

.R OH H 
\I - • RCHO 
CH ( +H • 

aldehyde 

n-alcohol ... RCH20H 

Figure 1.3. CO- insertion mechanism; R is an alkyl species [7} 

5 

Many studies have been conducted on Fe, Ni, Co and Ruin order to determine 

the mechanism for FTS [9][10)[11)[12)[13)[14][15]. Mechanisms have been 

proposed which involve CHx species: Biloen-Sachtler [16], Gaube [17)[18], 

Schulz [ 19], Maitlis [20][21 ], Dry [22)[23), Davis [24][25], etc. These also 

consider the possibility that incompatible mechanisms may be operating. 

Incompatible meaning that two different active sites operate independently, one 

of them inserting CH2 (mechanism 1) and another inserting CO (mechanism 2). 

Kinetics have also been investigated using a variety of techniques in order to 

identify the most relevant reactions, in order to identify the FT mechanism 

[26][27]. 

It does seem likely that more than one mechanism is at play, especially 

considering the large number of surface species that may be found on the 

catalyst surface during the Fischer-Tropsch synthesis. 
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In this thesis, the carbide mechanism is considered. The dissociation of CO and 

H
2 

has previously been studied and our initial assumption is that C, 0 and H are 

available on the surface in their atomic form. 

1•3 Carbon monoxide adsorption and dissociation 
co is a key reactant in Fischer-Tropsch synthesis. It is one of the most studied 

topics in surface science. The adsorption and decomposition of CO on Fe(l 00) 

have been investigated by temperature-programmed desorption (TPD) 

[28][29][30][31][32][33][34], electron-energy loss spectroscopy (EELS) 

[28][30][32], X-ray photoelectron spectroscopy (XPS) [29][30][31][34], among 

other techniques. 

It has been observed that CO adsorbs on the Fe(lOO) surface at low temperature 

(100 K) [28], even at low exposures [29], in three molecular states. CO in the 

a, and a2 states have C-0 stretching frequencies of 2050 em·' and 2020 em·' 

which were assigned to the top and bridge sites respectively. These desorb 

molecularly at 300 K [30]. 

co in the a3 state has a low stretching frequency of 1210 cm·
1 

which indicates 

significant CO bond weakening. The molecule is adsorbed in the four-fold 

hollow site with the bond angle tilted by 4Y. This state partially desorbs at 

440 K and is the precursor to CO dissociation on Fe(lOO) [30]. A fourth 

desorption state, ~' appears at 820 K which is due to the recombination of 

atomic carbon and oxygen [32]. This desorption peak shifts to lower 

temperature with increasing coverage [34]. 

The dissociation of CO has also been investigated by experiments on Fe(llO) 

[35][36] and Fe(111) [37][38][39][40]. 

On Fe(111), CO adsorbs at 100 K, filling four different adsorption sites, the 

distribution of which is dependant on coverage and temperature. A single 
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molecular desorption peak is seen at 400 K and a recombinative desorption 

peak at 750 K. Four distinct stretching modes of CO are observed [ 40]; the 

peak at 1940 em·' is assigned to adsorption at the top site (e-state), the peak at 

1860 em·' is assigned to the shallow-hollow adsorption mode (b-state) and the 

a1 and a2 states are 1325 em·' and 1485 em·' respectively and correspond to CO 

in the deep-hollow site. The a1 state occurs primarily at low coverages and 

converts to the a2 state as the' top site becomes occupied. Dissociation occurs at 

300 K from the shallow-hollow site. At higher coverages, in addition to 

dissociation, there is also desorption of CO. 

Computational studies have also been conducted on CO dissociation on Fe(lOO) 

[41][42][43][44][45][46], Fe(110) [47][48], Fe(111) [49][50][51], Fe(211) [52], 

andFe(310) [53] surfaces. 

From density functional theory (DFT), it was determined that on Fe(lOO), the 

most stable adsorption mode of CO corresponds to a four- fold hollow where the 

molecule is tilted by ~50° to the surface normal. The adsorption energy of the 

CO molecule has been reported to range between -1.9 and -2.5 eV (depending 

on the functional used). The C-0 stretching frequency is in the range 1150 to 

1170 em·' , which corresponds to the a3 state observed in TPD experiments. 

Dissociation of CO is favoured at low coverages, however, molecular CO 

would be present as the coverage increases above 0.25 ML. The activation 

energy for dissociation of CO at 0.25 ML is 1.11 eV and that at 0.50 ML is 1.18 

eV. However, the reaction at 0.50 ML is slightly endothermic while the 

reaction energy at 0.25 ML is -1.17 eV. The dissociated carbon and oxygen 

atoms would also preferentially adsorb at the four-fold hollow sites. 

On Fe(110), CO adsorbs at the top site with a binding energy of -1.96 eV. On 

Fe(111), the shallow-hollow is the preferred adsorption site at 0.33 and 
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0.25 ML coverage. At 1 ML, both shallow-hollow and bridge can occur, while 

at 2 ML, bent CO on-top and triply capping adsorptions are preferred. 

1.4 Dissociative adsorption of hydrogen 
Hydrogen has been found to adsorb dissociatively on Fe(lOO). Two desorption 

states have been identified, ~ 1 and ~2 • At low coverages, the ~2 state has a 

desorption peak at 400 K and exhibits a vibrational frequency loss at 700 cm- 1
• 

This state has been assigned to adsorption at the four-fold hollow site. At 

higher coverages, the ~2 state converts to the ~ 1 state with a frequency of 

1000 cm-1
• This state has been assigned as a pseudo three-fold site which is 

asymmetric within the four-fold hollow site [34][54][55]. 

LEED analysis on Fe(llO) [56] has indicated that, below 250 K, H atoms form 

a (2xl) and a (3xl) structure, depending on coverage. H occupies the highly 

coordinated three-fold adsorption sites. 

Sorescu [57] used DFT-GGA to study the behaviour of hydrogen on Fe(lOO), 

with a seven-layer slab model. H2 adsorbs dissociatively, requiring an 

activation energy of only 0.15 eV. At low coverage, 0.25 ML, the hydrogen 

atom adsorbs at both the four-fold hollow (with a binding energy of2.56 eV) as 

well as the bridge sites. The barrier for diffusion is 0.08 eV. As the coverage 

increases, there is a preference for the four-fold hollow site. Although, once all 

four-fold sites are filled, adsorption can also occur at the bridge and even the 

top sites. H can diffuse subsurface with a barrier of0.33 eV. 

Jiang and Carter [58] also used DFT to study adsorption of H on Fe(lOO) and 

Fe(llO) surfaces as well the penetration pathways ofH into bulk Fe. H prefers 

the threefold site on Fe(llO) and the four-fold hollow site on Fe(lOO). 

Diffusion to subsurface is endothermic, with barriers of 1.02 eV for Fe(llO) and 

0.38 e V for Fe(l 00), while the reverse reactions have a small barrier of 0.03 eV. 
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1.5 Aim and scope of this thesis 

The aim of this thesis is to investigate elementary reactions that are relevant to 

Fischer-Tropsch synthesis in order to improve our understanding of the 

mechanisms that occur on the surface. We have focused on the Fe(lOO) surface 

in order to obtain a fundamental starting point. By working on this one surface 

only, we are able to examine a comprehensive set of reactions in the time frame 

of a PhD study. 

The general objectives of this work are: 

• To study the adsorption behaviour of C1Hx and C2Hy (where x=0-4 and 

y=0-6) species on the Fe(lOO) surface. This includes establishing 

adsorption modes, adsorption geometries and adsorption energies. 

• Characterising the stability of all structures by vibrational frequency 

analysis. This confirms stable structures and transition states. This also 

allows zero-point energy corrections on adsorption energies. 

• Simulating the possible reactions in order to propose the most likely 

reaction pathways. 

• Presenting potential energy surfaces for formation of water, methane and 

all c2 products. 

1.6 Outline of this thesis 

Chapter 2 details the methods and models used in these quantum calculations. 

Some aspects ofDFT and the computational program VASP will be discussed. 

Chapter 3 discusses the formation of methane on the Fe(lOO) surface. The 

complete potential energy surface is presented for 0.25 ML coverage. The 

reaction starts from atomic carbon and hydrogen and subsequent hydrogenation 

of the carbon culminates in methane formation. 
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Chapters 4, 5 and 6 discuss the step-wise formation of C2 hydrocarbons. Due to 

the complexity and the large number of surface reactions, it was convenient to 

divide the results into these three chapters. 

Chapter 4 considers the systematic formation of C2H2, starting from two single 

carbon atoms. A potential energy surface is presented. 

Chapter 5 takes the study a step further by starting off at C2H2 species and also 

considering couplings of C1 species in order to obtain C2H4 products. The 

potential energy surface is provided. 

Chapter 6 concludes the C2 study by commencing from C2H4 species and 

culminating in ethane. Here again, the potential energy surface is presented. 

Chapter 7 is a discussion of the proposed mechanism that describes ethylene 

and ethane formation based on the information provided in Chapters 4, 5 and 6. 

Together, the Chapters 4-7 give a comprehensive description of the surface 

chemistry of C2 hydrocarbons on the Fe(lOO) surface, which goes well beyond 

the scope of theFTS only. 

Chapter 8 deals with the formation of water from atomic oxygen on the surface. 

The step-wise hydrogenation of atomic oxygen as well as the extraction of 

hydrogen between adjacent hydroxyl groups was considered. A potential 

energy surface is provided. 

Chapter 9 is a general summary of the various conclusions of the chapters in 

this thesis . 
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Chapter 2 

Method and Model 

This chapter is a description of the method used for quantum 

mechanical calculations as well as the chemical models that were used 

to study the primary Fischer-Tropsch reactions on the Fe(wo) surface. 

The theoretical approximation is based on density functional theory 

(DFT), in which without loss of rigor one works with the electron 

density as the basic variable instead of the cumbersome wavefunction. 

Computationally, DFT is solved within the framework of the Kahn

Sham equations, which are one-electron equations similar to Hartree

Fock equations, yet they include both exchange and correlation effects. 

Calculations were conducted on an Fe(wo) surface, modelled within 

the slab model approximation, using a four-metal layer slab 

representing a p(2x2) unit cell and six vacuum layers ( -10 A). 

Adsorption was allowed on one side of the slab where the adsorbate 

and top Fe layer were allowed to relax. 
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2.1 The Schrodinger equation 

Erwin SchrOdinger developed the new quantum wave equation in 1926 [1] . 

The time-independent SchrOdinger Wave Equation [2] for a particle of mass m 

moving in one dimension with energy E is: 

- n2 d21f(x) V( ) E 
2 + Xlf= If 

2m dx 
(2.1) 

where If is the wave function, li is Planck's constant divided by 27r, and V(x) is 

the potential energy function of the particle. 

The Schr6dinger equation is a wave equation where each particle is represented 

by a wavefunction If (position, time) such that the function If* If is equal to 

the probability of finding that particle at that position at that time. The detailed 

outcome does not need to be strictly determined, but given a large number of 

events, the Schrodinger equation will predict the distribution of results. The 

kinetic and potential energies are transformed into the Hamiltonian which acts 

upon the wavefunction to generate the evolution of the wavefunction in time 

and space. 

The total energy of a system may be calculated by solving the Schrodinger 

equation for the atomic nuclei and the electrons for all species in the system. 

However, approximations are needed. 

Firstly, the Born-Oppenheimer approximation [3] is used where the nuclei are 

seen as fixed. Since nuclei are slow in comparison with electrons, their 

movement can be neglected. The Schrodinger equation is simplified to the so

called electronic Schrodinger equation, which gives the electronic energy. The 

total energy is obtained by adding the electronic energy to the potential energy 

resulting from the relative position of the nuclei. 
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In this scheme, analytic solutions are only available for monoelectronic 

systems. Numerical approximations are required for polyelectronic systems. 

As all calculations performed in this thesis were carried out in the framework 

of density functional theory (DFT), the focus is on describing this method 

rather than all methods developed to solve the Schrodinger equation. 

2.2 Density Functional Theory (DFT) 

Density functional theory (DFT) is an attractive alternative, in terms of 

accuracy and computational cost, to traditional methods in electronic structure 
' 

like Hartree-Fock theory, to solve the Schrodinger equation [4][5]. The main 

idea of DFT is to describe an interacting system of fermions via its density and 

not via its many-body wave function. For N electrons in a solid, which obey 

the Pauli principle and repel each other via the Coulomb potential, this means 

that the basic variable of the system is a function of position, i.e. of only three 

variables (x, y, z) rather than 4*N degrees of freedom. 

In 1964, Hohenberg and Kohn [6] demonstrated that the total energy of a 

system in the ground state is a unique functional of the electron density in its 

ground state: 

E(p) = T(p) + V(p) + Wcr(p) + WNcdP) (2.2) 

where T is the kinetic energy, V is the nucleus-electron potential, W is the 

coulombic (CL) and non-coulombic (NCL) electron-electron potential and p is 

the electron density. 

By minimising this energy functional, the exact electron density and energy can 

be determined, as the functional follows the variational principle. The 

expression is: 
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oEv(P) = V (r ) + oFHK(p) 
op(r ) ext op(r ) 

(2.3) 

F HK (p) = T(p) + WCL(P) + WNcdP) (2.4) 

Here two problems appear; the exact expressions ofT or W are not known. 

2.2.1 Kahn-Sham equations 

A solution to the first problem was introduced by Kohn and Sham [7] in 1965. 

The kinetic energy can be calculated from the wave function, so they proposed 

a reference system of N electrons that interact with an external potential V ext· 

This external potential has a special property in that the electrons in V ext create 

a potential that has the same density as the real system. In this system, the 

electrons do not interact among themselves but interact with the nuclei. In 

these terms, the energy minimised is: 

(2.5) 

The problem is that the kinetic energy of the reference system T5(p) and the real 

T(p) are not the same. The difference of this expression and the energy of 

Coulomb repulsion are joined in only one term, which is the exchange

correlation energy (Exc). 

The Exc includes all terms that are unknown such as exchange energy, 

correlation energy, the difference of the kinetic energies and the correction of 

the auto-interaction. The equation is then: 

(2.6) 
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These equations are very similar to the Hartree-Fock (HF) equations and they 

are called the Kohn-Sham (KS) equations, yet they include exchange and 

correlation effects. As in the HF method, this equation is solved iteratively. 

Using these equations, KS orbitals can be calculated. These orbitals and their 

energies have no real physical sense, because these orbitals come from the 

introduction of an external potential where the particles are non-interacting 

among them, as represented in Figure 2.1. The connection between this 

artificial system and the one we are really interested in is established by 

choosing the effective potential such that the density resulting from the 

summation of the moduli of the squared orbitals exactly equals the ground state 

density of our real target system of interacting electrons. 

Another important difference between DFT and the wave-function based 

methods, for instance the HF method, is that DFT uses an approximated 

Hamiltonian looking for the exact electronic density. In HF, the Hamiltonian is 

exact but the introduced wave-function is an approximated solution. 

Interacting electrons 
+ real po~ential 

KS 

( ) 

Non-interacting, fictitious 
particles +effective potential 

Figure 2.1. Representation of the Kahn-Sham method [8} 

2.2.2 Exchange-correlation potential 

Practical applications of DFT are based on approximations for the so-called 

exchange-correlation potential (Exc). The exchange-correlation potential 

describes the effects of the Pauli principle and the Coulomb potential beyond a 
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pure electrostatic interaction of the electrons. It is the sum of a correlation 

function (Ec) and exchange function (Ex). Three methods are traditionally 

used to evaluate this term: local density approximation (LDA), generalised 

gradient approximation (GGA) or hybrid functionals. 

2.2.2.1 Local Density Approximation (LDA) 

The most basic approximation is the local density approximation (LDA) which 

substitutes the exchange energy density of an inhomogeneous system by that of 

a homogeneous electron gas evaluated at the local density. There are several 

forms of correlation. The most famous was developed by Vosko, Wilk and 

Nusair (VWN) [9] and involved the interpolation of a sample of values of 

correlation energies obtained from Monte-Carlo calculations. 

This method works well for metals. Geometries, vibrational frequencies and 

charge densities are very good but binding energies tend to be too high. 

2.2.2.2 Generalised Gradient Approximation (GGA) 

In LDA the effects of exchange-correlations are local and depend only on the 

value of the electronic density of a point. This approximation is improved by 

including a term which depends on the gradient of electron density, called the 

generalised gradient approximation (GGA). 

The next step is to introduce gradients of the density in the description of the 

effects of exchange-correlation. This makes the exchange-correlation not only 

depend on the value of the density at a point, but also how it varies on close 

points: 

V = aExc(P) _ V' aExc(P) 
xc ap(F) · acv p(r)) 

(2. 7) 
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Several approximations on the gradient have been implemented, and all of 

them give better results for geometries, vibrational frequencies and charge 

densities than LDA. However, the computational cost is higher. The main 

reason for using GGA is the increase in the quality of binding energies. 

Some relevant functionals are: 

• 
• 
• 
• 

Perdew-Wang 86 (P86) [10] 

Perdew-Wang 91 (PW91) [11][12] 

Perdew-Burke-Enzerhof (PBE) [13] 

Revised Perdew-Burke-Enzerhof (RPBE) [ 14] [ 15] 

Most of these functionals contain experimental parameters to adjust the 

energies of a series of atoms. In this thesis, all calculations are made by GGA

PW91 functional, which tends to be a good ab initio functional for the 

description of chemical bonds. 

2.2.2.3 Hybrid Functionals 

Even with GGA, some chemical features are not well described. For example, 

the gap between the bonding band and the conductive band in semiconductors 

is too small for GGA calculations but tends to be too big in HF calculations. 

Hence, the idea of combining the methods to create hybrid functionals, where 

the exchange part is from the HF method and the correlation part from DFT: 

• 
• 
• 

B3LYP [16] 

B3PW9l [16] 

mPW and mPW1PW [17] 

• PBEO [18] 

While these functionals work well for atoms and molecules, some numerical 

problems appear in solid state calculations where periodical conditions are 

required. 
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2.3 Surface Model 

Surface models can be either slab or cluster models. Each has its own 

advantages and disadvantages. 

2.3.1 The slab model 

An ideal solid can be observed as the infinite 3-dimensional repetition of a 

small part of the global system. In the case of surfaces, the repetition of the 

unit cell in only two dimensions is desired. In order to remove the repetition in 

the third direction, a large vacuum region is introduced in one of the directions 

(usually the z-direction). The vacuum region must be large enough to avoid the 

interaction between consecutive slabs in the z-direction. This creates a surface 

which is repeated infinitely. This is the slab model. Figure 2.2 represents the 

slab model used in this study. 

The use of repetitive unit cells allows for the evaluation of lateral interactions 

and coverage effects on the system. One can choose the unit cell as big as 

desired and even the repetition directions. This makes the method powerful for 

studying surfaces. 

All work carried out for this thesis has been performed on an Fe(IOO) surface 

using a p(2x2) unit cell. The Fe(IOO) surface has three high symmetry 

adsorption sites (illustrated in Figure 2.2a): four-fold hollow site (H), two-fold 

bridge site (B) and one-fold top site (T). 
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Figure 2.2. Top and side views of the Fe(JOO) slab with a methyl fragment at a 
bridge position. The H indicates the four-fold hollow site, the B represents the two
fold bridge site and the T refers to the one-fold top site. 

The cluster model 

In the cluster model, the solid is "cut" so that a small section of the total system 

is used to simulate a surface. This is a simpler method than the slab model. 

However, the limitation is that this model only describes well within a low 

coverage regime. 

2.4 Vienna ab initio Simulation Package (V ASP) 

The Vienna ab initio Simulation Package (V ASP) is a calculation package, 

developed by Kresse, Furthmtiller and Hafner [19][20], which uses OFT for 

periodical calculations. V ASP allows for the calculation of adsorption 

energies, equilibrium geometries of minima and transition states, charge 

distributions, density of states, vibrational frequencies and dipolar moments. 

In V ASP, the Kohn-Sham equations are solved self-consistently with an 

iterative matrix diagonalisation combined with the Broyden!Pulie [21] mixing 

method for charge density. The combination of these two techniques makes the 

code very efficient, especially for transition metals, which present a complex 

band structure around the Fermi level. The forces acting on the atoms are 

calculated and can be used to relax the geometry of the system. 
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The algorithms implemented in V ASP are based on a conjugate gradient 

scheme, the block Davidson scheme or a residual minimisation-direct 

inversion in the iterative subspace scheme (RMM-DIIS) [21]. These 

algorithms work as follows: first they calculate the electronic ground state for a 

particular geometry, they then evaluate the forces associated with this 

geometry, and finally predict a new geometry based on the action of these 

forces. This process is iterative until a convergence criterion is achieved. In 

this thesis, geometry optimisations were stopped when all the forces (of the 

degrees of freedom set in the calculation) were smaller than 0.01 eV/A. 

Other algorithms may also be implemented. The Quasi-Newton algorithm is a 

special algorithm where the energy criterion is ignored and only the forces are 

minimised. The NEB algorithm [22] and DIMER algorithm [23] are useful to 

find transition states. The V ASP package also permits the numerical 

evaluation of vibrational frequencies by a harmonic approximation using finite 

displacements of the atoms of a system. A combination of these algorithms 

must be used to find good descriptions for the hypersurface of potential energy. 

V ASP can use several functionals to evaluate the energy of a system. One can 

choose between LDA and several GGA implementations: PW-B, PW, PW91 , 

PBE, RPBE, LMH. 

A special feature of V ASP is the use of periodicity. To make it easier to work 

with periodicity, the base functions used by V ASP are not the typical ones for 

chemistry, which are localised on the atoms. V ASP uses plane-waves that are 

not localised on one atom but have the periodicity of the supercell used. 

The V ASP code uses pseudopotentials to decrease the number of electrons to 

be treated, because it is demonstrated that core electrons do not take part in 

chemical bonds. Projector augmented wave-functions (PAW) and ultra-soft 

pseudopotentials (US-PP) are implemented in the V ASP package. 
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Plane-waves and the Bloch theorem 

The best way to simulate an ideal surface is to create a unit cell which is 

repeated in two dimensions. This is even more valid for metallic systems 

where valence electrons are delocalised to form bands. The unit cell is 

repeated to obtain a perfect periodical system. This means a translation 

operator is being used, and this operator, as always, must commute with the 

Hamiltonian of the system: 

lk,f]= 0 (2.8) 

The Bloch theorem [24] uses the periodicity to reduce the infinite number of 

the one-electron functions to be computed to the number of electrons in the unit 

cell. BlOch functions are the expression of the one-electron wave-function as 

the product of a cell periodic part and a wave-like periodic part. BlOch 

functions can be chosen as eigenvectors for the Hamiltonian, and the 

Schrodinger or the KS equations can be solved from the crystalline orbitals. 

So, eigenvectors of the Hamiltonian will contain the translational symmetry. 

The crystalline orbitals can be expanded using a linear combination of base 

functions. This expansion can be made with plane-waves. Plane-waves are 

usual in physics and in electromagnetism fields. Solid state physics uses them 

to simulate the band structure of solids. Every periodic function can be 

expanded as an addition of plane-waves, and BlOch functions are expanded as a 

linear combination of plane-waves: 

'I'"i (R)= L.>n.gi expV(g+f)R) (2.9) 
g 

The sum runs over all vectors of the reciprocal space, and the wave vector 

determines one point in the first Brillouin zone. The co-efficients of the 

expansion tend to zero when the kinetic energy of the plane-waves is high 
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enough. This makes it possible to reduce the energy of the plane-waves and 

only use a few of the plane-waves up to a restricted energy, thereby using a 

finite base and points to calculate the system. A negative consequence of this 

method is that the number of plane-waves included in every k-point is different. 

The k-points are those points in the limit of the Brillouin zone, or alternatively, 

are the points one can reach from the origin of the zone crossing no Bragg 

planes (first Brillouin zone). Of course it is not possible to calculate every k

point in the Brillouin zone, but a mesh of k-points can be created and their 

energy evaluated. 

Pseudopotentials: the PAW method 

Even by using the BlOch theorem and calculating only the plane-wave up to a 

certain kinetic energy, describing the core electrons of an atom would need a 

large number of plane-waves which is very time intensive. To solve this 

problem, pseudopotentials are used. 

It is known that core electrons do not take place in chemical bonds, so it is not 

necessary to describe them explicitly if we only want to deal with chemical 

processes. This justifies the use of so-called frozen-core electron 

approximations, where core electrons are calculated in a reference 

configuration and then remain constant in other calculations. Then, the wave 

functions for valence electrons are substituted by pseudowave functions, which 

reproduce the energy levels obtained by an all-electron calculation. These 

pseudowave functions are different from the all-electron wave functions 

because the inner zone, near the nucleus, is designed not to have a node. That 

significantly reduces the number of plane waves required. 

Several kinds of pseudopotentials are available, such as ultra-soft 

pseudopotentials (US-PP), non-conserving pseudopotentials. In this thesis, all 

calculations used proiector-augmented waves (P 
J A W) pseudopotentials 

[25][26]. 
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The PAW pseudopotentials have shown higher quality results in solid state 

chemistry, despite being more time-demanding than other pseudopotentials. 

The biggest difference is that PAW tries to reproduce the nodal structure of the 

zone near the nucleus. So PAW is a frozen core method, but it tries to 

introduce the advantages of all-electron calculations in this way: 

I \f) =I >F) - LI¢N,i )eN,;+ LI¢N,i )eN,; 
N ,i N ,i 

(2.10) 

This indicates that, for the inner zone, the pseudowave function is substituted 

by the all-electron wave function. For the external zone, the pseudowave 

function is identical to the all-electron wave function. This makes the quality 

of results improve substantially especially in cases where ultra-soft 

pseudopotentials fail , like for the first row atoms. 

Geometry optimisations 

Geometry optimisations locate stationary points on the potential energy surface 

(PES). A stationary point is a point on the PES where the forces are zero; this 

applies to minima as well as saddle points. Minima on the PES are equilibrium 

structures of molecular systems. Therefore, vibrational frequency analyses 

were also carried out in order to distinguish between ground state and transition 

state structures. 

An optimisation is complete and has converged when it has satisfied specific 

convergence criteria. This prevents a premature identification of the minimum, 

as could happen if the PES was very flat. 

In this thesis, the adsorption energy without zero-point energy correction 

(L1EactsnoZPE) was determined according to the following formula: 

"E (noZPE) _ E E E 
Ll ads - (molecule+slab) - slab - molecule (2.11) 
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where E (motecute+stab) is the energy of the adsorbate+slab system, E stab is the 

energy of the clean slab, and Emotecute is the energy of the isolated molecule in a 

cubic cell with sides of 10 A. 

The more negative the adsorption energy, the more stable the system. The 

units used are electron volts (eV). 

2-4-4 Locating transition states 

The Climbing-Image Nudged Elastic Band (CI-NEB) method [27][28] is used 

to find reaction pathways as well as the transition state (TS) configuration at 

the saddle point. Using this code, the Minimum Energy Path (MEP) for any 

given chemical process may be calculated, however, both the initial and final 

states must be known. 

The code works by linearly interpolating a set of images between the known 

initial and final states (as a "guess" at the MEP), and then minimises the energy 

of this string of images. Each "image" corresponds to a specific geometry of 

the atoms on their way from the initial to the final state, a snapshot along the 

reaction path. Thus, once the energy of this string of images has been 

minimised, the true MEP is revealed. 

At the same time, the image with the highest energy is moved up to the saddle 

point. This image does not see the spring forces along the band. Instead, the 

true force at this image along the tangent is inverted. In this way, the image 

tries to maximise its energy along the band, and minimise in all other 

directions. When this image converges, it will be close to the exact saddle 

point. 

Vibrational frequency analysis 

Vibrational frequency calculations are conducted to identify whether the 

optimised stationary point is a minimum or a transition state on the potential 
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energy surface. Furthermore, they are useful in computing zero-point energy 

corrections to total energies and their corresponding normal modes provide 

further information on the vibration of the molecule for that frequency. 

Vibrational frequencies were determined on every optimised structure. 

Imaginary vibrational frequencies indicate that the molecule is not in a stable 

geometry and is an nth order saddle point, where n represents the number of 

imaginary frequencies . A first order saddle point corresponds to a transition 

state. The normal modes that are obtained for each frequency provide further 

information on the vibration of the molecule for that frequency. 

It is important to note that frequency analysis should only be carried out on 

optimised geometries, where the forces or first derivatives of the potential 

energy are zero. This is because vibrational frequencies are directly related to 

the force constants, which are the second derivatives of the potential, and 

mathematical analysis ensures that a stationary point is a minimum if all second 

derivatives are positive (one negative force constant for transition state), and 

for minima the vibrational frequencies are all real (one imaginary frequency for 

transition state). 

To calculate second derivatives of the potential , two mathematical methods are 

available; the analytical method and the numerical method. The analytical 

method calculates explicitly the second derivative of the potential. The 

numerical method, used by V ASP, takes finite displacements for every 

Cartesian co-ordinate and then evaluates the second derivatives from the 

variation of the energy gradients in these displacements. 

In the harmonic approximation, these displacements have to be big enough to 

make a substantial variation of the energy in order to minimise the numerical 

errors in the calculation of the derivatives, but they have to be small enough to 

ensure we are in the harmonic zone. The use of two displacements of 0.02 A 
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for each Cartesian co-ordinate gives very good results for adsorbed organic 

molecules. 

For adsorbates on a surface, another approximation is made. It is considered 

that the phonons of the surface and vibrational frequencies of the adsorbates are 

decoupled. This decreases the number of steps to calculate and the calculation 

is faster. When second derivatives are calculated, the Hessian matrix is 

created: 

82f 82! 
a.x2 

I axlaxn 
Hf(x1 , ••• , x" ) = 

82! 
(2.12) 

82! 

axnaxJ a.x2 n 

Once the Hessian matrix is created, it is necessary to weight the Hessian up by 

the mass. Then, the Hessian matrix is diagonalised. The eigenvalues are the 

vibrational frequencies and the eigenvectors are the vibrations normal modes of 

the system. 

The zero-point vibration of the ground state implies that molecules are not 

completely at rest, even at absolute zero temperature: 

ZPE = 12 he .Ev (2.13) 

where h is Planck's constant, c is the speed of light and .Ev is the sum of 

frequencies. 

Equation 2.11 is then modified to include the effect of zero-point energies on 

the adsorption energy: 

Mads = {E(molecule+slab) + ZPE} - Estab - {Emolecule + ZPE} (2.14) 
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2.5 Computational details 

We have used the Vienna ab initio simulation package (VASP) [19][20] which 

performs an iterative solution of the Kohn-Sham equations in a plane-wave 

basis set. Plane-waves with a kinetic energy below or equal to 400 eV have 

been included in the calculation. The exchange-correlation energy has been 

calculated within the generalized gradient approximation (GGA) using the form 

ofthe functional proposed by Perdew and Wang [11][12], usually referred to as 

Perdew-Wang 91 (PW91 ). The electron-ion interactions are described by 

optimized projector-augmented waves (PAW) method for C, H, 0 and Fe 

[25][26]. 

A first-order Methfessel-Paxton smearing function with a width of cr :::; 0.1 eV 

has been used to account for fractional occupancies [29]. Spin-polarised 

calculations have been done in order to account for the magnetic properties of 

iron. 

The Fe(lOO) surface has been modelled within the slab model approximation 

using a four-metal layer slab model representing a p(2x2) unit cell and six 

vacuum layers (~ 10 A). We put the adsorbate on one side of the slab and 

allowed the top layer and adsorbate to relax. We have also used an eight-layer 

slab, relaxing the top two layers and adsorbate, to investigate the effect of the 

slab thickness on the calculated energies. A p(2x2) unit cell with a surface 

coverage of 0.25 ML was used. The relative positions of the metal atoms have 

been fixed initially as those in the bulk, with an optimized lattice parameter of 

2.8313 A (the experimental value is 2.8665 A) [30]. The reciprocal space of 

the p(2x2)unit cell has been sampled with a (5x5x1) k-points grid, 

automatically generated using the Monkhorst-Pack method [31]. 

Partial geometry optimizations have been performed including relaxation of the 

first metal layer, using the RMM-DIIS algorithm [21]. In this method, the 

forces on the atoms and the stress tensor are used to determine the search 
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directions for finding the equilibrium positions. Geometry optimisations were 

stopped when all the forces (of the degrees of freedom set in the calculation) 

were smaller than 0.01 eV/A. 

Adsorption energies are reported with respect to the atomic gas phase for each 

adsorbate, including and excluding zero-point energy corrections, according to 

equations 2.11 and 2.14. Vibrational frequencies have been calculated within 

the harmonic approximation. The second-derivative matrix (or Hessian matrix) 

has been calculated numerically by displacing every atom independently out of 

its equilibrium position twice(± 0.02 A) [32]. 

Transition-state structures have been found using the climbing-image nudged

elastic-band method (CI-NEB) [27]. We did not optimise every image but 

rather use relaxed constraints to see the energy path and then fully optimise the 

image that is highest in energy (the likely transition state). All transition-state 

structures have been characterised by calculating the vibrational frequencies. 
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Chapter 3 

Methane forination 

The formation of methane on Fe(wo) by the hydrogenation of 

atomic carbon has been studied using density functional theory. 

The stable adsorption site of the C, CH and CH2 species is the 

four-fold hollow site, while CH3 prefers the two-fold bridge site. 

