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1 
Introduction 

 

1.1 Catalysis 
Catalysis is a well-known phenomenon for most people in the world. Nevertheless, to 
the majority the concept of catalysis is limited to the process taking place under their car 
to clean the exhaust gases. Little do people know that around 90% of all commercially 
produced chemical products involve catalysis at some point in the process of their 
manufacture [1]. Thus, nowadays it is simply impossible for us to imagine a world 
without catalysis. 

The origin of the term ‘catalysis’ dates back to 1835 and was introduced by the 
Swedish chemist Jöns Jakob Berzelius. In his report published in 1836 [2] he 
summarized his ideas on catalysis and wrote: “It is, then, proved that several simple or 
compound bodies, soluble and insoluble, have the property of exercising on other 
bodies an action very different from chemical affinity. By means of this action they 
produce, in these bodies, decompositions of their elements and different recombinations 
of these same elements to which they remain indifferent”. Next, Berzelius proposed the 
existence of a new force, which he called the ‘catalytic force’ and he referred to 
‘catalysis’ as the decomposition of bodies by this force. In fact the word ‘catalysis’ is 
derived from the Greek word ‘katalusis’, which means ‘to dissolve’ or ‘loosen’. 
Basically, this meaning is one of the most trivial properties a catalyst possesses: the 
ability to ‘loosen’ or break chemical bonds. Berzelius’ ideas on catalysis can in 
principle be seen as one of the first descriptions of a catalyst. Nowadays, a more popular 
description of a catalyst is: a substance that accelerates the rate of a chemical reaction 
by offering different pathways lower in energy than the respective gas-phase reaction 
without being consumed itself. Within this respect, reactants first adsorb onto the 
catalyst, which in its turn can break the bonds of the reactants. Secondly, the catalyst 
enables the reactants to react on the surface by forming new bonds in the products. 
Finally, these products desorb from the surface leaving the catalyst unaltered and ready 
for the next reaction. This is the so-called catalytic cycle, which is depicted in 
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Figure 1.1. 

To get a better understanding of the catalyst’s behavior in terms of accelerating 
the reaction, a potential energy diagram is presented in Figure 1.2. This figure compares 
the non-catalytic gas-phase reaction with the catalytic reaction of molecules A2 and B2 
reacting towards two AB molecules. As was described before for the catalytic cycle, the 
first step is the adsorption of the reactants A2 and B2. This is always an exothermic 
process, leading to a lower energy in the potential energy diagram. Next, the catalyst 
breaks the A–A and B–B bonds of the molecules and when A and B atoms are in close 
proximity of each other due to their respective diffusion on the surface, the catalyst 
creates a new bond between A and B to produce AB. The activation barrier required for 
this catalyzed reaction to occur is noticeably lower than the non-catalyzed gas-phase 
reaction, therefore, leading to a much higher reaction rate at a given temperature and 
enabling much milder reaction conditions (lower temperatures and pressures). 
Subsequently, AB is desorbed from the surface and the reaction starts all over again. 
Both reaction pathways end at the same energy level, thus, the overall free energy is not 
changed when the reaction is catalyzed. Hence, a catalyst solely affects the kinetics of 
the reaction, but not its thermodynamics.  

In general, catalysis can be subdivided into three major classes: homogeneous, 
heterogeneous, and bio catalysis. In homogeneous catalysis the catalyst is usually an 
organometallic complex that is dissolved in the solvent along with the reactants. 
Homogeneous catalysts usually have a high activity and selectivity. However,   

Figure 1.1 Schematic representation of a catalytic cycle with its sequence of elementary reaction steps: 
bonding of the molecules to the catalyst surface, reaction of the molecules, and detachment of the 
products from the catalyst surface, freeing the surface for the next cycle. (Adapted from [3]) 
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separation of the catalyst from the reaction mixture is difficult and because of the high 
costs of these catalysts they are less employed in industry. Homogeneous reactions are, 
therefore, mostly applied in the pharmaceutical (and cosmetics) industry where the 
added value is high, as relatively simple molecules are converted into the much more 
delicate structures that are used in pharmaceutical (and cosmetic) products. 
 Bio catalysis is a sort of homogeneous catalysis making use of nature’s catalysts, 
the enzymes. Almost all enzymes can be considered as large proteins with a shape-
specific active site. Having these optimal shapes for the reactant molecules (often 
referred to as substrates) these catalysts are highly specific and extremely active. Their 
reactivity can be altered by other molecules, in which inhibitors decrease and activators 
increase the activity. Enzymes are most frequently being used in detergents, the food 
industry, and for the production of pharmaceuticals. 
 In heterogeneous catalysis the catalyst is a solid, which catalyzes the reaction of 
reactants present in either a gas or liquid phase. Because these catalytic reactions occur 
solely on the surface, the majority of catalysts are nanometer-sized particles, supported 
on an inert porous material with a high surface area, such as alumina, silica, and carbon. 
However, unsupported catalysts are also being used (iron catalyst in Fischer-Tropsch 
synthesis) [4]. Although heterogeneous catalysts are mostly less active than 

Figure 1.2 Potential energy diagram of the reaction between two different molecules forming two 
completely new ones, showing the difference in activation barrier between the gas-phase and catalytic 
reaction. (Adapted from [3]) 
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homogeneous catalysts, separation of the catalyst from the reaction system is relatively 
easy, thus, the catalyst can be re-used more often, which lowers their costs significantly. 
Therefore, heterogeneous catalysts are the most applied catalysts in the (petro)chemical 
industry. In this thesis all work presented is regarded as heterogeneous catalysis. 
  

1.2 Catalysis Research 

1.2.1 Ultimate Goal 
The past decades catalysis research has evolved from the description of catalysis to 
comprehending reaction mechanisms and kinetics at a molecular level and be able to 
relate it to the exact composition and structure of the catalyst. The evolution of catalysis 
research will ultimately lead to the prediction of an industrial catalyst that is able to 
produce the desired products under the ideal reaction conditions (most preferably 
environmentally friendly).  
 

1.2.2 Different Areas of Research 
To be able to predict an industrial catalyst that produces the desired products under ideal 
reaction conditions sounds a lot easier in theory than it is in reality. A commercial 
catalyst system does not consist solely of the catalyst itself, but supporting materials and 
a wide variety of additives (promotors) are being used as well. Due to this addition of 
support material and extra additives, the commercial catalyst system is not suited for 
studies at a molecular level for several reasons. First, due to the porous structure of the 
support material the exposed surface area of the active phase is generally relatively low, 
thus limiting the use of spectroscopic characterization techniques, which in general 
require a high surface area. Second, as such, the active phase of the catalyst is also hard 
to identify, because the porous support blocks most of it. Third, the active phase is only 
a small part of the complete catalyst system, making it difficult to link macroscopic 
properties to its microscopic structure. 
 A system that is suited to study at a molecular level is the so-called flat model 
catalyst (Figure 1.3). Such a system consists of a flat substrate covered with a thin layer 
of supporting material on which the active catalyst material is deposited [5]. As a result, 
the exposed surface area of active material is relatively high, rendering it applicable for 
spectroscopic techniques. Moreover, additives are left out of the system and the 
influence of the support can be neglected. This approach has been used in our group 
extensively to study the thiophene hydrodesulfurization reaction [6-12], the mechanism 
of the Phillips ethylene polymerization catalyst [13-16], and more recently to obtain a 
better understanding of iron-based [17,18] and Ziegler-Natta olefin polymerization 
catalysts [19,20]. However, the catalyst particles on a supported flat 
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model are mostly undefined in size and shape and exhibit several surface facets. 
Therefore, the most well-defined way to perform chemistry is still achieved on a single 
crystal. Such a crystal has a highly clean surface and when cut in a specific direction it 
only exposes one specific surface orientation.  

However, a single crystal may seem as yet one step further away from an 
industrial catalyst, as is displayed in Figure 1.3. Fortunately this is not completely true. 
Although in (petro)chemical industry the average catalyst particle size is usually in the 
micro- to nanometer range, each of these particles often consists out of tiny single 
crystals. However, some differences exist between the industrial catalyst and single 
crystal work. First, the single crystals in the commercial catalyst do not display one 
single surface facet, but expose several surface orientations simultaneously. Second, the 
single crystals in the industrial catalyst are located on a porous support with additives 
close by, whereas support and additive interactions with the metal surface are not taken 
into account on a single crystal. Third, single crystal work is usually performed under 
ultra-high vacuum (UHV) conditions, whereas industrial catalysts perform under high 
pressures (the so-called pressure gap between single crystal work and industrial 
operation). Lastly, there is a ‘reactor environment gap’ between single crystal work and 
industrial operation, as the geometry of the reactor, mass and heat transfer, etc., are 
different. In spite of all these differences, single crystal work delivers valuable 

Figure 1.3 Schematic representation of an industrial catalyst (left), a flat model catalyst (middle), and a 
single crystal surface (right). 
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information on (intrinsic) reaction kinetics and adsorbate–adsorbate interactions, which 
would not have been possible with industrial catalysts, and therefore, continues to stay 
important in unraveling the highly complex catalyst systems. 

Since the development of fast computers over the past two decades a new field 
has emerged that has become important in assisting researchers: molecular modeling 
with in particular density functional theory (DFT) calculations. Now, the idea that 
quantum states can be described mathematically dates back to 1926, when Erwin 
Schrödinger derived his famous Schrödinger equation [21]. However, when a system 
consists of more than one electron, calculation of the exact wave function in this 
equation –which is the most complete description that can be given to a physical 
system– becomes virtually impossible, and approximate methods for the ground-state 
wave function such as Hartree-Fock [22,23] need to be used. Nonetheless, the wave 
function depends on many degrees of freedom [24], making it rather time-consuming 
and costly to calculate. DFT on the hand, which predicts electronic properties of atoms 
or molecules from the densities of their electron clouds (electron density), requires only 
three variables (3D space) [25], hence, significantly reducing the calculation time and 
cost.  

Although the foundation of DFT also dates back to the 1920s and is based on the 
Thomas-Fermi-Dirac model [25], the model was seen as oversimplified and thought to 
be of no real importance for quantitative predictions of atoms and molecules. The paper 
by Hohenberg and Kohn [26] in 1964 changed this by providing the fundamental 
theorems showing that for ground states the Thomas-Fermi-Dirac model could be 
regarded as an approximation to an exact theory and that all observables of a many 
electron system are unique functionals of the electron density. Along with the Kohn-
Sham equations in 1965 [27], which provided an approximation of these functionals 
development of DFT really took off. 

While most terms in the Kohn-Sham’s equation are readily calculated, the one 
that is not straightforward is the exchange correlation energy. This particular term 
accounts for the effects of electrons’ tendencies to avoid each other. Different ways of 
dealing with this exchange correlation have been developed into different sets of 
equations, which are known as functionals. While in theory a perfect exchange 
correlation functional should exist to accurately describe any system, scientists have no 
method to systematically search for such a functional.  

This automatically shows the weakness of DFT: the applied exchange 
correlation functional cannot be used for any system. DFT’s shortcoming has been 
reported for the so-called overbinding effect of CO [28], but also calculated C-C bond 
energies for hydrocarbons [29-31], calculated energies for large hydrocarbons isomers 
[32], and reaction energies for an increasing carbon chain length [33] are quite often 
inaccurate. Moreover, DFT has difficulty describing systems that involve radical 
cations, charge transfer, and long-range interactions [34].  
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Despite all these deficiencies, DFT has proven itself to be very useful in 
predicting trends in catalytic reactivity [35] and in addition combining this reactivity 
with raw material costs, selectivity, and catalyst durability to find the best possible 
catalyst [36,37]. Therefore, DFT (molecular modeling in general) has become a reliable 
tool that can be integrated as another ‘analytical’ technique in catalysis (and not only 
catalysis) research.  

 

1.3 Fischer-Tropsch Synthesis 

1.3.1 Fischer-Tropsch Basics 
In the Fischer-Tropsch synthesis a mixture of hydrocarbons (olefins, paraffins, and 
oxygenated products) is produced by reacting the gases hydrogen and carbon monoxide 
–also referred to as synthesis gas– over mainly either iron- or cobalt-based catalysts. 
The overall reactions can be presented as follows: 

OnHHCnHnCO nn 2222 +→+                              (1.3.1.1) 

( ) OnHHCHnnCO nn 222212 +→++ +                   (1.3.1.2) 

OHnOHCnHnCO nn 2222 )1(2 −+→+ +                (1.3.1.3) 

222 HCOOHCO +→+          (1.3.1.4) 

in which, reactions (1.3.1.1), (1.3.1.2), and (1.3.1.3) represent the formation of olefins, 
paraffins, and oxygenates, respectively. Reaction (1.3.1.4) is the water-gas shift 
reaction, which mainly occurs on the iron-based catalysts. Moreover, all reactions are 
highly exothermic and removing heat from the reactor is a major challenge in FTS 
technology. 
 The reaction mechanism of the Fischer-Tropsch process has been discussed for 
over 85 years. During this period three major reaction mechanisms have been proposed:  

(1) the ‘carbide’ mechanism [38,39]  
(2) the ‘enol’ mechanism [40,41] 
(3) the ‘CO insertion’ mechanism [42,43] 

In principle, the process is a polymerization reaction with an initiation step to start a 
chain, propagation steps to grow the chain, and a termination step to stop the growth. 
The major discrepancy between these models is that the building block of the 
propagation step is different. The building blocks are CHx, H-C-OH, and CO for the 
carbide, enol, and CO insertion model, respectively. For detailed schematics of the 
different models the reader is referred to papers by Davis [44] and Dry [45]. Out of 
these mechanisms the carbide model is the most commonly accepted one. However, 
since the product distribution is completely different for an iron catalyst (especially 
more oxygen containing products) than a cobalt-based catalyst, it is likely that the 
mechanism (or at least the probability of certain reactions) is not the same on both 
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surfaces.  
The chain lengths of hydrocarbons follow a statistical distribution named after 

Anderson, Schulz, and Flory [46-48] and is given by: 

,)1( 12 −−= i
i iw αα                (eq. 1.3.1.1) 

in which, i is the number of carbon atoms, wi is the weight fraction of chain length i, α 
is the chain length probability, and (1-α) is the probability that a certain chain 
terminates. In Figure 1.4 the product distribution is shown as predicted by equation 
(1.3.1.1) for different α values. For a typical iron catalyst the α is around 0.65-0.70 
(which produces predominantly gasoline, C5-C11), while cobalt catalysts have α values 
between 0.75 and 0.90 (generating larger hydrocarbons) [3]. Changing operating 
conditions also lead to changes in the α value. Lowering the temperature, reducing the 
H2/CO ratio, and increasing the pressure, all result in a higher α value (longer chains). 
In addition, promoters used in the reaction also tend to increase the chain length. 
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1.3.2 Historic Development 
The catalytic synthesis of hydrocarbons from CO hydrogenation was first discovered in 
1902, when Sabatier and Senderens [49,50] reported the reaction of CO and H2 towards 
CH4 over reduced nickel and cobalt catalysts. In 1913, a patent was granted to the 
Badische Anilin und Soda Fabrik (BASF) [51] for the synthesis of higher hydrocarbons 
and oxygenated compounds over alkali-activated cobalt and osmium oxides supported 

Figure 1.4 Anderson-Schulz-Flory distribution for different α values. 
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on asbestos. This initial work was not continued at BASF, due to the First World War as 
well as priorities given to the development of ammonia and methanol synthesis. Instead, 
Franz Fischer and Hans Tropsch both working at the Kaiser-Wilhelm (currently Max 
Planck) Institute für Kohlenforschung in Mülheim a/d Ruhr learnt about this patent, 
which eventually led them to the production of liquid hydrocarbons from synthesis gas 
over alkalized iron catalysts at 100-150 bar and 400-450 ˚C in 1923 [52]. They called 
this mixture ‘synthol’, which consisted mainly of oxygenates, such as higher alcohols, 
aldehydes, ketones, and fatty acids. A few years later Fischer and Tropsch succeeded in 
producing a mixture which contained mainly hydrocarbons and only a little amount of 
oxygenates by using a cobalt-iron catalyst at reaction conditions of 250-300˚C and 1 bar 
pressure [39,53]. By 1928, the use of an iron-copper catalyst enabled even a milder 
reaction temperature of 190˚C at 1 bar pressure and yielded a mixture that solely 
consisted of hydrocarbon gases and liquids [54]. 

Fischer continued his investigations in the 1930s, which resulted in the 
construction of the first small pilot plant in Mülheim. Two years later the first large 
scale pilot plant was built by Ruhrchemie AG in Oberhausen-Holten, which operated at 
20 bbl/day (1 bbl/day is around 50 tons/yr) using a catalyst with a weight distribution of 
100g nickel – 25g manganese oxide – 10g aluminum oxide – 100g kieselguhr [55]. Due 
to the short life-time of the catalyst, and thus, significant loss of precious metal, 
Ruhrchemie AG was forced to use the more expensive metal cobalt. This led by the end 
of 1939 to nine Fischer-Tropsch plants in Germany having a combined production of 
almost 15 000 barrels of synthetic fuels per day using the 100g Co – 5g ThO2 – 8g MgO 
– 200g kieselguhr catalyst developed by Ruhrchemie chemist Otto Roelen in the period 
of 1933-38 [55].  

After the war production of synthetic fuels stopped in Germany, although the 
interest in Fischer-Tropsch synthesis remained, due to the belief of a limited amount of 
oil reserves left. The focus, however, changed from cobalt-based towards iron-based 
catalysts, as a result of some new discoveries made on the iron-based catalysts making 
them superior from a cost and product selectivity point of view [56]. Renewed interest 
in cobalt came at 1975 after publication of two papers by Vannice at Exxon [57,58] 
stating that cobalt and iron were among metals with the highest activity toward CO 
hydrogenation from the group VIII metals. Nevertheless, it was not until the late 1980s 
[59-68] that cobalt really returned within the FTS, which could be ascribed for most part 
to the interest of natural gas to fuel liquids (GTL) [69], mainly driven by stricter rules of 
the diesel fuel quality and the low prices of natural gas. For more detailed background 
information about various FT options and improvements in FT reactor technologies 
over the past 50 years the interested reader is referred to the review of Dry [70]. 

At present 160 000 bbl/day are produced in plants based on coal to liquids 
(CTL) technology at Sasol in South Africa and a 20 000 bbl/day plant is commissioned 
in China. Around 92 000 bbl/day are produced by GTL plants all over the world, from 
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which the latest large scale plant in Qatar (Oryx-GTL plant) –a joint venture between 
Sasol and Qatar Petroleum– produces over 34 000 bbl/day. In addition, this year (2010) 
two other GTL plants commissioned by Shell and NNPC/Chevron will be operational, 
which have a combined production of 104 000 bbl/day. However, compared to an oil 
consumption of 86 million barrels per day, synthetic fuels produced by FT technology is 
still a small percentage as to pumped crude oil. 
 

1.3.3 Renewed Interest; Opportunity for Iron-Based Catalysts 
Today, 87 years after Fischer and Tropsch made their discovery a renewed interest is 
shown in their process. The reason for this can be attributed to a couple of factors: 

 The price of crude oil. At present (Jan 2010) the oil price is $80 per barrel. Just a 
little bit more than a year ago this price spiked at $140 per barrel. At such high 
prices the production of synthetic fuels from alternative feedstocks is attractive. 

 Fuel quality regulations. Especially within the European Union the quality of diesel 
fuels needed to improve from a maximum sulfur content of 0.2 weight% in 1994 to 
10 ppm in 2009 [71]. Synthetic fuels, produced from natural gas and coal are much 
cleaner than those obtained from crude oil. For example coal to liquids diesel [72] 
has a sulfur content of less than 5 ppm, and a cetane number of more than 70. 

 Geographic political reasons. A lot of countries are dependent on crude oil from the 
‘unstable’ Middle East and may want to reduce this. A good example is the United 
States, extremely reliant on Middle East oil, on the other hand has the biggest coal 
reserves in the world, estimated to be around 250 billion recoverable tons [73]. CTL 
technology may play an important role converting the coal to synthetic fuels in the 
near future, if a solution is found for the huge amounts of CO2 produced in the 
process. 

 The rapid economic growth of China and India. Home to more than a third of the 
world’s population, their energy demand increases more rapidly each day. China 
having 115 and India 92 billion tons of coal reserves [73], CTL technology can also 
play a huge part in converting these coal reserves into synthetic fuels. Interesting to 
mention is that Sasol (largest producer of synthetic fuels through FTS) has 
announced to build CTL plants in China and India in the near future [74,75]. 

 Biomass-to-liquids (BTL) or the carbon neutral economy. Biomass is the only 
‘renewable’ carbon source that can be used for the production of chemicals and 
synthetic fuels. By the end of 2020 the European Union wants fuel to contain a 
minimum content of 8% produced from renewable sources [76]. CHOREN 
industries is an example of a company that produces a synthetic biodiesel (called 
SunDiesel) from biomass with the Shell’s Middle Distillate Synthesis [77,78]. 

All these factors are an opportunity for FTS with iron-based catalysts instead of 
cobalt-based catalysts for some reasons: 
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 Iron is almost 200-500 times cheaper than cobalt. 
 Iron is the metal of choice when using coal or biomass as a feedstock. Synthesis gas 

derived from coal and biomass has a low H2/CO ratio, with coal typically around 1 
[79], which makes cobalt the lesser metal as it needs an H2/CO ratio of at least 2. 
Although an extra water-gas shift reactor before the FTS can increase the H2/CO 
ratio to 2, which makes cobalt applicable as well, this would mean to build and 
operate one extra reactor. Iron, on the other hand, has water-gas shift activity 
(reaction 1.3.1.4) by itself, and therefore, can handle H2/CO ratios as low as 0.5, 
without the need of an extra water-gas shift reactor. Cobalt, alternatively, might be 
used when additional methane is added in the dense phase of the pyrolysis and 
gasification zone in the cogasification reactor, which leads to H2/CO ratios of nearly 
2 [79]. Nevertheless, this would require the on-site availability of methane, whereas 
in the case of iron no such requirement is needed. 

 Iron is less susceptible towards impurities in the feed than cobalt. 
Because of these advantages, iron-based catalysts look very promising in being 

the Fischer-Tropsch catalysts of the future regarding coal- and biomass-based FTS. The 
commercial iron-based FT catalysts consist of precipitated iron with most commonly 
potassium (impacting both activity and product selectivity) and copper (significantly 
enhances the time needed for the catalyst to reach maximum activity) as promoters [80]. 
To reach higher activities and change the selectivity is mostly achieved by varying 
reaction conditions (such as temperature, pressure, and H2/CO ratio) or by adding other 
promoters, which in principle is altering the chain growth probability α.  

Before FT reaction, the iron-based catalyst consisting of Fe2O3 and Fe3O4 phases 
is reduced to metallic iron for activation purposes. When syngas is introduced after 
reduction, the catalyst has an induction period before maximum conversion is reached. 
Because metallic iron under syngas becomes a mixture of Fe3O4, iron carbides, and just 
a little bit of metallic iron [44], the metallic phase does not seem to be the most active 
one. It appears that either Fe3O4 or iron carbide (or perhaps both) is (are) more active 
than metallic iron for the FTS. Because of these recent developments, a reaction 
mechanism has been proposed in our group for FTS on the iron carbide Fe2C5, instead 
of metallic iron [81]. Apart from what the most active phase is in the FTS, and which 
reaction mechanism is the correct one, other aspects of the FTS are still not fully known 
either and are worth investigating: 

 The kinetics of the reaction, in particular the dissociation of carbon monoxide 
(which is one of the most important steps). 

 The influence of other adsorbates such as carbon, oxygen, CxHx, CxHx+2, and 
CxHx+2O species on the kinetics and possible products of the reaction. 

 The influence of other body centered cubic (bcc) transition metals, such as Mo, W, 
and Cr when alloyed with iron, on the catalyst activity and reaction selectivity. 
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1.4 Reaction Kinetics 

1.4.1 Importance of Reaction Kinetics in Catalysis 
Kinetics in catalysis is of great importance to study mechanistic details of a reaction. 
Traditional kinetic studies are mostly limited to macroscopic kinetics, in which 
conversion and selectivity are a measure for the catalytic activity and performance, and 
where process parameters such as concentration, pressure, and temperature are the tools 
to change the kinetics of the reaction. These kinetic studies are very useful to formulate 
an empirical kinetic expression that can be used in the design of chemical reactors, the 
comparison of different brands of catalysts, and studies of deactivation and poisoning of 
catalysts [82,83]. However, since different reaction mechanisms are able to display a 
similar macroscopic kinetic behavior, obtaining information of the reaction 
intermediates is important to determine the true reaction mechanism. Furthermore, it is 
essential to look at the microscopic level of kinetics. When the reaction mechanism is 
known, the rate equations of the elementary reactions in the mechanism can be mapped 
into a kinetic model. This kinetic model, then, can be used to validate or reject a certain 
reaction mechanism. 
 The knowledge obtained at the microscopic level can be extrapolated to the 
macroscopic kinetic behavior. As a result, kinetics provides a bridge between the 
microscopic world of reacting molecules and the macroscopic world of industrial 
reaction engineering. Because of this bridge between the microscopic and macroscopic 
world, understanding the kinetics of a certain reaction on a microscopic level is of utter 
importance, as understanding the microscopic kinetics of the appropriate mechanism 
may result in a better overall performance in a chemical plant. However, one should 
bear in mind that the microscopic kinetics is mostly determined by experiments on well-
defined systems or by performing calculations of individual molecules and 
intermediates, while the reactions in industry are carried out on real catalyst systems 
under real reaction conditions. Hence, to deduce the macroscopic behavior from 
microscopic studies several factors are important, because the pressure, temperature, 
structure, and conversion all may be very different for both cases, which can lead to a 
different behavior in the reaction kinetics. For more detailed information of these 
factors as well as other challenges in kinetics studies we refer the interested reader to 
the review of Stoltze [83]. 

 

1.4.2 Reaction Kinetics Basics 
To describe the rate of an elementary reaction the transition state theory can be used. 
This theory was developed by Eyring [84,85], Evans [86], and Polanyi [87] in the mid 
1930s and is based on a statistical mechanical approach. The theory states that an 
elementary reaction proceeds through an ‘activated complex’ called the transition state, 
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which is located at the top of the energy barrier between the reactants and products, as 
displayed schematically in Figure 1.5. The reaction event proceeds through one degree 
of freedom (e.g. vibration in the case of a dissociation reaction) called the reaction 
coordinate (q#

vib in this case) and is only possible in the forward direction. Equilibrium 
is assumed between reactant and transition state for all other degrees of freedom, in 
which the corresponding equilibrium constant K# can be expressed in terms of partition 
functions of both the reactant in the ground state, q, and the excited state, q#. Such a 
partition function is defined as a thermodynamical function of state which, through the 
sum over all the energy levels contains all properties of the system. The most important 
contributions within this system can be ascribed to translational, rotational, vibrational, 
and electronic energies. The reaction coordinate is excluded from the partition state of 
the transition state q#, but is accounted for by the factor kbT/h being the effective rate of 
crossing the energy barrier by the activated complex [3].  

This leads to the transition state theory expression for the rate constant ktst: 

,BB
TST

Tk
ΔE#

e
q
q

h
Tkk

−
⋅⋅=               (eq. 1.4.2.1) 

in which kB is the Boltzmann constant, T the temperature, h Planck’s constant, and ΔE 
the energy difference between the potential energy of R and R# which are both given 
with respect to the same zero energy level. 
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Figure 1.5 Schematic representation of the transition state theory. The reactant R is in equilibrium with 
the activated complex R# for all degrees of freedom, except the reaction coordinate q#. The effective rate 
of crossing the energy barrier to produce product P is equal to kBT/h. (Adapted from [3]) 
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 The rate constant according to the transition state theory closely resembles the 
empirical rate constant described by Arrhenius: 

TBk
actE

ArrArr ek
−

⋅=ν                (eq. 1.4.2.2) 

However, the pre-exponential factor of the Arrhenius equation is not temperature 
dependent, thus, Eact and ΔE are not identical, although differences are very small [3]. 
 

1.5 Interactions of adsorbed Species 
Adsorbed species interact with both the metal substrate as well as with each other. 
Interaction of adsorbed species with one another is often referred to as a lateral 
interaction. This lateral interaction consists of several contributions [88], which can be 
categorized as either direct (‘through space’) or indirect (‘through metal’) interactions.   
Experimentally, it is very difficult to distinguish between the different contributions and 
most of the times only an overall effect of all these interactions is measurable. This 
overall interaction effect is either attractive or repulsive, i.e., an adsorbed species is 
either stabilized or destabilized on the surface, respectively.  

Although these interactions are not that important at low adsorbate coverage 
(adsorbates still have enough space to move around freely) they can become significant 
at a higher coverage in which they can influence the rate and type of reactions that take 
place on a catalyst surface and may even open up new reaction pathways that were not 
available before.  

Within our group we performed many studies to understand, quantify, and 
visualize lateral interactions on rhodium surfaces [89-91]. One of the most 
straightforward ways to visualize these lateral interactions is by using temperature 
programmed desorption (TPD). In this technique lateral interactions can lead to new 
desorption states, induce a broadening of the desorption peak, or shift the temperature of 
the peak maximum. Another way to display lateral interactions is by utilizing low 
energy electron diffraction (LEED). When adsorbates have a repulsive interaction they 
form ordered structures on the surface that can be observed with LEED. When 
interactions are attractive, the adsorbates tend to form islands on the surface. When the 
adsorbates adsorb in nearest neighbor sites within the island, the structure is not visible 
with LEED, due to overlap of the metal atoms’ pattern. However, looking at the 
reaction kinetics of the system the attractive interactions can be detected, since reaction 
typically occurs at the edge of the island. 
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1.6 Outline of the Thesis 
The main inspiration behind the research in this thesis is to elucidate the dissociation 
reaction of carbon monoxide on body centered cubic (bcc) transition metals –iron in 
particular– with respect to reaction kinetics and the influence of adsorbate interactions. 
This was done at different levels of control and definition. At the highest level of 
control and definition, (100) surfaces of several transition metals were studied by 
density functional theory (DFT) calculations. At a slightly lower definition and control, 
a single crystal (most perfect structure available experimentally) of iron with a (100) 
surface was investigated under ultra-high vacuum (UHV) conditions by applying 
several surface science techniques such as temperature programmed desorption (TPD), 
static secondary ion mass spectrometry (SSIMS), and low energy electron diffraction 
(LEED). One step further to more realistic conditions a poly crystalline iron surface 
(possessing several surface structures) was explored under UHV environment 
employing the same experimental methods as the single crystal. The most realistic 
conditions (closest to a real catalyst) were realized with iron nano particles deposited on 
a flat surface. However, as the development of well characterized systems needed time, 
this research could not yet be focused on the dissociation of CO, but on the stability of 
iron nano particles under hydrogen, carbon monoxide, and a mixture of both (synthesis 
gas) by using transmission electron microscopy (TEM). 
 In Chapter 2 the experimental and theoretical techniques are discussed. An 
overview is presented of the ultra-high vacuum system, the poly crystalline iron, the 
iron single crystal, and the cleaning procedure that was used. In addition, spin coating of 
the iron nano particles on a flat substrate is explained. 
 The adsorption, desorption, and dissociation of CO on Mo(100) and W(100) has 
been calculated using DFT in Chapters 3a and 3b, respectively. Complete energy 
schemes are presented of the CO dissociation reaction at 0.25 and 0.5 monolayer (ML) 
CO coverage. Remarkable results for the CO frequency and the validity of the Brønsted-
Evans-Polanyi (BEP) relation are discussed.  

A comparison of the adsorption, desorption, and dissociation of CO at 0.25 and 
0.5 ML coverages on the (100) surface between the four bcc transition metals Fe, Mo, 
W, and Cr using DFT calculations is presented in Chapter 4. Differences in CO 
stretching frequency, influence of lateral interactions of adsorbates, as well as the 
restriction of the BEP relation will be discussed. Moreover, by alloying iron with one of 
the other bcc metals the energetics of the dissociation reaction pathway can be 
influenced. It will be shown that scaling relations can also be applied to these bcc 
metals, as well as certain alloys, simplifying the search for better catalysts. 

The adsorption, desorption, and dissociation of carbon monoxide on poly 
crystalline iron is presented in Chapter 5 by using a combination of TPD and SIMS. It 
is shown that using SIMS as a surface sensitive technique to obtain kinetic data of the 
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dissociation reaction of CO is not straightforward, but can be achieved. In addition, the 
influence of pre-adsorbed atomic carbon as well as oxygen on the adsorption and 
desorption of CO is discussed.  

Within Chapter 6 a combination of all three surface science techniques is used 
for the adsorption, desorption, and dissociation of CO on Fe(100). Kinetic parameters of 
the dissociation reaction of CO were determined by SIMS measurements, which were 
fitted by a dissociation model. The influence of pre-adsorbed atomic carbon and oxygen 
on the adsorption and desorption behavior of CO is shown. 
 The potency and problems of a flat model approach for the investigation of iron 
oxide nano particles is shown in Chapter 7. The morphology and composition behavior 
of these nano particles is studied with TEM under different reactive environments of H2, 
CO, and syngas at atmospheric pressure. In addition, the application of XANES and 
EXAFS on these flat samples will be presented. The intriguing fact that TEM imaging 
reveals particles to be homogeneous in size and shape, yet the chemical behavior varies 
from particle to particle is discussed. 
 Finally, Chapter 8 summarizes the most important results and conclusions of the 
thesis and presents an outlook for further work.  
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2 
Experimental and Computational Details 

 

Abstract 
An overview and physical background of the experimental and computational 
techniques used to study the adsorption, reaction, interaction, and morphology of 
species on polycrystalline, single crystals, and model catalysts is provided in this 
Chapter. The employed experimental techniques are: TPD, SSIMS, LEED, TEM, 
XANES, and EXAFS. The computational technique used is PW-DFT. In addition to 
these techniques the UHV system, the cleaning procedure of the polycrystalline iron and 
Fe(100) single crystal, and spin-coating of the iron nano particles on the flat substrate 
will be discussed. 
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2.1 Ultra-High Vacuum (UHV) Set-up 
Experiments on the polycrystalline iron foil and Fe(100) single crystal were carried out 
in a stainless steel ultra-high vacuum (UHV) system with a base pressure of 5 10-11 
mbar. The system consists of one analysis chamber (see Figure 2.1), equipped to 
perform temperature programmed desorption (TPD), static secondary ion mass 
spectrometry (SSIMS), and low energy electron diffraction (LEED). A sputter gun 
(VSW AS10) is used for sample cleaning. The chamber is pumped by a 500 l/s 
turbomolecular drag pump (Pfeiffer TMH 521) and a water cooled titanium sublimation 
pump. Gases can be introduced into the chamber by two different leak valves.  
 

 

   
 
 
 

 
 

2.1.1 Instrumental Details 
TPD experiments and residual gas analysis are performed with a quadrupole mass 
spectrometer (Balzers, Prisma QMA200) with a mass range m/e of 0-200 atomic mass 

Figure 2.1 Images of the used ultra-high vacuum equipment. The top picture shows an overview of the 
whole set-up. The bottom left picture displays the TPD and LEED techniques positioned at the front of 
the machine, while the bottom right image displays the backside of the set-up with the SIMS ion gun and 
mass spectrometer. 

LEED TPD SSIMS 
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units (amu). SSIMS measurements were carried out employing a differentially pumped 
ion gun (SPECS PU-IQE 12/38) and a Balzers QMA400 mass spectrometer. The 
QMA400 module is composed of three units: an ion optics assembly, a quadrupole mass 
spectrometer (with mass range of 0-512 amu), and ion counting electronics. Attached to 
the analyzer are an RF generator (Balzers QMH400-5) and an ion counter pre-amplifier 
(Balzers CP400). Data is transmitted to the control unit (Balzers QMS422) which is 
subsequently directed to a personal computer (PC) for storage and analysis. LEED 
experiments have been done with a reverse-view four grid AES/LEED retractable optics 
(Spectaleed, Omicron Vacuumphysik GmbH). LEED patterns are attained and digitized 
using a CCD camera (Cohu) connected to a PC for analysis and storage of images. 
 

2.1.2 The Polycrystalline Iron Foil and Single Crystal 
The polycrystalline iron foil –99.995% purity– with a diameter of 10 mm and a 
thickness of 0.27 mm (from Surface Preparation Laboratory, Zaandam) was mounted on 
a movable sample rod by spot welding two tantalum wires of 0.3 mm in diameter to the 
back of the iron foil (see Figure 2.2). The iron single crystal –99.98% purity– (from 
Surface Preparation Laboratory, Zaandam) with a (100) surface orientation within 0.1° 
(checked by Laue diffraction) and polished by standard procedures having a thickness 
of 1.2 mm and 10 mm in diameter was mounted on a moveable sample rod by two 
tantalum wires of 0.3 mm in diameter, pressed into small grooves on the side of the 
crystal (Figure 2.2). The part of the sample holder surrounding the foil and crystal was 
coated with gold to prevent adsorption of introduced gas. The temperatures of both 
samples were measured by a chromel-alumel thermocouple spot welded to the back of 
the polycrystalline foil and the single crystal. Both constructions enabled resistive 
heating up to 1500 K. Because iron shifts from the α to the γ phase at 1183 K, the 
system was protected in exceeding a temperature of 1100 K. The sample could be 
cooled to 90 K using flowing liquid nitrogen through the manipulator. 
 

2.1.3 Cleaning Procedure 
Prior to mounting the polycrystalline iron foil and iron single crystal in the UHV 
chamber, the samples were cleaned in an air-tight oven under 1 bar of flowing H2 at a 
temperature of 1040 K for a duration of 2 weeks to get rid of impurities such as boron, 
phosphorus, chlorine, but especially sulfur. Extensive Ar+ sputtering (0.5 keV, 5 
μa/cm2) at 1000 K was used to get rid of the remaining impurities such as carbon and 
residual oxygen until the SIMS spectrum revealed a clean surface and LEED pictures 
showed a clear p(1 × 1) pattern. Routine cleaning consisted of 30 minutes of Ar+ 
sputtering at a temperature of 1000 K and was done on a daily basis. Since these 
temperatures are sufficient to anneal the surface, both the foil and single crystal were 
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kept no longer than 3 minutes at this temperature after Ar+ sputtering. This procedure 
was sufficient to remove the contamination according to SIMS spectra and LEED 
pictures. Before each experiment, the surface was bombarded at 1000 K with Ar+ for 
another 20 minutes and annealed for an additional 1-3 minutes, to ensure that all 
remaining carbon and oxygen of the previous measurement is removed.  
 

     

    
 

 
 

2.2 Temperature Programmed (TP) Techniques 
Temperature programmed techniques are used to examine a chemical reaction while 
linearly increasing the surface temperature [1]. The advantage of these techniques is that 
they are applicable to all the different areas of catalysis, i.e., single crystals, model 
catalysts, and industrial catalysts. Moreover, the techniques are inexpensive and 
experimentally easy to perform. When a reactive gas is passed over the catalyst surface 
during the linear heating process, such as oxygen or H2, the technique is called 
temperature programmed oxidation (TPO) or hydrogenation/reduction (TPH/TPR), 
respectively. When employing a mixture of gases, one usually refers to temperature 
programmed reaction spectroscopy (TPRS). 

Temperature programmed desorption is particularly used in surface science 
studies to investigate the desorption of gases (dosed at low temperature) from single 
crystals and polycrystalline foils into the vacuum [2]. The experimental set-up that is 

Figure 2.2 Images of the polycrystalline Fe (top) and the Fe(100) single crystal (bottom). 
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used to perform such TPD experiment is depicted in Figure 2.3. The rate at which 
adsorbates desorb from the surface is given by the Arrhenius or Polanyi-Wigner 
equation [3]:  

,)(exp)( ⎟
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⎞

⎜
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⎛−==−=

RT
Ek

dt
dr desn

des
n

desd
θθθνθθ

   (eq. 2.2.1) 

in which 
rd  is the rate of desorption [change in adsorbate coverage per unit time] 
θ is the coverage in monolayers [number of adsorbates divided by the total 

number of substrate (metal) surface atoms] 
t is the time [s] 
kdes is the reaction rate constant for desorption [s-1 for first-order desorption] 
n is the order of desorption 
νdes(θ) is the pre-exponential factor of desorption [s-1] 
Edes(θ) is the activation energy of desorption [J/mol] 
R is the gas constant [J/mol/K] 
T is the temperature [K] 
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Since linear heating rates are applied, the temperature can be written as T = T0 + 
β t in which T0 is the initial temperature and β the heating rate. Thus, the desorption rate 

Figure 2.3 Experimental set-up used to perform a TPD experiment. The single crystal is resistively 
heated by tantalum heating wires pressed in groves at the side of the crystal. The temperature is 
measured by a chromel-alumel thermocouple spot-welded to the back of the crystal. Desorption of the 
gases is analyzed by a quadrupole mass spectrometer. (Adapted from Niemantsverdriet [1]) 
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can easily be rewritten as a change in adsorbate coverage per unit temperature by        
dT = β dt.  
 When the pumping speed is sufficiently high, re-adsorption of gases can be 
neglected and a linear relation exists between the signal from the mass spectrometer and 
the rate of desorption. As such, the area underneath the TPD spectrum is proportional to 
the total amount of desorbed species and, therefore, its initial coverage. Note that this 
initial coverage is a relative one. Hence, a relation exists between the exposure of an 
adsorbate, expressed in Langmuir (1 L = 1.33 10-6 mbar s) and its respective relative 
coverage. 

