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Synopsis

N this thesis the role of hydrogen in the initial steps of the Fischer-Tropsch re-
action on the model Fe(100) surface is explored. The Fischer-Tropsch reaction is a
industrially applied catalytic process in which synthesis gas (H; and CO produced
from coal or natural gas) is converted to a wide range of long chain hydrocarbons. Al-
though various microscopic mechanisms have been proposed, the fundamental role

of hydrogen in the initialisation steps of these reaction mechanisms is still uncertain.

This study aims to address a number of key questions with regard to the role of
hydrogen in the initiation of this reaction. The addressed topics include various as-
pects regarding the adsorption of both H; and CO gases, as well as considerations
with regard to their respective dissociation reactions.

Firstly the employed theoretical methods are discussed, after which the model setup
and verifications are illustrated (Chapter 2). Density functional theory (DFT) was em-
ployed to do the quantum chemical calculations described in this thesis. To be able to
obtain useful knowledge from these calculations, a model was set up for the Fe(100)

surface by starting with an extensive bulk a-iron model and surface verification study.

The resulting RPBE surface model was employed in the following chapter to de-
scribe the separate adsorption of hydrogen and CO on the Fe(100) surface. After cal-
culating the structures and energies for range of coverages for both H and CO, we
applied these values in statistical thermodynamic moedels for the adsorption equilib-
ria. This enables an analysis of these equilibria at relevant Fischer-Tropsch conditions
(500 K < T'< 650 K and P > 1 bar). The resulting models were used to consider the
equilibrium surface coverage of hydrogen at a range of temperatures and pressures.
From these models it is concluded that there will be a strong driving force to fill up
the whole Fe(100) surface with hydrogen at Fischer-Tropsch conditions, which corre-
sponds to a hydrogen saturation coverage of around 4 = 1.00 ML. Using a similar sta-
tistical thermodynamic model for the equilibrium surface coverage of CO it is shown
that at Fischer-Tropsch conditions the CO adsorption equilibrium is shifted towards
saturation coverage, which lies between 0.5 and 0.65 ML.. This saturation coverage of

CO is lower than that of hydrogen. Therefore we expect that, upon the adsorption
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of CO on Fe(100), almost half of the hollow sites will still be open at Fischer-Tropsch

conditions.

We proceeded to study the dissociation process of H; on the Fe(100) surface (Chap-
ter 4). The dissociation of H; was considered on a clean Fe(100) surface, as well as on
CO and C precovered Fe(100) surfaces. The presence of CO and C will block several
sites for hydrogen adsorption. At the same time it will increase the various hydrogen
dissociation barriers. At CO and C coverages of up to 0.25 ML the main contributors
to the barrier increases are the CO-H and C-H repulsions. The proposed off-symmetry
sites will play an important role to dissociate the approaching hydrogen molecules in
these cases. At higher coverages of 0.5 ML of CO and C we show that the dissociation
barriers increased to at least three times larger values than that of the clean surface.
At these coverages adsorption site blockage will also occur. We show that the increase
of the dissociation barriers is mainly due to the change in the local electronic environ-
ment. This can be seen in a relation between the change in the system’s Fermi level and
the increase in the dissociation barriers. These very large increases in the dissociation
barriers would result in a significant decrease in the rate constant of the dissociative
adsorption process. With an already low pre-exponential factor this process becomes
a very slow reaction step and can, in the case of a very highly CO or C covered Fe(100)

surface, be rate determining,.

The model Fe(100) surface was also used to study the coadsorption of CO and hy-
drogen (Chapter 5). Various coverages of CO and hydrogen were considered with re-
sulting H:CO surface ratios ranging from 0.25 to 4. Electrostatic repulsive interactions
were shown to exist between the adsorbed CO and H, as well as an electronic interac-
tion between the adsorbed CO and H orbitals. This electronic interaction can have a
stabilising effect on the coadsorbed geometry. A number of of the considered geome-
tries at both 80 = 0.25 ML and 00 = 0.5 ML are stable in a mixed coadsorbed state as
opposed to alternative of island formation. This is due to the relative instability of the
corresponding compressed H and, in particular, CO islands. At the relevant Fischer-
Tropsch temperatures H and undissociated CO will be in a mixed coadsorbed state on
the surface. For these mixed states the optimal surface H:CO ratios for 6o = 0.5 ML

and fco = 025 ML are 1 and 3, respectively.

Once H and CO are coadsorbed, they might react with each other. We calculated the
addition of H to CO to form "HCO’ and "COH’ species and show that, although both
are endothermal reactions, these species are stable with regard to the gas phase. The
"HCO’ species is the most stable of the two and it can dissociate to form coadsorbed
CH and O. In Chapter 6 this H assisted CO dissociation reaction was compared to the
normal direct CO dissociation. We found that the H assisted CO dissociation can play
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an important role in creating the Fischer-Tropsch surface species. The direct CO dis~
sociation mechanism will be the major contributor to the effective CO scission rate at
low initial H and CO coverages. If the H coverage increases the H assisted mechanism
will become more prominent. Both these mechanisms will contribute significantly to
the CO scission rate at Jco = 0.5 ML. The dominant CO scission mechanism depends
strongly on the initial H coverage. It is proposed that H assisted CO dissociation is a
possible CO scission pathway on Fe(100). At Fischer-Tropsch temperatures the scis-
sion of CO on the Fe{100) surface will probably take place via a combination of the
direct CO dissociation and the H assisted CO dissociation mechanisms to produce a
combination of C, CH and O surface species. We therefore show that CO dissociation
can take place on the Fe(100) surface under Fischer-Tropsch conditions, irrespective of
the H concentration.

The results presented in this thesis seem to broadly favour the mechanisms for
Fischer-Tropsch in which CO first needs to dissociate to be able to form the chain
growth initiators and monomers. We conclude by pointing out that despite some lim-
itations of this model, we have made a step towards understanding the role that H

plays in the initiation of the Fischer-Tropsch reaction.
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Chapter 2

Method and model verification

Theoretical chemistry is a peculiar subject. It is based on an equation
that can hardly ever be solved.

— PATRICK WILLIAM FOWLER ~ "ORBITAL UPDATE’
Nature, 343, (1990) 222

2.1 Introduction

SUALLY catalysis research is considered to be empirical in nature, but in the

last decades theoretical methods have been applied to elucidate some of the

highly complex mechanisms of catalysis chemistry. In this regard the meth-
ods of atomistic computational chemistry have been of great advantage. Currently
computational methods are very widely used to complement and understand experi-
mental observations, as well as in the development of predictive theories. These types
of computational chemical methods are widely applied in various fields of research
including chemistry, physics, life sciences and engineering. The theoretical modelling
of iron and iron surfaces in particular have received quite some interest in the past.
The academic and industrial importance of modelling the iron system can be seen in
solid state physics [1], surface science [2], Fischer-Tropsch synthesis [3-7] and the steel
industry [8].

2.2 Computational chemistry methods

In general we can divide the available atomic scale computational methods into two
groups. The first group uses force fields to describe the interatomic interactions. These

force fields are usually empirically parameterised. These type of models are useful in
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2.2. COMPUTATIONAL CHEMISTRY METHODS

systems the nuclei can be considered as point charges. To calculate the energy of a

system now only requires the solution of the electronic wavefunction.

The second approximation concerns the electron-electron interaction. To describe
a multi-electron system the electrons are considered as moving within the field of the
other electrons, To be able to solve these systems an iterative procedure to converge
the electronic structure has to be followed. This procedure results in what is called the
self-consistent field (SCF).

DFT, developed by Kohn, Hohenberg and Sham [12, 13], is used to give a quantum
chemical description of systems with a high concentration of electrons. According
to the Hohenberg-Kohn theorems a one-to-one mapping exists between the ground
state wavefunction of a many-particle system and the ground state electron density.
The ground-state energy of a system is therefore uniquely dependent on its electron
density, p. The power of DFT is evident for large systems, since it replaces the many-
body wavefunction of the electrons with the basic quantity of the electron density. The
many-body wavefunction depends on 3N spatial variables for the N electrons. In DFT
the electron density is a function of only three variables and is therefore practically

simpler to solve.

In DFT the total energy of a chemical system, E{p), can be expanded as:

E(p) =Ulp) +T(p) + Euclp) (2.3)

where U represents the Coulombic interaction energy, T' the kinetic energy and E,
the exchange-correlation energy contribution [9]. The first two terms can be expressed
exactly, but there is no exact expression for F,.. Different DFT exchange-correlation

functionals are used to estimate the £, term.