Atomic hydrogen adsorbs at both the two-fold bridge and four-fold 

hollow sites. Methane is physisorbed to the surface and shows no 

orientation or site preference. It would desorb easily to the gas phase 

once formed. 

The successive addition of hydrogen to atomic carbon is 

endothermic up to the addition of the third hydrogen resulting in the 

methyl but exothermic at the final hydrogenation which leads to 

methane. The overall methanation reaction is endothermic, when 

starting from atomic carbon and hydrogen on the surface. This 

endothermicity increases substantially when zero-point energies are 

considered. 
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3.1 Introduction 

The Fischer-Tropsch Synthesis (FTS) produces liquid hydrocarbons from 

synthesis gas (CO and Hz) in the presence of a catalyst. According to the 

favoured mechanism of hydrocarbon formation [ 1 ], the carbide mechanism, 

CO and Hz dissociatively adsorb on the catalyst surface, generating surface 

carbon, surface hydrogen and surface oxygen. Surface oxygen reacts with 

adsorbed hydrogen or CO and leaves the surface as water or COz. Surface 

carbon is successively hydrogenated yielding CH, CHz and CH3 surface 

species. Under FTS conditions, the CHx fragments propagate chain growth 

leading to the formation of heavier hydrocarbons. However, if the 

hydrogenation immediately runs to completion, methane is the by-product, 

which is a waste of carbon and should be avoided. 

Many studies have been carried out on the chemisorption of CHx on various 

transition metal surfaces. The following overview of the literature has been 

restricted to metals active in the Fischer-Tropsch synthesis: Fe, Ni , Co and Ru. 

Erley et al. [2] observed methylidyne and methylene species on Fe(llO) by 

HREELS immediately after Fischer-Tropsch synthesis with fixed Hz/CO ratio 

at 1 atm. They obtained similar results after using a carbon pre-covered surface 

in pure Hz atmosphere and concluded that methanation and FTS proceed 

through the hydrogenation of the surface carbon. The same group later [3] 

isolated CHz on the Fe(llO) surface by the decomposition of ketene. In a 

microreactor-XPS/AES study ofFTS reactions on Fe(llO), Bonze] and Krebs 

[4] found CHx species, mainly CH. In 1995, Hung and Bemasek [5] employed 

AES, LEED, TPD and HREELS to study the adsorption and thermal 

decomposition of ethylene on Fe(lOO). They found that ethylene decomposes 

into CH and CCH below 260 K. The final decomposition product was atomic 

carbon on the surface with hydrogen being the only desorption product. 
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There have recently been some theoretical studies looking at methane 

formation on iron [6][7][8]. Gokhale and Mavrikakis [6] conducted a DFT 

investigation on Fe(llO) and Co(OOOJ) surfaces. They report the 

thermodynamic potential energy surfaces but have not published any further 

results on the kinetics. The hydrogenation of C to CH is almost thermoneutral 

on Fe(llO) but 0.47 eV exothermic on Co(0001). All further hydrogenations 

are endothermic on Fe(llO), whereas on Co(OOOJ), CHz formation is 

endothermic and CH3 and Cfl: formation are mildly exothermic. Sorescu [7] 

and Lo and Ziegler [8] studied methanation on Fe( I 00) using ultra-soft 

pseudopotentials and PW91. Sorescu [7] used a 2 x 2 slab model with six 

layers. He calculated barriers of 0.63 eV for the hydrogenation of c to CH, 

0.65 eV for the formation of CHz, 0.86 eV to methyl and 0.50 eV for the final 

step to methane; also all reaction steps were endothermic with the exception of 

the final step which was exothermic. Lo and Ziegler's [8] barriers, on a five

layer slab, were in close agreement with Sorescu's at 0.62, 0.63, 0.81 and 0.47 

eV respectively. However, they found that the first and final steps were 

exothermal while the second and third steps were endothermal. 

Methane decomposition on Ni has long attracted a lot of interest due to the 

industrial application for steam reforming of natural gas. All CHx species have 

been experimentally observed on Ni(l11) using SSIMS and XPS [9] [ 1 O], CH 

has been identified by HREELS [II]. CH3 has been reported using HREELS 

on the Ni(ll1) surface [11] and on Ni(IOO) using TPSIMS [12]. Steinbach et 

al. [13] identified C, CH, CHz and CH3 on polycrystalline Ni and Co surfaces 

by XPS and UPS. The species were generated by the adsorption and 

dissociation of CH3Cl or CHzClz on Ni and Co surfaces between 170 and 200 

K. They found that CHx intermediates were stable on the surface and could be 

studied since reaction temperatures of dehydrogenations were separated by 

intervals of 50 K on Co and 40 K on Ni. Yang and Whitten [14] studied 

dissociative chemisorption of methane on Ni(111) using a three-layer cluster. 

They calculated a barrier of 0.74 eV to form the methyl species with 0.12 eV 
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exothermicity. Watwe et al. [15] studied methane activation on Ni(l11) using 

a slab model. The removal of the first H to form CH3 had a barrier of 1.32 eV, 

the second step had a barrier of 0.70 eV, the formation of CH had a barrier of 

0.29 e v, and the dehydrogenation of CH to C and H had the highest activation 

barrier at 1.44eV. They also mentioned that the activation energies for the 

reverse reactions, i.e. to form C-H bonds, were around 0.73-0.88 eV for 

different CHx· 

After extensive DFT studies [16][17][18], Norskov et al. have shown that for a 

class of catalytic reactions there is a universal, reactant independent relation 

between the activation energy and stability of reaction intermediates. The two 

important properties of a metal surface in determining the rate of the 

methanation process are: the barrier for CO dissociation and the stability of the 

main intermediates on the surface, atomic carbon and oxygen. They concluded 

that NiFe or Ni3Fe alloys are superior methanation catalysts in terms of their 

activity and cost. 

Only CH was detected by HREELS after hydrogenation of pre-deposited 

carbon under UHV conditions on Ru(001) [19]. The CH then decomposed 

completely to H2 plus adsorbed carbon upon heating to 500 K. Ciobica et al. 

investigated methane decomposition on Ru(0001) [20] and Ru(1120) [21]. 

They found thatCH was the most stable species on Ru(0001) whereas CH2 was 

most stable on Ru(1120). Most of the dissociation steps on Ru(OOO 1) were 

exothermic except for last step, CH ~ C + H which was endothermic. The 

same step had the largest barrier, 0.98 V, for methane activation on Ru(1120). 

In this study, H, C, CH, CH2, CH3 and C~ were studied for several adsorption 

modes at 0.25 ML coverage on the Fe(lOO) surface. Each optimisation was 

followed by a vibrational frequency analysis, in order to identify the stable 

sites. This has been reported in detail, including the zero-point energy 

corrections, since this information is rarely provided in the literature. The 
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climbing-image nudged-elastic-band (CI-NEB) method was carried out to 

determine the minimum energy pathways (MEP). The effect of increasing the 

size of the slab model was also considered. Elementary surface reactions were 

studied, based on the assumption that atomic C and H were already adsorbed 

on the surface; C ~ CH ~ CH2 ~ CH3 ~ C~ which then leaves the surface as 

methane gas. 

3.2 CHx adsorption on the Fe(too) surface 

The adsorptions of H, C, CH, CH2, CH3 and CH4 were determined on separate 

four-layer Fe(lOO) slabs at 0.25ML coverage at the three high symmetry 

adsorption sites; top, bridge and four-fold hollow. The geometries were 

optimised, as shown in Figures 3.1 and 3.2, and adsorption energies were 

obtained for each system. All adsorption energies include zero-point energy 

correction. 

Vibrational frequencies (Table 3.3) were determined on every optimised 

structure together with corresponding normal modes. The stability of each 

configuration in each Figure is labeled according to its vibrational analysis; min 

refers to a local minimum, ts is a transition state (one imaginary frequency), 

and sp refers to a higher-order saddle point (two or more imaginary 

frequencies). 

We have also explored the effect of increasing the size of our slab model from 

four to eight Fe layers, with the first two layers relaxed. These calculations 

were carried out only on the most stable orientation of each CHx species on the 

surface. 

3.2.1 Adsorption of H (atomic hydrogen) 

Atomic hydrogen was adsorbed at top, bridge and hollow sites on Fe(lOO), as 

in Figure 3 .1. The bridge and four- fold hollow sites are both stable sites for 

adsorption; the four-fold hollow site has an adsorption energy of -2.59 eV (with 
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respect to the clean slab and atomic H in the gas phase, including ZPE) and the 

bridge site is just 0.04 eV less (within the accuracy ofthe method), as in Table 

3.1. This is confirmed by the vibrational analysis (Table 3.3); both the bridge 

and four-fold hollow sites are local minima on the potential energy surface of 

H/Fe(1 00). The hydrogen is just 0.32 A above the Fe surface when adsorbed at 

the four-fold hollow. 

It has been reported in literature that atomic hydrogen adsorbs at both bridge 

and hollow sites on Fe(lOO) at 0.25 ML coverage, whereas at full coverage 

there is a clear preference towards the four-fold hollow site [22)[23)[24]. H 

prefers the three-fold holJow site on Fe(110) [6)[23)[25], Ni(111) [15], 

Co(OOOl) [6) and Ru(OOOl) [20]. The similarity of the adsorption energy at the 

bridge and four-fold hollow sites suggest a very flat potential energy surface, 

which would translate into a barrierless diffusion. Indeed, Sorescu [22] 

reported a barrier of 0.08 eV. Diffusion of hydrogen subsurface or into the 

bulk is also favourable as the barriers are between 0.33-0.41 eV [24]. 

The hydrogen adsorbed at the top site has two imaginary frequencies indicating 

a second-order saddle point. According to the normal modes, the imaginary 

frequencies are related to the movement of the hydrogen atom away from the 

top site toward the bridge and four-fold hollow site. The frustrated translation 

vibrational frequencies ( vz) at the top, bridge and hollow sites are 1667, 1179 

and 1150 cm·1 which are in good agreement with the 1670, 1183 and 1193 

cm- 1, respectively, obtained by Sorescu [22] for H adsorption on Fe(lOO). Due 

to the C
4

v symmetry of the clean Fe(lOO) surface, the top and hollow sites show 

double degeneracy for Vx and vy. The adsorptions were repeated on an eight 

layer slab (with two layers relaxed) and the energies hardly changed, with 

adsorption energies (without ZPE) of -2.68 eV at the bridge site and -2.69 eV at 

the four-fold hollow. 
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Figure 3.1. Adsorption modes of atomic hydrogen on Fe(JOO), with respect to the 
adsorption at the preferred site (in e V and including ZP E) and stability. 

Table 3.1 Adsorption of atomic H on Fe(JOO) ate = 0.25ML 

~ads ZH ZPE ~ads 
noZPE 

[eVt [A]b [eV]" [evt 
Hollow -2.59 0.32 0.10 -2.69 

Bridge -2.55 1.12 0.16 -2.71 

Top -2.03 1.54 0.10 -2.13 

"L'.Eacts is the adsorption energy including ZPE in electron-volts; bzH is the height of the H atom with 

respect to the surface level; 'ZPE is the zero-point energy; d L'.Eact."oZPE is the adsorption energy 
excludmg the zero-pomt energy ofthe chemisorbed H. 

3.2.2 Adsorption of C (atomic carbon) 

Atomic carbon prefers the four-fold hoJlow site with the C located 0.52 A 

above the Fe surface, Table 3.2, and a high adsorption energy of -8.28 eV (with 

respect to the clean slab and atomic C in the gas phase, including ZPE). Our 

predictions of site preference are in good agreement with previous DFT studies 

on Fe(lOO) [7)[8][25][26). Carbon generally prefers high coordination sites 

and adsorbs at the long-bridge site on Fe(ll 0) [6] and at the three-fold hollow 

site on Ni(111) [14)[15)[27], Co(OOOl) [6][27][28][29] and Ru(OOOl) [20)[28). 

As seen in Figure 3.2, carbon at the hollow site is the most stable C1 species on 

the surface. The presence of imaginary vibrational frequencies (Table 3.3) 

means that C is not stable at the top or bridge positions. Only C adsorbed at the 

four-fold hollow site has all real frequencies. The symmetry of the system 

produces double degenerate frequencies at the top and four-fold hollow sites. 

The bridge site is a first-order saddle point which corresponds to the transition 
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state for diffusion of C from one hollow site to the adjacent, with a diffusion 

barrier of 1.45 e V. 

Jiang and Carter [25] studied C adsorption on a seven-layer Fe(lOO) slab model 

using DFT and found that the barrier for diffusion into the bulk is 1.47 eV, 

which is essentially the same as that of diffusion across the surface. 

Additionally they mention that Cis coordinated to five Fe atoms in the hollow 

site; the four surface atoms and one subsurface Fe (Fe-C = 1.98 A). We cannot 

compare the subsurface Fe to carbon bond length since we allowed only the 

first layer of our slab to relax while the remaining layers were frozen. 

However, the location of the subsurface Fe is the reason why the surface

carbon distance (zc) is actually greater for the hollow site (0.52 A) than the 

bridge site (0.27 A); there is no second-layer Fe atom below the bridge site. 

Similar Zc values of 0.44 A and 0.27 A, respectively, were calculated by 

Bromfield et al. [26]. Our calculated M-C stretch of 524 cm·
1 

compares 

favourably with the calculated value of 533 cm-
1 

[26] and the experimental 

520cm·1 [30]. 

The C at the hollow site was optimised using an eight layer slab with two 

layers relaxed, and the ~Eacts was only 0.12 e V higher than the same mode on a 

four layer slab. Furthermore, it does not impact the geometry. 

Table 3.2. Adsorption of atomic Con Fe(JOO) ate = 0.25 ML 
11Eacts Zc ZPE 8.EacttoZPE 

[eV] [A] [eV] [eV] 

Hollow -8.28 0.52 0.09 -8.36 

Bridge 

Top 

-6.82 
-5.34 

0.27 
1.59 

0.07 
0.06 

-6.89 
-5.39 
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Fi~ure 3.2. Relative adsorptions (in e V) and stability of CHx species at top(T). 
bndge(B) and hollow(H) sites on clean Fe(J 00), using CH4(g) and the clean slab as 
the reference. Zero-point energies are included. Note that the stoichiometry 
corresponds to C + 4H on the clean slab with H atoms at infinite separation. In each 
column, the lowest energy for a given fragment has been set to zero. 
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Table 3.3. Vibrational frequency analysis for H, C, CH, CH2, CH3 and CH4 adsorbed 
. - 1 on Fe(JOO) ate = 0.25 ML. Frequencies are m em 

Methane formation 
43 

3.2.3 Adsorption ojCH (methylidyne) 

The four-fold hollow site is the only stable site for methylidyne, as indicated in 

Figure 3.2, with an adsorption energy of -7.66 eV (with respect to the clean 

slab and CH in the gas phase, including ZPE). The methylidyne is 

perpendicular with respect to the surface, with the C located 0.62 A above the 

Fe surface and a C-H bond length of 1.11 A (Table 3.4). 

Similar to carbon, CH prefers the long bridge site [6] on Fe(IIO) and the three

fold hollow site on Ni(lll) [15][14][27], Co(OOOI) [6][27][28][29] and 

Ru(OOO I) [20][28]. The symmetry of the system is maintained at the top and 

hollow sites, as seen from the double degeneracy of the vibrational frequencies. 

Also from the vibrational frequencies, Table 3.3, we find that the four-fold 

hollow is the only local minimum; the bridge site is a first-order saddle point 

and the top site is a second-order saddle point. A point to note when 

considering low frequencies such as those at the top site (15i and 16i) is that 

adsorbate-surface coupling is not taken into consideration in the frequency 

calculations. This would affect the low frequency values and may mean that 

low imaginary frequencies are actually real or vice versa. However this would 

not impact the high vibrational frequencies or the trends, so the four-fold 

hollow would remain the most stable site. 

The C-H stretching frequency at the hollow site of 2897 cm-1 was consistent 

with the experimental 2859 cm- 1 [30]. The normal modes indicate thatCH at 

the bridge is a transition state for diffusion between adjacent hollow sites, with 

a diffusion barrier of 1.28 eV. The presence of the hydrogen on the CH makes 

it less strongly bound to the surface than for carbon alone and therefore the 

diffusion barrier is lower. 

The adsorption energy (without ZPE) of CHat the hollow site in the eight layer 

slab (with two layers relaxed) is -7.86 eV, which is similar to the value 

obtained with the four layer model, and the geometry is unchanged. 
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Table 3.4. Adsorption ofCH on Fe(JOO) at 8 = 0.25 ML 
A D noZPE 

Ll.Eacts Zc ZPE LUOads 
[eV] a [A) [eV] [ eV] 

Hollow -7.66 0.62 0.31 -7.77 
Bridge -6.38 1.17 0.32 -6.50 
Top -5 .69 1.56 0.32 -5.82 

a I'.Eads is the adsorption energy including the zero-point energy of the chemisorbed CH and the gas 

phase CH. 

Adsorption ojCH2 (methylene) 

Methylene preferentially adsorbs on the four-fold hollow site, where the two 

hydrogens point toward bridge sites (as in Figure 3.2), with an adsorption 

energy of -4.55 eV (with respect to the clean slab and CHz in the gas phase, 

including ZPE). The carbon is situated 0.69 A above the Fe surface with C-H 

bond lengths of 1.14 A, as in Table 3.5. Once again, we note that the addition 

of hydrogen causes the C to bind less strongly to the surface. As with C and 

CH, CH
2 

adsorbs at the three-fold hollow site on Fe(llO) [6], Ni(111) 

[14][15][27], Co(OOOl) [6][27][28][29] and Ru(0001) [20][28]. 

Interestingly, according to the vibrational frequency analysis, Table 3.3 , CHz 

has local minima at the top, bridge and four-fold hollow sites. Although this 

situation may change at the top site, if adsorbate-surface coupling is taken into 

consideration, due to the small frequency values. The C-H vibrational 

frequencies are in good agreement with those calculated by Sorescu [7] and 

similarly have large downward shifts of 731 em·' for the asymmetric stretching 

frequency at 2587 em·\ 512 em·' for the 2565 em·' symmetric stretching and 

an upward shift of 180 em·' to 1202 em·' for the H-C-H bending mode, relative 

to the calculated gas phase values. 

We investigated two possible geometries of CH2 at a four-fold hollow site: one 

with the two hydrogens pointing towards opposite bridge sites (Hollow 1) and 

then rotating the molecule by 45° to a second orientation with the two 

hydrogens pointing towards opposite top sites (Hollow 2). The Hollow 2 
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configuration was less stable by 0.14 e V and had one imaginary frequency . 

The analysis of the normal modes shows that the imaginary vibration is related 

to the rotational movement of the CH2 that leads to the Hollow 1 orientation 

which is the more stable, accordingly the rotational activation energy is 0.14 

eV. 

We also investigated two possible configurations of CH2 at the bridge site: one 

with the two hydrogens pointing towards opposite hollow sites (Bridge 1) and 

then rotating the molecule by 90° and pointing the hydrogens towards the top 

sites (Bridge 2). The Bridge 1 was a local minimum while the Bridge 2 

geometry was a second-order saddle point. 

We did not investigate the diffusion properties of CH2 but Sorescu [7] has 

identified a barrier of0.59 eV in order to move out ofthe four-fold hollow via 

the bridge site. The adsorption energy (without ZPE) of CH2 at the four-fold 

hollow site is barely changed at -4.65 eV in the eight layer slab model. 

Table 3.5. Adsorption ofCH2 on Fe(JOO) at 8 = 0.25 ML 

Llliacts zc ZPE A 'C noZPE 
LUOads 

[eV] [A] [eV] [eV 

Hollow 1 -4.55 0.69 0.55 -4.63 
Hollow 2 -4.41 0.70 0.53 -4.47 
Bridge 1 -3.93 1.54 0.59 -4.06 
Bridge 2 -3.74 1.48 0.52 -3.79 
Top -3 .27 1.73 0.58 -3.39 

3.2.5 Adsorption ofCH3 (methyl) 

CH3 was found to be a local minimum only at the bridge site (Figure 3.2), with 

an adsorption energy of -2.00 eV (with respect to the clean slab and CH3 in the 

gas phase, including ZPE). The carbon was situated 1.81 A above the Fe 

surface (Table 3.6). Two orientations were considered for CH3 at the bridge 

site: one of the H atoms pointing towards the nearest neighbour Fe atom 

(Bridge 1) or towards a four-fold hollow site (Bridge 2). There was no 
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difference between the adsorption energies obtained for the two orientations. 

However, from the vibrational frequencies in Table 3.3, it was apparent that 

only the Bridge 1 was a local minimum while the Bridge 2 was a second-order 

saddle point. The H pointing towards the top site had a C-H bond length of 

1.12 A, whereas the other two C-H bonds were 1.10 A. 

The calculated C-H asymmetric stretching frequencies were 3001 and 

2944 cm· 1 which indicate mode softening from the calculated gas phase value 

of 3237 cm·1, and the symmetric stretching frequency was 2773 cm-
1 

which 
1 • I 

was also a downward shift from the calculated 3060 em- and expenmenta 

3161 cm-1 [30] gas phase values. The results are similar to those calculated by 

Lai et al. [31] for the adsorption of CH3 on Ni(1 00) using DFT, where they 

found that the bridge site with one of the hydrogen atoms near top site is most 

favourable, with asymmetric C-H stretching frequencies of 3020 and 2952 cm-
1 

and symmetric C-H stretching frequency of2564 cm-
1 

CH
3 

preferentially adsorbs at the bridge site on Ni(lOO) [29][31], and at the 

three-fold hollow site on Fe(110) [6], Ni(111) [15][27][32], Co(0001) 

[6][27][28][29] and Ru(OOOl) [20][28]. At the top site, the methyl is a 

transition state for diffusion between adjacent bridge sites. The diffusion 

barrier is a low 0.25 eV. We did not locate methyl at the hollow site, as it 

tended to shift towards the bridge site before calculations were suspended. 

The adsorption energy of CH3 of -2.03 eV at the bridge site of an eight layer 

slab model is basically unaffected from the -2.07 eV (without ZPE) of the four 

layer slab model. 

Methane formation 

Table 3.6. Adsorption ofCH3 on Fe(JOO) ate = 0.25 ML 

Bridge 1 

Bridge 2 

Top 

LiEads Zc ZPE 
[ eV] [A] [eV] 

-2.00 

-2.00 

-1.75 

1.81 

1.79 

2.16 

0.89 

0.89 

0.89 

3.2 .6 Adsorption ofCH4 (methane) 
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A 1:0 noZPE 
tiD ads 

[eV] 

-2.07 

-2.07 

-1.82 

Two orientations of methane on the surface were considered at each adsorption 

site, as shown in Figure 3.3 . The adsorption energies, Table 3.7, did not 

indicate any strong preference for a particular site or configuration (Figure 3.2). 

The first configuration had three H atoms pointing toward the surface and the 

second had a CH2 plane parallel to the surface, with only one H pointing 

toward the surface. These two configurations were then adsorbed at each of the 

three adsorption sites. In fact, with an adsorption energy of just -0.05 eV (with 

respect to the clean surface and methane in the gas phase, including ZPE), 

methane was only physisorbed to the Fe(lOO) surface, in accord with results on 

the same and other metal surfaces [6][7][8][20][21][31]. Actually, the accurate 

description of such weakly bound states is beyond the capability of most 

computational methods. 

The C-Fe distance was greater than 3.2 A in all cases. The vibrational 

frequency analysis, Table 3.3, showed that all adsorption modes had imaginary 

frequencies. Since the frequencies are calculated by displacing every atom 

independently out of its equilibrium position twice, these imaginary 

frequencies may refer to rotations or translations. The vibrational frequencies 

for physisorbed CH4 are similar for all configurations. In the Hollow 

configuration, for example, the frequencies are 3082 cm-1 for the asymmetric 

C-H stretching (T2), 2967 cm-1 for the symmetric C-H stretch, 1509 cm-1 for 

the "scissors" modes (E) and 1288 cm-1 for the "bending" modes (T2). This 
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compares well with the calculated gas phase frequencies as well as experiment 

[30] . 

All calculations included six layers of vacuum (1 0 A). Due to the distance of 

the methane above the surface, there was the possibility that the vacuum layer 

may be too small to prevent interference from the bottom layer of the next slab, 

therefore the Bridge 2 and Top 2 configurations were re-calculated with double 

the vacuum. The geometry remained unchanged and it was concluded that the 

vacuum was already large enough. 

Top Top2 Bridge Bridge2 Hollow 

Figure 3.3. Adsorption modes for methane on Fe(JOO). 

Table 3. 7. Adsorption ofCH4 on Fe(JOO) ate = 0.25 ML 

~Eads ZPE ~Eacts 
noZPE 

zc 

[eV] [A] [eV] [eV] 

Top -0.05 3.61 1.19 -0.06 

Top2 -0.04 3.54 1.19 -0.06 

Bridge -0.03 3.54 1.20 -0.06 

Bridge 2 -0.04 3.76 1.21 -0.05 

Hollow -0.03 3.69 1.20 -0.06 

3·3 Co-adsorption with hydrogen and location of 

transition states 
In order to determine the minimum energy pathways (MEP) for each 

successive hydrogenation step leading to methane, we used the climbing-image 

nudged-elastic-band (CI-NEB) method. This method requires that the initial 

and final configurations are known. Intermediate images can then be generated 

by linear interpolation and simultaneously minimised along the reaction path. 

We did not optimise every image but rather use relaxed constraints to see the 
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energy path and then fully optimise the image that is highest in energy (the 

likely transition state). 

The adsorption of the CHx species, as discussed in Section 3.2, provides us 

with final configurations. In order to determine the initial configurations, we 

co-adsorb surface species in order to systematicaJiy explore all possible starting 

points for the reaction. Adsorption energies may be compared to original 

values to determine the effect of the co-adsorption. For example, the L'lEacts for 

CH, in the presence of hydrogen, can be compared to the !lEads for CH alone on 

the surface to determine the effect of the co-adsorption of hydrogen, using 

equation 3.1: 

& ads(CH) = E[(CH+HJads+ZPE] - E[Hads+ZPE)} - E[CHgas+ZPE] (3.1) 

Vibrational frequency analyses were carried out on every optimised system and 

are reported in Table 3.9. 

3.3.1 Formation ofmethylidyne: C + H ~ CH 

Atomic carbon (reactant) and methylidyne (product) have both been found to 

be most stable in the four-fold hollow site. Therefore, two initial geometries 

(Figure 3.4 ), where the reactants started off at the hollow sites and the reaction 

would lead to the product at the hollow, were considered: Hollow 1 where the 

C is in the hollow with H co-adsorbed at the trans hollow position and Hollow 

2. where the C is in the hollow with H at the cis hollow position. From the 

frequencies, listed in Table 3.9, both co-adsorptions of carbon are local minima 

on the potential energy surface. The relative adsorption energies (given in 

Table 3.8) are more negative than that of atomic carbon (-8.28 eV) suggesting 

that carbon and hydrogen have a mutually stabilising effect. This effect is 

especially apparent in the trans configuration, Hollow 1. 

The first pathway commences from the trans position, Hollow 1 (Figure 3.4), 

where the hydrogen is 4.01 A away from the carbon. It then diffuses across the 
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top site. The barrier is 1.14 eV and at the transition state Hollow 6, the 

hydrogen is 1.62 A from the carbon. However, it had two imaginary 

frequencies making it a second-order saddle point and implying that the 

existence of a lower energy pathway. 

The second pathway started from the cis configuration, Hollow 2, where the 

hydrogen is 2.84 A away from the carbon. The hydrogen moves across the 

bridge site, resulting in the transition state, Hollow 5, where it is 1.57 A from 

the carbon. The vibrational frequency analysis shows that this configuration 

has only one imaginary frequency, and the normal modes correspond to C-H 

bond formation or breaking. The barrier for this reaction was 0.76 eV, which is 

in agreement with previous DFT studies [7][8]. Also, the cis transition state 

was 0.26 eV more stable than the trans transition state. 

Since the trans was more stable but the cis was the more reactive configuration, 

the diffusion of hydrogen was investigated. Hydrogen diffuses via the bridge 

site, Hollow 3, which is a local minimum. The transition state for diffusion to 

the bridge is Hollow 4 and the diffusion barrier is a low 0.20 eV. 

Table3.8. Co-adsorption ofC + H on Fe(JOO) 

C+H 
Llliacts(C) 

[eV] 
dc.H [A] ZFe.c[A] 

Hollow 1 -8.57 4.01 0.51 
Hollow 2 -8.46 2.84 0.51 

Hollow 3 3.20 0.50 
Hollow 4 3.39 0.51 
Hollow 5 1.57 0.51 

Hollow 6 1.62 0.54 

Methane formation 

Hollow 1 
0.00 (min) 

Hollow 2 
+0.12 (min) 

Hollow 3 
+0.20 (min) 

Hollow 4 Hollow 5 Hollow 6 
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+0.20(ts) +0.88(ts) +1.13(sp) 

F~gure 3.4. Adsorption modes of C+H co-adsorption on Fe(JOO), including ZPE, 
wllh respect to the most energetically favourable configuration (in e V), and stability. 
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Table 3.9. Vibrational frequency analysis for CHx species co-adsorbed with H on 
. -1 Fe(JOO) at() = 0.25 ML. Frequencies are m em . 

= 0 
= + = u 
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3-3.2 Formation of methylene: 

The co-adsorptions and transition states for the formation of methylene, Figure 

3.5, were very similar to those identified in the formation of methylidyne. The 

trans (Hollow 1) and cis (Hollow 2) configurations were considered since the 

reactants and products were all most stable in the four-fold hollow sites. Both 

initial geometries are stable on the surface, according to the vibrational 

frequencies (Table 3 .9), with the Hollow I being 0. I 3 e V more stable than the 

Hollow 2. 

The CH molecule in the Hollow I co-adsorption is perpendicular to surface 

with the H located at the centre of the four-fold hollow site. The CH in the 

Hollow 2 configuration is tilted by 2.6° (Table 3.10) to the surface normal and 

the bonding hydrogen is very slightly shifted out of the centre of the hollow; 

Fe-H distance is 2.01 A for two Fe atoms and 2.07 A for the other two. 

Hydrogen adsorbed at the bridge, Hollow 3, is also a local minimum and would 

be the pathway for diffusion. As before, the stabilising effect of the co

adsorption is more apparent for the Hollow 1 configuration where the 

adsorption energy of CH goes up to -7.95 eV compared to the !lEads of -7.66 e V 

of CH alone on the surface. 

The first reaction pathway, beginning at the Hollow I configuration involves 

the movement of hydrogen over the top site. At the transition state, Hollow 5, 

the CH has a 34.5° tilt and the C-H distance is 1.52 A. The barrier is 1.14 eV. 

However, this transition state has two imaginary frequencies and is a second

order saddle point. 

The more probable pathway is from the Hollow 2 configuration via the bridge 

site. The CH at the transition state Hollow 4 is tilted by 17.5° to the surface 

normal and the approaching hydrogen is 1.54 A from the carbon of the CH. 

Indeed this transition state has one imaginary frequency which corresponds to 

the C-H bond formation or breaking. The cis transition state, Hollow 4, is also 
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0.26 eY more stable than the trans transition state, Hollow 5. The activation 

energy for this reaction is 0.75 eV. 

Table 3.10. Co-adsorption ofCH + H on Fe(IOO) 

CH+H 

Hollow 1 

Hollow 2 

Hollow 3 

Hollow 4 

Hollow 5 

" •• .. 
,,: 

"' •• 
Hollow 1 
0.00 (min) 

" 
~ 

iii· ~ • "!" ... 
• 

Lillads [ e V] 
-7.95 

-7.82 

~ 

• 

.. 

dc.H [A] 
4.01 

2.84 
3.21 

1.54 

!.52 

Hollow 2 
+0.13 (min) 

. 
-,~ • 
tl 

• 

Hollow 4 Hollow 5 

ZFe-dA] 
0.62 

0.61 

0.61 

0.66 

0.66 

t 

Tilt[o] 

0 
2.6 

6.5 

17.5 
34.5 

Hollow 3 
+0.20 (min) 

+0.88 (ts) +1.14 (sp) 
Figure 3.5. Adsorption modes of CH+H co-adsorption on Fe(IOO), including ZPE, 

with respect to the most energetically favourable configuration (in e V) , and stability. 

3·3·3 Formation of methyl: CH2 + H ~ CH3 

Methyl formation was more complex than the previous two hydrogenation 

steps since the reactants, CH2 and H, were most stable at the four-fold hollow 

site whereas the product, CH3, preferred the bridge site and did not even exist 

in the four-fold hollow site. Therefore variations of CH2 and H at four-fold 

hollow and bridge sites were optimised, as shown in Figure 3.6. Considering 

that CH2 alone on the surface had an L1Eacts of -4.55 eY, once again the 

hydrogen has a stabilising effect (see Table 3.1 0). 
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The most stable configuration, Hollow 1, with all real vibrational frequencies, 

as seen in Table 3.9, has the CH2 and Hat four-fold hollow sites (Figure 3.6). 

The hydrogen can then diffuse to the bridge in either the x (Hollow 2) or y 

(Hollow 3) directions. These configurations are local minima. 