In order to acquire an absolute coverage in terms of monolayers (ML), i.e., the 
number of adsorbed species divided by the total number of substrate (metal) surface 
atoms, a calibration point is needed. A way to achieve this is by using a complementary 
technique, like low energy electron diffraction, described in section 2.4. When 
adsorbates form ordered structures on the surface a LEED pattern can be observed. In 
the case of a bcc(100) metal surface, a c(2 × 2) pattern for example corresponds to an 
absolute coverage of 0.5 ML (see also Figure 2.6 in section 2.4). Knowing the 
saturation coverage of a certain adsorbate from literature is another good approach to 
obtain a calibration point. Once a calibration point is available, the areas of the TPD 
spectra (relative coverage) can be converted into absolute coverages, hence, linking the 
exposure directly to the absolute coverage. 
 Apart from determining coverages, TPD can be used to extract kinetic 
parameters, such as the reaction order, activation energy of desorption, and the pre-
exponential factor. Several methods have been developed to determine these 
parameters, from which the complete analysis proposed by King [3] is the most 
elaborate and exact. However, because this method is time-consuming, the complete 
analysis is rarely used in TPD. Simplified methods such as the Redhead [4], Chan, Aris, 
and Weinberg (CAW) [5], and the leading edge [6] method, therefore, are the most 
popular ways to obtain kinetic parameters. For more details regarding the different 
methods, the interested reader is referred to the ‘Spectroscopy in Catalysis’ book by 
Niemantsverdriet [1]. 
 

2.3 Secondary Ion Mass Spectrometry (SIMS) 
Secondary ion mass spectrometry is a very sensitive surface technique, able to detect 
surface species in the parts per million range and even ppb scale for favorable elements 
[7]. SIMS is most popular in concentration depth-profile and imaging studies of the 
surface. It can be operated in three different modes: dynamic, static, and imaging. The 
technique uses a primary ion beam (usually an ionized inert gas) with a typical kinetic 
energy ranging from 0.5 to 10 keV. Subsequently, the ion beam collides with the 
surface, transferring its kinetic energy. As a result, the energy is dispersed 
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through the upper surface layers, leading to a cascade of collisions. When one of these 
collisions is directed back toward the outer surface layer, its energy may stimulate the 
removal of an atom and/or cluster of atoms. These emitted secondary atom or atom 
clusters can either be neutral or charged. This is displayed schematically in Figure 2.4. 
In SIMS only charged species (or secondary ions) are detected by either a quadrupole or 
a time-of-flight mass spectrometer. The signal intensity of such a secondary ion is given 
by: 

,)( TRYIXI XXpS θ±± =       (eq. 2.3.1) 

where 
IS(X±) is the intensity of the positively or negatively charged secondary ion X [ion 

count per second] 
Ip is the flux of primary ions [ion count per second] 
YX is the sputter yield of element X [number of atoms ejected per incident ion] 
R± is the ionization probability of element X, i.e., the probability to leave the 

surface as a positive or negative ion 
θX is the fractional concentration of element X in the surface layer 
T is the transmission of the mass spectrometer, which is typically 10-3 and 10-1 

for a quadrupole and time-of-flight instrument, respectively 
 The signal intensity difference between elements is mainly determined by both 

Figure 2.4 SIMS principle: primary ions cause a collisional cascade in the uppermost surface layers of 
the sample. Some of these collisions end up at the surface where they stimulate the emission of secondary 
ion clusters. Consequently, these clusters are detected by a mass spectrometer. 
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the sputter yield and the ionization probability. The sputter yield is relatively well 
understood and depends on the properties of the sample (such as mass of the sample 
atoms, surface roughness, and sample temperature) and the mass, energy, and angle of 
incidence of the primary ions [1,7]. On the other hand, the ionization probability is not 
well understood, and although a model has been proposed by Nørskov and Lundqvist 
[8], it only accounts quantitatively for a number of observations on metals. Because the 
ionization probability of an atom is also dependent on its surroundings (called the 
matrix effect), the model can only be used to qualitatively describe the ionization 
probability, making SIMS an extremely difficult technique for extracting quantitative 
information. However, dividing the metal–adsorbate intensities by metal ion intensities 
is a measure for the adsorbate coverage:  

,
+

+
∝

yM

XyM
X I

I
θ        (eq. 2.3.2) 

in which: 
θX is the surface coverage of species X 
IMyX

+ is the ion intensity of the metal–adsorbate ion MyX+ 
IMy

+ is the ion intensity of the metal ion 
By dividing the intensities, the so-called matrix effect is expected to cancel out (when 
one assumes that both signals are influenced equally). Thus, using the intensity ratios, 
quantitative information can still be obtained by SIMS. 

Strictly speaking SIMS is a destructive method, especially when used in the 
dynamic (used for depth-profiling) mode. Hence, probing adsorbates on the iron surface 
in this thesis is performed with static SIMS. In the static mode a primary ion flux of 
typically 1-2 nA/cm2 reaches the surface, which corresponds to 1010

 ions/(cm2 s). It is 
believed that each ion on the surface creates collisional effects of 10 nm in diameter, 
corresponding to an area of roughly speaking 100 nm2 [9]. For a beam with an ion flux 
of 1-2 nA/cm2 it takes ca. 60-30 minutes, respectively, to remove one monolayer of 
carbon monoxide on an iron surface, when a sputter yield of 4 is taken into account 
[1,9]. Since an experiment takes roughly 7 minutes at a heating rate of 2 K/s, hence, 
during which a maximum of 0.25 monolayer of adsorbate is sputtered from the surface, 
one may still wonder whether or not this is still static. However, static SIMS is always a 
trade-off between surface damage and signal intensity. As such, the above conditions 
were chosen as the maximum amount of damage allowed, because a lower ion flux 
would be insufficient to adequately detect the surface species by the quadrupole 
analyzer.  

 

2.4 Low Energy Electron Diffraction (LEED) 
Low energy electron diffraction is used to acquire information of the surface structure 
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of a single crystal and to obtain the structure of ordered adsorbate layers. An electron 
gun is positioned along the surface normal of the single crystal producing a 
monochromatic beam of low energy electrons (50-200 eV), which upon hitting the 
surface scatter back elastically in all directions. The principle is illustrated in Figure 2.5. 
The electrons can be considered as a wave with a wavelength given by De Broglie 
relation: 

,
2 kine Em

h=λ         (eq. 2.4.1) 

in which: 
λ is the wavelength of the electrons [m] 
h is Planck’s constant [J s] = [kg m2 s] 
me is the mass of an electron [kg] 
Ekin is the kinetic energy of an electron [kg m2 s-2] 

Since electrons behave like a wave, interference between the backscattered 
electrons occurs, resulting in a diffraction pattern on the fluorescence screen of the 
LEED apparatus with constructive interference (Bragg’s reflection) in directions with: 
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Figure 2.5 Schematic picture of a low energy electron diffraction set-up. A beam of monochromatic 
electrons is directed towards the surface. The scattered electrons are detected on a fluorescent screen 
and form a constructive interference pattern that is related to the surface structure. 
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where: 
α  is the angle between the scattered electrons and the surface normal [°] 
n is the diffraction order 
a is the distance between scatterers, i.e., the lattice constant of a clean surface 

[m] 
Subsequently, the diffraction pattern on the LEED screen corresponds to a certain 
surface ordering, shown for example in Figure 2.6 for an empty bcc(100) surface as well 
as a surface covered with 0.5 ML adsorbates.  
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2.5 Substrate for Iron Particles and Spin-Coating Technique 
The substrates used for the iron nano particles are silica TEM grids that were custom 
made according to requested specifications. The side view of a typical TEM grid is 
shown in Figure 2.7. The basic preparation involved the deposition of silicon nitride 
(Si3N4) both at the back and front of a standard (100) silicon wafer of about 120 mm in 
diameter. The nitride at the back was patterned to form an appropriate mask which 
facilitated anisotropic etching of the silicon, until the silicon nitride at the top was left 
suspended in its framework. The Si3N4 layer on the top was made as thin as possible 
(~15 nm) to facilitate efficient TEM analysis. In short this leads to a disk consisting of 9 
wafers; each containing 36 grids, all with a square window of 200 μm in diameter 
serving as TEM imaging area (see Figure 2.7). An amorphous silica surface layer of 

Figure 2.6 Ordering of adsorbates on a bcc(100) surface. The middle images show the empty surface 
with a p(1 × 1) structure, while the right hand pictures display the surface with 0.5 ML of adsorbed 
species ordering in a c(2 × 2) fashion. The bottom pictures represent the real space, while the top 
images correspond to the reciprocal space as recorded on the fluorescent screen. The image on the left 
hand side serves as clarification when converting distance d in the reciprocal space to lattice constant 
(a) in the real space. 
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about 3 nm thickness was formed by calcining the wafer in an oven at 750 °C for 24 
hours to make the TEM grids more robust and susceptible for impregnation. The 9 
square TEM wafers are then cut from the 120 mm round disk, which subsequently can 
be used to spin-coat. 

Spin-coating is a technique in which an organic, inorganic, or polymeric 
substance from solution is coated on a substrate surface by high speed spinning. Due to 
this spinning process the solvent in the solution evaporates, leaving the desired material 
impregnated on the substrate. A picture and schematic representation of the spin-coat 
device used is shown in Figure 2.8. 

In our case, a calcined silica TEM wafer is placed in the chuck, which is kept in 
place by small brims. Next, a solution of the desired material is drop casted onto the 
wafer. After that the chuck is spun at the desired speed of 2800 rpm, which yields a 
uniform film of solution as centrifugal forces of spinning eject solution from the wafer. 
At a certain moment this layer becomes so thin that the ejection and evaporation of 
solvent equally contribute in the thinning process. Henceforth, evaporation is dominant 
until at a certain time te the solvent is completely evaporated. The amount of deposited 
material M is determined by [10-12]: 

,35.1 20
et

CM
ρω

η=                 (eq. 2.5.1) 

in which: 
M is the deposited amount of material per area [kg m-2] 
C0 is the concentration of material in solution [kg m-3] 

Figure 2.7 Schematic representation of the silicon nitride disk containing nine wafers; each wafer has 
36 grids, which all contain a small square window of 200 μm in diameter and 15-20 nm thick for TEM 
measurement. 
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η is the viscosity of the solution [kg m-1 s-1] 
ρ is the density of the solution [kg m-3] 
ω is the spinning speed [s-1] 
te is the evaporation time [s] 
 

 
 

 
 

2.6 Reactor Set-up 
Reactions on spin-coated iron oxide nano particles were performed in a standard quartz 
tube through which the gases Ar, H2, CO, and a mixture of H2 and CO could be flown. 
The reaction temperature was measured by a thermocouple positioned within the tube. 
A standard ceramic heating furnace for tubes was used to heat the reactor in which 
temperatures as high as 800 °C could be reached. Heating is controlled by an Eurotherm 
controller. 
 

2.7 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy is used to image a sample within the nm to atomic 
scale range. The TE microscope and its schematic representation are displayed in Figure 
2.9. At the top of the TEM column a high voltage electron emitter generates a beam of 

Figure 2.8 Picture (with and without lid) and schematic representation of the used spin-coat device. The 
sample is placed in the sample holder and is kept in place by small brims. The sample is spun at 2800 
rpm. 
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electrons possessing a high energy (100-300 keV) and intensity. This beam passes 
through a condenser to create parallel rays which impinge on the sample (less than 100 
nm in thickness). The electrons then travel through a series of magnifying lenses where 
they are ultimately focused on the fluorescent screen at the bottom to produce a so-
called bright-field image of the sample. Because the attenuation of the beam depends on 
both the thickness and density of the sample, this image is a two-dimensional 
representation of the sample mass. The diffracted electron beams, which are slightly off-
angle from the transmitted beam, are used to measure a dark-field image. 

The complete column is under vacuum (10-6-10-8 mbar) to minimize interactions 
of the electron beam and the gas molecules. Apertures situated along the column can be 
used to change the contrast and resolution of the image. Contrast in transmission is not 
only affected by the attenuation of the electrons by thickness and density variations on 
the sample, but also by diffraction and interference. For example similar particles can 
have a different contrast, which may result in a misinterpretation of the TEM image 
[13]. Hence, care is needed when interpreting TEM images.  

A typical sample holder is shown on the bottom-left picture in Figure 2.9. 
 

 
 

 
Figure 2.9: The top-left picture shows the used TEM set-up and the image on the right side is its 
schematical representation. The image in the bottom-left is the sample holder. 
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2.8 X-Ray Absorption Near Edge Spectroscopy (XANES) and 
Extended X-Ray Absorption Fine Structure (EXAFS) 
XANES and EXAFS are used to determine the composition of the iron oxide nano 
particles under in-situ conditions. The techniques are based on the absorption of X-rays 
and the creation of photoelectrons, which are either excited to holes in the valence 
levels, or to unbound states and scattered by nearby atoms in a lattice. When a free atom 
is irradiated with X-rays possessing an energy hν, absorption takes place when the 
binding energy (Eb) of an electron in the atom is lower than the energy of the X-rays. 
The electron then leaves the atom with a kinetic energy of Ek = hν - Eb. The X-ray 
absorption spectrum of such as free atom shows edges corresponding to the binding 
energy of all electron core levels in the atom, but does not contain any further structure. 
However, when the atom is bound as part of a structure, the absorption is altered due to 
its local coordination, and a fine structure arises, which contains valuable information. 

  

 
 

 
 
As such, XANES focuses on the shape of the absorption edge, and is highly 

sensitive for the valence state of the atom and its bonding geometry. EXAFS, on the 
other hand, looks at the absorption spectrum beyond the edge. In this region interference 
effects are visible, which provide detailed information on the distance, number, and type 
of neighbors of the X-ray absorbing atom. For a more detailed background of both 

Figure 2.10: The top-left picture shows the set-up at the beamline. The top-right image shows the place 
where the X-ray beam enters the hutch and becomes aligned. The bottom image displays the sample with 
the detector. 
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techniques we refer to the ‘Spectroscopy in Catalysis’ book by Niemantsverdriet [1]. 
The experiments were performed at the Advanced Photon Source (APS) 

synchrotron at Argonne National Laboratory (ANL) in Chicago, USA. The set-up that 
was used is shown in Figure 2.10. 

 

2.9 Plane-Wave Density Functional Theory (PW-DFT) Calculations 
Currently, one of the most widely used ab-initio approaches in surface science is density 
functional theory (DFT). This theory is based on the Thomas-Fermi-Dirac model [14] 
with the Hohenberg-Kohn approximation [15] as one of the most important theorems, 
which states that every observable quantity of a system in the ground state is a unique 
functional of the electron density. However, this functional is unknown in the 
Hohenberg-Kohn theorem, and thus, the values of the observable quantities can only be 
approximated. Kohn and Sham [16] were able to express this unknown functional 
mathematically up to an unknown part that is most commonly known as the exchange-
correlation (XC) functional. Although in theory a perfect exchange-correlation 
functional should exist, in practice the functional is approximated. The first 
approximation of this XC functional was the local density approximation (LDA). A 
more sophisticated approximation appeared later, where also a density gradient is 
included into the functional. This approximation is called the generalized gradient 
approximation (GGA). 

In this thesis, the Vienna ab-initio simulation package (VASP) [14,17-19] is 
used, which performs an iterative solution of the Kohn-Sham equations in a plane-wave 
basis set. The many-electron wave function for the system is written as a product of 
one-electron wave functions. The total energy is split into a kinetic energy term, an 
electrostatic energy term, and an exchange-correlation term. The exchange-correlation 
energy has been calculated within the generalized gradient approximation using the 
revised form of the Perdew, Burke, and Ernzerhof (RPBE) XC functional [20] proposed 
by Hammer et al. [21]. The electron-ion interactions are described by the projector-
augmented wave (PAW) method developed by Blöchl [22]. This is essentially an all-
electron frozen core method combining the accuracy of all-electron methods and the 
computational simplicity of the pseudopotential approach [23]. In the pseudopotential 
approximation the core electrons are basically removed and described by an effective 
potential, the pseudopotential. The reciprocal space has been sampled with a k-points 
grid generated automatically using the Monkhorst-Pack method [24]. Fractional 
occupancies were calculated using a first-order Methfessel-Paxton smearing function 
[25]. Upon convergence, energies were extrapolated to T = 0 K. 

Partial geometry optimizations have been performed including relaxation of the 
two topmost metal layers, using the RMM-DIIS algorithm [26]. In this method, the 
forces on the atoms and the stress tensor are used to determine the search directions for
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finding the equilibrium positions. Geometry optimizations were stopped when all the 
forces (of the degrees of freedom set in the calculation) were smaller than 0.01 eV/Å. 
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 Å). 
The adsorbate–surface coupling has been neglected and only the Hessian matrix of the 
adsorbate has been calculated [27]. Transition-state structures have been found 
following a two-step strategy: (1) use of the climbing-image nudged elastic band 
method (CI-NEB) [28] to find a likely transition-state structure, and (2) refine the 
structure of the transition-state by performing a geometry optimization calculation (as 
described above) using as a starting geometry that of the highest energy image out of 
the CI-NEB calculation. All transition-state structures have been characterized by 
calculating the vibrational frequencies.  
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3 
Density Functional Theory Calculations  

 
This Chapter consists of two parts. 
 
 In part (A) the adsorption, desorption, and dissociation of CO on 
molybdenum(100) is investigated with DFT calculations. 
 In part (B) DFT is employed to study the adsorption, desorption, and 
dissociation of CO on tungsten(100). 
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3A 
Adsorption, Desorption, and Dissociation of CO 

on Molybdenum(100) 
 

Abstract 
The adsorption of CO on Mo(100) has been calculated for several adsorption states at 
four surface coverages using DFT. Dissociation of CO on Mo(100) has been 
investigated for two surface coverages: 0.25 and 0.5 ML. A full analysis of the 
vibrational frequencies of CO was performed, to determine whether structures are 
stable adsorption states or transition-states. Results show that CO adsorbs molecularly 
on the Mo(100) surfaces up to coverages of 0.5 ML at fourfold hollow sites with the 
molecular axis tilted away from the surface normal by 55-57˚ and dissociates easily 
with activation energies ranging from 0.45 to 0.56 eV, leading to energy gains of -1.71 
eV and -0.59 eV at 0.25 and 0.5 ML, after dissociation, respectively. The adsorption 
energy of the CO molecule at 0.25 ML is -2.64 eV with a C–O stretching vibration of 
1062 cm-1. Increasing the CO surface concentration leads to a lower C–O stretching 
frequency of 958 cm-1, which is remarkable, and it is in conflict with the Blyholder 
model and previous experimental observations for CO on transition-metal surfaces. 
Furthermore, calculations reveal that reported CO desorption peaks in literature, 
thought to be due to recombination of carbon and oxygen, are more likely due to 
molecular desorption of CO at the fourfold hollow position with a tilted geometry. This 
conclusion is supported by the low recombination energies calculated (one-third of that 
described in literature). 
 
 
 
 
This chapter is published as F.J.E. Scheijen, J.W. (Hans) Niemantsverdriet, and D. 
Curulla Ferré, J. Phys. Chem. C 111 (2007) 13473 
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3A.1 Introduction 
As oil becomes scarcer each day, alternative routes for the production of chemicals and 
fuels are being developed, in which Fischer-Tropsch Synthesis (FTS) is an attractive 
option using coal, natural gas, and potentially even biomass sources. The process begins 
with the production of syngas (either by gasification of coal and biomass sources, or 
reforming of natural gas), which is then reacted over a suitable catalyst to yield a wide 
range of products varying from methane to waxy paraffins, as well as oxygenates. 
Several reaction mechanisms have been proposed in literature, although it is generally 
assumed that not a single reaction pathway exists, but a number of parallel reaction 
pathways instead [1]. Carbon monoxide (CO) dissociation is regarded as a key step in 
FTS in some mechanisms, such as the alkyl and the alkenyl mechanisms, though others 
presume that molecular CO is an active species in the mechanism. Hence, the capacity 
of the catalyst to dissociate CO is a key issue to understand and elucidate FTS 
mechanism. Also, the influence of neighboring atoms and molecules on the dissociation 
of CO is of great importance, as under reaction conditions, a molecule will rarely be 
isolated on the surface. 

Iron and cobalt are among the most extensively used catalysts in FTS. Surface 
science studies have proven that CO dissociates on iron [2-15], whereas it adsorbs 
molecularly on cobalt [16-21]. Nickel [22-27] and ruthenium [28-31] have also been 
studied in relation to FTS; on both metals, CO adsorbs molecularly. On the other hand, 
studies on chromium [32], tungsten [33,34], and molybdenum [35-38] single crystals 
have shown that these metals behave similarly to iron and have a large capacity to 
dissociate CO. Moreover, molybdenum carbides, nitrides, and phosphides have been 
proven to be active in several processes, including FTS [39-42]. 

Surface science studies on molybdenum single crystals are, however, scarce 
compared to other metals of interest in FTS, such as iron. Adsorption of CO on 
Mo(100) was studied in the 1970s and early 1980s using temperature programmed 
desorption mass spectroscopy (TPD) in combination with Auger electron spectroscopy 
(AES) and low energy electron diffraction (LEED). The studies focused on the 
determination of whether CO adsorbed molecularly or dissociatively [43-45]. TPD 
experiments showed two distinct sets of desorption features; α peaks related to 
molecularly adsorbed CO at T < 400 K and β peaks at 900 (β1), 1024 (β2), and 1240 
(β3) K related to dissociated CO. Ko and Madix [44,45] found that CO adsorbed 
molecularly at 200 K to a saturation value of 1015 molecules/cm2 (which corresponds to 
1 monolayer (ML)). Upon heating, half of the CO molecules desorbed below 400 K as 
CO(α) states, whereas the other half dissociated into CO(β) states. A p(1 × 1) LEED 
pattern was observed with all three β states present on the surface. Further heating to 
1130 K showed a c(2 × 2) LEED pattern, after selectively removing the CO(β) states at 
900 and 1024 K. These experiments indicated that the total amount of CO(β) on the 
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Mo(100) surface was about 0.50 ML and that the amount of CO(β3) was approximately 
0.25 ML. On the other hand, Zaera et al. [38] reported similar TPD results (with two α 
states at 150 and 290 K and three β states at 840, 940, and 1250 K), but obtained a much 
larger saturation coverage of approximately 1.7 ML (with 20% error) calculated using 
the carbon Auger signal. The partial coverages reported for the distinct CO β states 
were as follows: CO(β1): 0.22 ML, CO(β2): 0.32 ML, and CO(β3): 0.38 ML. However, 
they also observed a c(2 × 2) LEED pattern after heating to 1100 K, when only CO(β3) 
was present. This result suggested a CO(β3) coverage of 0.25 ML in agreement with 
previous results, but in disagreement with their own results (0.38 ML) from AES. 
Further, electron energy loss spectroscopy (EELS) experiments showed two distinct 
losses at 1065 and 1235 cm-1 at low CO coverages. The coupling of EELS and TPD 
experiments indicated that these two losses were related to the CO(β3) state. Increasing 
CO coverage resulted in a fusion between these two EELS losses, being the resulting 
loss centered at 1085 cm-1. This seemed to indicate that increasing CO coverage 
suppressed the adsorption state that yields the loss at 1235 cm-1. A new loss at 2100  
cm-1 was also observed at high CO coverages, indicating the presence of 
perpendicularly adsorbed CO molecules at on-top sites. EELS-TPD coupling showed 
that this new loss was related to the presence of CO(α) molecules. The presence of CO 
stretching frequencies as low as 1065 or 1235 cm-1 is unusual and has been reported 
previously only for Fe(100) [10,12] and Cr(110) [32]. The geometry of this low CO 
stretch adsorption state was resolved using near edge X-ray absorption spectroscopy 
(NEXAFS) and angle-resolved ultraviolet photoelectron spectroscopy (ARUPS); in 
such adsorption state, CO is bent over the surface with a tilting angle of 50° with respect 
to surface normal [36]. Similar tilting angles have been reported for Fe(100) [6,11,13]. 
As for Fe(100) and Cr(110), this low CO stretch adsorption state was suggested to be 
the precursor for CO dissociation, which on Mo(100) occurs as low as 230 K [38]. 
Dissociation of CO at such low temperatures has been reported only for body centered 
cubic (bcc) metals; 300 K on Mo(110) [35], 170 K and 300 K on Cr(110) [32], and 440 
K on Fe(100) [2,4,6-8,10-13,15].  

Calculations on Mo surfaces are even scarcer than experiments. Liu and 
Rodriguez [40] studied the adsorption of CO and S on Mo(100) and MoX (X = C, N 
and P), and reported that CO adsorbs preferentially at on-top sites, with a tilted 
configuration and an adsorption energy of -2.3 eV. It is particularly surprising that Liu 
and Rodriguez reported that CO preferentially adsorbs at on-top sites, since it was 
postulated experimentally that CO adsorbs tilted at fourfold hollow sites on Mo(100) 
[36] and also on Fe(100) [6,11,13], for which recent density functional (DFT) 
calculations confirmed such an adsorption state [3,5,9,14]. Ji and Li [37] recently 
studied the adsorption and dissociation of CO on Mo(110) using DFT. They reported an 
adsorption energy of CO of -2.13 eV at 0.25 ML, which is smaller than the adsorption 



Chapter 3A 

40 

energy of CO on Mo(100) of -2.64 eV calculated in this Chapter. Ji and Li also reported 
an activation energy for CO dissociation of 1.71 eV at 0.25 ML; this activation energy 
is considerably high in order to account for the experimental observation that CO is 
completely dissociated above 300 K on Mo(110) [35]. In the present Chapter, we report 
an activation energy as low as 0.45 eV on Mo(100). In addition, Ji and Li reported a 
calculated lattice constant of 3.89 Å, which corresponds to face centered cubic (fcc) 
molybdenum [46], while their model corresponds to a bcc Mo(110) surface.  

Adsorption of CO on molybdenum surfaces is, thus, an interesting system from 
both a technological as well as a fundamental point of view, because there are still 
several open questions regarding the experimentally available data. In this Chapter, the 
results of our recent study of CO adsorption and dissociation on Mo(100) using density 
functional theory is presented.  
 

3A.2 Computational Details 
We have used the Vienna ab-initio simulation package (VASP) [47,48], 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 revised form of the Perdew, Burke, and Ernzerhof 
(RPBE) exchange-correlation functional [49] proposed by Hammer et al. [50]. The 
electron-ion interactions for C, O, and Mo are described by the projector-augmented 
wave (PAW) method developed by Blöchl [51]. This is essentially an all-electron frozen 
core method combining the accuracy of all-electron methods and the computational 
simplicity of the pseudopotential approach [52]. Fractional occupancies were calculated 
using a first-order Methfessel-Paxton smearing function with a width of 0.1 eV [53]. 
Upon convergence, energies were extrapolated to T = 0 K. Molybdenum exhibits a bcc 
structure. The relative positions of the metal atoms have been fixed initially as those in 
the bulk, with an optimized lattice parameter of 3.159 Å (the experimental value is 
3.147 Å) [54]. The optimized lattice parameter has been calculated using the smallest 
unit cell that can be used to model the bulk of molybdenum, and its reciprocal space has 
been sampled with a (15 × 15 × 15) k-points grid generated automatically using the 
Monkhorst-Pack method [55].  

The CO molecule has been calculated using a 10 × 10 × 10 Å3 cubic unit cell, 
while for atomic carbon and atomic oxygen a 10 × 12 × 14 Å3 orthorhombic unit cell 
has been used. Non-spin-polarized calculations for the CO molecule and spin-polarized 
calculations for the atoms have been done at the Γ point.  

The Mo(100) surface has been modeled within the slab model approximation 
using a five-metal layer slab model and six vacuum layers (> 10 Å). Different slab 
models have been used throughout this Chapter: a p(3 × 3) unit cell to study surface 
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coverages as low as 0.11 ML, a p(2 × 2) to study surface coverages as low as 0.25 ML, 
a c(2 × 2) to study surface coverages of 0.5 ML, and a p(1 × 1) to study surface 
coverages as large as 1 ML. The reciprocal space of the p(3 × 3), p(2 × 2), c(2 × 2), and 
p(1 × 1) unit cells have been sampled with a (3 × 3 × 1), (5 × 5 × 1), (7 × 7 × 1), and  
(10 × 10 × 1) k-points grid, respectively, automatically generated using the Monkhorst-
Pack method. Unlike bulk molybdenum, which has no magnetic moment, molybdenum 
slabs exhibited small magnetic moments; 0.18 μB/atom for Mo(100)–c(2 × 2) and 0.22 
μB/atom for Mo(100)–p(2 × 2). Tests on the influence of the spin character on the 
results showed that geometries were unaffected by such small magnetic moments and 
total energies were slightly more stable. The estimated error that is committed in the 
calculation of adsorption energies and reaction energies using non-spin-polarized 
calculations is below 0.05 eV. Consequently, we report here non-spin-polarized results.  

Partial geometry optimizations have been performed including relaxation of the 
two topmost metal layers, using the RMM-DIIS algorithm [56]. In this method, the 
forces on the atoms and the stress tensor are used to determine the search directions for 
finding the equilibrium positions. Geometry optimizations were stopped when all the 
forces (of the degrees of freedom set in the calculation) were smaller than 0.01 eV/Å. 
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 Å). 
The adsorbate–surface coupling has been neglected, and only the Hessian matrix of the 
adsorbate has been calculated [57]. Transition-state (TS) structures have been found 
following a two-step strategy: (1) use of the climbing-image nudged elastic band 
method (CI-NEB) [58] to find a likely transition-state structure and (2) refine the 
structure of the transition-state by performing a geometry optimization calculation (as 
described above) using as a starting geometry that of the highest energy image out of 
the CI-NEB calculation. All transition-state structures have been characterized by 
calculating the vibrational frequencies. 

The adsorption of CO was investigated on Mo(100) at four different CO 
coverages: (1) 0.11 ML using a p(3 × 3) unit cell, (2) 0.25 ML using a p(2 × 2) unit cell, 
(3) 0.5 ML using a c(2 × 2) unit cell, and (4) 1 ML using a p(1 × 1) unit cell. The 
adsorption energy of CO, and atomic carbon and oxygen, is calculated with respect to 
its respective gas-phase species. Zero-point-energy (ZPE) corrections were not applied 
to the energies in the diagrams since ZPE is relevant for X–H bonds, but hardly 
important for X–Y bonds, such as C–O. Moreover, the energy differences fall within the 
calculation error (0.05 eV). Dissociation of CO on Mo(100) was investigated at two 
coverages, at 0.25 and 0.5 ML, using a p(2 × 2) model containing one and two CO 
molecules, respectively. 
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3A.3 Results / Discussion 
First, the structure of the (100) surface will be shown. Next, the results of CO 
adsorption for each surface coverage will be presented, and lastly we discuss 
dissociation of CO. 

 

3A.3.1 The (100) Surface 
The structure of a bcc(100) surface is illustrated in Figure 3A.1, in which all three 
adsorption sites are displayed. The sequence of metal layers in the <001> direction is 
ABABA, etc. Therefore, every atom of the third layer is positioned above an atom of 
the first layer. 
 

 
 

 
 

3A.3.2 CO Adsorption on Mo(100) 

3A.3.2.1 Mo(100)–CO–p(2 × 2) (θ = 0.25 ML) 
Adsorption of CO on Mo(100) at 0.25 ML was investigated at three adsorption sites: 
top, bridge, and fourfold hollow sites. The CO molecule adsorbs with the C–O bond 
perpendicular to the surface at top and bridge sites, whereas two adsorption geometries 
are observed for CO at fourfold hollow sites: one with the C–O bond perpendicular to 
the surface and the second with the CO bent over the surface. The CO molecule is the 
most stable at fourfold hollow sites with the C–O bond axis away from the surface 
normal by an angle of 57˚ (see Table 3A.1). According to experimental data obtained 
using NEXAFS, the tilting angle of CO on Mo(100) should be around the order of 40 ± 
10˚ [36], with respect to the surface plane, or 50 ± 10˚, with respect to the surface 
normal, which agrees well with our results. The adsorption energy of CO at the tilted 

Figure 3A.1 Top view of the (100) surface of a bcc metal. The sequence of metal layers in the <001> 
direction is ABABA, etc. Thus, every atom of the third layer is positioned above an atom of the first 
layer. T, B, and H stand for the three adsorption sites; top, bridge, and fourfold hollow, respectively. 

T 
H B
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configuration is -2.64 eV and is considerably larger than at top, bridge, and fourfold 
hollow sites with the CO perpendicular to the surface, with values of -1.58, -1.48, and   
-1.76 eV, respectively. The C–O bond is elongated (activation of the CO molecule) for 
all adsorption geometries. The bond lengths for CO adsorbed vertically to the surface 
are 1.174, 1.193, and 1.264 Å for top, bridge, and fourfold hollow sites, respectively. 
However, the most pronounced increase in CO distance is observed for CO in the 
fourfold hollow tilted adsorption mode (1.354 Å), with an expansion of 0.211 Å with 
respect to gas-phase CO (1.143 Å). These findings are in line with the belief that the 
tilted CO molecule is the precursor for dissociation [36,38]. 
 

Table 3A.1 Adsorption of CO on Mo(100) at θ = 0.11, 0.25, 0.5, and 1 ML. (results displayed in 
italics are not true minima in the PES) 

  ΔEads
[a] 

[eV] 
dCO

[b] 
[Å] 

ΔdCO
[c] 

[Å] 
zCO

[d]  
[Å] 

θ[e] 
[˚] 

θ = 0.11 ML tilted -2.93 1.366 0.223 0.786 (1.561) 55.4 

θ = 0.25 ML on-top -1.58 1.174 0.031 2.034 - 

 bridge -1.48 1.193 0.050 1.682 - 

 bridge/tilted[f] -1.59 1.220 0.077 1.502 53.6 

 hollow -1.76 1.264 0.121 0.785 - 

 hollow/tilted -2.64 1.354 0.211 0.716 (1.453) 57.0 

θ = 0.5 ML on-top -1.50 1.169 0.026 2.047 - 

 bridge[g] -1.42 1.192 0.049 1.647 - 

 hollow -1.78 1.263 0.120 0.756 - 

 hollow/tilted -2.63 1.386 0.243 0.613 (1.378) 56.5 

Lattice = 3.0824 Å hollow/tilted -3.08 1.387 0.244 0.649 (1.462) 55.1 

θ = 1 ML on-top -1.35 1.161 0.018 2.068 - 

 bridge -1.14 1.175 0.032 1.632 - 

 hollow -1.46 1.235 0.092 0.796 - 

 hollow/tilted - - - - - 

[a] ΔEads is the adsorption energy. [b] dCO is the CO bond length. [c] ΔdCO is the elongation of the CO 
bond with respect to the gas-phase CO bond length (1.143 Å). [d] zCO is the height of the CO molecule 
with respect to the surface level (the value within the brackets is the height of the oxygen atom and the 
value without brackets is the height of the carbon atom). [e] θ is the angle between the surface normal 
and the CO molecular axis. [f] the two top layers of molybdenum are not relaxed; only CO is.   
[g] a 5 × 5 × 1 k-points grid is used. 

 
 Calculations of the vibrational frequencies show that only two out of four 

adsorption geometries are local minima on the potential energy surface (PES) of 
Mo(100)–CO–p(2 × 2) (Table 3A.2). Note however, that two vibrational frequencies of 
CO at top sites are no more than 22 cm-1. This value is possibly prone to be of the same 
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order of the error associated with its calculation, therefore, the adsorption configuration 
might be disputed as being a stable geometry and might as well be a second-order 
saddle point (SP) in the PES of Mo(100)–CO–p(2 × 2). However, the overall discussion 
would not change, for the most stable species is clearly CO tilted at fourfold hollow 
sites. The CO stretching frequencies of CO adsorbed vertically on-top and tilted at 
fourfold hollow sites are 1889 cm-1 and 1062 cm-1, respectively (Table 3A.2), in good 
agreement with high resolution electron energy loss spectrometry (HREELS) data 
reported by Zaera et al., who observed a loss peak for CO adsorbed in a bent 
configuration at 1065 cm-1 at similar coverage [38]. 

 
Table 3A.2 Adsorption of CO on Mo(100) at θ = 0.11, 0.25, 0.5, and 1 ML: vibrational frequencies  
[cm-1] and zero-point-energy corrections to the adsorption energy. (results displayed in italics are not 
true minima in the PES) 

  ν1 ν2 ν3 ν4 ν5[a] ν6[a] 
ZPE[b] 
[eV] 

ΔEads[c] 
[eV] 

θ = 0.11 ML tilted 271 274 369 395 433 1043 0.17 -2.89 

θ = 0.25 ML on-top 22 22 365 365 359 1889 0.19 -1.52 

 bridge 429i 23 148 277 315 1729 0.15 -1.46 

 bridge/tilted[d] 43 161 320 331 408 1598 0.18 -1.54 

 hollow 245i 245i 165 165 277 1378 0.12 -1.77 

 hollow/tilted 234 239 291 350 432 1062 0.16 -2.61 

θ = 0.5 ML on-top 60 60 376 376 348 1943 0.20 -1.43 

 bridge[e] 318i 60 165 283 315 1774 0.16 -1.39 

 hollow 228i 228i 192 192 307 1386 0.13 -1.78 

 hollow/tilted 241 272 316 403 433 958 0.16 -2.60 

Lattice = 3.0824 Å hollow/tilted 261 291 339 438 456 969 0.17 -3.04 

θ = 1 ML on-top 56 56 372 372 342 2032 0.20 -1.28 

 bridge 87i 186i 162 254 247 1899 0.16 -1.11 

 hollow 89 89 191 191 270 1561 0.15 -1.44 

 hollow/tilted - - - - - - - - 

[a] ν5 and ν6 are the metal–CO stretching and CO stretching frequency, respectively. [b] ZPE is the 
zero-point-energy. [c] ΔEads is the adsorption energy including the zero-point-energy of the 
chemisorbed and gas-phase CO. [d] the two top layers of molybdenum are not relaxed; only CO is.   
[e] a 5 × 5 × 1 k-points grid is used. 

  
Analysis of the vibrational frequencies of CO reveals one imaginary frequency 

at the bridge site and two at the hollow; consequently, the bridge site is a TS structure, 
whereas the hollow site is a second-order saddle point in the PES of                 
Mo(100)–CO–p(2 × 2). Closer inspection of these normal modes shows that the 
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imaginary vibration of the CO molecule (ν1) adsorbed at a bridge site corresponds to a 
rotational movement of the CO molecule, toward a tilted bridge configuration. The 
small frequency ν2 is a movement of the CO molecule to the hollow adsorption site. 
Because of the same argument as that for the two small vibrational frequencies of CO at 
the top site, the bridge site might also be a second order saddle point, which makes 
sense when considering the energies as well. The two imaginary frequencies of carbon 
monoxide at hollow sites also relate to the rotational behavior of the molecule, moving 
toward the most stable geometry, the tilted fourfold hollow configuration. Because a 
rotational movement for CO at the bridge position toward tilted bridge geometry was 
observed, calculations were performed of CO at this tilted bridge position. However, no 
optimized geometry could be obtained for the adsorption of CO at the tilted bridge 
position when relaxing the two top layers of molybdenum. The values displayed in 
Table 3A.1 are calculated by relaxing only the CO molecule on the surface. The tilting 
angle thus calculated is 54˚ and the CO bond length 1.220 Å. The elongation of the 
bond is not as significant as that for the tilted fourfold hollow geometry, but is 
somewhat larger than for CO perpendicular at bridge sites and somewhat smaller than 
for CO at hollow sites. Because the adsorption energy (-1.59 eV) is around the same 
magnitude as that for the top adsorption site, and the C–O vibrational frequency of 1598 
cm-1 of CO at the bridge tilted position could not be observed experimentally, the tilted 
bridge adsorption geometry is not relevant for explaining experiments. Including zero-
point-energy corrections gives rise to slightly smaller adsorption energies for all five 
configurations. 

The adsorption energy of CO at fourfold hollow sites with a tilted geometry was 
found to be -2.64 eV, which corresponds to a temperature of desorption of 
approximately 1056 K [59]. Zaera et al. [38] reported a desorption peak for low CO 
coverages at higher temperatures, at 1250 K, therefore, we calculated the CO adsorption 
energy for CO adsorbed at fourfold hollow sites at a coverage of 0.11 ML using a      
p(3 × 3) slab model to verify whether we could get a larger adsorption energy for tilted 
CO. The results are displayed in Table 3A.1. The adsorption energy obtained is indeed 
larger than for CO tilted at 0.25 ML and is -2.93 eV, corresponding to a desorption peak 
at approximately 1172 K. This value (using first-order kinetics) correlates nicely to the 
β3 desorption peak reported by Zaera et al. [38]. The tilting angle is slightly smaller, by 
~2˚, than that at 0.25 ML CO coverage, whereas the C–O elongation is slightly larger 
(0.012 Å). The fourfold hollow tilted adsorption mode is stable in the PES of   
Mo(100)–CO–p(3 × 3), with a CO stretching frequency of 1043 cm-1. 
 

3A.3.2.2 Mo(100)–CO–c(2 × 2) (θ = 0.5 ML) 
The most stable adsorption geometry at 0.5 ML CO coverage is again the fourfold 
hollow site with CO tilted. The angle between the surface normal and the CO molecular 
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axis is 57˚, similar to that for CO at the tilted fourfold hollow configuration at a CO 
surface coverage of 0.25 ML. The adsorption energy of this tilted CO at fourfold hollow 
sites is -2.63 eV, while adsorption energies for top, bridge, and fourfold hollow sites 
with CO vertical to the surface are -1.50, -1.42, and -1.78 eV, respectively. The 
adsorption energies of CO in both upright and tilted positions at fourfold hollow sites 
are similar to those calculated for the Mo(100)–CO–p(2 × 2) system, whereas 
adsorption energies decrease slightly for top and bridge sites. The CO bond is elongated 
compared to the gas-phase molecule for all geometries, but significant changes are 
hardly observed for perpendicular bonded CO at all three adsorption modes compared to 
the Mo(100)–CO–p(2 × 2) system, although all bonds are slightly smaller. However, 
elongation of the CO bond for the bent structure is larger than for the                
Mo(100)–CO–p(2 × 2) system, which is a remarkable observation. 