The local density approximation (LDA) was developed as a first approach to the
exchange-correlation problem. In the LDA approach the exchange-correlation energy

is expressed as
BEPA(p) = [ dnp(r)utP?(p) 24)

LDA(p) is the LDA exchange-correlation potential as a functional of the charge

where ;7
density (p). The LDA exchange-correlation potential contribution for a point with a
specific electron density is set to that of a homogeneous free electron gas with the same
electron density. To calculate magnetic systems, electron spin has been included in this
approach by calculating the exchange-correlation for each spin component. When ap-
plied, the LDA approach generally leads to overbinding effects in chemical bonds [14]
and in some cases (like for iron) the prediction of the incorrect magnetic state [15, 16].

To improve on this over-simplification, non-local gradient effects have been included.
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CHAPTER 2. METHOD AND MODEL VERIFICATION

This resulted in what is known as the generalised gradient approximation (GGA). In
this approach the effect of both the electron density and the electron density gradient
is included to map the exchange-correlation. In general the GGA exchange-correlation

energy (ES4) is expressed as

B (p) = [ drp(r)uSE4(p, ) 25)

where 494 is the GGA exchange-correlation potential which includes both the local

density (p) and a functional describing the non-local effects of the electron density
gradient (Vp). The information obtained from the gradient of the electron density can
be included in this expression in many ways. As a consequence of this, a large number
of specific GGA exchange-correlation functionals arose. Among these are the widely
used functionals such as BP [17], PW91 [18], PBE [19], BLYP [20] and RPBE [21].

In the DFT application used in this work, wavefunctions of the systems under con-
sideration need to be solved within a 3D periodic unit cell. Bloch’s theorem [22] states
that a discrete plane-wave basis set can be used to construct these electronic wavefunc-
tions in the periodic cell. Bloch waves (1,(r)) are usually expressed as the product of

a periodic function (un(r)) and modulating function (e™**):

(1) = T ume(r) (2.6)

Because the Kohn-Sham potential converges rapidly, the contribution of the plane
waves with small kinetic energies are more important than those with large kinetic
energies. This allows for a truncation of the basis set at a chosen basis set cutoff en-
ergy. This energy is chosen in such a way that the error in the computed total energy

and its derivatives is negligable.

A disadvantage of the planewave approach is that the number of planewaves that
are needed to describe the wavefunction is determined by the largest curvature of
the wavefunction. This becomes a serious problem for the core electrons of heav-
ier elements. The wavefunctions of these electrons have rapid oscillations because
of the strong ion-electron interaction potential. These oscillations would require ex-
tremely large planewave basis sets to solve accurately, and the computational cost
then becomes prohibitively large. To overcome this problem a pseudopotential rep-
resentation of the atoms can be used. This approach was first applied to solids by
Hellmann [23, 24]. Since the valence electrons are the main contributors to the chem-
ical bonding, the non-valence or "core" electrons can be considered as being in fixed
states. A pseudopotential is thus constructed to represent the potential of the nu-

cleus and the fixed "core" electrons [25, 26]. These pseudopotentials are created in
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2.2. COMPUTATIONAL CHEMISTRY METHODS

In the periodic slab approach a surface is considered to be a slab of finite thickness
which extends infinitely into the other two dimensions. Applying periodic boundary
conditions reproduces this infinity and allows us to calculate a much smaller number
of atoms.Such a unit cell representation can be used to represent large flat and stepped
surfaces and even mimic nanocrystal edges [36]. This allows the band theory for peri-
odic systems to be exploited. Periodic systems also permit surface coverage effects to
be explored [37].

By using periodic boundary conditions the system wavefunction also becomes pe-
riodic. Using radially expressed basis functions to solve this wavefunction can be
quite time consuming and therefore a periodic plane wave basis set is used. The direct
Cartesian space in which the system is expressed is transformed to reciprocal space.
The kinetic energy operator is diagonal when using a plane wave representation in
reciprocal space. In the same way the potential operator is diagonal in real space. Fast
Fourier Transforms are used to transform between these two space representations.
This is done since a smaller set of plane waves is needed to describe the system when
calculating the wavefunctions in reciprocal space. Using a smaller plane wave basis
set significantly increases the speed of the calculations.

The core electron wavefunctions usually have strong oscillations which would re-
quire a very large plane wave basis set be to solved. By the application of the pseu-
dopotential approximation [38] the potential of the nucleus and the effects of the mo-
tion of the non-valence electrons of the atom is replaced by an effective potential,
or pseudopotential. The Coulombic potential in the Hamiltonian of the Schrédinger
equation is therefore replaced by an effective potential. This allows us to calculate
the pseudo-wavefunction which is a representation of only the valence electrons. A
smaller plane wave basis set is therefore required to solve these wavefunctions.

The periodic slab DFT method can be applied to a specific molecular geometry to

calculate the following information [34, 37]:

e Total system energy

Equilibrium geometry (after optimisation)

Orbitals or band structure

Total wavefunction

Charge distributions and electronic densities

Dipole moments

Adsorption energy
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2.4. BULKIRON MODEL VERIFICATION

2.4.2.2 Smearing

Smearing of the electrons at the Fermi level is applied to speed up the SCF conver-
gence. In this process the electron occupation at the Fermi level is allowed to be
smeared over the bands at the Fermi level. These partial band occupancies simulate
the effect of the electronic state of a metal at a temperature higher than 0 K. This effec-
tively adds some electronic entropic energy to the system. The energy that is calculated
has to be extrapolated to ¢ — 0 eV to get the 0 K energy value. The optimum ¢ value

that has been chosen to be used during further calculations was 0.1 eV.

2.42.3 Exchange-correlation functional

A very important parameter is the exchange-correlation functional. The exchange-
correlation functional is used to approximate the exchange and correlation electron-
electron interactions. Varying this parameter yields different energies, geometries and
magnetic properties for the bulk iron system.

Table 2.1 shows the comparison of our present calculations to the experimental val-
ues and some calculated values from literature. It can be seen that initially (before
approximately 2003) the important characteristic that was calculated was the lattice
parameter, although the bulk modulus and magnetic moment was not far off for most
of these calculations. After 2003 it seems as if the focus shifted to predicting the mag-
netic moments correctly while slightly sacrificing accuracy with regard to the lattice
parameter (averaging around 2.83 A).

Our calculations seem to give similar values to those after 2003 when the PW91 and
PBE functionals were used in CASTEP. Our CASTEP RPBE calculations give results
with quite accurate lattice parameters and bulk moduli. In this case the magnetic
moments are overestimated by a mere 0.1 pp.

Although all these results seem quite accurate with regard to the methods em-
ployed, the observed trend towards predicting the magnetic moments correctly, while
sacrificing the accuracy in the lattice parameter (geometry), must be considered. Since
this study is the first step toward studying the adsorption on iron surfaces, the influ-
ence of both geometry and electronics must be as accurate as possible to avoid inval-
idating the adsorption model. If the geometry is incorrect, the adsorption overlayer
geometry will also be incorrect. The energies that will be calculated could therefore
become suspect if there are strong lateral interactions between adsorbed species. Then
again, the electronic occupation of iron would be very important in predicting the
adsorption geometries and energies. If the electronic character is too far off, it could

also lead to incorrect geometries and either overbinding or underbinding of the cho-
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CHAPTER 2. METHOD AND MODEL VERIFICATION

2.43.1 Vacuum spacing

An extensive study of the vacuum spacing between the iron slabs was performed to
find the optimum spacing at which the two slabs do not significantly interact any
more. The inter-slab vacuum space was increased to create a surface. This was done
for a four layer slab without relaxing the atomic coordinates.

The results for the Fe(110) surface with the PW91 functional can be seen in Fig-
ure 2.3. As the vacuum spacing increases from 2 A (Fe(110) interlayer spacing) to 12
A, the energy per atom increases and converges to within 1 mJ/m? at 10 A. The aver-
age magnetic moment per atom was also monitored in the creation of a the surface. It
increases to a maximum near 3.5 A and subsequently decreases to converge at 10 Al
The maximum in magnetic moment can be ascribed to the fact that slabs only truly
start to separate at 3.5 A. Between 2.012 A and 3.5 A, the orbital overlap at the sepa-
ration between the surfaces becomes smaller, but it is still large enough to simulate a
bulk-like structure that is only slightly stretched in one dimension. This decrease in
electronic overlap will yield more o-filled bands than §-filled bands which, in turn,
will enhance the magnetization of the iron. At a distance further than 3.5 A the two
slabs start to separate yielding a new stable electronic state of the Fe(110) surface. A
similar trend was obtained for the RPBE functional. The vacuum spacing for Fe(100)
started to converge at 8 A, but to be sure that the inter slab interaction are not signifi-

cant we will use a vacuum spacing of 10 A in further calculations.