In the Hollow 2 configuration, the CH2 is located at the four-fold hollow site 

and the hydrogen is located at the bridge site. The CH2 then diffuses to the 

bridge position, Bridge 1, which is a local minimum. The hydrogen at the 

bridge is 2.87 A from the C of the CH2 molecule. The hydrogen diffuses 

across the top site to the transition state, Bridge 4, with a barrier of 1.11 eV. 

The Bridge 4 transition state has one imaginary frequency which corresponds 

to the C-H bond formation/breaking. 

Alternatively, the reaction pathway would begin at the Hollow 3 configuration. 

The CH2 diffuses out of the hollow to the two-fold bridge site, where the CH2 

and H share an Fe atom. At the transition state, Bridge 3, the CH2 has rotated 

slightly in order to allow the hydrogen to bond. The C-H bond length is 1.64 A 

and the vibrational frequency analysis confirms that this is a transition state for 

the formation of methyl. The barrier is 0.85 eV. Due to the smaller barrier, 

this is the minimum energy pathway. 

Table 3.10. Co-adsorption ofCH2 + H on Fe(JOO) 

CH2+H ~Eacts [eV] dc-H [A] ZFe-dA] HCH 

Hollow 1 -4.74 4.02 0.68 102.0 

Hollow 2 -4.66 3.23 0.67 101.7 
Hollow 3 3.32 0.67 101.6 

Hollow 4 2.85 0.67 102.6 

Hollow 5 2.86 0.71 100.5 

Bridge I 2.87 1.54 109.7 

Bridge 2 2.88 1.48 112.2 

Bridge 3 1.64 !.58 108.9 

Bridge 4 2.86 1.40 106.5 

Bridge 5 1.80 1.59 108.4 
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Figure 3.6. Adsorption modes ofCH2+H co-adsorption on Fe(IOO), including ZPE, 

with respect to the most energetically favourable configuration (in e V), and stability. 

3·3·4 Formation of methane: 

Six co-adsorptions, as indicated in Figure 3.7, were investigated. All included 

CH
3 

adsorbed at the bridge site with hydrogen co-adsorbed either at the hollow 

or bridge. The most stable configuration, Bridge 1, has the methyl group 

adsorbed at the bridge site with the hydrogen at a hollow site. There is a 

slightly stabilising effect, Table 3.11, considering that the adsorption energy of 

methyl alone is 2.00 eV which goes to -2.12 eV in the presence ofhydrogen. 

Although Bridge 1 and Bridge 2 look identical with regards to the location of 

the hydrogen, the difference lies in the orientation of the methyl group. In the 

former, the methyl group is oriented with one hydrogen pointing toward the 

hollow site and in the latter, the hydrogen points toward the top site. The 
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normal modes of the single imaginary frequency (Table 3.3) obtained for 

Bridge 2 indicate the rotation of the methyl to the preferred configuration as in 

Bridge 1. 

Although CI-NEBs were run on all configurations, only the transition state 

from the Bridge 5 pathway reached full optimisation. In the Bridge 5 

configuration, the CH3 is at a bridge site oriented such that one hydrogen points 

towards the hollow site and the co-adsorbed H is also at a bridge site. The 

hydrogen moves out of the bridge and diffuses across the hollow until it co

ordinates to the same two Fe atoms as the CH3. Initially, the C of the CH3 and 

the bonding H are located at the centre of the two Fe atoms, as shown in 

Bridge 7. The Fe-C distance is 2.3 A and the Fe-H distance is 0.58 A. 

However, this configuration is a second-order saddle point. 

Bridge 8 is the "true" transition state. The H remains at the centre of the Fe 

atoms. However, the CH3 has rotated slightly and bent toward one Fe atom in 

order to allow the H to approach and bond. The Fe-C distance on one side is 

2.22 A and on the other side is 2.4 7 A. The C-H distance is 1.51 A. 

Vibrational frequency analysis confirms that this has one imaginary frequency 

which is due to the C-H bond formation. The activation energy for this 

reaction is 0.71 eV. 

Table 3.11. Co-adsorption ofCH3 + H on Fe(IOO) 

CH3+H Llliacts [ e V] dc-H [A] ZFe-dA] 
Bridge 1 -2.12 3.53 1.82 
Bridge 2 -2.11 3.56 1.84 

Bridge 3 2.66 1.82 
Bridge 4 2.78 1.83 

Bridge 5 2.99 1.77 

Bridge 6 3.10 1.84 

Bridge 7 1.51 1.87 

Bridge 8 1.52 1.90 
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Figure 3.7. Adsorption modes ofCH3+H co-adsorption on Fe(JOO), including ZPE, 

with respect to the most energetically favourable configuration (in e V), and stability. 

3·4 Potential energy surface of methanation 
After determining adsorption properties and minimum energy pathways of the 

step-wise hydrogenation reactions, it is of particular interest to construct a 

complete potential energy surface ofmethanation on Fe(IOO). 

The potential energy diagram for the methanation reaction is presented in 

Figure 3.8, using methane in the gas phase and the clean slab as the reference 

and including the zero-point energy corrections. The stoichiometry 

corresponds to C + 4H on the clean slab with H atoms at infinite separation. 

Additionally, the effect on the barriers and reaction energies when including 

and excluding zero-point-energy corrections is listed in Table 3.12 and 

illustrated in Figure 3.9. Little or no mention has been made previously in 

literature regarding this issue, but we find that, particularly in hydrogen

containing species, it is crucial to include ZPE. 
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Figure 3.8. Potential energy surface for methanation on clean Fe(JOO). The 
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atoms at infinite separation. 
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Atomic carbon, indicated in Figs. 3.8 and 3.9 as C+4H, refers to C at the 

hollow site with four hydrogens at infinite separation (i .e. on separate slab 

models). One hydrogen then diffuses closer to the adjacent four-fold hollow 

(i.e. on the same slab model), to form the co-adsorbed configuration, 

(C+H)+3H. 

The atomic hydrogen moves from the hollow across the bridge site (Transition 

State I) to reach the carbon at the hollow, forming methylidyne at the hollow 

site, CH+3H. The activation energy for this step is 0.76 eV. The reaction is 

0.41 eV endothermic. Without ZPE correction, the activation energy is slightly 

lower at 0.74 eV and the reaction energy decreases to +0.30 eV (Table 3.12). 

For the second hydrogenation step, hydrogen diffuses to the hollow site 

adjacent to the methylidyne, (CH+H)+2H. The hydrogen then diffuses out of 

the hollow and approaches the methylidyne via the bridge site reaching 

Transition state II. This results in methylene, CH2+2H, at the hollow site. The 

activation energy is 0.75 eV. The reaction energy is +0.64 eV but is lower at 

+0.50 eV when ZPE corrections are not included. An interesting point to note 

is that the barrier for the reverse reaction is very low (0.11 eV), so methylene 

could easily revert back to methylidyne. This has been observed previously on 

other metal surfaces [7][8][15][29]. However, if there is sufficient energy and 

hydrogen available, the reaction proceeds. 

As before, hydrogen diffuses closer to the methylene so that they are both on 

the same slab model. This is indicated by (CH2+H)+H. The methylene 

diffuses to the bridge site as the hydrogen approaches from the adjacent bridge 

site (Transition state III) to form methyl, CH1+H, at the bridge site. The 

activation energy is higher than the first two at 0.86 eV. This is to be expected 

since the methylene has to diffuse out of the hollow site to move higher to the 

bridge site. The reaction energy changes from +0.19 eV to +0.37 eV once ZPE 

is included. 
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The methyl and hydrogen start off at opposite bridge sites, (CH3+H). The 

hydrogen then moves across the hollow site to co-ordinate to t~e same Fe 

atoms (Transition state IV). This leads to methane CH r a\ h" h · t d ' -±U!.b W IC JUS nee S 

0.06 eV of energy to leave the surface as methane gas CH r (T\ Th t. t" , -±u:..L· e ac 1va 10n 

energy of the final hydrogenation is 0.71 eV. The reaction is the only 

exothermic step at -0.27 eV, however, this exothermicity decreases to -0.13 eV 

with ZPE correction. 

Table 3.12. Activation energies (EacJ for the forward and reverse reactions as well 

~s reaction ene~gies (LJ.Erxn) toward the formation of methane on Fe(JOO). Values 
znclude ze~o-poznt energy correction, with the value excluding zero-point energy in 
parentheszs. 

Reaction 
Eact( forward) Eact(reverse) 6Erxn 

[eV] [eV] [eV] 

c + H~CH 0.76 (0.74) 0.35 (0.44) +0.41 (+0.30) 

CH + H~CH2 0.75 (0.71) 0.11 (0 .21) +0.64 (+0.50) 

CHz + H ~ CH3 0.86 (0.81) 0.48 (0.62) +0.37 (+0.19) 

CH3 + H ~Cf4 0.71 (0.74) 0.83 (1.00) -0.13 (-0 .27) 

The overall methanation reaction is 0.77 eV endothermic, as seen in Figure 3.9, 

but this increases substantially to + 1.45 e V with ZPE corrections. Therefore, 

zero-point energies need to be taken into consideration especially in hydrogen

containing species. A point to note from Figure 3.9 is that the effect of ZPE 

does not decrease as you move from atomic carbon to methane. The zero 

reference point of methane in the gas phase is actually different with and 

without ZPE correction, therefore the entire PES shifts. 
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Our methanation activation energies are compared with those of Sorescu [7] 

and Lo and Ziegler [8] in Table 3.13. They did not report zero point energies 

so these values all exclude ZPE. 

· · · · z t n volts te Vl fior the fiormation Table 3.13. Comparitive act1vatwn energ1es me ec ro - I' 1 

of methane on Fe (I 00). Values exclude zero-point energy correction. 

This work Sorescu [7) Sorescu [7) 

C + H !::+ CH 

CH + H !::+ CH2 

CH2 + H !::+ CH3 

CH3 + H !::+ CliJ 

PAW-PW91 PAW-PBE USPP-PW91 
0.74 0.72 0.63 

0.71 0.71 0.65 

0.81 0.82 0.86 

0.74 0.50 

Ziegler [8) 
USPP-PW91 

0.63 

0.64 

0.81 

0.47 

Sorescu [7] used a slab model with six layers. He calculated barriers using 

USPP-PW91 as well as PA W-PBE functionals. Lo and Ziegler [8] modelled a 

five layer slab using USPP-PW91. There is close correspondence between our 
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PAW-PW91 results and the PAW-PBE results of Sorescu. He did not provide 

results for the hydrogenation of methyl to methane but we would expect it to be 

similar to our value. Sorescu and Ziegler are in good agreement with their 

USPP-PW91 results, which are mostly lower in value than our' s. One 

discrepancy was that Lo and Ziegler found that the first hydrogenation step was 

exothermic while Sorescu found it to be endothermic. We also found the first 

step to be endothermic. All three studies found the second and third 

hydrogenations to be endothermic and the final step to be exothermic. 

However our study found the overall methanation reaction to be endothermic 

whereas Sorescu and Ziegler found it to be thermoneutral. This once again is 

due to their use of USPP-PW91 versus our use of PAW -PW91. Sorescu does 

not provide full methanation results from PAW -PBE so this cannot be 

compared. 

3·5 Conclusions 
Density functional calculations of CHx species adsorbed on the iron (100) 

surface predict that the C, CH and CH2 preferentially adsorb at the four-fold 

hollow site, while CH3 prefers the bridge site. CH4 does not exhibit any site 

preference and is weakly physisorbed to the surface. Atomic hydrogen adsorbs 

at both the bridge and hollow sites. 

C and CH are the most stable C1 species on the surface. As the number of 

hydrogen atoms bound to C increases, the adsorption energy of the CHx species 

decreases. CH2 is less strongly adsorbed than C or CH and would be able to 

diffuse across the surface to facilitate chain growth. 

The addition of the first, second and fourth hydrogen have similar activation 

energies of0.76 eV, 0.75 eV and 0.71 eV respectively whereas that of the third 

hydrogenation, CH2+H -7 CH3, is slightly higher at 0.86 eV. The overall 

methanation reaction is 0. 77 e V endothermic which increases to + 1.45 e V with 
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ZPE. Zero-point energies need to be taken into consideration especially in 

hydrogen-containing species. 
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Chapter4 

Acetylene surface 

chentistry 

The surface chemistry of acetylene on Fe(wo) has been studied. The 

adsorptions of CC, CCH, CCH2 and CHCH have been investigated in 

various adsorption modes, as well as the step-wise formation of each 

in terms ofC-C coupling, hydrogenation and isomerisation reactions. 

CCH is the most stable C2Hx (x=0-2) species on the surface. All C2Hx 

(x=0-2) species preferentially adsorb at the four-fold hollow site. 

We propose two likely mechanisms to form C2H2 hydrocarbons. The 

first mechanism involves a carbon-carbon coupling step followed by a 

single hydrogenation. So, it is the coupling of C and CH to form CCH, 

which then hydrogenates to vinylidene or acetylene. The second 

mechanism involves one carbon-carbon coupling step, that of C+CH2 

to form vinylidene or CH +CH to form acetylene. 
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4.1 Introduction 
Once CO dissociates on the Fe(lOO) surface, the carbon can hydrogenate to 

form CHx species which either go on to form methane or can combine to form 

C
2
Hy and higher hydrocarbons. Due to the volume of results, it was necessary 

to divide the results into separate chapters. This chapter presents the first part 

of the study where we start from the point of two atomic carbons on the 

Fe(lOO) surface and build up the products through CCH up to C2H2. Obviously 

C
2
H

2 
may also form from dehydrogenation reactions and these will be 

discussed in later chapters. 

The adsorption and decomposition of acetylene on Fe(100) has been studied by 

Hung and Bemasek [1] and Brucker and Rhodin [2] using HREELS, TPD, 

AES and LEED. Acetylene adsorbs molecularly at the four-fold hollow 

position at 120 K, decomposing to CHand CCH at 250 Kat exposures < 0.2 L. 

At higher exposures and at temperatures below 200 K, adsorbed acetylene 

dehydrogenates to CH and CCH but is also hydrogenated to form species 

containing - CH2 or - CH3. Heating to 400 K results in some adsorbed atomic 

carbon and hydrogen desorption, and the intermediate containing -CH2 or -CH3 

dehydrogenates to form a CCH2 species. CCH decomposes at 310-360 K and 

is less thermally stable than CCH2 which decomposes at temperatures higher 

than 400 K. After 600 K, only carbon is present. 

The adsorption and decomposition behavior is similar on Fe(110) 

[3][4][5][6][7] and Fe(l11) [3][8]. Acetylene has been found to adsorb 

molecularly on a carbided Fe(l10) surface [6] as well as on Fe foils [9]. 

Molecular acetylene has been identified on the Ni(l11) surface at 120 K 

[10][11][12][13][14][15], with a proposed geometry where the carbon atoms 

residing almost directly above two adjacent three-fold hollow sites and at 

slightly different heights above the surface [16]. Decomposition of acetylene 

to CH and CCH occurs above 300 K, with dissociation to atomic carbon 
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occurring above 600 K [12]. At higher coverages, the formation of CCH3 is 

also observed at 330 K [ 12] [ 17]. In contrast, the stepped surface of nickel 

dehydrogenates acetylene upon adsorption [10]. Lehwald et a!. [18], using 

EELS and LEED, similarly suggested that a metastable C=C species is formed 

on the stepped surface which then dissociates to atomic carbon. Acetylene also 

adsorbs molecularly on Ni(l10) at 80 K [19]. 

Vattuone et a!. [20] adsorbed acetylene on Ni(lOO) and obtained a heat of 

adsorption of 2.74 eV using single-crystal adsorption calorimetry (SCAC). 

They further found that up to an acetylene coverage of 0.18 ML, mainly CH 

species form on the surface, but as the surface becomes crowded there is an 

increase in the CCH species present. 

Lo and Ziegler [21] recently studied C2 formation on Fe(l 00) using v ASP with 

a five layer iron slab and the first two layers relaxed. They found that most c2 

species favour adsorption at the hollow site. CCH and CCH2 are the most 

thermodynamically stable. 

Lee eta!. [22] studied the decomposition of acetylene on Fe(001), using the 

plane-wave self-consistent field (PWSCF) code. They concluded that the 

decomposition of acetylene by C-H bond breakage: CHCH ~ CCH ~ C+CH 

~ C+C was just as likely as C-C bond breakage: CHCH ~ CH+CH ~ C+CH 

~ C+C. The full dissociation of acetylene into atomic carbon is energetically 

favourable and exothermic. 

Anderson and Mehandru [23][24] calculated the adsorption of acetylene on 

Fe(lOO), (110) and (111) clusters, using the atom superposition and electron 

delocalisation molecular orbital theory (ASED-MO) method. They found that 

the high coordination hollow sites are favoured on (100) and (110) surfaces and 

the bridging site is favoured on Fe(lll). 
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Liu and Hu [25) looked at C-C coupling mechanisms on the flat and stepped 

Ru(OOOI) using a DFT-slab approach. The lowest barrier for C-C coupling was 

0.43 eV, for the C+CH reaction on the Ru-step. The lowest barrier on the flat 

Ru(OOOI) surface was 0.87 eV for the CH+CH reaction. They concluded that 

the CH2+CH2R mechanism had high barriers and the stepwise C+CR pathways 

is favoured. Cioblca [26] similarly ruled out CH2 as the building unit and 

proposed two mechanisms using CH as the building unit. 

During the formation of C2H2, several species can be present on the surface: C, 

CH, CH2, CH3, CC, CCH, CCH2, CHCH and hydrogen. In this chapter, we 

present adsorption energies (inclusive of zero-point energy correction), 

optimised structures and vibrational frequencies of CC, CCH, CCH2 and 

CHCH for several adsorption modes at 0.25 ML coverage at the high symmetry 

adsorption sites on Fe(lOO). The stable adsorption state of each species was 

determined by performing a full vibrational frequency analysis. We also look 

at co-adsorptions of C1 species and reaction pathways and propose a minimum 

energy pathway to C2H2, including transition states. 

4.2 Adsorptions on the Fe( too) surface 
The adsorptions of all fragments from CC leading up to C2H2 were considered 

on separate Fe(lOO) slabs. CC, CCH, CCH2 and CHCH were adsorbed in 

various configurations on clean four-layer Fe(lOO) slabs on a (2x2) unit cell 

such that the effective coverage is 0.25 ML. In conjunction with the vibrational 

frequency analysis, listed in Table 4.2, we were able to identifY the most stable 

adsorption mode of each specie. The stability of each configuration in every 

figure is labeled according to its vibrational analysis; min refers to a local 

minimum, ts is a transition state, and sp refers to a higher-order saddle point. 

4.2.1 Adsorption of dicarbon (CC) 

Dicarbon (CC) was adsorbed at the four-fold hollow, bridge and top sites on 

the Fe(IOO) surface, in both parallel and perpendicular configurations. The 
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seven optimised geometries are shown in Figure 4.1 , with the adsorption details 

given in Table 4.1 and the vibrational frequencies in Table 4.2. 

The optimised adsorption modes comprised of: 

(a) Hollow I, where the dicarbon is diagonally situated at the four-fold 

hollow; 

(b) Hollow 2, where the dicarbon is horizontally situated at the four-fold 

hollow; 

(c) Hollow 3 where the dicarbon is perpendicular to the Fe surface and 

situated at the four-fold hollow· 
' 

(d) 

(e) 
Bridge I, where the two carbons of the dicarbon bridge two Fe atoms; 

Bridge 2, where the dicarbon is perpendicular to the Fe surface 

situated at the bridge; 
and 

(f) Top I, where the dicarbon is parallel to the Fe surface and situated over 

an Fe atom; and 

(g) Top 2, where the dicarbon is perpendicular to the Fe surface and situated 

over an Fe atom. 

The Hollow I geometry (d = I 32 A -o 85A) · h c-c · , Zc- . IS t e most favourable, as 

well as being a local minimum. The adsorption energy (with respect to the 

clean slab and dicarbon in the gas phase, including ZPE) is -8.78 eV. There is 

a 0.25 eV increase in energy if the carbons are rotated towards the bridge sites, 

as in Hollow 2 (dc.c= l.34 A, zc=0.80A), although this is also a local minimum. 

The perpendicular orientation of CC at the hollow site Hollow 3 · 1 29 y 
, , IS . e 

higher in energy than the parallel configuration, Hollow 1. Furthermore 

Hollow 3 is a second-order saddle point. The adsorptions at the bridge and to; 

sites were transition states or higher-order saddle points. Overall, the parallel 

orientation of the carbon-carbon bond to the metal surface is favoured over the 

perpendicular orientation. 
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Tilted configurations were suggested in a previous DFT study [21] but attempts 

to optimise a similar structure resulted in the optimisation reaching our Hollow 

1 or Hollow 2 final geometries. Furthermore, the most stable adsorption 

energy reported by that study was -7.78 e V, therefore two of our configurations 

are even more stable. Hung and Bernasek [1], using HREELS, did not find 

evidence for dicarbon as a decomposition product of acetylene on Fe(100). 

Table 4.1. Adsorption of dicarbon on Fe (I 00) ate = 0.25ML 
ZPE l'.Eacts 

noZPE 

l'.Eacts de-c ZCI zcz 

[eVt [At [A]" [A)c [eVt [eV]e 

Hollow 1 -8.78 1.32 0.85 0.85 0.20 -8.84 

Hollow 2 -8.53 1.34 0.80 0.80 0.18 -8.57 

Hollow 3 -7.49 1.31 0.51 1.81 0.16 -7.51 

Bridge 1 -6.66 1.29 1.72 1.72 0.16 -6.68 

Top 1 -6.21 1.35 1.53 1.53 0.16 -6.23 

Bridge 2 -6.11 1.29 1.48 2.78 0.16 -6.12 

-5.26 1.29 1.73 3.03 0.14 -5.26 
Top 2 

a t.E is the adsorption energy relative to the clean slab and dicarbon in the gas phase including ZPE; 
~ . 

bdc.c is the carbon-carbon bond length; <zc is the height of the carbons of the CC molecule w1th respect 

to the surface level ; dZPE is the zero-point energy; 't.E,ds'\OZPE is the adsorption energy without ZPE. 

Hollow 1 
0.00 (min) 

: .. ~ ... 

[ -#>~\iJ!r. ·(~ 

...) t <'; 

- ~· ~ 

·:.. ~lj 

' ' . '"-~ . 
~;t~ ~t~ 

Hollow 2 
+0.25 (min) 

li •. 

~~ (:'. ,. 
• Jl 

. '" 

Hollow 3 
+ 1.29 (sp) 

• • 
~ ... 

.. . 
Top 1 Bridge 2 Top 2 

• .;. ,f. 
., 

• ... {!- _., " 

' .. ., .. ~ 

Bridge 1 
+2.12 (sp) 

+2.57 (ts) +2.67 (sp) +3.52 (sp) 
Figure 4.1. Adsorption modes of dicarbon on Fe (I 00), with respect to the adsorption 

at the preferred site (in eV and including ZPE) and stability. 
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4.2.2 Adsorption of ethynyl (CCH) 

We investigated the adsorption of ethynyl (CCH) at the top, bridge and four

fold hollow sites in perpendicular and tilted configurations. Optimised 

geometries are shown in Figure 4.2, adsorption details are in Table 4.3 and 

frequencies are provided in Table 4.2. 

The five optimised geometries were: 

(a) Hollow 1, where the carbon of ethynyl is at the four-fold hollow while the 

CH is tilted to the bridge; 

(b) Hollow 2, where the carbon of ethynyl is at the four-fold hollow while the 

CH is tilted to the top; 

(c) Hollow 3, where the ethynyl is perpendicular to the Fe surface and 

situated at the four-fold hollow; 

(d) Bridge, where the ethynyl is perpendicular to the Fe surface and situated 

at the bridge; and 

(e) Top, where the dicarbon is perpendicular to the Fe surface and situated 

over an Fe atom . 

The only local minimum was Hollow 1 (dc.c= l.39 A, zc=0.64A, 

.LCCH=131.9°). The adsorption energy (with respect to the clean slab and 

ethynyl in the gas phase, and including ZPE correction) is -6.28 eV. The C-C 

bond tilts away from the surface normal by 55.5" toward the bridge site. This 

molecule has been detected on the Fe(lOO) surface by HREELS [1] and the 

structure is in agreement with the one proposed by that work as well as by DFT 

[21]. 

The Hollow 2 adsorption mode (dc-c= l.37 A, zc=0.67 A) is very similar but tilts 

by 52.9° (from the surface normal) toward the top site. From Table 4.2, we see 

that the imaginary frequency is quite low, 31i cm- 1
• A point to note when 

considering low frequencies such as this is that adsorbate-surface coupling is 

not taken into consideration in the frequency calculations. This would affect 
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the low frequency values and may mean that low imaginary frequencies are 

actually real or vice versa. This implies that Hollow 2 might be a stable 

adsorption mode. 

The configurations with the C-C bond perpendicular to the surface at the 

hollow, bridge and top sites are significantly higher in energy. The 

perpendicular orientation of CCH at the hollow site, Hollow 3, is 1.16 eV 

higher in energy than the most stable orientation. This is lower than the 1.33 

eV difference for the dicarbon. 

Table 4.2. Vibrational frequency analysis for CC, CCH, CCH2 and CHCH on 

Fe(JOO) ate = 0.25 ML. All frequencies are in cm-
1 

vi v2 v3 1•4 v5 v6 

Dicarbon (CC) 

Hollow 1 259 277 278 319 562 !488 

Hollow 2 139 269 302 445 478 1337 

Hollow 3 !94i l92i 292 359 360 1575 

Bridge I !42 i 114i 73 446 480 1597 

Top I 163i 28 306 399 512 1361 

Bridge 2 1 OOi 83i 140 343 372 1677 

Top2 !O li !OOi 57 58 465 1690 

Ethynyl (CCll) 

Hollow I 

Hollow2 

Hollow3 

Bridge 

Top 

223 266 345 352 429 608 

3 I i 277 338 371 484 645 

269i 268i 291 291 294 417 

24i 54 239 239 297 548 

39i 22i 214 215 388 608 

Vinylidene (CCH1) 

Hollow l 19 

Hollow 2 153i 

Hollow 3 283i 

Hollow4 222i 

Hollow 5 I. 72i 

Bridge I 14 

Bridge 2 80i 

Top 17i 

Acetylene (CHCH) 

Hollow I 229 

Hollow 2 156 

240 

!57 

207 

285 340 359 

21 7 336 347 

225 329 330 

I 05i 222 353 356 

14 181 272 274 

11 2 201 236 340 

7 1 !4 217 258 

35 179 275 277 

235 287 388 399 

242 3 18 37 1 454 

153 3!0 380 4!8 

374 

370 

394 

402 

297 

369 

353 

474 

679 

582 

557 

v7 v9 

845 I 236 3096 

875 I 321 3093 

42 I ! 638 3356 

673 1841 3358 

611 1909 3371 

786 

720 

674 

643 

779 

821 

797 

737 

817 

666 

741 

931 

912 

896 

987 

959 

922 

881 

869 

895 

79 1 

941 

1!29 

11 59 

11 58 

1257 

1284 

1349 

13 17 

1326 

1099 

990 

1097 

viO vll vl2 

1389 2943 2999 

1382 2873 2908 

1347 2576 3088 

1568 2491 3072 

1424 2985 3054 

1490 3007 3073 

1458 3037 3107 

1558 3038 3103 

1265 2907 2930 

ll 26 2500 3075 

11 46 288 I 2903 
Hollow 3 47 

Bridge I 

Bridge 2 

Top 

54i 268 427 454 477 726 784 868 929 1026 2957 2973 

39i 20i 122 414 443 514 750 869 1063 1327 2963 2997 

83i 77 156 416 486 624 775 791 955 1474 3081 311 1 
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Ethynyl has been experimentally [ 1 ][27] identified as a decomposition product 

of acetylene on Fe(100). HREELS losses at 1250 and 2880 cm-t, which 

correspond to C-C stretching and C-H stretching modes, compare well with the 

calculated values of 1236 and 3096 cm-1
. 

Table 4.3. Adsorption of ethynyl on Fe (I 00) ate = 0.25ML 

LlEacts 

[eV]a 
Tilt ZPE 

[eV]e 

AEactsno 
ZPE 

Hollow 1 -6.28 1.39 0.64 1.43 1.09 55 .5 131.9 0.46 -6.37 
Hollow 2 -6.22 1.37 0.67 1.50 1.09 52.9 129.7 0.46 -6.31 
Hollow 3 -5.16 1.28 0.51 1.79 1.07 0 180.0 0.42 -5.21 
Bridge -4.47 1.24 1.56 2.80 1.07 0 180.0 0.45 -4.56 
Top -3.99 1.23 1.89 3.13 1.07 0 180.0 0.45 -4.08 

: AE,ds is the adsorption energy relative !o the clean slab and ethynyl in the gas phase including ZPE; 
de-c IS t~e carbon-carbon bond length; Zc IS the height of the carbons of the CCH with respect to the 

surface; dc-H IS the carbon-hydrogen bond length; 'ZPE is the zero-point energy· I L'>E noZPE · s th 
adsorption energy without ZPE. ' ads 

1 

e 

. ,. 

.. ... . ~· . " 

Hollow 1 
0.00 (min) 

• I 

• • . . 
Top 

+2.29 (sp) 

~ . 
. ..... .. 

• • • 
. . . 

Hollow 2 
+0. 06 (ts) 

. . 
• • • . . 

Hollow 3 
+1.12 (sp) 

. . -
.. .. 

• • • 

Bridge 
+ 1.81 (ts) 

Figure 4.2. Adsorption modes of ethynyl on Fe(1 00}, with respect to the adsorption 

at the preferred site (in e V and including ZP E) and stability. 

Adsorption of vinylidene (CCH2) 

Vinylidene (CCHz) was calculated at the four-fold hollow, bridge and top sites, 

tilted and perpendicular to the Fe(IOO) surface. The optimised structures are 
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provided in Figure 4.3, adsorption details in Table 4.4 and frequency data in 

Table 4.2. 

Eight configurations of CCH2 were optimised: 

(a) Hollow 1, where the carbon of the vinylidene is at the four-fold hollow 

and the CH2 is tilted to an Fe atom; 

(b) Hollow 2, where the carbon is at the four-fold hollow and CH2 is tilted to 

a bridge site; 

(c) Hollow 3, which is similar to Hollow 2 but the hydrogens are rotated by 

90°; 

(d) Hollow 4, which is similar to Hollow 1 but the hydrogens are rotated by 

90°; 

(e) Hollow 5, where the vinylidene is perpendicular to the Fe surface at the 

four-fold hollow; 

(f) Bridge 1, where the vinylidene is perpendicular to the Fe surface at the 

bridge site with each hydrogen situated over an Fe atom; 

(g) Bridge 2, which is similar to Bridge 1 but the hydrogens are over hollow 

sites; and 

(h) Top, where the vinylidene is perpendicular to the Fe surface and situated 

on an Fe atom. 

The tilted modes are quite similar in energy but there is only one minimum, i.e. 

Hollow 1 (de.e=1.44 A, zc=0.63A). However, its low frequency of 19 em·' 

may be affected if adsorbate-surface coupling is considered. The Hollow 1 

configuration has an adsorption energy (with respect to the clean slab and 

vinylidene in the gas phase, including ZPE) of -4.71 eV. The molecule is tilted 

away from the surface normal by 38°, toward the top site. 

Hollow 2 has the same energy as Hollow 1 but is tilted toward the bridge site 

by 46.7° (to the surface normal). Due to the one imaginary frequency of 153i 

em·', it is a transition state. A previous DFT study [21] suggested that the 
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Hollow 2 structure is the most stable. However, they did not support their 

findings with a vibrational frequency analysis, therefore they did not realise 

that they were not at the most stable configuration. An earlier experimental 

study [1] proposed that CCH2 adsorbs with both carbons on the bridge site, 

since the intensity of the vee stretching mode at 1220 em·' suggested that the 

CC bond of CCH2 is nearly parallel to the surface. That proposed structure is 

not supported by this study. 

Table 4.4. Adsorption ofvinylidene on Fe(JOO) at() = 0.25ML 

[eV] 

Hollow 1 -4.71 
Hollow 2 -4.73 
Hollow 3 -4.64 
Hollow 4 -4.55 
Hollow 5 -4.28 

1.44 
1.43 
1.43 
1.39 
1.39 

zc1 
[A]c 

0.63 
0.66 
0.56 
0.56 
0.58 

zc2 
[A]c 

1.77 
1.64 
1.59 

1.74 
1.97 

dc-H 
[A] 

1.10 

1.11 

1.14 
1.10 

1.10 

37.7 
46.7 
43.9 
31.9 

0 

111 .6 
110.0 
113 .8 
108.4 

ZPE 

[eV] 

0.73 
0.71 
0.70 
0.70 

[eV] 

-4.81 
-4.80 
-4.71 
-4.62 

115.0 0.71 -4.36 
. . . . 0 0.74 -3.53 Bridge1 -3.43 134 144 278 110 115.6 

Bridge 2 -3.39 1.35 1.38 2.73 1.09 0 116.2 0.72 -3.48 

.Top . -2.99 1.33 1.62 2.95 1.09 0 116.7 0.74 -3.09 
bl-.Eads_ ls the adsorptiOn energy relative to the clean slab and vinylidene in the gas phase including ZPE; 
dc.c IS the carbon-carbon bond length; 'Zc IS the height of the carbons of the CCH2 molecule with 

respect to the surface leveL 

. .. . 
. ~ .. 