Analysis of the vibrational frequencies calculated for Mo(100)–CO–c(2 × 2) 
leads to similar results as the Mo(100)–CO–p(2 × 2) system. The CO at bridge sites is a 
TS, and at fourfold hollow sites the perpendicular configuration is a second-order saddle 
point in the PES, while on-top and tilted adsorption geometries are local minima. 
Calculated CO stretching frequencies for CO positioned at on-top and tilted fourfold 
hollow configuration are 1943 and 958 cm-1, respectively. Compared to 0.25 ML of CO 
coverage, CO stretching frequency has increased by 54 cm-1 for the on-top adsorption 
mode and decreased by 104 cm-1 for the tilted configuration. The shift in stretching 
frequency towards a lower frequency (negative shift) for the CO molecule at the tilted 
position as coverage is increased from 0.25 to 0.50 ML is a striking result. Negative 
shifts for C–O stretching frequency have only been reported on transition-metals, such 
as copper, for which the interaction between the CO molecule and the surface metal is 
weak [60-62]; but never when the interaction is strong, which is the current case on 
Mo(100). According to the Blyholder model [63], increasing surface coverage results in 
lower π-back-donation of the metal to the CO molecule (chemical effect), leading to a 
shorter CO bond; on the other hand, increasing CO surface coverage also leads to a 
higher dipole–dipole coupling (physical effect), both leading to larger CO stretching 
frequencies. In addition to π-back-donation and σ-donation, Pauli repulsion also 
contributes significantly to the C–O stretching frequency; Illas et al. [64,65] and Curulla 
et al. [66] showed for CO/Pt(111) that σ-donation also lowers the C–O stretching 
frequency and that the Pauli repulsion shifts the C–O stretching frequency to higher 
frequencies. From our calculations, one may expect that the Pauli repulsion, σ-donation, 
and π-back-donation are very similar at 0.25 and 0.50 ML, because the adsorption 
energy is almost identical for both cases. The lowering of the CO stretching frequency, 
therefore, is most likely caused by another phenomenon such as a surface 
reconstruction, which is discussed into more detail in Chapter 4.  

Nonetheless, the unusual behavior was checked by investigating two options. 
First, the results were verified by using a different system; a 2CO–p(2 × 2) slab was 
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used (also 0.5 ML CO), with the two CO molecules arranged in a c(2 × 2) ordering 
pattern. The resulting (in-phase) C–O stretching frequency is 980 cm-1. Next, we 
removed one CO molecule from the 2CO–p(2 × 2) optimized structure and reoptimized, 
hence, the CO–p(2 × 2) slab (0.25 ML CO). This calculation leads to the same structure 
found previously, with same C–O stretching frequency (1062 cm-1). Second, the lattice 
parameter may change when adding adsorbates to the surface; so an optimized lattice 
parameter was calculated for the Mo(100)–CO–c(2 × 2) system. The optimized lattice 
parameter was found to be 3.0824 Å, instead of the 3.159 Å used for all calculations. 
Results, however, show that although the lattice parameter decreased, the CO bond 
length is not affected (Table 3A.1). Also, the CO stretching frequency reveals no 
noteworthy change (Table 3A.2). Consequently, we conclude that on Mo(100) the CO 
stretching frequency decreases when increasing CO surface coverage from 0.25 to 0.5 
ML. 

The imaginary frequency of adsorbed CO molecules at bridge sites is ascribed to 
rotational movement of CO toward a tilted mode at these bridge sites, whereas the two 
imaginary frequencies of the CO molecule at fourfold hollow sites can be attributed to 
rotation of CO into the tilted configuration. Including zero-point-energies does not 
change the adsorption energies significantly.  
 

3A.3.2.3 Mo(100)–CO–p(1 × 1) (θ = 1 ML) 
Adsorption of CO is slightly more favored at the fourfold hollow sites (-1.46 eV; 141 kJ 
mol-1) than on-top (-1.35 eV; 130 kJ mol-1) and bridge (-1.14 eV; 110 kJ mol-1) sites at a 
CO surface coverage of 1 ML (Table 3A.1). Using the Redhead equation and assuming 
a pre-exponential factor of να = 1015 Zaera et al. reported adsorption energies for α1 and 
α2 (molecular adsorbed CO) to be 54 ± 4 and 96 ± 8 kJ mol-1, respectively [38,59,67]. 
These α peaks are observed after half-saturation (ca. 0.85 ML) of CO on the Mo(100) 
surface at 150 and 290 K for α1 and α2, respectively. Although our calculations predict 
adsorption energies of 130 kJ mol-1 (desorption at 540 K) for CO adsorbed at top sites, 
experiments show that desorption takes place much earlier. A reason for this 
discrepancy might be that configurations of adsorbed CO are not as simple as our model 
describes. 

Calculated C–O bond distances range from 1.161 Å for CO at top sites to 1.235 
Å for CO at fourfold hollow sites. Hence, the CO molecule is activated the most at the 
hollow position; nevertheless, dissociation is not possible due to lack of space. No 
stable tilted configuration could be obtained for the Mo(100)–CO–p(1 × 1) system (such 
as those found for the lower coverages), which can be correlated to the fact that the 
tilted configuration is argued to be a precursor species for dissociation. Analysis of the 
vibrational frequencies show that on-top and fourfold hollow sites are local minima on 
the PES of CO/Mo(100), thus, stable adsorption sites (Table 3A.2). The calculated CO 
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stretching frequency for the top site is 2032 cm-1, corresponding well with literature 
(2100 cm-1) [38]. On the other hand, CO adsorbed at a fourfold hollow site has a 
frequency of 1561 cm-1, which has not been reported in literature, although calculations 
predict that fourfold hollow sites should be stable adsorption sites. The fact that no CO 
stretching frequency of around 1560 cm-1 is found by experiments might be explained 
by the same argument used to clarify the adsorption energy difference between 
calculation and experiment: (1) configurations are not as simple as described in the 
model or (2) the exchange-correlation functional overestimated the adsorption energy of 
CO. The bridge adsorption mode is a second order saddle-point in the PES of  
Mo(100)–CO–p(1 × 1), in which one imaginary frequency is related to the movement of 
the CO molecule from the bridge to the fourfold hollow adsorption site, while the other 
imaginary frequency is ascribed to the movement of CO from the bridge to the top site.  
 

3A.3.3 Dissociation of CO on Mo(100) at 0.25 and 0.5 ML 
CO dissociation on Mo(100) is reported to happen at temperatures as low as 230 K [38]. 
Different β peaks, due to the recombination of carbon and oxygen atoms, have been 
observed between 840 and 1250 K. Apparent activation energies reported for β1, β2, and 
β3 are 264, 293, and 389 ± 8 kJ mol-1, respectively, assuming νβ = 10-2 [38,59,67]. At 
low CO coverages the only observed β desorption peak is the β3 at 1250 K. This value 
corresponds very well with our desorption temperature of fourfold hollow tilted CO at 
surface coverage of 0.11 ML. 
 To obtain a complete picture, results calculated for the adsorption of atomic 
carbon and oxygen on Mo(100) at coverages of 0.25 and 0.5 ML are presented in Table 
3A.3. The adsorption energies of carbon at the most stable sites (fourfold hollow) are     
-8.69 and -8.79 eV at 0.25 and 0.5 ML surface coverage, respectively. The relative 
adsorption energy of C at on-top and bridge sites with respect to the hollow sites is 3.82 
and 2.34 eV at 0.25 ML, respectively; and 4.29 and 2.80 at 0.5 ML. On the other hand, 
the most stable location of oxygen is at the bridge site, with adsorption energies of -6.65 
and -6.45 eV at 0.25 and 0.5 ML coverage. For oxygen, the relative adsorption energy 
at on-top and fourfold hollow sites with respect to bridge sites is only 0.44 and 0.18 eV 
at 0.25 ML, respectively; and 0.21 and 0.29 eV at 0.5 ML. Increasing the oxygen 
coverage, thus, leads to a shift of oxygen being more stable at top than hollow sites, 
while the bridge site stays the most favorable adsorption geometry even including zero-
point-energy corrections (Table 3A.4). Adsorption energies are higher for carbon than 
for oxygen, hence, carbon is more strongly bound to the Mo(100) surface than oxygen. 
Carbon becomes slightly more stabilized on the Mo(100) surface for increasing 
coverage from p(2 × 2) to c(2 × 2). Interesting to mention is that according to the 
vibrational frequencies fourfold hollow sites are the only local minima for carbon, 
whereas, oxygen is stable at all adsorption modes, at both 0.25 and 0.5 ML
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Table 3A.4 Adsorption of C and O on Mo(100) at θ = 0.25 and θ = 0.5 ML: vibrational frequencies  
[cm-1], zero-point-energy corrections to the adsorption energy and to the relative adsorption energy. 
(results displayed in italics are not true minima in the PES) 

 ν1 ν2 ν3
[a] ZPE[b] [eV] ΔEads

[c] [eV] ΔErel
[d] [eV] 

 C at 0.25 ML 

on-top 89i 89i 850 0.05 -4.82 3.78 

bridge 276i 629 462 0.07 -6.28 2.32 

hollow 442 442 558 0.09 -8.60 0 

 C at 0.5 ML 

on-top 123i 123i 852 0.05 -4.45 4.26 

bridge 315i 631 476 0.07 -5.92 2.79 

hollow 327 327 558 0.08 -8.71 0 

 O at 0.25 ML 

on-top 71 71 830 0.06 -6.15 0.43 

bridge 177 336 573 0.07 -6.58 0 

hollow 122 122 427 0.04 -6.43 0.15 

 O at 0.5 ML 

on-top 92 92 870 0.07 -6.18 0.20 

bridge 179 313 552 0.06 -6.38 0 

hollow 189 189 403 0.05 -6.11 0.27 

[a] ν3 is the metal–C  / metal–O  stretching frequency. [b] ZPE is the zero-point-energy. [c] ΔEads is the 
adsorption energy including ZPE. [d] ΔErel is the relative adsorption energy including ZPE. 

 

Table 3A.3 Adsorption of C and O on Mo(100) at θ = 0.25 and θ = 0.5 ML. (results displayed in 
italics are not true minima in the PES) 

 ΔEads
[a] [eV] ΔErel

[b] [eV] zc
[c] [Å] ΔEads

[a] [eV] ΔErel
[b] [eV] zo

[c] [Å] 

 C at 0.25 ML O at 0.25 ML 

on-top -4.87 3.82 1.769 -6.21 0.44 1.740 

bridge -6.35 2.34 0.993 -6.65 0 1.355 

hollow -8.69 0 0.547 -6.47 0.18 0.582 

 C at 0.5 ML O at 0.5 ML 

on-top -4.50 4.29 1.768 -6.24 0.21 1.728 

bridge -5.99 2.8 0.978 -6.45 0 1.300 

hollow -8.79 0 0.448 -6.16 0.29 0.488 

[a] ΔEads is the adsorption energy. [b] ΔErel is the relative adsorption energy with respect to the 
fourfold hollow site and bridge site for carbon and oxygen, respectively. [c] zc and zo are the height of 
the carbon and oxygen atom with respect to the surface level.  
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(Table 3A.4). In addition, the M–C stretch is 558 cm-1 at both 0.25 and 0.5 ML surface 
coverage and the M–O stretch is 573 and 552 cm-1 at 0.25 and 0.5 ML, respectively. 
Metal–C stretches found experimentally appear at around 515 cm-1 and M–O stretches 
at 590 cm-1. 
 The activation energy of dissociation of CO on Mo(100) at 0.25 and 0.5 ML CO 
coverage was calculated according to the following elementary reactions:  

θCO = 0.25 ML 
CO(ads)  C(ads) + O(ads)                 (3A.3.3.1) 
θCO = 0.5 ML  
2CO(ads)  C(ads) + O(ads) + CO(ads)                (3A.3.3.2) 
C(ads) + O(ads) + CO(ads)  2C(ads) + 2O(ads)              (3A.3.3.3) 

The reaction energy of dissociation of CO at 0.25 ML coverage is -1.71 eV 
(3A.3.3.1), including diffusion of oxygen; consequently, dissociation of CO at low CO 
surface concentrations is an activated process. Increasing the CO surface coverage to 
0.5 ML results only in an energy gain of -0.59 eV ((3A.3.3.2)+(3A.3.3.3)), nevertheless, 
a favored process.  

Calculations of C and O coadsorption were performed on a Mo(100)–p(2 × 2) 
slab model as the dissociated end-state of CO at 0.25 ML. Three configurations were 
considered; (1) cis, (2) trans, and (3) short-trans (Figure 3A.2). The relative energies for 
these three situations with respect to carbon monoxide tilted at the fourfold hollow 
position are -0.83, -1.71, and -1.37 eV for cis, trans, and short-trans, respectively. The 
M–C stretching frequencies are 536, 558, and 544 cm-1 for cis, trans, and short-trans 
configuration, respectively, whereas the M–O stretching frequencies are 410, 440, and 
515 cm-1.  

The transition-state structure consists of the carbon atom at a fourfold hollow 
site and the oxygen atom close to a bridge site (Figure 3A.2) as was also reported for 
CO on Fe(100) by Bromfield et al. [3]. The activation energy for CO dissociation on 
Mo(100) at 0.25 ML is 0.56 eV (54 kJ mol-1), indicating that dissociation takes place at 
ca. 224 K [59], which is in good agreement with Zaera et al. who reported a dissociation 
temperature of CO on Mo(100) of 230 K [38]. On the other hand, the activation energy 
of recombination is 1.39 eV (134 kJ mol-1), thus, much smaller than the apparent 
activation energy found by Zaera et al. (389 kJ mol-1), hence, β desorption features do 
not correlate with the activation energy of recombination of atomic carbon and atomic 
oxygen. This would imply that the desorption peak at 1250 K is not due to 
recombination of C and O, but originates from molecular desorption of CO. Including 
zero-point-energy corrections changes the activation energy of CO dissociation and 
recombination slightly to 0.53 eV (51 kJ mol-1) and 1.38 eV (133 kJ mol-1). 

The activation energy for CO dissociation was also calculated on Mo(100) at 0.5 
ML coverage. For this purpose, a Mo(100)–p(2 × 2) slab model was used containing 
two CO molecules adsorbed in a tilted fourfold hollow geometry, which gives rise to a 
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CO–c(2 × 2) overlayer structure (Figure 3A.3). The adsorption energy of the second CO 
molecule is -2.69 eV, which is slightly higher than the adsorption energy calculated 
using a Mo(100)–c(2 × 2) unit cell (-2.63 eV; see Table 3A.1), thus showing a slight 
stabilization. This behavior is the opposite of that for iron. Dissociating the first half CO 
molecules yields a surface with C and O coadsorbed in a cis configuration, in which the 
second half CO molecules is positioned trans with respect to the carbon atom (Figure 
3A.3). The activation energy of dissociation of the first half CO molecules is 0.45 eV 
(43 kJ mol-1), which is 0.1 eV smaller than CO at 0.25 ML surface coverage and in line 
with the previous discussion; the longer the C–O  bond, the smaller the activation 
energy of dissociation. Dissociation of CO at 0.25 ML leads to an exothermic reaction 
yielding 0.83 eV in energy, without diffusion, whereas dissociation of the first CO 
molecule at 0.5 ML (reaction (3A.3.3.2)) results in an exothermic reaction producing 
only 0.35 eV energy gain. Moreover, recombination energy is decreased by 0.59 eV to 
0.8 eV (77 kJ mol-1) compared to 0.25 ML, which is again in disagreement with  
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Figure 3A.2 Energy diagram of dissociation of 0.25 ML CO on Mo(100) using a p(2 × 2) unit cell. The 
numbers inserted represent the activation energies of the elemental steps. Energies are without ZPE 
correction. 
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apparent activation energies reported by Zaera et al. (264 and 293 kJ mol-1). Zero-point-
energy corrections negligibly lower the activation energy of dissociation to 0.44 eV and 
of recombination to 0.79 eV. Dissociating the second half CO molecules on the surface 
gives rise to a completely covered surface (1 ML) of coadsorbed C and O atoms, in 
which one carbon atom is adsorbed at the fourfold hollow position, whereas the other is 
positioned in a threefold coordinated manner (Figure 3A.3). One of the oxygen atoms is 
also adsorbed at a threefold hollow site, and the other is located at the bridge site. The 
activation energy to dissociate the second half CO molecules (reaction (3A.3.3.3)) is 
slightly higher than the activation energy needed to dissociate the first half (0.52 eV, as 
compared to 0.45 eV) and the recombination energy is slightly lower (0.76 eV, instead 
of 0.80 eV). Dissociation of the remaining CO molecules results in an additional gain of 
0.24 eV of energy. Thus, the overall CO dissociation reaction energy at 0.5 ML CO 
coverage is -0.59 eV, which is again an activated process.   

We conclude that increasing CO coverage leads to easier CO dissociation on the 

Figure 3A.3 Energy diagram of dissociation of 0.5 ML CO on Mo(100) using a p(2 × 2) unit cell. The 
numbers inserted represent the activation energies of the elemental steps. Energies are without ZPE 
correction. 
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molybdenum surface, although the energy gain or exothermicity and hence the driving 
force for dissociation is much lower. This result is also striking for it seems to go 
against the Brønsted-Evans-Polanyi relationship that states that the larger the 
exothermicity, the lower the activation barrier of the reaction, and goes also against the 
universality principle in heterogeneous catalysis as formulated by Nørskov et al. [68].  
Furthermore, it is interesting to note that after the first half CO molecules has 
dissociated the adsorption energy of the remaining CO molecules is decreased to -2.26 
eV; 0.48 eV lower than the adsorption energy of the second half CO molecules at 0.5 
ML and 0.38 eV lower than the adsorption of CO at 0.25 ML. After dissociation of the 
first half CO molecules, the adsorption energy of the second half corresponds to a 
desorption temperature of 904 K, which is close to the value of the β2 desorption peak 
(940 K) observed by Zaera et al. [38]. As a result, both the β2 and the β3 peaks found 
experimentally seem to be more properly labeled as α (molecular) desorption peaks. In 
conclusion, our calculations indicate that all five desorption states observed 
experimentally are molecular desorption states. 
 

3A.4 Concluding Remarks 
CO adsorbs molecularly on Mo(100) at fourfold hollow sites with the CO bond axis 
tilted away from the surface normal by 57˚ at CO coverage of 0.25 ML. The adsorption 
energy of the CO molecule is -2.64 eV and the C–O stretching frequency 1062 cm-1. 
Decreasing CO coverage to 0.11 ML, results in a significant increase in the adsorption 
energy to -2.93 eV. The activation energy of dissociation of CO molecules at 0.25 ML 
is as low as 0.56 eV and the energy gain -0.83 eV, without oxygen diffusion, or -1.71 
eV, including oxygen diffusion; thus, dissociation of CO at low coverages is a favorable 
process that takes place at temperatures as low as 224 K. Furthermore, our calculations 
show that the energy required for recombination is only 1.39 eV, which is considerably 
smaller than the apparent activation energy of recombination reported experimentally. 
At high coverages (0.50 ML), CO still adsorbs tilted at fourfold hollow sites with an 
adsorption energy very similar to that at 0.25 ML and exhibits a CO stretching 
frequency of 958 cm-1, which is surprisingly smaller than that at 0.25 ML. Dissociation 
of half of the CO molecules leads to a configuration in which the remaining CO 
molecules have an adsorption energy of -2.26 eV. The activation energy of CO 
dissociation at 0.50 ML is 0.45 eV, slightly smaller than that at lower coverages, and the 
activation energy of recombination is 0.80 eV. Moreover, the reaction energy of the 
dissociation of half of the CO molecules at 0.50 ML is only 0.35 eV. Further 
dissociation leads to a 1 ML atomic configuration on the surface, with a total reaction 
energy of 0.59 eV with respect to the initial molecular state. In such 1 ML atomic 
configuration, some atoms adsorb at fourfold hollow sites, others at threefold-like 
hollow sites, and others at bridge sites in order to minimize repulsion. 
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Our calculations demonstrate that the activation energy of recombination is 
much smaller than the adsorption energy of tilted CO at various coverages, and, 
therefore, TPD analysis of the high-temperature β desorption peaks observed 
experimentally does not yield the apparent activation energy of recombination, but the 
activation energy of desorption. Accordingly, the β desorption peaks reported 
experimentally should be labeled as α peaks, for α stands for molecular desorption 
features and β for recombination ones. 

In addition, our calculations also show that the C–O stretch shifts from 1062  
cm-1 to 958 cm-1 when increasing CO surface coverage from 0.25 to 0.50 ML. This 
result is clearly against the general trend that CO stretching frequency shifts to higher 
frequency as CO coverage increases, for strongly adsorbed CO. Two factors contribute 
the most to the shift to higher frequencies: (1) dipole–dipole coupling and (2) chemical 
effect. Dipole–dipole coupling always shifts the CO stretch to higher frequencies. We 
can conclude that we observe a negative chemical shift; chemical effect is based on the 
interpretation of the extended Blyholder model from which we can derive that the 
chemical shift is a result of a balance between Pauli repulsion, that shift the C–O 
stretching frequency to higher frequencies, and the π-back-donation and σ-donation that 
shift the C–O stretching frequency to lower frequencies. In Chapter 4 this phenomenon 
is investigated into more detail and a possible explanation (surface reconstruction) for 
the remarkable shift is presented. 

Finally, it is also remarkable that both the activation energy and the reaction 
energy of CO dissociation decrease when CO coverage increases from 0.25 to 0.50 ML. 
This result is against the Brønsted-Evans-Polanyi (BEP) relationship that states that the 
larger the exothermicity of the reaction, the lower the activation energy, and it is also an 
exception to universality principle in heterogeneous catalysis stated by Nørskov and co-
workers based on the BEP relationship. However, this principle was formulated for 
dissociating molecules at a single coverage on a variety of surfaces. In our case, we vary 
the coverage, and hence the chemical environment of the dissociating molecule, and 
keep the substrate the same. Further work is needed to investigate the validity of the 
BEP selection for such situations.  
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3B 
Adsorption, Desorption, and Dissociation of CO 

on Tungsten(100) 
 

Abstract 
DFT calculations have been performed to investigate the adsorption of CO on W(100) 
for several adsorption sites at four different surface coverages. Dissociation of CO on 
W(100) has been explored for two surface concentrations: 0.25 and 0.5 ML. To 
establish whether the calculated structures are stable adsorption states or transition-
states, a complete analysis of the vibrational frequencies of CO was carried out. For 
coverages up to 0.5 ML, the CO adsorbs molecularly on the W(100) surface at fourfold 
hollow sites with the molecular axis tilted away from the surface normal by 58˚ with an 
adsorption energy of -3.00 eV. The calculated C–O stretching frequency at 0.25 ML CO 
coverage is 926 cm-1, in good agreement with experiments. Increasing CO coverage to 
0.5 ML leads to a lower C–O stretching frequency of 847 cm-1, which is extraordinary, 
since it is not expected from previous experimental observations. CO is able to 
dissociate very easily with activation energies of only 0.25-0.31 eV, which results in an 
energy gain of 1.72 and 0.69 eV at 0.25 and 0.5 ML, after dissociation, respectively. In 
addition, calculations reveal that reported β-CO desorption peaks in literature are due 
to molecular desorption of tilted CO at the fourfold hollow sites and are not limited by 
C + O recombination, as was concluded experimentally. 
 
 
 
 
 
 
This chapter is published as F.J.E. Scheijen, J.W. (Hans) Niemantsverdriet, and D. 
Curulla Ferré, J. Phys. Chem. C 112 (2008) 7436 
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3B.1 Introduction 
Adsorption of CO on W(100) was studied in the late 1960s and 1970s using a large 
variety of surface science techniques, such as temperature programmed desorption 
(TPD), Auger electron spectroscopy (AES), ultraviolet photoemission spectroscopy 
(UPS), and electron energy loss spectroscopy (EELS). The studies mainly concentrated 
on the determination of whether CO adsorbed molecularly or dissociatively [1-6]. TPD 
experiments showed two distinct sets of desorption features; α peaks related to 
molecularly adsorbed CO at 260 (α1) and 360 K (α2), and β peaks at 930 (β1), 1070 
(β2), and 1375 K (β3) were assigned to dissociated CO [5]. Adsorption of CO at 80 K 
leads to simultaneous formation of both molecular and dissociated CO [5,7], which 
reaches a saturation coverage of 1.15 1015 molecules cm-2, equivalent to 1.15 monolayer 
(ML). During heating, 0.65 ML of the CO molecules desorbs below 450 K as CO(α) 
states, whereas 0.5 ML dissociates into CO(β) states. The full β-layer shows a p(1 × 1) 
LEED pattern, while the CO(β3) overlayer displays a c(2 × 2) LEED pattern [8]. Thus, 
the full β-layer corresponds to approximately 0.5 ML of CO and the β3 to ca. 0.25 ML. 
The total amount of CO desorbed from the β1- and β2-layer is about 0.125 ML for both 
layers [5]. Further, at low CO coverages EELS experiments showed two distinct losses 
at 544 and 624 cm-1, attributed to the carbon and oxygen atoms, respectively, both 
adsorbed in a fourfold hollow position. Increasing the CO coverage leads to two 
additional losses at 360 and 2064 cm-1, that correspond to M–CO and C–O vibrations of 
carbon monoxide adsorbed molecularly in upright positions, respectively [4]. Adnot and 
Carette found an additional peak at 920 cm-1 with a low intensity that disappeared after 
heating towards 500 K. They assigned this peak to a new α-state, namely, α3, and 
associated this α3 to bond to two or more tungsten atoms [1].  

Only three theoretical papers could be found for CO adsorption and dissociation 
on tungsten surfaces. In the early 1970s, Lee and Rabalais [9] calculated the adsorption 
of CO on W(100) using the extended Hückel molecular orbital (EHMO) theory, 
whereas two groups studied the adsorption of CO on W(111); Ryu et al. [10] did 
cluster-model atom superposition and electron delocalization molecular orbital (ASED-
MO) calculations, whereas Chen et al. [11] did DFT slab model calculations. According 
to Lee and Rabalais, the most stable form of CO on W(100) is dissociatively adsorbed 
CO, with carbon in the fourfold adsorption site and oxygen in either two- or fourfold 
position. Both Chen et al. and Ryu et al. came to the conclusion that CO on W(111) is 
adsorbed preferentially in the inclined configuration, with CO adsorbed between two W 
atoms of the first surface layer. Since cluster models are suitable to study local 
properties such as adsorption geometries and adsorbate vibrational frequencies, but not 
to study adsorption energies because these are strongly dependant on the cluster model 
used and also on the reference electronic state (bond-preparation method by Siegbahn 
and co-workers) [12], we report only the adsorption energies found by Chen et al. For 
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the inclined adsorption configuration, they find an adsorption energy of -1.79 eV and a 
CO stretch of 1318    cm-1. For the α-state, the calculated adsorption energy of CO at 
onefold and threefold shallow sites was -1.37 eV with C–O stretching frequencies of 
1920 and 1722 cm-1, respectively [11]. The activation energy of CO dissociation was 
calculated for CO in the inclined configuration to be 0.82 eV and the recombination 
energy of CO 1.44 eV.  

In this Chapter, we present the results of our study of CO adsorption and 
dissociation on W(100) using density functional theory and report an even smaller 
activation energy of dissociation than Chen et al. on W(111), with barriers as low as 
0.31 eV for tilted CO on W(100), which is the smallest activation energy ever reported 
for CO dissociation. 
 

3B.2 Computational Details 
The computational details can be found in Chapter 3A. Specific details concerning the 
tungsten metal are provided below.  

Tungsten exhibits a body centered cubic (bcc) structure. The relative positions 
of the metal atoms have been fixed initially as those in the bulk, with an optimized 
lattice parameter of 3.175 Å (the experimental value is 3.165 Å) [13]. Unlike bulk 
tungsten, which has no magnetic moment, tungsten slabs exhibited small magnetic 
moments; 0.10 μB/atom for W(100)–c(2 × 2) and 0.13 μB/atom for W(100)–p(2 × 2). 
Tests on the influence of the spin character on the results showed that geometries were 
unaffected by such small magnetic moments and total energies were similar or slightly 
more stable. The estimated error that is committed in the calculation of adsorption 
energies and reaction energies using non-spin-polarized calculations is below 0.02 eV. 
Consequently, we report here non-spin-polarized results.  

The adsorption of CO was investigated on W(100) at four different coverages: 
(1) 0.11 ML using a p(3 × 3) unit cell, (2) 0.25 ML using a p(2 × 2) unit cell, (3) 0.5 ML 
using a c(2 × 2) unit cell, and (4) 1 ML using a p(1 × 1) unit cell. The adsorption energy 
of CO, and atomic carbon and oxygen is calculated with respect to its respective gas-
phase species. Zero-point-energy (ZPE) corrections were not applied to the energies in 
the diagrams since ZPE is relevant for X–H bonds, but hardly important for X–Y bonds, 
such as C–O. Moreover, the energy differences fall within the calculation error (0.05 
eV). Dissociation of CO on W(100) was studied at two coverages, at 0.25 and 0.5 ML, 
using a p(2 × 2) model containing one and two CO molecules, respectively. 

 

3B.3 Results and Discussion 
First, the results of CO adsorption will be presented for each coverage. Then a 
comparison is made between the calculations and experiments and the results for the 
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dissociation of CO at both 0.25 and 0.5 ML CO coverage will be shown and compared 
to literature. Lastly, the surface reactivity of the (100) surface will be compared to the 
(111) surface. 
 

3B.3.1 CO Adsorption on W(100) 

3B.3.1.1 W(100)–CO–p(2 × 2) (θ=0.25 ML)  
The adsorption of CO on W(100) at 0.25 ML was investigated for all three adsorption 
sites: top, bridge, and fourfold hollow sites, as well as in tilted configuration. 

The CO molecule adsorbs with the C–O bond perpendicular to the surface at top 
and bridge sites, whereas two adsorption geometries are observed for CO at the fourfold 
hollow site: one with the C–O bond aligned with the surface normal and the other with 
the CO inclined. The most stable configuration of CO on W(100) is carbon monoxide 
adsorbed at fourfold hollow sites with the C–O bond axis tilted away from the surface 
normal by an angle of 58˚ (see Table 3B.1). The corresponding adsorption energy of 
CO at this tilted configuration is -3.01 eV and is substantially larger than at top, bridge, 
and fourfold hollow sites with vertically oriented CO, with adsorption energies of -1.78, 
-1.57, and -1.72 eV, respectively. The C–O bond is elongated (activation of the CO 
molecule) for all adsorption geometries, with the largest increase of the C–O bond for 
CO in the fourfold hollow tilted adsorption mode (1.413 Å), with an expansion of 0.270 
Å compared to gas-phase carbon monoxide (1.143 Å). 

Calculations of the vibrational frequencies reveal that only two out of four 
adsorption geometries are local minima in the potential energy surface (PES) of 
W(100)–CO–p(2 × 2) (Table 3B.2). Bear in mind, however, that two vibrational 
frequencies of CO adsorbed at top sites are only 11 cm-1. This low value might be 
around the same order of magnitude as the error associated with its calculation; 
therefore, this adsorption geometry could either be a stable geometry or a second-order 
saddle point in the PES of W(100)–CO–p(2 × 2). Nevertheless, since the fourfold 
hollow tilted configuration is the most stable adsorption geometry, the overall picture 
will not be affected. The CO stretching frequency of CO in the most stable adsorption 
configuration is 926 cm-1 (Table 3B.2) and for CO adsorbed on-top 1886 cm-1. For CO 
adsorbed at both bridge and hollow sites, two imaginary frequencies are observed; 
consequently, both adsorption sites are second-order saddle points in the PES of 
W(100)–CO–p(2 × 2). The imaginary vibration ν1 of the CO molecule adsorbed at a 
bridge site corresponds to a rotational movement of the CO molecule, whereas normal 
mode ν2 can be ascribed to the movement of the CO molecule toward the fourfold 
hollow position. The two imaginary frequencies of CO at fourfold hollow sites (ν1 and 
ν2) can be attributed to rotation of the carbon monoxide molecule towards the most 
stable geometry, i.e., the tilted fourfold hollow configuration. 
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Including zero-point-energy (ZPE) corrections gives rise to slightly smaller 
adsorption energies for three of the four configurations, while a similar adsorption 
energy is observed for vertically adsorbed CO at fourfold hollow sites. 

 
Table 3B.1 Adsorption of CO on W(100) at θ = 0.11, 0.25, 0.5, and 1 ML. (results displayed in italics 
are not true minima in the PES) 

  ΔEads
[a] [eV] dCO

[b] [Å] ΔdCO
[c] [Å] zCO

[d] [Å] θ[e] [˚] 

θ = 0.11 ML hollow/tilted -3.57 1.399 0.256 0.767 (1.500) 58.4 

θ = 0.25 ML on-top -1.78 1.176 0.033 2.028 - 

 bridge -1.57 1.203 0.060 1.589 - 

 hollow -1.72 1.278 0.135 0.932 - 

 hollow/tilted -3.01 1.413 0.270 0.711 (1.453) 58.3 

θ = 0.5 ML on-top -1.77 1.171 0.028 2.035 - 

 bridge -1.42 1.200 0.057 1.607 - 

 hollow -1.70 1.283 0.140 0.742 - 

 hollow/tilted -3.00 1.439 0.296 0.606 (1.370) 57.9 

θ = 1 ML on-top -1.63 1.163 0.020 2.056 - 

 bridge -1.31 1.179 0.036 1.628 - 

 hollow -1.27 1.245 0.103 0.815 - 

 hollow/tilted - - - - - 

[a] ΔEads is the adsorption energy. [b] dCO is the CO bond length. [c] ΔdCO is the elongation of the CO 
bond with respect to the gas-phase CO bond length (1.143 Å). [d] zCO is the height of the CO molecule 
with respect to the surface level (the value within the brackets is the height of the oxygen atom and the 
value without brackets is the height of the carbon atom). [e] θ is the angle between the surface normal 
and the CO molecular axis. 

 

3B.3.1.2 W(100)–CO–c(2 × 2) (θ=0.5 ML) 
Results of 0.5 ML CO on W(100) are similar as for 0.25 ML CO (see Table 3B.1 and 
3B.2). Therefore, only the most stable adsorption geometry as well as the most 
important differences will be addressed.  

The most stable adsorption mode at 0.5 ML CO coverage is once more the CO 
tilted by 58˚ at fourfold hollow sites with an adsorption energy of -3.00 eV. The biggest 
difference compared to the lower surface coverage is that the expansion of the CO bond 
of the tilted structure becomes larger at higher coverages, which is a notable 
observation. Also the stretching frequencies of CO coordinated at top and tilted fourfold 
hollow positions changes towards 1935 and 847 cm-1, respectively. In other words, the 
CO stretching frequency has increased by 49 cm-1 for on-top adsorption of CO, as 
expected for perpendicular adsorbed CO, whereas the stretching frequency decreased by 
79 cm-1 for the tilted configuration, which is remarkable as it is the opposite behavior to 
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the general observed trend, yet similar to CO on Mo(100) in Chapter 3A. 
 

Table 3B.2 Adsorption of CO on W(100) at θ = 0.11 ML, θ = 0.25 ML, θ = 0.5 ML, and θ = 1 ML: 
vibrational frequencies [cm-1] and zero-point-energy corrections to the adsorption energy. (results 
displayed in italics are not true minima in the PES) 

  ν1 ν2 ν3 ν4 ν5
[a] ν6

[a] ZPE 
[eV][b] 

ΔEads 
[eV][c] 

θ = 0.11 ML hollow/tilted 298 301 403 448 454 944 0.18 -3.52 

θ = 0.25 ML on-top 11 11 387 387 387 1886 0.19 -1.72 

 bridge 55i 453i 181 243 329 1678 0.15 -1.55 

 hollow 244i 244i 255 255 232 1293 0.13 -1.73 

 hollow/tilted 273 276 335 388 465 926 0.17 -2.97 

θ = 0.5 ML on-top 65 65 402 402 379 1935 0.20 -1.70 

 bridge 61i 426i 185 207 322 1713 0.15 -1.40 

 hollow 277i 277i 180 180 322 1310 0.12 -1.71 

 hollow/tilted 260 288 352 440 452 847 0.16 -2.97 

θ = 1 ML on-top 64 64 395 395 370 2026 0.21 -1.55 

 bridge 107i 180i 177 232 272 1868 0.16 -1.29 

 hollow 138i 138i 151 151 258 1499 0.13 -1.27 

 hollow/tilted - - - - - - - - 

[a] ν5 and ν6 are the metal–CO stretching and CO stretching frequency, respectively. [b] ZPE is the 
zero-point-energy. [c] ΔEads is the adsorption energy including the zero-point-energy of the 
chemisorbed and gas-phase CO. 

 

3B.3.1.3 W(100)–CO–p(1 × 1) (θ=1 ML) 
The only stable adsorption configuration at a carbon monoxide surface coverage of 1 
ML is the top site with an adsorption energy of -1.63 eV (Table 3B.1). The C–O bond 
distance for on-top bonded CO is 1.163 Å. No stable tilted configuration could be 
obtained for the W(100)–p(1 × 1) system (such as found for the lower CO coverages) 
due to the high coverage of carbon monoxide. Investigation of the vibrational 
frequencies shows that the CO stretching frequency of on-top adsorbed CO is 2026    
cm-1. 

Including zero-point-energy corrections gives rise to a lower adsorption energy 
for CO adsorbed on-top of -1.55 eV. 
 

3B.3.1.4 Comparison of DFT Calculations with Experiments 
To compare the DFT calculations with experiments, only true minima structures are 
used. At 0.25 ML, the adsorption energy of CO at the tilted configuration on W(100) is 
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-3.01 eV. On the basis of first-order desorption kinetics and the Redhead equation, one 
may assume as a rough approximation that E/Tm is nearly constant. For tungsten this 
value is 0.0025 eV K-1. Thus, the desorption temperature (Tm) corresponds to 
approximately 1200 K. For further details regarding the relation of desorption 
temperatures to adsorption energies we refer to the article by Knor [14] and references 
therein. According to Wang and Gomer [5], the only desorption feature present at this 
surface coverage is the CO(β3) desorption peak. They appointed this broad desorption 
feature to the recombination of atomic carbon and oxygen (0.5 ML) on the surface 
occurring at temperatures of around 1350 K. This same CO(β3) desorption peak has also 
been reported by several other groups at temperatures ranging 1350-1500K [2,4,15]. 
Because of the large width of this peak, we also calculated the adsorption energy of 
inclined CO at fourfold hollow sites at a coverage of 0.11 ML, which resulted in an 
energy of -3.57 eV (Table 3B.1). This adsorption energy correlates to a desorption 
temperature on the order of 1400 K. The difference in desorption temperatures at these 
two coverages, i.e., 0.11 and 0.25 ML, might simply be explained by lateral interactions 
of the adsorbed species, as was observed with dynamic Monte Carlo (DMC) simulations 
by Nieskens et al. [16]. In their work, they show that species with repulsive interactions 
lead to broadening of the TPD peak, which is also seen in the case of the CO(β3) 
desorption peak on W(100) [5].  

The CO stretching frequency of tilted CO in the fourfold hollow position was 
calculated to be 926 cm-1, which is in good agreement with high resolution electron 
energy loss spectrometry (HREELS) data reported by Adnot and Carette [1], who 
observed a loss peak for CO adsorbed in the α3-state of 920 cm-1, recorded at a 
temperature of 350 K at high coverages of CO.  

Increasing the surface coverage to 0.5 ML leads to a similar adsorption energy 
for the tilted CO, but to a lowering of the CO stretching frequency of 79 cm-1 to 847  
cm-1. This result for the tilted configuration is against the observed general trend that  
C–O stretching frequency increases with increasing CO coverage [17-21]. A similar 
shift to lower frequencies was previously calculated for CO on Mo(100) [22]. Two 
effects account for a shift to higher frequencies: (1) dipole–dipole coupling and (2) a 
chemical effect. According to the Blyholder model [23], which establishes that the bond 
of the CO molecule to a metal surface is the result of electron donation from the CO 5σ 
to surface empty levels and back-donation from the surface to the CO 2π* antibonding 
orbitals, increasing CO coverage results in a lower back-donation to the CO 2π* orbitals 
with the consequent shift to higher frequencies. However, several authors [24-27] 
demonstrated that, in addition to σ-donation and π-back-donation, Pauli repulsion plays 
a major role in the CO stretching frequency of chemisorbed CO. The balance between 
Pauli repulsion, σ-donation, and π-back-donation results in a shift to higher frequencies 
(positive chemical effect) or to lower frequencies (negative chemical effect). Thus, the 
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shift to lower frequencies calculated for CO on W(100) as well as for Mo(100) [22] 
could be explained by assuming that, in these two surfaces, increasing the CO coverage 
results in a negative chemical effect. As mentioned in Chapter 3A, a more elaborate 
explanation for the shift to lower frequencies is presented in Chapter 4, in which the 
reconstruction of the surface is discussed as the possible reason for the unusual 
behavior. 

Increasing the CO surface coverage even further to 1 ML leads to adsorption of 
CO at the top sites with an adsorption energy of -1.63 eV, which corresponds to a 
desorption temperature of ca. 650 K using the 0.0025 eV K-1 factor discussed at the 
beginning of this section [14]. This temperature is significantly higher than that reported 
by several groups for CO(α2), which lies between 360 and 450 K [2,4-6,28,29]. This 
discrepancy contrasts with the excellent agreement obtained above for CO(β). The 
origin of this discrepancy might be that the 0.0025 eV K-1 conversion factor cannot be 
applied indistinctly to both CO adsorption states. We have performed some simple 
kinetic simulations using numerical integration of the adsorption–desorption kinetic 
equations using both a tight and loose transition-state for CO desorption. An activation 
energy of 1.55 eV, which is the adsorption energy of CO at top sites at 1 ML including 
ZPE, results in a desorption temperature of 590 K when using a tight transition-state and 
a temperature ramp of 10 K/s, while it results in a desorption temperature of 490 K 
using a loose transition-state and the same temperature ramp. Similarly, an activation 
energy of -2.97 eV, which is the adsorption energy of CO tilted at hollow sites at 0.25 
ML including ZPE, results in a desorption temperature of 880 and 1090 K using a loose 
and tight transition-state, respectively. Therefore, our calculations seem to indicate that, 
while desorption of CO(β) molecules goes via a tight transition-state, desorption of 
CO(α2) molecules likely goes via a loose transition-state. Moreover, these results also 
seem to indicate that the 0.0025 eV/K factor reported by Knor [14] works well for 
desorption via a tight transition-state.  

The calculated CO stretching frequency for CO adsorbed on-top is 2026 cm-1, 
which correlates nicely with literature (2048 and 2063 cm-1) [1,4]. 