2.4.3.2 Cutoff energy and k-points

We optimised the k-meshes and cutoff energies for the Fe(100), Fe(110) and Fe(111)
surfaces. The optimised parameters used to calculate surface energies are summarised
in Table 2.3.

2.4.3.3 Surface energy comparison

The calculated surface energy can be used as a measure to estimate the accuracy of
the representation of the surface. Figure 2.4 shows the calculated surface energies for
Fe(110), Fe(100) and Fe(111) as calculated with the PW91 and RPBE functionals. The
coordinates of all the atoms in the respective slabs were optimised. The converged
surface energies (to within 1% error) are summarised in Table 2.3. For PW91 the re-
sulting average surface energy per unit area (v,) is at least 0.2 J.m™? larger than that
of the RPBE. The Fe(110) surface is the most stable for PW91, although for the RPBE
the Fe(110) and Fe(100) are of similar stability. If the surface energy per atom (E,,,f) is
considered, the Fe(110) is much more stable than the Fe(100) surface for both function-
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3.4. EQUILIBRIUM SURFACE COVERAGE

From these models we can obtain the predicted surface coverage as a function of
temperature and pressure by solving the coverage in the equilibrium condition equa-
tions (equations 3.4, 3.8 and 3.9).

A value of 2 ML was used for 0 which would be large enough to ensure that the
curvature of the fitted adsorption energy function would determine the saturation cov-
erage. The resulting predicted equilibrium surface coverages for the various models
and fits can be seen in Figure 3.4. These are represented by plots of the hydrogen sur-
face coverage as a function of the temperature, with each line representing a different
pressure value.

If we first consider the hyperbolic fit models in Figure 3.4 (a - c), we see that they
are quite similar. The first similarity is that these models all predict the 100 K satura-
tion coverage to be approximately 1.15 ML. This corresponds rather well to the value
proposed from TPD experiments (1 & 0.1 ML) {7]. It can also be seen that all of the
hyperbolic fit models have a very similar dependence on pressure. The only difference
lies at temperatures higher than 650 K where the hydrogen coverage in (b) decreases
much sharper than in (a) and {c). In this figure (b) represents the hard-disk surface gas
model which is supposed to best describe the high temperature and high coverage
limit.

Considering the fanh fit and the atan fit results we find that these two interpolation
fits give the same results for hydrogen. We therefore discuss only the tanh fit results (d
- fin in Figure 3.4). All three these models are once again quite similar, although they
differ quite a bit from that of the hyperbolic fit. The first similarity between the tanh fit
models is that they all predict a slightly larger 100 K saturation coverage (between 1.0
and 1.25 ML depending on the pressure). This is still in range with the experimental
value [7]. The most prominent feature of these models is the steeper dependence of
the coverage on temperature in the higher pressure ranges. Once again the main dif-
ference between these three models lie at temperatures higher than 650 K. Here the
hydrogen coverage in (e) has a slightly sharper decrease than that of models (d) and
(). '

By comparing the two model fits it is clear that the applied interpolation fit plays a
very large role. This can be seen in the fact that by changing the interpolation fits we
see a larger change in shape of the equilibrium functions than by changing the surface
adsorbate model limits. The applied interpolation fit seems to largely determine the
low temperature saturation coverage value, as well as the nature of the high coverage
pressure dependence. A very interesting feature of all the models is that they predict

the same surface coverage dependence below ¢y = 0.3 ML.

It is interesting to note that, although these plots cannot be directly compare to TPD
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CHAPTER 3. HYDROGEN AND CO ADSORPTION MODELS

Figure 3.4: The predicted equilibrium surface hydrogen coverage (6y) as a function of the temperature
using various combinations of interpolation fits and models. hyperbolic-fit: a) ideal sur-
Jace gas, b) hard-disk and <) anchored. tanh-fit: d) ideal surface gas, e) hard-disk and f) an-
chored. Each isobar corresponds to one of the following pressures: 107! (lower, leftmost
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CHAPTER 3. HYDROGEN AND CO ADSORPTION MODELS
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3.4. EQUILIBRIUM SURFACE COVERAGE

the pressure. The lowest considered pressure value corresponds to the experimental
estimate of 0.58 ML from TPD [7] and 0.5 from XPS [36]. At all the pressure values we
see a nearly linear decrease of coverage with increasing temperature down to 0.45 ML,
After this value we observe a steeper decrease in the CO coverage. What is clear is
that in the relevant Fischer-Tropsch range (500 K < T < 650 K and P > 1 bar) the surface
coverage is larger than 0.5 ML. It is also interesting to note that the CO coverage never

reaches 1 ML at the considered pressures.

If we consider the tanh fit we see that the saturation coverages at 300 K still varies
quite a lot, but not as much as in (a). The 300 K coverage values ranges from between
0.53 and 0.73 ML depending on the pressure. This is also roughly within range of the
experimental values. At all the pressure values we see a nearly linear decrease in the
CO coverage, but not nearly as steep as in (a). Below 0.4 ML we see a similar CO

coverage dependence on temperature as in (a).

If we consider the atan fit we see that the saturation coverage at 300 K does not vary
as much as in (a) or (b). The 300 K coverage values ranges from between 0.55 and
0.7 ML depending on the pressure. This is well in line with the experimental values.
Once again we see that at all the pressure values we have a nearly linear decrease
in the CO coverage at high pressures. Below 0.4 ML we see a similar CO coverage

dependence on temperature as in (a) and (b).

When calculating the pseudo-TPD peak value from the derivatives of these figures
at the lowest pressure value, we find a very broad peak with a maximum at a temper-
ature of 450 K. This corresponds quite well to the a3 TPD peak observed by Burke and
Madix at 425 K [7]. This view cannot account for specific overlayer adsorbate struc-
tures which Burke and Madix clearly observed at lower temperatures. The broadness
of our pseudo-TPD peak is probably accounting for the average adsorption energy
of these states. This indicates that a more step-like interpolation function would be
needed to simulate these states.

Another factor which must be considered in the Fischer-Tropsch temperature range
is that the tilted CO molecules on Fe{100) can readily dissociate upon heating to above
400 K [37, 38]. This dissociation will result in atomic C and O on the surface. We
must therefore be careful when drawing conclusions from these molecular adsorption
equilibrium plots.

From these CO adsorption equilibrium plots it is clear that at realistic Fischer-Tropsch
conditions the molecular CO adsorption equilibrium is strongly shifted towards sat-
uration coverage on this surface. There is therefore a strong driving force towards
having CO at saturation coverage on the surface at Fischer-Tropsch conditions. At

pressures larger than 1 bar this saturation corresponds to a value of between 0.5 and
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0.65 ML. This shows that there will be some "empty sites” available between the CO

molecules due to the CO lateral interaction.

3.5 Conclusions

We have calculated the separately adsorbed hydrogen and CO geometries by using
the RPBE function. For hydrogen we considered adsorption structures ranging from
Oy = 0.25 ML to 8y = 2.00 ML with the hydrogen atoms in the hollow sites and on the
bridge sites being stable with regard to the gas phase H,. We found that at hydrogen
surface coverages higher than 05 = 1.00 ML the average hydrogen adsorption energy
decreases monotonously with an increase in coverage. At 8y = 2.00 ML the adsorption

energy is almost iso-energetic with the gas phase.

We also calculated CO adsorption geometries similar to those calculated by Brom-
field et al. [22] using the PW91 exchange-correlation functional. Although our cal-
culated geometries are very similar, we showed that by using the RPBE exchange-
correlation functional we obtain CO adsorption energy values which are much closer

to the experimental values than the overestimated values of Bromfield et al. [22].

To be able to consider the separate adsorption of hydrogen at relevant Fischer-
Tropsch conditions (500 K < T' < 650 K and P > 1 bar), we used a statistical ther-
modynamic model [34] in which we used our calculated hydrogen adsorption values.
We used the resulting models to consider the equilibrium surface of hydrogen at a
large range of temperatures and pressures. From these models we can conclude that
at the relevant Fischer-Tropsch conditions there will be a strong driving force to fill up
the Fe(100) surface with hydrogen. This would correspond to a hydrogen coverage of
around fy = 1.00 ML.