~ ... ' .. . . .. 
Hollow 1 
0.00 (min) 

.. . 
j ' .. ... ,. .. 

• • 

Hollow 2 
-0.02 (ts) 

' . . • ~ . . 
~ 

. ' . 

Hollow 3 
+0.07 (ts) 

.. . . ... .. 
• a 

Hollow 4 

+0.16 (sp) 

Hollow 5 Bridge 1 Bridge 2 Top 

. +0.43 (ts) + 1.28 (min) + 1.32 (ts) + 1. 72 (ts) 
F1gure 4.3. A_dsorption modes ofvinylidene on Fe(JOO), including ZPE, with respect 

to the adsorptwn at the preferred site (in e V) and stability 
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Adsorption of acetylene (CHCH) 

Acetylene was calculated at the hollow, bridge and top sites. The optimised 

adsorption modes, presented in Figure 4.4, comprised of: 

(a) Hollow 1, where the acetylene is diagonally situated at the four-fold 

hollow; 

(b) Hollow 2, where one carbon is at the four-fold hollow and the other 

carbon is tilted to the bridge; 

(c) Hollow 3, where the acetylene is horizontally situated at the four-fold 

hollow; 

(d) Bridge 1, where the acetylene is perpendicular to the two adjacent Fe 

atoms; 

(e) Bridge 2, where the acetylene bridges the two Fe atoms; and 

(f) Top, where the acetylene is situated on an Fe atom. 

Three minima were identified for CHCH at the four-fold hollow site. The most 

stable minimum is Hollow 1, which is in agreement with recent work [21 ][22]. 

The adsorption energy (with respect to the clean slab and acetylene in the gas 

phase, including ZPE) is -2.83 eV. This is similar to the -2 .74 eV obtained by 

experiments on Ni(1 00) [ 12]. The calculated C-C bond length of 1.40 A (Table 

4.5) is the same for acetylene adsorbed on Ni(111) [28]. Rotation of the 

molecule toward the bridge sites gives Hollow 3 which is a local minimum but 

less stable than Hollow 1 by 0.38 eV. Hollow 3 has previously [1][23] been 

suggested to be the most stable. A ti lted configuration, Hollow 2, was also 

identified as a local minimum. It has an adsorption energy of -2.55 eV. One 

carbon is located at the four-fold hollow and the second carbon is tilted by 

65.0 ' toward the bridge site. 

Acetylene adsorption has been observed on Fe(lOO) [1][2] as well as on 

Fe(llO) by Erley et al. [5] where they assigned C-H stretching to 2940, C-C 

stretching to 1240 and C-H bending to 1150, 870 and 700 cm·
1

. Our calculated 

values of 2930, 1265, 1099, 895 and 679 cm-1, respectively, are comparable. 
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They are further comparable to the vibrational modes assigned from EELS of 

acetylene adsorption on Ni(lll ), which are 2920, 1220, 1080, 860 and 690 
-1 • em respectively [10] . 

Table 4.5. Adsorption of acetylene on Fe(JOO) ate= 0.25 ML 

AEads dc.c ZCI Zcz dc-H Tilt 
[ev]• [A]b [A]" [A]c [A]d [o] 

Hollow 1 -2.83 1.40 1.36 1.36 1.11 0 
Hollow 2 -2.55 
Hollow 3 -2.49 

1.42 
1.42 

0.74 
1.32 

1.34 
1.32 

1.10 65 .0 
1.11 0 

Bridge 1 -2.24 1.49 0.84 0.84 1.10 o 

ZPE ~Eads 
noZPE 

[eV]0 [eV]f 

0.75 -2.85 
0.70 -2.52 
0.72 -2.48 
0.74 -2.25 

. . 1.10 0 0.71 -1.41 Bridge 2 -1.43 1.35 1 76 1 79 
Top -1.35 1.32 1.87 1.87 1.09 0 0.74 -1.35 

: L'.Eads_ is the adsorption energy relative t~ the clean slab and acetylene in the gas phase including ZPE; 
dc.c IS the carbon-carbon bond length; Zc are the heights of the carbons of the CHCH molecule with 

respect to the surface level; ddc.H is the carbon-hydrogen bond length· 'ZPE ·s th · f noZPE . . ' I e zero-pomt energy; 
L'.Eads IS the adsorption energy without ZPE. 
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.. . ........ . 
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.• ~ 

.~ -~· . ' 

Bridge 1 
+0.59 (ts) 

Figure 4.4. Adso~pti~n modes of acetylene on Fe (I 00), with respect to the adsorption 

at the preferred s1te (me V and including ZP E) and stability. 

4·3 Co-adsorptions and transition states 
The determination of the potential energy surface of acetylene formation 

involved consideration of C-C coupling (CHx co-adsorptions), hydrogenation 

(ofC2Hy), hydrogen abstraction as well as isomerisation reactions. 
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In this section, the results are presented in terms of the step-wise formation of 

CC, CCH, CCH
2 

and CHCH. The most favourable reactions are presented in 

Figure 4.16. 

4.3.1 Formation of dicarbon by C-C coupling: C + C -7 CC 

The four-fold hollow is the preferred adsorption site of the carbon atom, 

therefore, two configurations were considered for the co-adsorption of two 

carbons; Trans and Cis 1, illustrated in Figure 4.5. Both configurations have all 

real frequencies (Table 4.12). Trans is the more stable configuration. 

However, it is unlikely that the reaction would proceed directly from this 

position as carbon would not be likely to diffuse across the top site. The 

relative adsorption energy (-8.52 eV as given in Table 4.6) of atomic carbon 

when the carbons are trans to each other is more negative than that of atomic 

carbon (-8.28 eV), therefore there is a stabilizing effect of atomic carbon which 

is in the order of stabilization provided by having a hydrogen atom present 

(-8.57 eV as given in Table 3.8). 

If the carbons begin in the cis configuration, as in Cis 1, where the two carbons 

are at adjacent hollow sites, 2.83 A apart, one carbon remains at the hollow 

while the second carbon diffuses toward it via the bridge site. At the transition 

state Cis 2 the C-C bond length is 1.60 A and the activation energy is a high , __ , 
1.94 eV (including ZPE). This reaction is unlikely at low coverage as carbon 

adsorbs strongly to the surface and will not easily diffuse over the surface. 

However, under cases of very high coverage of carbon, dicarbon may form. 

Lo and Ziegler [21] found a similarly high activation energy of 2.18 eV. 

However, their product was in a tilted orientation so they had a less 

endothermic reaction energy. As mentioned previously, we did not locate a 

similar orientation in our study. 
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Table 4.6. Co-adsorption ofC + Con Fe(100) 

C+C AEacts(C) [eV] dc.c [A]" zc[A]b 

Trans -8.52 4.00 0.46 (0.46) 
Cis 1 -8.14 2.83 0.48 (0.48) 
Cis 2 1.60 0.56 (0.90) 

"Carbon-carbon bond length; 6 C l height above the surface with the height of C2 in parenthesis. 

" ~"'"->~1 

"' -. ., • 

.. ., '---i~' 
' .. . 

Trans Cis 1 Cis 2 
0.00 (min) +0.37 (min) +2.31 (ts) 

Figure 4.5. Adsorption modes of C+C co-adsorption on Fe(JOO), including ZPE, 
with respect to the most energetically favourable configuration (in e V), and stability. 

4-3-2 Formation of ethynyl 

The possible pathways to form ethynyl are by hydrogenation of CC, direct 

coupling ofC+CH, and dehydrogenation ofCCH2 or CHCH. 

4-3-2.1 Hydrogenation of CC: CC + H -7 CCH 

Several co-adsorptions of dicarbon and atomic hydrogen were investigated. 

Dicarbon in the Hollow 1 (AEacts = -8.78 eV) and Hollow 2 (AEacts = -8.53 eV) 

configurations were used, see Figure 4.6. The co-adsorption of hydrogen in the 

adjacent hollow has a slight destabilising effect (Table 4.7) on the adsorption of 

dicarbon. Trans 1 and Cis 1 were the most energetically stable co-adsorptions 

although they are transition states. The normal modes of the imaginary 

frequency correspond to the movement of the hydrogen out of the hollow site. 

Transition states were located for two pathways. 

The first pathway commences from the Cis 1 configuration, with the hydrogen 

located at the adjacent hollow, 2.55 A from the CC. The reaction proceeds 

with the hydrogen diffusing over the bridge. An activation energy of 0.55 eV 

is required to reach the transition state, Cis 3, where hydrogen is 1.33 A from 

the CC. 
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The second pathway starts from Trans 2 configuration, where the hydrogen is 

in the trans hollow position, 3.56 A from the CC. The hydrogen diffuses 

toward the CC via the top site to give the transition state, Trans 3, where the 

hydrogen is 1.70 A from the dicarbon. The activation energy for this pathway 

is 0.76 eV. 

The difference in activation energies is not large. However, this is not a likely 

reaction since we do not expect to have CC available on the surface. If we are 

considering the decomposition of CCH, then the reverse reaction is 

thermodynamically unfavourable as C+CH is more stable on the surface than 

CC+H. Therefore, C-C bond breakage would be more likely than C-H bond 

breakage. 

Table 4. 7. Co-adsorption ofCC + H on Fe(JOO) 

M:acts(CC) de-c dc-H zc ZH 
CC+H 

[eV] [A]a [At [A]c [A]d 

Trans 1 -8.77 1.32 3.38 0.92 0.42 

Cis 1 -8.61 1.32 2.55 0.88 0.31 

Trans 2 -8.57 1.35 3.56 0.71 0.58 

Cis 2 -8.46 1.34 2.95 0.80 0.30 

Cis 3 1.33 1.53 0.84 (0.92) 0.88 

Cis 4 1.31 2.31 0.99 0.22 

Trans 3 1.35 1.70 0.72 (0.96) 1.57 

• Carbon-carbon bond length; 6 Hydrogen distance from closest carbon of CC; c Carbon height above 
the surface with the height of the second carbon in parentheses when different; d Hydrogen height 

above the surface. 
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Figure 4.6. Adsorption modes of CC+H co-adsorption on Fe(JOO), including ZPE, 
with respect to the most energetically favourable configuration (in e V), and stability. 

4 ·3·2·3 Direct coupling: C + CH ~ CCH 

Atomic carbon and methylidyne were co-adsorbed at trans and cis four-fold 

hollow sites (Figure 4.7). The Trans 1 configuration was the most stable and a 

local minimum. However, the diffusion of CH over the top site was 

investigated but found to be unlikely. The co-adsorption of CH has a 

significant stabilising effect on the C. As indicated in Table 4.8, the adsorption 

energy of carbon increases to -8.79 eV (from -8.28 eV) in the presence of CH. 

This means that C becomes more stable in the presence of CH than it does in 

the presence of another carbon atom. The Cis 1 configuration is a more 

reactive starting point. 

We considered two ways of arriving at the Cis 1 configuration. The first 

involves the diffusion of CH from the trans (Trans 1) to the cis (Cis 1) position 

via the bridge site. The transition state is Trans 2, and the activation energy for 

diffusion is + 1.73 eV. The second pathway, as indicated in Figure 4.8, is by 

the hydrogenation of carbon to methylidyne, in the presence of another carbon. 

The activation energy for the hydrogenation is 0.94 eV. This activation energy 

is higher than the 0.76 eV required for the same reaction without the second 
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carbon present. The activation energy for the reverse reaction, the dissociation 

of the CHin the presence of carbon, is 0.34 eV. 

When the C and CH are at adjacent hollow sites, as in Cis 1, the C-C distance is 

2.84 A. Carbon-carbon coupling can then occur by the diffusion of the CH 

across the bridge site. This has a barrier of 1.37 eV and leads to the Cis 2 

transition state. The C-C bond length at the transition state is 1.85 A. Lo and 

Ziegler [21] had a similar barrier of 1.27 e V, however, with a longer C-C bond 

length of 2.22 A for the transition state structure. 

Table 4.8. Co-adsorption ofC + CHon Fe(JOO) 

L'.Eacts(C) L'.Eacts(CH) dc.c dc-H zc ZcH 

C+CH 
[eV] [eV] [At [Alb [Ar [A]d 

Trans 1 -8.79 -7.60 4.01 1.11 0.48 0.59 

Cis 1 -8.03 -6.84 2.84 1.11 0.47 0.66 

Trans 2 3.13 1.10 0.50 1.23 

1.85 1.11 0.50 0.74 
Cis 2 
"Carbon-carbon bond length ; 6Carbon-hydrogen bond length; c Carbon height above the surface; 

dCarbon of CH height above the surface. 
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Figure 4.7. Adsorption modes ofC+CH co-adsorption on Fe(JOO), including ZPE, 
with respect to the most energetically favourable configuration (in e V), and stability. 
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Figure 4.8. Hydrogenation of carbon to methylidyne, in the presence of carbon 
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4·3·3 Formation of vinylidene 

The possible pathways to form vinylidene are by hydrogenation of CCH, direct 

coupling of C+CH2, isomerisation of acetylene (discussed in section 4.3.4.3), 

and dehydrogenation of CCH3 or CHCH2. 

4·3·3·1 Hydrogenation of ethynyl: CCH+H?CCH2 

Several co-adsorptions of ethynyl and atomic hydrogen were optimised, with 

the ethynyl in the CCH Hollow 1 and Hollow 2 positions. The presence of 

hydrogen has a slightly stabilising effect on the ethynyl, the adsorption energy 

increases to -6.40 eV (Table 4.9). As indicated in Figure 4.9, the Trans 1 is the 

most stable configuration, and also the starting configuration for both CCH2 

and CHCH formation. 

Two transition states were located for CCH2 formation starting from Trans 1. 

Cis 3 is the transition state to form the CCH2 Hollow 3, with an Eact of0.67 eV. 

In this case, the hydrogen diffuses via the hollow site and is 0.57 A above the 

surface. Trans 4 is the transition state to form the CCH2 Hollow 2, with an Eact 

of 0.58 eV, and at which point the hydrogen is 1.38 A above the surface. The 

reverse reaction is very favourable and the CCH2 will easily dissociate to 

CCH+H. 

Table 4.9. Co-adsorption ofCCH + H on Fe(JOO) 

CCH+H 
L'.Eacts(CCH) LCCH dc.c dc-H2 Zcl ZC2 ZH2 

[eV] [at [Alb [A]" [At [At [A]e 
Trans 1 -6.40 133.1 1.39 3.87 0.66 1.45 0.34 
Trans 2 -6.34 130.4 1.37 3.71 0.68 1.51 0.34 
Trans 3 -6.23 133.9 1.38 2.50 0.62 1.43 1.11 
Cis 1 131.7 1.38 2.76 0.65 1.44 0.30 
Cis 2 134.4 1.37 2.46 0.64 1.47 0.27 

Trans 4 129.4 1.40 1.52 0.62 1.44 1.38 

Cis 3 133.6 1.40 1.55 0.62 1.40 0.57 
a CCH bond angle ; 6 Carbon-carbon bond length; c Carbon to bonding hydrogen distance; J Carbon 

he1ghts above the surface; • Bonding hydrogen height above the surface. 
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Figure 4.9. Adsorption modes ofCCH+H co-adsorption on Fe(JOO), including ZPE, 
with respect to the most energetically favourable configuration (in e V), and stability. 

4.3.3.2 Direct coupling: 
Three stable configurations with atomic carbon and methylene co-adsorbed on 

the surface were located (Figure 4.1 0): Trans 1, Cis 1 and Trans 3. It is 

interesting to note, from Table 4.10, that C and CH2 are mutually stabilising. 

Although CH2 has a lesser effect on the stability of carbon than CH. After 

conducting NEBs on the three stable configuration, it was found that none of 

these minima yielded minimum energy pathways. 

The only starting configuration that yielded a transition state was Cis 2. The 

CH
2 

is initially in the four-fold hollow, with the carbon 0.88 A above the 

surface. As it diffuses toward the atomic carbon, via the bridge site, the height 

of the carbon ( ofthe CH2) from the surface increases to 1.53 A. The transition 

state, Cis 3, has an activation energy of 0.73 eV and a C-C bond length of 1.95 

A. The reaction is 0.34 eV exothermic. This is in agreement with the previous 

DFT study [21]. 

The hydrogenation of methylidyne to methylene in the presence of atomic 

carbon was also considered (Figure 4.11). The Eact of 0.97 eV is higher than 

the 0.75 eV that is required when carbon is not present. The activation energies 
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of the reverse reaction are similar. Therefore, even in the presence of carbon, 

the CH2 would easily convert to CH. 

Table 4.10. Co-adsorption ofC + CH2 on Fe(JOO) 

C+CH2 
Llliacts(C) Llliads(CHz) dc.c LHCH zc ZCH2 

[At [At [A]d 

Trans 1 -4.86 4.01 101.4 0.48 0.67 

Trans 2 -8.46 -4.73 4.01 94.3 0.49 0.69 

Cis 1 2.84 100.0 0.50 0.70 

Trans 3 3.28 111.0 0.51 1.58 

Cis 2 2.87 98.4 0.42 0.88 

Cis 3 1.95 112.2 0.50 1.53 

Cis 4 2.03 105.4 0.53 1.29 
"Carbon-carbon bond length; 6 HCH bond angle of CH2; c Carbon height above the surface; J Height 
of the carbon of CH2 above the surface. 

' ' . ··~ · . *' • 
·c~;:~ • 
' \ 

Trans 1 
0.00 (min) 

J--.; fli 

. , •:"'. . . .. 

Trans 2 
+0.14 (ts) 

Cis 1 
+0.67 (min) 

• • 
' . 
#f' -~· • . .. . 

~2 ~3 ~4 

+1.15 (sp) +1.88 (ts) +2.04 (sp) 

j 'f:l I ~ t• j 

@ t ~ 
't. ' 

i . ' . 
Trans 3 

+0.98 (min) 

F~gure 4.10. Adsorption modes ofC+CH2 co-adsorption on Fe(JOO), including ZPE, 
w lfh respect to the most energetically favourable configuration (in e V), and stability. 
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Hydrogenation of methylidyne to methylene, in the presence of carbon. 
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4·3·4 Formation of acetylene 

The possible pathways to form acetylene are by hydrogenation of CCH, direct 

coupling of CH+CH, isomerisation of CCH2 and dehydrogenation of CHCH2. 

4·3·4·1 Hydrogenation of ethynyl: CCH + H -7 CHCH 

The CCH+H Trans 1 configuration is the precursor to acetylene formation. As 

shown in Figure 4.12, the hydrogen starts off at the trans four-fold hollow site 

and diffuses across the top site to bond with the CCH, forming CHCH. The 

activation energy for this reaction is 0.86 eV. This is a higher Eact than that of 

the hydrogenation of CCH to form CCH2 although the reaction energies are 

similar so they are both thermodynamically likely. 

. ~ 
0.86 eV 

Transition state 

4 ~ 
0.38 eV 

v ( cm-1
) 732; 141 322 345 354 410 504 699 940 1358 1793 3041 

Figure 4.12. Hydrogenation of ethynyl to acetylene. 

4.3.4.2 Direct coupling: CH + CH -7 CHCH 

Two configurations, as shown in Figure 4.13, were considered in the co

adsorption of two CH species. The Trans configuration was a local minimum 

(Table 4.11) and the most stable. However, the Cis 1 configuration was the 

starting point of the reaction. 

At this starting point, the C-C distance was 2.84 A with both carbons located 

0.62 A above the surface. As the reaction commences, the methylidyne 

diffuses via the bridge site to reach the transition state. At the transition state, 

the C-C bond is 1.84 A and the carbons are 0.67 A above the surface. The 

activation energy is 1.17 eV. This is higher than the 0.87 eV barrier on the flat 

Ru(0001) surface [25]. Lo and Ziegler [21] have a higher barrier of 1.44 eV. 
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Their transition state structure has a slightly longer bond length of 1.99 A and 

the carbons are not at the same height above the surface. 

We reported an activation energy of 0.94 eV for the hydrogenation of one 

carbon in the presence of another carbon. In Figure 4.14, we see that a very 

similar activation energy of 0.91 eV is required to then hydrogenate the second 

carbon. The activation energy of the dissociation of CH in the presence of CH 

is also very similar to that in the presence of C; 0.37 eV compared to 0.34 eV. 

This value is lower than the one calculated using the PWSCF code [22]. CH is 

slightly destabilised by the presence of another CH. The adsorption energy 

decreases from -7.66 e V to -7.52 e V (Table 4.11 ). 

Table 4.11. Co-adsorption ofCH + CHon Fe(J 00) 

CH+CH 

Trans 

Cis I 

Cis 2 

Llliads( CH) dc.c 
[eV] [A]" 

-7.52 

-6.80 
4.00 

2.84 

1.84 

dc-H zc 
[At [At 
1.11 0.57 
1.11 0.62 
1.11 0.67 

• Carbon-carbon distance; Carbon-hydrogen bond length; c Carbon height above the surface (same for 
both) 

Trans Cis 1 Cis 2 
. 0.00 (min) +0.73 (min) +1.89 (ts) 

Ftgure ~.13. Adsorption modes of CH+CH co-adsorption on Fe(JOO), including 
ZPE, wtth respect to the most energetically favourable configuration (in eV and 
stability. ' 
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Figure 4.14. Hydrogenation of carbon to methylidyne, in the presence of methylidyne. 
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4-3-4-3 Isomerisation: CCH2 -7CHCH 

Although vinylidene and acetylene are at the same thermodynamic level on the 

potential energy surface (Figure 4.16), the isomerisation is not an easy reaction. 

The determination of the transition state for the isomerisation in Figure 4.15 

shows us that these two molecules are not easily inter-changeable. 

It takes 1.50 eV of energy to convert from one state to the other. The C-H bond 

length is 1.10 eV for acetylene and vinylidene. However, at the transition state, 

the C-H bond length elongates to 1.28 A. 

Lo and Ziegler [21] identified an even higher barrier of 2.23 eV for this 

reaction. However, they did not consider CCH2 and CHCH at their most stable 

starting configurations as we did, and at their transition state the C-H bond was 

1. 77 A compared to our 1.28 A. 
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Figure 4.15. Isomerisation ofvinylidene to acetylene 
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Table 4.12. Vibrational frequency analysis for acetylene formation on Fe(JOO) ate = 
0.25 ML. All .frequencies are in cm·1 

vi v2 v3 v4 v5 v6 v7 v8 v9 viO vll 

C+C 
Trans 359 359 404 404 530 556 
Cis 1 431 434 500 506 54 7 624 
Cis 2 
C+CH 
Trans 1 
Cis 1 
Trans 2 
Cis 2 
C+CH2 

Trans 1 
Trans 2 
Cis 1 
Trans 3 
Cis 2 
Cis 3 
Cis 4 
CH+CH 
Trans 
Cis 1 
Cis 2 
CC+H 
Trans 1 
Cis 1 
Trans 2 
Cis 2 
Cis 3 
Cis 4 
Trans 3 
CCH+H 
Trans 1 
Trans 2 
Cis 1 
Cis 2 
Trans 4 
Cis 3 

361 324 340 416 557 878 

279 280 420 421 471 511 513 548 
329 415 419 436 499 540 574 641 
133i 462 486 514 526 552 604 619 
344i 283 438 461 501 555 672 813 

215 323 349 375 446 449 524 541 
361i 285 298 374 416 468 478 541 
264 345 374 407 473 512 547 554 
72 369 425 442 460 479 519 530 

267i 169i 286 291 329 344 557 558 
370i 115 304 355 422 459 495 656 
392i 336i 220 327 360 400 476 490 

294 295 311 312 458 461 477 505 
249 318 385 429 441 468 488 509 
348i 183 412 418 479 486 646 669 

2922 
2873 
2983 
2946 

709 1165 2523 
636 1423 2529 
756 1216 2498 
675 1276 2931 
632 1234 2753 
684 1260 2705 
680 1266 2808 

515 519 2910 
634 639 2888 
787 883 2914 

487i 226 286 294 318 583 833 1261 1457 
372i 204 249 325 331 555 624 1176 1477 
186 261 344 447 518 676 714 786 1287 
279i 124 269 300 448 473 520 1205 1333 
839i 182 240 263 324 446 640 1336 1456 
436i 155i 32i 263 413 421 765 1417 1454 
821i 154 232 297 381 470 535 1280 1750 

215 260 336 350 354 425 439 602 
62i 275 323 338 397 484 489 643 
196 287 317 360 399 448 573 734 
82 274 341 347 419 488 579 751 

880i 245 290 348 375 420 500 690 

827 1122 1241 
868 1110 1330 
848 1128 1252 
804 1191 1283 
1021 1185 1846 

942i 188 270 313 341 373 458 597 884 1021 1196 

vl2 

2541 
2540 
2511 
3027 
2756 
3057 
2863 

2912 
2891 
2924 

3102 
3099 
3095 
3115 
3102 
3117 
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4·4 Potential energy surface up to C2H2 chemistry 
The potential energy surface from C+C up to the C2H2 products is presented in 

Figure 4.16. The reference is acetylene in the gas phase and the clean Fe(JOO) 

surface. All energies include zero-point energy corrections. The stoichiometry 

corresponds to 2C + 2H on the clean slab with H atoms at infinite separation. 

The reaction energy change and the activation energy for each step in the C2H2 

formation process are listed in Table 4.13. 

We know that there is an abundance of carbon on the surface. However, it is 

also quite stable and the direct reaction of C with C is highly activated, 

requiring 1.94 eV of energy. The reaction energy of this carbon-carbon 

coupling is + 1.31 e V, therefore, dicarbon is not a likely product at low 

coverages. However, it may form at higher carbon coverages. 

There are four pathways to form CCH; by hydrogenation, by carbon-carbon 

coupling, or decomposition of CHCH or CCH2. The hydrogenation of CC has 

an activation energy of 0.55 eV and the reaction is exothermic (Table 4.13). 

However, this is not a likely reaction since CC is not expected to be present on 

the surface. The coupling of C+CH has an activation energy of 1.37 eV and 

the reaction is 0.52 endothermic. The most favourable pathways would be 

from the decomposition of CHCH or CCH2. The former has an activation 

energy of 0.38 eV and the latter is just 0.13 eV, therefore they would be 

preferred. As we know, CCH is very stable on the surface [1)[27) and, under 

low H2 conditions, could be abundant on the surface. 

CCH
2 

and CHCH can be formed by either hydrogenation or carbon-carbon 

coupling reactions (in the context of this PES). The pathways are quite 

different and isomerisation from one to the other is unlikely since it requires 

1.5 eV of energy. 
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CHCH can be formed by hydrogenation ofCCH or coupling of two CH groups. 

The hydrogenation reaction has a barrier of0.86 eV. Although in order to form 

that CCH in the first place would require a C-C coupling of c and CH with a 

barrier of 1.37 eV. The CH+CH coupling reaction has a barrier of 1.17 eV. 

Although this C-C coupling reaction has a higher activation energy than the 

hydrogenation, it is interesting to note that the barrier is lower than that of 

C+CH coupling. This follows the trend that as C becomes hydrogenated, 

barriers for diffusion over the surface are lower, th fi h ere ore t e coupling 

reactions are less activated. 

The CCH+H -7 CCH2 reaction has a low activation energy of 0.58 eV, which 

is the lowest hydrogenation barrier in this PES. The C+CH2 reaction also has 

the lowest C-C coupling barrier in this PES, at 0.73 eV. Therefore, depending 

on the availability and orientation of species on the surface, either of these 

reactions are favourable . 

Table 4.13. Activation energies (EacJ for the forward and reverse reactions as well 

as reaction ener~ies (LJE,-xn) for all pathways toward the formation of c2H2 on 

Fe(JOO). Values mclude zero-point energy correction, with the value excluding zero

point energy in parenthesis. 

Reaction 
Eact( forward) Eact(reverse) ~Erxn 

[eV] [eV] [eV] 

C+C !::; cc 1.94 (1.97) 0.63 (0 .67) + 1.31 (+ 1.30) 

CC+H !::> CCH 0.55 (0.55) 1.09 (1 .25) -0.54 (-0.70) 

C+CH !::> CCH 1.37 (1.37) 0.85 (0.89) +0.52 ( +0.48) 

C+CH2 !::> CCH2 0.73 (0.68) 1.06 (1.14) -0.34 (-0.46) 

CCH+H !::; CCH2 0.58 (0.54) 0.13 (0 .24) +0.45 (+0.29) 
CCH+H !::; CHCH 0.86 (0 .82) 0.38 (0.52) +0.47 (+0.30) 

CH+CH !::; CHCH 1.17 (1.14) 0.66 (0.75) +0.50 (+0.39) 

CCH2 !::; CHCH 1.50 ( 1.66) 1.50 (1.66) 0.00 (0.00) 

Figure 4.16 also represents the decomposition of acetylene on the Fe(100) 

surface. The scarce experiments in literature are in good agreement with our 

PES. The stable adsorption of molecular acetylene at 120 K as well as its 

decomposition into CCH and CHat temperatures below 250 K [1)[2) can all be 

reconciled with our results. 
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2
formation on clean Fe(JOO). The reference is acetylene m the gas phase and the 

clean slab. Note that the overall stoichiometry corresponds to 2C + 2H on the clean 

slab with H atoms at infinite separation. 
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4·5 Conclusions 
The surface chemistry of the C2H2 species, acetylene and vinylidene, have been 

studied on the Fe(IOO) surface. CC, CHCH and CCH2 are most stable at the 

hollow sites in a configuration that is rotated toward the top site. CCH also 

prefers adsorption at the hollow site, however its only stable configuration is 

tilting toward the bridge site. Thermodynamically, CC is highly unfavourable 

whereas CCH is the most stable C2 species. 

Since, this is a complex process, we propose two likely mechanisms to form 

C2H2 hydrocarbons. The first mechanism involves a carbon-carbon coupling 

step followed by a single hydrogenation. So, it is the coupling of C and CH to 

form CCH, which then hydrogenates to vinylidene or acetylene. The second 

mechanism involves one carbon-carbon coupling step, that of C+CH2 to form 

vinylidene or CH+CH to form acetylene. The adsorption energy of acetylene is 

quite high and therefore further surface reactions would be favoured rather than 

the removal of acetylene from the surface. 

Alternatively, when acetylene adsorbs on an Fe(! 00) surface, one can expect 

initial decomposition to CCH and CH and eventually complete decomposition 

to atomic carbon and hydrogen. 
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Chapter 5 

Ethylene Surface 

Chentistry 
We continue from the C2H2 potential energy surface to present a 

potential energy surface for C2H4 surface chemistry on clean Fe(wo). 

The adsorption modes of vinyl, ethylidyne, ethylidene and ethylene 

have been determined. 

Vinyl, ethylidyne, ethylidene and ethylene preferentially adsorb at the 

four-fold hollow site. Vinyl can be formed by hydrogenation of 

acetylene or vinylidene and further hydrogenation will lead to either 

ethylene or ethylidene. Ethylidyne is easily formed by the coupling of 

atomic carbon and methyl or by hydrogenation of vinylidene; further 

hydrogenation will lead to ethylidene but not to ethylene. 

The highest activation energies in this potential energy surface are 

obtainedfor the CH+CH2 and CH2+CH2 coupling reactions. 
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5.1 Introduction 
This chapter presents the second part of the study exploring C2 hydrocarbon 

surface chemistry covering atomic carbon up to ethane on the Fe(lOO) surface 

using DFT. We continue from the previous chapter and start from the point of 

C2H2 on the surface and build up the products through C2H3 up to C2H4. By 

considering C-C coupling, hydrogenation of C2 species and isomerisation 

reactions, we are able to present a potential energy surface for CzH4 surface 

chemistry. 

Hung and Bemasek [1] studied the adsorption and decomposition of ethylene 

on Fe(lOO) using HREELS, TPD, AES and LEED. They found that ethylene 

adsorbed molecularly in a di-cr-bonded configuration at 100 K on clean 

Fe(l 00). The di-cr-bonded ethylene desorbed at 240 K or decomposed to form 

the methylidyne (CH) and ethynyl (CCH) species below 260 K. Hydrogen is 

the only gaseous product of ethylene decomposition in a temperature 

programmed experiment. Furthermore, preadsorbed carbon and oxygen block 

the chemisorption of di-cr-bonded ethylene and induce the physisorption of 

ethylene at 100 K. Preadsorbed oxygen inhibits the dehydrogenation of di-cr

bonded ethylene and induces the adsorption of n:-bonded ethylene. 

An earlier study by Brucker and Rhodin [2] also found that decomposition 

occurs at 100 K and heating to 770 K leaves only C on the surface. 

Furthermore, ethylene dehydrogenation to acetylene is unlikely but there is a 

possibility of CCH2 being present. Molecular adsorption of ethylene at 110 K 

was observed on hydrogen-preadsorbed Fe(IOO) by Madix and others [3][4]. 

At 160 K, the desorption of ethylene competes with the formation of adsorbed 

ethyl groups. On Fe films, ethylene adsorbs at 80 K and desorbs at 230 K [5]. 

In AES and HREELS studies of ethylene on the Fe(110) surface [6][7][8], it 

was found that ethylene molecularly adsorbs at the three-fold hollow site at 100 

K, then dissociates to a - CH intermediate, possibly acetylene, at 300 K and 
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ends up as surface carbon. Similar behavior occurs on Fe(ll1) but no surface 

intermediate is observed [9]. 