 

3B.3.2 Dissociation of CO on W(100) at 0.25 and 0.5 ML 
Adsorption of atomic carbon and oxygen on W(100) at coverages of 0.25 and 0.5 ML 
has been calculated (Table 3B.3). The adsorption energy of carbon at the most stable 
sites (fourfold hollow) is -9.18 and -9.19 eV at 0.25 and 0.5 ML surface coverage, 
respectively. Conversely, oxygen is most stable at bridge sites with adsorption energies 
of -7.14 and -7.04 eV at 0.25 and 0.5 ML oxygen coverage, respectively. Adsorption 
energies are higher for carbon than for oxygen; thus, carbon is more strongly bound to 
the W(100) surface than oxygen. Analyzing the vibrational frequencies of the calculated 
structures reveals that fourfold hollow sites are the only stable adsorption locations of 
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Table 3B.3 Adsorption of C and O on W(100) at θ = 0.25 and θ = 0.5 ML. (results displayed  in italics 
are not true minima in the PES) 

 ΔEads
[a] [eV] ΔErel

[b] [eV] zc
[c] [Å] ΔEads

[a] [eV] ΔErel
[b] [eV] zo

[c] [Å] 

 C at 0.25 ML O at 0.25 ML 

on-top -4.87 4.31 1.816 -6.67 0.47 1.746 

bridge -6.55 2.63 0.973 -7.14 0 1.377 

hollow -9.18 0 0.594 -6.31 0.83 0.623 

 C at 0.5 ML O at 0.5 ML 

on-top -4.56 4.63 1.821 -6.87 0.17 1.737 

bridge -6.30 2.89 0.968 -7.04 0 1.321 

hollow -9.19 0 0.488 -5.75 1.29 0.591 

[a] ΔEads is the adsorption energy. [b] ΔErel is the relative adsorption energy with respect to the fourfold 
hollow site and bridge site for carbon and oxygen, respectively. [c] zc and zo are the height of the 
carbon and oxygen atom with respect to the surface level. 

Table 3B.4 Adsorption of C and O on W(100) at θ = 0.25 and θ = 0.5 ML: vibrational frequencies   
[cm-1], zero-point-energy corrections to the adsorption energy and to the relative adsorption energy. 
(results displayed in italics are not true minima in the PES) 

 νx νy νz
[a] ZPE [eV][b] ΔEads [eV][c] ΔErel [eV][d] 

 C at 0.25 ML 

on-top 77i 77i 822 0.05 -4.82 4.26 

bridge 699 238i 453 0.07 -6.48 2.60 

hollow 492 492 572 0.10 -9.08 0 

 C at 0.5 ML 

on-top 138i 138i 809 0.05 -4.51 4.60 

bridge 704 324i 437 0.07 -6.23 2.88 

hollow 331 331 578 0.08 -9.11 0 

 O at 0.25 ML 

on-top 91 91 865 0.05 -6.62 0.48 

bridge 332 210 600 0.04 -7.1 0 

hollow 44i 45i 426 0.02 -6.29 0.81 

 O at 0.5 ML 

on-top 93 93 893 0.07 -6.8 0.17 

bridge 338 216 585 0.07 -6.97 0 

hollow 12 8 312 0.02 -5.73 1.24 

[a] νz is the metal–C / metal–O stretching frequency. [b] ZPE is the zero-point-energy. [c] ΔEads is the 
adsorption energy including ZPE. [d] ΔErel is the relative adsorption energy including ZPE. 
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carbon at both coverages, whereas oxygen is stable at both top and bridge sites at 0.25 
ML and all adsorption sites at 0.5 ML (Table 3B.4). However, as mentioned before, the 
low values of ν1 and ν2 of the hollow site at 0.5 ML oxygen coverage are possibly prone 
to be of the same order of error associated with its calculation; therefore, this adsorption 
configuration is either a stable geometry or a saddle point in the potential energy surface 
of W(100)–O–c(2 × 2). Nevertheless, the overall discussion would not change, because 
the bridge configuration is the most stable adsorption geometry of adsorbed oxygen. 

The metal–carbon (M–C) stretch is 572 and 578 cm-1, while the M–O stretch is 
600 and 585 cm-1 for 0.25 and 0.5 ML surface coverage, respectively. Experimentally 
obtained metal–carbon stretches appear around 552 cm-1 and M–O stretches at 600 cm-1  
[1,30]. 

The activation energy of dissociation of CO on W(100) at 0.25 ML CO coverage 
was calculated using the following reaction: 

θCO = 0.25 ML  
CO(ads)  C(ads) + O(ads)                 (3B.3.2.1) 

The dissociation of carbon monoxide at 0.25 ML CO coverage is an exothermic 
process with a reaction energy of -1.72 eV (reaction 3B.3.2.1), which includes diffusion 
of the oxygen atom; see Figure 3B.1. 
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Figure 3B.1 Energy diagram of dissociation of 0.25 ML CO on W(100) using a p(2 × 2) unit cell. The 
numbers inserted represent the activation energies of the elemental steps. Energies are without ZPE 
correction. 
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The dissociated end-state of CO at 0.25 ML was calculated using a         
W(100)–p(2 × 2) slab model with carbon and oxygen coadsorbed. Three configurations 
were investigated: (1) cis, (2) short-trans, and (3) trans, in which only the first two are 
implemented in Figure 3B.1, because the trans configuration is not a local minimum, 
but a second-order saddle point.  

The relative energy of the cis and short-trans configurations with respect to CO 
tilted at the fourfold hollow site are -0.54 and -1.72 eV, respectively. The corresponding 
metal–carbon stretching frequencies are 543 and 559 cm-1, while the M–O stretches are 
381 and 540 cm-1 for cis and short-trans positions, respectively. 

CO dissociates easily on W(100) at 0.25 ML surface coverage with an activation 
energy of only 0.31 eV, or a dissociation temperature of approximately 120 K [14]. The 
activation energy of recombination is 0.85 eV (82 kJ mol-1) for the elementary step, 
whereas the apparent activation energy of recombination is 2.03 eV (196 kJ mol-1). 
Applying ZPE corrections leads to no significant changes in the energy. 

Looking closer at the transition-state structure of the CO dissociation reaction 
reveals that carbon is situated at the fourfold hollow site and the oxygen atom close to a 
bridge site as was also reported previously [22,31]. 

We were unable to locate a transition-state for the diffusion of oxygen from the 
fourfold hollow position toward the bridge site. Nevertheless, we have estimated an 
upper limit of 0.05 eV for this activation energy (Figure 3B.2). Figure 3B.2 is a 
representation of the potential energy surface along the direction connecting the O at 
fourfold hollow sites in the cis configuration and the O at the bridge sites in the 

 
 

Figure 3B.2 Potential energy plot along the direction of the diffusion of oxygen connecting the cis and 
short-trans configuration; the crossing point can be used as an estimate of the upper-limit of the 
activation energy of diffusion of oxygen from hollow in the cis configuration to bridge in short-trans 
configuration. The zero energy level is set to the total energy of the cis configuration. 
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short-trans configuration. The potential energy well for each adsorption configuration 
has been calculated using the harmonic vibrational frequency corresponding to the 
vibration of the oxygen atom along the same direction for each configuration (60 cm-1 
and 222 cm-1 for cis and short-trans, respectively). The zero level is set to the total 
energy of the cis configuration. The crossing point between the cis and short-trans 
curves can be thus used to obtain an estimation of the upper-limit for the activation 
energy of the diffusion of the oxygen atom. This upper limit is 0.05 eV. The true 
activation energy though is probably lower than that and about 0.01-0.03 eV in order to 
have a continuous and smooth change from one energy well to the other. This activation 
energy is of the same order of magnitude of our accuracy in the calculation, and, 
therefore, this is most likely why we have not been able to find the corresponding 
transition-state structure. 

To assess the influence of increased surface coverage, CO dissociation has also 
been calculated for 0.5 ML CO by using the following reactions:  

θCO = 0.5 ML 
2CO(ads)  C(ads) + O(ads) + CO(ads)                (3B.3.2.2) 
C(ads) + O(ads) + CO(ads)  2C(ads) + 2O(ads)              (3B.3.2.3) 

These reactions were modeled through the use of a W(100)–p(2 × 2) slab model 
that contains two carbon monoxide molecules adsorbed in a tilted fourfold hollow 
position (Figure 3B.3), which leads to a CO–c(2 × 2) overlayer structure. The 
adsorption energy thus obtained is comparable to the adsorption energy calculated using 
a c(2 × 2) unit cell. The reaction energy of dissociation is -0.69 eV (reactions 3B.3.2.2 + 
3B.3.2.3) (see Figure 3B.3), which is 1 eV lower in energy compared to 0.25 ML CO 
coverage. 

After dissociation of around half of the CO molecules on the W(100) surface at 
0.5 ML coverage, carbon and oxygen atoms are coadsorbed in a cis configuration, in 
which the remaining CO is located trans with respect to the C atoms. The activation 
energy of dissociation for these initial CO molecules is 0.25 eV, 0.06 eV smaller than at 
a surface coverage of 0.25 ML CO. Dissociation of CO at 0.25 ML concentration 
resulted in an exothermic reaction of -0.54 eV (Figure 3B.1), without diffusion, while 
dissociation of ca. half the CO molecules at 0.5 ML (reaction 3B.3.2.2) is thermo 
neutral. Automatically, recombination energy is decreased to only 0.23 eV, instead of 
0.85 eV at 0.25 ML CO coverage. Dissociation of the remaining CO (reaction 
3B.3.2.3), on the other hand, is exothermic and yields an energy gain of 0.71 eV, 
leading to a surface entirely covered (1 ML) with coadsorbed carbon and oxygen atoms. 
In this dissociated end-state, the carbon atoms are three- and fourfold coordinated, 
whereas oxygen is coordinated two- (bridge) and threefold (see Figure 3B.3). Because 
the preceding result shows that half of the oxygen atoms coordinate threefold in this 
dissociated end-state, calculations were performed of oxygen atoms solely adsorbed on 
W(100) in threefold positions. However, the adsorption energy of O at these threefold 
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positions at a surface coverage of 0.25 ML is 0.68 eV higher in energy than adsorbed 
oxygen at bridge sites and 0.22 eV higher than oxygen at top sites. Hence, oxygen 
adsorbed at threefold sites is much less stable than bridged adsorbed oxygen; thus, 
threefold positions were not further investigated (and not included in the tables). 
Adsorption of oxygen at threefold positions for the dissociated end-state, therefore, 
might be explained by interactions of the other adsorbates pushing the oxygen out of the 
most stable site, i.e., bridge, to minimize the repulsion energy. The activation energy of 
dissociation of the remaining CO molecules, which are coadsorbed next to carbon and 
oxygen atoms, is similar to that of the initial CO molecules, while the recombination 
energy increases drastically to 0.98 eV as compared to 0.23 eV. Thus, dissociation at 
0.5 ML CO coverage is complete, because if almost half of the CO molecules have the 
energy to dissociate, the remaining CO would also be able to do so, as the activation 
energy of dissociation is similar for both CO molecules coadsorbed next to atomic and 

Figure 3B.3 Energy diagram of dissociation of 0.5 ML CO on W(100) using a p(2x2) unit cell. The 
numbers inserted represent the activation energies of the elemental steps. Energies are without ZPE 
correction. 
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molecular species. The resulting overall reaction energy would be exothermic by -0.69 
eV. Including zero-point-energy corrections changes the energy of activation of CO 
dissociation and CO recombination insignificantly. 

Moreover, it is worth mentioning that once a substantial fraction of CO has 
dissociated the adsorption energy of the remaining CO molecules decreases to -2.46 eV. 
This is around 0.55 eV lower for both the adsorption of CO molecules after pre-
adsorption of 0.25 ML CO and the adsorption energy of CO at a surface coverage of 
0.25 ML, and corresponds to a desorption temperature of around 980 K [14]. 

 

3B.3.2.1 Comparison of CO Dissociation Calculations with Experiments 
The calculated activation energy of CO dissociation on W(100) at a surface coverage of 
0.25 ML is 0.31 eV, which corresponds to a temperature of around 120 K. This agrees 
quite nicely with experimental CO dissociation temperatures reported to be as low as 80 
K [5,7]. On the other hand, the calculated apparent recombination energy is much 
smaller (196 kJ mol-1) than the values given in literature (347 kJ mol-1) [5]. Thus, β-CO 
desorption features assigned to recombination desorption in literature do not correlate 
with the activation energy of recombination of atomic carbon and oxygen as we 
calculate them. This would indicate that the desorption peak CO(β3) at 1350-1500 K is 
related to molecular desorption of CO, rather than recombination of atomic carbon and 
oxygen.  

Increasing the concentration of carbon monoxide on the surface to 0.5 ML 
results in a slightly lower barrier for CO dissociation (0.25 eV; 100 K), although the 
energy gain, hence, the driving force for dissociation, is much lower. We found a 
similar situation in Chapter 3A for CO on Mo(100). This result is remarkable, as it goes 
against the Brønsted-Evans-Polanyi relation (the larger the exothermicity, the lower the 
activation barrier for the reaction) as well as the universality principle in heterogeneous 
catalysis as stated by Nørskov et al. [32]. 

Last, after dissociation of the initial CO molecules at a starting CO coverage of 
0.5 ML, the adsorption energy of the remaining CO molecules decreases to -2.46 eV, 
which corresponds to a desorption temperature of around 980 K. This desorption 
temperature is close to either the CO(β1) and CO(β2) desorption peaks at 930 and 1070 
K, respectively [5]. In conclusion, our calculations show that all desorption states 
observed experimentally with TPD experiments of CO on W(100) are molecular 
desorption states and are not due to a recombination reaction of carbon and oxygen 
atoms. Thus, the interpretation is that at those temperatures CO is in equilibrium with 
the dissociated state, and that the equilibrium lies strongly on the side of the atoms. 
Desorption, however, occurs from the molecular state. 
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3B.3.3 Comparison of the (100) Surface with the (111)  
Comparing our results for CO on the W(100) surface with those calculated by Chen et 
al. for CO on W(111) [11] leads to significant differences in surface reactivity between 
the two. The adsorption energy of CO on W(111) is -1.79 eV, whereas it is -3.01 eV on 
W(100). Next to this, carbon monoxide is bound in a tilted bridge-like position on 
W(111) with the oxygen atom pointing towards a top site with a CO stretching 
frequency of 1318 cm-1, while CO is bound in a tilted fourfold hollow configuration on 
W(100) with the oxygen directed toward the bridge site with a CO stretch of 926 cm-1. 
The activation energy of dissociation of CO is 0.82 and 0.31 eV, while the reaction 
energy of dissociation is -0.63 and -0.54 eV (without diffusion) for W(111) and 
W(100), respectively.  

According to these results, CO adsorbs more strongly and dissociates a lot more 
rapidly on the (100) surface than on the (111), whereas the reaction energy is higher for 
the (111) surface, which might be explained by the fact that the dissociated end-state 
used by Chen and co-workers for the (111) surface is the optimized end-configuration 
for the coadsorption of C and O. In our case, the dissociated end-state for the (100) 
surface (without diffusion) is the so-called cis configuration (Figure 3B.1), which is not 
the most stable end-state. The most stable end-configuration for the coadsorption of C 
and O on the (100) surface is obtained after diffusion of oxygen to the bridge site (short-
trans configuration in Figure 3B.1). When diffusion of oxygen is included, the reaction 
energy of dissociation of carbon monoxide on W(100) is -1.72 eV, which is a lot more 
exothermic than on the (111) surface. 

To conclude, although the W(111) is a more open surface than the W(100) 
surface, and, hence, would be the most reactive as a general rule of thumb, calculations 
obviously show that not the W(111), but the W(100) surface is the most reactive of the 
two surfaces with respect to CO adsorption and dissociation. 

 

3B.4 Concluding Remarks 
Carbon monoxide on W(100) adsorbs preferentially in a tilted geometry with the carbon 
atom in a fourfold hollow site and the oxygen in a bridge-bonded mode (adsorption 
energy -3.0 eV). At higher coverages (above 0.5 monolayer) CO starts to occupy on-top 
sites as well, and at a full monolayer, all CO is in this linearly bound form (adsorption 
energy -1.63 eV).  

Tilted CO is a precursor for dissociation as soon as the temperature allows. With 
an activation energy of 0.25-0.30 eV, and an exothermicity of -1.72 eV –when the 
dissociated atoms have moved away from each other to relieve repulsion between them– 
is a facile process.  

Lateral interactions have a profound influence. CO adsorbed in the vicinity of 
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the dissociation products (i.e., a C and an O atom as nearest neighbors) is destabilized 
from -3.0 eV to -2.46 eV. Nevertheless, the activation energy of CO dissociation is 
hardly changed by the presence of adjacent atoms, although the exothermicity decreases 
significantly due to atom–atom repulsion on neighbor sites. Hence, the behavior does 
not follow the Brønsted-Evans-Polanyi relationship. However, this principle was shown 
to hold for dissociating molecules on different surfaces, but at a fixed coverage. In the 
present case, we compare situations at different coverage, where the chemical 
environment is different. Here the BEP relation does not necessarily have to be valid. 
This is a point for further investigation. 

Vibrations have been calculated for all geometries, to assess whether they 
correspond to true stable states or to transition-states. The CO stretching frequencies of 
the stable adsorption configurations are close to experimentally measured values. For 
tilted CO, the C–O stretching frequency decreases with increasing coverage, which is 
contrary to what is usually observed for CO in perpendicular modes and will be 
explained into more detail in Chapter 4.  

The calculated energies of CO adsorption generally agree reasonably with the 
experimental values, with one important exception. High-temperature thermal 
desorption peaks (indicated as β-CO desorption peaks) have been assigned to 
recombinative desorption of C and O atoms. However, the calculated activation energy 
of recombination of carbon monoxide is much smaller than the desorption energy of 
tilted CO at a variety of coverages. Hence, at temperatures where recombination 
becomes feasible, the resulting molecular CO would still be adsorbed. Our 
interpretation is thus that at high temperatures molecularly and dissociatively adsorbed 
CO are in equilibrium, which lies strongly to the side of the atoms. Desorption, 
however, occurs from the molecular state. Hence, β-CO desorption peaks reported 
experimentally should be labeled as α-CO desorption peaks, as α stands for molecular 
desorption and β for recombination.  

The (100) surface of tungsten is more reactive towards CO adsorption and 
dissociation than the (111) surface, which is against the general rule of thumb; the more 
open the surface, the more reactive.  
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4 
Adsorption and Dissociation of CO on Body 

Centered Cubic Transition Metals and Alloys: 
Effect of Coverage and Scaling Relations 

 

Abstract 
The adsorption and dissociation of CO have been calculated on the (100) surfaces of 
the bcc transition-metals Fe, Mo, Cr, and W and the alloys Fe3Mo and Fe3Cr using 
DFT for two CO coverages: 0.25 and 0.5 ML. A complete analysis of the vibrational 
frequencies was performed to check whether the calculated structures are stable 
geometries or transition-state structures. For coverages up to 0.25 ML, carbon 
monoxide adsorbs molecularly onto all four metals at fourfold hollow sites with tilting 
angles with respect to the surface normal of 47°, 57°, 57°, and 58° and adsorption 
energies of -1.53, -2.64, -3.03, and -3.01 eV for Fe, Mo, Cr, and W, respectively. The 
calculated CO stretching frequencies at this coverage are 1211, 1062, 1037, and 926 
cm-1. At higher coverages, CO adsorption does not exhibit significant changes in both 
adsorption energy and tilting angle on all four metals, but leads to blue-shifts of the CO 
frequency for Fe and Cr and red-shifts for Mo and W. Furthermore, scaling relations 
apply to a bent CO species at a surface coverage of 0.25 ML of CO on all four 
transition metals as well as the metal alloys Fe3Mo and Fe3Cr, in the sense that the heat 
of adsorption of CO and the activation energy of CO dissociation scale linearly with the 
heat of adsorption of carbon as well as both dissociation products. 

 
 
 
This chapter is published as F.J.E. Scheijen, D. Curulla Ferré, and J.W. (Hans) 
Niemantsverdriet, J. Phys. Chem. C 113 (2009) 11041 
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4.1 Introduction 
The recently growing interest in using Fischer-Tropsch synthesis for the conversion of 
synthesis gas (CO and H2) derived from natural gas, coal, or biomass into synthetic 
fuels and chemicals [1] has stimulated fundamental work on the adsorption and 
dissociation of CO on a range of metals. Whereas cobalt catalysts are used to produce 
mainly diesel fuel, iron catalysts produce a broader product spectrum, which contains 
olefins, paraffins, and oxygenated products. To optimize iron-based Fischer-Tropsch 
catalysts, the use of other body centered cubic (bcc) metals as promoters has recently 
attracted attention [2-5]. Metals such as chromium [6], molybdenum [7-10], and 
tungsten [11-14], possess a high activity for the dissociation of CO and bind carbon 
atoms more strongly than iron does, which may provide a way to alter the Fischer-
Tropsch product spectrum.  
 Ab-initio quantum chemical calculations on adsorption and reactions of 
molecules on metal and alloy surfaces have become a generally accepted ingredient of 
heterogeneous catalysis [15-25]. On the basis of such calculations, Nørskov and co-
workers introduced novel concepts, such as the universality principle in heterogeneous 
catalysis and the Pareto-optimal algorithm for finding the best catalyst for a reaction 
[26,27]. The universality principle rests on linear relations between the activation 
energy of the reaction and the adsorption energy of its respective reaction products. 
Such a linear relation was already observed for CO dissociation on 4d and 5d transition 
metals by Liu and Hu [28-30]. More recently, Nørskov and co-workers proposed a 
scaling model based on  linear relations between the adsorption energy of species, such 
as CO or CHx, and the adsorption energy of the carbon atom [31,32]. All these relations 
enable one to make estimates for adsorption energies and activation energies on the 
basis of a few calculations.  

In this Chapter, we compare the adsorption and dissociation of carbon monoxide 
on the (100) surfaces of Fe, Mo, W, and Cr metal and Fe3Mo and Fe3Cr alloys on the 
basis of density functional theory (DFT) calculations. Furthermore, distinct changes in 
CO stretching frequency in reference to coverage variations will be discussed. CO 
adsorption on the bcc (100) metal surfaces differs from that on face centered cubic (fcc) 
metals from Group VIII and Ib in that the CO binds via both ends of the molecule, with 
the C in the fourfold hollow and the O to the bridge position [33]. As a result of this, the 
molecule is no longer perpendicular to the surface. We use our results to test the validity 
of the scaling relations proposed by Nørskov and co-workers [31,32] for adsorption and 
dissociation of CO on bcc metals and alloys and find that these, indeed, apply 
reasonably well. 

4.2 Computational Details 
We have used the Vienna ab-initio simulation package (VASP) [34,35], which performs 
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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 revised form of the Perdew, Burke, and Ernzerhof 
(RPBE) exchange-correlation (XC) functional [36] proposed by Hammer et al. [37]. 
The electron-ion interactions for C, O, Mo, W, Cr, and Fe are described by the 
projector-augmented wave (PAW) method developed by Blöchl [38]. This is essentially 
an all-electron frozen core method combining the accuracy of all-electron methods and 
the computational simplicity of the pseudopotential approach [39]. Fractional 
occupancies were calculated using a first-order Methfessel-Paxton smearing function 
with a width of 0.1 eV [40]. Upon convergence, energies were extrapolated to T = 0 K. 

Molybdenum, tungsten, chromium, and iron exhibit a bcc structure. The relative 
positions of the metal atoms have been fixed initially as those in the bulk, with 
optimized lattice parameters of 3.159, 3.175, 2.868, and 2.858 Å, for Mo, W, Cr, and 
Fe, respectively (the experimental values are 3.147, 3.165, 2.910, and 2.867 Å) [41]. 
The optimized lattice parameters of the alloys Fe3Mo and Fe3Cr were 2.920 and 2.829 
Å, respectively. Optimization of the lattice parameters was achieved by calculating the 
bcc unit cell of the four metals and the two metal alloys, and their reciprocal space has 
been sampled with a (15 × 15 × 15) k-points grid generated automatically using the 
Monkhorst-Pack method [42].  

The CO molecule has been calculated using a 10 × 10 × 10 Å3 cubic unit cell, 
while for atomic carbon and atomic oxygen a 10 × 12 × 14 Å3 orthorhombic unit cell 
has been used. Non-spin-polarized calculations for the CO molecule and spin-polarized 
calculations for the atoms have been done at the Γ point.  

The metal surfaces have been modeled within the slab model approximation 
using a five-metal layer slab model and six vacuum layers (>10 Å). The alloys consist 
of an ABABA structure; hence, molybdenum or chromium in the third layer is situated 
directly under molybdenum or chromium in the first layer. Different slab models have 
been used throughout this Chapter: a p(2 × 2) to study surface coverages of 0.25 ML 
and a c(2 × 2) to study surface coverages of 0.5 ML. The reciprocal space of the p(2 × 
2) and c(2 × 2) unit cells have been sampled with a (5 × 5 × 1) and (7 × 7 × 1) k-points 
grid, respectively, automatically generated using the Monkhorst-Pack method. Unlike 
bulk molybdenum, tungsten, and chromium, which do not have magnetic moments, the 
slabs of these three metals did exhibit small magnetic moments. The calculated 
magnetic moments are 0.13, 0.22, and 0.84 μB/atom for W, Mo, and Cr(100)–p(2 × 2), 
and 0.10, 0.18, and 0.82 μB/atom for W, Mo, and Cr(100)–c(2 × 2), respectively. Tests 
on the influence of the spin character on the results showed that geometries were 
unaffected by such small magnetic moments and total energies were similar or slightly 
more stable. The estimated error that is committed in the calculation of adsorption 
energies and reaction energies using non-spin-polarized calculations is below 0.05 eV. 
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Consequently, we report non-spin-polarized results for these three metals and spin-
polarized calculations for iron and iron alloys. 

Partial geometry optimizations have been performed, including relaxation of the 
two topmost metal layers, using the RMM-DIIS algorithm [43]. In this method, the 
forces on the atoms and the stress tensor are used to determine the search directions for 
finding the equilibrium positions. Geometry optimizations were stopped when all the 
forces (of the degrees of freedom set in the calculation) were smaller than 0.01 eV/Å. 
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 Å). 
The adsorbate–surface coupling has been neglected, and only the Hessian matrix of the 
adsorbate has been calculated [44]. Transition-state structures have been found 
following a two-step strategy: (1) use of the climbing-image nudged elastic band 
method (CI-NEB) [45] to find a likely transition-state structure and (2) refine the 
structure of the transition-state by performing a geometry optimization calculation (as 
described above) using as a starting geometry that of the highest energy image out of 
the CI-NEB calculation. All transition-state structures have been characterized by 
calculating the vibrational frequencies. 

The adsorption energy of CO and atomic carbon and oxygen is calculated with 
respect to its respective gas-phase species. Zero-point-energy (ZPE) corrections were 
not applied to the energies in the diagrams since ZPE is relevant for X–H bonds, but 
hardly important for X–Y bonds, such as C–O. Moreover, the energy differences fall 
within the calculation error (0.05 eV). Dissociation of CO on all four metals was studied 
at two coverages, at 0.25 and 0.5 ML, using a p(2 × 2) model containing one and two 
CO molecules, respectively. On the alloys, we only did calculations for 0.25 ML CO.  
 

4.3 Results 
In the previous Chapters 3A and 3B, we investigated the adsorption and dissociation of 
carbon monoxide on molybdenum and tungsten using the revised form of the Perdew, 
Burke, and Ernzerhof exchange-correlation functional [46,47]. Bromfield et al. [15] 
performed a similar study on iron, although they used a different exchange-correlation 
functional, namely, the Perdew-Wang 91 (PW91) proposed by Perdew and Wang 
[48,49]. In this Chapter, the results are added of the adsorption and dissociation of 
carbon monoxide on chromium and iron employing the RPBE XC functional to be able 
to compare the systems. 
 

4.3.1 Adsorption of CO 
Following the previous strategy of Chapters 3A and 3B, calculations have been done at 



Adsorption and Dissociation of CO on bcc Transition Metals and Alloys 
 

 79 

0.25 and 0.5 ML CO to account for the coverage effects on the structural parameters, 
vibrational frequencies, activation energy of dissociation, and reaction energy. Results 
are displayed in Table 4.1 and Table 4.2.  
 

Table 4.1 Adsorption of CO at the fourfold hollow site with tilted geometry for Cr(100), Fe(100), 
Mo(100), and W(100)  at θ = 0.25 ML and θ = 0.5 ML and for Fe3Cr(100) and Fe3Mo(100) at θ = 0.25 
ML. 

 
 
 
 

θ [ML] ΔEads
[a] [eV] dCO [Å] ΔdCO

[b] [Å] zc,(zo) [Å] θ [˚] 

0.25 -3.03 1.370 0.227 0.679, (1.433) 56.7 Cr(100) 
0.50 -3.00 1.368 0.225 0.632, (1.416) 55.0 

0.25 -1.53 1.311 0.169 0.673, (1.561) 47.4 
Fe(100) 

0.50 -1.57 1.310 0.168 0.670, (1.548) 47.9 

0.25 -2.64 1.354 0.211 0.698, (1.434) 57.0 
Mo(100) 

0.50 -2.63 1.386 0.243 0.613, (1.378) 56.5 

0.25 -3.01 1.413 0.270 0.701, (1.443) 58.3 
W(100) 

0.50 -3.00 1.439 0.296 0.606, (1.370) 57.9 

Fe3Cr(100) 0.25 -1.92 1.362 0.219 0.558, (1.453) 48.9 

Fe3Mo(100) 0.25 -1.75 1.341 0.198 0.576, (1.438) 50.0 

[a] ΔEads is the adsorption energy. [b] ΔdCO is the elongation of the CO bond with respect to the gas-
phase CO bond length (1.143 Å). 

 
The calculations show that CO adsorbs molecularly on all four metals at 

fourfold hollow sites with the C–O axis tilted away from the surface normal. The tilting 
angle of the carbon monoxide is similar at both coverages. CO adsorbs strongest on 
chromium (-3.03 eV) and tungsten (-3.01 eV), whereas CO is slightly weaker bound on 
molybdenum (-2.64 eV) and significantly weaker on iron (-1.53 eV). For this bent 
structure, the CO stretching frequencies are 1211, 1062, 1037, and 926 cm-1 on Fe, Mo, 
Cr, and W, respectively. Increasing the surface coverage from 0.25 to 0.5 ML does not 
influence the adsorption energy significantly for all four metals. A decrease in CO 
coverage from 0.25 to 0.11 ML, on the other hand, results in an increase of the 
adsorption energy of CO of 0.29 and 0.56 eV for Mo and W, respectively [46,47]. 
Hence, for coverages lower than 0.25 ML, the adsorption energy is influenced by CO 
surface coverage and CO becomes more strongly bound to the surface as coverage 
decreases. 

We note that, in an earlier paper by our group on CO dissociation on Fe(100) 
[15] we reported that the CO tilting angle changed from 51º at 0.25 ML to a lower value 
at 0.5 ML. This appears to be a mistake, which we hereby correct. Using either PW91 

θ 
dCO zc 

zo 

Metal surface  
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or RPBE as exchange-correlation functional, we find the tilting angle to be invariant 
with coverage on Fe(100). 

 
Table 4.2 Adsorption of CO at the fourfold hollow site with tilted geometry for Cr(100), Fe(100), 
Mo(100), and W(100) at θ = 0.25 ML and θ = 0.5 ML and for Fe3Cr(100) and Fe3Mo(100) at θ = 0.25 
ML: vibrational frequencies [cm-1] and zero-point-energy corrections to the adsorption energy. 

 θ [ML] ν1 ν2 ν3 ν4 ν5
[a] ν6

[a] ZPE[b] [eV] ΔEads
[c] [eV] 

0.25 260 272 365 382 460 1037 0.17 -2.99 Cr(100) 
0.50 276 277 365 434 459 1043 0.18 -2.96 

0.25 171 202 304 326 343 1211 0.16 -1.50 
Fe(100) 

0.50 178 213 286 326 381 1225 0.16 -1.54 

0.25 234 239 291 350 432 1062 0.16 -2.61 
Mo(100) 

0.50 241 272 316 403 433 958 0.16 -2.60 

0.25 273 276 335 388 465 926 0.17 -2.97 
W(100) 

0.50 260 288 352 440 452 847 0.16 -2.97 

Fe3Cr(100) 0.25 167 263 319 355 394 1125 0.16 -1.89 

Fe3Mo(100) 0.25 196 264 332 357 384 1118 0.16 -1.72 

[a] ν5 and ν6 are the metal–CO stretching and CO stretching frequency, respectively. [b] ZPE is the 
zero-point-energy. [c] ΔEads is the adsorption energy including the zero-point-energy of the 
chemisorbed and gas-phase CO. 

 

The CO stretching frequencies we find for CO on Fe, Mo, and W(100), namely, 
1211, 1062, and 926 cm-1, agree very well with the experimentally reported values of 
1210 [50], 1065 [10], and 920 cm-1 [51]. We could not find data for CO on Cr(100). The 
CO stretching frequencies are sensitive to the CO surface coverage. Iron and chromium 
show an increase of the CO stretching frequency for an increasing CO coverage, 
whereas molybdenum and tungsten behave in the opposite way.  
 

4.3.2 Dissociation of CO 
The effect of coverage was also studied for the dissociation of carbon monoxide on the 
four transition-metals. First, calculations were performed to find the most stable site of 
both atomic oxygen and carbon at 0.25 and 0.5 ML coverage. These results are placed 
in the supplementary information at the end of this Chapter. The activation energy of 
dissociation of CO on the four metals was calculated using the following elementary 
reactions: 

θCO = 0.25 ML: 
CO(ads)  C(ads) + O(ads)                    (4.3.2.1) 
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θCO = 0.5 ML: 
2CO(ads)  C(ads) + O(ads) + CO(ads)                           (4.3.2.2) 
C(ads) + O(ads) + CO(ads)  2C(ads) + 2O(ads)                 (4.3.2.3) 

The energy diagram of the dissociation of 0.25 ML of CO on all four transition 
metals is shown in Figure 4.1. Frequencies of the transition-states can be found in the 
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Figure 4.1 Energy diagram of adsorption and dissociation of 0.25 ML of CO on Fe(100), Mo(100), 
Cr(100), and W(100) using a p(2 × 2) unit cell. The numbers inserted represent the activation energies 
of the elemental steps. Energies are without ZPE correction. 
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supplementary information. The activation energy of dissociation of CO is the lowest 
for W(100) with a barrier of 0.31 eV (see Figure 4.1). Almost twice the energy is 
needed to dissociate CO on both chromium and molybdenum. Lastly, carbon monoxide 
is most difficult to dissociate on Fe(100) with an activation energy 4 times higher than 
for tungsten, 1.19 eV. 
  Dissociation of carbon monoxide is exothermic for all four surfaces with the 
highest reaction energy (-2.22 eV) on chromium (which includes diffusion of the 
oxygen atom away from the carbon to relieve repulsion). The lowest reaction energy is 
observed on the iron surface (-1.09 eV), whereas that on tungsten (-1.72 eV) and 
molybdenum (-1.71 eV) falls in between. A closer look at the dissociated end-state 
shows that, for iron, molybdenum, and chromium, both the carbon and oxygen atoms 
reside at fourfold hollow sites, whereas in the case of tungsten, the oxygen prefers the 
bridge position.  
 At a higher surface coverage of 0.5 ML (Figure 4.2), carbon monoxide still 
dissociates easiest on W(100). Overall, the activation energy of dissociation seems to be 
coverage-independent in the range between 0.25 and 0.5 ML for all four metals. 
Dissociating the first half CO molecules on the surface at 0.5 ML (reaction 4.3.2.2) 
results in a lower reaction energy compared with that at 0.25 ML (without diffusion of 
O) for all four metals and leads to a thermoneutral reaction on iron and tungsten. These 
findings seem to illustrate that the Brønsted-Evans-Polanyi (BEP) relationship [52,53] 
only applies to situations in which coverages are similar, showing the relevance of 
lateral interactions. 

The effect of lateral interactions is visible through the location of the adsorbed 
species. At low CO coverage, where interactions are not a limiting factor, oxygen atoms 
prefer to reside at fourfold hollow sites, as can be seen in Figure 4.1. At 0.5 ML, space 
limitations and, hence, lateral interactions become important, thus forcing the oxygen 
atoms in threefold coordination.  

Dissociation of the second half of the CO molecules (reaction 4.3.2.3) is not 
favorable on the Fe(100) surface. In contrast, the other three metals are still able to 
dissociate the remaining CO (having adsorption energies of -2.26, -2.32, and -2.46 for 
Mo, Cr, and W, respectively) with similar to slightly higher activation energies 
compared to the dissociation of the first half of the CO molecules (reaction 4.3.2.2). The 
dissociation of these remaining CO molecules leads to an exothermic reaction on all 
three metals. 

Although dissociation of the first half of the CO molecules results in an 
endothermic reaction on W(100), the energy gain of dissociating the remaining CO 
molecules leads to an overall reaction that is exothermic. Because the activation energy 
of both elementary reactions (4.3.2.2 + 4.3.2.3) is similar on the tungsten metal, 
dissociation of the first half of the CO molecules automatically leads to dissociation of 
the remaining CO; thus, dissociation of carbon monoxide at 0.5 ML is complete on 
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W(100) as well as on Mo(100) and Cr(100).  
Lateral interaction effects become clearly visible after reaction 4.3.2.3 as the 

energy gain drops even further for the metals molybdenum and chromium; see Figure 
4.2. In the case of tungsten, however, the behavior is the opposite, as dissociation of the 
second half CO molecules increases the energy gain significantly.  

Figure 4.2 Energy diagram of adsorption and dissociation of 0.5 ML of CO on Fe(100), Mo(100), 
Cr(100), and W(100) using a p(2 × 2) unit cell. The numbers inserted represent the activation energies 
of the elemental steps. Energies are without ZPE correction. 
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Next to changes in exothermicity, the effect of lateral interactions at the 
dissociated end-state is, again, clearly visible through the locations of the adsorbed 
species. Because the coverage of atoms at this completely dissociated state is 1 ML, the 
surface is entirely covered with atomic carbon and oxygen; hence, the entire system is 
under stress. To reach the most stable end-situation, this stress has to be minimized by 
movement of the surface atoms. Therefore, not all the atoms stay coordinated at 
fourfold hollow sites, as is the case at 0.25 ML, but some move toward threefold or 
bridge sites. Thus, although oxygen prefers bridge sites for Mo and W at low coverages, 
oxygen adsorbs at threefold-like hollow sites when the coverage is increased. 

 

4.3.3 Adsorption and Dissociation of CO on Fe3Mo and Fe3Cr(100)  
Since alloys are of interest as a means to affect product selectivities in the Fischer-
Tropsch synthesis [4,54], we also calculated the adsorption and dissociation of CO on 
(100) Fe3Mo and Fe3Cr; see Table 4.1 for distances and energies and Table 4.2 for 
frequencies. We limited ourselves to a CO coverage of 0.25 ML. Figure 4.3 shows the 
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Figure 4.3 Energy diagrams of the adsorption and dissociation of 0.25 ML CO on (left) Fe3Mo(100), 
Fe(100), and Mo(100) and (right) Fe3Cr(100), Fe(100), and Cr(100) using a p(2 × 2) unit cell. The 
numbers inserted represent the activation energies of the elemental steps. The most stable adsorption 
geometry of CO on the Fe3Mo and Fe3Cr alloy is shown in the most left picture of the bottom row of 
pictures (both left and right side). Energies are without ZPE correction. 
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most stable CO adsorption geometry on these alloy surfaces. The carbon atom is located 
at a fourfold hollow site with an iron atom directly underneath in the second layer, and 
the oxygen is bridge-bonded toward one iron and one molybdenum or chromium atom. 
Hence, using this particular composition of alloy results in CO coordinated toward one 
molybdenum or chromium atom only. Other adsorption geometries are conceivable as 
well, for example, where CO can coordinate to two molybdenum or chromium atoms, 
but the adsorption energies for such situations differ on the order of 0.1-0.2 eV; 
therefore, we only consider the geometry of Figure 4.3 in this Chapter. 

CO dissociation proceeds similarly as on the pure metals, with activation 
energies of 0.88 eV on Fe3Mo(100) and 0.92 eV on Fe3Cr(100). The exothermicities or 
heats of reaction are -1.27 and -1.33 eV, respectively. Figure 4.3 shows all results for 
the adsorption and dissociation of CO on these alloys. 
 

4.4 Discussion 
The aim of this Chapter is to compare the adsorption and dissociation of CO on bcc 
metals such as iron and the bcc metals that may be of interest as second components in 
iron-based alloy catalysts for the Fischer-Tropsch synthesis. We first discuss molecular 
adsorption of CO, then dissociation, and finally, we consider scaling relations between 
the adsorption energies of CO and its dissociation products and the activation energy for 
dissociation. 
 

4.4.1 Adsorption of CO 
In contrast to the situation on the Group VIII fcc metals, where CO at low coverages 
adsorbs perpendicular in top, hollow, or bridge sites, the molecule adsorbs in tilted 
geometry on the (100) surfaces of Fe, Cr, Mo, and W, with the carbon atom in fourfold 
hollow position and the oxygen bridge-bonded. Only at higher coverages does 
coadsorption in a perpendicular mode occur, as in the on-top mode for Fe(100) [15,50]. 
The calculations show that increasing the coverage from 0.25 ML to 0.5 ML does not 
change the CO adsorption energy significantly or its tilting angle. The CO stretching 
frequencies, on the other hand, do depend on coverage. We will discuss the effect to 
some extent next.  

With increasing coverage, the CO stretching frequency shifts to higher 
frequencies on Fe and Cr, but to lower frequencies on Mo and W. Predominantly three 
effects play a role in the CO stretching frequency: (1) dipole–dipole coupling between 
the CO molecules, (2) Pauli repulsion, and (3) a chemical effect. The first is a purely 
physical effect and leads to increases in frequency when the distance between alike CO 
molecules decreases at higher surface coverage [55-57].   