We derived a similar statistical thermodynamic model for the equilibrium surface
coverage of CO. From the resulting models we conclude that at Fischer-Tropsch con-
ditions the CO adsorption equilibrium is shifted towards saturation coverage. This
saturation coverage value lies between 0.5 and 0.65 ML at pressures larger than 1 bar.
This saturation coverage of CO that is lower than that of hydrogen can be ascribed to
the large CO lateral interactions that exist at coverages larger than 6co = 0.5 ML. At
Fischer-Tropsch conditions we expect that almost half of the hollow sites will still be
open. The possibility therefore exists that the small hydrogen atoms might be able to
mix with the CO upon coadsorption. This will be further explored in chapter 5.
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4.2. METHODS AND MODELS

increase of dissociation barriers on a sulphur precovered Pd(100) surface [15]. Sulphur
can increase the dissociation barrier at a low S coverage by changing the Pd electronic
structure, but when the hydrogen molecule is less than 1.5 A away from the S, the
main contribution is the blockage of the adsorption site due to a strong S-H repulsion.

In this chapter we use density functional theory (DFT) to calculate the potential en-
ergy surface (PES) for the H; dissociation process on the Fe(100) surface. We consider
the dissociation process on various high symmetry sites in the p(2 x2) surface unit cell
on a clean surface. Since two other species that will be present on the surface in the
Fischer-Tropsch process are CO and C, we also consider these adsorbate precovered
surfaces at various coverages. We discuss the most important PES profiles and discuss
the various effects that play a role in the adsorption of hydrogen on these precovered
Fe(100) surfaces.

4.2 Methods and models

4.2.1 Calculational setup

All the calculations in this study were performed using the CASTEP [16] code. This
code employs periodic DFT calculations with a plane wave basis set and pseudopo-
tentials. We used the generalized gradient approximation (GGA) with the Revised
Perdew Burke Enzerhof (RPBE) functional [17]. The electron distribution at the Fermi
level was modelled by a Gaussian smearing method with ¢ = 0.1 eV. The ion-electron
interactions were described by core corrected ultrasoft pseudopotentials as included
in the CASTEP suite [18].

A five-layer Fe(100) slab was used with an optimised 17 A vacuum layer between
the surfaces. This large vacuum spacing ensures that when the hydrogen molecule is
sufficiently far away from the surface it will have no significant interaction with either
side of the surface slab. The surface was represented by using a p(2x2) periodic su-
percell. The k-point sampling was generated by following the Monkhorst-Pack [19]
procedure with a 4x4x1 mesh. The plane wave basis set cutoff energy was set at 400
eV. The coordinates of the slab (as well as the preadsorbed CO and C) were fully op-
timized before the hydrogen molecule was introduced into the cell. The calculational
setup parameters (the k-points mesh, the number of slab layers, the vacuum spacing,
etc.) were tested and optimised.

We calculated the equilibrium lattice constant for bulk iron at 2.852 A with a bulk
modulus of 176 GPa using the Birch-Murnaghan equation of state [20, 21]. A magnetic

moment of 2.31 up per iron atom was also calculated. These values are in good agree-
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included in the PES, but will be considered separately.

42,3 Zero-Point Corrections

It is important to consider the effect zero-point energies have on the barrier height,
since it has been shown that it is one of the quantum effects for the dissociation of
H; [30]. A classical particle can follow the minimum-energy path of a PES exactly.
A quantum particle is delocalised and cannot follow the bottom of the valley of the
PES. It needs at least the zero-point energy perpendicular to the minimum energy
pathway [5]. We therefore estimated the minimum zero-point energies for a specific
PES by fitting the potential at various points to a Morse potential {34]. From this fit
we obtain the zero-point vibrational frequency (1) and the potential well depth (D,).

With h as the Plack constant, the zero-point energy () estimate is calculated by:

(hwo)?

iD. (4.1)

1
E() = "z“hl/g -

4.2.4 DOS and Charge analysis

The electronic local density of states (LDOS) was calculated by a projection of the
wavefunctions onto spherical harmonics to obtain the s, p and d character of the elec-
trons. The DOS is given relative to the Fermi-level of each system. All the DOS-plots
are shown as spin-polarised with the a-spin profile at the top and the S-spin profile at
the bottom. We also estimated the charge of the preadsorbed C and CO on the surface
by a Mulliken charge analysis [35, 36].

4.3 Results

We calculated the 2D cuts in the H, adsorption potential energy surface (PES) for a
clean Fe(100) surface, as well as CO and C precovered surfaces. The adsorption poten-
tial energy surfaces will be described by following the minimum energy pathway. The
H, molecule approaches the surface from 4 A above the surface with an equilibrium

bond length of 0.794 A. A summary of all the activation barrier energies is given in
Table 4.1

4.3.1 H, dissociation on the clean Fe(100) surface

The resulting H, dissociation profiles on a clean Fe(100) surface can be seen in Fig-

ure 4.1. The left of Figure 4.1 shows the dissociation profile of Hy on the on top site
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changed significantly.

When the pre-adsorbate coverage is increased further the picture changes signifi-
cantly. H, dissociation with fco = 0.5 ML has the lowest calculated zero-point cor-
rected barrier at 1.24 eV for the on top 45° site, while at 6 = 0.5 ML the lowest cal-
culated zero-point corrected barrier energy is 0.60 eV for the on top 45° site. These
values are three to six times larger than the barriers on a clean surface. In this model
these are the only adsorption available pathways at these high CO and C coverages,
since the bridge sites are blocked. The CO and C will also block certain hollow sites for
adsorption by physically occupying certain hollow adsorption sites. By being directly
next to the bridge sites, adsorption on the bridge sites are also blocked due to the large
CO-H and C-H repulsion at these sites.

The calculated increase of the dissociation barriers in the presence of C corresponds
to TPD experiments by Benziger and Madix [40] in which it was shown that carbon
contamination reduced the iron surface’s affinity for hydrogen. They proposed that at
200 K the initial sticking probability was reduced by an order of magnitude.

These sharp increases of the barriers at certain high symmetry points will contribute
to steering slow moving (kinetic energy of less than Fy =~ 0.1 eV) Hy molecules to the
sites with the lower barriers (steering effect [30]). This may be a contributing factor
in the case of Fischer-Tropsch, since the average kinetic energy in the Fischer-Tropsch
temperature range (500 K - 650 K) is between 0.2 and 0.3 eV. If the kinetic energy of
the hydrogen molecules is increased, this steering effect will become less effective. The
favourable pathways generally seem to be the bridge sites and off-symmetry sites at
coverages of 0.25 ML for both C and CO. Although the bridge sites seem favourable,
dissociation of the Hy molecule will be dynamically hampered on these sites if the
Hy molecules are vibrationally active. This is due to the fact that not only the barrier
height is important, but also the position of the barrier on the PES [41]. If the barrier
is "early” no translational-vibrational coupling is possible. It has been shown from
molecular beam simulations that the hydrogen molecules which are not vibrationally
active have a lower probability for dissociation [42]. In the case of these bridge site
profiles no significant vibrational activation can take place and therefore the pathway
will only be available for the dissociation of molecules with a normal kinetic energy
component directly larger than the barrier height. The other H, molecules on these
sites will be reflected away from the surface.

There are therefore two important effects involved when we consider the overall

view of Hj dissociation in the presence of pre-adsorbed C or CO on the Fe(100) surface:

1. The increase in the H, dissociation barriers (due to the surface electronics)
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CHAPTER 4. HYDROGEN DISSOCIATION ON PRECOVERED SURFACES

2. The physical blocking of available adsorption sites

If we consider the rate of hydrogen adsorption in an Arrhenius type equation, the
rate constant (k) of the dissociation process can be written as the product of the barrier

height in the exponent (¢~£%/%T)

and a pre-exponential factor (A4). It is clear that an
increase in the activation energy of dissociation will significantly lower the adsorp-
tion rate constant (effect 1). Considering the fact that the pre-exponential factors for
dissociative adsorption (order of 10° s71) are generally significantly lower than that
of surface processes (order of 10" s71), the dissociative adsorption process cannot be
considered to be a fast reaction. Changes to the value of the pre-exponential factor
will therefore also have an impact on the rate constant. The decrease of the number
of possible dissociation pathways and the physical blocking of the adsorption sites of
the H atoms (effect 2) will contribute to a lower A value.

These two effects will result in a significant lowering of the rate constant of adsorp-
tion on highly precovered surfaces. Van Santen and Niemantsverdriet noted that with
low pre-exponential factors, dissociative adsorption processes may already be the rate
limiting step in many catalytic cycles [43]. This may become the case for hydrogen
large increases in the dissociation barriers and blocking of adsorption and dissociation
sites.