Somorjai [10] summarised ethylene reaction mechanisms on Fe and Ni surfaces 

in Table 5.1. The temperature profile is between 220-270 K, with the reactions 

on Ni occurring at the lower end and those on Fe requiring slightly higher 

temperatures. The decomposition of ethylene on Fe(111) leads to atomic 

carbon and hydrogen adsorbed on the surface, while on Fe(llO) a C
2
H2 product 

forms. Ni does not form atomic carbon as easily; Ni(lll) goes to C2H2 first 

and then CCH at higher temperatures [11][12][13][14][15][16][17][18]. 

Ni(lOO) [19][20] and Ni(l10) [21][22][23][24] behave similarly by forming 

CCH first and then CH+C at ~400 K. 

Table 5.1. Decomposition pathways for ethylene on various transition-metal surfaces 
{10} 

Surface 

Fe(! II) 

Fe(IIO) 

Ni(lll) 

Ni(IOO) 

Ethylene thermal reaction pathways 

C2H4 (g) 
-

C2H4 

C2H2 + 2H 

C2H4 ~
C2H4 (g) 

-400 K 
C,H, + 2H --+ C2H or H,(g) 

~ 
C,H, (g) 

C,H, 
-400 K 

CCH + 3H --. CH + C + H2(g) 

On Ru(OO I) [25], ethylene adsorbs at 170 K. Upon further heating, the species 

forms an ethylidyne intermediate, which is stable between 270 and 350 K. At 

460 K, CCH species forms. Further heating results in the evolution of 

hydrogen and decomposition is complete below 800 K. 
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A theoretical study of C2 formation on Fe( I 00) has been conducted by Lo and 

Ziegler [26]. They found that ethylene prefers to be n:-bonded whereas the 

other c 2 species adsorb at the hollow sites. 

thermodynamically stable. 

CCH3 is also quite 

Various DFT studies have looked at the adsorption of ethylene on Ni(l 00) 

[27][28] and Ni(llO) [29][30][31] and Ni(lll) [32]. Yang et al. [32] 

considered the dissociation of ethylene on Ni flat (Ill) and stepped (211) 

surfaces. They found that the barrier for dissociation is lowered on the step 

significantly more than the barrier for dehydrogenation. 

A few DFT studies have examined only specific steps. The barrier for the 

hydrogenation ofCCH3+H was found to be 0.86 eV on stepped Co(OOOl) [33]. 

The coupling ofC+CH3 was found to be exothermic on both Ni and Co clusters 

[34]. The coupling of CH+CH2 to form CHCH2 was found to be slightly 

exothermic on Co(OOO 1) while endothermic on Ru(OOO 1 ), with barriers of 0.58 

eV and 1.21 eV respectively by Ge et al. [35]. However, Ciobica [36] found a 

barrier of 0.75 eV for the same reaction also on Ru(0001). He further found 

that the coupling of CH and CH3 is almost barrierless. 

In this chapter, we present adsorption energies (inclusive of zero-point energy 

correction), optimised structures and vibrational frequencies of CHCH2, CCH3, 

CHCH3 and CH2CH2 for several adsorption modes at 0.25 ML coverage at the 

high symmetry adsorption sites on Fe(l 00). The stable adsorption state of each 

species was determined by performing a full vibrational frequency analysis. 

We also look at co-adsorptions of CHx species and reaction pathways and 

propose a minimum energy pathway to C2H4, including transition states. 

5.2 Adsorptions on the Fe( too) surface 
The adsorptions of all fragments from CC leading up to C2H4 were considered 

on separate Fe(lOO) slabs. CHCH2, CCH3, CHCH3 and CH2CH2 were adsorbed 
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in various configurations on clean four-layer Fe(IOO) slabs at 0.25 ML 

coverage at the three high symmetry adsorption sites. In conjunction with the 

vibrational frequency analysis, we were able to identify the most stable 

adsorption mode of each fragment. The stability of each configuration in each 

Figure is labeled according to its vibrational analysis; min refers to a local 

minimum, ts is a transition state (one imaginary frequency), and sp refers to a 

higher-order saddle point (two or more imaginary frequencies) . 

5.2.1 Adsorption of vinyl (CHCH2) 

Vinyl (CHCH2) was adsorbed at the four-fold hollow, bridge and top sites on 

the Fe(lOO) surface. The four optimised geometries are shown in Figure 5.1, 

with the adsorption details in Table 5.2, and the vibrational frequencies in 

Table 5.6. 

The optimised adsorption modes comprised: 

(a) Hollow 1, where the carbon of the CH portion is situated at the four-fold 

hollow and the carbon of the CH2 portion is at the bridge with the 

hydrogens in a skewed configuration; 

(b) Hollow 2, where the carbon of the CH portion is situated at the four- fold 

hollow and the carbon of the CH2 portion is at the bridge with the 

hydrogens symmetrically pointing toward the top sites; 

(c) Hollow 3, where the carbon of the CH portion is situated at the four- fold 

hollow and the carbon of the CH2 portion is at the bridge with one 

hydrogen pointing away and one towards the surface; and 

(d) Hollow 4, where the carbon of the CH portion is situated at the four-fold 

hollow and the carbon of the CH2 portion is at the top. 

The most stable configuration is Hollow 1, Figure 5.1, with an adsorption 

energy of -3.73 eV (Table 5.2). The vinyl is the only C2 structure in this study 

where the most stable configuration is not symmetrical. The symmetric version 

of the Hollow 1 structure is Hollow 2. Hollow 2 is energetically equivalent to 
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Hollow 1, however it has a single imaginary frequency. According to the 

normal modes, Hollow 2 and Hollow 3 are transition states towards forming 

Hollow I. The Hollow 4 configuration is a 2nd order saddle point and is 

0.25 e V less stable than Hollow l. 

A previous DFT study by Lo and Ziegler [26] on Fe(lOO) found that the 

Hollow 3 (11Eads = 2.71 eV) configuration was more stable than the Hollow 2 

(11Eads = 2.54 eV) configuration by 0.17 eV. They did not consider the 

Hollow 1 configuration. They also did not carry out vibrational frequency 

analysis. Hence, it seems that they overlooked the most stable position because 

they only considered symmetrical structures. 

Table 5.2. Adsorption of vinyl on Fe(IOO) at 8 = 0.25ML 

L'l.Eacts de-c ZPE L'l.Eacts 
noZPE 

Zcl zc2 

[evr [Alb [A]" [A]" [evt [eV]' 

Hollow 1 -3 .73 1.46 0.73 1.54 0.96 -3.73 

Hollow 2 -3.73 1.46 0.72 1.53 0.92 -3.69 

Hollow 3 -3.64 1.44 0.69 1.55 0.95 -3.63 

Hollow 4 -3.47 1.47 0.86 1.67 0.92 -3.44 

"~Eads is the adsorption energy relative to the clean slab and vinyl in the gas phase, including zero-point 
energy correction; bdc-c is the carbon-carbon bond length; 'zc are the heights of the C I and C2 with 

respect to the surface ; dZPE is the zero-point energy; '~Eads"ozPE is the adsorption energy excluding the 

zero-point energy correction. 

" -~ 
c ~:.t t -~ 

:1 ; ·~·-· ' 

$ '~~ ~ 

'' I ,• . f.'t- i .., ..... 
~ _'"i~ 

- ' 

Hollow 1 Hollow 2 Hollow 3 Hollow 4 
0.00 (min) 0.00 (ts) +0.09 (ts) +0.25 (sp) 

Figure 5.1. Adsorption modes of vinyl on Fe(JOO), with respect to the adsorption at 

the preferred site (in e V and including ZP E), and stability. 

5.2.2 Adsorption of ethylidyne (CCH3) 

Ethylidyne (CCH3) was adsorbed at the four-fold hollow, bridge and top sites 

on the Fe(l 00) surface. The two optimised geometries are shown in Figure 5.2, 
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with the adsorption details given in Table 5.3 and the vibrational frequencies in 

Table 5.6. 

The optimised adsorption modes comprised: 

(a) Hollow, where the CCH3 molecule is perpendicular to the surface with the 

carbon atom situated at the hollow; and 

(b) Bridge, where the CCH3 molecule is perpendicular to the surface with the 

carbon atom situated at the bridge. 

Ethylidyne at the four-fold hollow and bridge sites in the perpendicular 

configuration were optimised. A stable adsorption configuration at the top site 

could not be located. The Hollow configuration has an adsorption energy 

of -6.26 eV. The Bridge configuration is 0.88 eV less stable with an 11Eads 

of -5.37 eV. Furthermore, from Table 5.6, the Hollow configuration is a 

transition state (36i cm- 1
) and the Bridge is a 2nd order saddle point (58i and 45i 

cm- 1
). However, the imaginary frequencies are quite low, and since adsorbate

surface coupling is not taken into consideration in frequency calculations, this 

would mean that low imaginary frequencies are actually real or vice versa. So 

we cannot rule them out as stable adsorption modes. 

Lo and Ziegler [26] also found the Hollow (11EadsnoZPE = -5.68 eV) to be the 

most stable. The difference in adsorption energy from our results is probably 

due to them relaxing the first two layers of their slab where we relaxed only the 

first layer as well as their use ofUSPP rather than PAW. 

Table 5.3. Adsorption of ethylidyne on Fe (I 00) at 8 = 0.25ML 

L'l.Eads de-c Zcl zc2 ZPE L'l.Eads noZPE 

[evr [At [A]' [A]" [eV]d [eV]' 

Hollow -6.26 1.54 0.67 2.21 1.05 -6.37 
Bridge -5.37 1.49 1.31 2.80 1.06 -5.49 

"~Eads is the adsorption energy relative to the clean slab and ethylidyne in the gas phase, including 

zero-point energy correction; bdc-c is the carbon-carbon bond length; 'zc are the heights of the Cl and 

C2 with respect to the surface; dZPE is the zero-point energy; '~Eads"oZPE is the adsorption energy 

excluding the zero-point energy correction. 
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Hollow 
0.00 (ts) 

Bridge 
+0.88 (sp) 
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Figure 5.2. Adsorption modes of ethylidyne on Fe(JOO), with respect to the 

adsorption at the preferred site (in e V and including ZPE), and stability. 

Adsorption of ethylidene (CHCH3) 

Ethylidene (CHCH3) was adsorbed at the four-fold hollow, bridge and top sites 

on the Fe(lOO) surface. The three optimised geometries are shown in Figure 

5.3, with the adsorption details given in Table 5.4 and the vibrational 

frequencies in Table 5.6. 

The optimised adsorption modes comprised: 

(a) Hollow, where the carbon of the CH portion is situated at the hollow site 

and the two hydrogens of the CH3 portion point toward the surface; 

(b) Bridge, where the carbon of the CH portion is situated at the bridge site 

and the two hydrogens of the CH3 portion point toward the surface; and 

(c) Top, where the carbon of the CH portion is situated at the top site and the 

two hydrogens of the CH3 portion point toward the surface. 

The Hollow configuration (~Eads = -5.27 eV) is the preferred bonding mode 

and is a local minimum. This is in agreement with a previous DFT study [26]. 

The Bridge is less stable by 0.45 eV and is a transition state, and the Top is less 

stable by 0.96 eV and is a 2nd order saddle-point. 
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Table 5.4. Adsorption of ethylidene on Fe(JOO) ate = 0.25ML 

~ads de-c Zc l zc2 ZPE ~ads 
noZPE 

Hollow 
Bridge 

-5.27 
-4.83 

[A]b 

1.55 
1.53 

[At 
0.76 
1.55 

[At [eV]d 

2.05 1.29 -5.40 
2.68 1.33 -5.00 

Top -4.31 1.51 1.86 2.90 1.33 -4.49 

"t.Eacts is the adsorption e~ergy relative to the clean slab and ethylidene in the gas phase, including zero
pomt energy correction; de-c IS the carbon-carbon bond length; ' zc are the heights of the C 1 and C2 
With respect to the surface· dZPE is the zero-point energy· 't.E noZ PE ·s th d t. . . ' , ads 1 e a sorp IOn energy 
excludmg the zero-pomt energy correction. 

' ' ,n " · jipl 

,-:; -•• n . ... . • 
.. .• 

Hollow Bridge Top 
0.00 (min) +0.45 (ts) +0.96 (sp) 

Figure 5.3. Adsorption modes of ethylidene on Fe(/00), with respect to the 
adsorption at the preferred site (in e V and including ZPE), and stability. 

Adsorption of ethylene (CH2CH2) 

Ethylene (CH2CH2) was adsorbed at the four-fold hollow, bridge and top sites 

on the Fe(lOO) surface. The six optimised geometries are shown in Figure 5.4, 

with the adsorption details given in Table 5.5 and the vibrational frequencies in 

Table 5.6. 

The optimised adsorption modes comprised: 

(a) 

(b) 

Hollow 1, where the ethylene is adsorbed in the quad-a configuration; 

Top 1, where the ethylene is n-bonded in a diagonal configuration; 

(c) Top 2, where the ethylene is n-bonded; 

(d) Bridge 1, where the ethylene is di-a-bonded with the carbons pointing 

toward top sites; 

(e) Hollow 2 where the ethylene is quad-a-bonded in a diagonal 

configuration; and 

(f) Bridge 2, where the ethylene is di-a-bonded with the carbons pointing 

toward hollow sites. 
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The Hollow 1 configuration is the most stable with an .6.EactsOf -0.83 eV as well 

as being a local minimum. However, the Top 1 configuration is also similar in 

energy and although it has an imaginary frequency of 83i em·\ this may be 

real, due to adsorbate-surface coupling (as discussed previously). 

Our finding of the Hollow 1 being the most stable is in agreement with an 

experimental study by Hung and Bernasek [1]. We disagree with the OFT 

study by Lo and Ziegler [26] where they found that the Top 1 configuration is 

favoured with an .6.EactsnoZPE of -0.62 eV, while the Hollow 1 configuration had 

a lower .6.Eacts noZPE of -0.44 eV. 

The C-H stretching frequency of Hollow 1 of 2849 em·' is consistent with 

experimental findings of 2985 em·' on Fe( I 00) [ 1 ], 2960 em·' on Fe(ll 0) [7] 

and 2980 em·' on Fe(lll) [9]. 

Table 5.5. Adsorption of ethylene on Fe(JOO) at 8 = 0.25ML 

~ads dc.c ZCI zcz ZPE ~ads 
noZPE 

[eVt [Alb [A]c [A]" [evt [eV]' 

Hollow 1 -0.83 1.50 1.61 1.61 1.27 -0 .73 

Top 1 -0.73 1.42 2.07 2.15 1.35 -0.71 

Top 2 -0 .67 1.43 2.14 2.14 1.37 -0.67 

Bridge 1 -0.65 1.47 2.00 2.00 1.32 -0.60 

Hollow 2 -0.44 1.50 1.79 1.79 1.29 -0.36 

Bridge 2 -0.27 1.40 2.08 2.08 1.32 -0.21 

•t.Eads is the adsorption energy relative to the clean slab and ethylene in the gas phase, including zero

point energy correction; bdc.c is the carbon-carbon bond length; 'zc are the heights of the C I and C2 

with respect to the surface; dzPE is the zero-point energy; • t.EadsnoZPE is the adsorption energy 

excluding the zero-point energy correction. 
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Figure 5.4. Adsorption modes of ethylene on Fe (I 00), with respect to the adsorption 
at the preferred site (in eV and including ZPE), and stability. 
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Table 5. 6. Vibrational f requency analysis for vinyl, ethylidene and ethy lene adsorbed 
. - 1 on Fe(J OO) at e = 0.25ML. All frequencies are m em . 
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5·3 Co-adsorptions and transition states 

The determination of the potential energy surface of acetylene formation 

involved consideration of C-C coupling (CHx co-adsorptions), hydrogenation 

(of C2Hy), hydrogen abstraction as well as isomerisation reactions. In this 

section, the results are presented in terms of the formation of vinyl (CHCH
2
), 

ethylidyne (CCH3) , ethylidene (CHCH3) and ethylene (CH2CH2). 

5·3·1 Formation of vinyl: 

Vinyl may be formed by the direct coupling of methylidyne and methylene; the 

hydrogenations of acetylene or vinylidene; the isomerisation of ethylidyne; or 

the dehydrogenation of ethylidene. 

5.3.1 .1 Direct coupling: CH + CH2 -7 CHCH2 

The co-adsorption of methylidyne and methylene on the Fe(lOO) surface, 

Figure 5.5, yielded three configurations which were local minima (Table 5.17); 

Trans 1, Cis I and Trans 2. The Trans I configuration is the most stable and 

has the CHand CH2 located at four-fold hollows that are trans to each other. It 

is interesting that the presence of CH2 destabilises the CH (Table 5. 7) whereas 

the opposite effect applies for the adsorption of CH2. 

The Cis 1 configuration is 0.59 eV less stable but this is what we believe to be 

the reactive configuration for the start of this reaction. The CH and CH2 are 

located at adjacent hollow sites, 2.83 A apart. The methylene diffuses toward 

the methylidyne via the bridge site, until the transition state, Cis 3, is reached. 

At Cis 3, the C-C distance is 2.02 A. The hydrogens on the CH2 are already 

distorted to resemble the stable vinyl product. The activation energy of this 

reaction is 1.28 eV. The normal mode associated with the single imaginary 

frequency corresponds to C-C bond formation. 

A previous OFT study [26] reported a similar activation energy of 1.18 eV but 

indicated that Cis 4 was the transition state. We found that Cis 4 is a saddle 
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point and the hydrogens of the CH2 are in a symmetric arrangement. In fact, 

our transition state, Cis 3, resembles the product more closely. 

Table 5.7. Co-adsorption ofCH + CH2 on Fe(JOO) 

~Eacts(CH) ~Eacts(CHz) dc.c Zcl 
CH+CH2 

[eV] [eV] [A]" [Alb 

Trans 1 -7.36 -4.82 4.00 0.59 

Cis I -6 .77 -4.23 2.83 0.66 

Trans 2 3.27 0.62 

Cis 2 2.85 0.54 

Cis 3 2.02 0.62 

Cis4 1.89 0.59 
"Carbon-carbon bond length ; 6 Cl(CH) and C2(CH2) height above the surface. 
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Figure 5.5. Adsorption modes ofCH+CH2 on Fe(JOO), with respect to the adsorption 

at the preferred site (in e V and including ZPE), and stability. 

5·3·1.2 Hydrogenation of acetylene: CHCH + H -7 CHCH2 

There are no stable configurations when atomic hydrogen is co-adsorbed with 

acetylene (Figure 5.6), although hydrogen does have a slight stabilising effect 

on acetylene when in the trans configuration (Table 5.8). Cis 1 has a single 

imaginary frequency of 70i cm-1 (Table 5.18) which may be due to adsorbate

surface coupling effects. These effects are not taken into consideration in 

Ethylene surface chemistry 
Ill 

frequency analysis and may affect the low frequency values which may mean 

that low imaginary frequencies are actually real or vice versa. 

Therefore, Cis 1 is taken as a suitable starting configuration where the 

acetylene and atomic hydrogen are located at four-fold hollow sites cis to each 

other. The acetylene is initially diagonally situated at the four-fold hollow and 

as the reaction proceeds, the acetylene rotates so that it is horizontally situated. 

This is apparent in Cis 4 which is the transition state, in agreement with a 

previous study [26]. At this point, the approaching hydrogen is 1.56 A from 

the carbon. The transition state resembles the product, which is CHCH
2 

Hollow 3 and this stabilises to the CHCH2 Hollow 1 orientation. The 

activation energy for this hydrogenation reaction is 0.70 eV . 

Table 5.8. Co-adsorption ofCHCH + H on Fe(JOO) 

CHCH+H ~acts(CHCH) de-c dc-H 
[eV) [A]" [A] 6 

zc1 zc2 
[A]" [A]" 
1.36 1.36 
1.38 1.38 
1.32 1.32 
1.31 

Trans 1 -2.93 1.39 3.47 

Cis 1 -2.73 1.39 2.67 

Trans 2 1.42 3.68 

Cis2 1.42 3.10 1.31 
Cis 3 1.40 2.40 1.3 5 1.3 5 

Cis 4 1.42 1.56 0.76 1.38 
• Carbon-carbon bond length; 

6 
Bonding hydrogen di stance from carbon; c Carbon height above the 

surface. 
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Figure 5.6. Adsorption modes of CHCH+H on Fe(IOO), with respect to the 

adsorption at the preferred site (in eVand including ZPE), and stability. 

5·3·1-3 Hydrogenation ofvinylidene: H + CCH2 -7 CHCH2 

Sixteen configurations were optimised for the co-adsorption of CCH2 and H on 

the Fe(lOO) surface. These are shown in Figure 5.7, with adsorption details 

provided in Table 5.9. These co-adsorptions were used in order to study both 

the formation of vinyl as well as the formation of ethylidyne. 

A few pathways were considered for the hydrogenation of the a-carbon of 

vinylidene to form vinyl. However, two ofthe possible transition states, Cis 10 

and Cis 13, turned out to be second-order saddle points (Table 5.18) and Cis 11 

was the only true transition state. 

The reaction involves the CCH2 adsorbed in its most stable configuration at the 

four-fold hollow site with the atomic hydrogen at the adjacent hollow site. The 

co-adsorption of the hydrogen has a slight stabilising effect on the CCH2 (Table 

5.9). As the hydrogen diffuses across the bridge site, the vinylidene also 

rotates slightly. The transition state, Cis 11 , resembles the asymmetric vinyl 

product. At this point, the C-H bond length is 1.54 A. Furthermore, the normal 

modes associated with the single imaginary frequency correspond to the C-H 

bond formation . The activation energy of this reaction is 0.65 eV. The 
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transition state proposed by Lo and Ziegler (26] corresponds to Cis 13 which 

we found to be a second-order transition state. 

Table 5.9. Co-adsorption ofCCH2 + H on Fe(100) 

Trans 1 
Trans 2 
Trans 3 
Cis 1 
Cis 2 
Cis 3 
Cis 4 

Cis 5 
Cis 6 
Cis 7 
Cis 8 
Cis 9 
Cis 10 
Cis 11 

-4.87 
-4.86 
-4.77 

1.43 
1.43 
1.42 
1.43 
1.43 
1.44 
1.44 
1.44 
1.41 
1.42 
1.47 
1.44 
1.42 

1.43 

3.57 
3.79 
3.63 
2.83 
2.85 
2.53 
2.67 
2.67 
2.51 
2.84 
2.76 

1.55 
1.54 

1.53 

0.63 
0.68 
0.57 
0.64 
0.67 
0.63 
0.64 
0.64 
0.68 
0.57 
0.61 
0.60 
0.56 
0.64 

1.65 
1.63 
1.61 

1.66 
1.62 
1.74 
1.79 

1.80 
1.72 
1.61 
1.71 

1.63 
1.73 

1.61 
Cis 12 1 46 C' . 1.53 0.64 1.63 

IS 13 1.43 1.54 0.54 1 61 
" Carbon-carbon bond length; 6 Bonding hydrogen distance from carbon ; c Carbon height. above the 

surface. 
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Figure 5. 7. Adsorption modes of CCH2+ H on Fe (I 00), with respect to the adsorption 

at the preferred site (in e V and including ZP E), and stability. 

Isomerisation: 

The formation of vinyl from the isomerisation of ethylidyne, Figure 5.8, 

requires quite a high activation energy of 1.60 eV. The reaction is also 

thermodynamically unfavourable as it is endothermic by 0.38 eV. The 

isomerisation of vinyl has a slightly lower activation energy of 1.22 eV but as 

illustrated in Figure 5.17, the dissociation reactions are more likely to occur 

than isomerisation. 

The C-H bond length at the transition state is 1.24 A which is elongated as 

compared 1.10 A of the initial and final states. A similar bond length (1.29 A) 

and activation energy were obtained by Lo and Ziegler [26]. The normal 

modes of the imaginary frequency correspond to the movement of the ~-carbon 

and the hydrogen on the a-carbon. 

~ 
1.60 eV 

Transition state 

~ 
1.22 eV 

a;. • 

: ·~ ,, . 
;~ .. 

v (cm'1
) 1284i 57 195 316 331 342 362 681 685 903 943 1336 2132 2864 2941 

Figure 5.8. Jsomerisation reaction ofCCH3 to CHCH2 on Fe(JOO). 
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5-3.2 Formation of ethylidyne: 

Ethylidyne may be formed by the hydrogenation of vinylidene; the C-C 

coupling of atomic carbon and a methyl group; or the dehydrogenation of 

ethylidene. The formation via the isomerisation of vinyl has already been 

mentioned in Section 5.3.1.4. 

5.3.2.1 Hydrogenation ofvinylidene: CCH2 + H ~ CCH
3 

Figure 5.7 also shows the co-adsorptions of vinylidene and atomic hydrogen 

which correspond to the hydrogenation on the ~-carbon. The Trans 1 

configuration is the most stable out of all 16 configurations that were 

optimised. Two possible transition states were identified, however upon 

carrying out vibrational frequency analysis, Table 5.18, it was found that only 

Cis 9 was a true transition state whereas Cis 12 was a second-order saddle 

point. 

The starting point of the reaction, Figure 5.9, is Cis 3, which is rather similar to 

the Cis 4 starting point for the a-carbon hydrogenation. The vinylidene and 

hydrogen are situated at adjacent four-fold hollow sites. The His 0.29 A above 

the Fe surface. As the reaction commences and the hydrogen diffuses to the 

CCH2, it reaches a height of 1.43 A at the transition state. The transition state 

configuration is indicated by Cis 9 in Figure 5.9. At this point, the C-H bond 

length is 1.55 A. The activation energy for this pathway is 0.44 eV. 

This is far lower than the activation energy reported by Lo and Ziegler [26] of 

0. 77 e V · They identified three possible pathways and this was actually the 

lowest activation energy. We had investigated a similar pathway which 

commenced from configuration Cis 6 (Fig. 5.7) and gave us a possible 

transition state in the form of Cis 12. However, this was found to be a second

order saddle point and was ruled out. 
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~ ~ ~ ~ 
0.44 eV 0.28 eV 

Cis 3 (min) Cis 9 (ts) 
Figure 5.9. Reaction pathway for CCH2+H=CCH3 on Fe(JOO) 

5·3·2.2 Direct coupling: C + CH3 ~ CCH3 

Atomic carbon preferentially adsorbs at the four-fold hollow site and the 

methyl group adsorbs at the bridge site. Therefore, the only configuration that 

was possible in the p(2x2) unit cell was Trans 1. A variation was also 

attempted where the CH3 was rotated with one hydrogen pointed toward the top 

site (as previously discussed in Chapter 3), however, this reverted to the 

orientation as in Trans 1 where the hydrogen points toward the hollow site. 

The presence of the methyl does not affect the adsorption energy of the carbon 

and vice versa (Table 5.10). 

Therefore the starting configuration was Trans 1 (Figure 5.1 0). As the methyl 

group diffuses toward the atomic carbon, the transition state, Cis 1, is reached. 

The methyl group starts off the reaction at 1.82 A above the Fe surface and at 

the transition state is similarly at 1.89 A. The C-C bond length is 2.72 A. Lo 

and Ziegler [26] reported a similar transition state structure, however the C-C 

bond length was 2.213 A. Attempts were made to match that reported bond 

length but the optimised configuration went back to 2.7 A. 

The activation energy of this reaction is 0.49 eV (0.48 eV without ZPE). This 

is in keeping with the trend that we saw in Chapter 4 where the activation 

energies (excluding ZPE to allow for comparison) decreased as one of the 

carbons became more hydrogenated: C+C = 1.97 eV; C+CH = 1.37 eV and 

C+CH2 = 0.68 eV. Lo and Ziegler [26] saw a similar trend of2.18 eV, 1.27 eV 

and 0.86 eV respectively but then, unexpectedly, reported an activation energy 
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of 0.86 eV for C+CH3. Based on our calculations, it seems unlikely that the 

C+CH2 and C+CH3 reactions would both have the same activation energy. 

Table 5.10. Co-adsorption ofC + CH3 on Fe(/00) 

C+CH3 
M:acts(C) M:acts(CHJ) 

dc.c [A]• 
[eV] [eV] 

Trans 1 -8.24 -1.93 3.41 
Cis 1 2.72 

"Carbon-carbon bond length ; Cl and C2 height above the surface. 

-

~· . . _,; t·~ . . .. .,. 
Trans 1 Cis 1 

0.00 (min) +0.49 (ts) 

:zc,[A]b zC2[A]b 

0.49 1.82 
0.47 1.89 

Figure 5.10. Adsorption modes ofC+ CH3 on Fe(JOO), with respect to the adsorption 
at the preferred site (in e V and including ZP E), and stability. 

5-3-3 Formation of ethylidene: 

Ethylidene may be formed by the hydrogenations of vinyl or ethylidyne; the 

direct coupling of methy1idyne and methyl groups; the isomerisation of 

ethylene (Section 5.3.4.3); or the dehydrogenation of ethyl. 

5-3-3.1 Hydrogenation of vinyl: 

Six co-adsorptions of vinyl with atomic hydrogen were optimised. Three are 

presented in Figure 5.11 to illustrate the ~-carbon hydrogenation to produce 

ethylidene and the other three are in Figure 5.15 to illustrate a-carbon 

hydrogenation to produce ethylene. The relative adsorption energies are 

indicated with reference to the most stable configuration out of all six co

adsorptions. 

The reaction commences from the Trans 2 configuration. The vinyl is in its 

most stable configuration at the four-fold hollow while the hydrogen is 2.46 A 
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away, adsorbed at the bridge site. As mentioned previously, hydrogen is labile 

on the surface and would easily adsorb at either the bridge or the hollow site. If 

the hydrogen was adsorbed at the adjacent four-fold hollow, the configuration 

would be 0.26 eV less stable. The hydrogen approaches the vinyl via the top 

site, resulting in the transition state at Cis 3. The C-H bond length at this point 

is 1.51 A. The activation energy is 0.44 eV. Lo and Ziegler [26] found a 

similar transition state and activation energy. 

Table 5.11. Co-adsorption ofCHCH2 + H on Fe(JOO) 

L'.Eacts(CHCHz) dc.c dc.H Zcl 'l{:z 
CHCHz+H 

[eV] [At [A]b [A]c [A]c 

Trans 1 -3.81 1.46 3.88 0.73 1.56 

Trans 2 -3.63 1.45 2.46 0.71 1.61 

Trans 3 1.46 1.71 1.28 1.63 

Cis 1 1.46 2.80 0.74 1.56 

Cis 2 1.44 2.39 0.88 1.68 

Cis 3 1.49 1.51 0.73 1.67 

" Carbon-carbon bond length; 6 Bonding hydrogen distance from carbon; c Carbon height above the 

surface. 

Trans 1 
0.00 (min) 

-
~t';' ~~ 

. l )J;:t ,; 
~' . ,;ilt 

Cis 1 
+0.14 (min) 

Cis 3 Trans 3 
+0.62 (ts) +0.85 (ts) 

. . .. · ·~ 

····~· .• • . ..... ,j . . ]; 
~- . ~ 

Trans 2 
+0.18 (min) 

I ~ fl. ' •:. ... y. ..t 
"''c ••. ~ fl 

., ...... 
' . . 

.. -
Cis 2 

+0.44 (ts) 

Figure 5.11. Adsorption modes of CHCH2+H on Fe(JOO), with respect to the 

adsorption at the preferred site (in eV), and stability. 
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5·3·3·2 Hydrogenation of ethylidyne: CCH3 + H --) CHCH3 

Ethylidyne and atomic hydrogen were co-adsorbed at adjacent four-fold hollow 

sites as illustrated by Cis 1 in Figure 5.12. The hydrogen has a slight 

stabilising effect on the ethylidyne (Table 5.12). The hydrogen diffuses out of 

the hollow site and toward the ethylidyne via the bridge site. At the transition 

state, Cis 2, the a-carbon to bonding hydrogen distance is 1.50 A. The 

activation energy for this reaction is 0.75 eV (0.72 eV without ZPE), which is 

similar to the 0.69 eV (without ZPE) reported by Lo and Ziegler [26]. 

Table 5.12. Co-adsorption ofCCHJ + H on Fe(JOO) 

L'>Eacts(CCH3) 
dc-H [A]6 CCH3+H 

[eV] 
dc.c [AY Zci[A]c 'l{:z[ A]" 

Cis 1 -6.33 1.54 2.83 0.66 2.18 

Cis 2 1.54 1.50 0.69 2.09 
• Carbon-carbon bond length; Bonding hydrogen distance from carbon; c Carbon height above the 
surface. 

Cis 1 
0.00 (min) 

.. . 
,. 4 ·':~ " .. 

! ~ 

Cis2 
+0.75 (ts) 

Figure 5.12. Adsorption modes of CCH3+H on Fe(JOO), with respect to the 
adsorption at the preferred site (in eV and including ZPE), and stability. 

5·3·3·3 Direct coupling: CH + CH3 --) CHCH3 

The pathway of the CH+CH3 reaction, as shown in Figure 5.13, closely 

resembles that of C+CH3. The initial configuration, Trans l, has the CH 

adsorbed at the four-fold hollow site with the methyl group adsorbed at the 

bridge site. At the transition state, Cis 1, the CH3 has diffused to the bridge site 

adjacent to the CH group. The activation energy of this reaction is 0.58 eV, 

which is slightly higher than the 0.49 eV for the C+CH3 reaction. Unlike the 

C+CH3 co-adsorption system, CH and CH3 have a mutually destabilising effect 

(Table 5.13). 
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As for their C+CH3 reaction with an Eact of0.86 eV, Lo and Ziegler [26] report 

a similarly high activation energy for CH+CH3 of 0.87 e V. 