If the CO molecules come close to each other, a chemical effect can cause 
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further blue-shifts [56-60]. This coverage effect is straightforwardly explained by the 
Blyholder model [61]. According to this model, the bond of a CO molecule to a metal 
surface is established by electron donation from the CO 5σ to empty levels of the metal 
surface and electron back-donation from the metal surface into the anti bonding CO 2π* 
orbital. A high coverage may cause the CO molecules to compete for the metal 
electrons, resulting in lower back-donation, and hence, the CO stretching frequency 
shifts toward higher frequencies. In addition, Pauli repulsion is known to blue-shift the 
CO frequency as well [62-65]. Hence, increased CO stretching frequencies at higher 
coverages tend to be the norm. 

In some cases, the opposite occurs, however. This so-called ‘negative chemical 
effect’ has been observed for CO on the (111) surfaces of the s-metals gold and copper 
[66,67] and on certain gold clusters [68]. Here, the chemical effect dominates over the 
also present dipole–dipole coupling. Hollins and Pritchard attributed the downward shift 
to the character of the metal–5σ interaction, which has a largely filled bonding and a 
partially filled antibonding character [67]. Back-donation is less important for Cu and 
Au surfaces than for other transition-metals, because of the low lying and occupied      
d-band. Therefore, increasing the surface coverage leads to less electron donation from 
the 5σ to the carbon–metal bond. According to France and Hollins [66], this effect 
weakens the CO bond and, hence, leads to a red-shift of the CO frequency. Moreover, in 
constrained space orbital variation (CSOV), several authors [69,70] observed that, for 
the surface orientations (100), (110), and (111) of Pt, both σ-donation and π-back-
donation contribute to the decrease in CO frequency and that the only blue-shift 
contribution arises from the Pauli repulsion or ‘wall effect’ identified by Bagus et al. 
[62-64].  

Care is needed when explaining our results for CO on Fe, Cr, Mo, and W in 
terms of dipole–dipole coupling of the CO molecules, Pauli repulsion, and a chemical 
effect because, on the bcc metals, CO is bent toward the surface. This tilted geometry 
results in oxygen taking part in the bonding mechanism with the metal, that is, 
explaining the low CO frequency. As mentioned before, in the case of iron and 
tungsten, the shift of CO frequency is upward, whereas for molybdenum and tungsten, 
the opposite behavior is observed. In all four cases, an increase in coverage does not 
lead to a change in the adsorption energy nor to a significant alteration of the tilting 
angle. Dipole–dipole coupling is most likely similar on all four metals and, therefore, 
does not account for the difference in CO stretching behavior. On the other hand, CO 
‘sinks’ slightly into the fourfold hollow site on all four metals with an increase of the 
coverage, which could lead to a better overlap of the CO and metal orbitals, resulting in 
a higher Pauli repulsion, blue-shifting the CO frequency. Although the overlap of the 
orbitals also leads to a higher π-back-donation –red-shifting the CO frequency– 
according to Bagus et al. [71], this mechanism is overcompensated by the effect of 
stretching the C–O bond against the “rigid” surface wall. We propose that this explains 
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why CO behaves differently on iron and chromium than on molybdenum and tungsten. 
Perhaps on Mo and W, the higher π-back-donation is not overcompensated by the Pauli 
repulsion, thus overall leading to a lower stretching frequency.  

To further elaborate on this, increasing the surface coverage from 0.25 ML to 
0.5 ML leads to a slight surface reconstruction for Mo and W, whereas such a change is 
hardly observed for Cr and Fe (See Figure 4.4 for the difference between Cr and Mo). 
Within this figure, distance x becomes slightly larger for both the Cr (0.008 nm) and Mo 
(0.014 nm) surface, whereas distance y decreases for the Mo surface (0.011 nm) and 
stays almost constant for chromium (0.003 nm). The smaller distance of y might lead to 
a better overlap between the orbitals of the oxygen of the CO molecule and the orbitals 
of the metal surface of molybdenum than that for chromium, hence, resulting overall in 
π-back-donation as the most predominant contribution in the CO frequency. 

 

 
 

 
 

To be sure that a slight alteration in surface geometry induces the difference in 
CO stretching behavior, we performed calculations using the most stable geometry of 
the molybdenum surface for both CO coverages and pretended the metal surface is 
chromium instead. These calculations were also performed the other way around, using 
the most stable geometry of the chromium surface for both CO coverages, while faking 
the metal surface to be molybdenum. The outcome of the calculations was interesting 
since the CO stretching frequency of carbon monoxide on the ‘imaginary’ chromium 
surface went down from 1176 to 888 cm-1 and increased from 1111 to 1125 cm-1 for 
molybdenum. These results, to our belief, show that the remarkable behavior of the CO 
stretching frequency can, indeed, be attributed to geometric effects of the surface atoms 

Figure 4.4 Surface changes of Cr and Mo as a function of CO coverage. Pictures a) and c) are 0.25 ML 
CO on Cr and Mo, respectively. Pictures b) and d) are 0.5 ML CO on Cr and Mo, respectively. 
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of the metal, which could induce a switch between either Pauli repulsion or π-back-
donation as the main contribution in the CO stretch. Further research will be needed on 
this particular aspect performing density of states (DOS) calculations and population 
analysis using Bader’s theory as implemented by Henkelman [72-74]. 

In conclusion, due to the nature of bonding of tilted CO with the metal surface 
(both carbon and oxygen participate in the bonding character), interpreting CO 
frequency shifts as a function of coverage in terms of dipole–dipole coupling, Pauli 
repulsion, and chemical effect is somewhat dubious. However, geometry changes of the 
surface atoms of the metal, induced by variation of CO concentrations, seem to be the 
key in understanding the unusual behavior of the CO stretching frequency for the 
different metals. 
 

4.4.2 Dissociation of CO 
Dissociation of CO on the bcc (100) surfaces is an exothermic process for all four 
metals at a surface coverage of 0.25 ML and leads to atomic carbon (in fourfold hollow 
sites) and oxygen (either in bridge or fourfold hollow sites); see Figure 4.1. 

Although our calculations show that carbon solely adsorbs at fourfold hollow 
sites and oxygen on its own prefers to stay either bridge-bonded (in the case of Mo and 
W) or fourfold hollow-bonded (for Cr and Fe), several articles mention a third 
possibility for oxygen to adsorb onto, namely, near-bridge or threefold sites for W(100) 
[75-77] and W(110) [78] at low coverage. Even though we found that oxygen is, indeed, 
stable on W(100) at these threefold sites, the oxygen atoms prefer bridge sites with a 
higher adsorption energy of 0.68 eV. Therefore, we conclude that oxygen is bridge-
bonded after dissociation of CO at a low coverage. 

Dissociation at the higher CO coverage (0.5 ML) is still exothermic on Mo, W, 
and Cr, but thermoneutral on Fe due to a lower adsorption energy of the CO molecules 
in excess of 0.25 ML caused by the  presence of carbon and oxygen atoms [15]. For 
these additional CO molecules, the adsorption energy is less than the activation energy 
for dissociation, and hence, they desorb. 

On Mo, Cr, and W(100), dissociation of the first half of the CO molecules at 0.5 
ML is less exothermic than starting from 0.25 ML because of lateral interactions of C 
and O with the undissociated CO. Hence, the remaining CO is destabilized, and in 
experiments, the lower  adsorption energy is visible in shifted ‘β-CO’ thermal 
desorption peaks [10,13,14]. These desorption features have been attributed to 
recombination of carbon and oxygen atoms on the surface, but our results indicate that 
the desorption features are due to molecular desorption of CO. The energies needed to 
recombine carbon and oxygen are only between 0.8 and 1 eV, and hence, temperatures 
needed to recombine carbon and oxygen on the surface are much lower than those 
observed for the ‘β-CO’ features, which occur at temperatures between 900 and 1500 K 
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[10,13,14]. Thus, these high desorption temperatures do not reflect recombination, but 
rather desorption of molecular CO formed from recombination. The situation at these 
high temperatures is one of equilibrium between molecularly and dissociatively 
adsorbed CO, which lies at the side of the decomposed molecule. However, desorption 
is only possible from the molecular form and takes a higher activation energy than that 
needed for recombination.  

Dissociation of the CO molecules in excess of 0.25 ML is less exothermic than 
that for the first 0.25 ML, whereas for tungsten, it increases. A reason for this effect 
may be that oxygen prefers to stay at bridge and threefold sites on W(100) than, instead, 
at fourfold hollow sites on the other metals. On comparison of the completely 
dissociated end-state with the situation ‘CO and C+O(cis)’ (see Figure 4.2), half the 
oxygen atoms move from a fourfold hollow location to a threefold position and the 
other half are bridge-bonded after dissociation of the remaining CO molecules. Hence, 
more oxygen atoms are adsorbed at their preferred adsorption sites at the completely 
dissociated end-state than at the ‘CO and C+O(cis)’ surface, thus resulting in a more 
stable situation for the completely dissociated surface. Although oxygen also prefers to 
be adsorbed at bridge sites rather than at fourfold hollow sites on Mo(100), this effect is 
less pronounced than that in the case of tungsten, as the energy gain of adsorbed oxygen 
at bridge sites on molybdenum(100) is only 0.18 eV compared with that of fourfold 
coordinated oxygen. On chromium, oxygen favors fourfold hollow sites; therefore, the 
energy gain of reaction 4.3.2.3 is even smaller. 

 

4.4.3 Scaling Relations for CO Adsorption and Dissociation 
Recently, Nørskov and co-workers reported several scaling relations for hydrogen 
containing adsorbates (CHx, NHx, OHx, SHx) as well as for CO and NO on many 
transition-metal surfaces and alloys. Adsorption energies and activation energies of 
dissociation were found to scale linearly with the adsorption energies of carbon, 
oxygen, sulfur, or nitrogen [26,31,79,80]. In Figure 4.5, we plot the CO adsorption 
energies and the activation energies of dissociation from this Chapter against the 
adsorption energy of the carbon atom (Figure 4.5, left) and against the sum of the 
adsorption energies for carbon and oxygen together (Figure 4.5, right), as proposed by 
Liu and Hu [28-30] (note the different reference energies for the left and the right plots). 
Both methods of plotting yield linear relations. The upper parts of Figure 4.5, that is, the 
plots of the activation energy of dissociation against the adsorption energy of carbon or 
carbon plus oxygen, are, in fact, Brønsted-Evans-Polanyi (BEP) relations [52,53]. 

Interestingly, the adsorption energy of CO on the Fe3Mo and Fe3Cr alloys equals 
the result one obtains by taking ¾ of the adsorption energy of CO on Fe plus ¼ of the 
adsorption energy of CO on Mo or Cr (within the error of calculation of 0.05 eV). In 
other words, the adsorption of CO on an Fe3X alloy can be calculated as follows: 
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)/(4/1)/(4/3)/( 3 XCOEFeCOEXFeCOE adsadsads +=            (eq. 4.4.3.1) 

Because the oxygen of CO is almost bridge-bonded, dissociating the CO molecule 
results in a movement of oxygen across the bridge site, which is equally influenced by 
both the iron and molybdenum or chromium atom. Hence, the activation energy of CO 
dissociation on Fe3Mo and Fe3Cr alloys is in agreement with the sum of ½ of the 
activation energy of CO dissociation on iron and ½ of the activation energy of 
dissociation of CO on Mo or Cr (within the error of calculation of 0.05 eV). For an 
Fe3X alloy, this means: 

)/(2/1)/(2/1)/( 3 XCOEFeCOEXFeCOE actactact +=            (eq. 4.4.3.2) 

Hence, breaking the C–O bond seems to be evenly influenced by both elements in the 
alloy. These scaling relations for alloys are very useful in predicting the reactivity of 
alloy surfaces.  
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4.5 Conclusions 
Carbon monoxide adsorbs molecularly with a tilted geometry on the (100) surfaces of 
Fe, Mo, Cr, and W with carbon at fourfold hollow sites and the oxygen bridge-bonded. 
The adsorption energy and tilting angle are coverage independent between 0.25 and 0.5 
ML of CO. However, the adsorption energy is influenced for CO coverages lower than 
0.125 ML. The CO stretching frequency is affected by coverage changes and blue-shifts 
for Fe and Cr and red-shifts for Mo and W at increasing CO coverages, which is due to 
geometry changes of the surface atoms of the metal, changing the σ-donation and π-
back-donation of electrons from the metal to the CO bond.  

Dissociation of CO is an exothermic and complete process on all four metals at 
0.25 ML of CO. Increasing the coverage leads to a lowering of the exothermicity of the 

Figure 4.5 Adsorption energies and activation energies of dissociation of CO on (100) surfaces plotted 
against (left) the adsorption energy of carbon with respect to carbon in the gas-phase and (right) the 
adsorption energy of the dissociation products carbon and oxygen with respect to CO in the gas-phase at 
a surface coverage of 0.25 ML CO. Energies are without ZPE correction. 
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dissociation reaction as a result of the increase in lateral interactions, rendering the 
reaction thermoneutral on iron. On all other metals, full dissociation still occurs. The 
applicability of the BEP relation seems to be constraint to certain conditions, such as 
coverage. 

Linear relations were found for the adsorption energy of carbon as well as both 
dissociation products against the adsorption energy of CO and activation energy of 
dissociation on the metal(-alloys) Fe, Mo, Cr, W, Fe3Mo, and Fe3Cr at a CO coverage 
of 0.25 ML. This result makes clear that even for CO molecules with a bent geometry   
–different binding mechanism than upright CO– scaling relations can be applied at a 
given coverage.  
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Supplementary Information 
 

Table 4.S1 Adsorption of C and O at their most stable adsorption site on Cr(100), Fe(100), Mo(100), 
and W(100)  at θ = 0.25 and θ = 0.5 ML. 

 ΔEads
[a] [eV] ΔErel

[b] [eV] zc
[c] [Å] ΔEads [eV] ΔErel [eV] zc [Å] 

 C at fourfold hollow sites at 0.25 ML C at fourfold hollow sites at 0.5 ML 

Cr(100) -8.97 0.21 0.547 -9.13 0.06 0.450 

Fe(100) -7.65 1.53 0.398 -7.67 1.52 0.307 

Mo(100) -8.69 0.49 0.547 -8.79 0.40 0.448 

W(100) -9.18 0.00 0.594 -9.19 0 0.488 

 O at fourfold hollow sites at 0.25 ML O at fourfold hollow sites at 0.5 ML 

Cr(100) -7.22 0.00 0.576 -6.92 0.12 0.513 

Fe(100) -5.96 1.26 0.605 -5.92 1.12 0.524 

 O at bridge sites at 0.25 ML O at bridge sites at 0.5 ML 

Mo(100) -6.65 0.57 1.444 -6.45 0.59 1.300 

W(100) -7.14 0.08 1.447 -7.04 0 1.321 

[a] ΔEads is the adsorption energy. [b] ΔErel is the relative adsorption energy with respect to the 
strongest adsorption of the atom in question, i.e., the metal on which carbon / oxygen adsorbs strongest 
is set to 0 eV. [c] zc and zo are the height of the carbon and oxygen atom with respect to the surface 
level. 
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Table 4.S2 Adsorption of C and O at their most stable adsorption site on Cr(100), Fe(100), Mo(100), 
and W(100) at θ = 0.25 and θ = 0.5 ML: vibrational frequencies [cm-1], zero-point-energy corrections 
to the adsorption energy and to the relative adsorption energy. 

 ν1 ν2 ν3
[a] ZPE[b] [eV] ΔEads

[c] [eV] ΔErel
[d] [eV] 

 C at fourfold hollow sites at 0.25 ML 

Cr(100) 485 485 560 0.09 -8.88 0.20 

Fe(100) 465 465 469 0.09 -7.56 1.52 

Mo(100) 442 442 558 0.09 -8.60 0.48 

W(100) 492 492 572 0.10 -9.08 0 

 C at fourfold hollow sites at 0.5 ML 

Cr(100) 421 421 567 0.09 -9.04 0.07 

Fe(100) 363 363 501 0.08 -7.59 1.52 

Mo(100) 327 327 558 0.08 -8.71 0.40 

W(100) 331 331 578 0.08 -9.11 0 

 O at fourfold hollow sites at 0.25 ML 

Cr(100) 255 255 427 0.06 -7.16 0 

Fe(100) 226 226 336 0.05 -5.91 1.25 

 O at fourfold hollow sites at 0.5 ML 

Cr(100) 265 265 293 0.05 -6.87 0.10 

Fe(100) 264 264 323 0.05 -5.87 1.10 

 O at bridge sites at 0.25 ML 

Mo(100) 177 336 573 0.07 -6.58 0.58 

W(100) 210 332 600 0.04 -7.10 0.06 

 O at bridge sites at 0.5 ML 

Mo(100) 179 313 552 0.06 -6.39 0.58 

W(100) 216 338 585 0.07 -6.97 0 

[a] ν3 is the metal–C / metal–O stretching frequency. [b] ZPE is the zero-point energy. [c] ΔEads is the 
adsorption energy including ZPE. [d] ΔErel is the relative adsorption energy including ZPE.  
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Table 4.S4 Frequencies of the transition-states of the dissociation of 0.5 MLCO for Cr(100), Fe(100), 
Mo(100), and W(100). 

 ν1 ν2 ν3 ν4 ν5
 ν6

 ν7 ν8 ν9 ν10 ν11
 ν12

 ZPE[a] 
[eV] 

Cr(100) 
TS4 

346i 292 294 314 357 403 441 456 491 514 541 1033 0.32 

Cr(100) 
TS5 

309i 290 314 340 360 413 464 500 521 537 590 617 0.24 

Fe(100) 
TS4[b] 285i 244 254 294 302 364 369 397 454 472 476 1194 0.30 

Mo(100) 
TS4 

398i 263 287 293 316 379 384 427 443 485 501 954 0.29 

Mo(100) 
TS5 

434i 265 293 300 333 419 443 480 495 506 542 548 0.29 

W(100) 
TS4 

390i 280 294 306 341 397 416 451 458 503 529 873 0.30 

W(100) 
TS5 442i 240 264 264 319 406 454 487 505 533 551 585 0.26 

[a] ZPE is the zero-point-energy. [b] No TS5 for Fe(100), because the remaining CO desorbs.14 

 
 
 
 

Table 4.S3 Frequencies of the transition-states of the dissociation of 0.25 MLCO for Cr(100), Fe(100), 
Mo(100), and W(100). 

 ν1 ν2 ν3 ν4 ν5
 ν6

 ZPE [eV][a] 

Cr(100) TS1 388i 274 384 476 485 517 0.13 

Cr(100) TS2 196i 404 449 491 560 567 0.15 

Cr(100) TS3 101i 349 508 513 519 545 0.15 

Fe(100) TS1 315i 295 378 425 438 479 0.12 

Fe(100) TS2 153i 437 453 463 490 524 0.15 

Mo(100) TS1 416i 271 335 424 472 504 0.12 

Mo(100) TS2 162i 386 391 423 496 558 0.14 

Mo(100) TS3 127i 344 457 492 500 543 0.14 

W(100) TS1[b] 415i 284 359 462 479 523 0.13 

[a] ZPE is the zero-point-energy. [b] TS2 could not be found and was assumed to be around 0.05 eV.44 
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5 
Poly Crystalline Iron: CO Adsorption, 

Desorption, and Dissociation Kinetics and the 
Influence of Atomic Carbon and Oxygen. 

 

Abstract 
The adsorption, desorption, and dissociation of carbon monoxide on a poly crystalline 
iron surface were investigated under UHV conditions TPD and SSIMS. CO adsorbs 
molecularly at low temperatures and dissociates roughly at room temperature with an 
activation energy of dissociation of CO of 72 kJ/mol and a pre-exponential factor of 
1010. At high enough coverages of CO, both dissociation and desorption of CO take 
place simultaneously. However, at too high coverages space becomes a limiting factor, 
hence, desorption precedes dissociation until sufficient space has opened up and both 
processes occur concurrently again. Desorption of CO takes place at 390 and 775 K 
and is shown to proceed through first order desorption kinetics with activation energies 
of desorption of 98 and 177 kJ/mol and pre-exponential factors of 1012.5 and  1010.7, 
respectively. A model is proposed to explain the first order desorption kinetics for the 
high-temperature desorption peak, which leads to the conclusion that CO desorption at 
775 K is limited by the activation energy of desorption and not by the recombination 
energy of atomic carbon and oxygen. In addition, the influence of an overlayer of either 
atomic carbon or oxygen on the kinetic parameters of CO desorption is presented. 
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5.1 Introduction 
Dissociation of carbon monoxide in the Fischer-Tropsch (FT) synthesis is considered to 
be one of the key-steps in a couple of suggested FT mechanisms. However, other 
mechanisms suggest that molecular CO is the active species instead; see also Chapter 1. 
Hence, obtaining information on the reaction kinetics of CO dissociation may help in 
understanding the FT reaction mechanism on an iron surface.  

Although carbon monoxide has always been one of the most investigated 
molecules in surface science, the number of surface science studies of carbon monoxide 
on poly crystalline iron is scarce [1-12]. Moreover, most of these articles are old and 
limited to the adsorption and desorption of CO with standard surface science techniques 
such as temperature programmed desorption (TPD), Ultraviolet photoelectron 
spectroscopy (UPS), electron energy loss spectroscopy (EELS), X-ray photoelectron 
spectroscopy (XPS), Auger electron spectroscopy (AES), and work function 
measurements. The kinetics of dissociation of CO, however, to the best of our 
knowledge has never been investigated in full, although a couple of groups reported that 
at room temperature a mixture of dissociatively and molecularly adsorbed CO is present 
on the poly crystalline iron surface [2,5,7,11], while at a temperature of 350 K 
dissociated CO remains the only species left. Hence, investigating the dissociation of 
CO on poly crystalline iron in more detail –especially the reaction kinetics– is a 
valuable addition to the known literature.  

The influence of other adsorbates on the adsorption and desorption of carbon 
monoxide on poly crystalline iron is another subject that has briefly been investigated in 
literature by the group of Wedler [1,8]. They studied the interactions between 
coadsorbed species, such as hydrogen and oxygen, and CO and their influence on the 
CO desorption behavior. Since carbon monoxide almost never is the only species on the 
surface during reaction, but is surrounded by other adsorbates, the influence of 
coadsorbates on the CO adsorption, desorption, and dissociation is of great importance 
and needs to be investigated more closely.  

In this Chapter, therefore, we will focus on the dissociation reaction of carbon 
monoxide using static secondary ion mass spectrometry (SSIMS) and derive the kinetic 
parameters for this reaction using a differential equation of Arrhenius form that has 
previously been used in our group for the dissociation reaction of NO on Rh(100) and 
Rh(111) [13,14]. Moreover, we will investigate the influence of atomic carbon and 
oxygen on CO using TPD and SSIMS and show that both carbon and oxygen have a 
repulsive character toward carbon monoxide. 

 

5.2 Experimental Methods and Details 
TPD and static SIMS experiments were carried out in a stainless steel ultra-high 
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vacuum (UHV) chamber with a base pressure of 5 10-11 mbar. The static SIMS spectra 
were taken by using a defocused 3 keV Ar+ primary ion beam with a current density of 
6.6 nA/cm2 (when other current densities were used for a given spectrum, it is 
mentioned in the figure) at an angle of incidence of 65˚. Secondary ions were collected 
under an angle of 25˚ with respect to the surface normal. These conditions were 
sufficient to measure in static mode for roughly 10 minutes. A typical temperature 
programmed experiment lasted 7 minutes at most.  
 A poly crystalline round iron foil with a diameter of 10 mm and a thickness of 
0.27 mm was mounted on a movable sample rod by two tantalum wires of 0.3 mm 
diameter, spot-welded to the back of the foil. This construction allows for resistive 
heating to 1500 K. Because of the α-γ phase transition of iron at 1183 K, the system 
was protected in exceeding a maximum temperature of 1100 K. The crystal could be 
cooled to 90 K by flowing liquid nitrogen through the manipulator. Temperatures were 
measured using a chromel-alumel thermocouple spot-welded to the back of the foil.  
 Before the iron foil was placed in the UHV system, it was treated with 1 bar of 
flowing H2 (traces of water and oxygen were removed from the stream with mol sieves 
and copper, respectively) for ten days at a temperature of 1040 K. This was sufficient to 
remove sulfur, phosphor, and most of the other impurities in the foil. The remaining 
contaminants after this treatment, such as carbon, were removed by extended Ar+ 
bombardment until no more impurities were visible with SSIMS. The routine cleaning 
procedure of the foil consists of 30 minutes of argon+ sputtering (0.5 keV, 5 μA/cm2) at 
1000 K to remove small amounts of impurities, such as carbon and oxygen. After 
sputtering, the crystal was kept at 1000 K for a few minutes to anneal and restore its 
surface ordering. This treatment resulted in SSIMS spectra of the crystal showing no 
contamination. After each experiment the above described procedure was repeated to 
ensure that any remaining carbon and oxygen on the surface is removed and that the 
foils’ ordering is restored.  
 Carbon monoxide (Linde AG, 99.997% pure), ethylene (Linde AG, 99.95% 
pure), and technical air (Linde AG, 20% O2 : 80% N2) were used without further 
purification. Gas dosing for all experiments was done at a temperature of 150 K or 
lower. All temperature programmed experiments were performed at a heating rate of 2 
K/s. 
 

5.3 Results 

5.3.1 Desorption of CO from the Clean Surface 
Various amounts of carbon monoxide were dosed on the poly crystalline iron sample at 
a temperature and pressure of 100 K and 10-8 mbar, respectively. Subsequently, 
temperature programmed desorption spectra of CO (m/e = 28) were recorded, as 
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displayed in Figure 5.1. The only desorption products that were observed during the 
experiment were CO and a small amount of H2 (background).  

Before quantifying the results, we discuss the origin of the peaks in Figure 5.1. 
At a low amount of dosed carbon monoxide a single broad desorption feature is visible 
with a peak maximum at a temperature of ca. 775 K. By using SIMS, XPS, UPS, and 
EELS, different groups showed that at a temperature of roughly 300 K CO dissociates 
and that at temperatures above 350 K no more molecular CO was present on the surface 
[2,5,7,11]. The desorption of CO at 775 K, therefore, can be ascribed to a recombination 
of atomic carbon and oxygen on the surface [9]. Increasing the CO coverage leads to a 
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slight decrease of the desorption temperature until a second desorption trace appears at a 
temperature of 390 K that results in the desorption temperature of the recombination 
peak to remain constant.  Desorption of CO at 390 K is attributed to CO desorbing 
molecularly from the poly crystalline surface [9]. A further increase of CO coverage 
from this point on leads, apart from a constant desorption temperature of both the 
molecular and recombination peak, to a constant amount of CO desorbing due to 

Figure 5.1 TPD spectra of CO (m/e = 28) obtained after exposing the clean poly crystalline iron surface 
to various doses of CO at a temperature of 100 K. The heating rate was 2 K/s. The inset is the uptake 
curve in which the area of CO underneath the TPD curve has been converted into a relative coverage. 
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recombination of atomic carbon and oxygen, whereas the amount of CO at 390 K 
proportionally increases with coverage. Low-temperature features are visible at around 
185 and 240 K. At dosages of above 0.86 Langmuir (1 L = 1.33 10-6 mbar s) a shoulder 
grows in at a temperature of around 300 K, while the low-temperature traces start to 
increase as well. 

 

5.3.1.1 Quantification of Dosed Amount CO 
Although the most predominant surface of the poly crystalline sample will be (110) 
oriented, because of its lowest surface free energy [15], the poly crystalline sample does 
not solely consist of this (110) oriented surface facet. Therefore, a poly crystalline 
surface does not have a well-defined surface structure, making the results acquired by 
TPD experiments difficult to quantify. Nonetheless semi-quantitative results based on 
the saturation coverage of CO can be obtained. For that reason, an uptake curve is 
prepared by plotting the area underneath the CO desorption traces against the dosed 
amount of CO, shown as the inset in Figure 5.1. Subsequently, this plot is fitted by an 
exponential of the form y (x) = y0 + a exp(x/b). At a very high dosed amount of carbon 
monoxide the area underneath the CO desorption features will reach a constant value, 
hence, a completely covered or saturated surface with carbon monoxide. As a result, all 
areas can be expressed as a relative coverage with the saturation coverage denoted as 1 
(completely covered), that is, the right scale in the inset of Figure 5.1. 

 

5.3.1.2 CO Desorption Kinetics 
The CO desorption kinetics for both the recombination peak at 775 K and the low- 
temperature desorption peak at 390 K were obtained using the Chan-Aris-Weinberg 
(CAW1/2) [16] method. Application of the CAW1/2 method for 2nd order desorption 
kinetics on the desorption feature of 775 K results in an activation energy of desorption 
(Edes) of 256 ± 3 kJ/mol and a pre-exponential factor (νdes) of 1016.2 ± 0.1 s-1 in the zero 
coverage limit (θC, θO = 0). Using the CAW1/2 method for first order desorption 
kinetics on the desorption peaks of 775 K and 390 K yield Edes of 177 ± 2 and 98 ± 2 
kJ/mol and νdes of 1010.7 ± 0.1 and 1012.5 ± 0.3 s-1 in the zero coverage limit, respectively.  

 

5.3.1.3 Extent of CO Dissociation 
The relative amount of CO adsorbed onto the surface is plotted against the amounts of 
CO desorbed from both the low- and high-temperature desorption features in Figure 5.2. 
Basically, all adsorbed CO at 100 K dissociates until space becomes the limiting factor 
(occurring at 0.2-0.3 θsat coverage) and some of the CO starts to desorb molecularly. 
The maximum amount of CO dissociating is around a quarter of the saturation 
coverage. Hence, a surface covered with 0.5 θsat of atomic species is created. At this 
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point, the amount of dissociated CO remains constant, while CO desorbing molecularly 
increases proportionally with increasing CO coverage. Note that the coverages are 
relative to θsat, and not to the total number of Fe atoms. 
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5.3.2 CO and CO related Species adsorbed on the Clean Surface 

A typical static secondary ion mass spectrum of 0.53 θsat CO coverage on poly 
crystalline iron at 120 K is displayed in Figure 5.3. An intense peak is observed for the 
Fe+ signal. Peaks due to the adsorption of CO appear at m/e = 28 and 84, masses of the 
molecular ion clusters CO+ and Fe(CO)+, respectively, and are a lot less intense than the 
Fe+ signal. However, peaks also appear at m/e = 12, 18, 68, and 72 due to C+, O+, FeC+, 
and FeO+, respectively. Appearance of these peaks can be either due to dissociation of 
CO or fragmentation of molecular CO during the secondary ion emission process. 
According to literature [2,5,7,11], dissociation of carbon monoxide does not occur at a 
temperature as low as 120 K. 

On the other hand, fragmentation products of molecularly adsorbed CO have 
been observed previously on poly crystalline iron [2] and also on a Rh(111) single 
crystal [17], thus, the presence of the peaks must be the result of fragmentation of 
molecular adsorbed CO during the secondary ion emission process. In addition to the 
peaks related to CO adsorption several other ion species are observed such as Na+, Si+, 
K+, and Ca+. These species are very easy to ionize or are already present as ions, and as 
a result, are standard impurities observed by SIMS. Water adsorption –particularly 
sensitive in SIMS [17]– originating from the residual gas during cooling and CO 

Figure 5.2 Plot of the amount of CO desorbing from polycrystalline iron either molecularly (390 K) or 
by recombination of atomic carbon and oxygen (775 K) against the total dosed amount of carbon 
monoxide.  
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adsorption at 120 K is visible through the Fe(H2O)+ ion cluster at m/e = 74 and H2O+ at 
m/e = 18. 

It should be noted that the Fe(CO)+ cluster intensity is lower than the FeC+ and 
FeO+ clusters, which would indicate that adsorption of CO is dissociative. However, 
results obtained by Barber et al. [2] show the opposite behavior, i.e., the Fe(CO)+ signal 
is much larger than the FeC+ and FeO+ signals, hence, molecular adsorption of CO. This 
anomaly to our believe is caused by our quadrupole mass spectrometer, which most 
likely decomposes the Fe(CO)+ cluster into smaller clusters resulting in an insufficient 
detection of the Fe(CO)+ signal. Moreover, the overall sensitivity toward all CO related 
signals appears to be low, as a decrease in the current density of the primary ion beam to 
1 nA/cm2 (still twice the current density as by Barber et al. [2]) leads to zero detection 
of any of the CO related species.  
 

5.3.2.1 Dissociation of CO – 1. Static SIMS 
Unfortunately, we were not able to measure a decent Fe(CO)+ ion signal at the low 
surface coverages of CO at which the only process occurring is dissociation. Hence, we 
were forced to measure at a coverage of 0.53 θsat CO instead, at which both dissociation 
and desorption of CO takes place. To investigate the dissociation of carbon monoxide 
on the poly crystalline surface static SIMS spectra (m/e = 0-90) were taken, as shown in 
Figure 5.4, after heating toward the allocated temperatures. Some of the regions have 

Figure 5.3 SSIMS spectrum of the poly crystalline iron surface after an exposure of 0.53 saturation 
dosage of CO at 120 K. Spectrum was taken with a defocused 3 keV Ar+ primary ion beam with a current 
density of 12.7 nA/cm2. 
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been multiplied according to the indicated number, to enhance the visibility of the 
picture. The SSIMS spectrum of 0.53 θsat CO coverage at 120 K has been discussed in 
the previous section. Raising the temperature of the iron surface toward 300 K yields no 
obvious change in all the secondary ion species that are related to carbon monoxide 
when compared to the 120 K spectrum. The water peak, on the other hand, has 
disappeared, thus the water has desorbed from the surface. Raising the temperature 
further to 350 K leads to disappearance of carbon monoxide on the surface, which can 
be seen by the decrease of both the Fe(CO)+ intensity as well as the Fe+ signal. Carbon 
monoxide is known to increase the SIMS signal when adsorbed on metals [17,18], 
because of the increase of the work function releasing more positive secondary ions 
[19].  No obvious increase in the FeC+ and FeO+ secondary ion clusters is observed. 
Disappearance of CO at 350 K, therefore, seems to be mainly caused by desorption of 
CO. At a temperature of 650 K, no more CO is present on the surface, while atomic 
carbon and oxygen can still be seen. This indicates that part of the adsorbed CO has 
dissociated, but at which temperature remains unknown. Temperatures of 850 K and 
above also show no more atomic carbon and oxygen, in line with the recombination 
temperature of 775 K observed with TPD. 
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Figure 5.4 SSIMS spectra of the poly crystalline iron surface after an exposure of 0.53 saturation 
dosage of CO at 120 K and subsequently heating to the indicated temperature. Spectra were taken with a 
defocused 3 keV Ar+ primary ion beam with a current density of 12.7 nA/cm2. 
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5.3.2.2 Dissociation of CO – 2. TPSSIMS; Problem of Signal Noise 
Following secondary ion clusters over time while raising the temperature is called 
temperature programmed static SIMS (TPSSIMS), which has proven itself before in the 
kinetics study of NO dissociation on rhodium [13,14]. To be able to determine the 
dissociation kinetics, SIMS is quantified in terms of adsorbate coverage on a semi-
quantitative basis by normalizing the secondary ion clusters with respect to the Fe+ 
signal, more commonly referred to as intensity ratios [20-24]. Because of the difficulty 
to measure the FeC+, FeO+, and Fe(CO)+ ion species with the SIMS equipment, the data 
is extremely noisy. See the left pictures of Figure 5.5 for the secondary ion species FeC+ 
and Fe(CO)+ at a CO coverage of 0.11 θsat. 

Dividing these secondary ion clusters by the Fe+ signal (the right hand side of 
Figure 5.5) in particular leads to blowing up the noise level at temperatures higher than 
300-350 K at which the iron signal intensity drops due to –depending on coverage– 
dissociation or both dissociation and desorption of CO. At a decreasing signal intensity 
of Fe+ the relative noise increases, which for example at a CO coverage of 0.11 θsat 
increases from ca. 10 percent at 150-300 K toward 20 percent at 350-600 K and to 30 
percent at 800-900 K, see Figure 5.6. Thus, this increase of relative noise in the Fe+ 
secondary ion signal magnifies the noise of the intensity ratios at temperatures of 
roughly 350 K and above.  

 

0.0

7.5

15.0

22.5

30.0

37.5

45.0

52.5

60.0

200 300 400 500 600 700 800 900
0

9

18

27

36

45

200 300 400 500 600 700 800 900

 

 

 

In
te

ns
ity

 [c
ps

]

FeC+

θCO = 0.11 θsat 

TPSSIMS

 

 

FeC+ / Fe+

θCO = 0.11 θsat

 

 

Fe(CO)+

θCO = 0.11 θsat

 

Temperature [K]  

In
te

ns
ity

 ra
tio

 [a
.u

.]

Fe(CO)+ / Fe+

θCO = 0.11 θsat

 
 

 

Figure 5.5 As measured temperature programmed static secondary ion mass spectra of the species FeC+ 
and Fe(CO)+ on the left side and both FeC+ and Fe(CO)+ species divided by Fe+ on the right side at a 
CO coverage of 0.11 θsat  on the poly crystalline Fe surface. Heating rate was 2 K/s.
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5.3.2.3 Dissociation of CO – 3. TPSSIMS; Smoothing of Noise 
To filter out most of the noise in the signal of the secondary ions FeC+, FeO+, and 
Fe(CO)+ smoothing filters can be used. In Figure 5.7 two different smoothing methods 
have been applied to the raw data, i.e., the adjacent averaging (AA) technique and the 
fast Fourier transform (FFT) low-pass filter. One can see that the smoother curves can 
be obtained by applying an FFT smoothing; however, from such curves it is almost 
impossible to see that the raw data is very noisy. Thus, applying the adjacent averaging 
smoothing method is the preferred choice. Because 7 points smoothing produces a 
visually better curve than 5 points smoothing does, the adjacent averaging with 7 points 
smoothing is used throughout the rest of this Chapter, when intensity ratios are used. 

 

5.3.2.4 Dissociation of CO – 4. TPSSIMS; The Results 
The results of the SSIMS spectra of the FeC+, FeO+, and Fe(CO)+ ion species divided by 
the Fe+ signal are displayed in Figure 5.8. As already mentioned the obtained data is 
very noisy, especially for the FeC+ and FeO+ intensity ratios, making the data very 
difficult to interpret. 

Starting at zero carbon monoxide coverage, a small amount of residual oxygen is 
present on the surface, whereas no carbon and carbon monoxide is observed. At a very 
low CO coverage (below 0.18 θsat) no CO is desorbed at low temperatures (390 K) as 
observed by TPD (Figure 5.1). Hence, the disappearance of CO on the surface at these 
coverages can only be ascribed to dissociation of CO. At 0.05 θsat CO coverage it takes 

Figure 5.6 Differences in ion intensity noise of the species Fe+ during a temperature programmed static 
SIMS experiment at 0.11 of the CO saturation coverage on polycrystalline iron. Heating rate was 2 K/s. 



Poly Crystalline Iron: CO Adsorption, Desorption, and Dissociation Kinetics  

 107 

200 300 400 500 600 700 800 200 300 400 500 600 700 800 900

 

 

FeC+ / Fe+ 
5 points AA smoothing
θCO = 0.11 θsat

 

 TPSSIMS

 

FeC+ / Fe+ 
7 points AA smoothing
θCO = 0.11 θsat

 

 

 

 

 

FeC+ / Fe+ 
5 points FFT smoothing
θCO = 0.11 θsat

  

 

 

 

FeC+ / Fe+ 
7 points FFT smoothing
θCO = 0.11 θsat

 

Fe(CO)+ / Fe+ 
5 points AA smoothing
θCO = 0.11 θsat

 In
te

ns
ity

 ra
tio

 [a
.u

]

  

Fe(CO)+ / Fe+ 
7 points AA smoothing
θCO = 0.11 θsat

 

 

 

Fe(CO)+ / Fe+ 
5 points FFT smoothing
θCO = 0.11 θsat

 

Temperature [K]

 

  

 

Fe(CO)+ / Fe+ 
7 points FFT smoothing
θCO = 0.11 θsat

 
 

 
 
up to ca. 310 K to completely dissociate all carbon monoxide, while roughly 375 K is 
needed at a CO coverage of 0.18 θsat. Determining the onset of CO dissociation is rather 
complicated due to the noisiness of the Fe(CO)+ / Fe+ data at these low coverages. 
However, the iron-carbon and iron-oxygen ion intensity ratios start to increase at around 
300 K –in accordance with dissociation of CO–, which basically is the onset 
temperature of CO dissociation. Above temperatures of 750 K a decrease of the       
FeC+ / Fe+ signal can be observed, which is consistent with desorption of carbon 
monoxide monitored by TPD. The iron-oxygen ion intensity ratio also seems to change 

Figure 5.7 Smoothed data of the FeC+ / Fe+ and Fe(CO)+ / Fe+ TPSSIMS intensity ratios at a CO 
surface coverage of 0.11 θsat using either adjacent averaging (AA) or a fast Fourier transform (FFT) low 
pass filter as smoothing method. The left panes show the 5 points smoothed curves, while the right panes 
display the results of the 7 points smoothing.  
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at temperatures above 750 K, however, a clear decrease in intensity ratio is not 
observed. This might be caused by the residual oxygen. Increasing the CO coverage 
above 0.18 θsat, one can see that there is a sudden drop in iron-CO ion intensity ratio at a 
temperature of roughly 375 K, which is independent of the coverage up to saturation. At 
around 450 K no more CO is visible on the surface. Because both the onset temperature 
as well as the temperature at which all CO is removed from the surface –either by 
dissociation or desorption– stay constant, at coverages above 0.18 θsat the process is 
dominated by the molecular desorption of CO at 390 K. This can be confirmed by the 
FeC+ and FeO+ intensity ratios (although it is almost impossible to see for the latter), 
which also start to increase at a temperature of 375 K at coverages higher than 0.18 θsat 
and are independent of the coverage up to saturation as well. Hence, at CO coverages 
higher than at least 0.18 θsat desorption of CO needs to occur first before dissociation 
can take place. In conclusion, the noisy SSIMS data allow for a qualitative view of the 
dissociation of carbon monoxide, but are inadequate for the determination of its 
kinetics.  
 