The implication of this for the Fischer-Tropsch synthesis is that surface hydrogen is
not necessarily freely available. This hydrogen availability will depend on the effect

of the other coadsorbates (like CO and C in this case) on the H, dissociation barrier.

4.5 Conclusions

We have calculated the PES of the dissociation process of Hy on clean and precovered
Fe(100) surfaces. From the results it is clear that the presence of CO and C will block
several sites for hydrogen adsorption as well as increasing the hydrogen dissociation
barriers. At CO and C coverages of up to 0.25 ML the main contributor to the barrier
increase is the CO-H and C-H repulsion. In these cases off-symmetry sites will play an
important role to dissociate the approaching hydrogen molecules.

At coverages around 0.5 ML of CO and C we showed that the dissociation barriers
increased to more than three times larger values than that of the clean surface. Since
the effect of the activation barrier is expressed exponentially, this will result in a sig-
nificant decrease in the rate constant for the disscciative adsorption process. Another

factor at this coverage is the fact that many of the hydrogen adsorption sites will be

68



BIBLIOGRAPHY

blocked, as well as the fact that the number of available possible pathways have also

decreased. This will lower an already low pre-exponential factor. Overall the rate

of dissociative hydrogen adsorption will be severely hampered in the presence of a

highly CO or C covered surface.
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5.2. METHOD AND MODELS

k-points mesh, the number of slab layers, the vacuum spacing, etc.) were optimised.

5.2.2 Coadsorption method

To study the coadsorption of CO and H we first have to look at the separate H and CO
adsorption geometries. These were described in Chapter 3.

We proceeded to model the coadsorption of CO and H on Fe(100) by using the op-
timised CO adsorption geometries and superimposing the H adsorption geometries
onto these. Only the CO geometries corresponding to the local minima calculated by
Bromfield et al. [20] have been used as the starting CO geometries at CO coverages of
8co = 1 ML, Oco = 0.5 ML and dgo = 0.25 ML. Although subsurface hydrogen adsorp-
tion is a possibility on some metals, coadsorption of CO with subsurface hydrogen
was not considered, because Jiang and Carter [9] showed that hydrogen atoms prefer
to stay on Fe surface instead of going into the subsurface layers or into the Fe bulk.
The coadsorption energy per adsorbed CO is calculated by:

Ecosnmy = Egan 1

Econds = 5 Q‘TLEH?, —~ Eco (5.1)

with Eoqqs is the energy of formation of the species relative to the gas-phase CO and
H,, Ecot+nmy is the calculated energy of the specific coadsorbed geometry, Fyqs is the
calculated energy of the clean Fe(100) slab, Ey, and E¢o is the calculated energies
of the gas-phase species Hy and CO, and n is the number of H atoms in the specific
adsorbate under consideration. The coadsorption energies do not include the zero-

point vibrational energy corrections.

5.2.3 Analysis of island formation

To analyse the possibility that the coadsorption state {mixed state) would be the favoured
state compared to island formation (the segregation of adsorbates to form separately
adsorbed areas on the surface), its energy should be compared to the most stable sep-
arate adsorption energies of CO and H. This will give an initial indication (from the
electronic energies alone) on whether the CO and H will be mixed or whether they
will prefer to form islands on the Fe(100) surface. This can be regarded as a surface

mixing reaction:

COugs + Hogs = (CO + H )gus {(5.2)

The left side of the equation represents the two segregated states and the right side the

coadsorbed state.
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To analyse island formation we follow a method similar to that proposed by Ciobica
etal. [5]:

X:a—b—c—ng (5.3)
Y=(e+f—26wc-—n§)/2 (5.4)

where:

e o: energy of coadsorbed system

e b: energy of clean Fe(100) slab

e ¢: energy of CO in the gas phase

e d:energy of H, in the gas phase

e ¢: energy of CO adsorbed on Fe(100)

o f:energy of n H adsorbed on Fe(100)

e X : coadsorption energy of CO and H on Fe(100)

e Y : sum of the adsorption energies of the segregated CO and H on Fe(100)

Island formation is favoured if | X| < |Y|, whereas when |X| > Y] the reaction
favours a mixed coadsorbed state. The difference between X and Y corresponds to the
heat of mixing (AEn;,; = (X —Y)/2) for the surface mixing reaction in eq. 5.2. Our
current model uses a conservation of surface sites. This implies that both the CO and
Hin the segregated state will be at double their surface coverages in the corresponding
coadsorbed state.

5.2.4 Vibrational analysis

A partial Hessian vibrational analysis [21] was performed on the CO and H of some
of the coadsorbed geometries. This approximation can be used since Fe atoms are
much heavier than adsorbate atoms (see Appendix C). The vibrational analysis was
performed using perturbations of 0.005292 A in the Cartesian space. From this anal-
ysis we obtained the vibrational frequencies of the considered atoms. The harmonic

vibrational zero-point energy can be calculated from these frequencies (v):

Ezpve = 5 dou (5.5)

The effect of the vibrational entropy of the adsorbates was taken into account by cal-

culating the vibrational entropy contribution from these frequencies using the method
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applied by Li and Jensen [21]. The Gibbs free energy of mixing (AG?

v.iz) Can be approx-
imated by including these vibrational entropy values (§*) and the vibrational temper-
ature corrections on Fgy, and F, g (E*):

AG,

mix

= Ahr;ul - Tas;u

(5.6)

with
AH,,, = DEL, + AEzpy gimix) (5.7)

We have not included the configurational entropy contribution because in our case

it should amount to less than 6 meV/A? at all temperatures lower than 1000 K [22].

5.2.5 DOS analysis

The electronic effects of coadsorption was also investigated by analysing the density
of states (DOS) of some systems. The local DOS (LDOS) was calculated by a projection
of the wavefunctions onto spherical harmonics to obtain the s, p and d character of
the electrons. The DOS is also given relative to the Fermi-level of each system. All
the DOS-plots are shown as spin-polarised with the a-spin profile at the top and the
B-spin profile at the bottom.

5.2.6 Graphical Representation

In this chapter the adsorbate structures will be represented graphically by a space-
filling model viewed along the surface normal (unless otherwise indicated). All of
these representations corresponds to a p(2x2) surface unit cell. To avoid confusion the
following colours are used to identify various atoms: Fe = purple, C = grey, O = red
and H = white.

5.3 Results and discussion

5.3.1 Coadsorption at ¢cp = 1.00 ML

The results for the calculated coadsorption geometries at §co = 1 ML can be seen in
Figure 5.1 and Table 5.1. With CO in the four-fold hollow the coadsorbed H totally
destabilises the four-fold hollow CO coadsorption geometries (1-A and 1-B in Figure
5.1). The third geometry in Figure 5.1 (1-C) has two H atoms per CO. We found that by
adding H to the bridge sites at this coverage, the CO gets removed from the four-fold
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5.3.3 Coadsorption at o = 0.25 ML

Coadsorption of H and CO (in the tilted hollow site, since this is the only local mini-
mum for CO adsorption at § = 0.25 ML) gave rise to a number of coadsorption geome-
tries, most of which are very stable with regard to gas phase CO and H; (Figures 5.3
and 5.4, and Table 5.1).

Geometries 4-A to 4-G in Figure 5.3 correspond to the coadsorption geometries with
the H atoms in the hollow sites. Geometries 4-A to 4-C represents a surface H-coverage
of 8y = 0.25 ML. In 4-A the H is in the trans-hollow site which is the most favoured
of the three geometries with a coadsorption energy of -2.34 eV. This is the only coad-
sorption geometry of these seven in which the CO bond is slightly longer than that
of adsorbed pure CO (1.308 A). Moving the H to the two different cis-hollow site ge-
ometries, 4-B and 4-C, gives rise to coadsorption energies of -2.17 eV and -2.22 eV
respectively. This shows that there is a slight repulsion between the CO and the H
which results in the trans-hollow being the site of preference. It is of interest to note
that the positional shift of the H atom towards the C atom in the four-fold hollow is
similar to what was shown for ¢ = 0.5 ML (3-A and 3-B). In both cases the repulsion
results mainly from the H-O interaction, because the H is always shifted to the side of
the hollow which is further away from the O atom.

An analysis of island formation was done on these geometries (Table 5.1). The
values for the heat of mixing show that 4-A and 4-C favours mixed coadsorption by
0.15eV and 0.03 eV respectively, while 4-B favours island formation by 0.2 eV.

Adding another H atom to a hollow site (f; = 0.5 ML) gives rise to 4-D to 4-F. The
additional H stabilises these geometries. 4-E and 4-F are the two most favoured ge-
ometries with coadsorption energies of -2.61 eV and -2.65 eV respectively. By keeping
the trans-hollow site open we find a slightly less favoured geometry (4-D) at -2.54 V.