Table 5.13. Co-adsorption ofCH+CH3 on Fe(JOO) 

Trans 1 
Cis 1 

Llliacts(CH) Llliacts(CHJ) dc.c [Ar 
[eV] [eV] 
-6.98 -1 .87 3.38 

2.68 

a Carbon-carbon bond length; Carbon height above the surface. 

Trans 1 
0.00 (min) 

Cis 1 
+0.58 (ts) 

0.61 
0.57 

1.79 
1.86 

Figure 5.13. Adsorption modes of CH +CH3 on Fe(JOO), with respect to the 

adsorption at the preferred site (in e V and including ZP E), and stability. 

5-3-4 Formation of ethylene: 

Ethylene may be formed by the direct coupling of two methylene groups; 

hydrogenation of a vinyl group; the isomerisation of ethylidene; or the 

dehydrogenation of ethyl. 

5-3-4-1 
Ethylene may be either quad-a-bonded or n-bonded. To investigate the 

formation of both of these adsorption modes, a number of co-adsorptions of 

methylene were considered. These are presented in Figure 5.14. A few 

minima were located and two possible pathways were identified. 

The first pathway leads to the formation of quad-a-bonded ethylene. The 

methylene groups start of in the Hollow 3 (Figure 5.14) configuration where 

they are adsorbed at adjacent hollow sites. One methylene diffuses toward the 

other via the bridge site leading to the Hollow 7 configuration. This 
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configuration has been reported by Lo and Ziegler [26] to be the transition state 

of this reaction, however, we found from the vibrational frequency analysis that 

this is actually a second-order saddle point. The activation energy reported by 

them of + 1.51 eV corresponds well with our + 1.61 eV (without ZPE). 

The second pathway leads to the formation of n-bonded ethylene. The 

methylene groups are adsorbed at four-fold hollow sites trans to each other as 

in Hollow 2 in Figure 5.14. They then both diffuse to bridge sites (via Bridge 

2) reaching Bridge 1, where the CH2 are situated at bridge sites separated by a 

top site. The methylene groups then diffuse across the top site towards each 

other leading to the transition state, Bridge 3. The C-C bond length at the 

transition state is 2.12 A. The activation energy for this reaction is + 1.90 eV. 

Although the activation energy for this pathway is higher than for the first 

pathway, the transition state is a "true" transition state with the normal modes 

of the imaginary frequency corresponding to C-C bond formation/breaking. Lo 

and Ziegler [26] obtained an activation energy of +2.29 eV for this pathway 

and disregarded it in favour of the first pathway on the basis of the former 

having a lower activation energy. We have shown that when also considering 

the frequency analysis, it is the formation of n-bonded ethylene that is more 

likely by the CH2+CH2 reaction. 

Table 5.14. Co-adsorption ofCH2 + CH2 on Fe(JOO) 

CH2+CHz 
Llliacts( CH2) dc.c zc1 ZC2 

[eV] [A]" [A]b [A]b 

Hollow 1 -4.63 4.00 0.67 0.67 

Hollow 2 -4.60 4.00 0.63 0.63 

Hollow 3 -4.03 2.83 0.68 0.68 

Hollow 4 3.24 1.58 0.67 

Hollow 5 2.86 0.94 0.56 

Bridge 1 2.83 1.60 1.60 

Bridge 2 3.06 1.45 1.42 

Bridge 3 2.12 1.68 1.68 

Hollow 6 2.83 0.72 0.72 

Hollow 7 2.1 2 1.40 0.83 

a Carbon-carbon bond length; Carbon height above the surface. 
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Figure 5.14. Adsorption modes of CH2+CH2 on Fe(JOO), with respect to the 

adsorption at the preferred site (in eVand including ZPE), and stability. 

Hydrogenation of vinyl: 

Previously, in Figure 5.11 , the co-adsorptions of CHCH2+H were presented and 

discussed in terms of the hydrogenation of the ~-carbon of vinyl. We now 

consider the hydrogenation of the a-carbon of vinyl. 

Using Trans l as the starting configuration, Figure 5.15, where the vinyl and 

hydrogen are located at four-fold hollow sites trans to each other, a minimum 

energy pathway was located. The hydrogen diffuses toward the vinyl over the 

top site. Trans 3 is the transition state which already resembles the product. 

The activation energy is 0.85 eV. 
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Figure 5.15. Reaction pathway for CHCH2+ H=CH2CH2 on Fe (I 00) 

5·3·4·3 Isomerisation: 

123 

The isomerisation of ethylidene, Figure 5.16, to form ethylene is highly 

activated at 1.88 eV as is the reverse reaction at 1.78 eV. It would not readily 

take place. The transition state that was identified has a single imaginary 

frequency and the hydrogen that is transferring from one carbon to the other is 

1.30 A away from each carbon. 

Lo and Ziegler [26] obtained much lower activation energies, 1.15 eV for the 

isomerisation of ethylene from ethylidene and 1.04 eV for the reverse reaction. 

The C-H bond length in their transition state structure was 1.132 A. However 
' 

whereas we used the most stable forms of ethylene and ethylidene as starting 

and ending configurations, they did not. Therefore, their structures are 

completely different from ours. Furthermore, their activation energies would 

be much higher if they took into consideration the energy required to change 

the configuration of the molecule from its most stable to that which they used. 

. ~ 
1.88 eV 

Transition state 

. ~ 
1.78eV 

~' ~ 

~ ' )tt.' -~ 
ftl .. ~ 

.,., .... I 

v (cm-1
) 1092i 148 169 249 301 360 419 663 674 827 946 1163 1375 1461 2028 2236 2913 3073 

Figure 5.16. Isomerisation reaction ofCHCH3 to CH2CH2 on Fe(JOO). 
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5·4 Potential energy surface up to C2H4 chemistry 
A potential energy surface (PES), Figure 5.17, has been compiled, which 

incorporates the favoured minimum energy pathways discussed in the Section 

5.3 , to portray the possible routes to C2H4 formation (as continued from C2H2). 

lsomerisation reactions have been investigated; however, these are not included 

in the PES. The PES includes zero-point energy corrections and the reference 

is ethylene in the gas phase and the clean slab. The stoichiometry corresponds 

to 2C + 4H on the clean slab with H atoms at infinite separation. A summary 

of activation energies for the forward and reverse reactions as well as the 

reaction energies is provided in Table 5 .18. 

Thermodynamically, according to Figure 5.17, CCH2 and CHCH are more 

stable on the surface than CHCH3 and CH2CH2. In fact, ethylene, a preferred 

product in Fischer-Tropsch synthesis, is the least energetically stable in this 

scheme. Furthermore, the co-adsorption systems of C+CHx are some of the 

most stable configurations. Similar to the PES for methane and C2H2, all 

forward reactions are endothermic. 

There are two possible C2H4 products that would be formed depending on the 

pathway that was followed; ethylidene or ethylene. We shall explore the 

formations from the decomposition ofCHCH3 in Chapter 6. 

There are four possible pathways to form ethylidene: the direct coupling of 

CH+CH3, hydrogenation of CHCH2, hydrogenation of CCH3 and the 

isomerisation of CH2CH2 . The least likely reaction is the isomerisation of 

ethylene as this has an activation energy of + 1. 78 e V. The hydrogenation of 

the ~-carbon of CHCH2 is favourable as this has an activation energy of +0.44 

e V and the reaction energy of +0.19 makes it the least endothermic route. The 

hydrogenation of CCH3 and coupling of CH+CH3 have activation energies of 

+0.75 eV and +0.58 eV respectively. 
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The possible pathways to form ethylene, in this PES, are by direct coupling of 

CH2+CH2, hydrogenation of CHCHz, or isomerisation of CHCH3. The direct 

coupling of methylene groups is less likely as it has a relatively high activation 

energy of 1.90 eV (Table 5.17). This challenges the hypothesis that CH2 is the 

growing monomer in the FT reaction and shows that the formation of C2Hx 

species may be more complex than a simple CHz- insertion mechanism. The 

hydrogenation of the a-carbon of CHCH2 has a similarly high activation 

energy. The hydrogenation of the ~-carbon to ethylidene is preferred. 

Therefore, the only pathway for ethylene formation (as per this PES) is by the 

hydrogenation of CHCHz which has an activation energy of +0.85 eV. 

Ethylene has a binding energy of -0.83 eV to the surface. Therefore, the further 

reaction of ethylene may be in competition with ethylene leaving the surface. 

The decomposition of ethylene requires an activation energy of 0.38 eV to 

break the C-H bond whereas breaking the C-C bond requires more energy at 

1.25 eV (Table 5.17). However, the former has a reaction energy of0.47 eV 

exothermic and the latter is 0.66 eV exothermic, therefore, thermodynamically, 

breaking the C-C bond would be more favourable. Based on what has been 

observed experimentally on Fe, Ni and Ru, it is usually the dehydrogenation 

that occurs first rather than the breaking of the C-C backbone. Therefore, 

CHCH2 would form. Although this has not been observed, therefore it is 

probably an intermediate product with further decomposition occurring rapidly. 

From CHCH2, the activation energy for the removal of one hydrogen is a low 

0.10 eV from the a-carbon and 0.20 eV from the ~-carbon. The breakage ofthe 

C-C bond requires 0.79 eV. Therefore, the formation of CCH2 and CHCH 

could occur in parallel rather than in competition with each other. 

Both of these products would then decompose further to form CCH and CH on 

the surface. These have been observed on Fe(IOO) [1] and in addition, on 
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Fe(llO) [7] even CH2 may be observed. At higher temperatures, the 

decomposition is complete with the formation of carbon on the surface. 

Figure 5.17 also refers to the decomposition pathways of ethylene. 

Comparison with the reported experimental data needs to be postponed to later 

chapters, as the reported self-hydrogenation of ethylene to the ethyl fragment 

does not feature in this chapter. 

Table 5.17. Activation energies (Eact) for the forward and reverse reactions as well 

as reaction energies (L1Erxn) for all pathways toward the formation of C2H4 on 

Fe(JOO). Energies include zero-point energy correction, with the energy excluding 
zero-point energy in parenthesis. 

Reaction 
Eact( forward) Eact( reverse) f>Erxn 

[eV] [eV] [eV] 

CH+CH2 =+ CHCH2 1.28 (1.27) 0.79 (0.86) +0.49 (+0.41) 

CHCH+H =+ CHCH2 0.70 (0.76) 0.20 (0.36) +0.50 (+0.40) 

CCH2+H =+ CHCH2 0.65 (0 .69) 0.10 (0.20) +0.55 (+0.49) 

CCH3 =+ CHCH2 1.60 (1.78) 1.22 (1.31) +0.38 (+0.47) 

CCH2+H =+ CCH3 0.44 (0 .43) 0.28 (0.41) +0.16 (+0.02) 

C+CH3 =+ CCH3 0.49 (0.48) 0.24 (0 .29) +0.25 (+0.19) 

CH2+CH2 =+ CH2CH2 1.90 ( 1.69) 1.25 (1.26) +0.66 ( +0.42) 

CHCH2+H =+ CH2CH2 0.85 (0 .78) 0.38 (0.49) +0.47 (+0.29) 

CHCH3 =+ CH2CH2 1.88 (1.99) 1.78 (1.87) +0.11 (+0.12) 

CHCH2+H =+ CHCH3 0.44 (0.43) 0.25 (0.38) +0.19 (+0.05) 
CCH3+H =+ CHCH3 0.75 (0 .72) 0.02 (0.11) +0.73 (+0.61) 

CH+CH3 =+ CHCH3 0.58 (0.57) 0.04 (0.11) +0.54 ( +0.46) 
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Figure 5.17.. Potential energy surface, including zero-point energy correction, for 
C2H4format10n on clean Fe(JOO). The reference is ethylene in the gas phase and the 
clean slab. Note that the overall stoichiometry corresponds to 2C + 4H on the clean 
slab with H atoms at infinite separation. 
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5·5 Conclusions 
The adsorption energies, optimised structures and vibrational frequencies of 

CHCH2, CCH3, CHCH3 and CH2CH2 for several adsorption modes at 0.25 ML 

coverage at the high symmetry adsorption sites on Fe(lOO): top, bridge and 

four-fold hollow have been determined. The stable adsorption state of each 

species was confirmed by vibrational frequency analysis. Surface co

adsorption and reaction pathways were determined to propose minimum energy 

pathways including transition states. A potential energy surface (PES) has 

been compiled which incorporates the favoured minimum energy pathways to 

C2H4 formation from C2H2• The overall reaction is endothermic. 

CCH2, CHCH and CCH3 are thermodynamically more stable on the surface 

than CHCH2, CHCH3 and CH2CH2. In all cases, the four-fold hollow is the 

preferred adsorption site. 

The formation of ethylidene is likely by direct coupling of CH+CH3 or 

hydrogenations of CCH3 and CHCH2. The hydrogenation of the ~-carbon of 

CHCH2 is favourable as this has an activation energy of +0.44 eV and the 

reaction energy of +0.19 makes it the least endothermic route. 

The possible pathways to form ethylene, in this context, are by direct coupling 

of CH2+CH2, or hydrogenation of CHCH2. The direct coupling of methylene 

groups is less likely as it has a relatively high activation energy. This 

challenges the hypothesis that CH2 is the growing monomer in the FT reaction 

and shows that the formation of C2Hx species may be more complex than a 

simple CHrinsertion mechanism. The hydrogenation of the a-carbon of 

CHCH2 has a similarly high activation energy. Therefore, the only pathway for 

ethylene formation is by the hydrogenation of CHCH2. Once formed, any 

further reaction of ethylene (hydrogenation or decomposition) may be in 

competition with ethylene leaving the surface. 
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Ethane Surface 

Chentistry 

We present the surface chemistry of ethane on clean Fe(wo), 

continuing from where the ethylene potential energy surface stopped. 

The adsorption modes of ethyl and ethane have been determined as 

well as the step-wise formation of each. Ethyl prefers to adsorb at the 

bridge site whereas ethane is physisorbed and does not exhibit any site 

preference. The formation of ethyl is an essential precursor to the 

formation of ethane. Once ethane forms, it will likely desorb into the 

gas phase. The decomposition of ethane to ethyl is less likely. 

Ethyl is likely to be formed by any of three reversible pathways. The 

activation energies of the reverse of these three paths are slightly more 

favourable than that of ethane formation. However, any of the 

pathways are feasible, which means that ethylene formation competes 

with ethane formation. 
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6.1 Introduction 

In the previous chapters, we considered the reactions whereby the formation of 

C2H2 and C2H4 occurs. We now consider the final C-C coupling and 

hydrogenation reactions towards the formation of ethane and present a potential 

energy surface that considers the pathways from C2H4 to C2H6 via C2Hs. 

Very few studies in the literature deal with ethane or ethyl formation or their 

decomposition on iron surfaces. 

Madix and co-workers [1][2][3][4] have done a fair amount of work in this 

direction by studying the adsorption of ethylene on hydrogen-presaturated 

Fe(l 00) with temperature-programmed desorption (TPD), temperature

programmed reaction spectroscopy (TPRS), Auger electron spectroscopy 

(AES), low-energy electron diffraction (LEED) and electron energy loss 

spectroscopy (EELS). They found that ethylene adsorbs reversibly at II OK. 

The ethylene does not decompose and neither does ethane form, but the 

reversible formation of ethyl groups does occur. Actually, the formation of 

stable ethyl groups (requiring an activation energy of 0.26 eV) competes with 

the desorption of ethylene (Eact = 0.35 eV) from the surface at 160K. The ethyl 

group decomposes to ethylene at 225 K with a barrier of 0.53 eV. When the 

surface containing a mixture of ethyl and hydrogen is heated, only ethylene and 

hydrogen desorb. There is no detectable carbon on the surface. 

Interestingly, ethane only forms when CO is present on the surface [1]. At 170 

K, the co-adsorption of CO with ethylene on hydrogen-presaturated Fe(lOO) 

leads to ethane formation with a low barrier of 0.22 eV. EELS spectra indicate 

that the CO moves from the top or bridge sites to the hollow as hydrogen 

vacates this site in order to form the intermediate and ethane. The site 

conversion of CO appears to contribute to the driving force of the hydrogen 

transfer reactions. The maximum ethane yield is achieved at 0.2 ML CO 
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coverage, while, at CO saturation of 0.5 ML, ethylene does not adsorb and so 

no ethane is formed. 

Ethane was found to physisorb on Ni(lll) [5] . Experiments indicated that, in 

the presence of gas phase H atoms, hydrogen is abstracted from C2H6 thereby 

forming C2H4 and subsequently resulting in the formation of CCH3. 

In a OFT study, Lo and Ziegler [6] found that ethyl preferred to adsorb at a 

bridge site while ethane was physisorbed on the Fe(lOO) surface. The same 

applies to Ru(OOO 1) [7]. The hydrogenations of CHCH3 and CH2CH3 were 

considered on stepped Co(OOOI) and found to have barriers of0.42 and 0.82 eV 

respectively [8]. 

In this chapter, we present adsorption energies (inclusive of zero-point energy 

correction), optimised structures and vibrational frequencies of CH2CH3 and 

CH3CH3 for several adsorption modes at 0.25 ML coverage at the high 

symmetry adsorption sites on Fe(IOO). The stable adsorption state of each 

species was determined by performing a full vibrational frequency analysis. 

We also look at co-adsorptions of C1 species and reaction pathways and 

propose a minimum energy pathway to C2H6, including transition states. 

6.2 Adsorption on the Fe( too) surface 

Ethyl and ethane were adsorbed in various configurations on clean four-layer 

Fe( I 00) slabs on a (2x2) unit cell such that the effective coverage is 0.25 ML. 

In conjunction with the vibrational frequency analysis, listed in Table 6.3 , we 

were able to identify the most stable adsorption modes. The stability of each 

configuration in each Figure is labeled according to its vibrational analysis; min 

refers to a local minimum, ts is a transition state (one imaginary frequency), 

and sp refers to a higher-order saddle point (two or more imaginary 

frequencies) . 
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6.2.1 

Ethyl (CH2CH3) was adsorbed at the four-fold hollow, bridge and top sites on 

the Fe(IOO) surface. The four optimised geometries are shown in Figure 6.1, 

with the adsorption details given in Table 6.1 and the vibrational frequencies in 

Table 6.3. 

The optimised adsorption modes comprised: 

(a) Bridge 1, where the carbon of the CH2 is co-ordinated to two Fe atoms 

and the CH3 is oriented with two hydrogens pointing down; 

(b) Bridge 2, where the carbon of the CH2 is co-ordinated to two Fe atoms 

and the CH3 is oriented with one hydrogen pointing down; 

(c) :Dm_l, where the carbon of the CH2 is co-ordinated to one Fe atom and 

the CH3 is oriented with two hydrogens pointing down; and 

(d) Top 2, where the carbon of the CH2 is co-ordinated to one Fe atom and 

the CH3 is oriented with one hydrogen pointing down. 

The most stable adsorption mode of ethyl, Bridge 1, has an adsorption energy 

of -2.18 eV and is a local minimum. This is in agreement with a previous DFT 

study [6]. Bridge 2 has a similar adsorption energy but is a transition state. 

The normal modes corresponding to the vibrational frequency indicate that it is 

a transition state where the CH3 will rotate the hydrogens in order to reach the 

stable configuration of Bridge 1. Top 1 and Top 2 are in the order of +0.30 eV 

higher in energy. Optimisation on the ethyl at the hollow site reached 

adsorption energies in the order of -0.6 eV before being suspended. 

Ethyl has been experimentally identified (and confirmed by vibrational 

spectroscopy) as a stable intermediate on the Fe(IOO) surface [1][4]. 

Vibrational assignments of EELS spectra [ 4] include CH stretching at 2890 

em·\ CH3 deformation at 1430 em·\ CH2 wagging at 1150 cm·1 and CH3 

rocking near 840 cm· 1
• These frequencies closely agree with those calculated 

in this study (Table 6.3). 
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Table 6.1. Adsorption of ethyl on Fe (I 00) at 8 = 0.25ML 

~ads dc.c zc ZPE L'l.Eacts 
noZPE 

[eVt [At [At [evt [eV]e 

Bridge 1 -2.18 1.53 1.80(2.75) 1.64 -2.25 
Bridge 2 -2.10 1.54 1.79(2.79) 1.63 -2.16 
Top 1 -1.89 1.53 2.13(2.93) 1.65 -1.97 
Top 2 1.54 2.15(2.78) -1.93 

"b-Eads is the adsorption energy relative to the clean slab and ethyl in the gas phase, including zero-point 
energy correction; bdc.c is the carbon-carbon bond length; 'zc is the height of the Cl with respect to the 

surface level and C2 is in parenthesis; dZPE is the zero-point energy; "b-Eads no ZPE is the adsorption 
energy excluding the zero-point energy correction. 

' ~~ --~;· ... . .. . ~ *' . 
' _fl . . .... 

" " 

"· -· " ... , , . 
~!)-. . .,. 

tl • 
] 

Bridge 1 Bridge 2 Top 1 Top 2 
0.00 (min) +0.08 (ts) +0.29 (ts) +0.32 (sp) 

Figure 6.1. Adsorption modes of ethyl on Fe(JOO), including ZPE, with respect to the 

adsorption at the preferred site (in e V) and stability. 

6.2.2 

We investigated the adsorption of ethane (CH3CH3) at the top, bridge and four

fold hollow sites in perpendicular and tilted configurations. Optimised 

geometries are shown in Figure 6.2, adsorption details are in Table 6.2 and 

frequencies are provided in Table 6.3. 

The optimised adsorption modes comprised: 

(a) Hollow 1, where the ethane is in a staggered, rotated configuration at the 

hollow site; 

(b) Bridge 1, where the ethane is in a staggered, rotated configuration at the 

bridge site; 

(c) I.Qp_l, where the ethane is in a staggered, rotated configuration at the top 

site; 

(d) Top 2, where the ethane is in a staggered conformation at the top site; 
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(e) Bridge 2, where the ethane is in a staggered conformation at the bridge 

site; 

(f) Hollow 2, where the ethane is in a staggered conformation at the hollow 

site; 

(g) Top 3, where the ethane is in an eclipsed conformation, with two 

hydrogens of each CH3 pointing down, at the top site; 

(h) Bridge 3, where the ethane is in an eclipsed conformation, with two 

hydrogens of each CH3 pointing down, at the bridge site; and 

(i) Hollow 3, where the ethane is in an eclipsed conformation, with one 

hydrogen of each CH3 pointing down, at the hollow site. 

There is no preferred state of adsorption of ethane to the surface. None of the 

structures optimised were local minima which is not surprising considering that 

the Zc ranges from 3.52-3.88 A. Similar to methane, where the Zc ranged from 

3.54-3.76 A, ethane is merely physisorbed to the surface and would easily leave 

the surface once formed. This is in keeping with what has been reported for 

Fe(IOO) [6] and Ni(lll) [5]. Positive adsorption energies indicate that DFT 

functionals cannot accurately describe this adsorption. Positive values have 

also previously been reported for Ru [7] . 

Table 6.2. Adsorption of ethane on Fe(J 00) ate = 0.25ML 

L1Eacts de-c zc ZPE L1Eacts 
noZPE 

[eV]a [Alb [A]c [eV]ct [eV]" 

Hollow 1 0.22 1.53 3.52(3 .70) 1.98 -0.07 

Bridge 1 0.23 1.53 3.55(3.73) 1.98 -0.07 

Top I 1.53 3.74(1.RR) -0.08 

Top 2 0.23 1.53 3.74(3.84) 1.98 -0.07 

Bridge 2 0.23 1.53 3.74(3.84) 1.99 -0 .07 

Hollow 2 0.23 1.52 3.49(3.67) 1.98 -0 .07 

Top 3 0.31 1.54 3.78(3.80) 1.97 0.02 

Bridge 3 0.32 1.54 3.77(3.80) 1.97 0.03 

Hollow 3 0.32 1.54 3.58(3.58) 1.97 0.03 

"t.Eads is the adsorption energy relative to the clean slab and ethane in the gas phase, including zero
point energy correction; bdc.c is the carbon-carbon bond length; 'zc is the height of the first C of the 
ethane with respect to the surface, with the second C in parenthesis; dZPE is the zero-point energy; 

' t.E,ds"0 
ZPE is the adsorption energy excluding the zero-point energy correction. 
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Figure 6.2. Adsorption modes of ethane on Fe(J 00), including ZPE, with respect to 
the adsorption at the preferred site (in e V) and stability 
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Table 6.3. Vibrational frequency analysis for ethyl and ethane adsorbed on Fe (I 00) 
at (J = 0.25ML. All .frequencies are in cm-1 
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6.3 Co-adsorptions and transition states 

In this section, the results are presented in terms of the step-wise formation of 

ethyl and ethane by C-C coupling and hydrogenation reactions. The vibrational 

frequencies are provided in Table 6.9. The most favourable reactions are 

presented in Figure 6.11. 

6.3.1 Formation of ethyl 

Ethyl may be formed by the direct coupling of methylene and methyl ; 

hydrogenation of ethylene or hydrogenation of ethylidene. It may also form by 

the decomposition of ethane. 

6.3.1.1 

CH2 and CH3 were co-adsorbed in various configurations in order to investigate 

C-C coupling to form ethyl. From a starting configuration of Trans 1, see 

Fig.6.5 , two transition states were located. However, the normal modes 

corresponding to the imaginary frequency of Cis I indicated a transition state 

for rotation of the hydrogens of the CH3 molecule, whereas the normal modes 

of the Cis 2 configuration corresponded to C-C bond formation/breaking. 

The CH2 and CH3 in Trans I commence the reaction from their most stable 

adsorption sites; hollow and bridge respectively with a C-C distance of 3.43 A. 

The CH3 is 1.86 A above the surface at the start and goes up to 1.92 A at the 

transition state as it diffuses from one bridge site to another. At the transition 

state, Cis 2, the CH2 is still located at the hollow site with the methyl at the 

closest bridge site. The activation energy for the coupling of CH2 and CH3 is 

0.71 eV, hence we conclude that this coupling reaction is feasible. 

The C-C bond length is quite long at 2.78 A. Similarly long C-C bond lengths 

and similar transition states were obtained for the reactions of C+CH3 (de_ 

c=2.72 A) and CH+CH3 (dc-c=2.68 A) in Chapter 5. Previous DFT studies [6] 

obtained a shorter C-C bond length of 2.01 A at the transition state but a higher 
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activation energy of 1.50 eV, due to the movement of the CH2 out of the hollow 

and closer to the bridge. Although we attempted to locate this transition state 

by using it as a starting configuration, the optimised state went to the Cis 2 

configuration. This coupling reaction was found to be unlikely on Rh(lOO), 

using the ASED method [9]. 

Table 6.4. Co-adsorption ofCH2 + CH3 on Fe(JOO) 

CH2+cHJ dc.c[A]" Zc1 [A]b 

Trans 1 
Trans 2 
Trans 3 
Cis 1 
Cis 2 

"Carbon-carbon bond length ; 

Trans 1 
0.00 (ts) 

Cis2 
+0. 72 (ts) 

3.43 0.68 
3.30 0.67 
3.47 0.67 
2.76 0.62 

2.78 0.63 
C 1 and C2 height above the surface. 

Trans 2 
+0.01 (min) 

Trans 3 
+0.08 (min) 

1.86 
1.89 
1.81 

1.86 
1.92 

~1i ~~ ~ ... 

• • c~# v • . "' ~ .~ !.. ~ ,.. .... 

if.". il. 

Cis 1 
+0.64 (ts) 

Figure 6.5. Adsorption modes of CH2+CH3 co-adsorption on Fe(JOO), including 
ZPE, with respect to the most energetically favourable configuration (in eV), and 
stability. 

6.3.1.2 

Various ethylene and hydrogen co-adsorption systems were optimised, as 

illustrated in Figure 6.6. A point to note is that there is no stable configuration 

where ethylene co-adsorbs with hydrogen, although hydrogen has a stabilising 

effect on the ethylene bond to the surface (Table 6.5). 
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The starting point of the reaction is the Cis 2 configuration, where the C-C 

bond of the ethylene is situated over the hollow site with the carbons pointing 

to the bridge site and the atomic hydrogen is situated at an adjacent hollow site. 

The carbon to (bonding) hydrogen bond length is 2.53 A. As the reaction 

proceeds, the ethylene and hydrogen diffuse toward the same bridge site. At 

the transition state, Cis 4, the carbon to hydrogen bond length is 1.58 A. The 

activation energy required for this step is 0.62 eV, therefore this is a likely 

reaction. The normal modes corresponding to the single imaginary frequency 

indicate the bond formation/breaking of the hydrogen with the ethylene. 

Table 6.5. Co-adsorption ofCH2CH2 + H on Fe(JOO) 

CH2CH2+H 
Llliacts( CH2CH2) dc.c dc-H Zcl ZC2 ZH 

[eY] [At [A]b [A]" [A]" [A]d 

Cis 1 -0.91 1.49 3.22 1.67 1.67 0.32 
Trans 1 -0.93 1.49 3.76 1.63 1.63 0.31 
Trans 2 1.43 3.04 2.14 2.05 1.05 
Cis 2 1.42 2.48 2.34 2.13 0.32 
Trans 3 1.42 2.99 2.19 2.19 1.08 
Cis 3 1.47 2.53 1.69 1.69 0.27 
Cis 4 1.34 3.03 2.92 3.12 0.32 
Cis 5 1.49 1.58 1.81 1.62 0.69 

" Carbon-carbon bond length; Bonding hydrogen distance from closest carbon of ethane; c Carbon 
height above the surface; d Bonding hydrogen height above the surface. 
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Chapter 6 

Trans 3 
+0.32 (ts) 

+0.33 (ts) +0.80 (ts) +0.94 (ts) 
Figure 6.6. Adsorption modes of CH2CH2+H co-adsorption on Fe(JOO), including 
ZPE, with respect to the most energetically favourable corifiguration (in eV), and 

stability. 

Hydrogenation of ethylidene: CHCH3 + H -7 CH2CH3 

The co-adsorptions of ethylidene and atomic hydrogen yielded a few local 

minima, as illustrated in Figure 6.7. The co-adsorption of hydrogen has a 

stabilising effect on the ethylidene (Table 6.6). 

The starting configuration of the reaction was identified as Cis 1 (Figure 6.7), 

where the ethylidene and hydrogen are at 2.86A apart at adjacent hollow sites. 

They each diffuse to bridge sites to reach the transition state, Cis 3. The 

normal modes associated with the single imaginary frequency (Table 6.9) 

correspond to the bond formation/breaking of the hydrogen to the carbon. The 

carbon to bonding hydrogen bond length is 1.63A. The activation energy for 

this reaction is 0.69 eV which is similar to previous DFT studies [6]. 
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Table 6.6. Co-adsorption ofCHCH3 + H on Fe(100) 

CHCH3+H 
Llliacts(CHCHJ) dc.c dc.H zc t ZC2 ZH 

[eV] [At [Alb [A]" [A]" [At 
Trans 1 -5.38 1.55 4.10 0.78 2.10 0.33 
Trans 2 -5.29 1.55 3.18 0.74 2.02 1.18 
Cis 1 1.55 2.86 0.77 2.06 0.36 
Cis 2 1.55 3.19 0.89 2.27 0.27 
Trans 3 1.53 3.42 1.56 2.65 0.34 
Trans 4 1.52 3.22 1.54 2.66 0.33 
Cis 3 1.52 1.63 1.60 2.72 1.28 

"Carbon-carbon bond length; 6Carbon-bonding hydrogen bond length; <carbon height above the 
surface; dH height above the surface . 
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. 
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Trans 4 
+0.54 (ts) 

Cis 1 
+0.13 (min) 

Cis 3 
+0.82 (ts) 

Cis2 
+0.23 (min) 

Figure 6. 7. Adsorption modes of CHCH3+ H co-adsorption on Fe(J 00), including 
ZP E, with respect to the most energetically favourable corifiguration (in e V), and 
stability. 

Formation of ethane: 

Ethane may be formed by the hydrogenation of ethyl or by the direct coupling 

of methyl groups. 

Hydrogenation of ethyl: 

Ethyl was adsorbed at the bridge site in its most stable configuration with the 

atomic hydrogen co-adsorbed at the three possible hollow sites. The adsorption 

energy of ethyl of -2.18 eV is not affected by the presence of hydrogen (Table 

6.7). 
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The reaction proceeds from Cis I (from Figure 6.9), where the hydrogen is 

situated 2.60A from the carbon of the ethyl. Although the hydrogen is 

adsorbed at the hollow site, it is not centralised, instead the Fe-H distance is 

1.81A on the side farther from the ethyl and 2.48A on the side closer to the 

ethyl. The hydrogen then diffuses across the hollow site until it is co-ordinated 

to the same two iron atoms as the ethyl, yielding transition state Cis 2. 

From the vibrational frequencies (Table 6.9), Cis 2 actually has 3 imaginary 

frequencies; 1031i, 50i and 28i cm-1
. The normal modes of the 103li cm-1 

frequency correspond to bond formation/breaking of the hydrogen. The low 

frequencies of 50i and 28i cm-1 may be due to adsorbate-surface coupling 

effects as this is not taken into consideration in the frequency calculations. 