5.3.3 Preparation of an Atomic Carbon Overlayer  
Atomic carbon was deposited onto the poly crystalline iron surface by adding ethylene 
at a temperature of roughly 140 K and a pressure of 10-8 mbar and subsequently heating 

Figure 5.8 TPSSIMS spectra of the FeC+ (left window), FeO+ (middle window), and Fe(CO)+ (right 
window) divided by Fe+ at different CO coverages on polycrystalline iron. A 7 points adjacent averaging 
smoothing is applied to the raw data. Heating rate was 2 K/s. 
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to 750 K. During heating the ethylene breaks up releasing H2, see Figure 5.9. Increasing 
the amount of ethylene on the surface leads to earlier dissociation of ethylene, which 
can be seen by the decrease in onset temperature of H2 release from the iron surface. 
Three different amounts of ethylene were dosed onto the surface to create several 
carbon overlayers; 0.25, 0.5, and 1.0 Langmuir. Because quantification of carbon on the 
surface was not possible, as we did not determine the saturation coverage of carbon, 
reported carbon coverages are based on the equivalent dosage of ethylene in Langmuir; 
in other words, a carbon coverage of 0.25 L eq. C is a carbon layer created by exposing 
the foil to 0.25 L of ethylene at 140 K and subsequently heating to 750 K. 
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5.3.4 CO Desorption from a Poly Crystalline Iron Surface with a Carbon 
Overlayer 
After preparation of the carbon overlayer on the iron surface, three different amounts of 
carbon monoxide were dosed onto the surface at a pressure of 10-8 mbar and a 
temperature below 110 K. The results for these different amounts of carbon monoxide 
with varying carbon overlayers are presented in the top row of Figure 5.10.  

At the relatively low amount of carbon monoxide on the surface (0.18 θsat) all 
CO initially (without carbon on the surface) dissociates –desorption at 775 K only–. At 
0.48 Langmuir of pre-adsorbed ethylene (0.48 L equivalent carbon) the appearance of 
molecular desorption of CO at 375 K is observed; the extra carbon leads to space 
restrictions, which limits the amount of CO able to dissociate, and moreover, results in a 

Figure 5.9 TPD spectrum of H2 after various dosages of ethylene to the clean poly crystalline iron 
surface at a temperature of 140 K. Heating rate was 2 K/s. 
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lower desorption temperature of CO of 15 K. Space becomes more scarce at even higher 
loadings of pre-adsorbed carbon, thus decreasing the amount of CO dissociating further. 
Furthermore, a small shift in the desorption temperature maxima of both desorption 
traces occurs.  
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Figure 5.10 TPD spectra of CO on poly crystalline iron that is pre-dosed with varying amounts of 
atomic carbon –produced by dissociation of ethylene– at a heating rate of 2 K/s. The amounts of carbon 
are presented as an equivalent of dosed ethylene in Langmuir. Thus, a carbon content of 0.25 L eq. C is 
prepared by dosage of 0.25 L ethylene at 140 K and subsequently heating to 750 K. For the top pictures; 
on the left a low, in the middle a medium, and on the right a high loading of CO was dosed. For the 
bottom pictures; the left image shows a low, the middle a medium, and the right a high loading of 
carbon. 
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At a medium CO coverage (0.32 θsat), CO partly dissociates and partly desorbs 
molecularly, with a larger amount of CO dissociating than desorbing, when no carbon 
overlayer is present. By adding carbon onto the surface this switches to a larger part of 
CO desorbing than dissociating at the point where 1.0 Langmuir of equivalent carbon is 
pre-dosed to the iron surface. Additional to this switch, the desorption temperature of 
molecular desorbed CO at 390 K decreases by roughly 30 K, while the high-
temperature trace increases slightly. 

At the highest amount of CO on the surface (0.52 θsat) most of the adsorbed CO 
desorbs molecularly at 390 K. Increasing the content of pre-adsorbed carbon results in 
growing in of a shoulder at around 310 K. Overall this leads to broadening of the 
molecular desorption peak of CO, ascribed to the influence of atomic carbon. 
Furthermore, the temperatures of the peak maxima of desorption of molecular and 
recombination CO are similarly influenced as the medium CO coverage.  

The bottom row of Figure 5.10 displays different amounts of carbon monoxide 
on iron surfaces with a low, medium, and high amount of carbon in the pre-adsorbed 
overlayer. Regardless of the amount of carbon in the overlayer, the temperature of the 
recombination peak (775 K) is not influenced when the amount of carbon monoxide 
increases. The temperature of the molecular desorption feature, however, decreases at 
an increasing CO coverage for all three different overlayers. 

 

5.3.4.1 Extent of CO Dissociation 
It is interesting that the area under the high-temperature desorption trace in the bottom 
row of Figure 5.10 decreases at first at an increasing CO coverage, but then increases 
again on all surfaces with a carbon overlayer. Therefore, as a control experiment, TPD 
experiments were run without dosing CO after preparation of the three different carbon 
overlayers. From these control measurements it became apparent that residual oxygen is 
present on the surface –because of desorption of CO– up to 0.2 of the saturation 
coverage of carbon monoxide. We believe that the residual oxygen did not come from 
the bulk of the metal, but is a result of oxygen in the ethylene line. Hence, adding 
ethylene resulted in dosing oxygen as well. Because the extra oxygen will interfere with 
the total amount of CO supposedly desorbing as recombination of atomic carbon and 
oxygen, the amount of CO from the 775 K peak is adapted to deal with this effect. In 
other words, when the total amount of dosed CO was lower than the measured desorbed 
amount of CO, the extra CO was subtracted from the recombination peak to cancel out 
the effect of oxygen. 

In Figure 5.11 the effect of pre-dosed carbon on the dissociation of CO is 
displayed. It is obvious that regardless of the amount of CO adsorbed on the carbon 
covered iron surface, the dissociated quantity of CO remains constant. However, an 
increase in the pre-dosed amount of carbon leads to a gradual decrease of CO that is 
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able to dissociate for all three CO coverages. The amount that does not dissociate any 
more desorbs molecularly at 375 K instead. This indicates that carbon blocks the sites 
needed for the dissociation of carbon monoxide. Unfortunately, we did not adsorb 
saturation coverage of carbon on the poly crystalline surface to find out whether 
complete blockage of CO dissociation is possible. Nevertheless, partial blocking of the 
dissociation reaction is achievable, as the highest total amount of CO dissociating on a 
surface with a carbon overlayer is 0.15 θsat, which is 0.10 θsat lower than on a clean 
surface. 
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5.3.5 Preparation of an Atomic Oxygen Overlayer  
An oxygen overlayer was created by exposing the iron surface to 10-8 mbar of technical 
air at a temperature lower than 110 K. Subsequently the surface was flashed to 923 K to 
dissociate the oxygen. Three different amounts of technical air were dosed onto the 
surface to create several oxygen overlayers; 1.25, 2.5, and 5.0 Langmuir, yielding 0.25, 
0.5, and 1.0 Langmuir of oxygen, respectively. Since determination of the oxygen 
content was not possible, reported oxygen coverages are based on 1/5th of the equivalent 
dosage of technical air in Langmuir; in other words, an oxygen coverage of 0.25 L eq. O 
is an oxygen layer created by exposing the foil to 1.25 L of technical air at <110 K and 
subsequently heating to 923 K. 
 

5.3.6 CO Desorption from a Poly Crystalline Iron Surface with an Oxygen 
Overlayer 
After preparation of the oxygen overlayer on the iron surface, the iron foil was cooled 
down to a temperature below 110 K and consequently exposed to 10-8 mbar of carbon 

Figure 5.11 Plots of the amount of CO desorbing from polycrystalline iron either molecularly at 375 K 
(filled squares) or by recombination of atomic carbon and oxygen at 775 K (open squares) as a function 
of the pre-dosed amount of equivalent carbon in Langmuir. The left picture displays a low, the middle a 
medium, and the right image a high CO coverage. 



Poly Crystalline Iron: CO Adsorption, Desorption, and Dissociation Kinetics  

 113 

monoxide. Three CO coverages were used. Results are displayed in the top row of 
Figure 5.12.  

At a low CO coverage and no pre-adsorbed oxygen complete dissociation occurs 
(desorption at 775 K). The introduction of pre-adsorbed oxygen, leads to a lower 
desorption temperature (740 K) of the high-temperature desorption peak. Moreover, at 
an exposure of 0.5 L O2 some of the CO starts to desorb molecularly at 390 K, which 
becomes a considerable quantity at a pre-dosed amount of 1.0 L O2.  

At a medium CO coverage, CO dissociates as well as molecularly desorbs. At an 
increasing dosage of pre-adsorbed oxygen the amount that desorbs molecularly 
increases with respect to the dissociated amount. At the very high amount of pre-
adsorbed oxygen, the low-temperature desorption feature starts to broaden and slightly 
shifts to a lower temperature. A similar shift in temperature is observed for the high-
temperature desorption trace. 

At high CO coverage, most of the CO desorbs molecularly at 390 K, which at no 
pre-adsorbed oxygen is a sharp desorption peak that broadens as the amount of pre-
adsorbed oxygen increases. At the highest amount of pre-exposed oxygen to the iron 
surface, most CO is adsorbed next to oxygen atoms, which results in the broadness of 
the peak as well as its shift to lower temperature. The high-temperature desorption 
feature behaves similarly to the lower amounts of carbon monoxide; a shift toward 
lower temperature at an increase of pre-adsorbed oxygen. 

The bottom row of Figure 5.12 displays different amounts of carbon monoxide 
on iron surfaces with a low, medium, and high amount of oxygen in the pre-adsorbed 
overlayer. From these images it is clear that increasing the amount of CO on an oxygen 
overlayer (regardless of the oxygen content) leads to a new desorption feature around 40 
K lower in temperature than the original low-temperature desorption trace. At a low to 
medium oxygen content (0.25-0.5 eq. L O) this desorption trace is visible as a shoulder 
growing in at the original peak, which at the high amount of oxygen becomes the main 
desorption peak. The temperature of the recombination desorption trace also lowers 
with increasing amount of CO adsorbed onto the oxygen overlayers. 

 

5.3.6.1 Extent of CO Dissociation 
To find out to what extent CO dissociates at increasing amounts of pre-adsorbed 
oxygen, a plot of the total amount of CO desorbed from both molecular and 
recombination traces as a function of the pre-dosed amount of oxygen is prepared in 
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Figure 5.13. The total amount desorbing from both desorption traces adds up to the total 
content of CO exposed to the surface. Thus, no residual carbon is present on the surface. 
Irrespective of the CO content on the surface, an increase of pre-dosed atomic oxygen 
on the poly crystalline surface results in a decrease of dissociated CO. Since both 
desorption traces add up to the total amount of CO adsorbed, the amount not able to 

Figure 5.12 TPD spectra of CO on poly crystalline iron that is pre-dosed with varying amounts of 
atomic oxygen –produced by dissociation of oxygen molecules– at a heating rate of 2 K/s. The amounts 
of oxygen are presented as 1/5th of the equivalent of exposed technical air in Langmuir. Thus an oxygen 
content of 0.25 L eq. O is prepared by dosage of 1.25 L technical air at <110 K and subsequently 
heating to 923 K. The top pictures show different loadings of CO; that is, in the left picture a low, in the 
middle a medium, and in the right a high quantity of CO was dosed. The bottom images display different 
amounts of pre-adsorbed oxygen; that is, the left picture shows a low, the middle a medium, and the 
right a high oxygen content. 
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dissociate any more desorbs molecularly at 375 K. At the highest pre-exposed oxygen 
surface, the maximum amount dissociating is ca. 0.15 of the saturation coverage of CO, 
0.10 θsat lower than a clean surface. Therefore, atomic oxygen blocks the dissociation of 
carbon monoxide. As no saturation coverage of oxygen was prepared we do not know 
whether complete blockage of CO dissociation by oxygen is possible. 
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5.4 Discussion 

5.4.1 CO Desorption Kinetics  
In the results section we presented the desorption kinetics of the low- (first order) and 
high-temperature (first and second order) desorption traces of CO on poly crystalline 
iron. Although the available papers in literature mention that the high-temperature 
desorption feature is a recombination reaction of carbon and oxygen, hence, a second 
order desorption process, we consider the desorption of CO at 775 K to proceed via first 
order kinetics rather than second order for a couple of reasons. 
 Before stating these reasons, we would like to mention that due to the relatively 
small number of papers available of CO on poly crystalline iron we additionally 
compared our results with literature of CO on the single crystal Fe(110). The (100) and 
(111) surface orientations were not compared with polycrystalline iron because of the 
following reasons. TPD spectra of CO on the (100) surface [25-36] do not resemble the 
TPD spectra of polycrystalline iron, thus, this surface is not interesting for comparison. 
On the basis of TPD spectra of CO, the (111) [37,38] and (110) [39,40] surfaces are 
almost indistinguishable from one another, and, closely resemble the TPD spectra of 
CO on polycrystalline iron. However, the shape of the TPD peaks resemble the (110) 
surface more closely than the (111) surface, and, because the (110) surface orientation is 
a more stable surface orientation than (111) [15], we chose to only compare the 

Figure 5.13 Plots of the amount of CO desorbing from polycrystalline iron either molecularly at 375 K 
(filled squares) or by recombination of atomic carbon and oxygen at 775 K (open squares) as a function 
of the pre-dosed amount of equivalent oxygen in Langmuir. The left picture displays a low, the middle a 
medium, and the right a high amount of adsorbed CO. 
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polycrystalline results to the (110) surface. However, bare in mind that comparing our 
results with the Fe(110) surface still needs to be done with care (poly crystalline sample 
has more surface defects, rough surface, not 100% (110) structure, etc), but is a fair 
assumption, nonetheless. 

First, the desorption energy of CO at 775 K obtained with the CAW1/2 method 
for first order desorption (177 kJ/mol) resembles the calculated adsorption energy of 
CO on Fe(110) (152-188 kJ/mol) by Jiang et al. [41] more closely than applying second 
order desorption kinetics (256 kJ/mol). Because DFT is known to overestimate the CO 
adsorption energy, Jiang et al. used a variety of exchange correlation functionals to 
minimize this so-called over binding effect [42]. Moreover, they included the revised 
form of the Perdew, Burke, and Ernzerhof exchange correlation functional [43], which 
is known to predict adsorption energies of CO on transition-metals fairly well.  

Second, the recombination energy of CO calculated by the group of Carter [41] 
is substantially lower (more than 58 kJ/mol) than the desorption energy of CO. Hence, 
desorption of CO seems to be the limiting factor and not the recombination of atomic 
carbon and oxygen. 

Third, the transition-state of carbon monoxide dissociation on Fe(110) was 
calculated in the group of Carter  to be CO lying almost flat on the surface in the short-
bridge site with both carbon and oxygen close to being long-bridge bonded [41]. 
Dissociation of this almost flat lying CO molecule on the Fe(110) surface was shown by 
Sorescu to proceed through a tight transition-state [44]. Therefore, a pre-exponential 
factor for the recombination reaction of atomic carbon and oxygen toward CO in the 
order of 1016 (as calculated for 2nd order desorption) is not as likely as a pre-exponential 
factor of 1010.7 calculated for 1st order desorption. 

According to our results we propose that CO reacts as follows on the poly 
crystalline surface; CO adsorbs molecularly at low temperatures, dissociates into carbon 
and oxygen on the surface at ca. 300-350 K, and although able to recombine at a certain 
temperature CO is still adsorbed to strongly to the surface, hence, cannot desorb and 
immediately dissociates again. In principle this is an equilibrium situation between CO 
and the atomic species that is completely shifted to the dissociated state. When reaching 
a temperature that is sufficient to overcome the activation energy of desorption of CO, 
the little amount of CO that is formed immediately desorbs. This is a quasi first order 
reaction, where the kinetics is determined by desorption of CO and not by 
recombination of carbon and oxygen. 
 

5.4.2 CO Dissociation Kinetics  
Obtaining the kinetics of the dissociation reaction of CO on Fe(100) could not be 
achieved by using the secondary ion species Fe(CO)+, FeC+, and FeO+ because of the 
large noise levels. However, the signal that is most easy to detect –thus has the least 



Poly Crystalline Iron: CO Adsorption, Desorption, and Dissociation Kinetics  

 117 

noise– is the Fe+ signal. Between the Fe+ signal and the work function of the metal a 
direct relation exists that can be elucidated by the following equations: 

,)( TRYIFeI FeFepS θ++ =               (eq. 5.4.2.1) 

in which Is(Fe+) is the intensity of the Fe+ secondary ions and R+ the ionization 
probability of the iron metal. The ionization probability can be expressed by: 

,)/)(( vIconsteR −+ ∝ ϕ  [45]               (eq. 5.4.2.2) 

from which ϕ is the work function of the iron metal. Because of this direct relation 
between the work function of iron and the Fe+ signal intensity, the Fe+ signal needs to 
change when an event takes place on the surface, such as dissociation or desorption of 
carbon monoxide. In other words, the Fe+ ion intensity can provide kinetic information 
of a particular reaction as long as the intensity of the signal is a depiction of the carbon 
monoxide coverage. Moreover, to obtain kinetic results of a certain reaction one needs 
to be sure that no other reactions occur simultaneously.  

Thus, in Figure 5.14 the relative CO coverage is plotted against the averaged Fe+ 
signal at low temperature (100-200 K). As can be seen the Fe+ intensity increases with 
increasing CO surface coverage, due to an increase of the work function resulting in the 
higher release of positive secondary ions [19]. More interestingly, the Fe+ signal appears 
to vary linearly with respect to CO coverage with a certain slope until ca. 0.42-0.47 of 
the saturation coverage. Beyond this coverage, the Fe+ signal still varies proportionally 
up to saturation coverage, but with a much steeper slope. Thus, quantification of the Fe+ 
ion intensity is possible up to saturation coverage. This same linear behavior has also 
been observed by Hopstaken et al. for the ratio of Rh2(NO)+ / Rh2

+ on a rhodium (100) 
single crystal, although in their case at coverages above 0.5 ML the ratio became 
constant and did not reflect the actual coverage anymore [46]. 
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Figure 5.14 The relative CO coverage on polycrystalline iron plotted against the Fe+ SSIMS ion 
intensity signal. 
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In Figure 5.15 (both left and right picture) the coverage of CO is shown as 
derived from the corresponding SSIMS Fe+ ion intensity as a function of temperature 
with a heating rate of 2 K/s for the three CO coverages at which the only surface 
reaction taking place is the dissociation of carbon monoxide. Hence, any change in Fe+ 
signal during this temperature regime can only be attributed to this process.  
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To derive the kinetic parameters from this plot the following semi-quantitative 
description based on earlier studies of NO dissociation on rhodium [13,14]  was used as 
model: 
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in which θCO and θ* are both relative coverages (in θsat) of carbon monoxide and vacant 

Figure 5.15 TPSSIMS spectra of the Fe+ ion intensity converted into the CO coverage for various CO 
coverages (noisy data) on poly crystalline iron. Heating rate was 2 K/s. The smooth curves are the fits of 
the models of (left) equation 5.4.2.3 and (right) equation 5.4.2.3 and 5.4.2.4 combined. 
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sites, respectively,  θsat is the saturation coverage of carbon and oxygen atoms –0.5–, 
νdis and Edis are the pre-exponential factor and the activation energy of dissociation, 
respectively, and β is the heating rate. This model assumes that an ensemble of empty 
sites (n) is needed to dissociate the carbon monoxide and that the kinetic parameters are 
independent of coverage.  
 Equation 5.4.2.3 is numerically integrated for independent values of Edis, νdis, 
and n to obtain the best fit for the measured CO coverage. The best fit is obtained with 
an n value of 2.79. Because n is the ensemble of empty sites needed for the dissociation, 
this needs to be an integer number. Thus, whole numbers were taken for n, in which n = 
1, 2, 3, and 4 empty sites fall within 5% error of the optimal fit (n = 2.79). Interestingly, 
this simple model (which does not include coverage effects) seems to fit the data quite 
satisfactory (left picture of Figure 5.15). The following kinetic parameters were derived 
from the fits; Edis = 66 kJ/mol and νdis = 108.9 s-1 for n = 1, Edis = 69 kJ/mol and νdis = 
109.2 s-1 for n = 2, Edis = 72 kJ/mol and νdis = 109.6 s-1 for n = 3, and Edis = 76 kJ/mol and 
νdis = 1010.1 s-1 for n = 4. Out of n = 1, 2, 3, and 4, an ensemble of three free sites results 
in the lowest absolute value for the root mean square (RMS) error, which is 4.2 10-9, 9.5 
10-9, and 1.4 10-8 for 0.05, 0.12, and 0.18 θsat, respectively. Because around 25% of the 
amount of CO is able to dissociate on the surface, the most plausible ensemble needed 
for dissociation would be three to four sites. 

A second model that was used in our group by Hopstaken [46] takes the effect of 
lateral interactions into account and is described in an empirical way by assuming the 
following relation between the activation energy of dissociation and the total adsorbate 
coverage: 

,)( 0, EEE m
totdistotdis ⋅⋅+= θαθ              (eq. 5.4.2.4) 

in which the Edis(θtot) is the activation barrier of dissociation of CO as a function of the 
total coverage, Edis,0 is the activation barrier at zero coverage, α is a constant (which 
physical interpretation of the number is not possible), θtot is the total adsorbate coverage 
θCO + θC + θO, and Ē is 1 kJ/mol. m is an integer, which above unity provides an 
artificial approach to stress that the effect of lateral interactions becomes particularly 
apparent at higher total coverages. Equation 5.4.2.3 and 5.4.2.4 were combined and 
numerically solved for independent values of Edis,0, νdis, and α to obtain the best fit over 
the measured temperature range for the different coverages. In order to dissociate CO 
one vacancy (n = 1) was assumed to be required. In the right hand side of Figure 5.15 
the fits for this model are shown from which the following kinetic parameters were 
obtained: Edis,0 = 72 ± 7 kJ/mol, νdis = 1010±1.2 s-1, and α = 16. The maximum absolute 
RMS error in the calculation for the best fit is 4.2 10-9, 9.6 10-9, and 1.4 10-8 for 0.05, 
0.12, and 0.18 θsat, respectively. It is obvious that both models result in similar fits and 
yield comparable kinetic parameters. This is not completely surprising as the coverages 
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of CO were kept very low, and, hence, lateral interactions are not extremely important. 
However, the model with the lateral interactions incorporated results in a slightly higher 
pre-exponential factor than the model without these interactions.  

The only kinetic parameters determined experimentally for CO dissociation on 
iron to the best of our knowledge found in literature were measured by Whitman et al. 
[38] using the heating rate variation method for the Fe(111) surface orientation, and 
obtained a Edis of 84 ± 21 kJ/mol and νdis of 1011±2 s-1. In addition, activation energies of 
CO dissociation were calculated for Fe(110), Fe(100), Fe(111), and stepped surfaces of 
iron, by several groups [41,44,47,48]. The activation energies of dissociation of CO that 
were obtained were 147, 110, 102, and 70 and 64 kJ/mol for the Fe(110) [41], Fe(100) 
[47,48], Fe(111) [44], and Fe(310) and Fe(710) surfaces [44], respectively. 

As one would expect that a poly crystalline sample has the most Fe(110) facets 
because this is the most stable surface orientation, the activation energy obtained is only 
half of that reported in literature. However, using an activation energy of 147 kJ/mol for 
fitting the data, leads to a much worse fit and results in a pre-exponential factor of 
1022.6, which is much too high according to transition-state theory [49,50]. Of course, it 
is well possible that what we measure is the dissociation kinetics of CO on defects, 
particularly because we use SSIMS, which will create defects (the activation energy of 
dissociation of CO on stepped surfaces is close to our experimentally obtained value). 

For the (100) orientation of iron, desorption of CO at 440 K was suggested to be 
stimulated by dissociation of CO by the group of Dwyer [36]. Because desorption of 
CO on poly crystalline iron occurs at a similar temperature (390 K) as on Fe(100), we 
investigated whether indeed, desorption is stimulated by CO dissociation. 
 When CO dissociates the FeC+ / Fe+ and FeO+ / Fe+ intensity ratios measured 
with SSIMS increase, which at low coverages occurs between temperatures of 300 to 
350 K (see Figure 5.8). As soon as CO desorbs molecularly at 390 K, that is, coverages 
higher than 0.18 θsat, both FeC+ / Fe+ and FeO+ / Fe+ intensity ratios increase at 
temperatures of around 350-380 K; hence, dissociation is retarded by more than 50 K. 
The onset of CO desorption, on the other hand, is 350 K at 0.18 θsat (similar to the 
dissociation temperature), but decreases as the CO coverage is increased (see Figure 
5.1). Because the onset of CO desorption lowers and the dissociation temperature of CO 
stays more or less constant, the process is not dissociation, but desorption driven, 
instead. Thus, dissociation can only take place when sufficient space has been made 
available through desorption of CO. 
 Although desorption of CO needs to precede dissociation at coverages higher 
than 0.18 θsat, the dissociation reaction is the kinetically favored process, since provided 
ample space all CO dissociates. Moreover, the total amount of CO dissociated already 
reaches a constant value at an exposure of 0.3 of the saturation coverage, indicating that 
at coverages where both desorption and dissociation occur the dissociation process is 
the much faster one. In fact by using a simple empirical expression for the rate constant 
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(k) of a reaction in the Arrhenius form of: 

,RT
aE

ek
−

=ν                 (eq. 5.4.2.5) 
in which the ν and Ea are the pre-exponential factor and activation energy of desorption 
or dissociation of CO, respectively, one can show that the rate constant of dissociation 
is ten times higher than the desorption constant at a temperature of 390 K. 

Lastly, a quarter of the CO saturation coverage is able to dissociate. On the 
Fe(110) surface saturation of CO produced an ordered c(2 × 2) structure [51,52], 
analogous to a coverage of 0.5 ML. Gonzalez et al. [39] reported that on Fe(110) the 
maximum amount of CO able to dissociate corresponded to 1/8 of a monolayer. 
Assuming that our saturation coverage is equivalent to the saturation coverage of CO on 
Fe(110), i.e., ‘0.5 ML’, our results show that on poly crystalline iron a maximum of ‘1/8 
of a ML’ dissociates as well. Hence, dissociation of CO on poly crystalline iron closely 
resembles the dissociation of CO on Fe(110). However, dissociation starts 80 K lower 
in temperature on the poly crystalline sample than on Fe(110) [39], which might be 
explained by more surface defects as well as defect chemistry. 

 

5.4.3 Influence of Carbon and Oxygen on CO Desorption  
The atomic species carbon and oxygen have a repulsive interaction with CO, which can 
be seen by the decrease in temperature of the molecular desorption trace of CO. 
Although we cannot quantify this interaction as we do not know the exact amount of 
carbon and oxygen on the surface, we can calculate the activation energy of desorption 
when carbon or oxygen is located next to CO. Therefore, the Redhead method [53] is 
applied in which we use the same pre-exponential factor (1012.5) as obtained by the 
CAW1/2 method of the CO desorption peak at 390 K on the clean surface. The 
activation energy of desorption of CO thus obtained is 89 kJ/mol when either carbon or 
oxygen is pre-adsorbed onto the surface, and is 9 kJ/mol less than the activation energy 
of desorption of CO on a clean surface. 
 Apart from the repulsive behavior with CO, the pre-adsorption of oxygen 
influences the equilibrium proposed in section 5.4.1, while pre-adsorbed carbon does 
not. This might be explained as follows; the recombination of carbon and oxygen on the 
surface is attributed to the diffusion of oxygen toward carbon (shown in Chapters 3 and 
4). Adding an extra amount of oxygen –as an overlayer– to the iron surface, as a result, 
may shift the proposed equilibrium between molecular and dissociated CO more toward 
the side of molecularly bound carbon monoxide (because of the higher chance of 
forming CO). Because carbon diffusion on the surface is not as likely as the movement 
of oxygen, adding extra carbon does not increase the chance of producing carbon 
monoxide, therefore unaffecting the desorption temperature. 

We believe that the marginal shift in temperature of 20-30 K when an extra 



Chapter 5 

122 

amount of oxygen is added to the surface, while no temperature shift was observed 
when extra carbon was introduced, is evidence that desorption of CO at a temperature of 
ca. 775 K is unlikely to proceed through second order desorption kinetics. When second 
order desorption kinetics would apply, an increase of the concentration of either atomic 
species on the surface would have led to a much more pronounced shift in temperature. 
Therefore, desorption of CO at 775 K is expected to be first order. 
 

5.5 Conclusions 
Dissociation of carbon monoxide on poly crystalline iron was shown in this Chapter to 
be the kinetically preferred reaction over desorption. However, at coverages where 
space becomes a limiting factor (CO adsorbs at the same adsorption sites as the 
dissociation products) first order desorption of CO precedes the dissociation reaction. 
Once enough sites have become available, dissociation of CO –being the much faster 
process– becomes the dominant reaction, thus, the maximum amount of dissociated 
species on the surface possible will always be reached. 

Desorption of CO at 775 K was demonstrated to be a quasi first order process in 
which the kinetics are determined by desorption of CO and not by recombination of 
atomic carbon and oxygen. Based on this result, the following model was proposed; 
after dissociation of CO an equilibrium between dissociated and molecular CO is 
present, which is completely shifted toward the dissociated state. Although at a certain 
temperature (lower than the 775 K desorption trace) recombination of atomic carbon 
and oxygen is feasible, the activation energy of desorption is still too high. As a result, 
CO remains dissociated onto the surface until a sufficiently high temperature is reached 
to overcome the activation barrier of CO desorption. 

Pre-adsorption of carbon and oxygen was shown to lead to a weaker bonding of 
CO onto the iron surface. Moreover, extra oxygen on the surface –being the species 
moving to carbon to recombine– shifts the equilibrium described above to the molecular 
side –due to a higher chance of recombination–, therefore, slightly lowering the 
temperature of the high-temperature desorption trace of CO.  
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6 
Fe(100): CO Adsorption, Desorption, and 

Dissociation Kinetics and the Influence of Atomic 
Carbon and Oxygen. 

 

Abstract 
The adsorption, desorption, and dissociation of CO on an Fe(100) single crystal were 
examined under an ultra-high vacuum environment using TPD, SSIMS, and LEED. CO 
adsorbs molecularly at low temperatures and dissociates at 275 K with an activation 
energy of 63 kJ/mol and a pre-exponential factor of 1010. At an increasing CO 
coverage, dissociation of CO becomes blocked and desorption of molecular CO needs 
to precede dissociation to open up space. Once enough space has been made available 
dissociation occurs much more rapidly than desorption of CO, therefore, maximizing 
the amount of dissociated CO up to saturation coverage. Desorption of molecular CO 
at 205, 285, and 420 K proceeds through first order desorption kinetics, with activation 
energies of desorption of 57, 80, and 124 kJ/mol, respectively and with pre-exponential 
factors of roughly 1014 for all three desorption traces.  Desorption of recombined CO 
can be most accurately described by a quasi first order process, in which desorption of 
CO is the limiting factor and not recombination of atomic carbon and oxygen. Pre-
adsorption of carbon leads to blockage of α3-CO desorption and CO dissociation, 
whereas pre-adsorption of oxygen results in lower α2-CO desorption and CO 
dissociation. Blockage of CO dissociation is complete for the pre-covered oxygen 
surface, while part of the CO remains able to dissociate on the carbon pre-exposed 
surface. 
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6.1 Introduction 
The adsorption of carbon monoxide on Fe(100) [1-23] and other surface orientations 
such as (110) [7,11,24-35] and (111) [11,35-43] has been extensively investigated by 
various surface science techniques and several computational methods. Dissociation of 
CO, however, has been examined less comprehensively [1,2,8,14,15,17,18,23]. Besides 
temperatures at which dissociation takes place (or is final), no actual kinetic information 
was provided experimentally. Hence, apart from theoretically determined activation 
energies of dissociation by DFT calculations [2,23], kinetics of the reaction –to the best 
of our knowledge– has not yet been determined experimentally. Because the 
dissociation reaction of CO is regarded as an important step in the Fischer-Tropsch 
process, obtaining its kinetic parameters experimentally provides useful information to 
further elucidate the FT reaction mechanism. 
 Since carbon monoxide will hardly ever be the only species on the surface 
during reaction, numerous other species have been adsorbed next to CO, such as carbon, 
oxygen, hydrogen, sulfur, and potassium [1,12,14,16,18,20,44-48] to investigate their 
influence on the adsorption and dissociation of CO. However, most of these studies are 
restricted to the use of saturation coverages of these species to observe their influence. 
Because interactions between adsorbates on the surface have a great influence on the 
reaction kinetics and thermodynamics, the effect of coverage cannot be neglected. 
Therefore, it is worthwhile to examine the influence of coverage of some of these 
species on the adsorption and dissociation of CO more closely.  

Apart from desorption of CO on the Fe(100) surface, which is to show that our 
results compare well with the known literature, we mainly discuss the dissociation 
reaction of CO on Fe(100) in this Chapter. We will show that the kinetic parameters of 
the dissociation reaction can be obtained by fitting secondary ion mass spectra by a 
differential equation of the Arrhenius form. Furthermore, the influence of coadsorbed 
carbon and oxygen on the adsorption and dissociation of CO is investigated by 
temperature programmed desorption (TPD).  

 

6.2 Experimental Methods and Details 
TPD, low energy electron diffraction (LEED), and static secondary ion mass 
spectrometry (SSIMS) experiments were carried out in a stainless steel ultra-high 
vacuum (UHV) chamber with a base pressure of 5 10-11 mbar. The static SIMS spectra 
were taken by using a defocused 3 keV Ar+ primary ion beam with a current density of 
2 nA/cm2 (when other current densities were used for a given spectrum, it is mentioned 
in the figure) at an angle of incidence of 65˚. Secondary ions were collected under an 
angle of 25˚ with respect to the surface normal. These conditions were sufficient to 
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measure in static mode for roughly 30 minutes. A typical temperature programmed 
experiment lasted 7 minutes at most.  
 An iron single crystal of (100) orientation with a diameter of 10 mm and a 
thickness of 1.2 mm was mounted on a movable sample rod by two tantalum wires of 
0.3 mm diameter, pressed into small grooves on the side of the crystal. This 
construction allows for resistive heating to 1500 K. Because of the α-γ phase transition 
of iron at 1183 K, the system was protected in exceeding a maximum temperature of 
1100 K. The crystal could be cooled to 90 K by flowing liquid nitrogen through the 
manipulator. Temperatures were measured using a chromel-alumel thermocouple spot-
welded to the back of the crystal.  
 Before the iron single crystal was placed in the UHV system, it was treated with 
1 bar of flowing H2 (traces of water and oxygen were removed from the stream with 
mol sieves and copper, respectively) for two weeks at a temperature of 1040 K. This 
was sufficient to remove all the sulfur, phosphor, and most of the other impurities in the 
crystal. The remaining contaminants after this treatment, such as carbon, were removed 
by extended Ar+ bombardment until no more impurities were visible with SSIMS. 
Routine cleaning of the single crystal consists of 20 minutes of argon+ sputtering (0.5 
keV, 5 μA/cm2) at 950 K. After sputtering, the crystal was kept at 950 K for a few 
minutes to anneal and restore its surface ordering. This treatment resulted in SSIMS 
spectra of the crystal showing no contamination, and produced a LEED picture with a 
sharp p(1 × 1) pattern After each experiment the above described procedure was 
repeated to ensure that any remaining carbon and oxygen on the surface is removed and 
that the crystals’ ordering is restored. 
 Carbon monoxide (Linde AG, 99.997% pure), ethylene (Linde AG, 99.95% 
pure), and technical air (Linde AG, 20% O2 : 80% N2) were used without further 
purification. For most experiments the crystal was exposed to the respective gases at 
temperatures of 150 K and below. All temperature programmed experiments were 
performed at a heating rate of 2 K/s. 
 

6.3 Results 

6.3.1 Desorption of CO from the Clean Surface 
The Fe(100) single crystal was exposed to a pressure of 10-8 mbar of carbon monoxide 
for a variety of times at temperatures lower than 150 K.  Consequently, the crystal was 
heated at 2 K/s while traces of carbon monoxide (m/e = 28) were detected by a 
quadrupole mass spectrometer, resulting in the temperature programmed desorption 
spectra shown in Figure 6.1. The spectra on the left side are the ones as measured, while 
a background subtraction has been applied to the spectra on the right. Obviously, 
background subtraction is not straightforward and should be done with care. Because 
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evolving peaks are easier to see from the baseline corrected spectra, all shown spectra 
throughout the rest of this Chapter are baseline subtracted.  
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Apart from CO, no other traces such as O2 (m/e = 32) and CO2 (m/e = 44) were 
observed. The recorded TPD spectra are in good agreement with previous reported 
results in literature [1,5,6,8,13,14,16-18,45-47] (small shifts of the peak temperature are 
due to the low heating rate). At low CO coverages only one desorption feature is visible 
at a temperature of ca. 835 K, which is denoted as β-CO desorption (recombination of 
carbon and oxygen atoms). Hence, complete dissociation of carbon monoxide occurs, 
which according to Lu et al. [8] takes place between 373 and 423 K at a coverage just 
before the appearance of a second desorption peak at 420 K, which is named CO(α3) 
desorption. This α3-CO state is the pre-cursor for CO dissociation [5,13-18,49] and has 
a tilted configuration with the carbon atom adsorbed at a fourfold hollow site and the 
oxygen bridge bonded. Consequently, tilting angles between 35˚ and 57˚ from the 

Figure 6.1 TPD spectra of CO (m/e = 28) obtained after exposing the clean Fe(100) surface to various 
doses of CO at a temperature of <150 K. The heating rate was 2 K/s. The image on the left shows the as 
measured spectra, whereas the picture on the right displays the spectra after baseline subtraction. The 
inset is the uptake curve in which the area of CO underneath the TPD traces has been converted into an 
absolute coverage in monolayers. 



Fe(100): CO Adsorption, Desorption, and Dissociation Kinetics 

 129 

surface normal were reported using X-ray photoelectron diffraction (XPD) [22] and 
near edge X-ray absorption fine structure (NEXAFS) [6,15]. Calculations by several 
groups using density functional theory (DFT) revealed tilting angles of 50-54˚ for CO 
on Fe(100) [2,19,23]. In Chapter 4 we obtained a tilting angle of 47° for CO on Fe(100) 
using PW-DFT calculations. 

At higher coverages of CO the appearance of a third desorption state at a 
temperature of around 285 K is observed, which is referred to as CO(α2), and according 
to Moon et al. [14] can be ascribed to twofold or bridge bonded CO. At very high 
exposures of CO a final desorption state at 205 K is observed, α1, attributed to CO 
adsorbed at top sites [14]. The temperatures of all alpha peaks remain constant 
irrespective of the coverage of CO. The beta peak, however, shifts to a lower 
temperature when the CO coverage is increased, but stops shifting when the α3-CO 
peak appears, and henceforth remains constant. 

 

6.3.1.1 Quantification of Dosed Amount CO – Ordered Structures on the Surface 
The amount of adsorbed CO on the Fe(100) surface was quantified by plotting the total 
area underneath the desorption traces against the exposed amount of CO, depicted as the 
inset in Figure 6.1. When CO is added to the surface at 125 K, it orders in a p(1 × 1) 
fashion at saturation coverage, shown by LEED [4,5]. Furthermore, heating the 
saturated surface of CO to room temperature (±300 K) leads to formation of an ordered 
c(2 × 2) structure [4,5,21], associated with CO(α3) species. Increasing the temperature 
above the CO(α3) desorption temperature results in a sharpening of the c(2 × 2) pattern 
and is attributed to dissociated CO [5]. The experiments described above were verified 
on our own Fe(100) single crystal using LEED and are shown in Figure 6.2. The same 
ordered structures were obtained; hence, saturation coverage of CO is chosen to be 1 
ML and the areas of the TPD peaks were straightforwardly converted into the absolute 
coverage in monolayers (ML).  
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Figure 6.2 LEED images of a) an empty Fe(100) surface at 100 K, b) Fe(100) + 0.79 ML of CO at 100 
K, c) Fe(100) + 0.79 ML of CO at 330 K (pattern of CO(α3)), d) Fe(100) + 0.79 ML of CO at 500 K 
(pattern of atomic carbon and oxygen), and e) Fe(100) + 0.79 ML of CO at 1000 K. The beam energy 
was 216.8 eV. 
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6.3.1.2 CO Desorption Kinetics 

We employed several methods to determine the kinetic parameters of β-CO desorption 
on Fe(100). The first method that we used is the Chan-Aris-Weinberg (CAW1/2) 
analysis [50]. However, the obtained pre-exponential factor for the β-CO desorption 
peak was in the order of 108 and 1012 for first and second order desorption kinetics, 
respectively, which is a somewhat small pre-exponential factor for carbon monoxide 
desorption [51]. Moreover, there is a too high uncertainty in the fitted data; differences 
larger than 50 percent can be obtained.  

The second method that we applied is the complete analysis method proposed by 
King [52]. This is a method, which requires extremely good data. Because subtracting 
the baseline from the TPD spectra is not straightforward, it seems that our data is not 
good enough for this analysis. Hence, we do not obtain a linear relationship between the 
natural logarithm of the rate of desorption vs. 1/temperature, rendering this method 
inapplicable. 

The third and fourth method employed are the leading edge [53] and coverage 
corrected leading edge analysis [54]. When one plots the natural logarithm of the 
reaction rate constant against 1/temperature there is a regime where the graph is linear. 
However, the exact determination of this range is not simple and, thus, leads to error 
margins in the results which are too large. 

The fifth method is called the Redhead analysis [55], and the disadvantage of 
this method is that it uses first order desorption kinetics where the pre-exponential 
factor needs to be chosen. When one applies the Redhead formula to the β-CO 
desorption trace for pre-exponential factors between 1010 and 1016 the activation energy 
of desorption varies between 168 and 259 kJ/mol. 