When another H atom is added, all three possible four-fold hollow sites are filled
up (0 = 0.75 ML). 4-G corresponds to this arrangement with a coadsorption energy of
-2.95 eV. The H which is in line with the CO adsorbate is once again shifted away from
the O atom. This geometry is by far the most stable of all the coadsorption geometries
that were considered.

The geometries from 4-D to 4-G all favour mixed coadsorption above island forma-
tion. 4-D has the smallest energy gain (-0.05 eV) while 4-G has the largest energy gain
of all geometries at fcp = 0.25 ML. Considering the heats of mixing of 3-A to 3-C, 3-E
to 3-G, 4-A and 4-C to 4-G, it is clear that we can expect to find the H and CO in a
mixed coadsorbed state (as proposed by Burke and Madix [12]).

The next group of coadsorption geometries with the tilted CO at 8¢ = 0.25 ML were
created by adding H to the bridge sites (geometries 4-I to 4-L and 4-Q in Figure 5.4).
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Note that if a H is positioned on the bridge site which runs directly parallel to the axis
of the tilted CO, it optimises to 4-C. Geometry 4-1, along with 4-K and 4-Q, has similar
coadsorption energies indicating that there is no real difference in having H on either
of the three bridge sites. The similar coadsorption energies for all three geometries
show that there is an absence of a significant stabilising interaction between the CO

and the coadsorbed H on any specific bridge site.

If we consider 4-] we see the same effect that was discussed for 3-C and 3-D. The H
atom moved once again to bond with the C atom of the CO to form a "HCO' species.
This geometry is also similar to the geometry Blyholder and Lawless [14] proposed for

H assisted CO dissociation.

Another interesting geometry was obtained by putting an H atom on the bridge
site directly next to the O atom (4-L) binding the H to the O atom, resulting in a tilt-
ing away of CO tilted from the surface. The system optimised to a "COH" adsorbed
perpendicular to the surface. The CO bond length stretched to 1.420 A and the C-O-H
angle is 110.5°, which are both in line with what is generally found in aliphatic alco-
hols. This geometry is by far the least stable of the considered coadsorption geometries
at fco = 0.25 ML. Both the 4-M and 4-N geometries are quite stable, but they show no
significant interaction with the coadsorbed CO. Adding even more H to the surface
resulted in the geometries 4-O and 4-P. From 4-O is can be seen how the H atoms mi-
grated into the four-fold hollow site when initially positioned directly parallel to the

tilted CO as was seen in 3-F and 3-F

The coadsorption geometries that we considered with the H on the on top site all
optimised to geometries we have discussed above (4-K, 4-M, 4-N and 4-Q). It can there-
fore clearly be stated that H would not be in the on top position when coadsorption
has taken place.

All the geometries in Figure 5.4, except 4-P, have positive heats of mixing indicating
likely island formation. 4-P has a H coverage equivalent to #y = 1.00 ML. Upon seg-
regation to islands the H atoms will be compressed to a state with a coverage of 0y =
2.00 ML. As can be seen in Table 3.1 the heat of H adsorption per H atom at this cover-
age is -0.02 eV. This is nearly iso-energetic with the gas-phase molecules. This is also
0.16 eV per H atom less stable than the corresponding H at the bridge site at 0y = 1.00
ML. The total destabilisation of the segregated state (4 atoms per p(2x2)} is therefore
0.64 eV. This is similar to what was shown for the compression of the CO adlayer from
oo = 0.50 ML to Oco = 1.00 ML. Consequently, these effects show that the instability
of the highly compressed segregated H and CO is one of the driving forces behind the
favourable mixing of H and CO on Fe(100).
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Table 5.2: Mulliken Charges at §co = 0.25 ML. {Charges indicated in electrons, e™)

Label  qf qc q0 qco
4-A -0.29 -0.43 -0.46 -0.89
4-B -0.26 -0.41 -0.45 -0.86
4-C -0.28 -0.40 -046 -0.86
4-D -0.29 -039 -045 -(.84
4-E -0.28 -0.41 -045 -0.86
4-F -0.28 041 -0.46 -0.87
4-G -0.28 -0.40 -0.45 -0.85
4-1 -0.29 -0.41 -0.45 -0.86
4-1 0.03 -058 -0.50 -1.08
4-K -0.29  -0.41 -0.44 -0.85
4-1 042 -049 -0.61 -1.10
4-M -028 -040 -0.44 -0.84
4-N -0.28 -0.42 -0.44 -0.86
4-0O -0.26 -035 -0.43 -0.78
4-p -0.24 -041 -041 -0.82
4-03 028 -040 -0.46 -0.86

fa] ¢, indicates the charge in electrons (™)

5.3.4 Charge analysis at o = 0.25 ML

Burke and Madix [12] proposed that the coadsorbed CO and H might have electro-
static repulsions. The Mulliken charges [24, 25] on the C, O and H atoms of the
coadsorption geometries at fco = 0.25 ML were calculated (Table 5.2). The projected
charges on the H atom varies between -0.24 ¢~ and -0.29 ¢~ except for 4-] and 4-L
where the H is bonded to the C atom and the O atom of the CO, respectively. The
negative charges on the H atoms in all the other geometries indicate that the adsorbed
H underwent a charge transfer from the surface to become negatively charged. Except
for geometries 4-] and 4-L the charge on the C atom varies from -0.35 ¢™ to -0.42 e™.
The charges on 4-] and 4-L are significantly larger due to the positive charges on the
H atoms that are bonded to CO in both geometries. The charges on the O atom varies
between -0.41 ¢~ and -0.46 ¢~ for all geometries (except 4-] and 4-L). In all cases the
charge on the O atom is slightly larger than that of the C atom. The total charge on the
coadsorbed CO molecule varies between -0.78 ¢~ and -0.89 ¢~ in all cases (except 4-]
and 4-L).

Although the Mulliken charge analysis is a crude estimation of the atomic charges,
it clearly indicates that both H and CO are negatively charged when coadsorbed (ex-
cept when they are directly bonded as in 4-] and 4-L). This implies that there will be a
repulsive electrostatic interaction between the H and CO on the surface as the domi-

nant destabilising effect.

83



CHAPTER 5. COADSORPTION OF CO AND H

5.3.5 Electronic analysis at 0o = 0.25 ML

Although there are electrostatic repulsions between the H and the CO, many geome-
tries would still prefer the mixed coadsorbed state rather than the segregated state on
the surface. This indicates that the electrostatic repulsion is not the only interaction be-
tween the coadsorbed CO and H. Burke and Madix [12] proposed a "through-surface
effect’, because CO and H both bond strongly to the surface Fe atoms. By calculating a
localised density of states (LDOS) for the coadsorbed CO and H, the through-surface
electronic interactions can be considered.

As an example of these interactions, the LDOS of the CO orbitals for three very
stable coadsorption geometries were compared to pure adsorbed CO (Figure 5.5). The
orbitals of pure adsorbed CO can be named according the corresponding gas phase
orbitals. The 3¢ peak occurs at about -22.3 eV while the 40 peak occurs at about -
10.7 eV. The 1r and 50 peaks occur at -7.3 eV and -6.8 eV, respectively. The 27 orbital
spread out from -4.0 eV to higher than the Fermi level due to the interaction with the
d-band of the Fe slab. Only the 27 orbitals show significant spin polarisation.

The positions of the 30, 40 and 17 peaks relative to the Fermi level did not change
at all upon coadsorption of H in geometry 4-A. The 27 orbital is only very slightly
changed. A large change happens to the 5o orbital where the peak has been spread
out to a band between -7.9 eV and -6.0 eV. Only a slight difference arises between
the o and 3 spin components for this band. This shift of about 1.1 eV to a lower
energy value indicates an electronic stabilising effect and an upshift of the top of the
band of about 0.4 eV indicating a slightly weaker destabilising effect, resulting in an
overall stabilisation of the coadsorbed state. This is similar to the splitting of orbitals
upon bonding in the classical molecular orbital view. This could be the origin of the
stabilisation needed for the exothermic heat of mixing for this geometry.

A similar shift of the 50 bond is observed in the CO LDOS of 4-B. In this case it
results in three narrow bands per spin component at about -7.7 eV, -6.9 eV, -6.2 eV(«)
and -5.9 eV(f3). Again the downshift of the lower of the three bands are about 1.1 eV,
whereas the largest upshift is about 0.9 eV. It seems like the stabilisation and desta-
bilisation is relatively balanced in this case. The fact that the CO and H are much
closer together in this geometry than in 4-A will enhance the electrostatic repulsion
and therefore the slight stabilisation that might occur due to the electronic interac-
tions, are not contributing enough to stabilise this geometry as a mixed state. This
results in the preference for island formation for this geometry.