This would affect the low frequency values and may mean that low imaginary 

frequencies are actually real or vice versa. Therefore, configuration Cis 2 is 

considered to be a reasonable transition state of this reaction, which is 

associated with a barrier of0.86 eV. This is in agreement with a previous DFT 

study [6]. 

Table 6. 7. Co-adsorption ofCH2CH3 + H on Fe(JOO) 

CHzCH3+H 
Llliads(CHzCH3) de-c dc-H Zcl zcz ZH 

[eV] [At [A] b [At [At [A]d 

Trans 1 -2.22 1.53 3.53 1.82 2.75 0.36 

Trans 2 -2.17 1.53 3.55 1.83 2.72 0.35 

Cis 1 1.53 2.60 1.82 2.81 0.23 

Cis 2 1.53 1.51 2.02 2.75 0.62 
" Carbon-carbon bond length; 6c arbon to bonding hydrogen distance; ccarbon heights above the 
surface; d Bonding hydrogen height above the surface . 
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Figure 6.9. Adsorption modes of CH2CH3+H co-adsorption on Fe(JOO), including 
ZPE, with respect to the most energetically favourable configuration (in eV), and 
stability. 

6.3 .2 .2 Direct coupling: 

The co-adsorption of two methyl groups, as shown in Figure 6.1 0, yielded one 

minimum, Trans 1, where the distance between the carbons was at a maximum 

(for this unit cell) of 4 A (Table 6.8). The direct addition of a methyl to another 

methyl not likely due to steric interaction of the hydrogen atoms when the C-C 

distance is decreased. Ethane will neither form nor dissociate via this route. 

This has also been found to be the case on Ru(OOOl) [7] and Co(OOOl) [10]. 

Table 6.8. Co-adsorption ofCH3 + CH3 on Fe(JOO) 

CH3+CH3 

Trans 1 
Trans 2 

Cis 1 

Cis 2 
"Carbon-carbon bond length; 

flliads(CH3) de-c zc1 
[eV] [At [At 
-1.95 4.00 1.80 
-1.97 3.93 1.79 

2.83 1.87 
2.83 1.71 

Carbon height above the surface. 

.--- .. ~ 
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Zc2 
[At 
1.80 
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........ ' ,..~ 

1 !"\j. ?~~-. . -. 
• • • If 

-~~· •!' 
Trans 1 Trans 2 Cis 1 Cis 2 

O.OO(min) O.OO(sp) +1.62(ts) +1.87(sp) 
Figure 6.10. Adsorption modes ofC+CH2 co-adsorption on Fe(JOO), including ZPE, 
with respect to the most energetically favourable configuration (in e V) , and stability. 
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Table 6.9. Vibrational frequency analysis for co-adsorptions on Fe(JOO). All 
frequencies are in cm-1 
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6.4 Potential energy surface up to C2H6 chemistry 

A potential energy surface from C2H4 up to the C2H6 is presented in Figure 6.11. 

The reference is ethane in the gas phase and the clean Fe(IOO) surface. All 

energies include zero-point energy corrections. The stoichiometry corresponds 

to 2C + 6H on the clean slab with H atoms at infinite separation. The reaction 

energy change and the activation energy for each step in the C2H6 formation 

process are listed in Table 6.10. 

On comparison of the relative energies of all C2Hx (x=4-6) species in Figure 

6.11 , ethylidene and ethylene are the most stable on the surface. The formation 

of ethyl is an essential precursor to the formation of ethane. The observation by 

Burke and Madix [1] that ethane formation is favoured by an optimum CO 

coverage could be due to site blockage by the CO so that the ethyl cannot 

dissociate. Also, the co-adsorption of CO may reduce the activation energy of 

ethyl hydrogenation, thereby making ethane formation more favourable and 

maybe even preferred over dissociation of its precursor, the ethyl fragment. 

This would then make ethylene formation less favourable . 

There are four pathways to form ethyl; hydrogenation of ethylene, 

hydrogenation of ethylidene; coupling of CH2 and CH3; or dehydrogenation of 

ethane. The two hydrogenation reactions are similarly activated at 0.62 eV and 

0.69 eV for ethylene and ethylidene respectively. However, the co-adsorption 

of hydrogen destabilises ethylene by 0.23 eV whereas it has no effect on the 

stability of ethylidene. The direct addition of methyl to methylene has a barrier 

of 0.71 eV so it is also within range of the previous two reactions. The 

dehydrogenation of ethane requires 0.80 eV and could proceed if there are high 

temperatures or if lateral interactions with for eg. CO cause the barrier to come 

down [1]. 

Once ethyl is formed, the reaction may proceed further to saturate the molecule 

and form ethane. This will require crossing the barrier of0.86 eV. Ethane will 



150 Chapter 6 

then easily leave the surface. However, the reverse reactions are also possible 

and more favourable since their activation energies are all lower than that of 

hydrogenation to ethane. The a-hydride elimination to CHCH3 has the lowest 

barrier, 0.42 eV. The C-C bond breakage to CH2 and CH3 has a barrier of0.55 

eV and the ~-hydride elimination to CH2CH2 has a similar barrier of0.66 eV. It 

has experimentally been found that ethyl forms ethylene upon heating [ 4]. 

Ethylene and ethane formation are both possible. It could be that ethylene 

would form first and as the surface becomes more occupied, dissociation of a C

H bond in the ethyl fragment becomes blocked and ethane fonns. 

We have found that zero-point energy corrections are crucial when dealing with 

hydrogen-containing species. In Table 6.10 (as in this whole chapter), we have 

expressed the activation energies for the forward and reverse reactions as well as 

the reaction energies including the zero-point energy correction. The value 

without zero-point energy correction is given in parenthesis. Zero-point 

energies make a significant change to the results. If ignored, the CH2CH3 + H 

reaction would seem favourably exothermic, however with the proper zero-point 

energy corrections it is almost thermoneutral or in fact, even slightly 

endothermic. 

The experimental results from Burke and Madix [1 ][2][3] for ethylene on 

Fe(l 00) indicated that ethylene desorption competes with its (self) 

hydrogenation to ethyl. This is feasible according to Figure 6.11 as the 

activation energy for ethylene hydrogenation to ethyl is 0.62 eV whereas its 

desorption energy is only slightly larger at 0.8 eV. 
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Table 6.10. Activation energies (EacJ for the forward and reverse reactions as well as 

reaction energies (LJ.EwJ for all pathways from C2H4 toward the formation ofC2H6 
on 

Fe(JOO). Values include zero-point energy correction, with the value excluding zero
point energy in parenthesis. 

Reaction EactCforward) Eact( reverse) ~Erxn 
(eV] (eV] [eV] 

CHzCH2+H !::; CHzCH3 0.62 (0.58) 0.66 (0.85) -0.04 (-0.27) 
CHz+CH3 !::; CHzCH3 0.71 (0.73) 0.55 (0.75) +0.15 (-0.02) 
CHCH3+H !::; CHzCH3 0.69 (0 .60) 0.42 (0.55) +0.28 (+0.05) 
CHzCH3+H !::; CH3CH3 0.86 (0 .87) 0.80 (1.17) +0.06 ( -0 .30) 
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Figure 6.11. Potential energy surface, including zero-point energy correction, for 
C

2
H

6
formation on clean Fe(JOO). The reference is ethane in the gas phase (including 

ZPE) and the clean slab. Note that the overall stoichiometry corresponds to 2C + 6H 

on the clean slab with H atoms at infinite separation. 

Ethane surface chemistry 153 

6.5 Conclusions 
We have used OFT to study the adsorption of ethyl and ethane on the Fe(lOO) 

surface as well as C-C coupling and hydrogenation reactions towards the 

formation of ethane. On this basis, we have been able to construct a potential 

energy surface for ethane formation on clean Fe(lOO). 

Ethyl prefers the bridge site where the carbon of the CH2 is co-ordinated to two 

Fe atoms and the CH3 is oriented with the two hydrogens pointing towards the 

surface. Ethane is physisorbed to the surface and does not exhibit any site 

preference. The potential energy surface includes ethylidene and ethylene for 

completeness and these are the most stable in this case. The formation of ethyl 

is an essential precursor to the formation of ethane. Once ethane forms, it can 

desorb into the gas phase or it may dissociate to ethyl, since the activation 

energy for the forward reaction is very similar to the reverse. 

Ethyl may be formed by any of three reversible pathways. The activation 

energies of the reverse of these three paths are more favourable than that of 

ethane formation. However, any ofthe pathways are feasible, which means that 

ethylene formation competes with ethane formation . 
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Chapter7 

Ethylene and Ethane 

Forntation 

Ethylene and ethane are preferred products of the Fischer-Tropsch 

synthesis. In this chapter, we bring together the results of Chapters 4, 5 

and 6 in order to examine the specific pathways that would lead to 

ethylene or ethane. Ethyl is a precursor to either product. Four 

mechanisms are proposed for the formation of ethyl. 

Mechanism 1 involves the carbon-carbon coupling of CH2+CH3, 

Mechanism 2 involves the carbon-carbon coupling ofCH+CH3 followed 

by one hydrogenation, Mechanism 3 involves the carbon-carbon 

coupling of C+CH3 with two subsequent hydrogenations, and 

Mechanism 4 involves the carbon-carbon coupling of C+CH2 followed 

by three hydrogenations. 
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7.1 Introduction 

Chapters 4, 5 and 6 present in detail our systematic approach towards studying 

the formation ofC2 hydrocarbons on the Fe(lOO) surface. Due to the volume of 

work, this had to be divided into discussions of C2H2, C2H4 and C2H6 surface 

chemistry. In this chapter, we bring all the results together in order to compare 

adsorption behaviour, as well as to present a complete potential energy surface 

of C2 hydrocarbon formation. We are hereby able to identify the favourable 

pathways for the formation of ethylene and ethane. 

7.2 C2Hx (x=o-6) adsorption on the Fe(too) 

surface 

The adsorption modes of the various C2 hydrocarbons have all been 

incorporated into Figure 7.1. The points are labeled, as they have been indicated 

already in Chapters 4, 5 and 6, in abbreviated form ; T, B and H stand for 

adsorption at top, bridge and hollow sites respectively. Zero-point energies are 

included and the reference is ethane in the gas phase and the clean slab. The 

stoichiometry corresponds to 2C + 6H on the clean slab with H atoms at infinite 

separation. In this way, we are able to compare the relative energies of the 

species on the surface. Information regarding the stability of the species is also 

included in the figure, with normal text corresponding to minima, transition 

states are underlined and saddle points are italicized. 

It is interesting that the c2 species where the alpha carbon is not hydrogenated, 

with the exception of dicarbon, are actually the most stable on the surface; CCH, 

CCH2 and CCH3. Acetylene, CHCH, has similar stability. As the alpha carbon 

is hydrogenated, in addition to the beta carbon, the species gets progressively 

destabilized on the surface. 

The most stable C2 fragment is ethynyl. The least stable is ethane, which would 

be expected to leave the surface easily once formed. The most stable 

Ethylene and ethane formation 
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configuration of all of the H-deficient species up to C2H4 is at the four-fold 

hollow site. Ethyl prefers bridge sites, while ethane is physisorbed on the 

surface and does not show any preference for a particular site. 
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7.3 Potential energy surface of C2 hydrocarbon 

formation on Fe( too) 

In Chapters 4, 5 and 6, we have presented individual potential energy surfaces 

(PES) progressing up to C2H2, C2H4 and C2H6 respectively. Figure 7.2 is a 

complete PES from C+C all the way to CH3CH3, incorporating each of the 

individual potential energy surfaces but now all expressed in terms of ethane in 

the gas phase and the clean slab. The stoichiometry corresponds to 2C + 6H on 

the clean slab with H atoms at infinite separation. All energies include zero

point energy correction. 

Atomic carbon with another atomic carbon co-adsorbed on the same slab 

(indicated as C+C on Figure 7.2) is the most stable configuration on the PES. 

The most stable C2 species in the presence of co-adsorbed hydrogen is CCH. 

This is in contrast to CCH3 which is the most stable fragment on Ni(l I 1) [3]. 

Considering the activation energies, the dissociation of ethylene is more 

favourable than its hydrogenation to ethyl. However, on H-presaturated 

Fe(IOO), ethyl is formed but not ethane, and ethylene does not decompose on the 

surface Error! Reference source not found .. 

In Chapter 3, C and CH were found to be the most stable C1 surface species and 

the hydrogenation of C1 species has an activation energy of around 0.7 eV, 

which increases to 0.9 eV when a surface carbon is close. Therefore, the rate 

and nature of the carbon-coupling reactions would depend on the rate of the 

hydrogenations. 
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Table 7.1. Activation energies of the carbon-carbon coupling reactions 

Growing chain CH3 CH3 CH3 CH2 CH2 CH2 CH CH c 
+ + + + + + + + + + 

Building Unit CH2 CH c CH2 CH c CH c c 

E.,ct 0.71 0.58 0.49 1.90 1.28 0.73 1.17 1.37 1.94 
Mechanism 1 2 3 4 

The activation energies of all C-C coupling reactions are listed in Table 7.1. 

Four activation energies are lower than 1 eV, namely for the coupling of 

CH3+CH2, CH3+CH, CH3+C and CH2+C at 0.71 , 0.58, 0.49 and 0.73 eV 

respectively. 

In Figure 7.3, Mechanisms 1 to 4 are isolated out of the full PES in order to 

view the competing reactions and the relative energies. Considering the many 

similar barriers, it is not likely that just one of the pathways is responsible for 

the FT mechanism. Several pathways could operate in parallel depending on the 

availability of hydrogen and other C species on the surface. 

In Mechanism 1, CH3 and CH2 would require just 0.71 eV to couple and form 

ethyl. The ethyl would then need to cross a barrier of 0.86 in order to further 

hydrogenate to form ethane or it could dissociate to ethylene which has a lower 

activation energy of 0.66 eV. Ethylene is thermodynamically more stable on the 

surface and the formation is actually exothermic rather than the less favourable 

endothermic reaction to form ethane. 

In Mechanism 2, CHand CH3 would cross a barrier of0.58 eV to form CHCH3. 

This reaction is quite reversible. The barrier to break the carbon-carbon bond is 

very low at 0.04 eV. If the reaction proceeds, the CHCH3 is hydrogenated to 

form ethyl which requires an activation energy of 0.69 eV. The formation of 

ethylene and ethane then proceeds as described above. 
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In Mechanism 3, C couples with a CH3 to form CCH3 by crossing a barrier of 

0.49 eV. The two subsequent hydrogenations have similar activation energies 

as we have seen for methanation; 0.75 eV to form CHCH3 and then 0.69 eV to 

form CH2CH3. The barrier to remove one hydrogen from the a-carbon of 

CHCH3 is similarly easy to breaking the carbon-carbon bond, as mentioned in 

Mechanism 2. 

In Mechanism 4, C and CH2 cross a barrier of 0. 73 e V to form CCH2. It then 

requires an activation energy of 0.65 eV to hydrogenate the a-carbon or 0.44 eV 

to hydrogenate the ~-carbon. The former leads to CHCH2 and the latter to 

CCH3. CHCH2 can in turn hydrogenate on the a-carbon, with a barrier of 0.85 

eV, which forms ethylene. Alternatively, the ~-carbon can by hydrogenated by 

crossing a barrier of 0.62 eV to CHCH3. CCH3 has a slightly higher barrier of 

0.75 eV to also reach CHCH3. As before, CHCH3 is the precursor to CH2CH3. 

Ethy lene and ethane f ormation 
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Mechanisms 1 to 4 overlap on a number of steps, therefore it is possible to 

consolidate the mechanisms into one scheme, Figure 7.4. This scheme is far 

more comprehensive than what has previously been presented in literature on 

different surfaces [1][2], as the activation energies are indicated for the forward 

as well as the reverse reactions thereby indicating the reactions that would 

compete with each other, depending on the environment. 

C+C 

0.34it0.94 
C+CH 

010it0.97 
0.73 

Mechanism4 C+CH 2 

11 0.49 

1.06 

C+CH3 0.24 

11 
CH+CH 3 

11 
CH2+CH3 

Mechanism3 

Mechanism2 0.04 

Mechanism 1 

CHCH3 

"" 11·" 
:·:~ YCH2C~H3 

<;:)~"' Q6'6' 

r;:,'f>r;:, Glao 

0 .85 0.38 

CH2CH2 

Figure 7.4. Mechanistic pathways for ethylene and ethane formation on clean 

Fe (I 00). The reference is ethane in the gas phase and the clean slab. Zero-point 

energies are included. The blue lines correspond to C2 hydrogenation, the red to C2 

dehydrogenation, the green to C-C coupling, the black to C-C bond breaking and the 

grey to C1 hydrogenation/dehydrogenation reactions. 
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7.5 Conclusions 
Ethylene and ethane are preferred products of the Fischer-Tropsch synthesis. 

Ethyl is a direct precursor to either product. Four mechanisms are proposed for 

the formation of ethyl. Mechanism 1 involves the carbon-carbon coupling of 

CH2+CH3, Mechanism 2 involves the carbon-carbon coupling of CH+CH3 

followed by one hydrogenation, Mechanism 3 involves the carbon-carbon 

coupling of C+CH3 with two subsequent hydrogenations, and Mechanism 4 

involves the carbon-carbon coupling of C+CH2 followed by three 

hydrogenations. Once ethyl is formed, it will either hydrogenate to ethane or 

dehydrogenate to ethylene. 

In this study, we cannot discriminate between CCH2, CCH3, CHCH2 or CHCH3 

as the most abundant surface intermediate. Microkinetic analysis may provide 

further insight. Future studies into C3 (and higher) hydrocarbon formation 

should consider these species as further chain growth may require a different 

precursor than the one to produce ethylene and ethane. 
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Water forn1ation 

The formation of water by the hydrogenation of atomic oxygen 

has been studied using density functional theory. Atomic oxygen 

preferentially adsorbs at thefour-fold hollow site, the hydroxyl prefers 

the bridge site in a tilted configuration, and water is most stable when 

adsorbed at the top site with the two 0-H bonds parallel to the Fe 

surface. 

Water formation by the hydrogenation of oxygen is a highly 

activated process on the Fe(wo) surface, with similar activation 

energies, in the order of 1.1 eV, for the first and second hydrogen 

additions. A more favourable route for the addition of the second 

hydrogen involves the disproportionation of hydroxyls to form water 

and adsorbed oxygen. Dissociation of the OH is also likely since the 

activation energy is similar to that for disproportionation of 0.65 eV. 

The overall reaction energy for water formation is +1.99 eV. 

Furthermore, our results show that the dissociation of water on 

Fe(wo) is a non-activated process: 0.16 e V for zero-coverage limit and 

0.03 e V when surface oxygen is present. 
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8.1 Introduction 
Water is the main by-product of Fischer-Tropsch synthesis (FTS) and is 

partially responsible for the deactivation of iron catalysts by oxidation. Water is 

most likely formed by the hydrogenation of oxygen atoms resulting from the 

dissociation of carbon monoxide in the first steps of the FT reaction; however, 

an alternative path would be the reaction of two hydroxyl groups to form water 

and an oxygen atom. In spite of its relevance, the adsorption and decomposition 

of water on iron single crystals have only been studied in a few papers [ 1-8]. A 

few others have investigated the chemisorption of atomic oxygen and the first 

steps of iron oxidation [ 1-5,9-17]. 

Oxygen adsorbs on Fe( I 00) at low temperatures (I 00 K) through a mobile 

precursor, followed by the formation of a disordered overlayer. This overlayer 

can be ordered by heating to high temperature (900 K). Consequently, there is a 

reduction of 0 surface concentration, attributed to diffusion of oxygen into the 

bulk since there is no 0 2 desorption into the gas phase observed [9]. The 

formation of bulk-like iron-oxide layers has been indicated by various 

experimental studies [11 ,14]. At surface sites, a well ordered p(lx1) 0-Fe(lOO) 

structure has been consistently observed [2,9, 11-13]. Furthermore, high 

resolution electron energy loss spectroscopy (HREELS) and low-energy 

electron diffraction (LEED) patterns have shown that oxygen atoms are 

preferentially bound in the four-fold hollow sites, followed by bridge sites at 

higher coverages [9-12]. Therefore, saturation coverage may be over 1 ML. On 

the other hand, atomic oxygen on the Fe(llO) surface occupies the long-bridge 

site and reaches saturation at 0.25 ML coverage. As the oxygen coverage 

increases, FeO islands form. Above 0.4 ML the size and density of the FeO 

islands increase and finally give a hexagonal LEED pattern characteristic of 

FeO(Ill) [10,14]. 

Water can also oxidise iron; this has been studied on the Fe(l 00) surface in 

some detail [1,2,5,18]. Water adsorbs molecularly at lOOK, forming a 
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disordered c(2x2) structure, and desorbs from three states; 165 K (C state), 220 

K (B state) and 310 K (A state). The B and C states correspond to adsorbed 

molecular water desorbing into the gas phase. Water dissociation begins 

around 188 K and is complete by 243 K, as the characteristic peak at 1590 cm- 1 

is not present following annealing at this temperature. This dissociation, 

according to the vibrational data, results in a layer of hydroxyl groups on the 

surface. The proposed configuration is a p(lx2) hydroxyl overlayer with the 

OH groups at the bridge site and tilted to the surface. The A state desorption at 

310 K is due to the disproportionation of hydroxyl species, resulting in the 

formation of water and adsorbed oxygen atoms: 20Hads -7 Oads + H20ads· 

However, at the same temperature the dissociation of OH to Oacts and Hads is 

also possible, which leads to H2 desorption, characterized by a distinct H2 

desorption peak. Atomic oxygen would still be adsorbed to the surface after 

both pathways as 0 2 desorption is not observed during the TPD measurements. 

Oxidation of Fe( I 00) by water adsorption results in a saturation oxygen 

coverage of 0.39 ML. Further oxidation by water is not possible, however, 

oxidation by molecular oxygen can still occur [2]. Experimental studies 

conducted on the Fe(ll 0) surface have concluded that, at 130 K and at low 

coverages, water is dissociatively adsorbed to form two "different" hydroxyl 

species. This difference corresponds to the hydroxyls adsorbing at different 

sites [3 ,7]. It is only upon additional exposure to water that molecular 

adsorption is observed. Similar to Fe(l 00), heating the hydroxyl layer causes 

both hydrogen and water desorption with additional oxygen deposition. 

Computational studies conducted on Fe(lOO) have identified atomic oxygen at 

the four-fold hollow site [4, 15,17,19,20], hydroxyl in a tilted configuration at 

the bridge and water at the top or bridge [ 4, 19]. Oxygen and hydroxyl adsorb 

at the two-fold long-bridge site on Fe(llO) [4,17]. Anderson [8] used the atom 

superposition and electron delocalisation (ASED) method to study the 

adsorption and dissociation of water on Fe(lOO) using a cluster model. The 

calculated barrier for the removal of one hydrogen from H20 was 0.41 e V and 
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the removal of the second hydrogen to form atomic oxygen was 0.64 eV, 

indicating that, on a clean Fe(IOO) surface at room temperature, water is likely 

to lose both hydrogen atoms. Furthermore, there is a barrier of 0.84 eV for the 

formation of H20 +0 from OH+OH. Eder et al. [ 4] proposed a pathway for the 

dissociation of water to OH+H on Fe(lOO) with a reaction energy of -1.10 eV 

but they could not locate the transition structure for dissociation. Lo and 

Ziegler (20] proposed an Eact of0.76 eV for O+H -7 OH and 0.81 eV for OH 

-7 O+H and suggested that there is an equilibrium between 0, Hand OH. The 

reaction OH+H -7 H20 has an Eact of0.78 eV and the reverse is 0.08 eV. The 

first hydrogenation is slightly exothermic and second is endothermic. Their 

energies are not zero-point energy corrected, which might influence the results. 

Jiang and Carter (21] have looked at the adsorption and dissociation of H2S on 

Fe(lOO) using DFT-PBE. Since sulphur and oxygen are both group 6 elements, 

it will be interesting to see how the results on H2S and H20 compare. Atomic S 

prefers the hollow sites, with the bridge being a transition state for diffusion. 

SH is adsorbed at the hollow site in an upright configuration, also with the 

bridge as the transition state for diffusion. H2S is predicted to weakly adsorb to 

the surface, with the bridge site preferred. The barriers to break the first and 

second S-H bonds are low and about the same, ~0.25 eV. The reverse reactions 

are less favourable; S+H-7SH has an activation energy of 1.0 eV and 

SH+H-7H2S requires 1.5 eV. The overall reaction energy is >2 eV, making 

sulphur deposition on Fe(lOO) via H2S very favourable . 

In this chapter, adsorption energies, optimised structures and vibrational 

frequencies of 0 , OH and H20 for several adsorption modes at 0.25ML 

coverage are presented, as well as the potential energy surface of water 

formation. 
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8.2 Adsorptions on the Fe( too) surface 

Atomic oxygen, hydrogen, hydroxyl and water were adsorbed in various 

configurations on clean four-layer Fe(IOO) slabs on a (2x2) unit cell such that 

the effective coverage is 0.25 ML. In conjunction with the vibrational 

frequency analysis, the most stable adsorption modes were identified. The 

stability of each configuration in each Figure is labeled according to its 

vibrational analysis; min refers to a local minimum, ts is a transition state (one 

imaginary frequency), and sp refers to a higher-order saddle point (two or more 

imaginary frequencies). 

8.2.1 Adsorption of 0 (atomic oJ..ygen) 

Atomic oxygen was adsorbed at the top, bridge and four-fold hollow sites on 

Fe(I 00). The three optimised geometries are illustrated in Figure 8.1, with the 

adsorption details and vibrational frequencies in Table 8.1. 

The adsorption energy of -6.54 eV (with respect to the clean slab and atomic 

oxygen in the gas phase, including ZPE) at the four-fold hollow site was more 

favourable than the bridge and !QQ sites by 0.80 eV and 1.32 eV respectively. 

The iJEadsnoZPE results are in good agreement with those of Bromfield et al. [15] 

using DFT-PW91. The adsorption energies reported by Lo and Ziegler (20], 

also using OFT with the PW91 functional, are lower but the difference is 

probably due to them reporting in terms of an oxygen molecule in the gas phase 

rather than atomic oxygen, since their relative differences in energy between 

the three adsorption sites are similar to these results . 

Oxygen is located 1.56 A above the Fe surface at the !QQ site, 1.39 A above the 

bridge site and 0.67 A above the hollow. Similar heights have been reported in 

previous V ASP studies [ 4, 15, 17]. Sulphur was found to be less strongly bound 

to the surface with an adsorption energy of -6.00 eV, also preferring the four

fold hollow site (z5=1.03 A) [21]. 
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The preferred adsorption of oxygen at the hollow site on Fe( 100) has been 

frequently reported in literature [ 1-5, 12-17]. Interestingly, the vibrational 

frequencies (Table 8.1) identify all three adsorption sites as local minima on the 

potential energy surface. This supports previous experimental results which 

found that while the four-fold hollow is preferentially occupied, as the 

coverage increases above 0.25 ML, bridge sites are also populated and at even 

higher coverages, possibly top sites as well [2,9]. In contrast, Lo and Ziegler 

[20] suggested that the top and bridge sites were transition states, although they 

do not provide the vibrational frequencies in support. 

The frequencies for oxygen at the !QQ and hollow sites show double degeneracy 

due to the symmetry of the sites. The calculated Fe-0 stretching frequencies of 

368 cm·1 at the four-fold hollow and 543 cm· 1 at the bridge are in good 

agreement with the 390 cm- 1 and 520 cm- 1
, respectively, reported by Lu et al.. 

[9,12] from HREELS data as well as the 389 cm-1 and 527 cm- 1
, respectively, 

from DFT [15]. The vibrational frequency at the bridge site also falls within 

the 500-550 cm-1 range of 0 at the long bridge site, determined by EELS, on 

Fe(llO) [7,10]. 

Table 8.1. Adsorption of atomic oxygen on Fe(J 00) ate = 0.25ML. 

6Eacts 

[evr 
ZPE 

[evr 

6EactsnoZP 

E 

Hollow -6.54 0.67 0.05 -6.59 215 216 368 
Bridge -6.02 1.39 0.06 -6.09 88 391 543 
Top -5.22 1.56 0.06 -5.28 74 74 812 

·~E,ds is the adsorption energy relative to the clean slab and atomic oxygen in the gas phase including 
ZPE; bZo is the height of the oxygen with respect to the surface level ; czPE is the zero-point energy; 

"~Ead;ozPE is the adsorption energy without ZPE. 
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Hollow Bridge Top 
0.00 (min) +0.51 (min) +1.32 (min) 

Figure 8.1. Adsorption modes of atomic oxygen on Fe(/00) with respect to the 
adsorption at the preferred site (in e V and including ZPE) and stability. 

8.2.2 Adsorption of OH (hydroxyl) 

OH was adsorbed at the top, bridge and four-fold hollow sites on the Fe(lOO) 

surface in both upright and tilted geometries. The five optimised geometries 

are shown in Figure 8.2 and detailed in Table 8.2, with vibrational frequencies 

in Table 8.3. 

Three local minima were identified, interestingly one at each adsorption site: 

Top tilted - where the hydrogen is tilted at an angle of 56.9° with respect to the 

Fe surface (where the 0-surface distance is 1.82 A and the 0-H bond length is 

0.97 A); bridge tilted - where the hydrogen is tilted at 64.1 o with respect to the 

Fe surface (where the 0-surface distance is 1.59 A and the 0-H bond length is 

0.98 A); and at the hollow where the OH molecule is perpendicular to the 

surface (with an 0-surface distance of 1.27 A and 0-H bond length of0.98 A). 

The bridge tilted is the most favoured adsorption mode with an Eacts of -4.13 e V 

(with respect to the clean Fe slab and OH in the gas phase, including ZPE). 

The ~EactsnoZPE value of -4.22 eV is similar to the -4.12 eV calculated by Eder et 

al. [ 4 ], who used V ASP with the functional proposed by Perdew and Zunger. 

Furthermore Eder et al. found tilting angles at the top site of 4 T (compared to 

our 56.9°), at the bridge site of 53 ° (compared to 64.1 °) and perpendicular to the 

surface at the hollow, which is in reasonable agreement. The tilted 

configuration at the bridge site has been suggested by Hung et al. [I] from 

relative intensities of the o(Fe-0-H) and v(OH) bands with the intensities in the 
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off-specular spectra. Their allocation of the peak at 3595 em-' on their EELS 

spectra to OH agrees well with our value of3668 cm-1 (Table 8.3). 

The hollow and top tilted are less stable than the bridge tilted by 0.31 eV and 

0.45 eV respectively. The 1Qp configuration is a second-order saddle point 

whereas the bridge configuration is a transition state for the OH tilting, 

meaning that the barrier is 0.1 eV. In the H2S study of Jiang and Carter [21], 

SH is preferentially adsorbed at the hollow (which is the only local minimum), 

in an upright configuration and with an adsorption energy of -3.56 eV. It is 

interesting to note that, as with atomic oxygen, SH has a weaker interaction 

with the surface than OH. 

Table 8.2. Adsorption ofOH on Fe(JOO) ate = 0.25 ML 

Tilt 
ZPE ~Eads 

noZPE 
~ads zo do-H 

angle 
[eV] [A] [A] (0) [eV] [eV] 

Bridge tilted -4.13 1.59 0.98 53.2 0.35 -4.22 

Bridge -4.06 1.57 0.97 0.32 -4.12 

Hollow -3.82 1.27 0.98 0.32 -3 .88 

Top tilted -3.68 2.03 0.97 60.1 0.30 -3 .73 

Top -3.60 2.00 0.97 0.28 -3.62 

Table 8.3. Vibrational frequency analysis [cm-1} ofOH on Fe(JOO) ate = 0.25 ML 

v1 v2 v3 v4 v5 v6 

Bridge tilted 127 280 392 480 654 3668 

Bridge 391i 133 283 415 572 3746 

Hollow 48 66 298 628 628 3557 

Top tilted 25 56 78 497 527 3729 
Top 387i 387i 37 39 559 3827 

Water formation 
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+0.53 (sp) 

.:·:'..:;- _, ,. ,. 
., 

.. 
"" 

~ 

• 
• • 

... 
Hollow 
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Figure 8.2. Adsorption modes of hydroxyl on Fe(J 00) with respect to the adsorption 
at the preferred site (in e V and including ZP E) and stability. 

8.2.3 Adsorption of H20 (water) 

We have investigated various adsorption modes of the water molecule at the 

top, bridge and four-fold hollow sites. Optimised geometries are shown in 

Figure 8.3 , adsorption details are in Table 8.4 and frequencies are provided in 

Table 8.5. 

Two stable geometries, with real frequencies, were identified. The Top 1 with 

an adsorption energy of -0.43 eV (the hydrogens are parallel to the Fe surface 

with an H-0-H bond angle of 105.1 °); the oxygen was located 2.22 A above 

the surface, the hydrogens at 2.26 A and the 0-H bond lengths were 0.98 A. 

The second stable geometry was the Bridge 1 configuration with a lower 

adsorption energy of -0.33 eV; the 0 was 1.86 A above the surface, the H-0-H 

bond angle was 109.9° and the 0-H bond lengths were 0.98 A. These results 

were in agreement with previous DFT results [ 4,20]. The other optimised 

geometries were saddle points to various orders. The Bridge 2 structure is a 

transition state towards the Bridge 1 structure. 
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In comparison, the H2S favours the bridge site with an Eacts of -0.46 eV, 

followed by the top site (with an Eacts of -0.33 eV) then the hollow site (with 

Eacts of -0.13 eV) [21]. So, the H2S and H20 have similarly low adsorption 

energies. 