When we apply the CAW1/2 analysis for first order desorption kinetics on the 
molecular α3-CO desorption trace on Fe(100) we obtain a pre-exponential factor of 
1014.6 ± 0.4 and an activation energy of desorption of 124 ± 3 kJ/mol in the zero coverage 
limit. Previously reported desorption kinetics of the α3-CO trace [1,14] were guessed to 
be 105-110 kJ/mol, assuming a pre-exponential factor of 1013. However, Benziger et al. 
[1] mentioned that this value might be 15-20 kJ/mol too low, as the pre-exponential 
factor might have been assumed two to three orders too low [56]. When we use the 
Redhead method and take a pre-exponential factor of 1013, we also obtain an activation 
energy of desorption of 111 kJ/mol for the CO(α3) desorption feature. 

For the two other molecular desorption peaks the Redhead method was applied 
by using pre-exponential factors of 1014±1, leading to activation energies of CO 
desorption of 80 ± 5 and 57 ± 4 kJ/mol for α2 and α1 desorption of CO, respectively, 
which is in good agreement with literature [1,14]. 
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6.3.1.3 Extent of CO Dissociation 
The amounts of desorbed carbon monoxide from the different desorption traces is 
plotted against the total CO coverage in Figure 6.3. All CO initially dissociates until ca. 
0.15 ML of CO coverage, at which space becomes a limiting factor and CO starts to 
desorb molecularly at 420 K (α3 peak). At an exposure of 0.5 ML of CO the β-CO and 
α3-CO desorption traces both reach a maximum amount of ca. 0.25 ML and CO starts to 
desorb from the α2 peak. At around ¾ of the saturation coverage, the final desorption 
feature CO(α1) becomes visible, which along with the CO(α2) trace increases 
proportionally till saturation coverage. Similar individual coverages were obtained by 
Nassir et al. [18]. However, filling of the states seems to occur differently, as our results 
show that CO desorption from the α2 trace starts after maximum desorption of CO from 
the α3 state, whereas the group of Dwyer found a concurrent increase of the α2-CO and 
α3-CO state [18]. 
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6.3.2 CO and CO Related Species Adsorbed on the Clean Surface 
A typical static secondary ion mass spectrum of a saturated Fe(100) surface with CO at 
a temperature of 145 K is displayed in Figure 6.4. The Fe+ signal is the most intense 
peak of the spectrum. Other parts of the spectrum need to be blown up more than 50 
times to observe the peaks related to the adsorption of carbon monoxide on the surface, 
i.e., m/e of 28 and 84. Besides these peaks, masses of 12, 16, 68, and 72 atomic mass 
units (amu) are detected, ascribed to carbon+, oxygen+, FeC+, and FeO+ secondary ion 
species, respectively. Because dissociation of CO at 145 K does not occur according to 

Figure 6.3 The individual coverages of each desorption trace plotted against the total amount of 
adsorbed CO on Fe(100). 
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literature [1,5,16,21,48,49], fragmentation of CO during the secondary ion emission 
process is responsible for these four observed species. Apart from species related to 
adsorbed CO, other secondary ion species such as Li+, Na+, Al+, K+, and Ca+ are 
observed, due to their relative ease to ionize or existence as ions on the surface. In 
addition, a small peak attributed to copper is detected, which comes from the sample 
holder. Water, originating from the residual gas during cooling and CO adsorption at 
145 K is observed at m/e = 74 as the Fe(H2O)+ ion cluster. 
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6.3.2.1 Dissociation of CO – 1. Isothermic Static SIMS 
At low CO coverage, where all adsorbed CO dissociates, the Fe(CO)+ ion intensity was 
too low to be detected by our system. Therefore, we performed isothermic 
measurements on a saturated surface with CO, shown in Figure 6.5. The spectrum has 
been multiplied by 70, apart from the region between 50 and 60 amu, to show that the 
Fe+ signal is much more intense than all the other signals, and moreover, to be able to 
make a better comparison. 
 Since the 145 K spectrum was discussed in the previous section, we will start by 
explaining the spectrum at 240 K. Because at this temperature α1-CO has desorbed from 
the surface, slightly lower intensities of all secondary ions are observed. Once CO(α2) 
desorption occurs (above 285 K), an enormous drop in signal intensity is observed, due 
to halving of the CO coverage, which results in a much lower release of positive 
secondary ions. Nonetheless, all secondary ions observed at lower temperatures remain 
visible up to 330 K. However, raising the temperature to 460 K leads to the loss of the 

Figure 6.4 SSIMS spectrum of the Fe(100) surface after saturation dosage of CO at 145 K. A defocused 
3 keV Ar+ primary ion beam with a current density of 6.6 nA/cm2 was used for the measurement. 
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Fe(CO)+ secondary ion signal, while very small FeC+ and FeO+ ion intensities remain 
visible. Thus, part of the CO on the surface at 330 K has dissociated somewhere in 
between 330 and 460 K. As CO is known to increase the work function of the metal, the 
iron signal is very hard to detect once all molecular CO is either desorbed or 
dissociated. At 860 K (after β-CO desorption) all atomic carbon and oxygen has 
recombined into CO and is removed from the surface, hence, no signals related to 
atomic carbon and oxygen as well as molecular CO were detected. 
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Because all the secondary ions and ion clusters that are related to the 
dissociation of carbon monoxide are already present at 145 K –where no dissociation 
occurs–, and no straightforward increase of these secondary ions at any of the measured 
temperatures could be observed, the isothermic results cannot be used to determine the 
temperature at which dissociation takes place. For this purpose, temperature 
programmed static SIMS (TPSSIMS) experiments were performed. 
 

6.3.2.2 Dissociation of CO – 2. TPSSIMS 
In Chapter 5 we showed that detection of the secondary ion species FeC+, FeO+, and 
Fe(CO)+ on poly crystalline iron was complicated and led to large noise levels in the 
data. Because an Fe(100) single crystal contains a lot less surface defects and the 
surface area is much lower (poly crystalline samples are rough, single crystals smooth) 
than poly crystalline iron, observation of a clear signal from these secondary ion 

Figure 6.5 SSIMS spectra of the Fe(100) surface after saturation dosage of CO at 145 K and subsequent 
heating to the displayed temperature. Spectra were taken with a defocused 3 keV Ar+ primary ion beam 
with a current density of 6.6 nA/cm2. 
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clusters proved to be practically impossible. Therefore, we did not look at the FeC+, 
FeO+, and Fe(CO)+ species for the temperature programmed SSIMS measurements, but 
focused exclusively on the Fe+ signal (in principle the work function of the metal). 
Since the Fe+ intensity was shown to depend linearly on the CO coverage in Chapter 5, 
kinetic data of the dissociation reaction of CO can be obtained.  
 To link the changes in Fe+ signal (or work function) to either dissociation or 
desorption of CO, TPD and TPSSIMS experiments were performed simultaneously, as 
depicted in Figure 6.6. Up to coverages of 0.14 ML, desorption of CO is only observed 
at 835 K. However, the Fe+ signal decreases already at a temperature of 275-300 K 
(difficult to see for the lowest coverage). The signal is then more or less constant 
between 400 and 700 K, decreases between 700 and 900 K, and finally remains constant 
at higher temperatures. The decrease of Fe+ signal between 700 and 900 K can be 
attributed to the recombination of atomic carbon and oxygen, desorbing as CO. Because 
no other desorption peaks were observed, the decrease in Fe+ signal between 275 and 
400 K can only be ascribed to dissociation of CO. To the best of our knowledge only 
the group of Bernasek [8] investigated the dissociation of CO at a sufficiently low CO 
coverage were dissociation is the only process on the surface at low temperatures. For a 
CO coverage of 0.1 L (comparable to our 0.17 ML) they obtained dissociation between 
373 and 423 K. Our results show dissociation between roughly 290 and 400 K. 

At coverages higher than 0.17 ML CO, one cannot distinguish desorption from 
dissociation of CO from the decrease in the Fe+ signal, because both processes clearly 
take place concurrently. However, once desorption of CO at 420 K is sufficiently 
present  (above a CO coverage of 0.20 to 0.3 ML) the decrease of the Fe+ signal is 
postponed by roughly 50 K. We assume that most likely space is the limiting factor for 
CO to dissociate at these coverages, hence, part of the CO needs to desorb first to make 
sufficient room for the remaining CO to dissociate. 

Once the CO(α2) desorption feature is present at 285 K, the Fe+ signal starts to 
decrease at this temperature with a certain slope, which changes steepness when CO(α3) 
desorption starts to take place. For coverages higher than 0.37 ML an inset of the 
temperature regime 450-950 K is used to show the decrease of the Fe+ intensity when  
β-CO desorption occurs. 
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6.3.3 Preparation of an Atomic Carbon Overlayer 
To create a carbon overlayer on the Fe(100) surface, ethylene was exposed to the 
surface at a temperature of 145 K and a pressure of 10-8 mbar and subsequently heated 
to 530 K. During the heating process ethylene decomposes into H2 and atomic carbon, a 
reaction that has been investigated in detail by Hung and Bernasek [57]. In Figure 6.7 
various amounts of ethylene were exposed to the Fe(100) surface after which a TPD of 
H2 was recorded. The recorded desorption spectra closely resemble the measured 
spectra from literature [57]. At saturation coverage of ethylene and subsequent heating 
to 530 K, a c(2 × 2) structure of atomic carbon was obtained with LEED (right image in 
Figure 6.7). This c(2 × 2) pattern of carbon has been observed by several other groups 
[21,48,57-59], who concluded with additional techniques such as X-ray photoelectron 
spectroscopy (XPS) that the maximum amount of carbon on the surface is 0.5 ML with 
carbon adsorbed in the fourfold hollow sites. Accordingly, the area underneath the TPD 
traces was converted into the carbon coverage in monolayers. Three different carbon 
loadings were used as overlayers; 0.06, 0.25, and 0.5 ML carbon. 
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Figure 6.7 The image on the left shows TPD spectra of H2 desorption after dosage of various amounts of 
ethylene on Fe(100) at 145 K. The inset shows the uptake curve in which the areas of the H2 desorption 
traces have been converted into the absolute carbon coverage. The right picture is a LEED image of a 
saturated surface of ethylene dosed at 145 K and heated subsequently to 530 K, resulting in a c(2 × 2) 
ordered structure of atomic carbon.

Fe(100) + Carbon 
c(2 × 2) pattern 

T = 530 K 
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6.3.4 CO Desorption from an Fe(100) Surface with a Carbon Overlayer 
The effect of carbon on the desorption and dissociation of carbon monoxide was 
investigated by dosing various amounts of carbon monoxide at a pressure of 10-8 mbar 
and a temperature of 145 K to the carbon covered Fe(100) single crystal and 
consequently recording a TPD  spectrum at a heating rate of 2 K/s, as shown in Figure 
6.8. Unfortunately, we were unable to determine the absolute coverage of CO on the 
surface, because of the change in sensitivity of the mass spectrometer towards CO each 
day. Hence, the desorbed amount of CO is normalized to different saturation coverage 
for each panel, and thus, not relative to saturation of CO on the clean surface. 
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 For the overlayer with low carbon content carbon monoxide completely 
dissociates at low CO coverages –desorption of CO at 810 K only–. At 0.33 θsat CO 
coverage the CO(α3) desorption trace appears, which fills up as the coverage is further 
increased. At coverages of 0.62 θsat and above, a peak is observed at around 300 K. A 
similar peak was observed by Lu et al. [47] at 340 K, although they did not pre-dose 
carbon. They assigned this peak (α2’) to CO in the bridge site with another CO 
molecule as next nearest neighbor in the fourfold hollow site. The α2-CO desorption 
peak, which they observed at 305 K, was assigned to CO in the bridge site with CO in 
the fourfold hollow site as nearest neighbor. Since we do not observe this peak with 

Figure 6.8 TPD spectra of CO on Fe(100) that is pre-dosed with varying amounts of atomic carbon   
–produced by dissociation of ethylene– at a heating rate of 2 K/s. The left image shows a low amount, 
the middle a medium quantity, and the right the maximum loading of carbon. 
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only CO on the surface, it is more likely that the (α2’)-CO peak (which we observe at 
300 K) can be attributed to CO in the bridge site with carbon as nearest neighbor in the 
fourfold hollow site. Apparently, this CO is stabilized by the carbon atoms, because the 
CO(α2) peak –associated with CO in bridge sites with no carbon as nearest neighbor, 
but more likely CO– grows in as a shoulder at 280 K, thus, the less strongly adsorbed 
molecule on the surface. Nevertheless, at high enough CO coverages, the CO(α2) 
desorption trace becomes the larger peak of the two –which is in accordance that CO 
desorbing as α2 has CO as nearest neighbor–. 
 Increasing the carbon amount on the surface toward 0.25 ML still favors CO to 
dissociate at very low CO coverages. The difference between the lowest amount of 
carbon and this medium carbon content is the lower α2-CO peak, which seems to reach 
an equal amount as the α2’-CO desorption trace. Because 0.5 ML is the highest 
coverage possible for CO(α3) desorption (CO in the fourfold hollow site), half of these 
sites are now occupied by carbon atoms. Hence, this would explain why both CO(α2) 
and CO(α2’) desorption features desorb by an equal amount. 
 At the highest possible carbon level on Fe(100), i.e., 0.5 ML most of the 
fourfold hollow sites are blocked, which results in much lower sites available for α3-CO 
to desorb from. However, complete blockage of CO(α3) desorption and dissociation of 
CO by atomic carbon does not happen. Both desorption features still remain visible, 
although, very small. Although one would expect that a perfect 0.5 ML carbon coverage 
completely blocks CO dissociation, a c(2 × 2) structure determined by LEED indicates 
that the coverage is 0.5 ML locally, but that the overall coverage might be lower; thus, 
dissociation remains possible. Moreover, both CO(α2) and CO(α2’) seem to have 
merged into one desorption peak at 290 K, which will mostly be bridge CO adsorbed 
next to fourfold hollow adsorbed carbon. 
 

6.3.4.1 Extent of CO Dissociation 
Figure 6.9 shows the amounts of CO desorbing from the various desorption traces 
plotted against the exposed amount of CO for the carbon free and carbon pre-covered 
surfaces. For this figure, the assumption is made that carbon effectively blocks the 
adsorption of carbon monoxide, thus, the maximum amount of CO goes down by the 
amount of carbon adsorbed.  

A small amount of pre-adsorbed carbon results in a higher fraction of 
dissociated CO than the carbon-free surface. Moreover, less CO exposure is needed to 
dissociate the same amount of CO. A similar observation is seen for the molecular 
desorption peaks; higher carbon contents on the iron surface decrease the CO exposure 
needed for the molecular desorption features to appear. As the carbon level increases, so 
does the amount of CO desorbing from fourfold hollow sites (α3) decrease. At the 
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highest loading of carbon, that is 0.5 ML, desorption of CO from the α3 state ends up as 
the least amount of CO desorbing from the surface, whereas CO desorbing from the α2 
state becomes the largest fraction.  

Hence, these four images clearly demonstrate that pre-adsorption of carbon 
blocks the adsorption of CO in fourfold hollow sites –CO(α3) desorption–, because 
atomic carbon binds stronger to iron at fourfold hollow sites than CO does. The amount 
of CO desorbing from the α2- and α1-states more or less remains constant at increasing 
carbon pre-exposure, thus carbon does not block these CO states. Interesting to note is 
that although the amount of CO that dissociates decreases at increasing carbon 
coverage, CO dissociation –despite the extra amount of carbon on the surface– still 
remains 2-3 times more favorable than desorption does. 
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6.3.5 Preparation of an Atomic Oxygen Overlayer 
An oxygen covered surface was created by exposing the Fe(100) single crystal to 
technical air (20% O2 : 80% N2) at a pressure of 10-8 mbar and a temperature of 145 K. 
At this temperature oxygen adsorbs dissociatively [60]. Subsequently the sample was 
heated toward 500 K to obtain a better ordering of the oxygen on the surface. The 
absolute coverage of oxygen on the Fe(100) could not be determined with the set-up. 
Therefore, results are displayed in equivalent O2 in Langmuir. Three overlayers 

Figure 6.9 Plots of the amount of CO desorbing molecularly (filled circles –α3–, stars –α2–, and 
triangles –α1–) and by recombination of atomic carbon and oxygen (open squares –β–) as a function of 
the dosed amount of CO. The pictures from left to right show the Fe(100) surface with increasing 
amounts of pre-adsorbed carbon content, starting from a carbon-free surface. 
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containing different loadings of oxygen were prepared; 0.09, 0.36, and 1.0 Langmuir of 
equivalent O2. 
 

6.3.6 CO Desorption from an Fe(100) Surface with an Oxygen Overlayer 
After oxygen exposure to the Fe(100) surface at 145 K and subsequently heating to 500 
K, the oxygen covered surface was cooled down back to 145 K where CO was added at 
10-8 mbar for different amounts of time to produce a variety of CO coverages on the 
surface. The results for all three pre-covered oxygen surfaces are depicted in Figure 
6.10. We were unable to determine the absolute coverage of CO on the surface, because 
of the change in sensitivity of the mass spectrometer towards CO each day. Hence, the 
desorbed amount of CO is normalized to different saturation coverage for each panel, 
and thus, not relative to saturation of CO on the clean surface. 
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From these graphs it is clear that an increase of the oxygen content on the 
surface leads to the decrease of CO desorbing from the α2 desorption trace and a much 
lower extent of CO dissociation. Although the CO(α3) peak decreases as well, its 
decrease is much less pronounced. Hence, oxygen seems to push CO out of the bridge 
sites, which is an interesting observation as oxygen adsorbs preferably at fourfold 

Figure 6.10 TPD spectra of CO on Fe(100) that is pre-dosed with varying amounts of atomic oxygen   
–produced by dissociation of O2– at a heating rate of 2 K/s. The left image shows low, the middle 
medium, and the right high loadings of oxygen in the overlayer. 
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hollow sites according to numerous papers in literature [60-63]. However, as oxygen is 
quite mobile on the surface [64], and in addition is stable at bridge sites –though weaker 
than at fourfold hollow sites [2,23]–, it might be possible that CO displaces the fourfold 
hollow adsorbed oxygen toward bridge sites. Moreover, an increase of the atomic 
oxygen content on the surface leads to slightly higher desorption temperatures of the 
CO(α1) and CO(α2) peak, whereas to a somewhat lower temperature of the CO(α3) 
peak. The beta desorption feature does not seem to be affected by a change in oxygen 
loading. Thus, although oxygen displaces a lot of CO from the bridge sites, the CO that 
is still adsorbed becomes more strongly bound to the surface. 
 

6.3.6.1 Extent of CO Dissociation 
To find out to what extent CO dissociates while pre-adsorbed oxygen is present on the 
Fe(100) surface, the desorbed amount from each CO desorption trace was plotted 
against the exposed CO to the surface. This is shown in Figure 6.11. It should be noted 
here that the desorbed amount of CO is normalized to different saturation coverage for 
each panel, and thus, not relative to saturation of CO on the clean surface. The reason 
for this is that we did not measure saturation coverage of CO on the clean surface the 
same day the experiments were performed with the oxygen pre-covered surfaces, hence, 
the sensitivity of the mass spectrometer changed, making it impossible to present the 
results relative to the saturation coverage of CO on the clean surface. Thus, the results 
are presented each with a different normalization. Obviously pre-adsorption of oxygen 
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Figure 6.11 Plots of the amount of CO desorbing molecularly (filled circles –α3–, stars –α2–, and 
triangles –α1–) and by recombination of atomic carbon and oxygen (open squares –β–) as a function of 
the dosed amount of CO. The pictures from left to right show the Fe(100) surface with increasing 
amounts of pre-adsorbed oxygen content, starting from an oxygen-free surface. 
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changes the fractions of the different desorption traces. In particular the α2-CO 
desorption peak decreases a lot when the oxygen content on the surface is increased, 
while the α3-CO fraction increases. Hence, oxygen influences CO in the bridge site, 
rather than CO fourfold hollow adsorbed. This can also be seen by the fraction of CO 
that dissociates, which as well becomes a little smaller. The ratio CO(α3) to CO(β) for 
the highest loading of oxygen is 2:1, which is opposite to carbon pre-adsorption. 
Unfortunately we did not expose the Fe(100) surface to the saturation coverage of 
oxygen to find out whether complete blockage of certain desorption states or 
dissociation was possible, since according to literature it should be possible to 
completely block the dissociation of CO [1]. 
 

6.4 Discussion 

6.4.1 CO Desorption Kinetics  
The structures of bonded CO to Fe(100) with the respective kinetic parameters that lead 
to the observed desorption states with TPD are shown in Figure 6.12. Obtaining the 
kinetic parameters for CO desorbing from the β-CO state proved to be extremely 
difficult. Although five different methods were used to extract kinetic data from this 
desorption peak, none of them did provide accurate results and each had their own 
drawbacks as described in the results section. The group of Madix [1] already 
mentioned in 1980 that desorption of  CO(β) could not be described by a simple first or 
second order process. Instead, they found reaction orders between 1.8 and 1.3 from low 
to high CO coverages, respectively. For this reason, when one tries to determine the 
kinetic parameters with either one of these five analyses, one assumes either first or 
second order desorption kinetics. Because the process appears to be more complicated 
then a simple first or second order desorption process, these methods seem to run into 
problems. Hence, a more sophisticated model should be used or dynamic Monte Carlo 
simulations need to be performed to gather more accurate kinetic parameters. 
Nevertheless, we have put the most likely kinetic parameters of the β-CO desorption 
state in Figure 6.12. 

Since the molecular desorption traces are first order processes, we did not 
encounter any of the described problems when extracting the kinetic parameters. 
 

6.4.2 CO Dissociation Kinetics 
To determine the kinetics of the dissociation reaction of CO no other process must take 
place at the same time. Therefore, CO coverages lower than 0.17 ML were used. Next, 
the Fe+ ion intensity acquired with SSIMS was converted into the CO coverage in 
monolayer and plotted against the temperature, as shown in Figure 6.13. Here we  
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implicitly assume that the Fe+ ion intensity depends linearly on the CO coverage. 
Consequently we use a semi-quantitative description based on earlier studies of NO 
dissociation on rhodium by Hopstaken [65] to model the data: 
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in which θCO and θ* are the absolute coverages (in ML) of carbon monoxide and vacant 
sites, respectively, θsat is the total saturation coverage of carbon and oxygen atoms        
–0.5 ML–. νdis and Edis are the pre-exponential factor and the activation energy of 
dissociation, respectively, β is the heating rate, and n is the number of vacancies needed 
for dissociation (assumed to be 1). 

When the semi-quantitative description (eq. 6.4.2.1) –which does not take the 
lateral interactions into account– is used, the data cannot be modeled properly and 

 α1 α2 α3 β 

Edes [kJ/mol] 57±4 80±5 124±3 214±46 

νdes [s-1] 1014±1 1014±1 1014.6±1 1013±3 

Figure 6.12 TPD plot of a CO saturated Fe(100) surface with the several bonding structures of CO that 
represent the corresponding desorption states. The most likely kinetic parameters of the desorption 
states are given in the table. 
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extremely low pre-exponential factors and activation energies of CO dissociation (2.14 
± 0.47 s-1 and 16 ± 1.8 kJ/mol, respectively) are acquired. Hence, lateral interactions are 
introduced into the model in an empirical way by the following equation: 

,)( 0, EEE m
totdistotdis ⋅⋅+= θαθ              (eq. 6.4.2.2) 

in which Edis(θtot) is the activation barrier of dissociation of CO as a function of the total 
coverage, Edis,0 is the activation barrier at zero coverage, α is a constant (which physical 
interpretation of the number is not possible), θtot is the total adsorbate coverage θCO + θC 
+ θO, and Ē is 1 kJ/mol. m is an integer, which above unity provides an artificial 
approach to stress that the effect of lateral interactions becomes particularly apparent at 
higher total coverages. Both equations 6.4.2.1 and 6.4.2.2 were combined and 
numerically solved for independent values of Edis,0, νdis, and α to obtain the best fit over 
the measured temperature range for the different coverages. 
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However, because the data is still very noisy the best fits were obtained for a 
pre-exponential factor of 12 with an activation energy of 18 kJ, which is very similar to 
the model without the lateral interactions and is much too low. Hence, a fixed value for 
the pre-exponential factor needed to be used. From literature we know that pre-
exponential factors between 109 and 1012 s-1 were acquired for the dissociation reaction 
of simple diatomic molecules on various metal surfaces [66]. Moreover, the pre-

Figure 6.13 TPSSIMS spectra of the Fe+ ion intensity converted into the CO coverage for various CO 
coverages (noisy data) on Fe(100). Heating rate was 2 K/s. The smooth curves are the fits of the model 
based on equation 6.4.2.1 in combination with 6.4.2.2. 



Fe(100): CO Adsorption, Desorption, and Dissociation Kinetics 

 145 

exponential factor collected from the dissociation reaction of CO on poly crystalline 
iron in Chapter 5 was 1010±1. Therefore, we applied the same pre-exponential factor 
(1010±1) for the dissociation reaction of CO on the Fe(100) single crystal. This leads to 
an activation energy of dissociation of 63 ± 6 kJ/mol with an α of 274 (see Figure 6.13). 
The maximum absolute RMS error in the calculation for this fit is 1.5 10-6, 2.0 10-6, 2.0 
10-6, and 1.8 10-6

 for 0.06, 0.09, 0.14, and 0.17 ML, respectively.  
Dissociation of CO is the preferred reaction on Fe(100), as observed by a 

combination of TPSSIMS and TPD experiments. However, at coverages of CO higher 
than 0.17 ML, both dissociation and desorption occur. Nassir et al. [17] proposed that 
desorption of CO on Fe(100) is dissociation-stimulated and that desorption and 
dissociation are coupled sequential reactions rather than parallel ones. In this coupled 
mechanism a CO molecule is first dissociated to generate atomic fragments. Because 
these dissociated species as well as molecular CO compete for the same adsorption sites 
on the surface, the atomic fragments would effectively displace and desorb neighboring 
CO molecules, due to their higher heat of adsorption. Although from calculations (see 
Chapters 3 and 4 in this thesis) we saw that atomic species indeed have a much larger 
influence on the adsorption energy of CO than molecular CO and that the dissociation 
products definitely compete for the same adsorption sites, we believe that desorption of 
CO at 420 K takes place due to lack of space for CO to dissociate. 

This is illustrated by the Fe+ signal in the SSIMS experiment of Figure 6.6, 
which drop in intensity (caused by dissociation at low CO coverages) is retarded by 50 
K once CO starts to sufficiently desorb from the surface. Hence, the assumption is that 
this retardation of temperature at coverages higher than 0.20-0.30 ML is caused because 
dissociation of CO cannot occur before enough CO has desorbed. Then, when 
dissociation takes place (around 1000 times faster than desorption of CO at 420 K, 
calculated from a simple Arrhenius form of the rate constant) its dissociation products 
may stimulate desorption of CO as a logical consequence of atom–molecule repulsions 
and speed up the entire process. 
 The activation energy of dissociation that we collected is half the energy 
compared to calculated values [2,23]. Because SSIMS induces defects on the surface, 
we are aware that the low dissociation energy obtained might be ascribed to defect 
chemistry. This finding is supported by results obtained by Sorescu for CO dissociation 
on stepped surfaces of iron [67], who reported activation energies of dissociation in the 
order of 60-90 kJ/mol for the Fe(710) and Fe(310) stepped surfaces. Of course, by using 
a Kelvin-Probe, which does not create defects on the surface, these results need to be 
verified in the future. Nonetheless, with respect to the FTS mechanism, it is relevant to 
note that our results demonstrate that iron surfaces may contain sites that enable CO 
dissociation at relatively low activation energy of 65 kJ/mol. Since CO dissociation 
cannot be rate determining, otherwise no carbon build up occurs, these sites might be 
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necessary to form the iron carbides, which are believed to be the active species in the 
FTS (see ref. [68] and refs. therein). 
 

6.4.3 Influence of Carbon and Oxygen on CO Desorption 
Carbon when added to the Fe(100) surface preferentially adsorbs at fourfold hollow 
sites [2,23,64]. Therefore, desorption of CO at 420 K (CO adsorbed in fourfold hollow 
sites) decreases as the carbon content increases on the surface. Because less CO is 
adsorbed as α3 –pre-cursor of CO dissociation– the amount of CO that dissociates goes 
down as well. However, twice the amount of CO desorbs as recombined carbon and 
oxygen than as molecular CO at 420 K. This can be explained by the fact that oxygen at 
higher coverages adsorbs besides fourfold hollow sites at bridge sites as well. Thus, to 
dissociate CO one does not need an extra free fourfold hollow site for this. Since the 
maximum amount of carbon on the surface is 0.5 ML (determined by LEED, which 
means that locally 0.5 ML is observed, but overall a lower coverage is possible), at 
some of these locally lower coverages of carbon, CO still has sufficient space to 
dissociate. As dissociation is favored over desorption, even on the pre-covered surface 
with the highest carbon content more CO is able to dissociate than desorb from the     
α3-state. 

Pre-adsorption of oxygen, on the other hand, leads to a clear decrease of CO(α2) 
desorption. Hence, oxygen tends to move toward bridge sites when CO is post-dosed. 
Did we observe that dissociation is preferred over desorption of CO at fourfold hollow 
sites when carbon is pre-adsorbed, oxygen as an overlayer leads to the preference of CO 
desorption instead of dissociation. Although we did not achieve complete blockage of 
CO dissociation, as we did not adsorb saturation coverage of oxygen on the surface, we 
know from literature that complete blockage of CO dissociation is achievable [1]. This 
is possible, as in contrast to carbon twice the amount of oxygen can be adsorbed on the 
surface [1,21,48,59,60,62]. Because of the tendency of oxygen to move to bridge sites at 
higher coverages, CO can still adsorb at fourfold hollow sites. However, because of the 
high oxygen loading, CO does not have the ensemble of sites needed to dissociate. 

Although temperatures of all desorption traces are barely affected by the 
coadsorption of carbon on the surface, a new desorption state was observed for CO 
adsorbed in the bridge site with most likely atomic carbon as nearest neighbor.  

Pre-adsorption of oxygen influences the desorption temperatures of the peaks 
slightly, in which the CO(α1) and CO(α2) peaks move to slightly higher temperatures 
(stronger bonding to the surface), whereas the CO(α3) peak is somewhat destabilized 
and decreases in temperature. The recombination peak at 775 K is not much affected. 

As the temperature of the β-CO peak is not affected by an increase of both 
atomic surface species oxygen and carbon, this desorption process is not expected to 
proceed through second order desorption kinetics. Desorption of CO at 780 K, on the 
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other hand, is most likely a quasi first order process that is limited by the desorption 
energy of CO and not by the recombination energy of atomic carbon and oxygen, which 
was also shown by calculations [2,64]. Moreover, calculated adsorption energies of CO 
of -1.55 to -1.84 eV [23,64] when converted to the desorption temperature [69] are close 
to the experimentally observed desorption temperature of CO at 775 K.  

 

6.5 Conclusions 
Carbon monoxide adsorbs molecularly on Fe(100) at low temperatures <150 K at 
fourfold hollow sites. When the surface is heated, dissociation of CO exclusively takes 
place provided ample space is available. Once space becomes scarcer, because the 
dissociation products adsorb at fourfold hollow sites too, dissociation does not occur 
unless some of the CO desorbs. Since dissociation is much faster than desorption of CO 
(roughly 1000 times at 420 K), the amount of desorbed recombined CO does not go 
down at the point where molecular desorption of CO at 420 K is observed, but keeps 
increasing to a coverage of ca. 0.25 ML, and thereafter stays constant. The activation 
energy of CO dissociation that we obtain is half the energy reported by calculations 
from literature; hence, it is possible that what we measure is defect chemistry instead, as 
SSIMS undoubtedly creates defects on the surface. 

First order desorption kinetics were assumed for the molecular desorption 
features, which correlated nicely with literature.  Desorption of recombined CO, on the 
other hand could not be determined as a typical first or second order process. However, 
quasi first order desorption kinetics were established for desorption of recombined CO, 
in which CO desorption is the limiting factor and not the recombination energy of 
atomic carbon and oxygen. 
 When carbon is added to the surface, it occupies fourfold hollow sites, and thus, 
the availability of these adsorption sites drops, resulting in less adsorption of carbon 
monoxide in the α3-state. Because this state is the pre-cursor for CO dissociation, less 
CO is able to dissociate as well. However, complete blockage of CO dissociation is not 
possible by pre-adsorption of carbon. Pre-exposure of oxygen, on the other hand, can 
result in complete blockage of CO dissociation, which is due to a higher saturation 
content of oxygen on the surface compared to carbon. Moreover, oxygen seems to move 
to the bridge sites, as the CO(α2) state is affected the most. 
 The applicability of SSIMS to determine the kinetic parameters of CO 
dissociation was shown to be on the edge of what is possible; instead of directly looking 
at carbon, oxygen, and CO species on the surface, we needed to switch to the iron 
signal, because of the insufficient detection of the species themselves. However, when 
dissociation of CO was examined with either pre-adsorbed atomic carbon or oxygen, 
even the iron signal was not of high enough quality to use. Moreover, SSIMS induces 
defects on the surface, which can dictate the complete surface chemistry. To determine 
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the kinetic parameters of CO dissociation more accurately because of the described 
SSIMS limitations, we would suggest using a Kelvin-Probe, which is expected to have a 
much better signal to noise ratio, and moreover, does not create defects on the surface. 
Thus, defect chemistry can be excluded to a certain extent. To be able to observe 
carbon, oxygen, and CO species directly on the surface we would advise performing 
synchrotron XPS experiments.  
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7 
Iron Oxide Nano Particles as Model Catalysts for 

the Fischer-Tropsch Synthesis:            
Morphology and Composition Study 

 

Abstract 
Monodisperse 18 nm spherical magnetite (Fe3O4) nano particles were synthesized from 
goethite (FeO(OH)) through a one-pot synthesis. Via the flat model approach, i.e., spin-
coating of the nano particles on a flat SiO2 substrate, TEM was used to image the 
particles. From these images a particle size distribution of 17.5 ± 1.5 nm was 
determined. To minimize the mobility of the particles on the SiO2 support under 
reaction conditions, the calcination temperature of the particles after spin-coating –to 
remove the surfactant– proved to be essential. Three different methods to activate 
(reduce) the magnetite particles were studied, that is, H2, CO, and a mixture of H2 and 
CO (synthesis gas). Using H2 leads to faceting of part of the particles and to the 
appearance of core-shell particles with metallic iron as the core and iron oxide as shell. 
When CO is applied as reduction gas most of the particles become faceted. However, no 
core-shell particles, and moreover, carbide phases were detected. Flowing a mixture of 
H2 and CO for 7 days over the magnetite nano particles resulted in substantial changes 
in the morphology of the particles, but did not lead to any detection of carbide phases 
either. Instead, magnetite was the only crystalline phase present after syngas treatment. 
Moreover, regardless of the reduction gas, the behavior of the magnetite particles is 
different from one particle to another. This means that some of the particles –even after 
a week in syngas– did not change at all and remained spherical magnetite, whereas 
others ended up as deformed shaped particles. Hence, although the synthesized 
particles appear very homogeneous in shape and size, their chemistry apparently does 
not. 
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7.1 Introduction 
Different synthesis routes to obtain monodisperse iron oxide nano particles have been 
studied extensively [1-9], because nano-sized particles in general possess interesting 
electrical, magnetic, optical, and chemical properties. Due to these unique properties, 
many nano-sized particles have found their implementation in diverse fields such as 
environmental remediation, electronics, sensors in biotechnology, and magnetic 
resonance imaging [9]. Iron oxide nano particles, however, can also be used as catalysts 
in the Fischer-Tropsch synthesis (FTS) to produce almost sulfur free transportation 
fuels. Before they can be employed as an active FTS catalyst, though, these iron oxides 
need to be activated, which can be done by either H2, CO, or a mixture of H2 and CO 
[10-16]. What happens to their morphology and composition during the activation 
process, i.e., do they sinter, get different shapes, etc., is important for their application. 
In addition, to know the composition of the catalyst under reaction conditions is 
imperative to provide mechanistic insight of the reaction (iron oxides are generally 
inactive in FTS, but are known to possess water-gas-shift (WGS) activity), but also to 
identify the practical constraints with respect to attrition, dusting, mechanical strength, 
sintering, etc. (iron carbides for example tend to be brittle and break up). 

In this Chapter we examine the morphology behavior of monodisperse iron 
oxide particles when treated by H2, CO, or a mixture of H2 and CO, with the main 
purpose to show the potency of the applied model system, in which a flat substrate of 
SiO2 is used as support to study the iron oxide particles (see Chapters 1 and 2 for more 
details). The nano-sized iron particles were imaged with transmission electron 
microscopy (TEM) and their composition was determined by electron diffraction in the 
TEM, and by measuring X-ray absorption near edge structure (XANES) and extended 
X-ray absorption fine structure (EXAFS) at the beamline of Argonne National 
Laboratory in Chicago.  

 

7.2 Experimental Methods and Details 

7.2.1 Preparation and Purification of the Iron Oxide Nano Particles 
The iron oxide nano particles were prepared according to the method of Yu et al. [9], 
which has the advantage of being a single pot reaction. A mixture of 0.177 g goethite 
(FeO(OH)) (2 mmol) 50-80 mesh, 3.39 g of oleic acid (12 mmol), and 7.5 g                   
1-octadecene was added to a glass tubular reactor equipped with a condenser and 
mechanic overhead stirrer (see Figure 7.1). The tubular reactor was fitted into an 
aluminum heating block, which contained a hole with the same dimensions as the 
reactor for optimum heat transfer. Subsequently, the solution was stirred at 200 RPM 
and heated at a heating rate of 3-5 °C/min toward 320 °C, while undesired side-
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reactions –such as oxidation of oleic acid– were avoided by continuously flowing N2 
through the set-up. The reaction mixture was then kept at 320 °C for 80 minutes, which 
resulted in the solution turning from clear brown/red to turbid black. Consequently, the 
mixture was allowed to cool down to room temperature under additional stirring. 
 Ethanol was added to the cooled-down reaction mixture to act as an anti-solvent, 
thus, precipitating the iron oxide particles. The slimy black/brown precipitate was 
obtained by centrifuging the iron oxide containing mixture for 30 minutes at 7000 RPM. 
Subsequently, the precipitate was washed three times with ethanol, and thereafter, 
dissolved in toluene. The colloidal solution was centrifuged for another 30 minutes at 
7000 RPM to remove agglomerated particles and stored after decantation. 
 

  
 

 
 

7.2.2 Spin-Coating of the Iron Oxide Nano Particles on the TEM Grids 
A wafer containing 36 silica TEM grids (prepared as described in Chapter 2) is placed 
inside the spin-coating device and cleaned by adding 600 μl of toluene and subsequent 
evaporation by rotating the chuck at 2800 RPM. Thereafter, 600 μl of the iron oxide 
toluene solution is drop casted onto the wafer followed by rotation of the chuck at 2800 
RPM for ca. 15-20 s, sufficient to evaporate all the toluene on the surface. The wafer is 
then either placed into an oven at 450 °C or positioned under an ultraviolet (UV) lamp 
that produces ozone at 60 °C to burn off the surfactant surrounding the iron oxide 
particles.  

Tubular 
Reactor 

Stirrer 

Heating 
Block 

Figure 7.1 Left picture shows the reactor that was used for preparation of the iron oxide nano particles. 
The right image displays the stirrer, heating block, and glass tubular reactor. 
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7.2.3 Iron Oxide Nano Particles Treatment with Reactive Gas 
Before the TEM grids with the spin-coated iron oxide nano particles (without 
surfactant) were placed inside the tubular quartz reactor and exposed to a certain 
reactive gas, carbon impurities were removed by cleaning the grids in a UV ozone 
generator. Next, the TEM grids were positioned in the tubular reactor and heated under 
inert atmosphere of argon to the desired temperature with a heating rate of 10 °C/min. 
At the desired temperature the inert gas was switched for the reactive gas, i.e., H2, CO, 
or a mixture of H2 and CO. The reaction was then carried out for a given time, after 
which the reactor was allowed to cool down to room temperature, where the reactive 
gas was switched back to argon to purge the reactor (enough to remove the reactive 
gas). Lastly, the reactor was opened to air at the inlet point of the gases to passivate the 
particles. 
 

7.3 Results 

7.3.1 Removal of Surfactant from the Iron Oxide Particles 
As already mentioned, two different methods were used to burn off the surfactant from 
the iron oxide nano particles; removal via ozone at 60 °C or through calcination at 450 
°C. The difference between these two methods is depicted in Figure 7.2. Both samples 
 

  
 

 
 
were reduced with hydrogen at 320 °C for one hour after the surfactant had been burned 
off. Ozonation results in a larger mobility of the particles than calcination, i.e., the 

Figure 7.2 TEM images of the 18 nm iron oxide nano particles showing the difference between ozonated 
and calcined samples. The ozone pre-treated nano particles display a larger tendency to cluster together 
than the calcined ones, thus the distance between the particles is smaller. 

Pre-calcined at 450 °C; 
H2 at 320 °C 

100 nm20 nm100 nm

Pre-ozonated at 60 °C; 
H2 at 320 °C 
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particles have a greater tendency to cluster together, and therefore, are much closer to 
one another. Because a high mobility of the particles is undesired, as sintering of the 
particles may occur much faster due to either particle migration (coalescence) or 
Ostwald ripening, all samples discussed in the rest of this Chapter were pre-treated by 
calcination at 450 °C. 
 

7.3.2 Particle Size Distribution 
The spin-coated particles after calcination at 450 °C were investigated with a 
transmission electron microscope to determine the particle size distribution. Two 
different surface area coverages of iron oxide nano particles were prepared; ca. 4.5% 
and 18%. Figure 7.3 shows two images of the corresponding samples, each with a  
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Figure 7.3 TEM images –left side– of the two different loadings of iron oxide particles with on the right 
side the corresponding particle size distribution (obtained with the program ImageJ). The data is fitted 
by a Gaussian curve (LogNormal curve fits similarly), which shows that the synthesized particles are ca. 
17.5 ± 1.5 nm in size. 
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particle size distribution. These overview images reveal to what extent the particles 
cover the SiO2 model support, and are well suited for determining a statistically reliable 
particle size distribution, because of the large numbers of particles used in the 
distribution. However, between the two loadings a small difference of 1 nm in the 
average diameter is observed, which can be ascribed to the dissimilarity in focus 
between the two images. To circumvent such errors, particle size distributions were also 
made from zoomed-in images of the particles, where the error caused by difference in 
focus is much smaller. Based on both the overview and close-view images, we conclude 
that the average size of the iron oxide nano particles is 17.5 ± 1.5 nm. 
 