The addition of more H atoms to the coadsorbed state (4-G) results not only in the
spreading of the 50 bond, but also has an effect on the 17 orbital. Once again the

orbitals spread out to lower and higher energy levels.
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5.3.6 Zero-point vibrational corrections at oo = 0.25 ML

In the previous sections we discussed the coadsorption according to the electronic con-
tributions, but even at 0 K the quantum vibrations of the molecules can have an effect
on adsorption energies. To analyse this we calculated the partial vibrational frequen-
cies of CO and H in various structures at o = 0.25 ML. The resulting frequencies,
zero-point vibrational energies (ZPVE) and corrections to the coadsorption energies
are given in Table 5.3. From the vibrational frequencies listed in 5.3 it is clear that all
the listed geometries are local minima on the potential energy surface.

The CO stretching frequencies increase to values higher than pure adsorbed CO
(1174 cm™') upon coadsorption of H, confirming the effect experimentally observed
by Merrill and Madix [13]. In these cases, the coadsorption of H strengthens the CO
bond which results in higher CO stretch frequencies. This is also reflected in the CO
bond lengths (5.1). This is valid for all coadsorbed states except 4-], which is strictly
speaking not a mixed state but a product of a surface reaction. 4-] has a lower CO
stretch frequency since it has been shown that the H that bonds to the C atom weakens
the CO bond (vide supra). This surface reaction is discussed in the next chapter.

The ZPVE values of the coadsorbed states in Table 5.3 are quite large, ranging from
0.41 eV for 4-B to 0.78 eV for 4-G. These calculated ZPVE values will have a desta-
bilising effect on the adsorption energies of pure adsorbed H and CO, as well as the
coadsorption energies. The effect of these corrections on the heat of mixing is shownin
Table 5.3. For 4-A, the heat of mixing is still exothermic although it has decreased from
-0.15 eV to -0.11 eV. 4-B was destabilised even further by 0.02 eV. Geometries 4-C and
4-D favoured the mixed state, but after the ZPVE corrections these states favour island
formation. The ZPVE corrections had no effect on 4-E (still favours the mixed state
by 0.12 eV). On the contrary, we see that 4-F is drastically decreased from -0.16 eV to
-0.04 eV. Geometry 4-G is even more favoured by 0.01 eV. The ZPVE corrections on 4-1
show that this bridge site favours island formation even more after these corrections.

It is clear that the ZPVE corrections can change the state which was favoured if the
original heat of mixing was quite small (like the cases of 4-C and 4-D). It is therefore
important to consider ZPVE corrections when analysing the coadsorption of H and
CO.

5.3.7 Effect of vibrational entropy

A first approach to describe the effect of temperature on the state of mixing includes an
analysis of the partial vibrational entropy of the considered geometries (Table 5.3). The

resulting estimated Gibbs free energies of mixing, AG; ., as a function of temperature,

T mixs
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5.4 Conclusions

We have constructed a model for the coadsorption of H and CO on Fe(100) from the
separately adsorbed H and CO geometries at three initial CO coverages of oo =1 ML,
fco =050 ML and 0 = 0.25 ML. At 600 = 1.00 ML we found large repulsions between
the adsorbates and the resulting coadsorption geometries are not very stable with re-
gard to the gas phase. At both 6o = 0.5 ML and 8o = 0.25 ML all the considered
geometries are stable with regard to the gas phase molecules. The CO bond was not
activated by the coadsorption of H, except in the cases where the H is in some way di-
rectly bonded to the CO. The coadsorbed geometry is destabilised by the electrostatic
repulsion and stabilised by an electronic orbital interaction.

The stability of the coadsorbed geometries were compared to the stability of sep-
arately adsorbed H and CO to investigate whether the mixed state is more favoured
than islands of CO and H. The comparison was performed against the pure adsorbed
compounds at double the coverage to take into account the concentrating effect upon
creating islands on a limited surface.

Upon inclusion of the partial zero-point vibrational energies and vibrational en-
tropy, changes in the stabilities of the mixed coadsorbed states were observed. The
final analysis of island formation, including the partial vibrational entropy, showed
that the mixed coadsorbed state is favoured at both 8¢5 = 0.5 ML and 600 = 0.25 ML.
The main driving force for mixing seems to be the relatively less stable configurations
of the high coverage CO and H in the segregated state. The optimal saturation H:CO
ratios for the mixed coadsorption at 8o = 0.5 ML and fco = 0.25 ML are 1 and 3

respectively.
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CHAPTER 6. HYDROGEN ASSISTED CO DISSOCIATION

6.3.1 CO dissociation

We calculated the tilted CO adsorption structures which is similar to those proposed
by Bromfield et al. [2]. Furthermore we calculated the activation energy for the disso-
ciation of this molecularly adsorbed tilted CO in the hollow site for fcp = 0.5 ML and

0.25 ML according to:

foo = 0.25ML COuts = Cags + Ouas (6.2)
Beo = 0.50M L : 200,45 = Cugs + Outs + COugs (6.3)

Bromifield et al. [2] showed that the products of these CO dissociation processes are
coadsorbed atomic C and O. At f¢¢ = 0.25 ML there are two possible coadsorption
configurations which are referred to as the cis and trans positions (see Figure 6.1). We
also calculated these reaction products with the trans configuration being 0.68 eV more
stable than the cis configuration. The CO dissociation process will therefore initially
result in the cis configuration with the subsequent diffusion of the O to the trans po-
sition. The activation energy for the diffusion of O from the ¢is{(C+O) to trans(C+O)
configuration is 0.44 eV. The overall energy of reaction of -1.14 eV,

The activation energy of the CO dissociation process at oo = 0.25 ML was calcu-
lated at 1.25 eV (28.8 kcal/mol). This is slightly larger than the values reported for
the same pathway in other calculated work [2, 3] and the experimental value of 26.2
kcal/mol [12]. This value does not change much when zero-point corrections are in-
cluded. For the reverse reaction we obtained an overall activation energy of recombi-
nation of 2.39 eV.

At O00 = 0.50 ML we considered the dissociation of one of the two CO molecules
in the p(2x2) unit cell. This will give rise to a configuration in which atomic C and O
atoms are in a ¢is configuration with regard to each other. The second CO molecule
is trans towards the C atom. We found that this dissociation product is almost iso-
energetic at -0.06 eV. This is slightly more stable than the same structure calculated by
Bromfield et al. [2] (0.10 eV) with PW91. The activation energy of the CO dissociation
process was calculated at 1.19 eV. For the reverse reaction we obtained an overall acti-
vation energy of recombination of 1.25 eV. Zero-point corrections do not change these

values significantly.

6.3.2 "HCO’ and "COH’ formation

To be able to consider H assisted CO dissociation we first have to consider the forma-

tion of species where H has bonded to the CO. The H atom can be added to either the
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Chapter 7

General Conclusions

Still round the corner there may wait
A new road or a secret gate;

And though I oft have passed them by,
A day will come at last when [

Shall take the hidden paths that run
West of the Moon, East of the Sun.

— [.R.R. TOLKIEN, LORD OF THE RINGS, BOoOkK VI, IX

T the beginning of this thesis we proposed the broad question: What is the
specific role of hydrogen in Fischer-Tropsch initiation? We proceeded to dis-
cuss this question by addressing the stated key questions in Chapter 1 by
using density functional theory (DFT) calculations. This allowed us to probe into the

molecular intricacies of the initiation steps of the Fischer-Tropsch reaction on Fe(100).

In this regard we showed that for both hydrogen and CO there will be a strong
driving force to fill up the Fe(100) surface up to their respective saturation coverages
at relevant Fischer-Tropsch conditions (500 K < 7" < 650 K and P > 1 bar). These corre-
spond to a hydrogen saturation coverage of around 04 = 1.00 ML and a CO saturation
coverage which lies between 0.5 and 0.65 ML. This shows that upon the adsorption of
CO on Fe(100) at high pressures and temperatures, almost half of the hollow sites will
still be open.