Hung et al. [I] assigned the peak at 3595 cm· 1 on HREELS spectra (for water 

adsorption on Fe(lOO)) as v(O-H) for the hydroxyl groups of molecularly 

adsorbed water. Our results compare well with 3586 cm· 1 and 3609 cm· 1 for 

Top 1 and Bridge 1 configurations respectively. Hung et al. also assigned the 

band at 1600 cm· 1 to the H20 deformation mode, 8(HOH). This is 

characteristic of the presence of molecular water on the surface and has also 

been observed by Baro and Erley [7] who studied the adsorption of water on 

Fe(llO) using EELS. 

Table 8.4. Adsorption of H20 on Fe (I 00) at B = 0.25 ML 

L'l.Eads Zo do.H Tilt ZPE L'l.Eads 
noZPE 

[eV] [A] [A] angten [eV] [eV] 

Top 1 -0.43 2.22 0.98 105.1 0.62 -0.46 
Bridge 1 -0.33 1.86 0.98 109.9 0.61 -0.34 
Bridge 2 -0.31 1.89 0.98 109.3 0.61 -0.34 
Top 2 -0.31 2.24 0.97 109.2 0.59 -0.31 
Bridge 3 -0.16 2.56 0.98 103.2 0.58 -0.15 
Bridge 4 -0.11 2.71 0.97 105.4 0.56 -0.08 
Hollow -0.11 2.81 0.97 105.1 0.56 -0.09 

Table 8.5. Vibrational frequency analysis [cm.1} of H20 on Fe(/00) at B = 0.25 ML 

v1 v2 v3 v4 v5 v6 v7 v8 v9 

Top 1 53 64 166 209 448 479 1529 3490 3586 
Bridge 1 88 102 140 299 339 511 1430 3258 3609 
Bridge 2 62i 99 184 254 315 464 1467 3486 3642 
Top 2 337i 47i 29 55 196 315 1510 3507 3751 
Bridge 3 175i 96i 42i 50 199 335 1558 3569 3668 
Bridge 4 248i 233i 138i 80i 62i 86 1553 3665 3787 
Hollow 177i 154i 75i 70i 60i 101 1557 3666 3787 

Water formation 
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0.00 (min) 
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Figure 8.3. Adsorption modes ofwater on Fe(JOO) with respect to the adsorption at 
the preferred site (in e V and including ZP E) and stability 

8.3 Co-adsorptions and transition states 

In this section, the results are presented in terms of the possible co-adsorption 

configurations leading to the formation of hydroxyl and then the formation of 

water. Reference is made to the effect of a co-adsorbed species on the 

adsorption energy. An example of how this has been determined is as follows 
' 

using the H20+0 system as an example. The adsorption energy of H20 in the 

presence of oxygen: 

8.3.1 Formation of hydroxyl 

Hydroxyl may be formed by the direct hydrogenation of atomic oxygen. It 

may also form by the decomposition of water. 

8-3.1.1 Hydrogenation of oxygen: O+H -70H 

The co-adsorptions of atomic oxygen and hydrogen were carried out at the 

four-fold hollow sites (where the reactants are most stable) and at the bridge 

sites (where the product is most stable). The seven optimised configurations 
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are shown in Figure 8.4. Adsorption details are provided in Table 8.6 and 

vibrational frequencies in Table 8.7. 

The co-adsorption of atomic oxygen and hydrogen are all stable configurations. 

The Hollow 1 configuration is the most stable where the oxygen and hydrogen 

are adsorbed in their preferred hollow sites in a trans configuration. The 

relative adsorption energy of the oxygen in the presence of the hydrogen 

is -6.56 eV which is similar to that of oxygen alone on the surface (-6.54 eV). 

Similarly, for the Hollow 2 configuration, where the hydrogen is 2.86 A from 

the oxygen in the cis configuration, the oxygen has a relative adsorption energy 

of -6.48 eV and so is relatively unaffected by the neighbouring hydrogen. The 

Hollow 2 configuration was used as the starting point for the reaction. Two 

pathways showed the lowest energies from the NEB calculation. 

The first pathway commences from the Hollow 2 configuration and the 0 and 

H both diffuse towards the bridge site between their respective hollow sites. It 

requires a barrier of 1.73 eV to reach the Bridge 3 structure. This structure was 

fully optimised but was identified as a second-order saddle point by the 

vibrational frequency analysis. Therefore, this is not a likely pathway. 

The second pathway also starts from the Hollow 2 configuration but the oxygen 

remains at the hollow site and the hydrogen diffuses to the adjacent bridge site. 

This leads to the Hollow 3 configuration which is less stable by 0.52 eV, 

although it is itself a stable configuration. At the Hollow 3 configuration, 

oxygen is situated in the hollow (z0 = 0.65 A) with hydrogen 2.29 A away at 

the bridge (zH = 1.02 A). It takes a further 0.62 eV, making the activation 

energy 1.14 eV, to reach the transition state, Hollow 4, where the oxygen is 

now 1.13 A above the surface, the hydrogen is 0.57 A above the surface and 

the 0-H bond length is 1.40 A. The vibrational analysis confirms that this is the 

true transition state for 0-H formation with the imaginary normal mode 

corresponding with bond formation/breaking. After a 0.62 eV drop in energy, 

Water formation 
179 

the OH (zo= l.59 A) is formed in a tilted configuration at the bridge, with an 0-

H bond length of0.98 A. The reaction energy is +0.52 eV. 

The activation energy (without ZPE) for the first hydrogenation of atomic 

oxygen is 1.16 e V (Table 8.11) which is similar to the 1.00 e V required for the 

addition of the first hydrogen to atomic sulphur, calculated by DFT -PBE [21]. 

The reverse reaction, however, is favoured for the sulphur more than for the 

oxygen. The dissociation of SH requires just 0.28 eV of energy compared to 

the 0.81 eV required for the hydroxyl to dissociate. Therefore, the 

hydrogenation of atomic sulphur is 0.37 eV more endothermic than for atomic 

oxygen. 

Table 8.6. Co-adsorption of 0 + H on Fe(1 00) 

O+H do-H [A] Zo[A] ZH[A] 
Hollow 1 4.02 0.70 0.32 
Hollow 2 2.86 0.67 0.33 
Hollow 3 2.29 0.65 1.02 
Bridge 1 2.86 1.37 1.00 
Bridge 2 2.85 1.34 0.98 
Hollow 4 1.40 1.13 0.57 
Bridge 3 1.36 0.94 0.79 
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The Bridge 1 configuration is the most energetically favourable and is also the 

only configuration which has all real frequencies. In this configuration, the 

hydroxyl (z0 =1.53 A) is in the tilted bridge configuration and hydrogen 

(zH=1.04 A) is at the adjacent bridge site, 2.91 A away. The hydroxyl molecule 

is 11 ' more tilted toward the surface than without the co-adsorption of 

hydrogen. The adsorption energies with (-4.08 eV) and without (-4.13 eV) 

hydrogen are similar. 

The preferred pathway for OH formation starts from the Bridge 1 

configuration. The diffusion of the hydrogen toward the OH, involves crossing 

a 1.10 e V barrier, resulting in the transition state, Bridge 2. The transition state 

structure is co-ordinated to four Fe atoms and the frequency analysis confirms 

that this is the true transition state with the corresponding imaginary normal 

mode showing to bond formation/breaking. The oxygen to (approaching) 

hydrogen bond length is 1.28 A. The structure then stabilises by 0.16 eV in 

order to form water (z0 =2.22 A), which has a very low adsorption energy (-

0.43 eV) and can easily leave the surface. 

The activation energy (without ZPE) for the hydrogenation of hydroxyl to form 

water is 1.20 eV (Table 8.11) which is lower than the 1.50 eV required for 

hydrogenation of SH to form H2S [21 ]. It is interesting that while the activation 

energies for the subsequent hydrogenations of oxygen are similar, it takes 0.50 

eV more energy to add the second hydrogen than the first to sulphur. However, 

the activation energies for the complete dissociation of hydrogen sulphide are 

similar. The activation energy for the first dissociation of water on the surface 

(0.36 eV) is similar to that of dissociating hydrogen sulphide (0.25 eV). As 

previously, the hydrogenation ofSH is 0.41 eV more endothermic than for OH. 

Therefore, although sulphur is less strongly adsorbed on the surface than 

oxygen is, it is actually more difficult to remove by hydrogenation. 

Water formation 

Table 8.8. Co-adsorption ofOH + H on Fe(100) 

OH+H do.HI [Ar do.H2 [At zo[A] 
Bridge 1 0.98 2.91 1.53 
Hollow 1 0.98 4.10 1.27 
Hollow 2 0.98 2.99 1.28 
Top 1 0.97 3.93 1.94 
Bridge 2 0.98 1.28 1.52 
Top 2 0.98 3.02 2.04 

"HI refers to the H already bonded to the 0. 
b H2 refers to the H approaching the 0. 
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Figure 8.5. Adsorption modes of OH+H co-adsorption on Fe(JOO), with respect to 
the most energetically favourable configuration (in e V and including ZP E) and 
stability. 

8.3.2.2 Disproportionation of hydroxyls: OH + OH -7 H20+0 

An alternate pathway OH+OH !:+ H20 +0 was also considered, to avoid the 

relatively high activation energy ( 1.10 e V) and endothermicity ( +0.94 e V) of 

the second hydrogenation step. Several experimental studies on Fe(lOO) 

[9][10][13] have reported the formation of an OH overiayer and the 

disproportionation to form water and adsorbed oxygen. Various OH+OH co

adsorptions (shown in Figure 8.6 and detailed in Table 8.9) were considered as 

starting configurations with H20 +0 configurations (in Figure 8.7 and detailed 

in Table 8.1 0) as final configurations. Vibrational frequency analysis was 

conducted on every optimised structure and details are provided in Table 8.7 . 
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The OH+OH bridge (Fig. 8.6) was found to be the most stable and also the 

most likely starting configuration. This also corresponds to the p(2x 1) LEED 

structure proposed by experimental studies [9][13]. Also, compared to the 

adsorption energies of hydroxyl alone (-4.13 eV) and co-adsorbed with H 

(-4.08 eV), we see that co-adsorption with another OH group (-4.43 eV) has a 

definite stabilising effect. Both oxygens are 1.51 A above the surface with 0-H 

bond lengths of 0.99 A. The oxygen to (bonding) hydrogen distance is 1.99 A. 

Our calculated frequencies of 3463cm· 1 and 3488 cm· 1 correspond with the 

3400cm·1 band on the EELS spectra [9] attributed to 0-H stretching 

frequencies in an ordered OH overlayer. The co-adsorption of OH has shifted 

the 0-H stretching from the 3668 cm·1 that was calculated for a single hydroxyl 

on the surface which is expected due to weakening of the 0-H bond because of 

the H ... O-H one. 

At the transition state, Bridge 4 (Figure 8.6), the first hydroxyl (z0 =2.00 A, d0 _ 

H1=0.97 A) is moving toward the top site, while abstracting the hydrogen from 

the second hydroxyl (z0 =0.91 A). The 0-H bond length of the second hydroxyl 

stretches to 1.13 A while the same hydrogen is 1.31 A from the oxygen of the 

first hydroxyl. The activation energy is 0.65 eV. The structure then loses 0.03 

eV to settle into the H20 +0 Top 1 (Figure 8.7) stable configuration, where the 

water molecule (z0 =2.24 A) is located at the top site and the co-adsorbed 

atomic oxygen, (z0=0.75 A) is at the four-fold hollow. Water has an 

adsorption energy of -0.43 eV when alone on the surface and is stabilized by 

the presence of oxygen to -0.52 eV. Atomic oxygen has an adsorption energy 

of -6.54 eV when alone, -6.48 eV when co-adsorbed with hydrogen and is 

stabilized by the presence of water to -6.63 eV. 

This disproportionation reaction is indeed a more favourable pathway, with a 

reaction energy of +0.61 eV, than OH+H-+H20 which has a higher reaction 

energy of +0.94 eV. 

Water formation 

Table 8.9. Co-adsorption of OH + OH on Fe(J 00) 

OH+OH dol -HI [At doi-H2 [A]li Zoi[AJ Zo2[A] 
Bridge 1 0.99 1.99 
Bridge 2 0.97 2.99 
Bridge 3 0.97 1.82 
Bridge 4 0.97 1.31 

:HI refers to the H already bonded to the 0 of the first hydroxyl ; 
H2 refers to the H that will bond to the first OH. 

Table 8.10. Co-adsorption of H20 + 0 on Fe (I 00) 

Top I 0.98 1.01 
Top 2 0.99 0.99 
Top 3 
Bridge 1 

Top 4 

0.98 
0.98 
0.98 

1.05 
0.99 
1.00 

1.51 1.51 
1.46 1.46 
1.77 1.54 
2.00 0.91 

zo1[A] Z02[A] 3 

2.24 0.75 
1.98 1.47 
2.08 1.11 
1.95 0.68 
2.12 1.04 

" 0 I refers to the oxygen of the H20 , and 02 refers to the adsorbed atomic oxygen. 
bH2 refers to the H of the H20 that is closer to the adsorbed 0. 
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Figure 8.6. Adsorption modes ofOH+OH co-adsorption on Fe(JOO), with respect to 
the most energetically favourable configuration (in e V and including ZP E) and 
stability. 
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Figure 8. 7. Adsorption modes of H20 +0 co-adsorption on Fe (I 00), with respect to 
the most energetically favourable configuration (in eV and including ZPE) and 
stability. 

8.4 Potential energy surface of water formation 

The minimum energy pathways of the elementary reaction steps were 

combined to provide the potential energy surface (PES) for the hydrogenation 

of atomic oxygen to water on Fe(l 00). The reference energy level is water in 

the gas phase and atomic oxygen adsorbed on the surface, with ZPE correction. 

The stoichiometry corresponds to 20 + 2H on the clean slab with 0 and H 

atoms at infinite separation. Figure 8.8 represents the hydrogenation pathway, 

O+H ~ OH+H ~ H20 , as well as the disproportionation reaction, 20H ~ 

H20 +0. Note that in the former pathway, indicated in blue in Figure 8.8, the 

extra 0 atom is just a spectator without influence, while in the latter 

mechanism, indicated in red, it plays an active role. 

Atomic oxygen, indicated on Figure 8.8 as 20+2H, starts off from the four-fold 

hollow position with atomic hydrogen at infinite separation (i .e. on a different 

slab model). The hydrogen then diffuses closer to the adjacent four-fold hollow 

(i.e. on the same slab model), to form the co-adsorbed configuration, 

(O+H)+O+H. 
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The oxygen and hydrogen then require an activation energy of 1.14 eV to reach 

the transition state, TS-I. After a 0.62 eV drop in energy, the hydroxyl, 

OH+O+H, is formed in a tilted configuration at the bridge. The reaction 

energy of this first hydrogenation is +0.52 eV. 

The importance of including zero-point energy corrections is highlighted by the 

difference in the reverse reaction, i.e. OH-.O+H, with and without ZPE. With 

ZPE, the Eact is 0.62 eV and without ZPE, the Eact is 0.81 eV. The activation 

energy is very similar to the 0.64 eV determined by Anderson using the ASED 

method [8]. The O+H ~ OH reaction is +0.52 eV (with ZPE). Without ZPE 

correction, the reaction energy is +0.35, thereby suggesting that it is more 

favourable than it should be. Lo and Ziegler [20], using DFT-PW91, reported 

that this first hydrogenation of atomic oxygen is a thermoneutral step; however, 

this difference is probably due to them relaxing the first two layers of their five 

layer slab, whereas we relaxed one layer. Another reason for the difference 

could be that their transition state is not the same as ours. However, we cannot 

compare the two since they only provide energies and no details of transition 

states or minimum energy pathways for water formation. 

For the second hydrogenation step, hydrogen diffuses to the bridge site 

adjacent to the hydroxyl, (OH+H)+O. The diffusion of the hydrogen toward 

the OH, involves crossing a 1.10 eV barrier, resulting in the transition state, 

TS-II. This activation energy is similar to that of the first hydrogenation. The 

structure then stabilises by 0.16 e V in order to form water, .fu.O+O. The 0.41 

eV from the ASED method l8J seems to be in closer agreement with our 

L1EactsnoZPE value of -0.36 eV. Water has a very low adsorption energy of -0.43 

e V and can easily leave the surface. The reaction energy of this second 

hydrogenation step is +0.94 eV, which is almost twice that of the first 

hydrogenation. Although Lo and Ziegler reported a similar reaction energy 

[20], their activation energies for the forward and reverse reactions do not 
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correspond with ours. Again, this is probably due to different transition states 

which we are unable to compare. 

An alternate pathway OH+OH t+ H20 +0 was also considered. The OH+OH 

configuration refers to one OH adsorbed on the surface with another OH at 

infinite separation. This is much less stable than the (OH+OH) configuration 

where both hydroxyls were adsorbed on the same slab. It is very interesting 

that there is a 0.30 eV stabilisation of the OH species when they form a row on 

the surface compared to their stability when isolated. This is due to weakening 

of the 0-H bond due to hydrogen bonding with the adjacent OH molecule. 

The reaction involves (OH+OH) with the two hydroxyls co-adsorbed in tilted 

configurations at adjacent two-fold bridge sites. The mechanism involves the 

abstraction of the hydrogen from the adjacent hydroxyl group. At the transition 

state, TS-III, the first hydroxyl is moving toward the top site, while abstracting 

the hydrogen from the second hydroxyl. The 0-H bond length of the second 

hydroxyl stretches to 1.13 A while the same hydrogen is 1.31 A from the 

oxygen of the first hydroxyl. The activation energy is 0.65 eV. Once again, the 

activation energy without ZPE of 0.82 eV is in better agreement with the 0.84 

eV determined by the ASED method [8]. The transition state is very close to 

the final state and loses just 0.03 eV to reach water and atomic oxygen co

adsorbed on the surface, frb_O+O). The water molecule is located at the top 

site and the co-adsorbed atomic oxygen, is at the four-fold hollow. Water with 

one oxygen co-adsorbed on the surface, needs 0.52 eV to desorb which is 

higher than for water alone on the surface. It therefore appears that oxygen has 

a stabilising effect on the adsorbed water. The reaction energy for OH+OH t+ 

H20 +0 is +0.61 eV, which is lower than the +0.94 eV for OH+H t+ H20 , 

making it a more favourable pathway. 

Both the disproportionation reaction and OH dissociation, observed by 

experiments [1,2], are feasible on the basis of our results. The activation energy 
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for water formation starting from two hydroxyl groups is basically equivalent 

to the activation energy for the dissociation of OH, so the reaction could be 

expected to proceed in either direction. In both instances, atomic oxygen would 

remain on the surface since the desorption of 0 2 has not been observed 

experimentally [ 1] and the diffusion of oxygen into the bulk is only expected to 

occur at around 900 K [9]. 

The overall reaction energy from atomic oxygen and hydrogen to water is 

+ 1.99 eV with ZPE corrections and + 1.67 eV without ZPE (for comparison 

with literature). The H2S reaction energy from atomic sulphur is +2.43 eV. 

Therefore, thermodynamically, both H20 and H2S prefer to dissociate to 

oxygen and sulphur on the surface. The difference is that oxygen would be 

removed from the surface via hydrogenation to water. It is unlikely that atomic 

sulphur would leave the surface as H2S. 

Furthermore, our results (Table 8.11) show that the dissociation of water on 

Fe(l 00) is a non-activated process: 0.16 eV for zero-coverage limit and 0.03 

e V when surface oxygen is present. Therefore our results agree with those of 

Eder et al. [ 4]. Eder et al. also concluded that the water dissociation barrier 

was strongly dependant on water coverage. We expect that this is the reason 

why our results differ from Hung et al. [1 ,2] when they report the presence of 

molecular water on the Fe(IOO) surface. Our calculations are at low coverage, 

whereas they probably rapidly saturated the Fe(IOO) surface at low 

temperatures. Hydrogen-bonding would largely stabilize the water molecules 

on the surface and in this case, the first dehydrogenation would be an activated 

process. Unfortunately, we have not calculated this situation and cannot prove 

(or disprove) this statement. 

Finally, the comparison with the literature shows that the inclusion of zero

point energy corrections especially when dealing with hydrogen-containing 

species is absolutely necessary as they make a significant contribution to the 
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results . Another important feature of this work, we believe, is to base the 

identification of transition states on a thorough vibrational frequency analysis 

of the species involved. 

Table 8.11. Activation energies (Eac1) for the forward and reverse reactions as well 

as reaction energies ( LlE,.x,J toward the formation of H20 and H2S [21} on Fe(J 00). 
Values include zero-point energy correction, with the value excluding zero-point 
energy in parenthesis. 
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Figure 8.8. Potential energy surface for water formation on clean Fe(JOO). The 
reference is water in the gas phase and atomic oxygen adsorbed on the slab. Zero
point energies are included. Note that the overall stoichiometry corresponds to 20 + 
2H on the clean slab with 0 and H atoms at infinite separation. 
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8.5 Conclusions 
The formation of water by hydrogenation of atomic oxygen has been studied using 

OFT. The preferred adsorption site of atomic oxygen is the four-fold hollow site, 

although adsorption at the bridge and top sites are also possible. The hydroxyl 

prefers to adsorb at the bridge site in a tilted configuration. There is a significant 

stabilisation of the OH species when they form a row on the surface compared to 

their stability when isolated, due to hydrogen bonding. Local minima were also 

identified at the top and hollow sites. Water is most stable when adsorbed at the 

top site with the hydrogens parallel to the Fe surface. A second minimum was 

located at the bridge site where the water is in a tilted configuration. Water can 

leave the surface easily once formed, although it has been seen that there is a 

stabilisation effect when oxygen is co-adsorbed on the surface. 

Water formation by the hydrogenation of oxygen is a highly activated process on 

the Fe(lOO) surface, with similar activation energies, in the order of 1.1 eV, for the 

first and second hydrogen additions. A more favourable route for the addition of 

the second hydrogen involves the disproportionation of hydroxyls to form water 

(which leaves the surface) and adsorbed oxygen. Dissociation of the OH is also 

likely since the Eact is similar to that for disproportionation of 0.65 eV. It has been 

observed experimentally that either the forward or reverse reaction is likely at 

310 K. 

The total reaction energy for the formation of water is + 1.99 eV (including ZPE). 

Therefore, the reaction is actually thermodynamically unfavourable on Fe(lOO) and 

requires high temperatures in order to proceed. It is interesting to note that 

although sulphur is less strongly adsorbed on the surface than oxygen is, it is 

actually more difficult to remove by hydrogenation. 

Furthermore, our results show that the dissociation of water on Fe(l 00) is a non

activated process: 0.16 eV for zero-coverage limit and 0.03 eV when surface 

oxygen is present. 

Water formation 
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Conclusions and 

Outlook 

The aim of this thesis was to understand the reaction mechanism of the 

Fischer-Tropsch synthesis (FTS) at the atomic level. To this end, we 

have used density functional theory (DFT) to model early FTS reactions 

on an Fe(wo) surface. We have been able to present comprehensive 

schemes for the formation pathways of water, methane and C2Hx (x=o-

6) products. 
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9.1 Conclusions 
The aim of this thesis was to investigate elementary reactions that are relevant 

to Fischer-Tropsch synthesis in order to improve our understanding of the 

mechanisms that occur on the Fe(lOO) surface. 

We completed the following tasks, as presented in the preceding chapters: 

• Studying the adsorption behaviour of C1Hx and C2Hy (where x=0-4 and 

y=0-6) and water species on the Fe(! 00) surface - including establishing 

adsorption modes, adsorption geometries and reaction and activation 

energies. 

• Characterising the stability of all structures by vibrational frequency 

analysis. This also allows zero-point energy corrections on adsorption 

energies. 

• Identifying the minimum energy pathways. 

• Presenting potential energy surfaces for formation of water, methane and 

all c2 products. 

In Chapter 3, we looked at methane formation. By studying the adsorption 

behaviour of C and the various CHx species, we were able to disprove the 

commonly represented modes of adsorption of CHx, as indicated in Figure 9 .1. 

CH4 

H H 
v!.. c 

.. & 
H 

v!.. CH --"1111-... 3 
~ 

v 
Figure 9.1. Common but incorrect representation of the adsorption of carbon as it 
hydrogenates to methane [1}. 

As shown in Figure 9.2, rather than C always forming only four bonds, CHx 

species adsorb in the most highly coordinated state possible; on the Fe(IOO) 

surface this means that the C, CHand CH2 preferentially adsorb at the four-fold 

hollow site, while CH3 prefers the bridge site. CH4 does not exhibit any site 

preference and is weakly physisorbed to the surface. 
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Figure 9.2. Correct representation, as found by this study, of the adsorption of 
carbon as it hydrogenates to methane. 

C and CH are the most stable C1 species on the surface. As the number of 

hydrogen atoms bound to C increases, the adsorption energy of the CHx species 

decreases. 

We also stress the importance of including zero-point energy corrections when 

dealing with hydrogen-containing species. As illustrated in Figure 9.3, the 

overall methanation reaction is 0.77 eV endothermic until ZPE is considered 

which then increases the reaction energy to + 1.45 e V. We, therefore, report all 

energies in this thesis including the zero-point energy correction. Previous 

studies by Sorescu, Ziegler, Carter and others [2][3][4][5][6][7] have not 

reported zero-point energy corrected results and even frequency analyses were 

not always conducted. 
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Figure 9.3. Potential energy surface of methanation on clean Fe (I 00) showing the 
difference with and without zero-point energy corrections. The reference is methane in 
the gas phase and the clean slab. The blue (solid) line is without zero-point energy 
correction. The red (dashed) line includes zero-point energy correction. 
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Figure 9.4 provides the complete potential energy surface for the early FTS 

steps, CO dissociation [8] and carbon hydrogenation up to C~. From this 

graph, we see that although the methanation reaction is endothermic, the overall 

reaction starting from CO in the gas phase to methane in the gas phase is 

actually exothermic. Furthermore, the rate limiting step of the whole sequence 

on Fe(1 00) is actually the CO dissociation, rather than any of the hydrogenation 

steps. 
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Figure 9.4. Potential energy surface of CO dissociation and methanation on clean 
Fe(J 00), including zero-point energy corrections. The reference is CO in the gas 
phase plus four H atoms adsorbed on individual slabs. 

In Chapters 4, 5 and 6, we looked at adsorption of C2 species on the Fe(lOO) 

surface. It was interesting to note that the C2 species where the a carbon is not 

hydrogenated, with the exception of dicarbon, are actually the most stable on 

the surface; CCH, CCH2 and CCH3. As the a carbon is hydrogenated, in 

addition to the ~ carbon, the species gets progressively destabilised on the 

surface. The most stable C2 species is ethynyl. The least stable is ethane, which 

would be expected to leave the surface easily once formed. The most stable 

configuration of all of the C2 species, with the exception of ethy 1 and ethane, is 

at the four-fold hollow site. 
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We systematically studied C2 hydrocarbon formation, starting from two atomic 

carbons present on the surface and building up to a fully hydrogenated ethane 

molecule. Many pathways of C-C couplings, hydrogenation and isomerisation 

reactions were considered in order to identify the minimum energy pathways. 

These were brought together into potential energy surfaces describing 

acetylene, ethylene and ethane surface chemistry. 

In Chapter 7, we consolidated the three separate potential energy surfaces into 

one potential energy surface for C2 hydrocarbon formation. From this, we 

identified four possible mechanisms towards ethylene and ethane formation, as 

brought together in Figure 9.5. 

Mechanism 1 involves the carbon-carbon coupling of CH2+CH3, Mechanism 2 

involves the carbon-carbon coupling of CH+CH3 followed by one 

hydrogenation, Mechanism 3 involves the carbon-carbon coupling of C+CH3 

with two subsequent hydrogenations, and Mechanism 4 involves the carbon

carbon coupling of C+CH2 followed by three hydrogenations. Once ethyl is 

formed, it will either hydrogenate to ethane or dehydrogenate to ethylene. 
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Figure 9.5. Mechanistic pathways for ethylene and ethane formation on clean 

Fe (I 00). The reference is ethane in the gas phase and the clean slab. Zero-point 

energies are included The blue lines correspond to C2 hydrogenation, the red to C2 

dehydrogenation, the green to C-C coupling, the black to C-C bond breaking and the 

grey to cl hydrogenation/dehydrogenation reactions. 

In Chapter 8, we investigated the removal of atomic oxygen from the Fe(l 00) 

surface as water. The preferred adsorption site of atomic oxygen is the four

fold hollow site. The hydroxyl prefers to adsorb at the bridge site in a tilted 

configuration. There is a significant stabilisation of the OH species when they 

form a row on the surface compared to their stability when isolated, due to 

hydrogen bonding. Water is most stable when adsorbed at the top site with the 

hydrogens parallel to the Fe surface. Water is weakly bound to the surface 
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although there is a stabilisation effect when oxygen is co-adsorbed on the 

surface. 

Water formation by the hydrogenation of oxygen, O+H !:+ OH+H !::; H20 , is a 

highly activated process on the Fe(lOO) surface. A more favourable route 

involves the disproportionation of hydroxyls, 20H !::; H20 +0, to form water 

and adsorbed oxygen. Dissociation of the OH is also likely since the Eact is 

similar to that for disproportionation of 0.65 eV. Therefore, either the forward 

or reverse reaction is likely. 

The formation of water is actually thermodynamically unfavourable on Fe(lOO). 

However, our results also show that the dissociation of water on Fe(lOO) is a 

non-activated process, and becomes even easier in the presence of oxygen. 

9.2 Outlook 
The surface chemistry of the primary Fischer-Tropsch products; methane, 

ethylene, ethane and water have been studied in detail. 

The scheme presented in Figure 9.5 represents the most energetically 

favourable reaction steps. Of course, considering minimum energy pathways is 

very relevant for judging the feasibility of reaction mechanisms, but one misses 

two aspects: the influence of entropy and the effect of the availability of 

reacting species. 

The present data set provides a good basis to perform a microkinetic simulation 

of FTS on Fe(lOO). Some additional reactions, which we did not consider in 

this study, may need to be incorporated, such as CO dissociation, hydrogen

assisted CO dissociation and the removal of oxygen as C02. 

The influence of entropy, however, is more difficult to incorporate, but would 

be very important. In fact, it would add the probability that the configuration 
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necessary for a certain minimum energy pathway occurs. One way to do this is 

to perform ab initio molecular dynamics, but this method is computationally 

very demanding. With the advent of ever faster and more powerful processors, 

we expect that the possibilities for doing ab initio molecular dynamics will soon 

become realistic. 

It is possible that the key reaction steps of FTS are similar on both ideal Fe and 

the "FT-active" Fe carbide surfaces. By performing these reactions on a 

"simple" surface, we were able to consider more reactions in a shorter time than 

would be possible on the more complex carbide surface. Just selecting the most 

relevant carbide surface is a study in itself. Therefore, by pointing out the more 

relevant pathways on Fe(lOO), these may provide at least a good starting point 

for a carbide study. 

The effect of including a promoter, or even a poison, can also be investigated. 

A promoter would increase or decrease bonding energies and activation 

energies, thereby affecting the selectivity of the Fe catalyst. A range of 

promoters could be tested on the Fe surface. For simplicity sake, it would be 

interesting to perform this on an ideal surface first and then extend to the Fe 

carbide. It is similarly of interest to investigate the effect of alloys. How would 

the inclusion of a metal such as Mn or Cr within the iron matrix change its 

behaviour? 

Another intriguing aspect would be to study the reactions occurring on Fe 

oxides. It is believed that iron oxides possess water-gas-shift activity. 

However, this has not been proven. Yet another enigma that needs an answer is 

the Fe carbide/oxide equilibrium that is believed to exist during high 

temperature Fe FTS. How does the oxide form the carbide? 

Hopefully one day, computational chemistry will allow us to also model the 

entire Fischer-Tropsch synthesis in all its complexity in a comprehensive 
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manner. We sincerely hope that the present study has made an important 

contribution towards this goal. 
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Density functional theory 
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Fischer-Tropsch synthesis 

Generalised gradient approximation 
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Minimum energy path 

Projected augmented wave 

Potential energy surface 

Perdew-Wang 91 (GGA functional) 

(Revised) Perdew-Burke-Enzerhof (GGA functional) 

Residual minimization-direct inversion in the iterative 

subspace scheme 

Static secondary ion mass spectrometry 

Temperature-programmed desorption 

Temperature-programmed 
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secondary ion mass 



TS: 

US-PP: 

VASP: 

XPS: 

ZPE: 

Transition state 

Ultra-soft pseudopotentials 

Vienna ab-initio simulation package 

X-ray photoelectron spectroscopy 

Zero-point energy 

Nomenclature 

C: Atomic carbon 

H: Atomic hydrogen 

0: Atomic oxygen 

OH: Hydroxyl 

H20: Water 

CH: Methylidyne 

CH2: Methylene 

CH3: Methyl 

CH4: Methane 

CC: Dicarbon 

CCH: Ethynyl 

CCH2: Vinylidene 

CCH3: Ethylidyne 

CHCH: Acetylene 

CHCH2: Vinyl 

CHCH3: Ethylidene 

CH2CH2: Ethylene 

CH2CH3: Ethyl 

CH3CH3: Ethane 
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