7.3.3 Composition of the Iron Oxide Particles 
To determine the composition of the particles after spin-coating and subsequent 
calcination, a diffraction pattern was recorded (Figure 7.4). The image is black and 
white inverted to enhance the visibility of the diffraction rings. Because the recorded 
area is roughly 25-30 μm2 a lot of particles were measured, which leads to a ring 
structure rather than individual spots. In the figure a magnetite (Fe3O4) reference has 
been incorporated for comparison with the recorded diffraction pattern. 
 

 
 

 
 

It should be noted, however, that maghemite (γ-Fe2O3) cannot be distinguished 
from magnetite by electron diffraction. Even with X-ray diffraction (XRD), differences 
in the d-spacings between the magnetite and maghemite phase are only 0.5-1%. Hence, 
using maghemite as reference in the image leads to a similar result. However, Park et al. 

Figure 7.4 The diffraction pattern of the 18 nm iron oxide nano particles after calcination at 450 °C, 
which shows that the composition of the particles is magnetite (Fe3O4). 
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showed on the basis of X-ray absorption spectroscopy (XAS) and X-ray magnetic 
circular dichroism spectroscopy (XMCD) that small particles in the order of 5 nm are 
pre-dominantly γ-Fe2O3, particles between 5 and 22 nm in size consist of mixed phases 
of γ-Fe2O3 and Fe3O4, and nano particles larger than 22 nm are mostly magnetite [4]. 
Hence, we assume that the composition of our 18 nm prepared particles will mainly be 
magnetite. 

Apart from electron diffraction we performed XANES and EXAFS on the 
prepared particles (Figure 7.5). These experiments were proof of principle 
measurements of an exploratory nature to test the applicability of our planar samples in 
synchrotron measurements. As such, we only compared our iron oxide nano particles 
with hematite and magnetite references (the two most common oxide phases of iron) 
and not with maghemite. Thus, we do not have a maghemite reference to compare our 
particles with. Nonetheless, EXAFS data, which is relatively similar for different oxides 
in the Fe-O bond distances, on the other hand, is distinctive for especially the imaginary 
part in the higher shells. Because the higher shells of the prepared nano particles fit 
nicely (especially the imaginary part) with the magnetite reference, it is not very likely 
that a similar fit would have been achieved with a maghemite reference, as the 
imaginary part is characteristic for a certain oxide phase. In addition, because the 
authors who developed the method we used to prepare the particles also mention that 
their produced particles are magnetite [9], it is fair to assume that our 18 nm prepared 
nano particles consist of magnetite, and not out of maghemite. 
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Figure 7.6 shows TEM images of individual nano particles after calcination 

displaying several surface orientations of the magnetite phase. Each of these surface 
orientations has a distinct d-spacing that can be determined directly in the TEM picture 

Figure 7.5 XANES spectra of the as-prepared 18 nm particles along with magnetite and hematite 
references are shown in the left image and the Fourier-transformed EXAFS data of the as-prepared 
particles with the magnetite reference is displayed in the right picture.  
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by measuring the distance between two lattice fringes. Another method to determine the 
d-spacing is to apply a Fourier-transform of the recorded TEM image, as done in the 

Fe3O4 

(hkl) d-spacing (Å) [1,2] 
(111) 4.852 
(220) 2.967 
(311) 2.532 
(400) 2.099 
(511) 1.616 
(440) 1.485 

Figure 7.6 TEM images of the 18 nm iron oxide nano particles showing different surface orientations of 
the magnetite phase. In the lower-right image the Fourier-transform of the top-left particle is provided 
displaying the diffraction spots of three different lattice planes. The table shows the d-spacings of the 
different lattice planes of magnetite. 

d-spacing = 4.8 Å

5 nm

(111) Orientation

5 nm 

d-spacing = 3.0 Å
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lower-right image of Figure 7.6. In this Fourier-transformed picture, the visible 
diffraction spots are produced by the various surface orientations present in the particle, 
which each have a distinct d-spacing. These spots can be assigned to the respective 
lattice planes on the basis of measured lattice spacings by XRD. In conclusion, TEM 
diffraction, XANES, EXAFS, and even TEM images themselves, all lead to the same 
result that the particles after calcination are magnetite. 
 

7.3.4  Morphology Behavior of the Magnetite Nano Particles under 
Different Reactive Environments  
The aim is to observe the change in morphology behavior of magnetite nano particles 
when different reactive gases are used for their reduction. In particular the influence of 
temperature is investigated. The particles are treated as explained in section 7.2.3. 
 

7.3.4.1 Passivation Effects 
Iron is very reactive towards oxygen, hence, oxidation of the metal occurs rapidly [17]. 
Therefore, it is important that passivation of the reduced iron nano particles proceeds 
with extreme caution. To achieve this, an inert atmosphere was created inside the 
reactor by purging argon. Once the reactor was under inert atmosphere, the inlet gas 
valve was opened to the air, so that oxygen could slowly diffuse inside. However, it 
appears that when this is not done carefully, passivation effects can occur, as displayed 
in Figure 7.7. The TEM image shows hollow particles, which arise because iron atoms 
diffuse outward to the interface when oxidation takes place (the Kirkendall effect [18]). 
In this particular case it seems that oxygen diffused inside the reactor too quickly after 
the magnetite particles were reduced by H2 at 500 °C, which resulted in a fast re-
oxidation of the reduced iron particles opening them up by the Kirkendall effect. 

 

 
 

 
Figure 7.7 Passivation effect on the 18 nm iron oxide nano particles, due to exposure of previously 
reduced particles to air, opening up the particles.

20 nm

H2 at 500 °C
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7.3.4.2 Reduction of the Particles with H2  
Reduction of the magnetite nano particles was performed with H2 at several 
temperatures, i.e., 320, 500, 700, and 800 °C for one hour. TEM images and the 
diffraction patterns of the particles after these treatments are shown in Figure 7.8.  

After reduction at 320 °C, the particles appear unaltered compared to the 
calcined ones. Moreover, the diffraction pattern did not change and resembles the 
magnetite (Fe3O4) phase. A temperature of 320 °C, therefore, is insufficient to reduce 
the iron oxide nano particles.  

At 500 °C the particles have a tendency to become facetted, as square particles 
are observed. However, besides these square particles, others seem unaffected. 
Although part of the particles becomes facetted, the diffraction pattern does not alter 
and Fe3O4 remains the only phase present. Hence, 500 °C is still not enough to reduce 
the magnetite particles. 

When the reduction temperature is raised to 700 °C, however, major differences 
can be seen. Although particles do not seem to have become facetted at this 
temperature, some core-shell particles are detected, while others appear completely 
unaltered. It seems that these particles have a metallic core with an iron oxide shell 
surrounding them. The diffraction pattern shows rings that can be attributed to both bcc 
and fcc metallic iron. Moreover, the most intense ring (d-spacing of 2.5 Å) according to 
XRD references (taken from the XRD database) of Fe3O4 is the one pinpointed by the 
arrow in the 500 °C diffraction image, whereas the most intense ring of metallic iron (d-
spacing of 2.0 Å) is the one shown by the arrow in the 700 °C diffraction picture. It is 
obvious that the intensity of the Fe3O4 ring decreases as the reduction temperature is 
raised from 500 to 700 °C and that the intensity of the metallic iron ring increases. 
Thus, partial reduction has taken place at a temperature of 700 °C.  

To obtain further evidence for reduction, we performed XANES and EXAFS 
experiments on the 700 °C reduced iron nano particles, which are shown in Figure 7.9. 
These results show that the intensity of the absorption edge has decreased after 
reduction at 700 °C. Moreover, the absorption edge shifts to lower energies. Both these 
observations illustrate that reduction has taken place. The XANES spectrum is 
consistent with Fe2+, but does not resemble metallic iron or FeO. The EXAFS looks 
very much like Fe3O4 in the Fe-O and higher shell region. The higher shell region is 
smaller, but the imaginary part is very similar. According to these results, it is plausible 
that the particles have reduced partially to FeO or completely to Fe at the outer surface, 
but that the shell did not reduce and still remained Fe3O4. Such a structure is hard to 
determine by EXAFS. Of course more research would be needed to verify this. 

Reduction is complete when a temperature of around 800 °C is reached. At this 
temperature no more diffraction patterns are visible, which indicates that the reduced 
iron particles have been completely re-oxidized toward amorphous iron oxides on the 
SiO2 surface. This is a bit puzzling, because in the case of H2 reduction at 700 °C 
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Figure 7.8 TEM images of the 18 nm nano particles (4.5% loading) after one hour of flowing H2 at the 
indicated temperature. The pictures on the left are overview images, the pictures in the middle a zoom in 
of the particles, and the right images the diffraction patterns corresponding to the particles. The arrow 
in the right image depicts the brightest line in the diffraction pattern. 
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metallic iron was observed with electron diffraction, even after 5 months of storage in 
air. In that case the small oxide layer surrounding the metal phase acted as a barrier for 
oxidation of the remaining iron metal. However, clear core-shell particles were not 
observed at 800 °C. Instead, a large number of particles agglomerated on the silica 
surface, which led to an overall smaller number of particles present. This agglomeration 
appeared to be worse for some areas than for others (not shown in pictures). Presumably 
in the case of 800 °C, re-oxidation of the reduced iron particles occurred too quickly, 
which led to complete re-oxidation. Hence, to obtain nice core-shell particles, which 
remain stable in air for a couple of months, we suspect that the formation of a thin oxide 
layer around the metallic iron core needs to proceed very slowly, preferably under 
glove-box conditions. When not done carefully, the formation of such a protective layer 
is not readily formed and iron completely re-oxidizes. 
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7.3.4.3 Reduction of the Particles with CO  
To find out what happens to the morphology of the magnetite nano particles when 
exposed to a CO environment for one hour at various temperatures, TEM images were 
recorded, which are depicted in Figure 7.10. In addition, diffraction patterns of the nano 
particles were measured to find out whether reduction took place. 
 At a relatively low reduction temperature of 320 °C, nothing happens that is 
visible in TEM to the magnetite particles. The shape stays more or less the same as the 

Figure 7.9 XANES spectra of the 18 nm particles as synthesized and after reduction at 700 °C with Fe 
and FeO references are shown in the left image and the Fourier-transformed EXAFS data of the reduced 
particles with the FeO and Fe3O4 references are displayed in the right picture.  
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spin-coated particles and the diffraction pattern also shows no difference. Therefore, 
these results seem to suggest that no reduction has taken place at this temperature. 
 

  

  

   
 

 
 

When the reduction temperature is increased to 500 °C, part of the particles 
becomes facetted, which shows up as cubic structures in the TEM pictures. However, 
the diffraction pattern is still that of magnetite and, thus, although some particles are 
facetted any sign of reduction is not visible by the TEM images. 

At 700 degrees centigrade almost all the particles become facetted and have a 
cubic shape. Although some of the particles have agglomerated, most of them appear to 

Figure 7.10 TEM images of the 18 nm nano particles (4.5% loading) after one hour of flowing CO at the 
indicated temperature. The pictures on the left are overview images, the pictures in the middle a zoom in 
of the particles, and the right images the diffraction patterns corresponding to the particles. The arrow 
in the right image depicts the brightest line in the diffraction pattern. 
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be close to one another, yet not really touching, as a small gap is visible between them. 
However, the particles that are in a close vicinity of one another affect each other. This 
can be seen through the shape of the particles, which when another particle is close by 
does not stay cubic, but changes into facetted particles of various shapes. From the 
diffraction pattern it is clear that not all particles are fully reduced. Though the most 
bright diffraction ring has decreased a lot in intensity and the ring that can be appointed 
to the metal phase becomes brighter, this temperature is still not sufficient to completely 
reduce the magnetite particles. Again, we suspect that the reason why no core-shell 
particles are observed can be attributed to the passivation process, which seems to 
prevent the formation of a thin protective oxide layer because re-oxidation proceeds too 
rapidly. 
 

7.3.4.4 Reaction with H2:CO (2:1) 
Reaction of the 18 nm magnetite nano particles with H2 and CO at a ratio of 2:1 at 380 
°C was performed for about a week. The results for both particle loadings, i.e., 4.5 and 
18% are shown in Figure 7.11. Regardless of the loading, the particles appear to behave 
similarly, although a slightly higher percentage has agglomerated at the higher 
coverage. However, most of the particles did not agglomerate, while their morphology 
changed significantly and some of the particles have opened up. There is no apparent 
favored morphology that the particles possess and most of them are oddly shaped. The 
diffraction pattern still resembles magnetite and although iron catalysts are known to 
form carbide phases once synthesis gas is used as reactive gas [19-25], no evidence of 
any kind of carbide phase can be found in the diffraction pattern. 

The most interesting result that was obtained with this experiment is that some 
of the particles after reaction of synthesis gas for a week at 380 °C did not change 
morphology at all –as shown by the d-spacings in the bottom pictures of Figure 7.12–, 
while the morphology of others changed completely (top image in Figure 7.12). 

So, although the monodisperse calcined nano particles appear similar in shape 
and size in TEM images, their behavior is far from the same. This observation implies 
that one needs to be careful when interpreting results from certain spectroscopy 
techniques. For example take X-ray photoelectron spectroscopy (XPS); from these 
results you will get an overall composition of the particles, which hypothetically say 
exists for 70% out of magnetite and 30% out of metallic iron. Because the prepared 
particles are so homogeneous in size and shape, researchers tend to assume that the 
composition of these particles then is 30% metallic iron and 70% magnetite (most 
probably a core-shell particle). However, our results show that some of the particles are 
completely magnetite (did not change at all), whereas others are mixed phases and have 
completely different shapes. Thus, although the overall composition might look like 3:7 
(metallic iron:magnetite) in XPS, one needs to be careful to suggest that this is the  
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overall particle composition, as our results show otherwise. 

Besides the reaction of the 18 nm magnetite nano particles with synthesis gas for 
7 days at 380 °C, another reaction was performed in which the magnetite particles (18% 
loading) were pre-reduced with H2 at 700 °C for one hour and subsequently reacted 
with synthesis gas at 380 °C for 2 days. The TEM images are depicted in Figure 7.13. 

20 nm50 nm

20 nm50 nm

Figure 7.11 TEM images of the 18 nm iron oxide nano particles after seven days of H2:CO (2:1) at   
380 °C. The top row pictures show the lower coverage of nano particles, while the middle row the higher 
loading. For both rows the left image depicts an overview, which is zoomed in for the given area when 
proceeding to the right. The bottom image shows the diffraction pattern of the particles, which resembles 
the Fe3O4 phase. 
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Pre-reducing the magnetite particles leads to an almost uniform particle behavior in 
which many of the particles have opened up, although some of the particles did not 
change. The diffraction pattern, however, is still magnetite. Because no carbide phases 
were observed, the open particles have most likely magnetite shells, which were created 
by re-oxidation of the reduced iron particles under reaction conditions (H2:CO (2:1) at 
380°C). 

5 nm 

d-spacing =  3.0 Å

380 °C

20 nm

Figure 7.12 TEM images of the 18 nm iron oxide nano particles after seven days of H2:CO (2:1) at   
380 °C. In the top image different particles are visible; particles that have agglomerated, particles that 
are oddly shaped, particles that did not change at all, and particles that have some kind of layer 
surrounding them. In the lower images, particles are shown which did not change at all and still show 
typical d-spacings of Fe3O4. 
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7.4 Discussion 
The possibility to apply a flat SiO2 model support for studying the composition and 
morphology of monodisperse iron oxide nano particles was investigated in this Chapter. 
The particles were spin-coated onto the flat silica support and ‘anchored’ via 
calcination. The particle (size) distribution, morphology, and composition were checked 
by TEM imaging and diffraction. The study revealed that although the particles appear 
homogeneous in size and shape, their chemistry is not. Using CO results in a larger 
fraction of facetted particles than H2, while using both gases in a 2:1 (H2:CO) ratio leads 
to particles of various shapes. In addition, the model was shown to be suited for 
synchrotron measurements, which enables us to in-situ determine the composition of the 
iron oxide nano particles during reactions. However, while investigation of noble metals 
with the model system is rather straightforward, studying iron is much more 
complicated due to its high reactivity and ease to re-oxidize. Hence, although the 

4 nm-120 nm

Figure 7.13 TEM images of the 18 nm magnetite particles pre-reduced with H2 at 700 °C for one hour 
and subsequently treated in flowing H2 and :CO (2:1) for 2 days at 380 °C. The top images from left to 
right show the particles in an overview picture, then a zoom in, and lastly the diffraction pattern, which 
resembles magnetite. The bottom picture displays the particles from the side, with the zoom in as the 
large image, in which hollow particles are clearly observed. 
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investigation of iron oxide nano particles is feasible with the model system, we 
encountered several issues, which will be highlighted in the following session. 

First one is the particle–support interaction. This interaction determines the 
degree in mobility of the nano particles on the silica support. Hence, a decrease in 
particle mobility on the surface is the result of a stronger particle–support interaction. 
Calcination at 450 °C leads to better ‘anchoring’ of the particles to the SiO2 support 
than ozonation at 60 °C does. Whether this anchoring proceeds via Fe–O–Si bonds or 
that some of the Fe atoms in the particle are substituted for Si atoms [26], thus 
‘incorporating’ the particle into the support we do not know. What we do know is that 
the particle–support interaction is not negligible and can be varied –most likely by 
changing the calcination temperature– noticeably. 

Secondly, differences in preparation method lead to different interaction with the 
support. Iron oxide particles were found to flatten out on the silica model support after 
calcination by Moodley et al. [27], thus appearing larger in the TEM images. However, 
we did not observe such a behavior for our particles, which simply maintained the same 
size. There might be a few reasons why we observe a different behavior. First, it should 
be noted that Moodley et al. etched the silicon wafers before spin-coating, whereas we 
did not do this. Second, Moodley et al. used an O2 / Ar mixture for calcination, whereas 
we used air (containing water). Third, the particles of Moodley et al. were prepared by a 
different method [4], where the iron-oleate complex was synthesized first and 
subsequently used in the reaction to prepare the particles. Perhaps this method leads to a 
different iron oxide formation than our method, which appears to be more reactive. 
However, whatever the reason is, the particles of Moodley et al. have a larger tendency 
to form Fe–O–Si bonds than our nano particles. 

The third issue to take into account is that the support also plays a role in the 
reduction of the magnetite particles. Quite high reduction temperatures of 800 °C are 
required to completely reduce the particles with H2, which is similar to previous 
reported reduction temperatures of iron oxides on Si supports [20,28]. Moreover, the 
degree of reduction has been shown to be affected by the support [29,30] at which the 
reduction temperature can change significantly as well [31]. Although reduction of 
magnetite toward metallic iron should proceed via wüstite (FeO) [20,28], we could not 
observe this phase by TEM, probably due to the instability of wüstite in air [20]. On the 
other hand, the XANES and EXAFS results show neither a true FeO nor Fe signal. We 
believe, therefore, that at a reduction temperature of 700 °C, which is still insufficient to 
completely reduce magnetite, the particle consists of a mixture of both FeO as well as 
metallic iron in the outer layer and magnetite as core. As these XANES and EXAFS 
measurements were performed as proof of principle experiments, we did not use another 
reducing agent nor reduce the particles at 800 °C to see whether complete reduction is 
indeed possible. Further research would be needed to verify this. 
 Finally, we note the apparently absence of carbides when CO or synthesis gas is 
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used as reactive gas. Applying CO as reduction gas, the phases that we detect with TEM 
are magnetite and some metallic iron. Although several groups have reported the 
formation of carbides when iron catalysts are activated with CO [20-23,25], it should be 
noted that their catalysts possess promoters such as potassium and copper and have been 
prepared by precipitation methods, thus having large size differences. Moreover, 
another important difference is that the iron oxide catalysts from these groups are 
mixtures between Fe2O3 and Fe3O4, whereas our prepared particles consist of Fe3O4 
only. The group of Li [20,25] observed that the initial oxide phase present in the catalyst 
plays a significant role in the final phase of the catalyst after CO activation. When the 
amount of Fe3O4 in the initial catalyst was raised, the carbide phases after CO activation 
decreased. These results seem to suggest that carbide phases are more readily formed 
from hematite than magnetite. Additionally, Rao et al. [23] discovered that the amount 
of SiO2 in the catalyst influences the formation of carbides as well when treated by CO, 
in the sense that a higher SiO2 content leads to lower carbide formation. Taking both 
results into account, i.e., the more difficult formation of carbides from magnetite than 
hematite and the use of a SiO2 support with a relatively large support–particle 
interaction, formation of carbide phases by using CO might be extremely difficult on 
our uniform magnetite nano particles. 
 When the 18 nm magnetite nano particles are placed into a H2:CO (2:1) 
environment (either pre-reduced with H2 at 700 °C or not) diffraction patterns show 
magnetite and maybe a small amount of iron in its metallic form, but yet again no 
carbide phases. Nonetheless, the particles underwent structure changes, as most of them 
did not retain their shape. Furthermore, some of the particles from the non pre-reduced 
nano particles have a small layer surrounding them (Figure 7.12). What this layer is, we 
are not sure, though we have observed such as layer after H2 treatment as well, while 
not for CO. Thus, it is not as likely that the layer is carbon, as was observed by Shroff et 
al. [24]. Because (partial) encapsulation of iron particles on a SiO2 support after H2 
reduction by an iron silicate layer has been reported previously by Wielers et al. [32], it 
is more probable that the observed layer consists of iron silicate instead. Moreover, 
formation of iron silicates is known to occur when H2 is used to reduce iron oxides 
(Fe2O3) on SiO2 supports [33,34].  

There appears to be a large difference in morphology between the non- and pre-
reduced particles when placed under a H2:CO (2:1) atmosphere. When the particles are 
pre-reduced with H2 at 700 °C most of them become hollow, while this is not the case 
for the calcined only particles. Apparently most of these final hollow particles were 
reduced toward the metallic phase, and once under synthesis gas environment have been 
re-oxidized toward Fe3O4 as seen by the diffraction pattern. Since the diffraction pattern 
of magnetite is still so bright, this seems to suggest that the shell of these hollow 
particles consists of crystalline magnetite formed at 380 °C.  

Although as concluded on the structure no carbide formation was observed with 
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TEM imaging and diffraction, an electron energy loss (EEL) detector on the TEM 
would be needed to really verify this result by mapping the elemental composition of 
the particles, as it may be that amorphous carbide phases are present. Moreover, the 
EEL detector will be helpful to figure out what the composition of the layer around the 
particles after H2 reduction is and whether the shell of the open particles after syngas 
treatment is crystalline magnetite or something else. In addition, passivation needs to be 
done with much more care (in the glove-box) than we did in this study to be sure to rule 
out passivation effects. 

 

7.5 Concluding Remarks / Preliminary Outlook 
Although few experiments are conclusive, the potency of a flat model approach for the 
investigation of iron oxide nano particles is shown in this Chapter. The main advantage 
of using a thin flat substrate (SiO2 in our case) as a model support is the possibility to 
image the particles with TEM. Hence, these TEM images were used to provide valuable 
information on the particle (size) distribution and the morphology change as a function 
of the different chemical treatments (H2, CO, and H2:CO (2:1)). Moreover, TEM 
diffraction was employed to identify the composition of the particles (oxide, carbide, or 
metal) before and after chemical treatment. In addition, the use of XANES and EXAFS 
was shown to be feasible for the flat model system. This enables the possibility to also 
determine the composition of the particles during reaction. Knowing both the 
composition as well as the morphology of the particles during chemical reaction is a 
powerful tool to get a better understanding of the respective reaction on the nano-size 
level, which would not have been possible without the flat model approach. 
 One of the most remarkable results that we obtained in this study is that the iron 
oxide nano particles appearing homogeneous in size and shape, do not behave similarly. 
However, most spectroscopy studies only provide a general picture of the composition 
of the catalyst after reaction, which according to our results is not necessarily correct as 
the composition and morphology varies from particle to particle. To understand the 
origin in differences in particle morphology and composition after reaction for the 
homogeneously prepared particles, studies should, thus, be focused on a more local 
level instead. 

As this study was of an exploratory nature to show the applicability of iron 
oxide nano particles on planar SiO2 samples in TEM and synchrotron measurements, a 
lot of questions were raised during the study that still need to be answered. Some of 
these are: 

  The role of the support; does it stabilize the magnetite particles? Does SiO2 prevent 
the formation of carbides? 

  The role of the oxide phase; is Fe3O4 less reactive than Fe2O3? Does Fe3O4 hinder 
the formation of carbides? 
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  The role of passivation; does water block the formation of core-shell particles? 
The method that we showed in this Chapter is suited to answer these questions. 
However, further research is needed. Therefore, in the final Chapter an outlook will be 
provided to help solve these questions.  
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8 
Summary and Outlook 

The Surface Chemistry of CO on Iron and other bcc Metals 
 

8.1 Summary 
Synthesis gas is an important intermediate in the preparation of a wide variety of 
chemicals. The way this synthesis gas is used is largely determined by the chemistry of 
carbon monoxide. For the formation of synthetic hydrocarbon fuels, CO needs to be 
dissociated. Therefore, the main inspiration behind the research in this dissertation is to 
elucidate the dissociation reaction of carbon monoxide on body centered cubic (bcc) 
transition metals –in particular iron– with respect to reaction kinetics and the influence 
of adsorbate interactions. This was done at different levels of control and definition 
using computations and a variety of surface science techniques, i.e., plane-wave density 
functional theory (PW-DFT), temperature programmed desorption (TPD), static 
secondary ion mass spectrometry (SSIMS), and low energy electron diffraction 
(LEED). The system closest to real catalysts –iron oxide nano particles on a flat silica 
support– was investigated using transmission electron microscopy (TEM), electron 
diffraction, X-ray absorption near edge spectroscopy (XANES), and extended X-ray 
absorption fine structure (EXAFS). In contrast to the other research in this thesis, this 
study explored the possibility of using a flat model approach for the investigation of the 
morphology and composition behavior of iron oxide nano particles under different 
reactive environments. 
 CO adsorption and dissociation on the (100) surfaces of molybdenum (Mo) and 
tungsten (W) was extensively studied by PW-DFT calculations for different CO 
coverages (Chapter 3A and B). On both surfaces, CO preferentially adsorbs in fourfold 
hollow sites with a tilted geometry, which is the precursor for dissociation provided 
temperature allows. At coverages higher than 0.5 monolayer (ML) CO starts to occupy 
on-top sites, which eventually completely excludes the fourfold hollow bound CO at 
full monolayer coverage. As the high-temperature desorption peaks were shown to be 
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kinetically limited by the activation of the CO bond with the surface and not by  
recombination of atomic carbon and oxygen, desorption of CO proceeds through first 
order kinetics for all desorption states.  
 

                  
 

 
 

In addition to Mo and W, the (100) surfaces of iron (Fe) and chromium (Cr) 
were studied by PW-DFT calculations for CO adsorption and dissociation (Chapter 4). 
This allowed us to make a comparison between CO on all the (100) surfaces of these 
bcc metals. For all four metals, the adsorption energy and tilting angle are coverage-
independent between 0.25 and 0.5 ML of CO, whereas the CO stretching frequency is 
affected by coverage changes and blue-shifts for Fe and Cr and red-shifts for Mo and W 
at increasing CO coverage. This was explained by geometry changes of the surface 
atoms of the metal, which change the σ-donation and π-back-donation of electrons from 
the metal to the CO bond. Dissociation of CO is an exothermic and facile process at low 
coverages –below 0.25 ML–, which due to the profound influence of lateral interactions 
at higher coverages –above 0.25 ML– becomes much less exothermic for Mo, W, and 
Cr, and even thermoneutral for Fe. On the other hand, the activation energy of 
dissociation does not change significantly, which is a behavior that does not follow the 
Brønsted-Evans-Polanyi (BEP) relationship. The applicability of the BEP relationship, 
therefore, appears to be constrained to certain conditions, such as coverage.  

For the lower CO coverage, that is, 0.25 ML, two alloy systems, namely 
Fe3Mo(100) and Fe3Cr(100) were included as well. Interestingly, the adsorption energy 
of CO on the alloys could be obtained by a linear combination of the adsorption 
energies of CO on the respective metals according to the following equation: 

)/(4/1)/(4/3)/( 3 XCOEFeCOEXFeCOE adsadsads +=    (eq. 8.1.1) 

Similarly, a relation was acquired for the activation energy of CO dissociation: 
)/(2/1)/(2/1)/( 3 XCOEFeCOEXFeCOE actactact +=    (eq. 8.1.2) 

Furthermore, scaling relations were found for the adsorption energy of carbon as well as 
both dissociation products against the adsorption energy of tilted CO and activation 
energy of dissociation on the metal(-alloys) Fe, Mo, W, Cr, Fe3Mo, and Fe3Cr at a CO 

Figure 8.1 Side- (left) and top-view (right) images of the most stable adsorption geometry of CO, that is, 
tilted CO, on the (100) surface of Mo, W, Fe, and Cr. 
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coverage of 0.25 ML (Chapter 4). The importance of such energy scaling relations is 
that they enable predictions for the behavior of CO on similar surfaces on the basis of 
inter and extrapolation. The groups of Nørskov [1] and of Hu [2,3] have proposed such 
relations for adsorption on face centered cubic (fcc) metals. Our –modest– contribution 
to the subject of energy scaling is that we have explored such relations for adsorption on 
the bcc metals and alloys. 
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With the aim to validate the computational results for CO adsorption and 
dissociation on Fe(100) we attempted to measure the kinetics of the CO dissociation 
reaction, in an approach similar as was done previously for NO on the surface of 
rhodium [4,5], using SSIMS. Whereas molecular NO and its dissociation products on 
rhodium showed up clearly in secondary ions of the type Rh2(NO)+, Rh2N+, and Rh2O+, 
such molecular clusters could not or hardly be observed for CO on iron. Hence, 
determination of kinetic parameters of the dissociation reaction of CO on poly 
crystalline iron and Fe(100) proved to be on the edge of what is possible with SSIMS 
(Chapters 5 and 6). We had to rely on the effect of the work function on the SSIMS 
intensity of the secondary iron ions. The principle behind this is that a higher work 
function diminishes the chance that a positive ion is neutralized upon ejection. As CO 
increases the work function of iron, its disappearance by dissociation or desorption 
decreases the work function, and hence, the signal intensity of the Fe+ ion changes as 
well. It appeared possible to relate the ion intensity to the state of CO on the surface in 
this way. However, collected activation energies of dissociation using a kinetic model 
of an Arrhenius type were much lower than reported ones, 57-79 against 103-118 
kJ/mol. We assign this to the possibility of defect chemistry, as SSIMS is known to 
induce defects on the surface, and, moreover activation energies of CO dissociation on 
stepped surfaces of iron have been reported to be in the order of 60-90 kJ/mol [6]. 

Figure 8.2 Adsorption energies and activation energies of dissociation of CO on (100) surfaces plotted 
against (left) the adsorption energy of carbon with respect to carbon in the gas-phase and (right) the 
adsorption energy of the dissociation products carbon and oxygen with respect to CO in the gas-phase at 
a surface coverage of 0.25 ML CO. 
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Dissociation of CO is shown to be kinetically favored over desorption. But, because CO 
adsorbs at the same sites as the dissociation products, dissociation becomes hampered at 
certain CO coverage and desorption of part of the CO molecules is required to open up 
sufficient space for the remaining part to dissociate. Desorption of CO at low 
temperatures proceeds through first order desorption kinetics, while the high-
temperature desorption of CO is quasi first order (limited by the activation energy of 
desorption and not recombination). In experiments on poly crystalline iron where 
carbon or oxygen were pre-adsorbed, CO binds weaker to the surface and dissociation 
of CO is partially blocked (Chapter 5). The same experiments were repeated on the 
better defined Fe(100) surface. Here pre-adsorption of carbon or oxygen was seen to 
block desorption of CO from fourfold hollow and bridged positions, and in addition it 
obstructed the CO dissociation (Chapter 6). 

Investigation of the behavior of iron oxide nano particles as to morphology, 
structure, and composition on a flat SiO2 model support was shown to be very well 
possible as a function of different chemical treatments (H2, CO, and H2/CO) (Chapter 
7). The synthesis method employing a one-pot mixture of goethite and oleic acid, 
produced Fe3O4 particles of uniform size, which could straightforwardly be deposited 
on flat supports by spin-coating. Owing to the use of special wafers with windows 
etched in the back side of the wafers, TEM could be used to image the particles and to 
obtain electron diffraction patterns. Moreover, the system was established as a suited 
method for synchrotron experiments such as XANES and EXAFS. However, due to the 
reactivity and ease of re-oxidation of the iron nano particles a more delicate approach, 
such as passivation in a glove-box or in-situ work, would be required than the one used 
in this exploratory study. Nonetheless, the study proved the feasibility of the flat model 
approach and revealed that particles of homogeneous size and shape behave differently 
under the same reaction conditions. Apparently the prepared particles appear 
homogenous in TEM images, yet we seem unable to control certain parameters that lead 
to the difference in behavior. Perhaps the –as so often in catalysis research– elusive 
interaction of the particles with the support is different from one particle to another, 
which might be caused by an inhomogeneous support. Additionally, the difference in 
intrinsic reactivity / inertness of Fe3O4 is a likely cause of the dissimilar behavior, 
possibly determined by the crystallinity of the particle, but maybe also the differences in 
reactivity between surface facets.  
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8.2 Outlook 

8.2.1 Computational Studies on the bcc Metals and Alloys 
The surface chemistry of CO on iron and other bcc metals, and the influence of 
adsorbate interactions stood central in this dissertation. Calculations were performed for 
(100) surfaces of iron and various other metals (Chapters 3 and 4) with the idea to 
possibly alloy iron with one of the examined bcc metals to eventually affect the 
selectivity of the surface, by changing the chain-growth parameter and product spectrum 
of the Fischer-Tropsch synthesis (FTS). We note, however, that the bcc metals are not 
stable under synthesis gas. Iron for example forms carbides in the Fischer-Tropsch 
synthesis, and these carbides are held responsible for the actual reactivity [7]. Since the 
time that we investigated the alloy systems, we have learnt that Fe-Cr or Fe-Mo 
combinations are bound to segregate into iron carbide and chromium or molybdenum 
oxide under synthesis gas. Hence, our results are largely of interest for the early stages 
of such catalytic surfaces in synthesis gas reactions, but not for the working catalyst.  

Nevertheless, as the iron carbides appear more active in FTS, calculations 
should be more focused on carbides in relation to FTS. In particular the FT mechanism, 
although a discussion point for almost 85 years, has only been proposed for metallic 
iron. Obviously, the FT mechanism will be different on iron carbides, and thus, needs to 
be elucidated. Recently our group has proposed such a mechanism for the methanation 
reaction on the Fe5C2 surface [8]. In addition to clarifying the FT mechanism, it would 
be valuable to explore what is the most active carbide phase for FTS by means of 
computational techniques. This would open up the possibility to tune this most active 

Figure 8.3 Example of a TEM image of nano particles on a special ‘window’ support showing iron oxide 
before and after reaction in synthesis gas. The images illustrate the difference in behavior of apparently 
homogeneously sized and shaped particles. While some particles have clearly reacted, others remain 
virtually unchanged, implying that certain parameters such as for example the interaction between the 
particles and the silica substrate are not under control. Note that the images are purely meant for 
illustrating purposes; they do not show the exact same particles before and after reaction. 

20 nm 

After Reaction 

20 nm

Before Reaction
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carbide phase in such a manner that with an optimum activity the desired products can 
be obtained. Lastly, besides iron carbides, iron oxides are formed as well in the FT 
reaction, which are known to possess water-gas-shift activity. Research should focus on 
the reaction mechanism of this process as well, as it might help to produce a much more 
efficient catalyst in low H2 to CO ratio syngas feeds. 

 

8.2.2 UHV Techniques 
Iron, Fischer-Tropsch chemistry and UHV surface science form a somewhat 
problematic combination. Metallic iron is reactive, and therefore, difficult to control 
under UHV, while Fischer-Tropsch needs higher pressures to retain at least some 
hydrogen on the surface at reaction temperature. Nevertheless, some relevant surface 
reaction steps such as CO dissociation could be studied in this dissertation.  

Hence, apart from DFT calculations, kinetic parameters were obtained for the 
dissociation reaction of CO on poly crystalline iron and Fe(100) (Chapters 5 and 6). 
Because SSIMS was operated on the edge of what is possible to determine kinetic 
parameters, including the influence of lateral interactions of either carbon or oxygen 
was not possible. Additionally, since SSIMS induces defects on the surface, the 
measured activation energy of CO dissociation (half of that reported in literature) might 
possibly be the activation energy of dissociation of CO on defects. In fact, the 
measurement relied on the work function changes as reflected in the SSIMS intensities. 
 Supplementary techniques are needed to confirm the obtained kinetic data. One 
of these techniques that would be suited is the Kelvin-Probe (KP), which determines the 
work function of the surface in a non-destructive way [9]. Hence, compared to SSIMS 
the KP does not induce defects on the surface, and therefore, kinetic data obtained can 
only be ascribed to the dissociation reaction of CO. Unfortunately, the downside of the 
KP is that the technique cannot distinguish species from one another on the surface. 
Synchrotron X-ray photoelectron spectroscopy (XPS), on the other hand, allows real-
time quantification of all the species on the surface, i.e., carbon, oxygen, and CO. 
Moreover, the influence of pre-adsorbed carbon or oxygen on the dissociation kinetics 
of CO can be made visible with this technique. 
 

8.2.3 ‘In-Situ’ Techniques 
The idea behind the use of a flat model approach for the investigation of the 
morphology and composition behavior of iron oxide nano particles under different 
chemical environments was the possibility to employ TEM, XANES, and EXAFS, 
which all can be applied ‘in-situ’ (Chapter 7). Because of the exploratory nature of the 
study, the main goal consisted of showing the applicability of investigating iron oxide 
nano particles on a flat substrate by these three techniques. Although this main goal was 
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achieved, the study raised many other questions, from which the most important ones 
are summarized inside a separate text box below. These questions are of such nature 
that at least a new project for a PhD candidate is required to answer them. In the next 
few paragraphs a list of ideas is presented for the next PhD candidate to use in the 
pursuit of the answers to the raised questions.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

 

 
One of the most important factors that need to be elucidated is the effect of 

passivation. To understand passivation effects, the reduced iron particles would need to 
be passivated under different conditions; (1) use of dry O2 in argon and vary the 
percentage of O2, (2) use of wet O2 in argon and vary the percentage of both oxygen and 
water, (3) use of a glove-box, and (4) compare these results with a sample that was 
directly placed in a TEM transfer-cell after reduction. Of course, the ideal situation 
would be to do all studies under in-situ conditions. However, possibilities for this are 
limited. 
 Once the major passivation effects have been clarified, the influence of the oxide 
phase and crystallinity of the particles with respect to reducibility needs further 
investigation. Contrary to common experience that iron oxides can readily be reduced to 
the metallic phase, we found strong resistance to reduction in the Fe3O4 nano particles. 
Hence, instead of magnetite particles, hematite, or goethite particles should be prepared 
with similar size. Moreover, these particles would require to be either crystalline, 
amorphous, or a mixture. Then, reduction experiments need to be performed with 
various reduction gases (H2, CO, and syngas) to understand the difference.  
 Apart from the crystallinity and difference in oxide phase, the support plays a 
large role as well. Silica may prevent the reduction of particles and the formation of 

  Open questions from the studies with Fe3O4 nano particles  
on a flat silica support in Chapter 7 

• Silica support: 
- Does it prevent reduction of the magnetite particles? 
- Does it produce iron-silicates? 
- Does it prevent the formation of iron carbides? 

• Particles consisting of Fe3O4: 
- Are they less susceptible for reduction than Fe2O3 particles? 
- Do they hinder the formation of iron carbides? 
- Is the crystallinity more important for the reducibility? 

• Is the shell of the pre-reduced particles formed under syngas treatment 
crystalline Fe3O4? 

• What is the reason that particles of the same composition and 
morphology on the same SiO2 support behave, nevertheless, differently 
from one another? 

• Would such differences remain when studies could be done under truly       
in-situ conditions?
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carbides. Thus, studies on other supports such as carbon, TiO2, and Al2O3 would be 
desirable. 
 For understanding the fact that particles do not behave similarly, although 
appearing homogenous in size and shape, the same particles need to be observed before 
and after treatment by TEM measurements. Moreover, an electron energy loss (EEL) 
detector on the TEM would be required to map the composition of the particles. The 
EEL detector would also show the formation of iron-silicates and display whether the 
shell of the open particles produced by syngas is magnetite or not. Additionally, it 
would be interesting to explore the behavior of different sized particles; in other words 
to find out whether a particle size effect can be observed. 
 For all the above experiments (besides the ‘effect of passivation’ study) a TEM 
transfer-cell is required for the best possible ‘in-situ’ imaging of the particles [10,11]. In 
addition, all experiments would need to be performed under truly in-situ conditions at a 
synchrotron. XANES and EXAFS were shown to be feasible and maybe other 
techniques such as grazing-incidence small-angle X-ray scattering (GISAXS) to 
determine the shape of the particles can be applied as well [12,13]. The advantage of 
these techniques is that higher pressures can be investigated, which is an additional 
interesting variable to examine. 
 

8.3 Final Words 
Gaining more insight into the iron oxide nano particle behavior can help in developing a 
more active catalyst for not only the FT process, but also for the synthesis of ammonia, 
which is one of the most abundant produced inorganic chemical all over the world. 
Nevertheless, the focus of the research should eventually be shifted to the real catalyst 
system under operating conditions. High surface area mesoporous SBA may be 
considered as a suitable support, as it is applicable in TEM to visualize the catalyst [14]. 
Moreover, the support is perfect for in-situ measurements with XANES, EXAFS, and 
other synchrotron techniques [15].  

Finally one should always consider to what extent studies on simplified model 
systems are suited to understand the behavior of a complex catalyst. As Albert Einstein 
said: ‘everything should be made as simple as possible, but not simpler’.  
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