It was also shown that the dissociation of H; on a clean Fe(100) surface proceeds
with relatively low barriers. These low values change when H, dissociation takes
place on CO and C precovered Fe(100) surfaces. It is clear that the presence of CO and
C will block several sites for hydrogen adsorption, as well as increase the various hy-

drogen dissociation barriers. Up to coverages of 0.25 ML of both CO and C the main
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Appendix C
Localised Thermodynamics

In this appendix we will discuss the concept of localised thermodynamics. We will
show that by using the partial Hessian vibrational analysis (PHVA) we can estimate
the thermodynamic properties of surface reactions.

Vibrational energy and entropy contributions to the reaction free energy are some of
the most computationally demanding aspects of calculating reaction free energies. The
computational expense is incurred by the calculation of the matrix of second energy-
derivatives (harmonic force constant matrix/Hessian matrix). After diagonalisation
of this matrix the square roots of the resulting eigenvalues yields the harmonically
approximated vibrational frequencies. This computation of the Hessian requires a
minimum of 6N +1 energy and gradient evaluations (where /V is the number of atoms).
The computation of the Hessian can become computationally intractable if the system
has too many atoms.

This problem can be overcome if there is only an interest in the chemical reactivity
in a localised area of the chemical system. This can be done by constructing and di-
agonalising the appropriate subblock of the Hessian matrix. This approach is referred
to as PHVA. Head et al. [1-5] demonstrated the use of this method for the study of
surface chemistry. PHVA can be used in modelling surface adsorbates to determine
the type of stable point an adsorbate occupies on the potential energy surface (PES).
In this analysis the frequencies of only a part of a chemical system of interest (the ad-
sorbate molecule) is calculated. They suggested that by using the PHVA, entropy and
enthalpy corrections to reaction energies can be estimated. This assumption is valid
provided that the chemical change is very localised and that there is no significant
vibrational coupling between considered and non-considered subsections of the full
Hessian matrix. In studying coadsorption (as in chapter 5) and the subsequent sur-
face reactions (seen in Chapter 6), the largest geometric changes are usually those of

the adsorbates. This is only a valid approach if surface reconstruction does not take
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There are two sources for error in this approximation. There is an inherent numer-
ical error that is related to the convergence of AG, with the calculational parameters.
A well converged k-point set and a sufficient size of the plane wave basis set will min-
imize this error. The second error is due to the choice of functional. This extent of
this error is much harder to estimate. Loffreda [9] showed that changing the Func-
tional from PW91 to RPBE can show significant changes in the adsorption energies of
various species on gold and platinum.

An important limitation of this model is the fact that configurational entropy is
neglected. This contribution can be estimated [10]. For a surface such as Fe(100) this
contribution should amount to less than 6 meV/A? at all temperatures lower than
1000 K.

Loffreda [9] used a similar method as [8], but in stead of explicitly calculating the
contribution to H and S he directly calculates the reduced change in entropy from the
reduced partition functions. It is therefore easy to calculate AG, for 1 mol directly

from the two sets of vibrational frequencies by:

1
Quip = I:[ 1= ol o fkT) (C.5)
vib
AS,3 = —Rln (-;’;‘l@i) (C6)
reactant
AGT = AET + AEZPE - TASMIJ (C?)

where @, is the reduced partition function, R is the molar gas constant, AE, is the
change in energy from the DFT results and AEpg is the change in zero-point vibra-
tional energies.

From the results it is easy to calculate the equilibrium constant K by:

pib
K — ( meducz) G&Er/RT — eAGrfRT (C8)

Q;fégctant
These PHVA and statistical thermodynamic methods can be applied to various sur-

face reactions. An example of this can be seen in our calculation of the heats of mixing
for the coadsorbed H and CO on Fe(100) (Chapter 5).
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APPENDIX D. INTERMEDIATES FOR CO HYDROGENATION ON FE(100)
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Figure D.6: Energy values of the intermediates in the CH3OH formation pathway.

D.4.2 Pathway for CH;OH formation

The sequential addition of H atoms to form methanol (CH30H) can be constructed by
following the intermediates A — B — (' — D — H. The energetic profiles for this
pathway at both 0co = 0.25 ML and 8¢ = 0.5 ML can be seen in Figure D.6. After the
adsorption of both CO and atomic H, the CO can be endothermically hydrogenated
to "THCO'. Up to this point the effect of coverage is limited. In the following endother-
mic step (H,CO(a)+2H) the coverage destabilises the intermediate at ¢ = 0.5 ML
somewhat compared to 0co = 0.25 ML. The following hydrogenation step is exother-
mic and results in the relatively stable methoxy species. The last hydrogenation and
subsequent desorption of CH3OH is almost 1 eV exothermic. When considering the
pathways in this process at these two coverages it is clear that only the (H,CO(a)+2H)
intermediate differs significantly. If this process can take place it would probably be
favoured at 8co = 0.25 ML. The last large endothermic step results in the CH3;OH

molecule, which is thermodynamically significantly less stable than CH,.

D.4.3 Lowest energy pathway for direct hydrogenation to CH,4

The lowest energy pathway to form methane by the sequential addition of H atoms,
without the dissociaticn of CO, can be constructed by following the intermediates
A=B—C—G-—L— M- N. The resulting profiles can be seen in Figure D.7,
while a comparison of this pathway to that of the pure CO dissociation pathway at
fco = 0.25 ML can be seen in Figure D.8. This lowest energy direct hydrogenation
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D.4. PATHWAYS FOR CO HYDROGENATION
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Figure D.7: Comparison of the lowest energy direct hydrogenation pathways at an initial 9o = 0.25 ML
and fc0 = 0.5 ML, Oxygen is removed as gas phase water.
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Figure D.8: Comparison of the direct CO dissociation pathway to the lowest energy direct hydrogena-
tion pathways at an initial 6o = 0.25 ML.
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APPENDIX D. INTERMEDIATES FOR CO HYDROGENATION ON FE{100)

pathway could be considered as describing the initiation steps of the "CO-insertion’
mechanism described in section 1.1.1.3. It is clear that the initial CO coverage plays a
large role in these pathways. The big difference in the pathways at the two coverages
lies at intermediates that are created after the fifth step. At 0o = 0.25 ML this step is
exothermic, while at co = 0.5 ML this step is strongly endothermic. The expected ini-
tial CO coverage at the relevant Fischer-Tropsch temperatures and pressures is 60 ~
0.5 ML (see Chapter 3). The resulting intermediate at #co = 0.5 ML has an energy
that is 1.69 eV higher than the purely adsorbed CO and H. This value is at least 0.4
eV larger than the calculated CO dissociation barrier (see Chapter 6, indicating that
the CO dissociation mechanism is favoured at this coverage and that the formation of
methane via this mechanism is not likely. At dco = 0.25 ML the corresponding inter-
mediate is quite stable, resulting in the coadsorption of CH, and OH. After removal
of the OH as gas phase water the rest of the pathway corresponds to the steps of the
‘alkyl-type’ mechanism.

If we consider the comparison of this pathway to that of the pure CO dissociation
pathway at 6o = 0.25 ML we see that these pathways differ significantly until both
coincide at structure L. The big difference lies in the endothermic formation of "HCO’
compared to the exothermic direct dissociation of CO. For the direct hydrogenation
pathway to be followed (as well as the CH3OH formation pathway), the "HCO’ inter-
mediate has to be hydrogenated. It has to be kept in mind that the "HCO’ intermedi-
ate was shown to be able to dissociate with a barrier of 0.71 eV to form coadsorbed
CH + O, which might be more favourable than the further hydrogenation pathway.
Considering the fact that both adsorbed CO and "HCO’ can dissociate to form more
stable products, whereas the hydrogenation of the "HCO’ results in an almost iso-
energetic structure we do not expect the further hydrogenation pathway to be able to

significantly contribute to the methanation reaction on Fe(100).

D.5 Conclusions

We have calculated the structures and energies of the direct hydrogenation products
of CO on Fe(100) at initial CO coverages of 6o = 0.25 ML and f¢co = 0.5 ML.

We constructed a number of H balanced methanation pathway energy profiles.
From these profiles presented above it is clear that the CO dissociation pathway may
not be the only accessible pathway in the methanation reaction. The sequential ad-
dition of hydrogen atoms may lead to an alternative pathway of producing the rele-
vant species that are necessary for chain growth according to various Fischer-Tropsch

mechanisms. In our opinion these results (although no reaction transition state bar-
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riers have been calculated) seem to thermodynamically favour the Fischer-Tropsch
mechanisms in which the CO is somehow dissociated. This is due to the fact that
many of the partially hydrogenated CO structures are significantly less stable than
both the CO and HCO dissociation products. Although these pathway profiles show
that the alternative pathways are possible, further studies on the reaction barriers and
the subsequent analysis of the kinetics are needed to be able to fully compare these

pathways.
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